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ABSTRACT 
 

Malaria continues to be a global issue, with many deaths arising from severe malaria anemia. 

Rodent malaria models are a well-known tool for studying malaria disease pathology. Initial 

microarray data revealed changes to erythropoiesis, the production of red blood cells (RBC), 

with increased erythropoietic pathways for Plasmodium yoelii yoelii 17XNL infected mice and 

decreased erythropoietic pathways for Plasmodium yoelii nigeriensis N67C infected mice. These 

two rodent malaria models were utilized to dissect and identify molecular mechanisms of RBC 

clearance and inhibition of erythropoiesis, both which contribute to anemia. The 17XNL infected 

mice displayed anemia with lower levels of hematocrit, hemoglobin, and total blood cells. There 

was a dramatic reduction in mature RBCs, even though the 17XNL parasites preferentially 

infected reticulocytes (the differentiation stage before RBCs). 17XNL infected mice also 

displayed splenomegaly and induced erythropoiesis; however, there likely was a blockage of 

complete erythropoiesis to produce RBCs. The erythroblastic island (EBI) macrophages, 

involved in erythropoiesis, showed decreased levels of CD163 and CD169, and parasite 

hemozoin was found near EBIs through histology analysis. These EBI changes as well as the 

increases in pro-inflammatory cytokines likely contributed to the EBI macrophages being unable 

to support RBC production even though erythropoiesis was induced for the 17XNL infection 

model. In contrast, the N67C infection model decreased erythropoietic pathways, with less 

erythropoiesis occurring in the bone marrow and spleen. Reduced erythropoiesis was also 
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demonstrated through lower levels of GATA1 (a transcription factor) and decreases in the 

number of reticulocytes for the N67C infected mice. The N67C infected mice also became 

anemic with a high number of infected and uninfected RBCs cleared possibly through 

phagocytosis. High levels of pro-inflammatory cytokines as well as decreased levels of IL-10 

and IL-12 probably contributed to the changes in erythropoiesis for the N67C infection model. 

The increased cytokine levels and splenic immune cell death alongside the decreases in 

erythropoiesis all likely contributed to host death for the N67C infected mice. Overall, this study 

provides a further understanding of malaria induced anemia pathways, which is useful to develop 

new treatment avenues as many people are still globally affected by severe malaria anemia. 

 

 

  



 v 

DEDICATION 
 

This dissertation is dedicated to my sister, who has always supported me and pushed me to new 
limits. Enclosed is one of them, so thanks Jen Ben! 

 
Many thanks, 

Keyla Caroline Tumas 

  



 vi 

ACKNOWLEDGEMENTS 

I would first like to thank my thesis advisor, Dr. Xin-zhuan Su, for the opportunity of working in 
his laboratory as well as for his mentorship and support over the years. Also, current and past 

members of Dr. Su’s laboratory, including Jian Wu, Yu-chih Peng, Xiao He, Brajesh Singh, Cui 
Zhang, Lu Xia, Chunxiu Yuan, Angela Lavali, Norinne Lacerda-Quieroz, Xiangyu Yao, and 

Richard Eastman, provided me with training, research support, and a fun environment to work in. 
My colleagues of the Laboratory of Malaria and Vector Research branch should also be thanked 

for their continued support and encouragement.  
 

A special thank you to my thesis committee members, Dr. Carole Long, Dr. William Fonzi, Dr. 
Steven Singer, and Dr. Marta Catalfamo, for their time, advice and guidance throughout the PhD 

process. I would also like to thank the faculty, staff, and fellow students of the Department of 
Microbiology and Immunology, especially the Program Director Dr. William Fonzi for his 

continued support. 
 

I am very grateful for the Graduate Partnership Program through Georgetown University and the 
National Institutes of Health. Thank you to my program directors, Dr. Stephen Ambs and Dr. 

Alison McBride, and to the OITE GPP directors Dr. Philip Wang and Dr. Philip Ryan for their 
support throughout my training at NIH. 

 
Also, thanks to all of my friends who encouraged me over the years. I appreciated all of the 

friendships I have gained through graduate school as well as all of my soccer buddies that helped 
relieve the stresses of graduate school. I would especially like to thank my bestie of 27 years, 

Michelle Earley, for always being there for me. Also, thank you to Adam Capoferri for all your 
help and your friendship. 

 
The support and love from my family was boundless throughout my graduate school experience. 
Thank you mom, Cindy Lawton, and Jon Bernard for calming me down. Also, thank you to my 

dad, William Tumas, and Mitzy Burden for all of your encouragement and helping me celebrate.  
 

And lastly, I would like to thank my sister Jenny Tumas, as I couldn’t have done it without her. 
Thank you for your inspiration and never letting me give up; I love you.  

 
 

Thank you to everyone for your support during my graduate school adventure!  
 

With love, 
Keyla Caroline Tumas 

  



 vii 

TABLE OF CONTENTS 
 

1. CHAPTER 1: INTRODUCTION  ............................................................................................ 1 
1.1. Malaria parasite and disease .............................................................................................. 1 

1.1.1. Plasmodium parasites .............................................................................................. 1 
1.1.2. Malaria: Parasite and host ....................................................................................... 2 
1.1.3. Parasite life cycle .................................................................................................... 3 
1.1.4. Range of malaria disease ........................................................................................ 7 
1.1.5. Malaria “immunity”  ............................................................................................... 8 

1.2. Severe malaria anemia ..................................................................................................... 10 
1.2.1. Red blood cell clearance ....................................................................................... 11 
1.2.2. Erythropoiesis ....................................................................................................... 14 

1.3. Rodent malaria models .................................................................................................... 16 
1.3.1. Host factors ........................................................................................................... 17 
1.3.2. Parasite factors ...................................................................................................... 18 

1.4. Hypothesis and specific aims ........................................................................................... 21 
2. CHAPTER 2: 17XNL INFECTION MODEL  ....................................................................... 23 

2.1. Introduction ...................................................................................................................... 23 
2.1.1. 17XNL rodent malaria model  .............................................................................. 23 
2.1.2. Malaria induced anemia ........................................................................................ 27 

2.1.2.1. Malaria induced anemia: Red blood cell clearance .................................. 27 
2.1.2.2. Malaria induced anemia: Erythropoiesis inhibition .................................. 29 

2.1.3. Erythroblastic islands ............................................................................................ 30 
2.1.3.1. Contents of an erythroblastic island .......................................................... 30 
2.1.3.2. Interactions and soluble factors within an erythroblastic island  .............. 31 
2.1.3.3. Macrophages in erythroblastic islands ...................................................... 33 
2.1.3.4. Splenomegaly from extramedullary erythropoiesis .................................. 35 
2.1.3.5. Erythroblastic islands and erythroblast differentiation in vitro  ................ 36 

2.2. Methods ........................................................................................................................... 37 
2.2.1. Rodent malaria blood stage infections .................................................................. 37 

2.2.1.1. Parasites .................................................................................................... 37 
2.2.1.2. Mice .......................................................................................................... 38 
2.2.1.3. Blood stage infections ............................................................................... 38 

2.2.2. Anemia measurements  ......................................................................................... 41 
2.2.3. Red blood cell clearance ....................................................................................... 42 

2.2.3.1. Red blood cell clearance: Phagocytosis assay .......................................... 42 
2.2.3.2. Red blood cell clearance: Histology ......................................................... 44 

2.2.4. Determine changes to erythropoiesis  ................................................................... 44 
2.2.4.1. Flow cytometry of terminal erythropoiesis ............................................... 44 
2.2.4.2. Histology analysis of spleen ..................................................................... 50 

2.2.5. Study mechanisms of erythropoiesis  ................................................................... 50 
2.2.5.1. MF flow cytometry .................................................................................. 50 
2.2.5.2. Immunohistochemistry of MFs ................................................................ 55 
2.2.5.3. Erythroblastic island cultures .................................................................... 57 

2.2.6. Statistics and graphs .............................................................................................. 58 
2.3. Results .............................................................................................................................. 59 



 viii 

2.3.1. Characterize anemia in 17XNL infected mice ...................................................... 59 
2.3.2. Investigate red blood cell clearance  ..................................................................... 66 

2.3.2.1. Phagocytosis of red blood cells ................................................................. 66 
2.3.2.2. Histology analysis ..................................................................................... 70 

2.3.3. Determine changes to erythropoiesis  ................................................................... 74 
2.3.3.1. Flow cytometry of terminal erythropoietic cells  ...................................... 74 
2.3.3.2. Spleen histology and splenomegaly .......................................................... 81 

2.3.4. Characterization of erythroblastic island macrophages  ....................................... 85 
2.3.4.1. MF flow cytometry .................................................................................. 85 
2.3.4.2. Immunohistochemistry of MFs  ............................................................... 91 
2.3.4.3. Erythroblastic island cultures .................................................................... 97 

2.4. Discussion ...................................................................................................................... 101 
2.4.1. Anemia of 17XNL infected mice ........................................................................ 101 
2.4.2. Red blood cell clearance ..................................................................................... 101 

2.4.2.1. Red blood cell clearance rates ................................................................. 101 
2.4.2.2. Red blood cell removal by phagocytosis ................................................ 102 
2.4.2.3. Red blood cell removal by hemolysis ..................................................... 103 

2.4.3. Changes to erythropoiesis  .................................................................................. 104 
2.4.3.1. Dissecting terminal erythropoiesis  ......................................................... 104 
2.4.3.2. Histology analysis of spleen ................................................................... 107 

2.4.4. Characterization of erythroblastic islands ........................................................... 108 
2.4.4.1. Erythroblastic island MF flow cytometry .............................................. 108 
2.4.4.2. Characterization of MF populations ....................................................... 110 
2.4.4.3. Cultures of erythroblastic islands and erythroblast differentiation ......... 111 

3. CHAPTER 3: N67C INFECTION MODEL ........................................................................ 117 
3.1. Introduction .................................................................................................................... 117 

3.1.1. N67C rodent malaria model ................................................................................ 117 
3.1.2. Malaria disease pathology for N67C infected mice  ........................................... 119 

3.2. Methods ......................................................................................................................... 120 
3.2.1. N67C parasite infections ..................................................................................... 120 
3.2.2. Anemia measurements  ....................................................................................... 120 
3.2.3. Red blood cell clearance ..................................................................................... 121 
3.2.4. Changes to erythropoiesis ................................................................................... 122 

3.3. Results ............................................................................................................................ 122 
3.3.1. Characterize anemia in N67C infected mice  ..................................................... 122 
3.3.2. Investigate red blood cell clearance .................................................................... 130 

3.3.2.1. Phagocytosis assay .................................................................................. 130 
3.3.2.2. Annexin V ............................................................................................... 133 

3.3.3. Determine changes to Erythropoiesis  ................................................................ 135 
3.4. Discussion ...................................................................................................................... 140 

3.4.1. Anemia of N67C infected mice  ......................................................................... 140 
3.4.2. Red blood cell clearance  .................................................................................... 141 
3.4.3. Changes to erythropoiesis  .................................................................................. 144 

4. CHAPTER 4: COMPARISONS OF HOST RESPONSES IN 17XNL AND N67C 
INFECTION MODELS  ....................................................................................................... 147 
4.1. Introduction .................................................................................................................... 147 



 ix 

4.1.1. Roles of parasite and host in malaria disease pathology ..................................... 147 
4.1.1.1. Host-pathogen interactions ..................................................................... 147 
4.1.1.2. Parasite factors linked to malaria disease pathology .............................. 148 
4.1.1.3. Host factors linked to malaria disease pathology ................................... 149 
4.1.1.4. Host immune responses linked to malaria disease pathology ................. 149 

4.1.2. Research tools to study parasite and host factors ................................................ 151 
4.1.2.1. Research tools linking parasite and host factors ..................................... 151 
4.1.2.2. Genomic approaches to investigate host pathways ................................. 151 
4.1.2.3. Analysis of expression data .................................................................... 152 
4.1.2.4. Erythropoietic related genes ................................................................... 153 

4.2. Methods ......................................................................................................................... 154 
4.2.1. Rodent malaria models ....................................................................................... 154 
4.2.2. Analysis of host pathways through gene expression data  .................................. 154 

4.2.2.1. Microarray ............................................................................................... 154 
4.2.2.1.1. 17XNL infection model .............................................................. 154 
4.2.2.1.2. N67C infection model ................................................................. 155 

4.2.2.2. Ingenuity pathway analysis ..................................................................... 155 
4.2.2.3. Western blot ............................................................................................ 156 

4.2.3. Host immune responses ...................................................................................... 159 
4.2.3.1. Cytokines ................................................................................................ 159 
4.2.3.2. Host immune cells ................................................................................... 160 

4.3. Results ............................................................................................................................ 165 
4.3.1. Host pathway analysis through expressional analyses  ....................................... 165 

4.3.1.1. Microarray analysis and ingenuity pathway analysis of 17XNL infected 
mice  ............................................................................................................... 165 

4.3.1.2. Microarray analysis and ingenuity pathway analysis of N67C infected 
mice ................................................................................................................ 167 

4.3.1.3. Western blot analysis of 17XNL and N67C infected mice ..................... 170 
4.3.2. Host immune responses ...................................................................................... 173 

4.3.2.1. Cytokine measurements .......................................................................... 173 
4.3.2.1.1. 17XNL infection model .............................................................. 173 
4.3.2.1.2. N67C infection model ................................................................. 176 

4.3.2.2. Frequencies of splenic immune cells  ..................................................... 180 
4.3.2.2.1. 17XNL infection model .............................................................. 180 
4.3.2.2.2. N67C infection model ................................................................. 184 

4.4. Discussion ...................................................................................................................... 186 
4.4.1. Microarray and ingenuity pathway analysis  ...................................................... 186 

4.4.1.1. 17XNL infection model .......................................................................... 186 
4.4.1.2. N67C infection model ............................................................................. 187 
4.4.1.3. Protein analysis in 17XNL and N67C infection models ......................... 188 

4.4.2. Host cytokines ..................................................................................................... 189 
4.4.2.1. 17XNL infection model .......................................................................... 189 
4.4.2.2. N67C infection model ............................................................................. 190 

4.4.3. Host immune cells ............................................................................................... 191 
4.4.3.1. 17XNL infection model .......................................................................... 191 
4.4.3.2. N67C infection model ............................................................................. 192 



 x 

5. CHAPTER 5: DISCUSSION ................................................................................................ 194 
5.1. Anemia and red blood cell clearance in 17XNL and N67C infected mice ................... 194 
5.2. Erythropoiesis in 17XNL and N67C infected mice ....................................................... 196 
5.3. Characterization of erythroblastic islands ..................................................................... 199 
5.4. Future directions ............................................................................................................ 205 

REFERENCES ........................................................................................................................... 209 
  



 xi 

LIST OF FIGURES 
 

Figure 1.1 Malaria parasite life cycle in human host and mosquito host ....................................... 6 
Figure 1.2 Malarial anemia induces erythropoiesis ...................................................................... 13 
Figure 1.3 N67C decreased and 17XNL increased erythropoietic pathways ............................... 20 
Figure 2.1 17XNL parasitemia over time ..................................................................................... 25 
Figure 2.2 Host survival curves .................................................................................................... 26 
Figure 2.3 Rodent malaria parasite infection protocol and sample collection  ............................. 40 
Figure 2.4 Flow cytometry gating strategy for terminal erythropoiesis ....................................... 47 
Figure 2.5 Gating strategy of macrophage/erythropoietic markers .............................................. 53 
Figure 2.6 Hematocrit and hemoglobin levels .............................................................................. 60 
Figure 2.7 Changes to RBC and reticulocytes in blood ................................................................ 64 
Figure 2.8 RBC phagocytosis by BMDMs and BMDCs .............................................................. 68 
Figure 2.9 Bone marrow histology showing loss of RBCs for 17XNL infected mice  ................ 71 
Figure 2.10 Histology images showing hemolysis for 17XNL infected mice  ............................. 73 
Figure 2.11 Flow cytometry dot plots of terminal erythropoiesis ................................................ 77 
Figure 2.12 Flow cytometry analysis of terminal erythropoietic subpopulations ........................ 80 
Figure 2.13 Spleen histology and splenomegaly for 17XNL infected mice  ................................ 84 
Figure 2.14 Live cell frequencies of erythropoietic markers in spleen and bone marrow ............ 86 
Figure 2.15 F4/80+ cell frequencies of erythropoietic markers in spleen and bone marrow ....... 89 
Figure 2.16 IHC of F4/80 in spleen and bone marrow  ................................................................ 94 
Figure 2.17 IHC of CD206 and iNOS in spleen and bone marrow .............................................. 96 
Figure 2.18 In vitro cultures of EBIs and erythroblast differentiation  ........................................ 99 
Figure 2.19 17XNL malaria induced anemia model  .................................................................. 115 
Figure 3.1 Parasitemia curves of N67 and N67C infected mice ................................................. 118 
Figure 3.2 Measurements of NI and N67C infected mice over time  ......................................... 124 
Figure 3.3 Changes to RBC and reticulocytes in blood .............................................................. 128 
Figure 3.4 RBC phagocytosis by BMDMs and BMDCs ............................................................ 131 
Figure 3.5 Annexin V binding to parasite infected cells ............................................................ 134 
Figure 3.6 Flow cytometry of terminal erythropoietic subpopulations  ..................................... 138 
Figure 3.7 Spleens of N67C infected mice ................................................................................. 139 
Figure 4.1 Flow cytometry gating strategy of immune cells ...................................................... 163 
Figure 4.2 Ingenuity pathway analysis for hematopoietic pathways of 17XNL infected mice .. 166 
Figure 4.3 Venn diagram of genes from CRL and JAX mice during N67C parasite infection .. 169 
Figure 4.4 Protein analysis of GATA1 and BETs for 17XNL and N67C infected mice ........... 172 
Figure 4.5 Cytokine measurements for NI and 17XNL infected mice over time ....................... 174 
Figure 4.6 Cytokine measurements for NI and N67C infected mice over time ......................... 177 
Figure 4.7 Cytokine levels for CRL and JAX mice during N67C parasite infections  ............... 179 
Figure 4.8 Immune cell populations in 17XNL infected mice ................................................... 183 
Figure 4.9 Immune cell populations in N67C infected mice ...................................................... 185 
Figure 5.1 17XNL infection model of parasite and host factors leading to malaria induced 
anemia.  ....................................................................................................................................... 203 
 
 
 

 



 xii 

LIST OF TABLES 
 

Table 2.1 Antibodies used in flow cytometry for terminal erythropoiesis ................................... 49 
Table 2.2 Antibodies used in flow cytometry for macrophages and erythroblastic islands ......... 52 
Table 2.3 Antibodies used in immunohistochemistry ................................................................... 56 
Table 4.1 Antibodies and reagents used for western blots .......................................................... 158 
Table 4.2 Antibodies used in flow cytometry for immune cell panels ....................................... 162 
  



 xiii 

LIST OF ABBREVIATIONS 
 

17XNL Plasmodium yoelii yoelii 17XNL parasite strain 
°C  Degree Celsius 
ACK  Ammonium-Chloride-Potassium 
ACT  Artemisinin-based combination therapies 
ANOVA Analysis of variance 
ASP  Animal study proposal 
b-actin  Beta-actin 
BET  Bromodomain and extra-terminal protein family 
BFU-e  Burst-forming unit-erythroid cell 
BM  Bone marrow 
BMDC  Bone marrow derived dendritic cells 
BMDM Bone marrow derived macrophages 
BRD1  Bromodomain containing protein 1 
BRD2  Bromodomain containing protein 2 
BRD3  Bromodomain containing protein 3 
BRD4  Bromodomain containing protein 4 
BRDT  Bromodomain testes-specific protein 
CD  Cluster of differentiation 
cDC  Conventional dendritic cell 
CD106  Vascular cell adhesion molecule 1 (VCAM1) 
CD11b  Integrin alpha M 
CD163  Receptor of member of the group B scavenger receptor cysteine-rich family 
CD169  Sialoadhesin or sialic acid binding Ig like lectin 1 
CD206  Mannose receptor 
CD34  Transmembrane phosphoglycoprotein protein 
CD44  Cell surface adhesion molecule 
CD4+ T cells Helper T cells 
CD8+ T cells Cytotoxic T cells 
cDNA  Complementary DNA 
CFSE  Carboxyfluorescein succinimidyl ester  
CFU-e  Colony-forming unit-erythroid cell 
CM  Cerebral malaria 
CRL  Charles River Laboratory 
DC  Dendritic cell 
DMEM Dulbecco’s Modified Eagle Medium 
DMSO  Dimethyl sulfoxide 
DNA  Deoxyribonucleic acid 
DNase IIa Deoxyribonuclease II alpha 
EBI  Erythroblastic island 
ECM  Experimental cerebral malaria 
Emp  Erythroblast macrophage protein 
EPO  Erythropoietin 
EPOR  Erythropoietin receptor 
EryA   Cell population via flow cytometry (TER-119high, CD71high, FSChigh) 



 xiv 

EryB   Cell population via flow cytometry (TER-119high, CD71high, FSClow) 
EryC   Cell population via flow cytometry (TER-119high, CD71low, FSClow) 
F4/80  Murine macrophage marker  
FBS  Fetal bovine serum 
FSC  Forward scatter 
g/dL  Gram per deciliter 
GATA1 GATA binding protein 1 
GC  Germinal center 
GM-CSF Granulocyte-macrophage colony-stimulating factor  
GO  Gene ontology 
GOrilla Gene ontology enrichment analysis and visualization tool 
H&E  Hematoxylin and eosin 
Hb  Hemoglobin 
Hct  Hematocrit 
HSC  Hematopoietic stem cell 
IFN-I  Type I interferons, such as IFN-a and IFN-b 
IFN-g  Interferon gamma 
IHC  Immunohistochemistry 
IL  Interleukin 
iNOS  Inducible nitric oxide synthase 
i.p.  Intraperitoneal injection 
IPA  Ingenuity pathway analysis 
iRBC  Parasite infected red blood cells and/or parasite infected reticulocytes 
i.v.  Intravenous injection 
JAX  Jackson Laboratory 
MF  Macrophages  
M1  M1 macrophage  
M2  M2 macrophage 
MCP-1  Monocyte chemoattractant protein-1 
MEL  Mouse erythroleukemia cell line 
MIF  Migration inhibitory factor 
MIP-1a or b  Macrophage inflammatory protein 1 alpha or beta 
µm  Micron or micrometer 
µL  Microliter 
mL  Milliliter 
MR4  Malaria Research and Reference Reagent Resource center 
mRNA  Messenger ribonucleic acid 
n  Number of mice or sample 
NI  Noninfected mice 
NIAID  National Institute of Allergy and Infectious Diseases 
NIH  National Institutes of Health 
N67  Plasmodium yoelii nigeriensis N67 parasite strain 
N67C  Plasmodium yoelii nigeriensis N67C parasite strain 
PBS  Phosphate buffered saline 
pDC   Plasmacytoid dendritic cell 
PFA  Paraformaldehyde 



 xv 

pg/mL  Picogram per milliliter 
PHZ  Phenylhydrazine 
p.i.  Post infection 
ProE pro-erythroblast; cell population via flow cytometry (CD71high, TER-119low) 
RBC  Red blood cell 
RP  Red pulp of spleen 
RPI  Reticulocyte production index 
RPM  Red pulp macrophages 
RPMI  Roswell Park Memorial Institute Medium 
RNA  Ribonucleic acid 
RT  Room temperature 
SEM  Standard error of the mean 
SMA  Severe malaria anemia 
TBST  Tris buffered solution with Tween 20 
Th1  T helper cell type 1  
Th2  T helper cell type 2  
TNF-a  Tumor necrosis factor alpha 
Ts-eQTL Trans-species expression quantitative trait locus 
unRBC Uninfected red blood cells and/or uninfected reticulocytes 
VCAM1  Vascular cell adhesion molecule 1 
VLA-4  Very late antigen 4 
WBC  White blood cell 
WHO  World Health Organization 
WP  White pulp of spleen 
YM  Plasmodium yoelii yoelii YM parasite 
 
 
  
 



  1 

CHAPTER 1: INTRODUCTION 

 

1.1 Malaria parasites and disease 

1.1.1 Plasmodium parasites  

Malaria is the disease caused by parasites of Plasmodium, a genus of the phylum 

Apicomplexa. The Plasmodium genus designation was created in 1855, defining the parasites 

infecting red blood cells (RBC), also known as erythroid cells (1). Over the years, nomenclature 

was developed to encompass the various species of Plasmodium and their host range. There are 

approximately 156 named species of Plasmodium, with different species and substrains infecting 

particular vertebrate hosts (2). There are over six known species of Plasmodium parasites that 

can infect humans, including P. falciparum, P. vivax, P. malariae, P. knowlesi, P. ovale curtisi 

and P. ovale wallikeri (3-5). P. knowlesi parasites, originally thought to infect primarily monkeys 

and only rarely humans, was found to infect humans in Malaysia at higher rates than expected (5, 

6). Out of these six parasite species, P. falciparum and P. vivax are the most common species 

causing over 95% of human infections globally (7). P. falciparum is mostly found in Africa, 

while P. vivax was mostly widespread in all other regions outside Africa (8). However, this has 

changed over the last decade with higher prevalence of P. vivax infections detected in sub-

Saharan Africa (9). It was originally determined that the Duffy-negative binding antigen on 

RBCs, dominant in Africa, prevented infection by P. vivax  parasites. However, multiple recent 

studies have revealed that P. vivax parasites can infect Duffy-negative RBCs, which may explain 

the higher prevalence of P. vivax infections seen in the region (9, 10). Some of this transition is 

due to the discrepancies or lack of testing multiple Plasmodium species in the region as well as 

may be caused by changes to the parasites (9). Also, many asymptomatic cases are often not 



  2 

diagnosed, so the overall presence of a specific species may not be detected within a region (11). 

Co-infections of multiple Plasmodium species can occur, including co-infections of P. vivax and 

P. falciparum, adding to the difficulties of identifying parasite species for certain regions (12, 

13). 

 

1.1.2 Malaria: Parasite and host 

Even though much is known about malaria parasites and disease pathogenesis, there are 

multiple complexities to both the parasites and the hosts that have led malaria to continue to be a 

global issue (3). From 2000 to 2015, the World Health Assembly and various international 

institutions succeeded in their goals by reducing malaria incidence rates by 37% and mortality 

rates by 60% (14). These advances were attributed to financing malaria programs, expanding 

coverage of malaria control interventions, including mosquito vector control and malaria 

chemoprevention for pregnant women and children, and increasing malaria diagnostics and 

malaria disease treatments (14). Although there has been much progress since 2000, incidence 

and mortality rates have plateaued over recent years. The World Health Organization (WHO) 

reported mortality rates (deaths per 100,000 population at risk) at 25% in 2000, 12% in 2015, 

and 10% in 2019 (15). In the last few years, over 400,000 deaths and approximately 2 million 

new cases occurred each year, as illustrated in the WHO World Malaria Report 2020 (15). Most 

of this plateau in annual incidence and mortality levels may be attributed to a continued lack of 

funding, as these numbers are highest in areas with low-resourced health systems (14). These 

areas, including many African countries, had dramatic increases in population over the years as 

well, which may lead to more infections (15). The ability of the parasites to evolve likely also 

plays a role (16). There have been many advancements in the development of different drug 
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treatments for malaria parasites; however, the parasites, in response, have evolved resistance to 

many of these drugs (17, 18). Chloroquine and other quinoline-containing drugs were broadly 

used; however, parasites that were resistant to these drugs spread widely (18, 19). Artemisinin 

drugs were then developed, but this was followed by P. falciparum infected patients in Southeast 

Asia having higher rates of artemisinin treatment failure (20, 21). The WHO then moved to 

recommending the use of artemisinin-based combination therapies (ACT) to treat P. falciparum 

infections; however, some parasites have already displayed reduced susceptibility to ACTs (17, 

20-22). 

Besides drug resistance, the parasites have also evolved to evade host responses (23, 24). 

Plasmodium parasites have a lot of genetic diversity among proteins that could be targeted 

through antibody responses or vaccines (discussed below) (23). This includes variations of the 

parasite proteins present on the surface of RBCs during blood stage infections, allowing the 

parasites to avoid antibody responses (23, 25). Not only can the parasites evolve, but the hosts 

have also changed over time. Parasites and humans have likely co-evolved, playing a cat and 

mouse game as far back as 100,000 years (24, 26). The Plasmodium parasites probably have 

shaped the human genome over the years, including the development of the sickle-cell 

hemoglobin gene. Sickle-cell hemoglobin induces a sickle cell trait changing the shape of the 

RBCs, but the heterozygous phenotype reduces cases of fatal malaria (27, 28). 

 

1.1.3 Parasite life cycle 

 One reason for the complexity and variations seen with malaria parasites is its life cycle 

involving two hosts. All malaria parasites require two hosts, the first being the invertebrate host 

(mosquito species), which also transmits malaria. The second host is specified by the parasite 
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species, with many species known to infect mammals, birds, reptiles, and turtles (29). Although 

the taxonomy of these species and the evolutionary relationships for Plasmodium is constantly 

updated, most current studies of malaria research utilize parasite infections in humans, monkeys, 

rodents, or birds (29). Plasmodium parasites require two hosts to undergo both asexual and 

sexual reproduction. During its lifecycle, the parasite undergoes various stages, targeting specific 

areas or cells within each host. As seen in Figure 1.1 (30), the mosquito will transmit the 

sporozoite stage of the parasite into its second host (human host is shown for Figure 1.1). The 

sporozoite will enter through the skin, migrate to the bloodstream, and travel to the liver. The 

parasite then infects hepatocytes and differentiates into the schizont form. Once an infected 

hepatocyte ruptures, these schizonts can enter the bloodstream and infect RBCs. A parasite 

within an RBC differentiates from ring stage to trophozoite stage and then matures into schizont, 

which can contain up to 32 parasite merozoites within a single RBC. These merozoites are 

released when the RBC ruptures, and the parasites can infect new RBCs and repeat the process. 

The continued cycles of replication and infection within RBCs make up the asexual reproduction 

or blood stage infection of malaria (24, 30, 31). 

To move towards sexual reproduction, some of the parasites in the RBCs will begin to 

differentiate into gametocytes. This gametocyte phase of the parasite can differentiate into both 

male and female gametocytes that can be distinguished via microscopic observation for most 

parasite species. These gametocytes contained in the bloodstream are then picked up by a new 

mosquito during the intake of its blood meal from a human. The gametocytes enter the mosquito 

midgut and complete gametogenesis to form both male and female gametes. These gametes 

fertilize to form zygotes for sexual reproduction. The zygote then differentiates into ookinetes, 

which pass through the mosquito midgut and form into oocysts. Multiplication and 
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differentiation occur, leading to multiple sporozoites present inside an oocyst. The oocyst then 

ruptures releasing the sporozoites to travel to the salivary glands of the mosquito. Sporozoites are 

then injected into a new human host during the mosquito’s next blood meal (24, 30, 31). 

Due to the complexities of the various parasite stages as well as the life cycle involving 

two hosts, it has been difficult to develop vaccines against malaria parasites (32). Thankfully, the 

development of the RTS,S/AS01 vaccine, based on the circumsporozoite protein expressed on 

the surface of sporozoites, does look promising showing modest reduction of malaria illness for 

young children (33-35). In order to achieve malaria eradication, a vaccine alongside development 

of new treatments and non-pharmaceutical interventions will be necessary, especially as drug 

resistance continues to emerge (24). Most malaria symptoms are observed during the blood stage 

infections (36). Therefore, new drugs can work to target parasites in the blood. However, the 

mechanisms of malaria parasite infections leading to the broad-spectrum of malaria disease 

symptoms must be further understood to develop these drugs. 
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Figure 1.1 Malaria parasite life cycle in human hosts and mosquito hosts 

Image published in He et al 2020 (30). Parasite stage sporozoites are transmitted from a  

mosquito into a human host. Sporozoites travel to the liver and infect hepatocytes to form 

merozoites. Merozoites enter the blood and infect red blood cells (RBC) to begin asexual 

reproduction or the blood stage infection of malaria. Some parasites will mature into 

gametocytes, which are picked up by another mosquito host. Within the mosquito midgut, the 

parasites undergo sexual reproduction to form a zygote and then ookinetes, which pass through 

the midgut and eventually form an oocyst. The oocyst contains sporozoites, which can be 

released and travel to the salivary gland of the mosquito. The process then repeats with this 

mosquito injecting sporozoites into a new human host. 
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1.1.4 Range of malaria disease 

Malaria parasites in humans lead to a wide range of malaria disease phenotypes. Malaria 

disease is usually categorized as asymptomatic, uncomplicated malaria, or severe malaria (24). 

Parasitemia, or the percent of infected cells in the blood, is often used to diagnose malaria 

disease’s presence and severity. Patients that are asymptomatic usually have lower parasite 

levels; however, there have been a range of parasitemias found (37-39). Also, these 

asymptomatic patients may become symptomatic at some point during the parasite infection 

(40). Therefore, it is important to measure and monitor the asymptomatic patients in order to 

catch possible early onset of more severe symptoms as well as control malaria parasite 

transmission in an area, as these cases often go unnoticed (38, 40-42). Other patients that endure 

more severe symptoms can have high or low levels of parasitemia (43). In particular, patients 

who were never previously exposed to malaria parasites had an increase in disease severity even 

at very low parasite levels (3). For uncomplicated malaria, patients may experience symptoms, 

such as fatigue, fever, etc., without any major complications or organ dysfunction (24, 44). 

Uncomplicated malaria can resolve, be chronic, or lead to severe malaria (45). Severe malaria is 

characterized by a wide range of phenotypes, including respiratory distress, metabolic 

derangements (46), high levels of pro-inflammatory responses (47-49), cerebral malaria (parasite 

infected RBCs present in the brain and often induce comas) (50), acute renal failure (51), as well 

as severe malaria anemia (SMA) (52-54). Most of the severe cases of malaria disease are from P. 

falciparum infections, leading to the high mortality seen in Africa (24). However, there are also 

incidences of P. vivax causing severe disease phenotypes as well (10).  
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1.1.5 Malaria “immunity” 

The factors that determine the severity of malaria disease a person may endure are not 

completely understood. Most disease phenotypes arise from the presence of parasites in the 

blood, but there are also likely host responses that influence disease severity (3). One of the 

difficulties when dissecting malaria disease is that the host immune responses are complex and 

have shown to be both beneficial and detrimental.  

There is no complete immunity attained following malaria parasite infection as a person 

can become re-infected. People in endemic areas with intense transmission likely undergo 

malaria parasite infections annually (55). In particular, West Africa encounters annual seasons 

composed of a six-month dry season, with no malaria transmission, and an intense malaria 

season, with high transmission of malaria (24). There is some advantage as the severity of the 

disease is often lowered after repeated infections and as the age of a person increases (24, 56). In 

endemic areas or regions with high transmission of the malaria parasites, children under 5 years 

old often endure the most severe disease symptoms and are seen with the highest mortality rates 

(24). Young children over 5 years often endure uncomplicated febrile malaria incidences, 

whereas early adolescent people transition to even more resistance to clinical malaria (24, 57). 

Adults often are asymptomatic during malaria infections, again indicating an increase in partial 

immunity to malaria parasite infections (24, 56-58). Compared to the endemic areas, people 

living in a location without high transmission seasons likely do not acquire this type of immunity 

(55). This is also evident as non-exposed humans, adults without previous malaria parasite 

infections, will endure febrile malaria or more severe malaria disease during their first parasite 

infection (58).  
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Host immune responses likely contribute to the long term malaria “immunity” described 

above and can also play various roles during malaria parasite infections. Host immune responses 

consist of innate responses, early recognition or destruction of a pathogen, and adaptative 

responses, later development of T cells and B cell mediated antibody responses to help remove a 

pathogen and prevent new infections. With malaria parasite infections, there will be different 

types of immune responses dependent on the parasite stage and host variations. There are a few 

host immune responses that will kick in when the parasite enters the skin from the mosquito and 

travels to the liver; however, these responses are minimal possibly due to the number of 

sporozoites being low at this stage of the parasites life cycle (24). Host immune responses are 

more prevalent during the parasite blood stage infection, with both positive and negative effects 

on malaria disease phenotypes.  

Parasite infected RBCs (iRBCs) are present in the blood and can also sequester in the 

vasculature of various organs by binding to vascular endothelium (24). This sequestration leads 

to inflammation of these organs, causing secretion of inflammatory cytokines among other 

responses. Some of these cytokines contribute to controlling parasite levels, as the cytokines can 

recruit different immune cells like dendritic cells (DCs) and macrophages (MFs) to remove the 

iRBCs. These DCs and MFs can also release various cytokines and chemokines to help increase 

other immune responses during malaria parasite infection. The sequestration of iRBCs and 

inflammation often lead to organ damage and other issues (24, 59). Also, increased levels of pro-

inflammatory cytokines are likely correlated to disease severity, as they were higher in patients 

with severe malaria anemia (47-49). In order to combat pro-inflammatory responses, the host 

will also have various regulatory mechanisms. Some specific cytokines are anti-inflammatory 

and help induce these regulatory mechanisms. For example, transforming growth factor b and 
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IL-10 (interleukin 10) were shown to increase following the production of pro-inflammatory 

cytokines IFN-g (interferon gamma) and TNF-a (tumor necrosis factor alpha) in a rodent malaria 

model (60, 61). SMA patient cases also showed a reduction in the anti-inflammatory cytokine 

IL-10 compared to cases without severe anemia, indicating the importance of these regulatory 

mechanisms for malaria disease pathogenesis (48). T cell responses can also help clear iRBCs 

(62, 63). However, CD8+ T cells (cluster of differentiation 8 positive cytotoxic T cells) were also 

shown to cross the blood brain barrier, sequester in the brain vasculature, and lead to higher 

mortality during cerebral malaria (64). 

Overall, the differences in host immune responses will likely influence malaria disease 

severity. Previous infections may induce some adaptive immune responses leading to partial 

degrees of immunity. Both the innate and adaptive responses are needed to clear out a new 

parasite infection; however, there jointly needs to be regulation of the inflammation produced 

from sequestration or removal of iRBCs. The balance between effective immune responses and 

regulation during malaria parasite infections is still being studied. Further characterization of the 

parasite and host factors are needed to help determine what leads to the severity of malaria 

disease, including cases of severe malaria anemia. 

 

1.2 Severe malaria anemia 

One common area of research is performed on SMA, as it can cause high morbidity in 

children as well as death for many patients (36, 52, 65). Anemia is defined as a low level of 

RBCs in the blood. Anemia can be characterized in different ways and also arises from numerous 

factors. Worldwide, iron deficiency is a major cause of anemia (66, 67). Malaria parasite 

infections can also be a cause, inducing various degrees of anemia. To diagnose malarial anemia, 
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the presence of malaria parasites is seen alongside measurements taken for hemoglobin, which is 

the metalloprotein inside RBC that contains iron to transport oxygen, and hematocrit, which is 

percentage of RBCs in the blood. Malaria induced anemia can be characterized by reductions in 

hemoglobin measured at less than 11 grams per deciliter (g/dL) and hematocrit measured at less 

than 33% compared to the normal levels, which measure to around 15g/dL for hemoglobin and 

around 50% for hematocrit (65). The extreme cases of anemia include SMA, which is clinically 

diagnosed by significant decreases for hemoglobin or hematocrit levels alongside the presence of 

parasite (65). In particular, the WHO defines SMA as hemoglobin levels below 5 g/dL or 

hematocrit below 15% accompanied by a parasite level at more than 10,000 parasites per 

microliter of blood (52, 65). The WHO and the Roll Back Malaria Partnership recommended 

measuring the hemoglobin content for presence of anemia to also help identify possible unknown 

parasite infections (68, 69). The reductions in hemoglobin or hematocrit are the result of 

decreased numbers of RBCs in blood. There are two pathways leading to lower levels of RBCs: 

1. RBC clearance or 2. Inhibition of the production of new RBCs, which is called erythropoiesis 

(36, 52, 65, 70, 71). 

 

1.2.1 Red blood cell clearance 

In a healthy person, the RBCs are continually recycled and replaced (72, 73). Most of this 

process happens in the spleen as the blood travels through capillaries and into filtration beds 

(72). RBCs have to go through a tight opening for this and therefore need some flexibility in 

their shape and structure. However, when an RBC undergoes damage or distress, this RBC may 

have a more rigid structure or no longer function properly and is therefore removed. These 

damages or distress can include oxidative damage (74), lower deformability (which is the ability 
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of the RBC to undergo shape changes) (75), as well as externalization of phosphatidyl-serine on 

its membrane (36, 52, 76). All of these changes target the RBC to undergo lysis or clearance. 

The targeted RBCs may be cleared via host immune complexes and phagocytosis in either the 

blood or as the RBCs pass through the spleen (72, 76). The damaged or senescent RBCs have 

their iron content recycled for new RBCs after being phagocytized by MFs in the spleen (73). 

These modes of RBC clearance are also used to remove iRBCs during malaria parasite blood 

stage infections. The iRBCs likely have parasite ligands present on the RBC surface leading to 

identification and removal of these infected cells (36). During malaria infections, there can also 

be an increase in the removal of uninfected RBCs (unRBCs). Lower deformability has been 

measured for the unRBCs for malaria patients (75). Also unRBCs had decreased complement 

regulatory protein on their surface leading to their clearance (77). Parasite ligands loose in the 

plasma may also bind to unRBCs, targeting these cells for removal (52). Similarly, if a parasite 

aborts its invasion of a RBC, some parasite ligands may remain bound to the cell membrane 

leading to these unRBCs being targeted for clearance (36). Host immune responses, such as 

immunoglobulin and complement can also bind to the surface of unRBCs, increasing their 

removal by phagocytes (52). Overall, the loss of both iRBCs and unRBCs likely contributes to 

anemia during malaria parasite infections (Figure 1.2). 
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Figure 1.2 Malarial anemia induces erythropoiesis 

Depiction of malaria induced anemia adapted from Chang and Stevenson 2004 (71). Blood 

contains infected red blood cells (iRBCs) and uninfected red blood cells (unRBCs). Red blood 

cells (RBC) are cleared out by parasite infection, lysis, or phagocytosis. RBC clearance leads to 

less RBCs present in the blood, defined as malarial anemia. Anemia is detected by the kidney, 

which then secretes erythropoietin (EPO). Released EPO will travel to the bone marrow (BM) to 

induce erythropoiesis. Malarial anemia also induces extramedullary erythropoiesis in the spleen. 

Erythropoiesis is the differentiation of a hematopoietic stem cell (HSC) to a reticulocyte, which 

then matures into a RBC. Image created with Biorender.com.  
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1.2.2 Erythropoiesis 

Erythropoiesis, or production of new RBCs, is induced by anemia. The low amount of 

RBCs is recognized by the kidney, which then produces and secretes erythropoietin (EPO). EPO 

is a hormone that travels to the bone marrow (BM) to help the production of new RBCs (Figure 

1.2) (71, 78). Decreased EPO production can lead to suppression of erythropoiesis during 

malaria parasite infections (79). Although not as completely understood, some malaria infections 

that display anemia do not have changes to the levels of erythropoietin (65, 80). One study on 

malaria parasite infections in mice showed the presence of anemia but EPO levels remained 

constant (71). Therefore, there are likely unknown EPO-independent mechanisms leading to 

anemia for these studies. These mechanisms could involve defects in the downstream responses 

to EPO, possibly involving specific changes to erythropoiesis (36). 

Most blood cells are made by the differentiation of hematopoietic stem cells (HSC) in the 

BM. These HSCs replenish themselves and can differentiate into various immune cells, including 

T cells, B cells, eosinophils, monocytes, MFs, and DCs, as well as RBCs (81). An HSC 

differentiating into a RBC during erythropoiesis is encouraged by the presence of EPO. 

Erythropoiesis involves 9 stages of differentiation for an HSC to form a mature RBC (outlined in 

Figure 2.4). Four differentiation stages have erythropoietin receptors (EPOR) on their cell 

surface, including burst-forming unit-erythroid cells (BFU-e), colony-forming unit-erythroid 

cells (CFU-e), pro-erythroblasts, and basophilic erythroblasts (listed in differentiation order). 

The presence of EPO increases the stability of BFU-e and CFU-e cells to not prematurely 

terminate as well as encourages their proliferation (71, 78). During erythropoiesis, the nucleus 

condenses and is eventually enucleated out from the orthochromatic erythroblast cell to form a 

reticulocyte (36). A reticulocyte will then mature into a RBC. These differentiation stages of 
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erythropoiesis involve decreased cell size, chromatin condensation with eventual extrusion of the 

nucleus, progressive hemoglobinization, and changes in the cell surface proteins/cell membrane 

(36, 82).    

 Besides the BM, extramedullary erythropoiesis can take place in other organs, such as the 

liver and spleen, during stress or infections. Malaria parasite infections often leads to 

extramedullary erythropoiesis in the spleen to help compensate for the drastic loss of RBCs due 

to the parasite infections (72). Malaria parasites often suppress erythropoiesis, coined as either 

dyserythropoiesis, defined as defective development of RBCs, or ineffective erythropoiesis, 

noted by active erythropoiesis but lack of newly formed RBCs produced (36, 70). Although 

highly researched, the exact mechanisms leading to these changes in erythropoiesis are still 

largely unknown (70). Besides investigating EPO levels and responses, some studies have looked 

at other host factors as well as parasite factors. Some pro-inflammatory cytokines have been 

shown to be increased in the BM of patients with SMA, indicating potential inhibitory roles of 

these cytokines (52, 83). Other studies also identified hemozoin, which is a parasite specific 

polymerized heme molecule, located in the BM of patients with severe malaria and abnormal 

RBC development (84, 85).  

The effects from malaria parasite infections on RBC clearance and inhibition of 

erythropoiesis, as highlighted above, have been studied. However, the exact mechanisms for 

these pathways still involve a lot of unknown factors. As SMA continues to have a toll on many 

malaria patients, further investigations are needed in order to identify the mechanisms involved 

for RBC clearance and inhibition of erythropoiesis.  
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1.3 Rodent malaria models 

As indicated, malaria is a complex disease involving two hosts and multiple parasite 

stages. This leads to many complications when trying to further understand and perform research 

on malaria. One such complication involves using humans to research malaria disease 

pathogenesis. Although many studies utilize human subjects, there are difficulties attaining 

proper protocols/safety regulations and other limitations on what can be researched. For instance, 

cerebral malaria (CM) consists of the parasites entering the brain. Parasite infections in mice that 

develop experimental cerebral malaria (ECM) can be investigated with different approaches 

examining the pathogenesis throughout the infection versus only looking at human brains’ 

pathology post-mortem (86). 

Other malaria disease phenotypes can also be difficult to study in humans due to the vast 

genetic differences amongst people. As noted above, human immune responses may differ from 

person to person often based on their genetics and environmental factors, such as living in 

endemic regions with malaria parasites. Also, nutritional status, age, presence of co-infections 

with other pathogens, as well as the histories of malaria parasite infections or anti-malaria 

treatments can alter responses to a new parasite infection leading to specific malaria disease 

phenotypes, such as with malaria induced anemia (87-89). All of these complexities demonstrate 

the difficulties when studying human malaria parasite infections; therefore, rodent malaria 

models are often utilized as an accepted approach to investigate malaria. 

Although disadvantages exist using mice as models of humans, as mice are not exact 

mimics, the benefits provide a well-used model for many research studies (90). Much like 

malaria parasites in humans, rodent malaria parasites also lead to varying malaria disease 

pathogenesis. Different Plasmodium parasite strains and subspecies are used in rodent malaria 
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models to further understand malaria disease phenotypes, including malaria induced anemia (52). 

The advantages of utilizing rodent malaria models includes more control of variables, repetition 

of experiments, and a closer dissection of a particular characteristic of malaria disease 

pathogenesis. Similar to human infections, rodent malaria parasite infections and subsequent 

disease phenotypes are influenced by both host and parasite factors.  

 

1.3.1 Host factors 

Host factors play a role in various rodent malaria models leading to different malaria 

disease pathogenesis and host death. For example, BALB/c mice injected with P. berghei ANKA 

parasites had better survival rates than P. berghei ANKA infected C57BL/6 mice, which also 

exhibited more neurological symptoms related to CM (91). Another study showed C57BL/6 

mouse strains were highly susceptible to ECM compared to mild susceptibility for BALB/c and 

C3H mouse strains (92). This also reveals that different mouse strains can display a range of 

neurological symptoms seen with ECM, which is similar to the range of CM phenotypes seen in 

human infections (93, 94). One main drawback is that mice are obviously not genetically the 

same as humans. However, as different disease phenotypes in mice mimic those seen in human 

infections, rodent malaria models are still a useful tool. Rodent malaria models can be controlled 

for host genetic factors by utilizing the same mouse strain (95). Also, malaria infections in mice 

can be easily controlled and monitored. These advantages of rodent malaria models allow the 

characterization of different host responses and factors that contribute to malaria disease 

phenotypes (96).  
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1.3.2 Parasite factors 

There are many different rodent malaria parasite species that have diverged over the 

years leading different subspecies and substrains, similar to the divergence seen with human 

malaria parasites. Most rodent malaria parasites are isolated from wild thicket rats, and the main 

parasite species researched in the laboratory include P. yoelii, P. berghei, and P. chaubaudi. 

Within the P. yoelii species, there are a wide range of genetically different substrains that have 

been characterized (97). There are three known subtypes for P. yoelii: P. yoelii yoelii, P. yoelii 

nigeriensis, and P. yoelii killicki (98). Dr. Su’s laboratory (Malaria Functional Genomics 

Section, National Institute of Allergy and Infectious Diseases (NIAID), National Institutes of 

Health (NIH)) studies four particular substrains of P. yoelii in C57BL/6 mice. The four 

substrains include P. yoelii yoelii 17XNL, which is closely genetically related to P. yoelii yoelii 

YM (97). The other two substrains include P. yoelii nigeriensis N67 and P. yoelii nigeriensis 

N67C. The N67C substrain is closely related to the N67 substrain; however, they exhibit 

different parasite growth and host mortality during infections in mice. A single residue difference 

on P. yoelii erythrocyte binding ligand was associated with the differences in parasite growth, 

virulence, and host immune responses for the N67C and N67 infected mice (99). Dr. Su’s 

laboratory has shown the four different substrains of P. yoelii actually induce a wide range of 

disease phenotypes and also cause differences in host death, with 17XNL infected mice 

surviving infection as shown in Figure 2.2. Dr. Su’s laboratory has also performed different 

parasite genetic crosses to help locate specific parasite genes that are involved in shaping 

particular host phenotypes during malaria (98, 100). The genetic crosses and analysis also 

provided further knowledge of the parasite genome and helped linked specific parasite genes to 

different host responses (95). The use of trans-species expression quantitative trait loci (Ts-
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eQTL) also connected various host genes to the same host pathway, indicating possible functions 

of unknown host genes (101). All of these techniques indicate the roles that both the parasite and 

host play in determining specific malaria disease phenotypes. This also demonstrates the 

usefulness of rodent malaria models, as these genomic approaches can be performed. 

One of these genomic approaches utilized microarray analysis (host spleen) of 17XNL 

and N67C infected mice. Ingenuity pathway analysis (IPA, Qiagen), further described in Chapter 

4 of this thesis, revealed initial findings indicating 17XNL and N67C infected mice had 

increased and decreased, respectively, expression for erythropoietic pathways (Figure 1.3). 

Although 17XNL and N67C parasites are both P. yoelii substrains, the infected mice had gene 

expression levels varying for anemia related pathways. Therefore, further analysis using these 

two strains was applied to investigate both parasite and host factors involved in malaria induced 

anemia.  

 

Project hypothesis: Changes to erythropoiesis likely play a major role in malaria induced 

anemia for 17XNL and N67C infected mice. 
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Figure 1.3 N67C decreased and 17XNL increased erythropoietic pathways 

Initial microarray data of spleen from N67C and 17XNL infected mice at day 4 post infection 

were analyzed through ingenuity pathway analysis (Qiagen). N67C parasite infection in mice 

(blue arrows) reduced expression of bromodomain and extra-terminal (BET) proteins and GATA 

binding protein 1 (GATA1) leading to a decrease in erythropoietic pathways. 17XNL parasite 

infection in mice (red arrows) increased hematopoietic pathways as well as downstream 

transferrin receptor activity pathway and heme biosynthetic process pathway leading to an 

increase in erythroid differentiation (known as erythropoiesis) (102).   

N67C

TLR4

Unknown players

BETs

GATA1

Erythropoiesis

17XNL

multiple players

hematopoiesis

Erythroid differentiation 

transferrin receptor activity
and heme biosynthetic process

FIGURE 1.3 N67C decreased and 17XNL increased erythrpoietic pathways
Initial microarray data of spleens from N67C day 4 post infection and 17XNL day 4 post infection was analyzed through ingenuity 
pathway analysis (Qiagen). N67C infection (blue arrows) reduced BET and GATA1 leading to a dedcrease in erythropoiesis pathway. 
17XNL infection (red arrrows) increased hematopoeisis pathways as well as downstream transferrin recpetory activity pathway and 
heme biosynthetic process pathways leading to an increase of erythroid, or red blood cell, differentiation, which occurs during eryth-
ropoiesis. 
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1.4 Hypothesis and specific aims 

As previous studies have shown, using rodent malaria models can help further dissect 

malaria disease phenotypes (93, 95, 103). 17XNL and N67C infection models were used to 

dissect possible mechanisms of malaria induced anemia. The goal of this project is identification 

of a new molecular mechanism leading to anemia that can be targeted for the development of 

new treatment avenues.  

In order to better investigate parasite and host factors of malaria induced anemia, the 

project was broken down into three parts, separated into Chapters 2, 3 and 4 in this thesis. The 

first part analyzed the 17XNL infection model. An additional three individual subaims were 

developed to look at the 17XNL infected mice. The first subaim followed the hypothesis that the 

17XNL infection model can be utilized to study malaria induced anemia. Anemia phenotypes 

were characterized by measuring the levels of hemoglobin and hematocrit. Once anemia was 

verified, the hypothesis driven research investigated the cause of the anemia, either from RBC 

clearance in subaim 2 or changes to erythropoiesis in subaim 3. As suggested by the initial IPA 

results, erythropoiesis was hypothesized to be induced in 17XNL infected mice. Also, possible 

defects in erythropoiesis were then hypothesized to be linked to a dysfunction of the 

erythroblastic islands, which were further characterized for the 17XNL infected mice.  

The second part of the project was to analyze the N67C infection model. Similar 

techniques and subaims (1. anemia, 2. RBC clearance, 3. changes to erythropoiesis) were used to 

measure the expected anemic phenotypes for N67C infected mice. It was proposed that unRBCs 

were being removed alongside clearance of iRBCs for the N67C infected mice. Also, from the 

initial IPA results, erythropoiesis was hypothesized to be decreased for the N67C infected mice.  
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As host responses often play a role with malaria disease phenotypes, both the 17XNL and 

N67C infection models were analyzed to determine differences in host responses as well as to 

possible link host factors to the expected anemia phenotypes for each infection model. Further 

dissection and other microarray/IPA experiments investigating host gene expression were used to 

identify particular host genes and pathways involved for these two infection models. In 

particular, it was hypothesized that the analysis would show induction of erythropoiesis for 

17XNL infected mice and suppression of erythropoiesis for N67C infected mice based on the 

initial IPA results (Figure 1.3). The N67C infection model was also utilized to examine similar 

mouse strains from various vendors to study possible different host responses during malaria 

parasite infections. The host immune responses induced in 17XNL and N67C infected mice were 

compared by measuring levels of cytokines and immune cell populations to help gain a better 

understanding of why these two infection models vary in host death. Host immune responses 

were also linked to anemia phenotypes, with differences in cytokines and immune cells 

hypothesized to contribute to the variations seen in erythropoiesis and anemia for the 17XNL and 

N67C infection models.  

Overall, the anemia phenotypes for 17XNL and N67C infected mice were compared 

directly to help gain a further understanding of malaria induced anemia. Their similarities and 

differences for RBC clearance and erythropoiesis were analyzed. In particular, the changes to 

erythropoiesis likely played a major role in malaria induced anemia for both 17XNL and N67C 

infected mice. Also, the differences in host responses were characterized and possibly linked to 

these anemia phenotypes. Further dissection of malaria induced anemia in the 17XNL and N67C 

infection models can help identify new mechanisms and develop SMA treatments.  
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CHAPTER 2: 17XNL INFECTION MODEL 

 

2.1 Introduction 

2.1.1 17XNL rodent malaria model 

There are a wide range of rodent malaria models that are used to further understand 

malaria disease and develop new treatments. In particular, P. yoelii strains have varying parasite 

growth curves for infected mice that can help dissect the causes of malaria disease severity (97, 

103). Dr. Su’s laboratory (Malaria Functional Genomics section, NIAID, NIH) has utilized 

various genomic analysis tools on four different P. yoelii strains to identify both parasite and host 

factors linked to malaria disease traits (98, 100, 101). 

Initial findings from microarray data and IPA identified the 17XNL and N67C infection 

models likely have contrasting phenotypes related to anemia and erythropoiesis. Therefore, 

further exploration of how malaria induced anemia may arise in these two different infection 

models was performed. 

 Malaria parasites were sourced from Malaria Research and Reference Reagent Resource 

Center (MR4, BEI Resources). Through cloning and genomic analysis, two main substrains of 

the 17X parasite were established: a non-lethal slow growing parasite (17X) and a lethal fast-

growing parasite (17XL) (97, 103). The 17XNL parasites is a non-lethal line derived from a 17X 

parasite isolate (98). 

 The 17XNL parasites are most interesting in that they will preferentially infect 

reticulocytes versus mature RBCs. This is similar to the human P. vivax species that also 

preferentially infects reticulocytes (63, 103). A reticulocyte is the differentiation stage right 

before a RBC fully matures. Reticulocytes will express some CD71, transferrin receptor, on its 
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surface as it continues to differentiate from an erythroblast to a mature RBC, which has no CD71 

on its cell surface (52). Most Plasmodium parasites will infect mature RBCs; however, some will 

infect reticulocytes or other earlier stages of the differentiation process. P. falciparum was able 

to invade orthochromatic erythroblasts in vitro (104). The 17XNL parasites can also infect 

mature RBCs; however, the majority will infect the reticulocytes. As the reticulocyte level is 

relatively low in normal blood (around 2–4%), 17XNL infected mice had parasitemia around 1–

5% early on (Figure 2.1). The parasitemia then dramatically increased during days 4–18 post 

infection (p.i.) and even reached 60% parasitemia (Figure 2.1). Eventually, the parasites were 

cleared by the host and the mice survived the infection (Figure 2.2). This is unique compared to 

other P. yoelii strains studied in Dr. Su’s Laboratory, which all lead to host death. Although the 

mice survive the 17XNL parasite infection, experiments were performed to determine if these 

mice became anemic. 
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Figure 2.1 17XNL parasitemia over time 

Parasitemia, percentages of infected red blood cells and reticulocytes, for 17XNL infected mice 

over days post infection (p.i.). Parasitemia percentages were calculated from cell counts of 

Giemsa stained thin blood smears. Mean and SEM (n=5) graphed in Prism. 
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FIGURE 2.1 Parasitemia
Parasitemia percentages of 17XNL infected mice (n=5) over time. Mean with SEM graphed in Prism. 



  26 

 

 

Figure 2.2 Host survival curves 

Survival rates of noninfected (NI) and 17XNL infected mice over days post infection (p.i.). The 

numbers of mice combined from several independent experiments on NI (n=12) and 17XNL 

(n=25) infected mice. Survival statistics of Gehan Breslow-Wilcoxon Test was performed in 

Prism. No significant (ns) difference in host survival curves was found between the NI and 

17XNL infected mice. The 17XNL red data points are congruent with NI blue data points. 
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FIGURE 2.2 Survival curves

Survival rates of noninveted mice (NI) and 17XNL infected mice (17XNL). The numbers of mice combined 
from several independent infections with NI n=12 and 17XNL n=25 mice.  Survival statistics of Gehan 
Breslow-Wilcoxon Test performed in Prism. No significant, ns, difference between the survival curves found.
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2.1.2 Malaria induced anemia 

Due to 17XNL infected mice having induced erythropoietic pathways from the initial 

IPA results, this rodent malaria infection model was used to investigate anemia. The main 

hypothesis is that the 17XNL infected mice can be a good model for dissecting molecular 

mechanisms leading to malaria induced anemia. In order to tackle this project, three subaims 

were proposed that involved 1. characterizing anemia, 2. observing any RBC clearance and 3. 

examining any inhibition or changes to erythropoiesis.  

 

2.1.2.1 Malaria induced anemia: Red blood cell clearance 

The presence of anemia is mostly diagnosed through measurements of hemoglobin and 

hematocrit, which both quantify the RBCs in the blood. During the blood stage of the parasite’s 

life cycle, the parasites will infect RBCs (or reticulocytes as with the case of 17XNL parasites). 

These parasite infected RBCs and infected reticulocytes (both denoted as iRBCs) will likely be 

recognized and targeted by the host for clearance, leading to reduced levels of RBCs in the blood 

(36, 65). Therefore, most of the clearance of RBCs contributing to the presence of anemia during 

malaria parasite infections will likely be from the removal of iRBCs. Parasite iRBCs are tagged 

for lysis or clearance by phagocytosis. Phagocytizing cells, or phagocytes, express different 

receptors and can secrete various cytokines and chemokines to help recognize and remove 

different pathogens (105). Phagocytes in the spleen include DCs and MFs. Tissue-resident MFs, 

including the red pulp macrophages, play a major role in helping the spleen to remove iRBCs 

(36, 70). Malaria parasite infections also induce removal of unRBCs. As noted in Chapter 1, 

unRBCs can be cleared out when there is lower deformability, less complement regulatory 

proteins on the RBC surface, presence of parasite ligands on the RBC surface, or binding of host 
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antibodies or complement to the RBC surface (36, 52, 75, 77). There has also been evidence of 

various host immune responses removing unRBCs. Besides phagocytes, CD8+T cell were found 

to target P. vivax infected reticulocytes as well as cleared unRBCs, although it was minimal (63). 

Another study demonstrated removal of unRBCs by CD8+ T cells as well (62). There have been 

other studies revealing that NK cells can also remove unRBCs when aiming to clear out iRBCs 

(106). All of these indicate that malaria parasite infections can induce the clearance of both 

iRBCs as well as unRBCs, which increase the likelihood of anemia. 

 A loss of RBCs can also be demonstrated in organs or tissues, not only in the blood. As 

noted in the Introduction Chapter 1, the spleen is a focal point for filtering and recycling RBCs 

(72, 73, 76). This occurs as blood enters the spleen and does a slow microcirculation (open 

circulation) through the filtration beds, which remove RBCs, until exiting via the venous system. 

Some of the blood may bypass the filtration beds and instead goes through a fast 

microcirculation (closed circulation) through the spleen before reaching the venous system, 

indicating no filtering or clearance of the RBCs happens (72). This open versus closed 

circulation of the blood in the spleen comes into play during malaria parasite infections. 

Interestingly, infected mice with 17X parasites, which prefer reticulocytes similar to the 17XNL 

parasites, were observed to temporarily change the spleen microcirculation from open to closed 

circulation during high parasitemia. These changes also involved splenic erythropoiesis and less 

destruction of immature RBCs via a fibroblast barrier, indicating less RBC clearance occurred. 

In contrast, the lethal 17XL parasite infected mice had no remodeling or reductions of RBC 

clearance in the spleen (107). Furthermore, the 17X parasite infected reticulocytes can bind to 

the barrier and evade clearance by MFs. Overall this indicates that the 17X parasite infected 

reticulocytes likely passed through the spleen differently compared to 17XL parasite infected 
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RBCs in BALB/c mice, which may explain differences in the iRBC clearances for these infected 

mice (103). Therefore, the spleen is a key organ to investigate reticulocyte and RBC clearance 

for the 17XNL infection model.   

 

2.1.2.2 Malaria induced anemia: Erythropoiesis inhibition 

Besides RBC clearance, malaria parasite infections can also manifest inhibitions to 

erythropoiesis leading to anemia. There have been multiple alterations to erythropoiesis 

researched and described for malarial anemia; however, these effects have been inconsistently 

coined as ineffective erythropoiesis, dyserythropoiesis, suppression of erythropoiesis, among 

others. Even though these changes have all been observed, the exact molecular mechanisms 

causing these outcomes are still largely unknown (70). The disruptions to erythropoiesis have 

been measured through various techniques over the years. As mentioned in Chapter 1, the levels 

of EPO can be measured; however, the EPO levels may not directly link to the changes in 

erythropoiesis seen during malaria. As erythropoiesis in the BM leads to new reticulocytes 

present in the blood, many researchers have measured reticulocyte levels to indicate status of 

erythropoiesis. Some studies linked lower amounts of reticulocytes to indicate decreased 

erythropoiesis (52). One study utilized a reticulocyte production index (RPI) to determine 

degrees of anemia and suppression of erythropoiesis. RPI less than 2.0 was measured for anemic 

patients in Kenya (70, 108).  

Many researchers use flow cytometry with specific cell surface markers to examine the 

specific differentiation stages of erythropoiesis. HSCs differentiate into different types of blood 

cells, including immune cells and RBCs. This process is called hematopoiesis, and some flow 

cytometry experiments measure the various differentiation progenitor cells made in the BM. The 
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progenitor stages include the common lymphoid progenitor (differentiates into T and B cells) 

and the common myeloid progenitor, which differentiate into either the granulocyte macrophage 

progenitor (neutrophils, eosinophils, and monocytes) or the megakaryocyte/erythroid progenitor 

(megakaryocyte and RBCs) (81, 109). From the megakaryocyte/erythroid progenitor, 

erythropoiesis consists of 8 more differentiation stages until reaching a mature RBC (81). Many 

researchers also look at the CFU-e and BFU-e cells for erythropoietic changes; one study found 

BFU-e and CFU-e were significantly lowered for patients with high parasitemia levels (110). 

Terminal erythropoiesis, or the later stages of differentiation for RBCs, have also been measured 

through flow cytometry using cell surface markers CD71 and TER-119 (111-113). CD71, 

transferrin receptor, has higher expression levels starting at the Pro-erythroblast stage followed 

by a continued gradient decreasing CD71 levels as maturation occurs. Glycophorin A in humans, 

or TER-119 in mice, has a gradient increase as erythroblasts differentiate into RBCs. These 

gradient changes for CD71 and TER-119 expression levels during terminal erythropoiesis are 

presented in Figure 2.4, which is adapted from a publication by Dzierzak and Philipsen 2013 (52, 

81, 111). 

 

2.1.3 Erythroblastic islands 

2.1.3.1 Contents of an erythroblastic island  

Erythropoiesis mostly takes place in the BM within an erythroblastic island (EBI). EBIs 

were expected to mostly form by the sinusoid regions (vessels that blood flows through) within 

the BM as the differentiated reticulocytes would then be able to easily exit to the periphery. 

However, EBIs have been shown to be present throughout the whole marrow, not just near the 

sinusoid regions (114). An EBI was first described in 1958 and consists of a central MF cell that 
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interacts with differentiating erythroblasts (36, 114, 115). Although differentiation can occur in 

vitro without the presence of MFs, the interactions and the niche environment formed within an 

EBI are important and increase RBC differentiation compared to the in vitro studies (114, 116). 

The central MF has multiple purposes within an EBI. These include being a source of iron for 

RBC heme synthesis, phagocytizing the condensed nuclei from the differentiating erythroblast, 

as well as directly interacting and providing other factors to the erythroblasts for development. 

The erythroblasts binding to the central MF within an EBI can consist of various stages of 

differentiation rather than all the erythroblasts being of the same stage (114, 117). Also, the 

number of erythroblasts bound to a MF within an EBI can vary: Some studies showed rat femurs 

with 10 erythroblasts on an EBI MF, while other studies measured more than 30 erythroblasts in 

EBIs of human BM (114).   

 

2.1.3.2 Interactions and soluble factors within an erythroblastic island  

Effective erythropoiesis occurs through direct interactions and binding of the 

erythroblasts to the central EBI MF. There have been many advances to identify the cell surface 

interactions of the erythroblasts and the central MF. CD106, also known as vascular cell 

adhesion molecule 1 (VCAM1), on the central MF was found to bind to erythroblast a4b1 

integrin, also known as very late antigen-4 (VLA-4) (118). When VLA-4 was blocked by 

antibodies, there was a drop in the formation of erythroblasts but not lymphoid cells, indicating a 

key role of the integrin and VCAM1 interactions for erythropoiesis (119). Erythroblast 

macrophage protein, Emp or also referred as macrophage erythroblast attacher, was also found 

on both erythroblasts and MFs and can interact with itself to help binding. Loss of Emp led to 

abnormal erythropoiesis, decreased EBI formation and function, and a lack of nuclei extrusion 
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from the erythroblasts (117, 120-122). Intercellular adhesion molecule 4 (ICAM-4) on 

erythroblasts bound to aV integrin on the central MFs helped maintain the integrity of EBIs, as 

the number of EBIs decreased in ICAM-4 deficient mice (117, 123). CD163, a member of the 

group B scavenger receptor cysteine-rich family, is a high affinity scavenger receptor for the 

hemoglobin-haptoglobin complex present on tissue-resident MFs. There is a particular domain 

on the CD163 receptor that was discovered to bind directly to bacteria as well as erythroblasts. 

CD163 has been identified on the surface of the central EBI MFs as well (117, 124, 125). 

CD169, also known as sialoadhesion or sialic acid binding Ig like lectin 1, has also been located 

on the central MFs of EBIs. CD169 was shown to maintain HSCs in the EBI niche when needed 

and also promoted late stages of erythroblast maturation (126-128). The exact molecules that 

CD163 and CD169 bind to on erythroblasts are still unknown. 

Besides cell surface interactions, other soluble factors and receptors play key roles in 

productive erythropoiesis. Erythroblasts secrete factors, such as Gas6, that decrease the MF’s 

production of different inhibitory factors, including inhibitory cytokines (114, 129). Also, 

migration inhibitory factor (MIF) released by MFs inhibited BFU-e and was likely related to the 

severity of the pathology seen in Plasmodium parasite infected mice (130). Differentiation of 

erythroblasts involves condensing of the nucleus, which is eventually enucleated out and 

engulfed by the central EBI MFs. The EBI MFs had higher levels of deoxyribonuclease II 

alpha, DNase IIa, to help degrade these phagocytized nuclei. The presence of DNase IIa was 

critical for erythropoiesis, as DNase IIa null mice were not viable due to severe anemia (131, 

132). EPO is another key molecule for increasing erythropoiesis. The downstream responses to 

EPO involve the presence of EPOR. EPOR has been identified on the surface for multiple 

erythroblast stages, mostly after BFU-e differentiation stage, and can help with the stability and 
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proliferation of these erythroblasts (78). EPOR was also found on the central MFs of most EBIs, 

with these EPOR+ MFs showing increased expression of other cell surface receptors including 

CD169 and VCAM1 (132).  

 

2.1.3.3 Macrophages in erythroblastic islands 

Although a lot of these erythropoietic markers and factors listed above have been 

identified to contribute to functional EBIs, the exact makeup of the central EBI MFs is still 

being studied. A single marker has not been discovered to represent all central EBI MFs; 

instead, a wide range of markers have to be utilized (133). This is related to MFs themselves 

being heterogenous and often differentiate from monocytes (133-135). 

 MFs have a wide range of functions with innate and adaptive immune responses, as well 

as their roles in EBIs. The MFs present in the BM or spleen will also vary (136). An HSC can 

differentiate into the common myeloid progenitor cells in the BM leading to monocytes, which 

circulate in the blood and can enter tissues to differentiate into MFs and DCs. Tissue-resident 

MFs were also found to self-renew, leading to the possibility that these MFs originated early on 

versus from the differentiation of monocytes (137, 138). These tissue-resident MFs will be 

present within most tissues, including lung, liver, nervous system, spleen, among others. The 

MFs are often referred to by different names depending on their tissue location. The origins of 

MFs, whether from early on during development of yolk sac or from infiltrating monocytes, 

often depends on the tissue. This origin will also depend on the status of the host, as homeostasis 

will be different than a host undergoing stress or a pathogen infection (36, 138).  

 The spleen is an organ with tissue-resident MFs but also can have infiltrating monocyte-

derived MFs during stress or infections. The spleen is a lymphatic organ that consist of red pulp 
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(RP) and white pulp (WP) tissues. The WP is the areas of the spleen for immune effector cells, 

consisting of both T cell and B cell zones for their development and interactions with other cells. 

Outlining the WP region, is a marginal zone that provides a barrier between the blood and the 

WP. Circulating cells as well as pathogens pass through this area and are often detected by MFs 

(72). Marginal metallophilic MFs were found on the inside of the marginal zone in contact with 

the WP, while marginal zone MFs were present on the outside and in contact with the RP (139). 

The RP consists of a network of various sinuses and cords to help with blood filtration. In 

particular, red pulp macrophages (RPMs) help clear out damaged or iRBCs in order to recycle 

iron content for new RBCs or other purposes (72, 73). Most RPMs in the spleen are tissue-

resident; however, monocyte-derived MFs will also be in the RP during parasite infections (36). 

 Besides the location determining function for MFs, MFs can also undergo polarization 

leading to different functions. M1 and M2 MF polarization is highly studied based off their 

involvement with different immune responses. M1 MFs are known to be involved with T helper 

cell type 1 (Th1) immune responses, often seen as pro-inflammatory, and can secrete TNF, IL-6, 

IL-12, among many other molecules. In contrast, M2 MFs are more anti-inflammatory and 

involved in T helper cell type 2 (Th2) immune responses, often associated with tissue repair or to 

fight helminth and fungal infections, and can secrete IL-10, MCP-1 (monocyte chemoattractant 

protein-1), MIP-1b (macrophage inflammatory protein 1), among others (140-142). Although 

these two MF subtypes are known, their identification can be tricky. MF polarization is linked 

to specific transcription factors leading to expression of different surface or internal markers. 

One study followed a protocol utilizing CD68 surface marker for M1 MFs and CD163 for M2 

MFs, as well as observing specific transcription factors known for each type. However, the 

study identified both types of transcription factors were present in the cells that had CD68 or 
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CD163. This indicated that a combination of cell surface markers as well as the levels of 

transcription factors were needed to distinguish M1 MFs and M2 MFs (140). Another study 

suggested that M1 and M2 MF polarization consists of a continuum rather than two distinct 

populations (141).  

 

2.1.3.4 Splenomegaly from extramedullary erythropoiesis 

Overall, MF heterogeneity for surface markers and functions can lead to the complexity 

of trying to identify and characterize EBI MFs. This also becomes more complicated when 

considering extramedullary erythropoiesis. During malaria parasite infections, extramedullary 

erythropoiesis can occur in the spleen (52). Malaria also frequently leads to an increase in the 

spleen size, often defined as splenomegaly. During parasite infections, the spleen can be enlarged 

due to rapid replication of cells, defined as hyperplasia, in both the WP and RP regions (143). An 

increased production of immune cells from the spleen has been shown to help fight and remove 

iRBCs (143). Also, the induced extramedullary erythropoiesis will increase erythropoietic related 

cell replication within the RP (70, 72, 143). Some malaria parasite infections led to hyper-

reactive malarial splenomegaly characterized by an expansion of the spleen, production of IgM, 

and hyperplasia of cells (65, 144, 145). A few studies have worked to establish methods to 

measure splenomegaly in human patients. Some of these diagnostics involve measurements of  

IgM levels, malaria status, and the size of spleens observed through ultrasound (144, 145). It is 

easier to observe mouse spleen sizes during malaria parasite infections as the spleen can be 

dissected out. The spleens can also be weighed to approximate changes in splenomegaly, and 

histology analysis can also help diagnose splenomegaly (146).  



  36 

The presence of splenomegaly can impair spleen functions (146). Interestingly, 

splenomegaly and extramedullary erythropoiesis led initially to impaired trapping of iRBCs 

during high parasitemia levels in rodent malaria infections; however, the spleen eventually 

recovered and was able to remove iRBCs at a higher rate (147). Therefore, splenomegaly’s 

effects on removal of RBCs should be considered during malaria parasite infections. Another 

model of extramedullary erythropoiesis in the spleen has been demonstrated with 

phenylhydrazine (PHZ) treatments. Mice injected with PHZ induced a large amount of RBC loss 

(148, 149). This quick and dramatic reduction in RBCs puts the host in a state of stress to rapidly 

produce new RBCs, leading to stress erythropoiesis. Erythropoiesis will occur in the spleen, 

visibly seen with increased spleen size, as well as the BM. Monocytes will migrate from the 

periphery to differentiate into cells (subtypes of MFs) to support erythropoiesis in the spleen 

(134, 148). These stress erythropoietic conditions allows the hosts to not only endure the loss of 

RBCs but also fully recover back to normal RBC levels (149). 

 

2.1.3.5 Erythroblastic islands and erythroblast differentiation in vitro 

 Besides measuring specific erythropoietic markers in vivo, different in vitro methods are 

utilized to observe erythroblastic islands and differentiation of erythroblasts. Some studies have 

directly isolated EBIs from mice spleens for in vitro cultures. These cultures showed 

erythroblasts bound to central MFs increased their proliferation and differentiation (116). Many 

researchers also study the differentiation stages of erythropoiesis through in vitro cultures of 

CD34+ stem cells derived from peripheral blood. These stem cells will differentiate into mature 

RBCs when cultured with specific factors (150). Other studies have used the mouse 

erythroleukemia (MEL) cell line (151, 152). MEL cells likely represent a later stage of an 
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erythroblast and are mostly utilized for studies of terminal erythropoiesis (151). MEL cells can 

differentiate with addition of dimethyl sulfoxide (DMSO) to the culture media. This 

differentiation involves the MEL cells condensing their nuclei and their cell size; however, the 

nuclei are not removed. The DMSO induced differentiation of the MEL cells can be shown 

through visual observation of the color of the cell pellet, as differentiated cells will turn a pink 

color due to increases in hemoglobin content (Figure 2.18, A) (151, 152).   

 As noted previously, the direct interactions and soluble factors of the EBI MFs can 

influence the erythroblasts. The loss of some erythropoietic markers, such as EPOR, led to lower 

erythroblast proliferation and differentiation (78). Another study showed that direct adherence to 

MFs increased erythroblast proliferation and differentiation in vitro and was not EPO dependent 

(116). Therefore, EBI MFs’ expression of erythropoietic markers as well as downstream effects 

on EBI formation and function in erythroblast differentiation should all be investigated when 

determining possible mechanisms of changes to erythropoiesis. In vitro cultures provide another 

way to dissect these erythropoietic changes, including possible adjustments that occur during 

malaria induced anemia. 

 

2.2 Methods 

2.2.1 Rodent malaria blood stage infections 

2.2.1.1 Parasites 

 The P. yoelii strains were initially obtained from the MR4 (BEI Resources) as described 

previously (98, 153). Most P. yoelii parasites researched in the laboratory are specific subspecies 

or strains that are derived as laboratory-based strains. Some of the P. yoelii subspecies were 

originally isolated from wild-caught thicket rats. For example, the 17XNL strain was cloned and 
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originated from the 17X strain isolated by I. Landau from wild thicket rat (Thamnomys rutilans) 

no. 17X at La Maboke Field Station Central African Republic in 1965. The 17XNL parasite is a 

non-lethal line derived from the 17X strain (154). 

 

2.2.1.2 Mice 

Inbred C57BL/6 mice from Charles River Laboratory (CRL) were purchased and used for 

various experiments. Mice, aged 6–8 weeks, were used for most malaria parasite infections and 

experiments. Some experiments used mice aged up to 14 weeks. No matter the age of the mice 

that received malaria parasite infections, control noninfected (NI) naïve mice were age matched 

as best as possible for all experiments. All experiments used female inbred C57BL/6 mice. All 

animal procedures for this study were performed in accordance with the Animal Study Protocol 

(ASP) approved (approval #LMVR11E) by the Institutional Animal Care and Use Committee 

within NIAID at the NIH. 

 

2.2.1.3 Blood stage infections 

Blood stage infections for rodent malaria models were attained through the use of frozen 

stocks of parasite infected blood and donor mice (as illustrated in Figure 2.3). Most stocks of 

parasite iRBCs were directly acquired from MR4 (BEI Resources), including the different 

17XNL and N67C parasite strains used in this thesis. 

For the blood stage infections in mice, a frozen stock of parasite iRBCs was injected 

intraperitoneally (i.p.) into a naïve donor mouse. A donor mouse allows more control of parasite 

levels for the infections as well as helps to remove any impurities in the frozen stock. To monitor 

the donor mouse infection, thin blood smears from the tail were taken, stained with Giemsa 
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(Sigma), and observed under oil immersion (100X) microscope to calculate the percent of 

parasites in the blood or parasitemia. Once the donor mouse reached between 10–20 % 

parasitemia, the infected blood was collected and used to inject specific parasite levels into the 

desired experimental mice. For each experiment, the exact parasitemia level of the donor mice 

was calculated to determine how much blood to collect. Infected blood was collected from the 

tail into a microcentrifuge tube containing 1 milliliter (mL) of sodium citrate solution (1.5% 

sodium citrate, 0.9% sodium chloride). The blood and sodium citrate solution was spun at 

2500rpm for 3 minutes to pellet the infected blood. Depending on how many mice the 

experiment required and the donor mouse parasitemia levels, the exact microliters (µL) of 

infected blood required were calculated (estimating around 1 x 107 cells are in 1µL of pelleted 

blood) and then pipetted into sterile phosphate buffered saline (PBS) solution to be intravenously 

(i.v.) injected into the tail vein of each experimental mouse. Most experiments involved injecting 

5–20 mice at a time, each with 1 x 106 parasites (iRBCs) in 100µL volume.  

Depending on the mouse parasite strain and specific experimental goals, infected mice 

were monitored throughout their infection with blood smears, blood, organs, etc. collected at 

specific timepoints. Most of the experiments outlined in this thesis were denoted by collections 

made at days p.i., indicating day 0 p.i. as the day the mice were injected. For most experiments, 

NI mice of similar age were used as controls. Various collections of blood smears, blood, organs, 

etc. from the NI control mice were also made at the specific timepoints similar to the infected 

mice (denoted by days p.i., referring to day 0 p.i. as the day the infected mice were injected).   
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Figure 2.3 Rodent malaria parasite infection protocol and sample collection 

Depiction of protocol to establish rodent malaria parasite infections in mice. Stock of malaria 

parasite infected blood is i.p. injected into a donor mouse. Parasitemia is monitored via Giemsa 

stained thin blood smears. Once parasitemia reaches a specific level, infected blood is collected 

from the donor mouse, diluted to desired density, and i.v. injected in 100µL volume of 106 

infected red blood cells (RBCs) into each experimental mouse. Depending on the experiment, 

blood smears, blood, or organs are collected at specific timepoints. Blood smears, blood, or 

organs are also collected from noninfected (NI) mice as controls. Image created with 

Biorender.com.  
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2.2.2 Anemia measurements 

As noted above, anemia is mainly diagnosed through measurements of hematocrit or 

hemoglobin. For each experiment, 5 mice i.v. injected with 1 x 106 17XNL parasites were 

monitored and had blood samples collected every other day for up to 30 days p.i. Blood samples 

were also collected for 5 NI mice at desired timepoints for controls. Hematocrit levels were 

measured by collecting whole blood from tails of NI or 17XNL infected mice and filling around 

one quarter of BD Clay AdamsTM SurePrep capillary tubes (VWR International). The capillary 

tubes were centrifuged for 3 minutes on the Hemaetocrit Centrifugette 4203, and the hematocrit 

percentages were measured using Critocaps micro-hematocrit tube reader cards. For hemoglobin 

measurements, a few drops of whole blood from each mouse tail were collected into a 

microcuvette and measured on the HemoCue Hb 201 System (HemoCue AB). 

Thin blood smears were also taken from each mouse every other day. The blood smears 

were fixed in methanol and stained with Giemsa for 5 minutes. The Giemsa stained blood smears 

were observed under a microscope with oil immersion (100X). For some experiments, each 

blood smear was imaged and counted for the number of uninfected reticulocytes, infected 

reticulocytes, uninfected RBCs, and infected RBCs. Around 1000 total cells were counted for 

each blood smear. The percentages of total reticulocytes, infected and uninfected reticulocytes 

combined, and total RBCs, infected and uninfected RBCs combined, were calculated from these 

blood smear counts. These calculations were made with the total RBC percentage plus total 

reticulocyte percentage equaling to 100% for each smear. Although the blood will contain other 

cells, such as immune cells, these blood smear counts only focused on RBCs and reticulocytes, 

as these cells will indicate the presence of anemia. In order to determine reticulocyte and RBC 

content related to total blood, the total blood cell counts were measured using the Nexcelom 
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Cellometer Auto 2000 cell counter (Nexcelom Bioscience). Whole blood was collected from the 

tail of mice into sodium citrate solution and diluted. Diluted blood was mixed 1:1 with 1X 

Trypan blue working solution (Thermo Fisher Scientific), with 20µL of this mix then pipetted 

onto a cell counter slide without grids (Nexcelom Bioscience) to be read on the Nexcelom cell 

counter (Nexcelom Bioscience). The Nexcelom cell counter measured the blood’s total live cell 

concentrations per µL, providing the viability percentages and mean diameter of cells. The blood 

smear RBC and reticulocyte percentages, from the blood smear microscope counts, were then 

multiplied by the total blood cell count data from the Nexcelom cell counter in order to roughly 

estimate the total counts of RBCs and reticulocytes for the NI and 17XNL infected mice.  

 

2.2.3 Red blood cell clearance 

Most of the measurements listed above will identify if RBCs are being cleared. As noted, 

a low number of RBCs defines anemia. Therefore, a reduction in hematocrit or hemoglobin both 

indicate a loss in RBCs. Also, visual observation of the thin blood smears as well as 

measurements of the blood smear counts can also stipulate changes to the levels of RBCs. RBC 

loss can be caused by the parasites lysing the cells that they infect or clearance of unRBCs by the 

host during malaria parasite infections (62, 63, 106, 155). Some methods detailed below were 

utilized to help identify RBC clearance mechanisms leading to anemia for the 17XNL infection 

model. 

 

2.2.3.1 Red blood cell clearance: Phagocytosis assay 

As mentioned above, iRBCs can be removed by the host through phagocytosis by 

specific phagocytes, such as DCs and MFs (36, 72). To measure phagocytosis, one specific in 
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vitro phagocytosis assay was performed as described previously (99). Briefly, bone marrow 

derived macrophages (BMDMs) and bone marrow derived dendritic cells (BMDCs) were 

obtained from differentiation of cultured BM cells collected from the femur and tibia of 

C57BL/6 mice. BM cells were cultured in 10% fetal bovine serum (FBS) (Thermo Fisher 

Scientific) and 1% 1X antibiotic-antimycotic (Thermo Fisher Scientific) in DMEM (Dulbecco’s 

Modified Eagle Medium) media (Thermo Fisher Scientific) with 20% L929 conditioned medium 

or in RPMI (Roswell Park Memorial Institute Medium) 1640 media (Thermo Fisher Scientific) 

with 20 nanograms/milliliter of GM-CSF (Granulocyte-macrophage colony-stimulating factor) to 

attain BMDMs or BMDCs, respectively. Whole blood samples collected from the jugular vein of 

anesthetized NI and 17XNL infected mice at day 4 p.i. were placed in sodium citrate solution 

(0.9% sodium chloride, 1.5% sodium citrate in PBS). Samples were centrifuged and whole blood 

was resuspended in culture media. Density gradient centrifugation was used to separate unRBCs 

from iRBCs: Bottom layer 70 % Histodenz (Sigma-Aldrich), middle layer 60% Histodenz, and 

top layer whole mouse blood in desired culture medium. Each tube was centrifuged at 300 x g 

for 30 minutes on the Allegra X-14R centrifuge (Beckman-Coulter). Cells from the top, middle, 

and bottom layers were separately extracted and labeled with carboxyfluorescein succinimidyl 

ester (CFSE, Sigma-Aldrich) for 5 minutes. Cells were then washed two times with PBS to 

remove any CFSE that was not attached to the cell surface. The CFSE-stained cells from each 

layer were individually mixed with BMDMs or BMDCs (10:1 ratio of RBC:BMDM/BMDC) and 

incubated for 2 or 4 hours. Following the incubations, the BMDMs or BMDCs were collected 

using StemProTM Accutase cell dissociation reagent or 0.25% Trypsin-EDTA. ACK 

(Ammonium-Chloride-Potassium) lysing buffer (Thermo Fisher Scientific) was then added to 

remove non-engulfed RBCs from the samples. BMDMs and BMDCs containing engulfed CFSE-
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stained unRBCs or iRBCs were measured using a FACSCalibur flow cytometer (BD Bioscience) 

with BD Cell Quest Pro software (V3.3) and BD FlowJo (V10). For each layer after density 

gradient centrifugation, blood smears were also taken, stained with Giemsa, and imaged to 

observe separation of iRBCs and unRBCs.   

 

2.2.3.2 Red blood cell clearance: Histology 

 RBCs are present throughout the body, including in various organs and tissues. 

Histopathology analysis of 17XNL infected mice as well as NI mice for controls were 

performed. For histology experiments, the spleen and BM (sternum and femur) were collected 

and processed according to methods described previously (156). Briefly, tissue samples were 

fixed in 10% buffered formalin and embedded in paraffin. Tissue sections were stained with 

hematoxylin and eosin (H&E) and examined under a light microscope with magnifications of 

2X, 5X, 10X, 20X, 40X, and 100X.  

The pathologist Dr. Chen-Fung Qi (Laboratory of Immunogenetics, NIAID, NIH) helped 

stain the samples and performed histopathology analysis. This analysis included observations of 

RBC lysis, hyperplasia, apoptosis, and erythropoiesis for the BM and spleen samples.  

 

2.2.4 Determine changes to erythropoiesis 

2.2.4.1 Flow cytometry of terminal erythropoiesis 

 To study terminal erythropoiesis, or the later stages of RBC differentiation, flow 

cytometry gating protocol previously published by Koulnis et al 2011 was followed (111). 

Koulnis et al 2011 utilized CD71, TER-119 and forward scatter (FSC) to break up the terminal 

erythropoietic stages into different groups (Figure 2.4). Pro-erythroblasts (ProE) were defined as 
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CD71high and TER-119low. The gate with TER-119high cells was further gated into three distinct 

groups using CD71 expression and forward scatter: 1. EryA (TER-119high, CD71high, FSChigh), 2. 

EryB (TER-119high, CD71high, FSClow), and 3. EryC (TER-119high, CD71low, FSClow) (111). These 

three groups followed the gradient of CD71 expression, with decreasing levels as an erythroblast 

differentiates. EryA cells differentiate into EryB cells which then differentiate into EryC cells, 

which consist of the last stages of differentiation. As CD71 levels are expressed as a gradient, 

there were multiple stages likely present within each of the EryA, EryB, or EryC groups. For 

example, orthochromatic erythroblasts were probably present in both EryB and EryC groups. 

This is demonstrated by the expression gradients of CD71 and TER-119 outlined alongside the 

differentiation stages of terminal erythropoiesis (Figure 2.4, A shows an adaptation of a figure 

published in Dzierzak and Philipsen 2013 (81)). By gating out the three EryA, EryB, and EryC 

groups, terminal erythropoietic stages were investigated, and any changes to the ratios or 

amounts of these groups indicated alterations to erythropoiesis.  

 To perform flow cytometry, cell preparations from the blood, spleen and BM were 

processed as described previously (101, 157). Briefly, cells from mouse whole blood, spleen and 

BM were collected after the animals were euthanized at desired timepoints specified by each 

experiment. Whole blood was collected into sodium citrate solution from the jugular vein of 

anesthetized mice and run through a 40 µm (micron) cell strainer (Corning). The spleen was 

removed, weighed on a scale, placed into 2% FBS-PBS solution, and then smushed through a 40 

µm cell strainer (Corning) to collect splenic cells. The tibia and femur bones were removed from 

the legs of mice, and the ends of each bone were cut to expose the BM. The BM was flushed out 

using a 23cc needle with PBS and run through a 40 µm cell strainer (Corning). Alternatively, the 

BM cells were also collected by putting the bones with cut ends into a small tube, with a hole at 
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the bottom of the tube, that was placed inside a microcentrifuge tube. The tubes were centrifuged 

(Eppendorf Centrifuge 5417R) for a quick/short spin up to 10,000rpm for 5–15 seconds that 

separated the BM cells from the bones, and then the BM cells were pipetted through a 40 µm cell 

strainer (Corning) into a new tube.  

 The cells from blood, spleen, or BM were then counted using Trypan blue (Thermo 

Fisher Scientific) and the Nexcelom cell counter (Nexcelom Bioscience). Each sample had cells 

in PBS diluted to 2 x 107 cells per mL. 100µL of each sample was then pipetted into new 5mL 

flow tubes (Corning), blocked with 1–2µL of Fc blocker, stained with 1–2µL of zombie NIR 

viability antibody (BioLegend) for 20 minutes at room temperature (RT), followed by staining 

with primary antibodies of CD71 and TER-119 (Table 2.1) for 30 minutes on ice. Samples were 

then analyzed on the LSRII flow cytometer (BD Biosciences) using BD FACSDiva and BD 

FlowJo (V10) collecting around 300,000 total events. For the Flowjo analysis utilizing 

procedures by Koulnis et al 2011 (111), the specific gating strategy isolated singlets, total cells, 

and live cells (Zombie negative). The live cells were gated for Pro-erythroblasts and TER-119high 

cells, which were then separated further with CD71 and forward scatter (Figure 2.4, B) (111). 

The cell counts of each population gated in FlowJo, from the total 300,000 events run through 

flow cytometry, were graphed in Prism. Also, the frequencies of EryA, EryB, and EryC groups 

were graphed as ratios of the TER-119high gate in Prism with Kruskal-Wallis statistics applied. 

The total splenic cell counts of EryA, EryB, and EryC groups were also calculated: The Trypan 

blue total splenic cell counts (measured with the Nexcelom cell counter) were multiplied by the 

frequencies of EryA, EryB, and EryC out of the live cell gate. These counts were graphed in 

Prism with Kruskal-Wallis statistics applied. 
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Figure 2.4 Flow cytometry gating strategy for terminal erythropoiesis 

A) Adaptations to the figure published in Dzierzak and Philipsen 2013 showing gradient 

expression levels of CD71 and TER-119 during erythropoiesis (81). Figure adapted to highlight 

FIGURE 2.4 Flow cytometry gating strategy for terminal ertyrhopoiesis 
A) Figure from Dzierzak and Philipsen 2013 showing gradient expression levels of CD71 and TER-119 during erythropoiesis. Figure adapted in powerpoint to highlight the three 
differnt groups of terminal erythroepoiesis gated (EryA, EryB, and EryC). The black lines through a specific cell stage indicated that specific cell stage may be present in both gated 
groups. B) Representative images from 17XNL day 4 post infection mouse spleen showing the flow cytometry gating strategy utlized in BD FACSDiva and BD FlowJo adopted from 
Koulnis et al 2011. The gating strategy first isolated single cells, all cells gate, live cells histogram (Zombie neg cells), followed by gating of Pro-erythroblasts (ProE) and TER-119high 
cells, which were then separated further with CD71 and forward scatter into EryA (TER-119high, CD71high, FSChigh), EryB (TER-119high, CD71high, FSClow), and EryC 
(TER-119high, CD71low, FSClow).

A)

B)
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the three different groups of terminal erythropoiesis (EryA, EryB, and EryC). The black lines 

through a specific differentiation stage indicated that specific cell stage may be present in both 

gated groups. B) Representative images of splenic cells from 17XNL infected mice at day 4 post 

infection showing the flow cytometry gating strategy utilized in BD FACSDiva and BD FlowJo 

adopted from Koulnis et al 2011 (111). The gating strategy included gating single cells, an all 

cells gate, and live cells histogram (Zombie neg cells), followed by gating of Pro-erythroblasts 

(ProE) and TER-119high cells. The TER-119high cells were then further gated with CD71 and 

forward scatter (FSC) into EryA (TER-119high, CD71high, FSChigh), EryB (TER-119high, CD71high, 

FSClow), and EryC (TER-119high, CD71low, FSClow). 
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Table 2.1 Antibodies used in flow cytometry for terminal erythropoiesis  

  
Antibody Fluorochrome Clone 

Amount 
used per 
sample 

Company Catalog # 

Flow Cytometry (for all panels) 

  
  

One comp eBeads    Thermo Fisher 
Scientific 01-1111-42 

Arc reactive beads and  
Arc negative beads    Thermo Fisher 

Scientific A10346 

Terminal Erythropoiesis Panel 

  
  
  

ZOMBIE NIR Fixable  
Viability Kit APC-Cy7  1µL BioLegend 423106 

anti-mouse CD16/32 None 93 1µL BioLegend 101302 
CD71 FITC R17217 0.5µL BioLegend 113805 

TER-119 PE TER-119 0.5µL 
eBioscience 

(Thermo Fisher 
Scientific) 

12-5921-82 
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2.2.4.2 Histology analysis of spleen 

 As extramedullary erythropoiesis is induced in the spleen during malaria infections, the 

spleen was analyzed through histology experiments, particularly looking for presence of 

splenomegaly and erythropoiesis. Whole spleens from NI and 17XNL infected mice at specific 

timepoints were dissected, imaged, and weighed on a scale (Sartoris CP153). These weights were 

then graphed in Prism with Mann-Whitney U statistics comparing the NI and 17XNL infected 

mice splenic weights at each timepoint. For further histology analysis, the spleens were collected 

and processed according to methods described previously (156). Briefly, tissue samples were 

fixed in 10% buffered formalin and embedded in paraffin. Tissue sections were stained by 

hematoxylin and eosin (H&E) and examined under a light microscope with magnifications of 

2X, 10X, 20X, 40X, and 100X. Histopathology analysis was performed by the pathologist Dr. 

Chen-Fung Qi (Laboratory of Immunogenetics, NIAID, NIH). 

 

2.2.5 Study mechanisms of erythropoiesis 

2.2.5.1 MF flow cytometry 

Flow cytometry can also be used to identify specific MFs. Various cell surface markers 

are expressed on the central EBI MFs. Therefore, flow cytometry of MFs using F4/80 (158, 

159), a murine macrophage marker, and different erythropoietic cell surface markers (EPOR, 

CD106, CD163, CD169) (114, 118, 124, 128, 132) was performed. As noted previously, spleen 

and BM cells from mice were collected and prepared for flow cytometry analysis. Additionally, 

the RBCs were removed from these cell preparations with ACK lysing buffer (Thermo Fisher 

Scientific) for 1–5 minutes on ice. The remaining cells were counted with Trypan blue (Thermo 

Fisher Scientific) and the Nexcelom cell counter (Nexcelom Bioscience). Samples were adjusted 
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to concentrations of 2 x 107 cells per mL, and 100µL of each sample was pipetted into to new 

5mL flow tubes (Corning). 2µL of Fc blocker was added, followed by 1µL of zombie NIR 

staining for 20 minutes at RT. After washes with 2% FBS-PBS, different primary antibodies at 

specific concentrations were added to each sample and incubated for 30 minutes on ice (Table 

2.2). Samples were fixed with 1% paraformaldehyde (PFA) in PBS for 10–15 minutes at RT, 

rinsed, stored overnight at 4 degree Celsius (°C), and then analyzed on the LSRII flow cytometer 

(BD Biosciences) using BD FACSDiva and BD FlowJo (V10). The gating strategy in Figure 2.5 

was followed to measure the frequencies of live cells and frequencies of F4/80+ cells for various 

erythropoietic markers including F4/80, CD11b, CD106, CD169, CD163, and EPOR. 
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Table 2.2 Antibodies used in flow cytometry for macrophages and erythroblastic islands 

  
Antibody Fluorochrome Clone 

Amount 
used per 
sample 

Company Catalog # 

Flow Cytometry (for all panels) 

  
  

One comp eBeads    Thermo Fisher 
Scientific 01-1111-42 

Arc reactive beads and 
Arc negative beads    Thermo Fisher 

Scientific A10346 

Macrophage Panel 

  
  
  

ZOMBIE NIR Fixable 
Viability Kit APC-Cy7  1µL BioLegend 423106 

anti-mouse CD16/32 None 93 2µL BioLegend 101302 
F4/80 BV421 BM8 1µL BioLegend 123131 

CD11b BV605 M1/70 1µL BioLegend 101237 
CD169 PE-Cy7 3D6.112 1µL BioLegend 142411 
CD106 APC 429 (MVCAM.A) 1µL BioLegend 105717 
CD163 PE S150491 1µL BioLegend 155307 
CD3e PerCP/Cy5.5 145-2C11 0.5µL BioLegend 100327 
CD19 PerCP/Cy5.5 6D5 0.5µL BioLegend 115533 

TER-119 PerCP/Cy5.5 TER-119 0.5µL BioLegend 116227 

EPOR AF488  1µL Bioss 
Antibodies 

bs-1424R-
A488 
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Figure 2.5 Gating strategy of macrophage/erythropoietic markers 

A–C) Representative images from noninfected mouse spleen showing the flow cytometry gating 

strategy performed in BD FACSDiva and BD FlowJo as described in Methods. A) All samples 

and panels first followed the three gates in A by gating for total cells, singlets, and live cells 

A)

B)

C)

FIGURE 2.5 Gating strategy of macrophage/erythropoietic markers
A-C) Representative images from noninfected mouse spleen showing the flow cytometry gating strategy performed in BD FACSDiva 
and BD FlowJo. A) All samples first followed the three gates in A with gating for total cells, singlets, and live cells (Zombie negative). B) 
The live cells were then directly gated for F4/80, CD11b, EPOR, CD106, CD163 or CD169 and graphed as the frequencies of these markers out of 
the live cells. C) Alternatively, the live cells were also gated for Lineage negative (removing CD19+, CD3+ and TER-119+ cells) followed by 
gating of F4/80+ cells representing the murine macrophage cells. The F4/80+ cells were then further gated for CD11b, EPOR, CD106, CD163, or 
CD169 and graphed as the frequencies of these markers out of the F4/80+ cells  
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(Zombie negative). B) The live cells were then directly gated for F4/80, CD11b, EPOR, CD106, 

CD163 or CD169 and graphed as the frequencies of these markers out of live cells. C) 

Alternatively, the live cells were also gated for Lineage negative cells (removing CD19+, CD3+ 

and TER-119+ cells) followed by gating F4/80+ cells representing the murine macrophage cells. 

The F4/80+ cells were then further gated for CD11b, EPOR, CD106, CD163, or CD169 and 

graphed as the frequencies of these markers out of the F4/80+ cells. 

  



  55 

2.2.5.2 Immunohistochemistry of MFs 

Murine MFs were identified through cell surface receptor F4/80 (158, 159). Other 

specific cell surface markers and internal molecules can be used to identify different subtypes of 

MFs. In particular, M1 MFs and M2 MFs have been characterized by using inducible nitric 

oxide synthase (iNOS) and mannose receptor CD206, respectively (141, 142). 

Immunohistochemistry (IHC) experiments were performed on spleen and BM (sternum) of NI 

and 17XNL infected mice at day 18 p.i. As previously described, the spleen and BM were 

collected in 10% buffered formalin, embedded in paraffin, and had immunostaining performed 

using Vectastain Elite ABC kit (Vector Laboratories) (156). For IHC, tissue sections were 

deparaffinized and rehydrated with xylene and alcohol. Then, endogenous peroxidase (3% 

hydrogen peroxide) was blocked with 30 minute incubation of 0.3% hydrogen peroxide in 

methanol. The sections were rinsed and then heated for 10 minutes in a microwave at 675 W to 

unmask antigen. Blocking buffer of 10% horse serum (Santa Cruz) was applied for 20 minutes 

followed by incubation with primary antibodies (F4/80, CD206 or iNOS) at 4°C overnight 

(Table 2.3). The sections were then rinsed in PBS and incubated with biotinylated secondary 

antibodies at RT for 30 minutes. The signal was developed with diaminobenzidine 

tetrahydrochloride (Sigma-Aldrich), and images were taken under a microscope at specified 

magnifications.   
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Table 2.3 Antibodies used in immunohistochemistry 

  Antibody Clone Company Catalog # 
Immunohistochemistry 

  
  
  

F4/80 (all macrophages) BM8 eBioscience 
(Thermo Fisher Scientific) 14-4801-82 

CD206 (M2 macrophage)  abcam ab64693 
iNOS (M1 macrophage) abcam ab15323 
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2.2.5.3 Erythroblastic island cultures 

As some erythropoietic markers showed differential expression for the 17XNL infected 

mice, further investigation of EBIs and their function was performed. The MEL cell line was 

utilized for investigating erythroblast differentiation, as done previously with addition of DMSO 

(151, 152). MEL cells were sourced by Dr. Suming Huang (Division of Pediatric Hematology 

and Oncology, Penn State Cancer Institute). MEL cells were cultured in DMEM, with 10% FBS 

and 1% antibiotic-antimycotic, and differentiation was induced by addition of 1.8% DMSO in 

media for up to 8 days. MEL cell differentiation was visible by the cell pellet color turning pink 

in a previous experiment (Figure 2.17, A). To determine if the splenic MFs from 17XNL 

infected mice lacked the function to support erythropoiesis within the EBIs, in vitro culture 

experiments were implemented using the MEL cells to identify 1. EBI formation and 2. 

erythroblast differentiation.  

To perform in vitro EBI cultures, the MFs were first isolated and cultured. The splenic 

cells from 17XNL infected mice on day 15 or 18 p.i. were collected by smashing the spleens 

with frosted microscope slides in media. The cells were pipetted through a 40 µm cell strainer 

(Corning) and then plated at 1–4 x 106 total splenic cells per well in 6 well plates with coverslips 

placed at the bottom of each well. Two mLs of culture media (DMEM with 30% FBS and 1% 

antibiotic-antimycotic) was added to each well, and the plates were incubated at 37°C overnight. 

Splenic cells from NI mice were also collected and cultured for control comparisons. After 

incubation overnight, the supernatant was removed, and the remaining cells adhered to the 

coverslips at the bottom of the wells were rinsed up to four times with PBS followed by addition 

of new media. It was expected that MF cells would be present on the coverslips as they are 

known to adhere in cell cultures. After 1 to 4 days, once a decent number of MFs were visible, 
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identified by microscopic observation for specific cell shape with presence of podia, around 1 x 

105  undifferentiated MEL cells were added to desired wells. Control samples contained only 

splenic cell cultures with no MEL cells added as well as other controls of MEL cells cultured 

alone or with addition of 1.8% DMSO to induce differentiation. These control samples provided 

the necessary information to identify MEL cell differentiation (from the samples of MELs with 

DMSO addition) and helped determine when and if MEL cells differentiated when incubated 

with the MFs from NI or 17XNL infected mice. The experimental design also controlled if any 

erythroblasts or other cells were retained when culturing total splenic cells by observing the 

wells that had no MEL cells added. At 2, 4, 6 and 8 days after addition of the MEL cells, the 

supernatant (media and suspension cells) were collected. Half of the supernatant was spun at 

2500rpm for 5 minutes (Eppendorf Centrifuge 5417R) to observe the cell pellet while the other 

half of the supernatant was stored in a -80°C freezer. The coverslips from each well were stained 

with Giemsa, observed under microscope with oil immersion at 100X magnification, and 

imaged. This experiment investigated EBI formation as well as if differentiation of the MEL 

cells occurred when incubated with MFs from the NI and 17XNL infected mice. 

 

2.2.6 Statistics and graphs 

 Nonparametric statistics were used for comparing NI mice to 17XNL infected mice. 

Mann-Whitney U test was used for single comparisons, and Kruskal-Wallis (with uncorrected 

Dunn’s test) was used for multiple comparisons. Analysis was performed in Prism (V8, 

GraphPad). Each figure graphed mean with the standard error of the mean (SEM). Details of 

each statistical analysis and number of mice (n) used for each experiment are outlined in the 

figure legends.     
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2.3 Results 

2.3.1 Characterize anemia in 17XNL infected mice 

 The 17XNL infection model was found to be an appropriate model for studying malaria 

induced anemia. 17XNL infected mice displayed anemia phenotypes. By visual observation, the 

mice appeared lethargic throughout the infection and also showed a loss of pigmentation in their 

feet, indicating fewer RBCs present. The blood also appeared much thinner when collecting 

blood smears from the tails of infected mice. These observations likely indicated anemia 

presence. Also, anemia was diagnostically demonstrated with lower hematocrit and hemoglobin 

levels in the blood for 17XNL infected mice (Figure 2.6). Compared to NI mice, the 17XNL 

infected mice had reduced hematocrit percentages for most timepoints when parasites were 

present. Starting from day 2 p.i., the 17XNL infected mice had a gradual decrease in hematocrit 

up until day 18 p.i. The hematocrit levels start to increase after day 18 p.i., eventually reaching 

levels similar to the NI mice around day 24 p.i. (Figure 2.6, A). Related to hematocrit, the 

hemoglobin levels displayed a similar pattern for the 17XNL infected mice. Hemoglobin levels, 

measured by the Hemocue Hb 201 system, continually decreased for the 17XNL infected mice 

from day 4 to 18 p.i. All of the hemoglobin measurements at timepoints day 6 to 24 p.i. were 

significantly lower for the 17XNL infected mice compared to the NI mice. At day 18 p.i., the 

17XNL infected mice reached their lowest hemoglobin levels around 5g/dL. After day 18 p.i., 

the hemoglobin levels increased returning to NI mice/normal levels around day 26 p.i. (Figure 

2.6, B). The reduction in hematocrit and hemoglobin levels for the 17XNL infected mice indicate 

the presence of anemia.  



  60 

 

Figure 2.6 Hematocrit and hemoglobin levels 

Hematocrit percentages (A) and hemoglobin levels (B) measured in noninfected (NI) and 

17XNL infected mice (17XNL) over days post infection (p.i.). Several experiments combined to 

graph mean and SEM for NI (n=4–10) and 17XNL (n=5–15) infected mice. Kruskal Wallis 

statistics performed in Prism comparing NI to 17XNL infected mice for each timepoint: no 

asterisk, not significant; * P < 0.05; **, P < 0.01; ***, P < 0.001. 
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FIGURE 2.6 Hematocrit and hemoglobin levels
Hematocrit percentages (A) and hemoglobin levels (B) measured in noninfected (NI) and 17XNL infected mice 
(17XNL) over days post infection (p.i.). Means with SEM graphed from several experiments combined with NI 
n=4-10 and 17XNL n=5-15 depending on the timepoint. Kruskal Wallis statistics performed in Prism with no 
Dunn’s correction comparing NI to 17XNL for each timepoint: no asterisk = not significant , * P < 0.05; **, P < 
0.01; ***, P < 0.001. 

A)

B)
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 As there were reductions for hematocrit and hemoglobin levels for the17XNL infected 

mice, the thin blood smears were observed for parasitemia levels as well as visual changes to cell 

contents in the blood. The blood smears from NI and 17XNL infected mice were collected every 

other day for at least 25 days. When taking a look at the images of these blood smears, there 

were two notable observations seen for the 17XNL infected mice: 1. an increase in number of 

reticulocytes and 2. a decrease in the number of mature RBCs (Figure 2.7). Compared to the NI 

mice blood smears (Figure 2.7, A), the 17XNL infected mice had a dramatic increase in 

reticulocytes especially on day 10 and 18 p.i. (Figure 2.7, D & E). As the 17XNL parasites 

preferentially infect reticulocytes, which is the differentiation stage before RBC, most of the 

parasites were present in reticulocytes on the day 10 and 18 p.i. blood smear images (Figure 2.7, 

B–E). The parasite infected reticulocytes were also visible on day 2 and 4 p.i.; however, there 

were low numbers of parasites likely due to the lack of reticulocyte cells present. As seen in the 

NI mice blood smears, reticulocytes were generally kept at low levels (Figure 2.7, A). This may 

stipulate why the parasitemia levels were low for 17XNL infected mice early on (Figure 2.1). 

Once more reticulocytes were produced in the mice, more cells then became infected by the 

parasites and parasitemia percentages increased (Figure 2.1). For the 17XNL infected mice, 

parasitemia usually peaks around 50-60% on days 15–18 p.i. and then will reduce. The blood 

smears on day 22 p.i. showed reticulocytes at higher levels compared to NI mice (Figure 2.7, F 

& A). Therefore, there was not a lack of reticulocytes for the parasites to invade, but rather the 

host immune responses likely were induced and removed the parasites. Eventually the host 

cleared out all parasites, and the host survived the infection (Figure 2.1 and Figure 2.2).  

Besides the changes to reticulocytes, RBCs also appeared to decrease for 17XNL infected 

mice. When compared to the NI mice, the 17XNL infected mice on day 10 p.i. and more 
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dramatically on day 18 p.i. had a lower number of RBCs present in the blood smears (Figure 2.7, 

A–F). The loss of RBCs was unlikely from parasite destruction of RBCs, as 17XNL parasites 

preferentially infect reticulocytes. Early on, the 17XNL parasites did infect some mature RBCs, 

as demonstrated in 17XNL infected mice at day 4 p.i. blood smear image (Figure 2.7, C). 

However, the majority of the parasites will infect reticulocytes, especially later in the infection as 

seen in 17XNL infected mice on day 10 and 18 p.i. blood smears (Figure 2.7, D & E). Therefore, 

the reduced RBC levels in 17XNL infected mice on day 10 and 18 p.i. were unlikely caused 

from parasites infecting RBCs. Instead, something else may have occurred to remove unRBCs. 

Once the parasites were cleared, both the RBC and reticulocyte levels returned to normal levels 

as seen with the blood smear of 17XNL infected mice at day 54 p.i., a timepoint long after 

parasite clearance (Figure 2.7, G) 

 In order to further study the possible clearance of unRBCs in the 17XNL infected mice, 

each blood smear’s cells were counted noting infected and uninfected status for both 

reticulocytes and RBCs. The calculated percentages from the blood smear counts were quantified 

with total RBC percentage, infected and uninfected RBC percentages combined, plus total 

reticulocyte percentage, infected and uninfected reticulocytes combined, equaling 100% for each 

blood smear. These total RBC and reticulocyte percentages were graphed using Prism showing 

the changes of reticulocytes and RBCs for both the NI and 17XNL infected mice over time. As 

seen in the blood smear images, the percentages of total reticulocytes (infected and uninfected 

reticulocytes) increased for the 17XNL infected mice over time, especially compared to the NI 

mice which had consistent reticulocyte percentages around 2–4% over time (Figure 2.7, H). Most 

reticulocytes were infected with 17XNL parasites during days 2–8 p.i., as demonstrated by the 

similar values in percentages of total reticulocytes and infected reticulocytes (Figure 2.7, H). The 
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infected reticulocyte percentages also increased from days 8–16 p.i. but then reduced to little to 

no parasites present by day 24 p.i. (Figure 2.7, H). At the day 24 p.i. timepoint, the total 

reticulocyte percentage was still around 30% for the 17XNL infected mice, again indicating that 

the reduction in parasitemia was likely caused by host immune responses clearing the parasites. 

Figure 2.7, H also showed a dramatic decrease in the total RBC percentages for the 17XNL 

infected mice. Compared to NI mice percentages, the 17XNL infected mice had lower total RBC 

percentages from days 8–22 p.i. (Figure 2.7, H). In order to determine how these percentages of 

RBCs may relate to the total RBCs in the blood, total blood cell counts were measured by the 

Nexcelom cell counter and graphed (Figure 2.7, I). The blood smear percentages (graphed in 

Figure 2.7, H) were multiplied by these Nexcelom cell counts of whole blood (graphed in Figure 

2.7, I) to approximate the total reticulocyte and RBC counts. Overall, the total blood cell counts 

in the 17XNL infected mice were significantly lower for days 8–22 p.i. compared to the NI mice 

(Figure 2.7, I). Similar to the blood smear percentages, the calculated total reticulocyte counts 

were significantly increased for the 17XNL infected mice at days 12–24 p.i. compared to the NI 

mice counts (Figure 2.7, J). In contrast, there also were significant reductions in the calculated 

total RBC counts for the 17XNL infected mice on days 8– 22 p.i. compared to NI mice counts 

(Figure 2.7, J). Therefore, the majority of the decreased total blood cell counts for 17XNL 

infected mice (Figure 2.7, I) likely resulted from reductions in RBCs (Figure 2.7, J). This loss of 

blood cells for the 17XNL infected mice was probably due to the clearance of RBCs, which was 

consistent with the findings of decreased hematocrit and hemoglobin levels. As the 17XNL 

parasites mostly infect reticulocytes, the 17XNL parasite infection in mice likely caused a 

clearance of unRBCs. To investigate this, further analysis of histology and phagocytosis assays 

were performed.  
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Figure 2.7 Changes to RBC and reticulocytes in blood 

A–G) Microscope images of Giemsa stained blood smears. Representative images from 

noninfected mice (NI) (A) and 17XNL infected mice at day 2 post infection (p.i.) (B, D2), day 4 

p.i. (C, D4), day 10 p.i. (D, D10), day 18 p.i. (E, D18), day 22 p.i. (F, D22), and day 54 p.i. (G, 

17XNL D54

17XNL D2217XNL D1817XNL D10

17XNL D417XNL D2NI D2

FIGURE 2.7 Changes to RBC and reticulcoytes in blood 
A-G) Microscope images of Giemsa-stained blood smears. Representative images from noninfected mice (NI) (A) and 17XNL infected 
mice (17XNL) day 2 post infection (p.i.) (B, D2), day 4 p.i. (C, D4), day 10 p.i. (D, D10), day 18 p.i. (E, D18), day 22 p.i. (F, D22), and 
day 54 p.i.(G, D54). Red arrows point to uninfected reticulocytes; black arrows indicate infected reticulocytes. H) Percentages of RBCs, 
reticulcoytes, and parasite infected reticulocytes based on visual cell counts of blood smears from NI mice (total RBCS, dark blue line; 
total reticulocytes, teal line) and 17XNL infected mice (total RBCs, red line, total reticulcytes that combines infected and uninfected 
reticulocytes, purple line; infected reticulocytes, green line). Means and SEM from 5 mice graphed in prism. I) Dynamics of total blood 
cell counts from NI and 17XNL infected mice. Means and SEMgraphed by combining several experiments, with NI n=5-12 and 17XNL 
n=10-25). Kruskal-Wallis statististics appied with no Dunn’s correction: no asterisk, not significant; *, P < 0.05; **, P < 0.01; ***, P < 
0.001. J) Dynamics of RBC (blue and red lines) and reticulocyte counts (teal and purple lines) from NI and 17XNL infected mice, calcu-
lated using percentages from the counts of blood smears of 5 mice (seen in H) multiplied by the total blood cell counts (seen in I) for 
each timepoint. Means and SEM graphed with Kruskal-Wallis statistics comparing RBC counts between NI and 17XNL infected mice at 
each timepont, red asterisks, and comparing reticulocyte counts between NI and 17XNL infected mice at each timepoint, purple aster-
isks: no asterisk, not significant; *, P < 0.05; **, P < 0.01;  ***, P < 0.001.
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D54). Red arrows identify some uninfected reticulocytes and black arrows indicate some 

infected reticulocytes. H) Percentages of RBCs, reticulocytes, and parasite infected reticulocytes 

based on visual cell counts of blood smears from NI mice (total RBCS in dark blue; total 

reticulocytes in teal) and 17XNL infected mice (total RBCs in red; total reticulocytes that 

combines infected and uninfected reticulocytes in purple; infected reticulocytes in green). Mean 

and SEM (n=5) graphed in Prism. I) Dynamics of total blood cell counts from NI and 17XNL 

infected mice. Several experiments combined to graph mean and SEM for NI (n=5–12) and 

17XNL (n=10–25) infected mice. Kruskal-Wallis statistics applied comparing NI and 17XNL 

infected mice at each timepoint: no asterisk, not significant; *, P < 0.05; **, P < 0.01; ***, P < 

0.001. J) Dynamics of RBC counts (blue and red) and reticulocyte counts (teal and purple) from 

NI and 17XNL infected mice. Counts were calculated using percentages from the blood smears 

of 5 mice (seen in H) multiplied by the total blood cell counts (seen in I) for each timepoint. 

Mean and SEM graphed with Kruskal-Wallis statistics comparing RBC counts between NI and 

17XNL infected mice at each timepoint, red asterisks, and comparing reticulocyte counts 

between NI and 17XNL infected mice at each timepoint, purple asterisks: no asterisk, not 

significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001.  
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2.3.2 Investigate red blood cell clearance 

2.3.2.1 Phagocytosis of red blood cells 

 As noted above, the 17XNL infected mice were hypothesized to remove unRBCs. The 

total blood cell loss was linked to a reduction in RBCs as hematocrit, hemoglobin, and RBC 

percentage on blood smears were all decreased for the 17XNL infected mice. Most malaria cases 

lead to a loss of RBCs due to the destruction of RBCs by parasites. However, with 17XNL 

parasites preferentially infecting reticulocytes instead of RBCs, the loss of RBCs was likely 

occurring through other mechanisms. To investigate RBC clearance, different methods can be 

utilized to see if the RBCs are being lysed, phagocytized, undergo apoptosis, or removed by 

other methods. Phagocytotic cells have been shown to remove iRBCs during malaria infections 

(36, 72). Therefore, an in vitro phagocytosis assay was developed to determine clearance of 

iRBCs and unRBCs. BMDMs and BMDCs were utilized to test phagocytosis of blood cells as 

both MFs and DCs are the most common phagocytizing cells (36, 72). The blood from NI and 

17XNL infected mice at day 4 p.i. was separated using density gradient centrifugation to retain 

iRBCs in the top layer (Figure 2.8, A) and unRBCs in the middle and bottom layers (Figure 2.8, 

B & C). The in vitro phagocytosis assay with BMDMs showed a high amount of phagocytosis 

(around 30%) when cultured with the iRBCs top layer from the 17XNL infected mice for 2 or 4 

hour incubations (Figure 2.8, D & E, orange bars). BMDCs also showed similar results for both 

2 and 4 hour incubations (Figure 2.8, F & G, orange bars). The NI mice unRBCs had 

significantly lower phagocytosis rates by BMDMs and BMDCs compared to the iRBCs top layer 

of 17XNL infected mice (Figure 2.8, D-G). Some RBCs from the NI mice were phagocytized 

when compared to BMDM or BMDC cells only. This can be expected as it is known that some 

senescent or damaged RBCs may be tagged and cleared out, which can happen through 



  67 

phagocytosis. The RBCs of the bottom and middle layers from the 17XNL infected mice were 

also phagocytized by BMDMs and BMDCs but at low levels (only 1 to 3%) (Figure 2.8, D–G, 

black and brown bars). These low percentages were similar to phagocytosis activity when 

cultured with the unRBCs from the NI mice. The BMDCs did show a significant increase in 

phagocytosis for the middle layer cells from 17XNL infected mice compared to NI mice at 2 

hour incubation; however, these measurements were not significantly different for the 4 hour 

incubation timepoint (Figure 2.8, F & G). The phagocytosis assays indicated the majority of 

phagocytosing cells targeted iRBCs, as the top layer cells from 17XNL infected mice had the 

highest percentages of phagocytosis. However, unRBCs from both NI and 17XNL infected mice 

were also phagocytized. The phagocytosis levels of unRBCs were quite low though, indicating 

there may be other mechanisms contributing to the large reductions of unRBCs for the 17XNL 

infected mice.  
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Figure 2.8 RBC phagocytosis by BMDMs and BMDCS 

Phagocytosis of infected (iRBC) and uninfected (unRBCs) red blood cells and reticulocytes by 

bone marrow derived macrophages (BMDM) and dendritic cells (BMDC) in vitro. RBCs from 

FIGURE 2.8 RBC clearance via phagocytosis of BMDMs and BMDCS. 
Phagocytosis of infected (iRBC) and uninfected red blood cellsand reticulocytes (uRBCs) by bone marrow 
derived macrophages (BMDMs) and dendritic cells (BMDCs) in vitro. RBCs were separated into three layers 
containing iRBCs uRBCs using 60% and 70% Histodenz density gradient centrifugation as described in Methods. 
A-C) Images of Giemsa-stained blood smears from the top (T), middle (M), and bottom (B) layers after Histodenz 
separation of blood from a 17XNL infected mouse; iRBCs and uninfected reticulocytes stained blue. D and E) 
Plots of percentages of BMDMs containing engulfed iRBCs or uRBCs from noninfected mice (NI) (only middle 
layer of density gradient centrigution used) and all three layers from 17XNL infected mice (T, M, B) after 2 hours 
(D, 2h) or 4 hours (E, 4h) incubation. F and G) The same plots in D and E but incubated with BMDCs. Means and 
SEM from 6 mice; Mann-Whitney U test comparing with the NI group: ns, not significant; **, P < 0.01. BMDC 
or BMDM cells alone as controls in first column for each graph.
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whole blood were separated into three layers containing iRBCs or unRBCs using 60% and 70% 

Histodenz density gradient centrifugation as described in Methods. A–C) Images of Giemsa 

stained blood smears from the top (T), middle (M), and bottom (B) layers after Histodenz 

separation of blood from a 17XNL infected mouse; infected and uninfected reticulocytes as well 

as parasites stained blue. D–G) Percentages of phagocytized cells equals the percentages of 

cultured BMDMs or BMDCs that contained the stained RBCs out of total BMDMs and BMDCs 

observed (indicating phagocytosis activity). D & E) Plots of percentages of BMDMs containing 

engulfed iRBCs or unRBCs from noninfected mice (NI) (middle layer of density gradient 

centrifugation) and all three layers (T, M, B) from 17XNL infected mice after 2 hour (D, 2h) or 4 

hour (E, 4h) incubation. F & G) The same plots in D & E but incubated with BMDCs. Mean and 

SEM (n=6) graphed in Prism. Mann-Whitney U test comparing each to the NI group data: ns, not 

significant; **, P < 0.01. BMDC or BMDM cells cultured alone as controls in first column for 

each graph. 
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2.3.2.2 Histology analysis 

 Besides in vitro phagocytosis and measurements in the blood, histology experiments were 

performed to detect cell population changes in the spleen and BM of 17XNL infected mice. 

Observations of the BM of the 17XNL infected mice showed an increase in white space/area 

over the course of the parasite infection (Figure 2.9). Compared to NI mice BM (Figure 2.9, A), 

the 17XNL infected mice BM showed more white area at day 10 and 18 p.i. (Figure 2.9, D & E). 

Some of this white space resulted from an increase in fat cells, which can be present during 

anemia. The sinusoid regions of the BM are the vessels that blood flows through. In particular, as 

cells differentiate in the BM, including erythroblasts on erythroblastic islands, the cells that are 

ready to leave the BM will enter the sinusoid regions to flow throughout the rest of the body. 

Erythroblastic islands will often be located near the sinusoid regions; however, EBIs were also 

found throughout the BM (114). When looking at the sinusoid regions of the NI mice BM, there 

were mature RBCs present, as seen by the pink coloration in these sinusoid areas (Figure 2.9, A). 

There were also sinusoid regions with RBCs present for the 17XNL infection model. However, 

some of the sinusoid regions no longer had RBCs at day 10 and 18 p.i. (Figure 2.9, D & E). The 

BM of 17XNL infected mice at day 18 p.i. also had hemozoin (parasite polymerized heme 

molecule) pigments indicated by brown coloration near the sinusoid regions (Figure 2.9, F noted 

by blue arrows). The lack of RBCs within the sinusoids suggested mature RBCs were decreased 

in the BM of 17XNL infected mice. Some of this may have been caused by parasite iRBCs being 

removed in the BM, as hemozoin was found. The BM also appeared to be a darker color 

(possibly due to presence of parasites or hemozoin) and thinner for the 17XNL infected mice at 

day 10 and 18 p.i., indicating overall less RBCs present in the BM for these anemic mice. 
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Figure 2.9 Bone marrow histology showing loss of RBCs for 17XNL infected mice 

Hematoxylin and eosin (H&E) staining of bone marrow tissue sections from noninfected (NI) 

and 17XNL infected mice. The procedures for tissue fixation and processing were as described 

in the Methods. Magnification and scale bars are as indicated. A) BM tissue from a NI mouse. 

B–E) BM tissues from 17XNL infected mice on day 1 post infection (p.i.) (B, D1), day 4 p.i. (C, 

D4), day 10 p.i. (D, D10), and day 18 p.i. (E, D18), all at 20X magnification. (F) Partial image of 

BM tissue from E under 100X magnification. Note: increasing amounts of white spaces 

(particularly the sinusoids without mature RBCs) from days 1–18 p.i. for the 17XNL infected 

mice. Blue arrows point to parasite hemozoin pigments seen as brown stain.  

FIGURE 2.9 Bone marrow histology over time
Hematoxylin and eosin (H&E) staining of bone marrow tissue sections from noninfected (NI) and 17XNL infected mice. The 
procedures for tissue fixation and processing were as described in the Methods. Magnification and scale bars are as indicated. A) 
BM tissue from a NI mouse. B-E) BM tissues from 17XNL infected mice on day 1 post infection (p.i.) (B, D1), day 4 p.i.(C, D4), 
day 10 p.i. (D, D10), and day 18 p.i. (E, D18), all at 20X magnification. (F) Partial image of BM tissue from E under 100X magni-
fication. Note: increasing amounts of white spaces (particularly the sinusoids without mature RBCs) from day 1 – 18 pi. Blue 
arrows point to parasite hemozoin pigments seen as brown stain.
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The pathologist Dr. Qi (Laboratory of Immunogenetics, NIAID, NIH) also surveyed 

other areas of the BM as well as the spleen and found hemolysis, or lysis of RBCs, and apoptosis 

of erythroblasts in the 17XNL infected mice. Hemolysis was identified by sheets of pink color 

without definition of cell structures and was increased for 17XNL infected mice compared to NI 

mice. 17XNL infected mice at day 10 p.i. showed multiple occurrences of hemolysis in the BM 

(Figure 2.10, A green circles). Similar to the BM, the spleens from 17XNL infected mice at day 

10 p.i. also revealed hemolysis (Figure 2.10, B). The 17XNL infected mice had sheets of pink 

color with parasite pigmentation (indicated by brown staining and blue arrows on images) as 

well as sheets of pink color without parasite pigmentation (Figure 2.10, B). This indicated that 

hemolysis occurred for both iRBCs as well as unRBCs for the 17XNL infected mice. The splenic 

histology images also showed hyperplasia of the WP, defined as expansion of cells in the 

germinal center (GC) and the T cell zone.  
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Figure 2.10 Histology images showing hemolysis for 17XNL infected mice 

A) Hematoxylin and eosin (H&E) stained image of bone marrow from 17XNL infected mice at 

day 10 post infection (p.i.) under 100X magnification. B) H&E stained image of spleen from 

17XNL infected mice at day 10 p.i. under 20X magnification. Hemolysis shown by green circles. 

Blue arrows indicate parasite hemozoin pigments seen as brown stain. White pulp region with 

germinal center (GC), black circle, and T cell zone, dark blue circle. 

Bone marrow 17XNL day 10 p.i. (100X)

Spleen 17XNL day 10 p.i. (20X)

A)

B)

lysis

GC

T cell zone

lysis

lysis

FIGURE 2.10 Histology images with hemolysis
A) H&E stained image of bone marrow from 17XNL day 10 post infection (p.i.) mice under 100X magnification. Hemoly-
sis (or lysis of red blood cells) shown by green circles. Blue arrows point to parasite hemozoin pigments seen as brown 
stain. B) H&E stained image of spleen from 17XNL day 10 p.i. mice under 20X magnification. Hemolysis (or lysis or red 
blood cells) shown by green circles. Blue arrows point to parasite hemozoin pigments seen as brown stain. White pulp 
region with circled germinal center (GC), black circle, and T cell zone, dark blue circle.
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2.3.3 Determine changes to erythropoiesis 

2.3.3.1 Flow cytometry of terminal erythropoietic cells 

 Besides RBC clearance, an inhibition of the production of new RBCs can lead to anemia. 

Therefore, erythropoiesis was investigated by examining the terminal stages, or later stages, of 

erythropoiesis through flow cytometry. Flow cytometry analyses for three distinct groups of 

terminal erythropoiesis was performed on cells from the BM, spleen and blood of NI and 17XNL 

infected mice at specific timepoints using the protocol described in Koulnis et al 2011 (111). As 

seen in Figure 2.11, the flow cytometry dot plots of the three groups (EryA, EryB, and EryC) 

showed obvious changes to both the BM and spleen cell populations for the 17XNL infected 

mice at day 10 and 22 p.i. compared to the NI mice (Figure 2.11, A–D). The BM and spleen cells 

of 17XNL infected mice at day 10 and 22 pi. had increased CD71 expression, as demonstrated 

by the number of cells present in the pro-erythroblast (ProE) gates. The BM and spleen cells 

within the TER-119high gates also had higher CD71 expression compared to the cells from the NI 

mice (Figure 2.11, A–D). The NI mice splenic cells were gated mostly into the EryC group with 

minimal EryB group. In contrast, the 17XNL infected mice at day 10 and 22 p.i. had increased 

numbers of splenic cells in the EryA and EryB groups (Figure 2.11, B & D).  

When graphing the ratios for the three groups out of the TER-119high gate (noting EryA 

differentiates into EryB which differentiates into EryC), all three groups were present for all 

timepoints in the BM of NI and 17XNL infected mice (Figure 2.12, A). As expected, 

erythropoiesis occurred in the BM of NI mice, and there were similar ratios seen in the 17XNL 

infected mice for day 1 and 4 p.i. (Figure 2.12, A). However, there were slight increases, 

although not significant, for the EryA and EryB ratios at day 10, 18 and 22 p.i. for the 17XNL 

infected mice. There also were significant reductions in the EryC ratios for 17XNL infected mice 
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at day 18 and 22 p.i. compared to the NI mice ratios (Figure 2.12, A). These significant drops 

were repeated for the reductions in the number of cells (count) in the EryC group in the BM as 

well (Figure 2.12, B). Analysis of the blood expectedly showed the ratios and counts for EryC 

group at consistently high levels for the NI mice over time (Figure 2.12, C & D). In contrast, the 

17XNL infected mice had decreased ratios for EryC at day 18 and 22 p.i. alongside increased 

EryB ratios (Figure 2.12, C). These changes were mimicked for the count data although the 

decreases in EryC ratios and counts were not significant at either timepoint compared to NI mice 

(Figure 2.12, D). The presence of EryA and EryB groups in the blood was unexpected, as these 

stages should only be present where erythropoiesis occurs, such as in the BM and spleen. 

However, the EryA and EryB cell counts were rather low, and there were no significant 

differences seen between NI and 17XNL infected mice at any timepoint (Figure 2.12, C & D). 

 Regarding the spleen, a normal NI mouse will have very little erythropoiesis occurring. 

This was demonstrated through majority of the splenic cells analyzed for the NI mice consisting 

in the EryC group, with only a small number of cells being in the EryA and EryB groups (Figure 

2.12, E & F). In contrast, the 17XNL infected mice showed an induction of erythropoiesis, with 

higher ratios and counts of the EryA and EryB groups starting at day 10 p.i. and through day 22 

p.i. (Figure 2.12, E & F). As malaria can induce extramedullary erythropoiesis in the spleen, the 

presence of more EryA and EryB cells for the 17XNL infected mice indicated extramedullary 

erythropoiesis occurred in the spleen. There were significant increases in the ratio and cell counts 

of the EryA group for the 17XNL infected mice at day 18 p.i. compared to the NI mice 

measurements (Figure 2.12, E & F). EryA and EryB counts were also significantly higher for day 

22 p.i. (Figure 2.12, F) The increased ratios of EryA and EryB in the spleen also led to 

significant reductions of EryC ratios for 17XNL infected mice at day 18 and 22 p.i. compared to 
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NI mice ratios (Figure 2.12, E). However, this reduction was not significant for the cell counts of 

EryC (Figure 2.12, F). The 17XNL infected mice have an increase in spleen size (seen visibly in 

Figure 2.13, A), especially at day 18 p.i. This increase led to significantly higher numbers of 

total splenic cell counts measured with Trypan blue and the Nexcelom cell counter for the 

17XNL infected mice on day 18 and 22 p.i. (Figure 2.12, G). The cell counts of EryA, EryB, and 

EryC groups were also calculated and graphed using the total splenic cell counts (Nexcelom data 

in Figure 2.12, G) multiplied by the frequencies of EryA, EryB, and EryC out of the live cell gate 

(gating strategy in Figure 2.4) (Figure 2.12, H). There were significant increases of splenic EryA 

cell counts for the 17XNL infected mice at day 10, 18 and 22 p.i. compared to the NI mice cell 

counts (Figure 2.12, H). There also were significant increases of EryB cell counts for 17XNL 

infected mice at day 18 and 22 p.i. (Figure 2.12, H). With the reduced EryC ratios alongside the 

increased total splenic cell counts for the 17XNL infected mice at day 18 and 22 p.i., the EryC 

cell counts were not significantly different at these timepoints compared to the NI mice counts 

(Figure 2.12, H). This was explained by the large increases in total splenic cells for 17XNL 

infected mice: The EryC cell counts from 17XNL infected mice were similar to the EryC cell 

counts from NI mice, even though their ratios were significantly different (Figure 2.12, H & E).   
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Figure 2.11 Flow cytometry dot plots of terminal erythropoiesis 

A–D) Representative images of flow cytometry dot plots taken from FlowJo analysis following 

gating strategy described in Figure 2.4. For each A–D, the proerythroblasts (ProE) and TER-

119high gates shown in the top dot plots. The TER-119high gate was further gated into EryA, 

EryB, and EryC groups shown in the bottom dot plots. Bone marrow (A) and spleen (B) dot plots 

Bone Marrow Spleen
NI D10 17XNL D10 NI D10 17XNL D10

NI D22 17XNL D22 NI D22 17XN D22

A) B)

C) D)Bone Marrow Spleen

FIGURE 2.11 Flow cytometry dot plots
A–D) Representative images of flow cytometry dot plots taken from FlowJo analysis following gating strategy described in 
Figure 2.4. For each A–D, the proerythroblasts (ProE) and TER-119 high gates gated are the top graphs. The TER-119 high gate 
was then further gated into EryA, EryB, and ERyC gates shown in the bottom graphs. Noninfected mice (NI) and 17XNL day 10 
post infection mice (D10) bone marrow (A) and spleen (B) dot plots. NI and 17XNL day 22 post infection mice bone marrow 
(C) and spleen (D) dot plots. 
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from noninfected mice (NI) and 17XNL infected mice at day 10 post infection (D10). Bone 

marrow (C) and spleen (D) dot plots from NI and 17XNL infected mice at day 22 post infection 

(D22). 
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Figure 2.12 Flow cytometry analysis of terminal erythropoietic subpopulations 

A–F) Frequencies within the TER-119high gate and counts of different erythropoietic 

developmental cell populations from bone marrow, blood, and spleen of noninfected (NI) and 

17XNL infected mice (17XNL) on day 1 post infection (p.i., D1), day 4 p.i. (D4), day 10 p.i. 

(D10), day 18 p.i. (D18), and day 22 p.i. (D22). A, C, E) TER-119high gate (gating strategy in 

Figure 2.4) was further gated into EryA, EryB, and EryC cell populations with each ratio within 

the TER-119high gate graphed in Prism. B, D, F) Cell count measurements, for the cells present in 

each desired FlowJo gate, taken from each flow cytometry run of around 300,000 total events per 

sample. A–F) Mean and SEM (n=3) graphed in Prism. Kruskal-Wallis statistics applied with all 

samples in a graph grouped together with multiple comparisons performed comparing the NI and 

17XNL infected mice for each timepoint: no asterisk, not significant; *, P < 0.05; **, P < 0.01 

(asterisk color matches the colors of the cell population groups). G) Total spleen cell counts 

measured on the Nexcelom cell counter with Trypan blue. Mean and SEM (n=3) graphed in 

Prism with Kruskal-Wallis statistics: ns, not significant; *, P < 0.05; **, P < 0.01. H) Spleen cell 

frequencies of EryA, EryB, and EryC out of live cell gate (gating strategy in Figure 2.4) were 

multiplied by the total spleen Nexcelom cell counts to calculate the total cell counts of EryA, 

EryB and EryC populations for NI and 17XNL infected mice over time. Mean and SEM (n=3) 

graphed with Kruskal-Wallis statistics: no asterisk, not significant; *, P < 0.05; **, P < 0.01; ***, 

P < 0.001.   



  81 

2.3.3.2 Spleen histology and splenomegaly  

 As extramedullary erythropoiesis in the spleen was discovered for the 17XNL infection 

model, the spleens were further investigated. Visual observations showed much larger sizes as 

well as a darker color for the spleens from 17XNL infected mice compared to NI mice. 

Specifically, the most drastic changes were visible on day 18 p.i. for the 17XNL infected mice, 

as the spleens became massive in size (Figure 2.13, A). The changes in spleen size were 

quantified by measuring splenic weight. The 17XNL infected mice had significantly increased 

splenic weights starting at day 4 p.i., with the most dramatic escalation seen on day 16 and 18 

p.i. reaching over 1 gram, compared to NI mice spleens weighing an average of 0.080 grams 

(Figure 2.13, B). 

 Through H&E staining of the spleens, the WP (seen by darker purple color) and the RP 

(seen by lighter pink color) regions can be distinguished. The NI spleen at 2X microscopic 

observation showed multiple WP areas, where T and B immune cells are developed, surrounded 

by the RP (Figure 2.13, C). These WP areas were easily identified for the 17XNL infected mice 

spleens at day 1 p.i., but the WP and RP regions became less distinguishable on day 10 p.i. and 

more dramatically on day 18 p.i. (Figure 2.13, D–F). The WP and RP regions were harder to 

identify due to the spleens experiencing hyperplasia, defined by enlargement of the spleen from 

rapid reproduction of cells (143). The immune cells replicated within the WP and erythropoiesis 

also occurred in the RP, both regions demonstrating hyperplasia for the 17XNL infected mice. 

The pathologist Dr. Qi (Laboratory of Immunogenetics, NIAID, NIH) noted observations of the 

WP over time showing more white or lighter color on day 10 and 18 p.i. versus the darker color 

of the nuclei seen on day 1 and 4 p.i. for the 17XNL infected mice (Figure 2.13, H-K). As the 

WP expanded and the host immune responses kicked in to produce and activate T cells and B 
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cells, the nuclei of these cells condensed, leaving more space between the nucleus and the cell 

surface, making the cells appear as a lighter color. This activation of the T cells and B cells 

resulted in the whiter color appearance of the WP for the 17XNL infected mice compared to the 

darker purple color of the WP for the NI mice (Figure 2.13, G-K). This led the WP regions to be 

less recognizable for the 17XNL infected mice spleens on day 10 and 18 p.i., and the expansion 

of the RP also added to this effect  (Figure 2.13, E & F). 

The RP had an increase in the amount of erythropoiesis occurring. Erythroblastic islands 

(EBI), consisting of a central MF surrounded by differentiating erythroblasts, were recognized 

and outlined in blue circles within the RP regions on the splenic histology images (Figure 2.13, 

J-L). For 17XNL infected mice at day 18 p.i., multiple EBIs were identified and interestingly 

also contained some malaria parasite pigmentation (brown staining indicated by yellow arrows 

on images) (Figure 2.13 image L). This indicated that the parasite may be present or affect the 

function of these EBIs for the 17XNL infection model.  
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Figure 2.13 Spleen histology and splenomegaly for 17XNL infected mice 

A) Images of whole spleens from individual noninfected (NI) mice and 17XNL infected mice on 

day 18 (D18) post infection (p.i.). B) Splenic weight measurements of NI and 17XNL infected 

mice over time. Several experiments combined to graph mean and SEM (n=3–16) in Prism. 

Kruskal-Wallis statistics applied comparing NI and 17XNL infected mice at each timepoint: no 

asterisk, not significant; **, P < 0.01; ***, P < 0.001. C–F) Images of Hematoxylin and eosin 

(H&E) stained whole spleens from NI mice (C) and 17XNL infected mice on day 1 p.i. (D, D1), 

day 10 p.i. (E, D10) and day 18 p.i. (F, D18) under 2X magnification. G–K) Images of spleens 

from NI mice (G) and 17XNL infected mice on day 1 p.i. (H, D1), day 4 p.i. (I, D4), day 10 p.i. 

(J, D10), and day 18 p.i. (K, D18) under 40X magnification. White arrows indicate white pulp 

regions; blue arrows identify putative erythroblastic islands (EBIs, indicated with blue circles) in 

the red pulp; and black arrows point to spots of potential cell loss. L) Image of H&E stained 

spleen from a 17XNL infected mouse on day 18 p.i. (D18) under 100X magnification. Blue 

circles indicate cell clusters suggesting EBIs. Yellow arrows indicate parasite hemozoin 

pigments seen as brown stain.   
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2.3.4 Characterization of erythroblastic island macrophages  

2.3.4.1 MF flow cytometry  

 To investigate the MFs and their function in erythropoiesis, specific erythropoietic and 

EBI MF markers were utilized in flow cytometry. BM and spleen cells from NI and 17XNL 

infected mice at day 4, 10, 18, and 40 p.i. were collected and analyzed. The frequencies out of 

total live cells for various MF markers (F4/80 and CD11b) and erythropoietic markers (CD163, 

CD169, CD106 and EPOR) were measured (Figure 2.14, A–L). From analyzing total live cells, 

the percentages of F4/80+ cells in the spleens were significantly increased for 17XNL infected 

mice on day 18 p.i. compared to NI mice percentages (Figure 2.14, A). This is consistent with 

the increase seen in the histology experiments as well. The BM had no changes to F4/80 

expression on the live cells for the 17XNL infected mice (Figure 2.14, G). However, there were 

increases in the percentages of live cells that were CD11b+ for both the BM and spleen cells 

from 17XNL infected mice at day 18 p.i. compared to the NI mice percentages (Figure 2.14, B & 

H). Examining the erythropoietic markers on splenic cells, both EPOR+ and CD106+ cells were 

significantly elevated on day 4 and 18 p.i. for the 17XNL infected mice (Figure 2.14, C & D). In 

contrast, there was a reducing trend for the percentages of splenic live cells that were CD163+ or 

CD169+ for the 17XNL infected mice, with significant declines seen for both at day 40 p.i. 

(Figure 2.14, E & F). Similar decreases were also seen for the percentages of CD163+ and 

CD169+ in the BM live cells for the 17XNL infected mice: CD163+ percentages were 

significantly lowered for day 18 and 40 p.i., and CD169+ percentages were significantly 

decreased for day 40 p.i. (Figure 2.14, K & L). The percentages of EPOR+ and CD106+ BM 

cells were also significantly reduced for day 40 p.i. for the 17XNL infected mice (Figure 2.14, I 

& J).  
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Figure 2.14 Live cell frequencies of erythropoietic markers in spleen and bone marrow 

Percentages of live cells from spleen and bone marrow of noninfected (NI) and 17XNL infected 

mice expressing F4/80, CD11b, EPOR, CD106, CD163, or CD169. Cells were isolated from NI 
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FIGURE 2.14 Live cell frequencies of erythropiotic markers in spleen and bone marrow
Percentages of live cells from spleen and bone marrow of noninfected (NI) and 17XNL infected mice (17XNL) expressing F4/80, CD11b, EPOR, CD106, CD163, or CD169. Cells were isolated from NI mice and 
17XNL infected mice on day 4, 18 and 40 post infection (p.i.) and stained with antibodies specific for cell surface proteins for flow cytometry analysis as described in the Methods. A-F) Percentages of splenic live cells 
expressing specific surface markers as indicated. G-L) Percentages of bone marrow live cells expressing specific surface markers as indicated. Mean and SEM from five mice for all graphs done in Prism. Mann-Whit-
ney U test statistics applied: ns, not significant; *, P < 0.05; **, P < 0.01.

4 18 40
0

5

10

15

live cells F4/80+ Freq

days p.i.

Fr
eq

ue
nc

y 
of

 L
iv

e 
C

el
ls

ns

**

ns

NI
17XNL

4 18 40
0

10

20

30

live cells CD11b+ Freq

days p.i.

Fr
eq

ue
nc

y 
of

 L
ive

 C
el

ls

NI

17XNL

ns

**

ns

Spleen

Bone marrow

4 18 40
0

5

10

15

20

live cells EPOR+ Freq

days p.i.

Fr
eq

ue
nc

y 
of

 L
ive

 C
el

ls

NI

17XNL

**

**

ns

4 18 40
0.0

0.5

1.0

1.5

live cells CD163+ Freq

days p.i.

Fr
eq

ue
nc

y 
of

 L
ive

 C
el

ls
NI

17XNL* **
ns

4 18 40
0

5

10

15

20

25

live cells CD106+ Freq

days p.i.

Fr
eq

ue
nc

y 
of

 L
ive

 C
el

ls

NI

17XNL

*
ns

**

4 18 40
0.0

0.5

1.0

1.5

2.0

2.5

live cells CD169+ Freq

days p.i.

Fr
eq

ue
nc

y 
of

 L
iv

e 
C

el
ls

NI

17XNL

ns

**ns

4 18 40
0

5

10

15

20

live cells F4/80+ Freq

days p.i.

Fr
eq

ue
nc

y 
of

 L
ive

 C
el

ls

ns
ns **

NI

17XNL

4 18 40
0

20

40

60

80

100

live cells CD11b+ Freq

days p.i.

Fr
eq

ue
nc

y 
of

 L
ive

 C
el

ls

NI

17XNL
ns

**
ns

4 18 40
0

5

10

15

live cells EPOR+ Freq

days p.i.

Fr
eq

ue
nc

y 
of

 L
ive

 C
el

ls

NI

17XNL
* ns

**

4 18 40
0

10

20

30

live cells CD106+ Freq

days p.i.

Fr
eq

ue
nc

y 
of

 L
ive

 C
el

ls

NI

17XNL

** **
ns

4 18 40
0

1

2

3

4

live cells CD163+ Freq

days p.i.

Fr
eq

ue
nc

y 
of

 L
ive

 C
el

ls

NI

17XNL

ns

**
**

4 18 40
0.0

0.5

1.0

1.5

2.0

live cells CD169+ Freq

days p.i.

Fr
eq

ue
nc

y 
of

 L
iv

e 
C

el
ls

NI

17XNL

ns

**
ns

A) B) C) F)D) E)

G) H) I) L)J) K)

FIGURE 2.14 Live cell frequencies of erythropiotic markers in spleen and bone marrow
Percentages of live cells from spleen and bone marrow of noninfected (NI) and 17XNL infected mice (17XNL) expressing F4/80, CD11b, EPOR, CD106, CD163, or CD169. Cells were isolated from NI mice and 
17XNL infected mice on day 4, 18 and 40 post infection (p.i.) and stained with antibodies specific for cell surface proteins for flow cytometry analysis as described in the Methods. A-F) Percentages of splenic live cells 
expressing specific surface markers as indicated. G-L) Percentages of bone marrow live cells expressing specific surface markers as indicated. Mean and SEM from five mice for all graphs done in Prism. Mann-Whit-
ney U test statistics applied: ns, not significant; *, P < 0.05; **, P < 0.01.
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FIGURE 2.14 Live cell frequencies of erythropiotic markers in spleen and bone marrow
Percentages of live cells from spleen and bone marrow of noninfected (NI) and 17XNL infected mice (17XNL) expressing F4/80, CD11b, EPOR, CD106, CD163, or CD169. Cells were isolated from NI mice and 
17XNL infected mice on day 4, 18 and 40 post infection (p.i.) and stained with antibodies specific for cell surface proteins for flow cytometry analysis as described in the Methods. A-F) Percentages of splenic live cells 
expressing specific surface markers as indicated. G-L) Percentages of bone marrow live cells expressing specific surface markers as indicated. Mean and SEM from five mice for all graphs done in Prism. Mann-Whit-
ney U test statistics applied: ns, not significant; *, P < 0.05; **, P < 0.01.
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FIGURE 2.14 Live cell frequencies of erythropiotic markers in spleen and bone marrow
Percentages of live cells from spleen and bone marrow of noninfected (NI) and 17XNL infected mice (17XNL) expressing F4/80, CD11b, EPOR, CD106, CD163, or CD169. Cells were isolated from NI mice and 
17XNL infected mice on day 4, 18 and 40 post infection (p.i.) and stained with antibodies specific for cell surface proteins for flow cytometry analysis as described in the Methods. A-F) Percentages of splenic live cells 
expressing specific surface markers as indicated. G-L) Percentages of bone marrow live cells expressing specific surface markers as indicated. Mean and SEM from five mice for all graphs done in Prism. Mann-Whit-
ney U test statistics applied: ns, not significant; *, P < 0.05; **, P < 0.01.
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and 17XNL infected mice on day 4, 18 and 40 post infection (p.i.) and stained with antibodies 

specific for cell surface proteins for flow cytometry analysis as described in the Methods. A–F) 

Percentages of splenic live cells expressing specific surface markers as indicated. G–L) 

Percentages of bone marrow live cells expressing specific surface markers as indicated. Mean 

and SEM (n=5) for all plots graphed in Prism. Mann-Whitney U test statistics applied: ns, not 

significant; *, P < 0.05; **, P < 0.01. 
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To determine any possible effects on erythroblastic island MFs, the erythropoietic 

markers were also analyzed for their expression levels on F4/80+ cells. The MFs defined as 

F4/80+ cells were further gated (gating strategy in Figure 2.5) to observe the percentages of the 

erythropoietic markers on BM and spleen MFs from NI and 17XNL infected mice (Figure 2.15). 

The percentages of EPOR+ MFs were significantly higher at day 4 and 18 p.i. for the BM and 

spleen cells of the 17XNL infected mice compared to the NI mice percentages (Figure 2.15, B & 

G). The splenic MF percentages for CD106+ cells were significantly lower for day 4 and 40 p.i. 

but not day 18 p.i. (Figure 2.15, C). There were overall reducing trends of CD163 and CD169 on  

MFs over time for the splenic cells from 17XNL infected mice (Figure 2.15, D & E). Significant 

reductions were seen for the percentages of CD163+ cells at all three timepoints of day 4, 18 and 

40 p.i., while CD169+ cell  percentages only had a significant decline at day 40 p.i. when 

compared to the NI mice splenic cell percentages (Figure 2.15, D & E). At day 18 p.i. for the BM 

cells of 17XNL infected mice, there were significantly higher percentages of EPOR+ MFs and 

also significantly lower percentages of CD106+, CD163+ and CD169+ MFs (Figure 2.15 G–J) 

These three markers were also significantly reduced at day 40 p.i. for the BM and spleen MFs in 

the 17XNL infected mice compared to the NI mice percentages (Figure 2.15, C–E & H-J). 
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Figure 2.15 F4/80+ cell frequencies of erythropoietic markers in spleen and bone marrow 

A–J) Percentages of F4/80+ cells from the spleen and bone marrow of noninfected (NI) and 

17XNL infected mice expressing CD11b, EPOR, CD106, CD163, or CD169. A–E) Splenic cells 
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FIGURE 2.15 F4/80+ cell frequencies of erythropietic markers in spleen and bone marrow
Percentages of F4/80+ cells from the spleen and bone marrow of noninfected (NI) and 17XNL infected mice (17XNL) expressing CD11b, EPOR, CD106, CD163, or CD169. A-E) Splenic 
cells and bone marrow cells were isolated from NI and 17XNL infected mice on day 4, 18 and 40 post infection and stained with antibodies specific for surface proteins for flow cytometry 
analysis as indicated in the Methods. A-E) Percentages of specific cell populations from splenic cells as indicated on each graph. F-J) Percentages of specific cell populations from bone 
marrow cells as indicated on each graph. Mean and SEM from five mice for all graphs done in Prism. Mann-Whitney U test statistics applied: ns, not significant; *, P < 0.05; **, P < 0.01.
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Percentages of F4/80+ cells from the spleen and bone marrow of noninfected (NI) and 17XNL infected mice (17XNL) expressing CD11b, EPOR, CD106, CD163, or CD169. A-E) Splenic 
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marrow cells as indicated on each graph. Mean and SEM from five mice for all graphs done in Prism. Mann-Whitney U test statistics applied: ns, not significant; *, P < 0.05; **, P < 0.01.
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FIGURE 2.15 F4/80+ cell frequencies of erythropietic markers in spleen and bone marrow
Percentages of F4/80+ cells from the spleen and bone marrow of noninfected (NI) and 17XNL infected mice (17XNL) expressing CD11b, EPOR, CD106, CD163, or CD169. A-E) Splenic 
cells and bone marrow cells were isolated from NI and 17XNL infected mice on day 4, 18 and 40 post infection and stained with antibodies specific for surface proteins for flow cytometry 
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marrow cells as indicated on each graph. Mean and SEM from five mice for all graphs done in Prism. Mann-Whitney U test statistics applied: ns, not significant; *, P < 0.05; **, P < 0.01.
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and bone marrow cells were isolated from NI and 17XNL infected mice on day 4, 18 and 40 post 

infection (p.i.) and stained with antibodies specific for surface proteins for flow cytometry 

analysis as indicated in the Methods. A–E) Percentages of specific cell populations from splenic 

cells as indicated on each graph. F–J) Percentages of specific cell populations from bone marrow 

cells as indicated on each graph. Mean and SEM (n=5) for all graphs plotted in Prism. Mann 

Whitney U test statistics applied: ns, not significant; *, P < 0.05; **, P < 0.01. 
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2.3.4.2 Immunohistochemistry of MFs   

 Immunohistochemistry (IHC) was also performed to further identify the MFs in the 

17XNL infected mice, as MFs are the key cells in EBIs. IHC on BM and spleen tissues first 

utilized F4/80 to detect total murine MFs (158, 159). For the BM, F4/80+ cells (defined by 

brown staining in the images) were present for the NI mice at 40X microscopic observation 

(Figure 2.16, E & F). The BM from 17XNL infected mice at day 18 p.i. had drastic increases in 

F4/80+ cells with intense and vast brown staining prevalent (Figure 2.16, G & H). Potential 

erythroblastic islands (EBIs) in the BM were also noted for the 17XNL infected mice (Figure 

2.16, H EBIs denoted by green circles). The increased staining of F4/80+ cells in the 17XNL 

infected mice was also extensive in the spleen tissue compared to the NI mice spleen staining 

(Figure 2.16, A–D). The spleen images had white pulp and red pulp areas defined as WP and RP, 

respectively, with the majority of the F4/80+ MFs present in the RP as expected (Figure 2.16, 

A–D). The intensity and vast quantity of F4/80 staining were elevated for the 17XNL infected 

mice compared to NI mice (Figure 2.16, A–D). EBIs were again noted with green circles on the 

spleen tissue images for the 17XNL infected mice (Figure 2.16, D). 

Additional IHC experiments were performed to detect any differences in M1 MFs and 

M2 MFs. M1 MFs were determined by the internal cellular staining with iNOS (142), inducible 

nitric oxide synthase (Figure 2.17, A, C, E, G), while M2 MFs were asserted by the cell surface 

staining of CD206 (141), a mannose receptor (Figure 2.17, B, D, F, H). The BM of 17XNL 

infected mice at day 18 p.i. had dramatic increases in the quantity of M1 MFs, stained by iNOS, 

compared to NI mice BM staining (Figure 2.17, E & G). There likely were increases in M1 MF 

staining for the spleen tissues as well, but more background staining was present as seen with the 

NI mice splenic tissues (Figure 2.17, A & C). The CD206 staining for M2 MFs had overall more 
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background staining as seen in the BM and spleen tissues for NI mice (Figure 2.17, B & F). 

However, there appeared to be more intense and darker staining for the 17XNL infected mice for 

both the BM and spleen tissues compared to the NI mice tissue staining (Figure 2.17, D & H). 
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Figure 2.16 IHC of F4/80 in spleen and bone marrow  

Immunohistochemistry (IHC) staining of spleen and bone marrow tissues with anti-F4/80 

antibody. Tissue sections were processed and stained as described in the Methods. Magnification 

and scale bars are as indicated; white pulp (WP) and red pulp (RP) of the spleen are marked. A–

D) Anti-F4/80 antibody staining of spleen from noninfected and 17XNL infected mice on day 18 

post infection (D18). A and B) Splenic tissues from noninfected mice at 10X (A) and 40X (B) 

magnifications. C and D) Splenic tissues from 17XNL infected mice at day 18 post infection. E–

H) Images of bone marrow tissue from noninfected (E and F) and 17XNL infected mice on day 

18 post infection (G and H) stained with anti-F4/80 antibody. For D & H, clusters of 

erythroblasts (nuclei in blue) with heavily stained cells (anti-F4/80 antibody stain in brown) are 

noted by green circles. 

  



  95 

SPLEEN 

 

BONE MARROW 

 

N
on

in
fe

ct
ed

N
on

in
fe

ct
ed

17
X

N
L 

D
18

17
X

N
L 

D
18

N
on

in
fe

ct
ed

N
on

in
fe

ct
ed

17
X

N
L 

D
18

17
X

N
L 

D
18



  96 

Figure 2.17 IHC of CD206 and iNOS in spleen and bone marrow 

Immunohistochemistry (IHC) staining of the spleen and bone marrow tissues with anti-iNOS and 

anti-CD206 antibodies. Tissue sections from the spleen (A–D) and bone marrow (E–H) of 

noninfected and 17XNL infected mice at day 18 post infection (D18) were processed and stained 

as described in the Methods. Magnification and scale bars are as indicated. A, C, E, & G) Images 

of tissues from noninfected and 17XNL infected mice stained with anti-iNOS antibody. B, D, F, 

& H) Images of tissues from noninfected and 17XNL infected mice stained with anti-CD206 

antibody.   
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2.3.4.3 Erythroblastic island cultures  

 To further investigate EBI functions, in vitro culture experiments were performed using 

MFs from NI and 17XNL infected mice at day 15 and 18 p.i. alongside the MEL cell line. MEL 

cells cultured in 1.8% DMSO differentiated as seen by the pink colored cell pellet in a previous 

experiment (Figure 2.18, A). Therefore, MEL cells were cultured with MFs from 17XNL 

infected mice to determine if these MFs can form EBIs and induce MEL cell differentiation. In 

this experiment, MEL cells with DMSO showed only slight difference in color when cultured for 

8 days. There also was a dramatic decrease in the cell pellet size, either from differentiation as 

demonstrated in a previous experiment (Figure 2.18, A) or from possible cell death (Figure 2.18, 

B). The cell pellet for the undifferentiated MEL cells with no DMSO was relatively small. 

Therefore, the differentiated MEL cell pellet (MEL cells cultured with DMSO) would be even 

smaller, as differentiated cells do not replicate. For this experiment, it was difficult to identify the 

cell pellet for the differentiated MEL cells as it was likely too small (Figure 2.18, B). The 

replication rate of MEL cells over the 8 days likely added to the decreased occurrences of MEL 

cell differentiation for the cultures with MFs. There were no color changes for the cell pellets 

from the cultures of MEL cells with MFs from NI or 17XNL infected mice (Figure 2.18, B). 

Again, this likely occurred due to the high reproduction rate of the MEL cells leading to more 

undifferentiated MEL cells present in the cultures. Images of EBIs, consisting of a central MF 

cell bound by erythroblasts (MEL cells), were seen for the co-cultures of MEL cells with MFs 

from NI and 17XNL infected mice at day 15 and 18 p.i. (Figure 2.18, C & D). The number of 

MEL cells bound to the MFs varied depending on the MF and EBI under observation, and there 

also were MFs without MEL cells bound that were not imaged (Figure 2.18, C & D). The MFs 

from the 17XNL infected mice had multiple stages of erythroblasts that were bound (Figure 2.18, 
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D). Also, there were some MEL cells that appeared to have condensed nuclei or no nuclei 

present, indicating differentiation occurred. These differentiated cells were also present for 

cultures with MFs from NI mice (Figure 2.18, C). Although the MEL cell differentiation with 

addition of DMSO usually does not involve enucleation, it was hypothesized that the MEL cells 

cultured with the MFs could have enucleation as the MFs are known to phagocytize the nuclei 

in the EBIs (36). Additional experiments can be performed to analyze the 17XNL infected mice 

MF functions in EBIs by quantifying the number MEL cells bound to each MF and measuring 

MEL cell differentiation. 
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Figure 2.18 In vitro cultures of EBIs and erythroblast differentiation 

A) Image of mouse erythroleukemia cells (MEL) without or with DMSO. Previous culture 

experiment showed differentiation of MEL cells occurred when cultured with DMSO, as 

indicated by smaller and pink color of the cell pellet. B) Erythroblastic island (EBI) culture 

experiments as described in Methods. Images of the cell pellets collected from various samples 

of MEL cells cultured alone, with DMSO, with macrophages (MFs) from noninfected mice (NI), 

or with MFs from 17XNL infected mice at day 15 post infection (p.i.). Cell pellets designated 

within the black circles. C & D) Representative images of EBIs from Giemsa stained coverslips 

A) B)

C) D)

FIGURE 2.18 EBI cultures
A) Image of mouse erythroleukemia cells (MEL) without or with DMSO. Previous culture experiment showing differentiation of MEL cells when cultured with 
DMSO indicated by smaller cell pellet and pinker color. B) Erythroblastic island (EBI) culture experiment as described in Methods. Image of cell pellets collected 
from various samples of MEL cells alone, MEL cells with DMSO, MEL cells with macrophages (MO) from noinfected mice (NI), or MEL cells with MO from 
17XNL day 15 post infection (p.i.) mice. Cell pellets designated within the black circles. C & D) Representative images of EBIs from Giemsa coverslips of MEL 
cells cultured with MO from NI (C) or 17XNL day 15 or 18 p.i. (D). Potential MEL differentiation with enucleation marked by green arrows.

MEL 
ONLY

MEL +
DMSO

MEL 
ONLY

MEL +
DMSO

MEL +
NI MO

MEL +
17XNL MO

EBI: NI MO + MEL EBI: 17XNL MO + MEL



  100 

of MEL cells cultured with MFs from NI (C) or 17XNL infected mice at day 15 or 18 p.i. (D). 

Potential MEL cell differentiation with enucleation marked by green arrows.   
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2.4 Discussion 

2.4.1 Anemia of 17XNL infected mice 

 The 17XNL infected mice displayed anemia through dramatic reductions in both 

hematocrit and hemoglobin levels. As determined by WHO definitions for SMA diagnostics, 

children with human malaria parasite infections have SMA when levels drop below 15% for Hct 

and 5g/dL for Hb. Although levels indicative of SMA will be different in mice, the 17XNL 

infected mice had peak reductions to around 20% for Hct and around 5g/dL for Hb, suggesting 

these mice were quite anemic.  

 

2.4.2 Red blood cell clearance 

2.4.2.1 Red blood cell clearance rates 

The results for levels of Hb, Hct, total blood cell counts, as well as the visual observation 

and counts of the blood smear percentages of RBCs all indicated RBC clearance occurred for the 

17NXL infected mice (Figure 2.6 & Figure 2.7). As the parasites preferentially infect 

reticulocytes, the dramatic reduction in mature RBCs were likely caused by removal of unRBCs. 

As aged or damaged RBCs are removed during homeostasis, there will always be some changes 

to the levels of RBCs in the blood (117). However, the use of the NI mice as controls helped 

account for these changes. The exact same measurements and quantity of the blood used for each 

experiment was performed on both the NI and 17XNL infected mice; therefore, any effects from 

homeostatic RBC turnover or blood sampling were noted in the NI mice samples. The NI mice 

showed the ability to retain normal levels of Hct, Hb, percentage of RBCs, total blood cell 

counts, and calculated RBC counts over time. There also were only minor changes for the levels 

of reticulocytes in the NI mice over time (Figure 2.6 & Figure 2.7). Therefore, the 17XNL 
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parasite infection likely induced specific mechanisms that removed mature unRBCs for the 

infected mice. Some studies have attempted to model the turnover of RBCs and identify changes 

to these rates during infections or trauma to the host. One study demonstrated that for every 

iRBC destroyed there were almost 10 times the number of unRBCs removed during malaria 

infections (155). Another study showed that malaria patients with splenomegaly had higher 

clearance of RBCs than those without splenomegaly (160). These protocols and measurements 

could be performed on the 17XNL infected mice, especially as splenomegaly was present. 

Another method could utilize injections of stained naïve RBCs, from other mice, to compare the 

clearance rates of these stained RBCs in NI and 17XNL infected mice. Utilizing these other 

protocols and modeling techniques could help further understand how much clearance of RBCs 

occurred in the 17XNL infection model. These techniques may help quantify the removal of 

RBCs for the 17XNL infected mice and determine the degree this may differ from the normal 

turnover of RBCs that occurs in NI mice. 

 

2.4.2.2 Red blood cell removal by phagocytosis  

To determine possible mechanisms of how RBCs were being removed, phagocytosis 

assay and histology analysis were performed. The in vitro phagocytosis assays showed that both 

BMDCs and BMDMs were able to phagocytize infected RBCs and infected reticulocytes. There 

also was some phagocytosis of unRBCs observed when cultured with the unRBC layers from the 

NI and 17XNL infected mice (Figure 2.8). Although these values were not high, the possibility 

of unRBCs being removed by phagocytes was demonstrated and may have occurred for the 

17XNL infection model. The density gradient centrifugation separation of the iRBCs and 

unRBCs from the blood could be improved: there were many unRBCs still present in the top 
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layer (which was considered infected RBCs and infected reticulocytes only), and there were 

parasites present in the bottom layer (which was considered unRBCs only). Therefore, some of 

the phagocytosis measurements of the iRBC top layer could have included phagocytosis of 

unRBCs. These phagocytosis experiments were also only performed with blood from 17XNL 

infected mice on day 4 p.i. Further experiments could be done using different timepoints 

throughout the 17XNL infection, especially as the drop of RBCs was more significant after day 4 

p.i. The use of different timepoints as well as further optimization of the density gradient 

centrifugation protocol could be performed to obtain more homogenous populations of iRBCs in 

the top layer and unRBCs in the middle and bottom layers.  

Other methods and experiments could also be performed to investigate additional 

mechanisms that remove RBCs. NK cells as well as CD8+ T cells have been shown to remove 

unRBCs during malaria parasite infections (62, 63, 106). Therefore, new studies could analyze 

the clearance rates of iRBC and unRBCs by NK cells and CD8+ T cells to determine other 

possibilities leading to the reduction in RBCs for the 17XNL infected mice. Also, RBCs will 

externalize phosphatidyl-serine to their outer cell surface, which tags the cells for clearance by 

phagocytosis or apoptosis (76). Flow cytometry analysis could be applied to measure 

phosphatidyl-serine externalization on the cell surfaces of both iRBCs and unRBCs for the 

17XNL infected mice. This could potentially suggest if higher rates of phosphatidyl-serine 

externalization occurred for unRBCs in the 17XNL infection model.  

 

2.4.2.3 Red blood cell removal by hemolysis 

 RBC loss was surveyed in the histology images of both the BM and spleen tissues of 

17XNL infected mice by the pathologist Dr. Qi (Laboratory of Immunogenetics, NIAID, NIH). 
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H&E staining of the BM of 17XNL infected mice over time showed overall increases in the 

quantity of white spaces/areas, indicating reductions in RBCs (Figure 2.9). Also, Dr. Qi 

identified hemolysis occurring of both iRBCs and unRBCs in the BM and spleen of 17XNL 

infected mice (Figure 2.10). Therefore, the loss of RBCs was not only demonstrated in the blood 

but also in the BM and the spleen for the 17XNL infected mice. Further analysis could 

potentially be used to quantify the occurrences of hemolysis of unRBCs in the BM and spleen of 

17XNL infected mice to determine the contribution of hemolysis in the overall reduction of 

RBCs. 

 Related to hemolysis, when RBCs in the blood are lysed, hemoglobin is released, which 

can interact with reactive oxygen species to form methemoglobin. The methemoglobin is 

unstable and releases free heme. Heme has been shown to induce pro-inflammatory responses, 

and may play a role in cerebral malaria (161). Measurements of plasma heme levels throughout 

the 17XNL parasite infection in mice, as well as NI mice for controls, could be performed to get 

an approximate quantification on how much lysis of RBCs may be occurring. 

 

2.4.3 Changes to erythropoiesis 

2.4.3.1 Dissecting terminal erythropoiesis 

The 17XNL infection model demonstrated erythropoiesis in the BM as well as the spleen 

(Figure 2.12). Three terminal erythropoietic stages (EryA, EryB, and EryC) were distinguished 

using flow cytometry analysis. Within the 17XNL infected mice spleen, there were trends of 

increased EryA and EryB groups at day 10, 18, and 22 p.i. indicating induction of erythropoiesis. 

Interestingly, the most mature stages of terminal erythropoiesis (EryC group) appeared to be 

decreased in ratio and count for 17XNL day 18 p.i. (Figure 2.12, E & F). This may indicate 
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erythropoiesis was induced for the 17XNL infected mice; however, there may have been an 

inhibition or blockage to get fully matured RBCs. This inhibition likely occurred during the 

differentiation of EryB cells to EryC cells, as there was a drop in the ratio for the EryC group. 

The 17XNL infected mice spleen also increased in size, which would increase total splenic cells 

present. This indicated why there were no significant reductions for the EryC cell counts 

compared to NI mice counts, even though there was a significant reduction in the ratio of EryC 

group (Figure 2.12, E–H).  

In order to dissect the possibly blockage of EryC differentiation, other experiments could 

further look at the specific cell stages of differentiation that may be inhibited. As the EryA, 

EryB, and EryC groups likely included cells from various stages of erythropoiesis, sorting flow 

cytometry could be utilized to identify the exact erythropoietic stages within these three groups. 

Other studies have utilized CD44, an adhesion molecule, over CD71 to help break down the 

differentiation stages of terminal erythropoiesis. CD44 expression was shown to decrease from 

proerythroblasts to reticulocytes allowing flow cytometry analysis to show five different groups 

of terminal erythropoiesis that represented the exact five cellular differentiation stages (162, 

163). Therefore the use of CD44 could be applied to the 17XNL infection model to determine 

more specific changes to the five differentiation stages of terminal erythropoiesis. Flow 

cytometry analysis would need to be optimized as the presence of parasites in the reticulocytes 

may change their cell shape, which could affect the flow cytometry gating protocol that utilizes 

forward scatter (size of cell). Also, P. vivax parasites have been shown to infect orthochromatic 

cells. As 17XNL parasites are similar to P. vivax, which preferentially infect reticulocytes, the 

17XNL infection model could be modified to use green fluorescent protein tagged 17XNL 

parasites. These tagged parasite infections in mice would help determine the different stages of 
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erythropoiesis that 17XNL parasites can infect as well as observe the overall changes to terminal 

erythropoiesis that may occur. 

Other studies could also utilize PHZ for comparisons to better characterize the changes in 

erythropoiesis. The 17XNL infected mice were compared to NI mice for these studies. However, 

there is very little erythropoiesis that will occur in the spleen for NI mice. Also there may be 

changes to erythropoiesis for 17XNL infected mice, but whether these changes were defective or 

ineffective was harder to determine when comparing to NI mice. The 17XNL infected mice are 

hypothesized to have defective or ineffective erythropoiesis demonstrated by the decreased EryC 

groups at day 10 and 18 p.i. (Figure 2.12). However, the 17XNL infected mice eventually 

cleared the parasites and recovered to normal blood cell levels, indicating that any defective or 

ineffective erythropoiesis was then resolved. New experiments could utilize PHZ treated mice, as 

the mice have a drastic loss of RBCs, an induction of stress erythropoiesis in the spleen, and 

recovery of RBCs to normal blood levels through effective erythropoiesis (148, 149). Therefore, 

comparison of PHZ treated mice to the 17XNL infected mice may allow better analysis of the 

erythropoietic changes as well as help clarify the possible defects in erythropoiesis seen for the 

17XNL infection model. 

Besides terminal erythropoietic stages, earlier stages of erythropoiesis could also be 

investigated in the 17XNL infected mice. One study measured HSC and the various progenitor 

cells including the megakaryocyte/erythroid progenitor, that leads to RBCs, and common 

myeloid progenitor, that leads to monocytes and MFs (109). The adaptation of this flow 

cytometry protocol could be performed on the BM and spleen of 17XNL infected mice over time 

to observe any changes to these erythropoietic stages as well as investigate the effects on other 

hematopoietic stages including monocyte and MF differentiation.    
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2.4.3.2 Histology analysis of spleen 

As the spleen showed induction of erythropoiesis for the 17XNL infected mice via flow 

cytometry, histology experiments helped further analyze the spleen. The 17XNL infected mice 

spleens increased in size, demonstrated by massive spleen size and weight at day 18 p.i. 

compared to NI mice spleens. Histology analysis also showed the presence of splenomegaly 

from hyperplasia (rapid reproduction of cells: immune cells in WP and erythroblasts in RP (143)) 

and induced extramedullary erythropoiesis in the RP (Figure 2.13). The increase in WP had been 

demonstrated previously for malaria parasite infections, as the immune cells clear out the 

parasites (72). However, the presence of splenomegaly could also result in detrimental effects on 

the functions of the spleen. The spleen is involved with the filtration and removal of iRBCs 

during malaria infections. One study found that splenomegaly impaired the trapping of P. 

berghei iRBCs during increased parasitemia levels. These spleens had splenomegaly and 

changes to the networks of cords. However, when these changes were restored, iRBCs were 

removed properly (147). This may explain what could be happening with the 17XNL infection 

model as well. The 17XNL infected mice saw a drastic increase in spleen size, especially at day 

18 p.i., alongside a high number of parasites (Figure 2.13 and Figure 2.1, respectively). The 

parasite levels drastically reduced after day 18 p.i. and the spleen weight also decreased. 

Therefore, the enlarged spleens of 17XNL infected mice may not have been able to effectively 

clear out parasites, leading to high parasite levels as well as anemic phenotypes (Figure 2.6). The 

reduction in spleen weight following day 18 p.i. may have led to restoration of spleen networks 

to effectively clear out the parasites quickly and allow the mice to recover from anemia (Figure 

2.13, Figure 2.1, and Figure 2.6). New experiments could be performed utilizing the protocols 

from the P. berghei study to determine if these changes to the splenic networks of cords occurred 
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in the spleens of 17XNL infected mice (147). Also, as splenomegaly measurements are 

important for malaria diagnostics (144, 145) other methods to quantify splenomegaly in the 

17XNL infection model can be performed. 

 

2.4.4 Characterization of erythroblastic islands 

2.4.4.1 Erythroblastic island MF flow cytometry 

 The changes to erythropoiesis, and possible blockage of EryC differentiation, were 

further investigated through analysis of erythroblastic islands (EBI), the location of 

erythropoiesis. An EBI consists of a central MF bound by differentiating erythroblasts that 

directly interact and release various factors to promote erythropoiesis (114). The central EBI 

MFs were measured using F4/80 as a murine macrophage marker alongside various 

erythropoietic markers. F4/80+ cells were increased in 17XNL infected mice compared to NI 

mice measured through flow cytometry and immunohistochemistry experiments (Figure 2.14 and 

Figure 2.16). As erythropoiesis was present in the 17XNL infection model for the BM and 

spleen, it was expected to see increased expression of erythropoietic markers. Specifically, 

EPOR, CD106, CD163 and CD169 have been shown to be important to the central MFs present 

within EBIs to help erythropoiesis occur properly (114, 118, 124, 128, 132). Therefore, as 

expected, the spleen and BM of 17XNL infected mice had overall increases in the percentages of 

EPOR+ cells as well as some increase for the percentages of CD106+ cells. In particular, 

increases in EPOR were measured through higher percentages of EPOR+ F4/80+ MFs (Figure 

2.15, B & G). The increased presence of EPOR likely induced erythropoietic functions for the 

MFs located within the EBIs. It was also hypothesized that the reductions in the expression of 
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CD163 and CD169 within the F4/80+ MFs may have lessened the ability of these EBI MFs to 

support erythropoiesis (Figure 2.16).  

 There also were declines in both the percentages of live cells and percentages of F4/80 

cells that were CD106+, CD163+ and CD169+ in the BM of 17XNL infected mice at day 40 p.i. 

(Figure 2.14 J–L and Figure 2.15 H–J). These lower erythropoietic marker expression at day 40 

seen in the BM may have been the aftereffects of the malaria parasite infection inducing 

extramedullary erythropoiesis in the spleen. The splenic cells from 17XNL infected mice also 

showed reductions of live cell and F4/80+ cell percentages that were CD163+ and CD169+ at 

day 40 p.i. compared to the NI mice percentages (Figure 2.14. E & F and Figure 2.15 D & E). 

The spleens of 17XNL infected mice may have some longer-term defects not fully identified as 

the splenic weights were still significantly larger than NI mice even at day 44 and 84 p.i. (data 

not shown). The day 40 p.i. timepoint was after clearance of parasites, at least from the 

periphery, and the 17XNL infected mice retained normal blood cell counts and RBC levels at 

this timepoint. However, maybe some effects were still occurring within the 17XNL infected 

mice spleen as erythropoiesis may be happening, even if at lower levels than during peak 

infection, leading to changes in the erythropoietic marker expressions. Another reason the 

percentages of some of the erythropoietic markers were lower at day 40 p.i. could be from the 

increased total splenic cells. As the spleen weight was higher, the number of total splenic cells 

would also be increased. Even though the erythropoietic marker percentages were lowered, the 

total counts of these cells may be similar to NI mice levels. Also, the histology analysis showed 

an increase in the WP regions of the spleen, indicating an increased production of immune cells 

within the spleen (Figure 2.13). Therefore, there likely was an increase of other cells, including 

B cells and T cells, for the 17XNL infected mice spleens at day 40 p.i., which would have 
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automatically dropped the frequencies of the EBI MF cells. The analysis of immune cells in 

17XNL infected mice was further investigated in Chapter 4 of this thesis.  

Overall, the changes in erythropoietic markers likely indicated a possible mechanism for 

decreased ability of MF function to support erythroblast differentiation in EBIs. These changes 

to the EBI MFs, including reduced levels of CD163 and CD169, may have led to the inhibitions 

of EryB cells to differentiate into EryC cells. Repeated flow cytometry experiments of these 

erythropoietic markers need to be performed to confirm the changes identified within the F4/80+ 

cells. Also, further analysis could investigate if  CD163 and CD169 were decreased on the same 

cells by gating CD163+ CD169+ (double positive) MFs for the NI and 17XNL infected mice. 

Other double, triple, or quadruple positive and negative gates could also be applied using all four 

of the erythropoietic markers (EPOR, CD106, CD163, CD169) to further analyze EBI MFs. 

Other flow cytometry experiments could also look into other MF markers to further characterize 

the MFs that may be present in EBIs, although these four erythropoietic markers were well 

known from previous studies.   

 

2.4.4.2 Characterization of MF populations 

MFs are quite heterogenous and have multiple functions, including acting as phagocytes 

as well as participating in EBIs during erythropoiesis. Stress erythropoietic models demonstrated 

an influx of monocytes entering the spleen to differentiate into MFs to help with erythropoiesis 

(134,148). Therefore, the splenic EBIs for 17XNL infected mice may contain MFs originating 

from either tissue-residency or monocyte-derivation. To further characterize the types of MFs 

present in the 17XNL infection model, IHC experiments were performed. F4/80 staining 

increased in both the BM and spleen tissues of 17XNL infected mice at day 18 p.i. compared to 
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NI mice tissue staining (Figure 2.16). This was consistent with the increase of F4/80+ cells seen 

through flow cytometry (Figure 2.14, A & G). These F4/80 MFs likely included both M1 and 

M2 MFs as both M1 and M2 MFs were elevated in the 17XNL infected mice BM and spleen 

tissues compared to NI mice (Figure 2.17). As only limited data on M1 and M2 MFs was 

analyzed for 17XNL infected mice, future experiments can expand characterizing the EBI MFs. 

In particular, the identification of M1 or M2 MFs present in EBIs could be done by possibly 

sorting M1 and M2 MFs and testing them with in vitro cultures of MEL cells to see if EBIs 

form. Other studies have also shown various markers, such as transcription factors, that could be 

measured through genomic studies or used as markers for flow cytometry analyses (140). Future 

studies utilizing some of these methods may help identify MF heterogeneity that may be present 

in EBIs for the 17XNL infected mice.   

 

2.4.4.3 Cultures of erythroblastic islands and erythroblast differentiation  

 As the 17XNL infected mice had MFs with different erythropoietic marker expression, 

their ability to support erythropoiesis was explored through in vitro experiments. Co-cultures of 

MEL cells and splenic MFs isolated from NI and 17XNL infected mice were performed. Both 

MFs from NI and 17XNL infected mice on day 15 and 18 p.i. were able to bind to MEL cells in 

cultures as EBIs were imaged (Figure 2.18, C & D). The bound MEL cells showed different 

levels of condensed nuclei, or even some cells with no nuclei, indicating erythroblast 

differentiation occurred in these cultured EBIs (Figure 2.18, C & D). Even though some 

differentiation was observed on the coverslip images, there were no changes in color to the MEL 

cell pellets (Figure 2.18, B). This likely resulted from the high replication rate of the MEL cells. 

Although some MEL cells were able to differentiate, the undifferentiated cells likely replicated 
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immensely and became more dominant in the culture. With high levels of undifferentiated MEL 

cells present in the cultures, majority of these cells may not have been able to interact and bind to 

the MFs to induce differentiation. Therefore, the few MEL cells that did differentiate were 

harder to see when observing the cell pellets as the undifferentiated MEL cells were likely more 

prominent. Future experiments could examine smears of the MEL cells in the supernatant and 

perform counts of the various differentiation stages to possibly quantify the differentiation that 

occurred. Other experiments could optimize the number of MEL and MF cells utilized in the 

cultures to induce and detect MEL cell differentiation. Erythropoietic markers had different 

expression levels at various timepoints for the 17XNL infected mice when compared to the NI 

mice levels. This may indicate possible adjustments to the EBI MFs over time that affect their 

function to help erythroblasts differentiate into mature RBCs. Therefore, the timepoints that the 

MFs were isolated for the in vitro culture experiments may have different effects on their 

abilities to form EBIs and support erythroblast differentiation. Future experiments can be 

designed to use multiple timepoints of the 17XNL infected mice, including earlier ones, to 

determine the MFs functionality for in vitro EBIs.  

 One downfall to the experimental design of the in vitro EBI cultures was not identifying 

the MF cells used in the experiments. The 17XNL infected mice had increased levels of MFs 

measured by F4/80; however, this included an increase in both M1 and M2 MFs identified by 

the IHC experiments (Figure 2.17). For the EBI culture experiments, whole spleens were 

smushed with a portion of total splenic cells pipetted onto the coverslips for the in vitro cultures. 

Although it was expected the majority of cells that would stick to the coverslips would be MFs, 

other types of cells can bind to the surface in cultures, including DCs and potentially T cells or B 

cells. Even if only MFs bound, various types of MFs may be present as MFs are quite 
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heterogenous, including the MFs found in EBIs (114). Therefore, some of these cultured MFs 

may not normally function in EBIs, as it’s unlikely all MFs can play this role. Monocytes also 

were shown to infiltrate into the spleen during stress erythropoietic models, and these monocytes 

then differentiated into MFs to help in EBIs and erythropoiesis (134, 148). This again 

demonstrates the difficulty in characterizing EBI MFs. There may have been an increase in 

monocyte-derived MFs for the spleens in 17XNL infected mice that can function in EBIs, and 

these cells may have then been cultured for the in vitro EBI experiments. The heterogeneity of 

MFs and their ability to express various cell surface markers due to the environment may 

additionally play a factor for the EBI MFs being cultured. As the MFs were cultured for 

multiple days, some changes to the MFs may have occurred. Also, the EBI cultures only used a 

small percentage of the total splenic MFs. Therefore, the hypothesized dysfunctional EBI MFs, 

shown in the flow cytometry analysis, may not have been the cells present on the coverslips for 

the in vitro cultures. Future experiments can involve using sorting flow cytometry to isolate the 

desired splenic MFs and then add these cells into cultures with MEL cells to determine if EBIs 

form and if MEL differentiation occurs.  

Besides the origin of EBI MFs, being tissue-resident or monocyte-derived, the 

multifunctionality of MFs may play a role in their ability to support erythropoiesis. MFs are 

important phagocytes to help clear out iRBCs for malaria infection models. Therefore, some 

MFs that engulfed iRBCs may have possibly also functioned in EBIs. Hemozoin, a parasite 

polymerized heme molecule, was present near the EBIs in the spleen histology images of the 

17XNL infected mice (Figure 2.13, L). EBI MFs that phagocytized iRBCs or had hemozoin 

remaining may not have been able to function properly in the EBIs. Studies have shown 

hemozoin decreased activation markers of MFs as well as triggered the phagocytic MF to 
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secrete inflammatory cytokines (52, 70, 164, 165). Another study showed P. chaubaudi infected 

cells induced the phagocytic MFs to secrete MIF, which inhibited BFU-e (130). Therefore, it 

was hypothesized that splenic MFs of 17XNL infected mice engulfed parasites. These parasites 

or hemozoin induced changes to these phagocytic MFs, which may have included decreased 

levels of CD169 and CD163 on the cell surface. During increased induction of erythropoiesis in 

the spleen, these MFs were then incorporated into EBIs. However, these changed MFs may not 

function properly in erythropoiesis. The dysfunction of these EBI MFs could have explained the 

defects in complete RBC differentiation, leading to the presence of anemia for the 17XNL 

infected mice (Figure 2.19). 

Further investigation of possible host responses, such as cytokines or other factors, and 

their contributions to malaria induced anemia for the 17XNL infection model were performed in 

Chapter 4 of this thesis. Any of these identified host responses, such as various cytokines, could 

also be incorporated into EBI culture experiments to test their effects on EBI formation and 

erythroblast differentiation. Overall, these studies can help gain a better understanding of malaria 

induced anemia. Future experiments can work to further prove the hypothesized model in Figure 

2.19 as well as possibly identify potential new targets to develop treatments for patients with 

severe malaria anemia. 
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Figure 2.19 17XNL malaria induced anemia model 

A & B) Depiction of malaria induced anemia adapted from Chang and Stevenson 2004 (71). A) 

Blood contains infected red blood cells and infected reticulocytes (both denoted as iRBCs) and 

uninfected red blood cells and uninfected reticulocytes (unRBCs). Both iRBCs and unRBCs 

were cleared out by parasite infection, lysis, or phagocytosis. Red blood cell (RBC) clearance led 

to less RBCs present in the blood, defined as malarial anemia. B) Anemia is detected by the 

kidney, which then secretes erythropoietin (EPO). Released EPO travels to the bone marrow 

(BM) to induce erythropoiesis. Malarial anemia also induces extramedullary erythropoiesis in the 
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spleen. Erythropoiesis is the differentiation of a hematopoietic stem cell (HSC) to a reticulocyte, 

which then matures into RBC. C) Macrophages (MFs) can phagocytize iRBCs. These MFs may 

then get incorporated into erythroblastic islands (EBI), which consist of a central MF bound by 

differentiating erythroblasts. The central MFs may have higher levels of erythropoietin receptor 

(EPOR) to help support erythropoiesis. The MF that phagocytized iRBCs or the presence of 

hemozoin, parasite polymerized heme molecules, may reduce expression of CD163 and CD169 

on the EBI MF. This may then cause the EBI MF to not function properly and unable to fully 

support erythropoiesis, leading to a lack of RBCs being produced. Image created with 

Biorender.com.  
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CHAPTER 3: N67C INFECTION MODEL 

 

3.1 Introduction 

3.1.1 N67C rodent malaria model 

 Another rodent malaria model was utilized to further understand malaria induced anemia. 

As noted previously, multiple strains of P. yoelii malaria parasites have been used to help 

decipher parasite factors as well as host factors that play roles in malaria disease pathogenesis for 

infected mice (52, 95, 98, 101). In particular, the N67 and N67C strains are fascinating as they 

are closely related with only a few genetic differences, including an amino acid residue change 

on the P. yoelii erythrocyte binding ligand (99). Interestingly, these few differences lead to 

drastic changes in parasite levels and immune responses for the infected mice (99). The N67 

infected mice have a clear type 1 interferon (IFN-I) immune response early on that was found to 

correspond to the reduction in parasitemia around day 5 p.i. However, the parasites are not fully 

cleared, and the parasite levels increase eventually killing the host around day 20 p.i. (Figure 3.1, 

A) (95, 101). In contrast, the N67C infected mice have lower IFN-I responses but do have 

elevated levels of pro-inflammatory cytokines including IFN-g. The parasitemia rapidly grows 

reaching around 30–50% on days 7–9 p.i. and leads to host death for the N67C infected mice 

(Figure 3.1, B). Host death may be linked to a cytokine storm, as pro-inflammatory cytokines 

increased, or host tissue damages that have been observed for N67C infected mice (99, 166, 

167). 
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Figure 3.1 Parasitemia curves of N67 and N67C infected mice 

A) Parasitemia percentages of P. yoelii nigeriensis N67 parasite infected mice over time. B) 

Parasitemia percentages of P. yoelii nigeriensis N67C parasite infected mice over time. 

Percentages of infected red blood cells and reticulocytes, parasitemia, were counted from Giemsa 

stained thin blood smears, and mean with SEM graphed in Prism. Data collected and graphed by 

previous member in Dr. Su’s laboratory (Malaria Functional Genomics Section, NIAID, NIH).   

A)

B)

FIGURE 3.1 Parasitemia curves of N67 and N67C
A) Parasitemia curve of P. yoelii nigeriensis N67 parasite (N67) infected mice over time. B) 
Parasitemia curve of P. yoelii yoelii nigeriensis N67C parasite (N67C) infected mice over time. 
Data collected and graphed from previous lab member of Dr. Su’s lab, NIAID, NIH.
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3.1.2 Malaria disease pathology for N67C infected mice 

N67C infected mice had decreased erythropoietic pathways for the initial IPA results 

from the spleen at day 4 p.i. (Figure 1.3). Since N67C infected mice showed decreases in 

erythropoietic pathways and 17XNL showed increases, even though both these parasites are P. 

yoelii species, further analysis and comparison of anemia presence in N67C infection model was 

performed (Figure 1.3). Similar experimental design and protocols performed with the 17XNL 

infection model in Chapter 2 were adapted for analyzing possible malaria induced anemia in the 

N67C infected mice. Presence of anemia was determined, followed by investigation of RBC 

clearance and erythropoiesis. The N67C parasites, which prefer to infect mature RBCs, were 

hypothesized to lead to a dramatic loss of RBCs directly by the parasites. It was also predicted 

that clearance of unRBCs would lead to anemia presence for the N67C infected mice. As the 

microarray and IPA results suggested N67C infected mice decreased erythropoietic pathways 

(Figure 1.3), it was hypothesized that erythropoiesis would be reduced or inhibited.   

As the spleen is involved with RBC filtration, extramedullary erythropoiesis, and host 

immune responses, studies were performed in this Chapter 3 to investigate N67C infected mice 

spleens in the contexts related to anemia processes. The N67C infection model was shown to 

increase pro-inflammatory cytokine levels. Also, host mortality was previously linked to an 

increase of splenic cell death through apoptosis for N67C infected mice (167). Therefore, further 

analysis of cytokines and host immune responses for the N67C infection model were also 

performed in Chapter 4.  

Overall by utilizing the N67C infection model, a deeper understanding of rodent malaria 

induced anemia could be gained. This would further help determine possibly molecular 

mechanisms identifying parasite factors or host factors that are involved in malarial anemia.  
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3.2 Methods 

3.2.1 N67C parasite infections 

Rodent malaria infections were performed as described in Chapter 2.2 Methods. The 

N67C parasites were initially obtained from the MR4 (BEI resources) and described previously 

(98, 153). The mice for all experiments were purchased from Charles River Laboratory (CRL) or 

Jackson Laboratory (JAX): inbred C57BL/6 female mice aged around 6–8 weeks. All mouse 

experiments and protocols followed the ASP #LMVR11E, which was approved by the Animal 

Care and Use Committee within the NIAID at the NIH. 

 

3.2.2 Anemia measurements 

As described in the Chapter 2.2 Methods, different measurements were taken to 

determine anemia presence in N67C infected mice. In summary, hematocrit percentages, 

hemoglobin levels, and total blood cell counts (using Trypan blue and the Nexcelom Cellometer 

Auto 2000 cell counter, Nexcelom Bioscience) were measured for blood collected from NI and 

N67C infected mice over time. Body weight and survival were also assessed (mice were 

euthanized if body weight dropped by 20% as required in the ASP). Body weights of each mouse 

were taken on a scale at day 0 (D0), the day that mice were injected with parasites, and every 1–

2 days throughout the infection. Body weight changes were calculated by subtracting the body 

weight measurements at each timepoints from the D0 measurements. These differences were 

turned into percentages and added to 100% to calculate the body weight percentage changes 

from D0 measurements over time and graphed in Prism. Besides a drop of 20% in body weight, 

the mice were euthanized if a pain score level 3 was reached, as detailed in the ASP 

#LMVR11E. 
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 Thin blood smears from tails were also taken every 1–2 days for NI and N67C infected 

mice over time. Percentages of reticulocytes and RBCs were approximated through counting 

around 1000 cells for each Giemsa stained blood smear. These percentages were graphed in 

Prism with Kruskal-Wallis statistics applied. Also, these percentages were multiplied by the total 

blood cell counts (measured on Nexcelom cell counter) to calculate total reticulocyte and total 

RBC counts. The calculated counts were graphed in Prism with significant differences 

determined by Kruskal-Wallis statistics. 

 

3.2.3 Red blood cell clearance 

 The N67C parasites preferentially infect mature RBCs, which can be cleared out by the 

host via phagocytosis. In vitro phagocytosis assays (detailed in Chapter 2.2 Methods) with 

BMDMs and BMDCs, both isolated from NI mice, were performed to determine the 

phagocytosis rates of iRBCs and unRBCs from N67C infected mice. Mouse blood from N67C 

infected mice at day 1 and 4 p.i. was collected and separated into iRBCs and unRBCs through 

density gradient centrifugation. The iRBCs (top layer) and unRBCs (middle and bottom layers) 

were cultured with BMDMs and BMDCs for 2 or 4 hours and then analyzed through flow 

cytometry to measure the percentages of BMDMs and BMDCs that performed phagocytosis. 

Blood from NI mice (unRBCs in middle layer from density gradient centrifugation) were used as 

controls. Mean and SEM were graphed in Prism with Mann-Whitney U test statistics comparing 

each group to the NI unRBCs phagocytosis values. 

 Previous studies also looked at the removal of iRBCs via phosphatidyl-serine 

externalization (166). When an RBC is damaged, phosphatidyl-serine will get externalized to the 

outer member of an RBC and tags this cell for clearance or lysis (76). This study analyzed the 
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binding of Annexin V, which binds to phosphatidyl-serine, to iRBCs that were separated into the 

different parasite stages: schizonts, trophozoites, and ring stages (166). Whole blood from NI and 

N67C infected mice were also tested for Annexin V binding. The study looked at both N67C and 

N67 parasites, however, the N67C results were only discussed here. 

 

3.2.4 Changes to erythropoiesis 

 Changes to erythropoiesis were investigated by looking at the stages of terminal 

erythropoiesis via Chapter 2.2 Methods. Koulnis et al 2011 determined three distinct groups for 

terminal erythropoiesis through flow cytometry with CD71 and TER-119 markers (111). The 

BM and spleen cells were collected from NI and N67C infected mice at day 1, 4 and 6 p.i. and 

analyzed through flow cytometry with BD FACSDiva and BD FlowJo, collecting a total of 

300,000 events per sample analyzed. The ratios of EryA, EryB, and EryC populations within the 

TER-119high gate (following gating strategy in Figure 2.4) were graphed. Whole spleens were 

imaged and weighed on a scale (Sartoris CP153) before utilized in the flow cytometry 

experiments to observe differences of the spleens for N67C infected mice over time. 

Comparisons were made to NI spleen data collected. Splenic weights were graphed in Prism with 

Kruskal-Wallis statistics applied, comparing NI mice to N67C infected mice at each timepoint.  

 

3.3 Results 

3.3.1 Characterize anemia in N67C infected mice 

 Thin blood smears were observed to measure parasitemia levels. The parasitemia for 

N67C infected mice rapidly increased reaching around 30% (Figure 3.2, A). The N67C infected 

mice also showed a decrease in body weight during the parasite infection. The loss of body 



  123 

weight and malaria disease pathology led most mice to be euthanized around day 7 or 8 p.i., as 

the mice either reached a pain score level 3 or dropped 20% in body weight (Figure 3.2, B & C). 

One mouse distinctively survived until day 16 p.i.; however, all other mice died around day 7 or 

8 p.i. (Figure 3.2, C). Some experimental variations in the infections can be expected, which may 

have led to the slight differences in the N67C parasitemia curve seen in Figure 3.2, A compared 

to curve in Figure 3.1, B. Repeated experiments have also measured slight drops in parasitemia 

after day 5 p.i. for other N67C infected mice (data not shown). 

 Although a short infection time frame, the mice became anemic as there were decreased 

levels for both hematocrit and hemoglobin (Figure 3.2, D & E). The hematocrit reached less than 

20% and hemoglobin levels were around 5g/dL by day 8 p.i. for N67C infected mice (Figure 3.2, 

D & E). There also were decreases in the total blood cell counts measured by the Nexcelom cell 

counter. Significant reduction in total blood cells were seen for the N67C infected mice at day 4, 

6, and 8 p.i. compared to the NI mice measurements (Figure 3.2, F).  
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Figure 3.2 Measurements of NI and N67C infected mice over time 

A) Parasitemia curve of mice infected with N67C parasites. Mean and SEM (n=5) graphed in 

Prism; only one mouse had measurements on days 10–16 post infection (p.i.). B) Body weight 

changes of noninfected (NI) and N67C infected mice over time. Calculated percentages of body 

weight change from day 0 (D0) body weight measurements as described in Methods. Several 

experiments combined to graph mean and SEM for NI (n=2–7) and N67C (n=1–10) infected 

mice. Kruskal-Wallis statistics comparing NI and N67C infected mice values for each timepoint 

on days 0–8 p.i.: no asterisk, not significant; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. C) 

Survival curves graphed in Prism of combined data from several experiments for NI (n=7) and 

N67C (n=10) infected mice. Prism statistics of both log-rank (Mantel-Cox) test and Gehan-

Breslow-Wilcoxon test performed with P < 0.0001 and P = 0.003, respectively, indicated by ***. 

D–E) Hematocrit (D) and Hemoglobin (E) levels for NI and N67C infected mice over time. 

Mean and SEM (n=5) graphed in Prism. Kruskal-Wallis statistics comparing NI and N67C 

infected mice values at each timepoint: no asterisk, not significant; *, P < 0.05; **, P < 0.01; 
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FIGURE 3.2 Measurments of N67C infected and noninfected (NI) mice over time
A) Parasitemia curve of five mice infected with P. yoelii nigeriensis N67C parasites (N67C). Mean and SEM graphed from five mice, with one mouse measurements for days 10–16 post infection (p.i.). B) Body weight 
changes of NI and N67C infected mice over time. Calculated percentages of body weight changes from day 0 (D0) body weight measurements as described in Methods. Mean and SEM from combined data from several 
experiments with total n=7 for NI and n=10 for N67C, displaying as a range of n=2–7 for NI and n=1–10 for N67C depending on the specific timepoint. Kruskal-Wallis statistics comparing NI and N67C values for each 
timepoints day 0–8 p.i.: no asterisk, not significant; **, P < 0.01;  ***, P < 0.001; ****, P < 0.0001. C) Surival curve graphed in Prism of combined data from several experiments with n=7 for NI and n=10 for N67C. Prism 
statistics of both log-rank (Mantel-Cox) test and Gehan-Breslow-Wilcoxon test performed with P< 0.0001 and P =0.003, respectively, indicated by ***. Hematocrit (D) and Hemaglobin (E) levels for NI and N67C infected 
mice over time. Mean and SEM graphed for n=5 for NI and n=5 for N67C. Kruskal-Wallis statistics comparing NI and N67C values for each timepoint: no asterisk, not significant; *, P < 0.05; **, P < 0.01;  ***, P < 0.001; 
****, P < 0.0001. Comparisons only made for day 2–8 p.i. as only one mouse had survived past day 8 p.i. F) Total blood cells counts measured on the Nexcelom cell counter for NI and N67C infected mice over time. Mean 
and SEM graphed from combined data from several experiments with total n=7 for NI and N=10 for N67C. Kruskal-Wallis statistics comparing NI and N67C values for each timepoint (day 0–8 p.i.): no asterisk, not signifi-
cant; *, P < 0.05;  ***, P < 0.001.. 
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***, P < 0.001; ****, P < 0.0001. Comparisons only made for days 2–8 p.i. as only one mouse 

had survived past day 8 p.i. for the N67C infected mice. F) Total blood cell counts measured on 

the Nexcelom cell counter for NI and N67C infected mice over time. Several experiments 

combined to graph mean and SEM for NI (n=7) and N67C (n=10) infected mice. Kruskal-Wallis 

statistics comparing NI and N67C infected mice values at each timepoint on days 0–8 p.i.: no 

asterisk, not significant; *, P < 0.05; ***, P < 0.001.  
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 The blood smear images for the N67C infected mice showed an increase in the number of 

iRBCs over time (Figure 3.3, B–D). Some parasites did infect reticulocytes, but the majority of 

parasites were seen inside matured RBCs. The number of RBCs in the blood smear images 

reduced when comparing the N67C infected mice at day 6 p.i. (Figure 3.3, F) to day 2 or 4 p.i. 

(Figure 3.3, D & E) or when comparing to the NI mice blood smears (Figure 3.3, A–C). The 

blood smears were also counted for percentages of RBCs and reticulocytes, noting both infected 

and uninfected status. The total RBC percentage plus total reticulocyte percentage was set to 

equal 100% for the counts of each blood smear. These RBC and reticulocyte percentages were 

also multiplied by the total blood cell counts (measured via Nexcelom cell counter graphed in 

Figure 3.2, F) to give approximate RBC and reticulocyte count data for NI and N67C infected 

mice over time. Since the blood smear percentages were out of 100% (equally the total RBC 

percentage plus total reticulocyte percentages) there was no reduction of total RBCs percentages 

for the N67C infected mice (Figure 3.3, G) even though there were significant reductions in total 

blood cells for N67C infected mice as seen in Figure 3.2, F. However, the decreases in RBCs for 

N67C infected mice were shown through the calculated RBC counts (Figure 3.3, H). There were 

significant reductions of total RBC counts for N67C infected mice at day 4, 6, and 8 p.i. 

compared to the NI mice RBC counts (Figure 3.3, H).  

Interestingly, the reticulocytes also appeared to decrease for the N67C infected mice over 

time. When looking at the blood smear images, N67C infected mice at day 4 and 6 p.i. (Figure 

3.3, E & F) had almost no reticulocytes present when compared to N67C day 2 p.i. (Figure 3.3, 

D) or the NI mice blood smears (Figure 3.3, A–C). Reticulocyte percentages and counts were 

also significantly reduced for the N67C infected mice at day 4, 6, and 8 p.i. compared to the NI 
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mice percentages and counts (Figure 3.3, G & H). This may have indicated a possible reduction 

or inhibition of erythropoiesis for the N67C infected mice.  

 Through the analysis of blood from N67C infected mice, a high number of RBCs were 

likely removed. The majority of RBCs may have been removed from the parasite destruction of 

RBCs or iRBC clearance. However, the drops in total blood cells, hemoglobin levels, and RBC 

content visualized on the blood smear images also suggested a possible loss of uninfected RBCs 

and reticulocytes (Figure 3.2 and Figure 3.3).  
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Figure 3.3 Changes to RBC and reticulocytes in blood  

A–F) Microscope images of Giemsa stained thin blood smears. Representative images from 

noninfected (NI) and N67C infected mice at day 2 post infection (p.i.) (A & D, D2), day 4 p.i. (B 

& E, D4), and day 6 p.i. (C & F, D6). G) Percentages of red blood cells (RBCs) and reticulocytes 

based on visual cell counts of blood smears from NI mice (total RBCS in dark blue; total 

reticulocytes in green) and N67C infected mice (total RBCs that combined infected and 

uninfected RBCs in red; total reticulocytes that combined infected and uninfected reticulocytes 

in purple). Mean and SEM (n=5) graphed in Prism. Kruskal-Wallis statistics compared RBC 
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FIGURE 3.3 Changes to RBC and reticulcoytes in blood for noninfected (NI) and N67C infected mice
A-F) Microscope images of Giemsa-stained blood smears. Representative images from noninfected mice and N67C infected mice over time on day 2 post infection (p.i.) (A 
& D, D2), day 4 p.i. (B & E, D4), and day 6 p.i.(C & F, D6). G) Percentages of red blood cells (RBCs) and reticulcoytes based on visual cell counts of blood smears from NI 
mice (total RBCS, dark blue line; total reticulocytes, green line) and N67C infected mice (total RBCs that combined infected and uninfected RBCs, red line, total reticulcytes 
that combined infected and uninfected reticulocytes, purple line). Means and SEM from 5 mice graphed in Prism. Kruskal-Wallis statistics compared RBC percentages for 
NI and N67C infected mice at each timepont, red asterisks, and compared reticulocyte percentages between NI and N67C infected mice at each timepoint, purple asterisks: 
no asterisk, not significant; *, P < 0.05;  ***, P < 0.001. H) Calculated RBC (blue and red lines) and reticulocyte counts (green and purple lines) from NI and N67C infected 
mice over time. Calculations used the RBC and reticulcoyte percentages from the counts of blood smears of 5 mice (seen in G) multiplied by the total blood cell counts 
(measured with Nexcelom cell counter seen in Figure 3.2, F) for each timepoint. Means and SEM graphed with Kruskal-Wallis statistics compared RBC counts between NI 
and N67C infected mice at each timepont, red asterisks, and compared reticulocyte counts between NI and N67C infected mice at each timepoint, purple asterisks: no aster-
isk, not significant; *, P < 0.05; **, P < 0.01;  ***, P < 0.001.
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percentages for NI and N67C infected mice at each timepoint (red asterisks) and compared 

reticulocyte percentages between NI and N67C infected mice at each timepoint (purple 

asterisks): no asterisk, not significant; *, P < 0.05; ***, P < 0.001. H) Calculated RBC counts 

(blue and red) and reticulocyte counts (green and purple) from NI and N67C infected mice over 

time. Calculations used the RBC and reticulocyte percentages from the counts of blood smears of 

5 mice (graphed in G) multiplied by the total blood cell counts (measured with Nexcelom cell 

counter graphed in Figure 3.2, F) for each timepoint. Mean and SEM graphed with Kruskal-

Wallis statistics compared RBC counts between NI and N67C infected mice at each timepoint 

(red asterisks) and compared reticulocyte counts between NI and N67C infected mice at each 

timepoint (purple asterisks): no asterisk, not significant; *, P < 0.05; **, P < 0.01; ***, P < 

0.001.  
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3.3.2 Investigate red blood cell clearance 

3.3.2.1 Phagocytosis assay 

Both iRBCs and unRBCs were co-cultured with BMDMs and BMDCs to investigate 

phagocytosis of RBCs. Density gradient centrifugation separated most iRBCs, seen in top layer 

(Figure 3.4, A), from the unRBCs in the middle and bottom layers (Figure 3.4, B & C) for the 

N67C infected mice on day 4 p.i. However, the separation was not 100% as parasites were 

present in the middle and bottom layers (Figure 3.4, B & C). The blood from N67C infected 

mice on day 1 and 4 p.i. was utilized in these phagocytosis experiments alongside the middle 

layer for NI blood (unRBCs only) for comparison. The highest rates of phagocytosis for the 

BMDMs occurred when incubated with N67C infected mice at day 4 p.i. top layer (iRBCs) for 2 

and 4 hours (Figure 3.4, D & E). These phagocytosis rates of the iRBCs from the N67C infected 

mice on day 4 p.i. were significantly elevated compared to the unRBCs middle layer from the NI 

mice (Figure 3.4, D & E). The iRBCs top layer also had significantly more phagocytosis of 

BMDMs for N67C infected mice at day 1 p.i. but only for the 4 hour incubation (Figure 3.4, E). 

There were no significant differences for BMDM phagocytosis of unRBCs from the middle 

layers for N67C infected mice at day 1 and 4 p.i. (Figure 3.4, D & E). However, the unRBCs in 

the bottom layer for N67C infected mice at day 4 p.i. had significantly higher phagocytosis rates 

by BMDMs at 2 and 4 hours (Figure 3.4, D & E) as well as by BMDCs at 2 and 4 hours (Figure 

3.4, F & G). The unRBCs bottom layer had almost similar phagocytosis percentages as the 

iRBCs top layer, with unRBCs bottom layer inducing around 15–20% phagocytized cells of 

BMDMs and BMDCs (Figure 3.4, D–G). The BMDCs phagocytized the iRBCs top layers from 

the N67C infected mice at day 1 and 4 p.i. around 20–25% and 15–25%, respectively (Figure 

3.4, F & G).  
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Figure 3.4 RBC phagocytosis by BMDMs and BMDCS 

Phagocytosis of infected (iRBC) and uninfected red blood cells (unRBCs) by bone marrow 

derived macrophages (BMDMs) and dendritic cells (BMDCs) in vitro. Red blood cells (RBCs) 

were separated into three layers containing iRBCs and unRBCs using 60% and 70% Histodenz 

density gradient centrifugation as described in Methods. A–C) Images of Giemsa stained thin 

blood smears from the top (T), middle (M), and bottom (B) layers after Histodenz separation of 

blood from N67C infected mice at day 4 post infection (p.i.). D–G) Percentages of phagocytized 

FIGURE 3.4 RBC clearance via phagocytosis of BMDMs and BMDCS. 
Phagocytosis of infected (iRBC) and uninfected red blood cells (unRBCs) by bone marrow derived macrophages (BMDMs) and dendritic cells (BMDCs) in vitro. RBCs were separated into three layers containing iRBCs 
and uRBCs using 60% and 70% Histodenz density gradient centrifugation as described in Methods. A-C) Images of Giemsa-stained blood smears from the top (T), middle (M), and bottom (B) layers after Histodenz separa-
tion of blood from a N67C day 4 post infection (p.i.) mouse. D and E) Plots of percentages of BMDMs containing engulfed iRBCs and unRBCs (layers T, M, or B as indicated) from noninfected mice (NI) and N67C mice at 
day 1 p.i. (D1) or day 4 p.i. (D4) after 2 hour (D, 2h) or 4 hour (E, 4h) incubation. F and G) The same plots in D and E but incubated with BMDCs. Means and SEM from combined experiments with mice n=3-6. 
Mann-Whitney U test statistics compared with the NI group: ns, not significant; *, P < 0.05; **, P < 0.01. BMDC or BMDM cells alone as controls in first column for each graph.
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cells equals the percentages of cultured BMDMs or BMDCs that contained the stained RBCs out 

of total BMDMs and BMDCs observed (indicating phagocytosis activity). D & E) Plots of 

percentages of BMDMs containing engulfed iRBCs and unRBCs (layers T, M, or B as indicated) 

from noninfected mice (NI) and N67C infected mice at day 1 p.i. (D1) or day 4 p.i. (D4) after 2 

hour (D, 2h) or 4 hour (E, 4h) incubations. F & G) The same plots in D & E but cultured with 

BMDCs. Several experiments combined to graph mean and SEM (n=3–6) in Prism. Mann-

Whitney U test statistics compared to the NI group: ns, not significant; *, P < 0.05; **, P < 0.01. 

BMDC or BMDM cells alone as controls in first column for each graph.  
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3.3.2.2 Annexin V 

As previously shown, Annexin V binding was utilized to investigate differences of 

phosphatidyl-serine externalization for iRBCs with various N67C parasite stages (166). The 

N67C schizont and trophozoite parasite stages had increased binding by Annexin V compared to 

the whole blood from N67C infected mice or NI mice (Figure 3.5). The N67C schizont infected 

cells had around 15% cells bound by Annexin V, while the N67C trophozoite infected cells had 

around 8% cells bound by Annexin V. The N67C ring stage infected cells as well as whole blood 

from NI mice had less than 5% cells bound by Annexin V (Figure 3.5) (166).   
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Figure 3.5 Annexin V binding to parasite infected cells 

Percentages of infected red blood cells (RBCs) that were bound to Annexin V, as reported in Wu 

et al 2014 (166). Phosphatidyl-serine that externalizes to outer cell membrane of RBCs were 

identified by binding of Annexin V. Whole blood (Blood) from N67C infected mice, N67 

infected mice, noninfected (uninfected) mice were analyzed for Annexin V binding. The N67C 

and N67 infected mice also had various stages of parasites isolated from the blood that were 

analyzed for Annexin V binding: schizont infected RBCs (Schiz), trophozoite infected RBCs 

(Troph), and ring stage parasite infected RBCs (Ring).   

FIGURE 3.5 Annexin V binding to parasite infected cells
Percentages of infected RBCs that were bound to Annexin V as reported in Wu et al 2014. Phosphatidyl-serine 
that externalizes to outer cell membrane of RBCs were identified by binding of Annexin V. Infected whole 
blood (Blood) from N67C infected mice and N67 infected mice as well as whole blood from noninfected 
(uninefcted) mice were analyzed. The N67C and N67 parasite infected mice also had various stages of parasites 
isolated from the blood that was analyzed: schizont-infected RBCs (Schiz), trophozoite-infected RBCs (Troph), 
and ring stage parasite-infected RBCs (Ring).



  135 

3.3.3 Determine changes to erythropoiesis 

Besides RBC clearance, erythropoietic changes were analyzed using flow cytometry. The 

BM cells from NI and N67C infected mice over time showed the presence of all three groups 

(EryA, EryB, and EryC), indicating occurrence of erythropoiesis (Figure 3.6, C). At day 4 and 6 

p.i., the N67C infected mice had lowered ratios for both EryA and EryB compared to the NI 

mice. EryB ratios were only significantly reduced for N67C infected mice on day 6 p.i. 

compared to NI mice using Kruskal-Wallis statistics (Figure 3.6, C). These decreased ratios of 

EryA and EryB also linked to higher EryC ratios seen for the N67C infected mice at day 4 and 6 

p.i.; however, the EryC ratios were not significantly increased (Figure 3.6, C). The reduced EryA 

and EryB ratios suggested a possible inhibition of erythropoiesis for the N67C infected mice. 

As seen with the 17XNL infection model (Figure 2.12) and other instances of malaria 

infections, erythropoiesis can also be induced in the spleen. The flow cytometry dot plots for the 

NI mice showed that both EryA and EryB populations were present in the spleen (Figure 3.6, A). 

Interestingly, there were decreases in the number of cells for EryA and EryB populations for the 

spleen of N67C infected mice at day 4 p.i. (Figure 3.6, B). These reductions were also seen in the 

graphed splenic ratios of EryA and EryB for the N67C infected mice over all timepoints 

compared to the NI mice ratios (Figure 3.6, D). There were significant reductions in the EryA 

ratio for N67C infected mice on day 1 p.i. and the EryB ratio for N67C infected mice on day 4 

p.i. compared to NI ratios (Figure 3.6, D). These drops in EryA and EryB ratios associated with 

the dramatic increases of the EryC ratios, especially seen for the spleen of N67C infected mice at 

day 6 p.i. (Figure 3.6, D). However, these changes in EryC ratios were not significant. These 

results suggested an inhibition of erythropoiesis in the spleen for the N67C infected mice.  
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The spleens images (taken from Wu et al 2014 (166)) showed slight increase in spleen 

size for the N67C infected mice on day 4 p.i. compared to NI mice spleens (Figure 3.7, A). There 

also were distinct darker colorations for the N67C infected mice spleens (Figure 3.7, A). These 

changes were also observed for the spleens used in the terminal erythropoiesis experiments but 

were not documented. The spleen weights were measured for the NI and N67C infected mice. 

There were significant increases in spleen weight for N67C infected mice at day 4 p.i. compared 

to NI mice (3.7, B). Although increases were also seen for N67C infected mice on day 6 p.i., the 

increases were not significant likely due to the variation as seen by high SEM error bars (Figure 

3.7, B). 
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FIGURE 3.6 Flow cytometry analysis of terminal ertyrhopoiesis 
A) Representative flow cytometry dot plots of splenic cells from noinfected (NI) mice (gating stragtegy in Figure 2.4). B) Represenative flow cytometry dot plots of splenic cells from N67C day 4 post infection (p.i.) mice.
Proerythroblast (ProE) and TER-119 high gate shown in top dot plots. TER-119 high gate was further gated into EryA, EryB, and EryC cell populations as shown in bottom dot plots. The frequencies of TER-119 high gate of 
different erythropoietic developmental cell populations from the bone marriw and spleen of NI and N67C infected mice on day 1 p.i. (D1), day 4 p.i. (D4), and day 6 p.i. (D6). The EryA, EryB, and EryC cell populations were 
graphed as ratios of the TER-119+ gate. C–D) The EryA, EryB, and EryC ratios graphed for NI and N67C infected mice bone marrow (C) and spleen (D) over time. Mean and SEM graphed for n=3-5 mice. Kruskal-Wallis 
statistics applied with all samples within a graph grouped together and multiple comparisons performed comparing the NI mice and N67C infected mice for each timepoint: no asterisk, not significant; *, P < 0.05 (asterisks 
color match the colors of the cell population compared). 
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Figure 3.6 Flow cytometry of terminal erythropoietic subpopulations 

A–B) Representative flow cytometry (gating strategy in Figure 2.4) dot plots of splenic cells 

from noninfected (NI) mice (A) and N67C infected mice (B) at day 4 post infection (p.i.). Pro-

erythroblast (ProE) and TER-119high gate shown in top dot plots. TER-119high cells was further 

gated into EryA, EryB, and EryC populations as shown in bottom dot plots. C–D) The ratios of 

EryA, EryB, and EryC groups from bone marrow (C) and spleen (D) of NI and N67C infected 

mice on day 1 p.i. (D1), day 4 p.i. (D4), and day 6 p.i. (D6). The EryA, EryB, and EryC cell 

populations were graphed as ratios of the TER-119high gate. Mean and SEM (n=3–5) graphed in 

Prism. Kruskal-Wallis statistics applied with all samples in a graph grouped together and 

multiple comparisons performed comparing the NI and N67C infected mice at each timepoint: 

no asterisk, not significant; *, P < 0.05 (asterisk color match the colors of the cell populations).  
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Figure 3.7 Spleens of N67C infected mice 

A) Images of whole spleens from noninfected (NI) mice and N67C infected mice at day 4 post 

infection (D4), taken from Wu et al 2014 (166). B) Splenic weights of NI and N67C infected 

mice over days post infection (p.i.). Mean and SEM (n=3) graphed in Prism. Kruskal-Wallis 

statistics applied comparing NI and N67C infected mice at each timepoint: ns, not significant; *, 

P < 0.05.   
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FIGURE 3.7 N67C infected spleen
A) Images of noninfected (NI) mice spleen and N67C infected mice at day 4 post infection 
(N67C D4) mice spleen taken from Wu et al 2014. B) Spleen weights of NI and N67C 
infected mice over time, days post infection (p.i.). Means and SEM graphed with Kruskal 
Wallis statistics applied with multiple comparisons comparing NI and N67C infected mice at 
each timepoint: ns, not signficant; *, P < 0.05.
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3.4 Discussion 

3.4.1 Anemia of N67C infected mice 

The N67C infected mice became anemic, as defined by lower hematocrit and hemoglobin 

levels (Figure 3.2, D & E). As majority of mice died by day 8 p.i. (Figure 3.2, C), only a few 

measurements of the blood from N67C infected mice were performed over time. However, there 

were still significant differences demonstrated from the blood cell measurements and blood 

smear graphs for the N67C infected mice when compared to NI mice controls (Figure 3.2 and 

Figure 3.3). As noted in the 3.3.1 Results section, the blood smear percentages of total RBCs 

were not decreased for the N67C infected mice. In fact, the N67C infected mice had significantly 

higher levels of total RBCs compared to the NI mice (Figure 3.3, G). These results were due to 

the method utilized for blood smear counts that had total RBC and total reticulocyte percentages 

equally to 100% for each blood smear. Additional cells in the blood were not noted, even though 

the blood does contain immune cells and other cells. The total blood cell counts were 

significantly reduced for the N67C infected mice at days 4–8 p.i. compared to the NI mice counts 

(Figure 3.2, F). Therefore, the calculated total RBC counts, measured through multiplication of 

the blood smear percentages by the Nexcelom total blood cell counts (Figure 3.2, F), showed 

significant reductions for the N67C infected mice at days 4–8 p.i. (Figure 3.3, H). These 

calculated RBC count reductions reflected the decreased levels of hematocrit, hemoglobin, and 

the total blood cells, as the majority of cells in the blood will be RBCs, for the N67C infected 

mice. 

The loss of total blood cell counts may have also included the reductions in reticulocytes 

for the N67C infected mice. Reticulocyte percentages and calculated reticulocyte counts were 

significantly reduced for N67C infected mice on days 4–8 p.i. compared to the NI mice (Figure 
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3.3). Some of these reticulocytes were likely removed by parasite infection of reticulocytes, as 

demonstrated in blood smear image of N67C infected mice at day 2 p.i. (Figure 3.3, D). 

However, it was odd that there were limited new reticulocytes present for N67C infected mice at 

day 4 and 6 p.i. blood smears (Figure 3.3, E & F). Especially as the blood withdrawals for the 

experiment led to increased reticulocytes presence for the NI mice over time (Figure 3.3, A–C). 

Therefore, the decreases in reticulocytes could have resulted from a reduction or inhibition of 

erythropoiesis for the N67C infected mice. These results may then confirm the initial IPA results 

showing N67C infected mice had decreased erythropoietic pathways.   

 

3.4.2 Red blood cell clearance 

The reduction of RBCs for the N67C infected mice were likely contributed to clearance 

of iRBCs. However, the dramatic drops in total blood cells, hemoglobin levels, and RBC content 

from the blood smear images indicated a possible loss of unRBCs as well. Phagocytosis is a 

known method to clear out malaria parasite infections (36, 72). Both MFs and DCs are known 

phagocytes; therefore, BMDMs and BMDCs were used for in vitro phagocytosis assays to look 

at the possible clearance mechanisms of iRBCs and unRBCs for the N67C infection model. Both 

top layers (containing mostly iRBCs) from N67C infected mice at day 1 and 4 p.i. induced high 

phagocytosis rates by both BMDMs and BMDCs (Figure 3.4, D–G). Additionally, the N67C 

infected mice day 1 iRBCs top layer appeared to trigger stronger phagocytosis by BMDCs 

(around 20–25%) compared to BMDMs (around 4–8%) (Figure 3.4, D–G). Interestingly, the 

bottom layers (expected to contain mostly unRBCs) from N67C infected mice on day 4 p.i. had 

almost similar phagocytosis percentages compared to the iRBCs top layers, reaching around 20% 

phagocytized cells for BMDMs and BMDCs (Figure 3.4, D–G). This was likely explained 
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through the presence of parasites (iRBCs) in the bottom layers (Figure 3.4, C). The density 

gradient centrifugation protocol did not completely separate the iRBCs from the unRBCs. Some 

iRBCs were visible for both the middle and bottom layers of the blood separated from N67C 

infected mice at day 4 p.i. (Figure 3.4, B & C). There were less parasites present in middle and 

bottom layers compared to the top layer (Figure 3.4, A). The density gradient centrifugation 

protocol to separate whole blood resulted in most cells being present in either the top or middle 

layers with less total cells in the bottom layer, as seen in the smears of the bottom layer having 

less cells present (Figure 3.4, C). Therefore, any parasites that did slip through into the bottom 

layer resulted in an overall higher percentage of iRBCs within those samples. This could explain 

why the bottom layer for N67C infected mice on day 4 p.i. led to high phagocytosis rates when 

cultured with BMDMs and BMDCs. Also, one of the individual experiments with BMDCs had 

lower percentage of phagocytosis for iRBCs top layer of N67C infected mice on day 4 p.i. than 

the iRBCs top layer on day 1 p.i. (raw data not shown). This could again have resulted from 

variations in the numbers of iRBCs and total cells in the different layers. Also, there was higher 

phagocytosis of the unRBCs middle layer for N67C infected mice on day 4 p.i. compared to day 

1 p.i. This, in conjunction with the high phagocytosis of the bottom layer for day 4 p.i., showed 

that overall more phagocytosis occurred when cultured with the layers of day 4 p.i. compared to 

layers of day 1 p.i. from N67C infected mice. This coincided with a host likely having more 

phagocytosis when there are higher levels of parasites present as seen with the N67C infected 

mice over time. Some of the unRBCs present in all layers, and especially in the bottom layer on 

day 4 p.i., for N67C infected mice may have also been phagocytized.  

This was further demonstrated by the unRBCs from NI mice being phagocytized, even 

though at smaller percentages (Figure 3.4, D–G). Interestingly, one of the BMDM experiments 
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showed higher phagocytosis for the NI mice middle layer compared to a repeated experiment. 

One experiment had an average around 6% while other experiment had around 1% for 

phagocytosis activity (raw data not shown). These datasets were combined for the graphs in 

Figure 3.4 resulting in overall lower phagocytosis rates than compared to the rates when cultured 

with iRBCs top layers of N67C infected mice.  

However, this showed the importance to repeat experiments and combine datasets. As 

there were some variations between experimental datasets, further experiments could be 

performed. Also, further optimization of the density gradient centrifugation protocol should be 

performed to improve separation of the iRBCs from unRBCs. One idea could utilize 

synchronization of parasites through overnight in vitro cultures in order to get the parasites at the 

same stage. This could possibly lead to better separation of the parasite iRBCs from unRBCs, as 

some specific parasite stages may have been sorted into the top layer. However, the use of 

synchronization would negate the purpose and aspects of using in vivo models of rodent malaria 

infections. Parasites are present at various stages within a host and these different stages may get 

phagocytized at different rates. For example, Wu et al 2014 demonstrated cells infected with 

schizont parasite stage were phagocytized by BMDMs at higher rates compared to trophozoites 

or ring stage infected cells (166). This data was similar to the results seen by variations of 

Annexin V binding to different stages of parasites (166).  

There was an increase in N67C schizont infected cells that were bound by Annexin V, a 

measurement of phosphatidyl-serine externalization (Figure 3.5) (166). Both the N67C schizont 

and N67C trophozoite infected cells had high amounts of Annexin V binding, especially 

compared to the N67C ring stage infected cells and whole blood from the N67C infected mice 

(Figure 3.5). Although low, Annexin V did bind to whole blood from NI mice (Figure 3.5). This 



  144 

could relate to the RBC turnover, as some RBCs that are damaged, stressed, or aged will 

externalize their inner phosphatidyl-serine to the outer cell membrane. This externalization then 

can be recognized by phagocytes or other clearance mechanisms (76, 117). Although Annexin V 

bound to unRBCs (whole blood of NI mice), these percentages of cells that were bound were 

quite low (Figure 3.5). Therefore, other mechanisms of RBC removal should also be investigated 

to determine clearance of RBCs for the N67C infected mice. In particular, both CD8+ T cells and 

NK cells have been shown to clear both iRBCs and unRBCs during malaria infections (62, 63, 

106). Alternatively, methods to measure the RBC turnover and possible loss of RBCs could be 

utilized to further understand how much clearance of RBCs occurred for the N67C infection 

model (155). 

 

3.4.3 Changes to erythropoiesis 

A decrease or inhibition of erythropoiesis from the blood smear images and counts 

(Figure 3.3) led to the investigation of terminal erythropoietic stages for the N67C infected mice. 

There were less EryA and EryB populations seen for the BM cells from N67C infected mice 

compared to the NI mice (Figure 3.6, C). However, the EryB ratios were only significantly 

reduced for the day 6 p.i. timepoint when comparing N67C infected mice to NI mice (Figure 3.6, 

C). The nonparametric Kruskal-Wallis statistics that were used grouped the data of EryA, EryB 

and EryC all together to determine ranks. Then multiple comparisons were made comparing each 

of these three groups for NI and N67C infected mice at each timepoint. This analysis therefore 

grouped all of the data together rather than looking at the data within each of the EryA, EryB, or 

EryC populations separately. This likely resulted in little significance for the comparisons. This 

also could explain no significance being present for the increases of EryC ratios in the spleen.  
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With malaria infections, extramedullary erythropoiesis often occurs in the spleen (52, 

72). Interestingly, there were lower numbers of splenic cells in the EryA and EryB populations 

seen in the flow cytometry dot plots of N67C infected mice at day 4 p.i. compared to NI mice 

(Figure 3.6, A & B). The ratios of EryA and EryB also seemed to be decreased for the splenic 

cells from N67C infected mice compared to NI mice at all timepoints. There were significant 

decreases of EryA and EryB ratios for N67C infected mice at day 1 and 4 p.i. compared to NI 

mice ratios (Figure 3.6, D). These reductions led to the splenic EryC ratios being higher for the 

N67C infected mice, especially at day 6 p.i.; however, these increases were not significantly 

different from the NI mice (3.6, D). Again, this could have resulted from the way the Kruskal-

Wallis statistics were applied. In a different statistical analysis, there were significant decreases 

for EryC ratios at day 4 p.i. for N67C infected mice compared to NI mice ratio when all of the 

splenic EryC ratios were grouped together alone for Kruskal-Wallis statistics (analysis not 

shown). There also may not have been significant differences for EryC ratios for the N67C 

infected mice as there were likely decreased levels of erythropoiesis occurring. As EryA 

differentiates into EryB which differentiates into EryC, a higher amount of EryC could have also 

arisen through quicker differentiation during erythropoiesis. Further experiments would need to 

be performed to develop methods on determining if inhibition or quicker differentiation may 

have led to the increased ratios of EryC population.  

The spleens increased in weight and had darker color for the N67C infected mice (Figure 

3.7). This increase in spleen weight and coloration of the N67C infected mice spleens could have 

been caused by parasites present within the spleen (62). Parasite iRBCs can sequester within the 

vasculature of organs, including the spleen (24, 59). Also parasites were likely cleared out 

through the spleen leading to release of hemozoin, parasite polymerized heme molecule. Future 
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experiments could perform histology analysis on the spleens of  N67C infected mice to observe 

causation of spleen size increase and darker coloration. 

Overall, the N67C infection model can be utilized to study malaria induced anemia as the 

N67C infected mice became anemic with reduced hematocrit, hemoglobin, and total blood cells. 

There was in vitro removal of iRBCs through phagocytosis, with possibility of clearance of 

unRBCs as well. Images of the blood smears of N67C infected mice showed reduction in RBCs 

as well as decreased reticulocytes. The reticulocytes were significantly reduced for days 4–8 p.i. 

for N67C infected mice compared to NI mice controls. This indicated a possible inhibition of 

erythropoiesis. The flow cytometry of terminal erythropoietic populations showed some 

reductions of EryA and EryB populations for BM and splenic cells from the N67C infected mice 

compared to NI mice. This indicated the N67C infected mice likely had lowered erythropoiesis 

in the BM and did not have much extramedullary erythropoiesis occurring in the spleen during 

parasite infection. This could have been one of the reasons that the N67C infected mice died 

from the parasite infection. However, other host immune responses were also a factor as 

discussed in Chapter 4. Future experiments could possibly look at earlier stages of erythropoiesis 

to determine exactly which phase may be reduced for the N67C infected mice. Other 

hematopoietic pathways leading to immune cells, such as myeloid and lymphocytes, could also 

be investigated to determine if these pathways may also be inhibited in the N67C infection 

model. 
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CHAPTER 4: COMPARISONS OF HOST RESPONSES IN 17XNL AND N67C INFECTION 

MODELS 

 

4.1 Introduction 

Overall purpose of the experiments in this chapter was to determine the host factors and 

host responses that may contribute to malaria induced anemia for 17XNL and N67C infection 

models.  

 

4.1.1 Roles of parasite and host in malaria disease pathology 

4.1.1.1 Host-pathogen interactions 

Most research on infectious diseases always includes dissecting host-pathogen 

interactions. The degrees of disease pathology can arise from pathogen factors, how the pathogen 

interacts with the host, as well as any subsequent host responses that may be harmful. 

Both differences in the parasites and hosts will play important roles leading to the diverse 

range of disease pathology with malaria parasite infections. As mentioned in Chapter 1, there are 

different strains of parasites with some causing more severe disease, such as various P. 

falciparum strains in humans and P. yoelii YM strain in mice. For human malaria parasites, there 

are a few major differences between P. vivax and P. falciparum linked to disease pathology. P. 

vivax has lower parasitemia levels as it mostly infects reticulocytes (3). Also, P. vivax parasites 

can undergo dormant stages in the hosts, present as hypnozoites in the liver, that can re-activate 

or display as relapses of malaria parasite infections (168, 169). This dormant stage demonstrates 

the variations of human malaria parasites, which can lead to changes in disease severity for the 

infected patients, indicating the need to understand and identify the different parasites (170). P. 
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vivax was also mostly absent in Africa due to humans having the Duffy-negative blood group. 

However, recent studies in African countries have shown increased presence of P. vivax that 

likely infected Duffy-negative cells by alternative mechanisms (8-10). P. falciparum species are 

most prevalent in Africa. There are various P. falciparum strains that lead to a wide range of 

disease phenotypes from uncomplicated malaria to severe malaria (24, 44, 45). The genetic 

variations of malaria parasites and their proteins also adds to the complexities for developing 

vaccines and determining drug regimens or other treatments (22, 23).  Overall, these differences 

in disease severity by P. falciparum and P. vivax demonstrate both parasite factors and host 

factors can influence malaria disease phenotypes. The host-pathogen interactions for malaria 

parasite infections in humans support a cat and mouse game with continued changes seen in both 

parasite factors and host factors.  

 

4.1.1.2 Parasite factors linked to malaria disease pathology 

Current studies on malaria parasite infections involve identification of the genetic 

variations in both parasites and humans in order to determine which specific parasite factors or 

host factors directly contribute to the different malaria disease phenotypes.  

 There are many parasite genes and molecules that have been linked to malaria disease 

phenotypes. For example, the P. yoelii erythrocyte binding ligand has been shown to affect 

parasite growth, virulence, and host mortality for infected mice. N67C parasites with one amino 

acid residue change showed lower IFN-I responses and earlier host death compared to N67 

parasite infections in mice (99). Hemozoin, a parasite polymerized heme molecule, has also been 

shown to affect malaria disease pathology. Hemozoin that was phagocytized by MFs was shown 

to induce the MFs to secrete inflammatory cytokines. This also led to a dysregulation of innate 
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inflammatory mediators (70, 171). Some of this dysregulation will cause a suppression of 

erythropoiesis. Hemozoin has also been found in the BM of patients with severe malaria 

alongside an abnormal RBC development (85).  

 

4.1.1.3 Host factors linked to malaria disease pathology 

Various host factors may contribute to malaria disease pathology as well. One example 

showed different disease severity from the same rodent Plasmodium parasites in the same strain 

mice from different commercial vendors (172). C57BL/6 mice from Charles River Laboratory 

(CRL) are slightly different from the C57BL/6 mice from Jackson laboratory (JAX). 

Technically, the mouse strains are C57BL/6N for CRL mice and C57Bl/6J for JAX mice (173). 

Some of the differences between these mice include variations in their gut microbiota. The 

microbiota content varied between the JAX versus CRL mice, including amounts of 

Lactobacillus and Bifidobacterium. These differences in the microbiota were linked to disease 

severity seen with rodent Plasmodium parasites, showing the JAX mice were more “resistant” to 

malaria parasite infections compared to CRL mice. These results indicated the composition of 

the gut microbiota may influence malaria disease pathology (172). 

 

4.1.1.4 Host immune responses linked to malaria disease pathology 

One complexity when studying host factors is dissecting which host factors are useful or 

protective versus those that are detrimental to the host during malaria parasite infections. This is 

particularly the case with host immune responses, including cytokines and immune cells.  

In order to clear out a parasite infection, the host will secrete different cytokines that can 

help induce the removal of the parasites. TNF-a and IFN-g have been correlated with protection 
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against malaria parasite infections (174, 175). IFN-I responses also helped reduce the parasitemia 

levels early on for N67 infected mice (95, 101, 166). Sequestered iRBCs can induce 

inflammation, which may release various cytokines and chemokines to help recruit immune cells 

(24, 59). However, some of this inflammation and other cytokines can have detrimental effects 

leading to more severe malaria disease pathology. As noted previously, various pro-

inflammatory cytokines have been shown to be increased in patients with SMA (47-49). Specific 

cytokines, such as TNF, IL-6, IL-1b, MIP-1a, MIP-1b, were all increased in patients with SMA. 

Some of these Th1 immune response cytokines have been linked to suppression of 

erythropoiesis, and a few Th2 immune response cytokines including IL-4 also have inhibitory 

roles on erythropoiesis (36). TNF-a and IFN-g can also inhibit erythropoiesis (176, 177). TNF-a 

showed an additive effect on hemozoin’s inhibition of erythropoiesis in co-culture experiments 

as well (85). The balance of IL-10 and TNF-a levels also showed correlation to disease severity 

and SMA presence (83). In contrast, IL-12 was found to stimulate erythropoiesis, with decreased 

IL-12 levels measured for SMA patients and rodent malaria anemia models (178, 179).  

 Immune cells are most crucial to help fight off pathogens. Early removal of iRBCs, 

particularly at the blood stage, are performed by various immune cells including mast cells, NK 

cells, and neutrophils for rodent malaria models (24). Also MFs, DCs, and monocytes can 

remove iRBCs, especially iRBCs that pass through the blood filtration system of the spleen (52, 

72). T cells can also help clear iRBCs, especially at later timepoints of the infection (63). 

However, CD8+ T cells were also implicated in the severity and higher mortality of cerebral 

malaria in mice (64). Additionally, CD8+ T cells were found to play a role in malaria induced 

anemia (62). T cells, as well as other immune cells, can also contribute to malaria disease 

severity by secreting many of the pro-inflammatory cytokines listed above (24).  
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4.1.2 Research tools to study parasite and host factors 

4.1.2.1 Research tools linking parasite and host factors 

To help further understand and identify parasite and host factors that are involved with 

malaria disease, Dr. Su’s laboratory (Malaria Functional Genomics Section, NIAID, NIH) has 

developed microarray platforms and trans-species expression quantitative trait locus (Ts-eQTL). 

Ts-eQTL involves using sequencing data of parasite genetic polymorphisms and expression of 

host genes to help identify specific host genes linked to parasite genetic loci (95, 101, 180). Ts-

eQTL has also helped dissect host and parasite factors by analyzing samples from progeny of 

parasite genetic crosses (100). For example, N67 parasite strain was crossed with 17XNL 

parasite strain using mosquitos for sexual reproduction (98, 101, 102). All progeny were isolated, 

cloned and infected into mice, with Ts-eQTL performed (98, 101, 102). By using two different P. 

yoelii strains that have different malaria disease pathology in mice, both parasite factors and host 

factors were identified and linked to the different disease phenotypes. This analysis also 

contributed other host genes, with unknown function, to specific host responses in rodent malaria 

parasite infections. One example identified the March1 gene’s involvement in the IFN-I 

responses for N67 infected mice (157).  

 

4.1.2.2 Genomic approaches to investigate host pathways 

There are multiple sequencing technologies utilized to help identify variations in both 

hosts and parasites for malaria parasite infections. Genomic sequencing can determine the 

changes in various parasite strains. One study developed a microarray to detect genetic variations 

for different P. yoelii strains (180). Genes are only expressed once they are transcribed into 

mRNA, messenger ribonucleic acid, and then translated into proteins. Therefore dissecting 
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mRNA sequences has advantages to understand which genes are being expressed. Microarray 

technology can also study gene expression utilizing a chip with known DNA sequences of 

specific genes. mRNA is isolated from desired samples, converted to complementary DNA 

(cDNA) and then hybridized onto the microarray chip. Binding of the cDNA to the chip will 

show which genes are expressed in the mRNA samples analyzed. Microarray hybridization has 

been utilized to analyze host mouse genes that were expressed for different rodent malaria 

models (102, 166). 

 

4.1.2.3 Analysis of expression data 

Microarray datasets are often processed through Quantile normalization, mixed-effect 

ANOVA (analysis of variance), P-value adjustments, and gene set enrichment analysis using 

JMP Genomics software (SAS Institute) as previously described (181). This normalization and 

readout produce the genes that were differentially expressed for the sample. Gene functions can 

be analyzed using gene ontology (GO) terms. GO terms have been used as an annotation system 

to study the functional states of genes (182). Besides knowing which genes are expressed, the 

gene expression datasets can be explored further to identify pathways that involve those genes. 

Ingenuity pathway analysis (IPA) by Qiagen is one such tool that performs pathway analysis. 

IPA utilizes knowledge from previously published host genes and pathways, including many 

pathways for mice. IPA can provide details on various pathways as well as upstream regulators. 

Significance of the pathways and regulators are measured with calculations of  P-values, the 

association or overlap between set of genes and a given pathway, and z-scores that determine the 

activation state of regulator with positive values showing activation and negative values showing 

inhibition (102).  
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4.1.2.4 Erythropoietic related genes 

Measuring mRNA levels will only provide information on gene expression. Further 

studies on the resulting protein levels can help confirm mRNA expression data. The initial 

microarray data for N67C infected mice (Figure 1.3) revealed changes to GATA1 (GATA 

binding protein 1) and BET (bromodomain and extra-terminal) proteins, which are related to 

erythropoiesis. GATA1 is a hematopoietic transcription factor that is also activated during 

erythropoiesis. Higher GATA1 activity was observed during the differentiation stages of 

erythropoiesis from BFU-e through orthochromatic erythroblast (183). Also, some of the BET 

protein family have been linked to erythropoiesis. BET proteins will locate to specific genes that 

are GATA1 regulated to support transcriptional activation of these genes. In particular, 

bromodomain containing protein 2 (BRD2) and bromodomain containing protein 4 (BRD4) were 

shown to affect activation of different erythroid associated genes. The BET protein family also 

includes bromodomain containing protein 1 (BRD1), bromodomain containing protein 3 (BRD3) 

and the bromodomain testes-specific protein (BRDT) (184). Therefore, experiments measured 

GATA1 and BET protein levels to confirm the microarray and IPA results and determine their 

roles in malaria infection models.  

Overall, utilizing genomic analyses as well as measurements of cytokine levels and host 

immune cells can help potentially link host pathways or host immune responses to malaria 

induced anemia. As both 17XNL and N67C infection models experienced anemia, understanding 

the host responses in these two parasite infections may help identify new pathways linked to 

anemia. Different gene expression approaches as well as examination of the host cytokines and 

immune cell responses were performed on the 17NXL and N67C infection models with the hope 
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to identify variations in host responses as well as any possible connections to malaria induced 

anemia. 

 

4.2 Methods 

4.2.1 Rodent malaria models 

17XNL and N67C parasites and infections in mice are described in Chapter 2 and Chapter 3, 

respectively.   

 

4.2.2 Analysis of host pathways through gene expression data 

4.2.2.1 Microarray  

All microarrays were performed by the Genomics Technologies Section (genomics and 

advanced technologies core facility) within NIAID at the NIH. 

 

4.2.2.1.1 17XNL infection model 

Methods for microarray were followed as described previously (101, 102). Microarrays 

were performed on mRNA from the spleens of NI and 17XNL infected mice on day 1 and 4 p.i. 

RNA isolation from mouse spleens was performed using the protocols for the RNeasy Mini kit 

(Qiagen). The mRNA labeling, amplification, signal scanning, and analysis were performed as 

described (101, 102). The mRNA samples were hybridized to mouse genechips Illumina 

MouseRef-8 v2.0 or MouseWG-6 v2.0 Expression BeadChip (GEO accession no. GPL6885 and 

GPL6887). Quantile normalization, mixed-effect ANOVA, P-value adjustments, and gene set 

enrichment analysis were performed using JMP Genomics software (SAS Institute) (101, 102, 

181). 
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4.2.2.1.2 N67C infection model 

 For the N67C infection model, host factors were further analyzed by using C57BL/6 mice 

purchased from Jackson Laboratory and Charles River Laboratory. The mRNA was isolated 

from the spleens of CRL and JAX mice infected with N67C parasites on day 1 and 6 p.i. for 

microarray. Both NI CRL mice and NI JAX mice had mRNA isolated from their spleens as well 

to compare and use for background controls. Quality controls were analyzed to determine mRNA 

quality and performance of the microarray. Analysis included removing background to see gene 

expression changes due to the N67C parasite infection in each type of mice. The NI CRL mice 

data and NI JAX mice data were subtracted from each corresponding N67C infected mice 

dataset. These samples were also run alongside C57BL/6 March1 knockout mice infected with 

N67C parasites. Therefore, some figures included the March1 knockout samples; however, these 

samples were not analyzed in this thesis to focus on the CRL and JAX mice study.   

 

4.2.2.2 Ingenuity pathway analysis 

 IPA was utilized on microarray datasets (Qiagen, 

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis). Dr. Lu Xia helped 

with analysis of microarray datasets.  

Microarray results of 17XNL infected mice on day 1 and 4 p.i. were analyzed in IPA as 

described previously (102). The gene expression levels from the 17XNL infected mice were 

normalized to those of NI mice. The mRNA expression levels for genes of interest went through 

pathway analysis using IPA. Different pathways were defined with significance calculated by P-

values, using Right-Tail Fisher’s Exact Test, and z-scores. The z-scores, a positive value for 

activation and a negative value for inhibition, were significant if greater than 2 (activation) or 
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smaller than ‐2 (inhibition). Gene sets of hematopoietic pathways were also identified and 

mapped for network construction using IPA (Qiagen). Full gene names and functional 

information related to the genes in these networks can also be found at 

https://www.genecards.org (102).   

 For the N67C infected mice, previous microarray datasets were analyzed with IPA to 

identify the decreased erythropoietic pathways (Figure 1.3). For the N67C parasite infection in 

CRL and JAX, the mouse host genes from the microarray dataset were analyzed. Normalization 

of the data was performed by subtracting the expression data of the corresponding NI CRL or 

JAX mice.  

 

4.2.2.3 Western blot 

Western blots are a well-known research tool to quantify protein expression levels. 

Western blots were performed on spleens from N67C and 17XNL infected mice on day 1 and 4 

p.i. to measure the expression levels of GATA1 and BET proteins. NI mice spleens were also 

used for controls. The spleens were collected, frozen on dry ice, and stored at -80°C. For each 

western blot experiment, the desired spleen samples were lysed in a microcentrifuge tube with 

Tissue Protein Extraction lysis buffer (Thermo Fischer Scientific) containing proteinase and 

phosphatase inhibitors (Table 4.1), after crushing the spleens with sterile plastic pestles. To get 

similar protein levels for each sample, protein amounts were either quantified using 

bicinchoninic acid protein assay or were adjusted from previous western blot analysis of b-actin 

levels. Similar protein levels for each sample were individually combined with 1X NuPAGE 

LDS sample buffer (Thermo Fisher Scientific) and SDS reducing agent (Thermo Fisher 

Scientific) followed by loading onto 4–12% Bis-Tris gels for gel electrophoresis run at 100 Volts 
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for 30–60 minutes with MES running buffer (Thermo Fisher Scientific). The gels were then 

transferred onto nitrocellulose membranes using wet transfer protocol with gel box apparatus 

kept on ice and run at 40 Volts for 40–60 minutes. The blots were blocked with 5% milk in 

0.05% Tris Buffer Solution with Tween 20 (TBST) for around 1 hour followed by overnight 

incubation at 4°C with primary antibodies (listed in Table 4.1) in 5% milk in 0.05% TBST. Some 

blots were cut into pieces before primary antibody incubations for use of multiple antibodies per 

blot. All blots were washed with 1X TBST and had correct secondary antibodies (Table 4.1) in 

5% milk in 0.05% TBST incubated for around 40 minutes. Blots were then washed with 1X 

TBST. Equal mixture of chemiluminescent reagents (substrate and enhancer from Supersignal 

West Pico Chemiluminescent Substrate or Pierce Enhanced Chemiluminescent kits, both from 

Thermo Fischer Scientific) were pipetted onto the blot for around 5 minutes before imaging. The 

blots were then imaged through exposure to film for desired times or directly used on another 

instrument with no film needed. The images (scanned films into pdf files or direct files) were 

quantified using ImageJ software and graphed in Prism (V6 to V8, GraphPad). 
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Table 4.1 Antibodies and reagents used for western blots 

  Antibody Source Concentrations Company Catalog # 
Western blot reagents 

 
  
  
  
  
  

TPER lysis buffer     
Roche protease inhibitor 100X   Roche  

protease inhibitor cocktail 1 100X   Sigma P8340-5mL 
phosphatase inhibitor cocktail 2 100X   Sigma P5726-5mL 
phosphatase inhibitor cocktail 3 100X   Sigma P0044-5mL 

Western blot Antibodies 
 

  
  
  
  
  
  
  
  

Beta-actin Mouse 1:2500–1:5000 Sigma A2228 

BRD2 Rabbit 1:1000 Cell Signaling 
Technology 5848 

BRD3 Mouse 1:50–1:1000 
Santa Cruz 

Biotechnology, 
Inc 

sc-81202 

BRD4 Rabbit 1:1000 abcam ab128874 

BRDT Rabbit 1:1000 Cell Signaling 
Technology 35133 

GATA1 Rabbit 1:500–1:1000 Cell Signaling 
Technology 3505 

anti-mouse secondary Rabbit 1:15000–1:20000   
anti-rabbit secondary Goat 1:15000   
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4.2.3 Host immune responses 

4.2.3.1 Cytokines 

The 17XNL and N67C infection models were analyzed to measure cytokine levels. 

Different research technologies have been used and various kits developed to help quantify 

cytokine levels. Cytokine levels are often measured in the plasma or serum. Plasma samples 

were collected from NI, 17XNL and N67C infected mice every other day for up to 16 days p.i. 

N67C infected mice were only collected up to day 6 p.i., as most mice died on days 6–8 p.i. The 

plasma samples were isolated from around 50µL of blood from each mouse collected via the tail 

vein that was placed into heparinized tubes (Sarstedt), centrifuged at 10,000 x g for 10 minutes 

on, and pipetted into new tubes. Plasma samples were analyzed using a mouse Invitrogen 

Luminex 20-plex Bead Array kit (Fisher Scientific) and run on Luminex 200 instrument 

following manufacturer’s instructions to measure 20 different cytokines (graphed in Figure 4.5 

and 4.6). The levels of cytokines and chemokines were exported to excel documents and graphed 

with Kruskal-Wallis statistics in Prism.  

 Cytokine levels for N67C parasite infection in CRL and JAX mice at day 4 p.i. were also 

measured. Blood samples in tubes with serum gel (Sarstedt) were centrifuged at 6000rpm for 5 

minutes (Eppendorf Centrifuge 5417R) to collect serum samples. Serum samples were analyzed 

using the Cytometric Bead Array Mouse Inflammation kit (BD Biosciences). This kit measures 

IL-6, IL-10, MCP-1, IFN-g, TNF, and IL-12p70. These cytokine measurements were graphed in 

Prism for Figure 4.7.  
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4.2.3.2 Host immune cells 

 As mentioned in the introduction, there are many different types of immune cells. Flow 

cytometry is the most utilized research tool for looking at different cell populations. Both the 

17XNL and N67C infected mice had their splenic cells analyzed to examine different immune 

cell populations. Methods were performed similarly to the flow cytometry experiments in 

Chapter 2 and as previously described (101, 157). Briefly, the spleens were collected for 17XNL 

infected mice at day 4, 10, 16 and 25 p.i. and collected from N67C infected mice at day 1, 4, and 

6 p.i. NI mice spleens were analyzed as well. Each spleen was removed from desired mice, 

weighed on a scale (Sartoris CP153), and pushed through a 40 µm cell strainer (Corning) to 

release the splenic cells. RBCs were removed through addition of ACK lysing buffer (Thermo 

Fisher Scientific), and the remaining cells were counted on the Nexcelom cell counter 

(Nexcelom Biosciences) and then diluted to 2 x 107 cells in 100µL volume of PBS in a new flow 

tube (Corning). One µL of zombie NIR viability antibody (BioLegend) was added, and samples 

were incubated for 20 minutes at room temperature (RT). Each tube was washed multiple times 

with 2% FBS-PBS, followed by addition of 1µL of Fc blocker and the desired primary 

antibodies (Table 4.2). After 30 minute incubation on ice, the samples were analyzed (or fixed 

with 1% PFA in PBS overnight and ran the next day) on the LSRII flow cytometer (BD 

Biosciences) using BD FACSDiva and BD FlowJo. The live cells were further gated in multiple 

ways to examine various types of immune cells (gating strategy in Figure 4.1). The frequency of 

live cells for each desired immune cell population were graphed in Prism with statistics applied. 

The cell counts from FlowJo for each desired gate were also graphed. Immune cell counts were 

also calculated by multiplying the Trypan blue total splenic cell counts (measured on Nexcelom 
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cell counter as graphed in Figure 4.8) by the live cell frequencies and graphed in Prism with 

Mann-Whitney U statistics applied.   
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Table 4.2 Antibodies used in flow cytometry for immune cell panels 

 
Antibody Fluorochrome Clone 

Amount 
used per 
sample 

Company Catalog # 

Flow Cytometry (for all panels) 

 

One comp eBeads    Thermo Fisher 
Scientific 01-1111-42 

Arc reactive beads and Arc 
negative beads    Thermo Fisher 

Scientific A10346 

TruStain FcX (anti-mouse 
CD16/32) None 93 1µL BioLegend 101320 

ZOMBIE NIR Fixable Viability 
Kit APC-Cy7  1µL BioLegend 423106 

Immune cell Panels: 
T cell panel 

 

CD3e PerCP/Cy5.5 145-2C11 0.5µL BioLegend 100327 
CD8a BV421 53-6.7 0.5µL BioLegend 100737 
CD4 BV605 RM4-5 0.5µL BioLegend 100547 

B cell panel 

 
CD19 AF700 6D5 0.5µL BioLegend 115527 
B220 AF647 RA3-6B2 0.5µL BioLegend 103226 

DC and other cell panel 

 
B220 AF647 RA3-6B2 0.5µL BioLegend 103226 

CD11c PE N418 0.5µL BioLegend 117308 
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Figure 4.1 Flow cytometry gating strategy of immune cells 

A–E) Representative images from noninfected mouse spleen showing the flow cytometry gating 

strategy performed on BD FACSDiva and BD FlowJo as described in the Methods. A) All 

samples and all panels utilized the same first three gates (A) by gating for total cells, singlets, 

and live cells (Zombie negative). B–E) The live cells were then further gated for T cells (B), B 

A)

B) C)

D) E)

FIGURE 4.1 Gating strategy for flow cytometry immune cell panels
A-E) Representative images from noninfected mouse spleen showing the flow cytometry gating strategy performed in 
BD FACSDiva and BD FlowJo. A) All samples and all panels followed these first three gates (A) by gating for total 
cells, singlets, and live cells (Zombie negative). B-E) The live cells were then further gated for T cells (B), B cells (C), dendritic 
cells (D) or other immune cells (E). B) For T cells, CD3+ cells were first gated followed by further gates of CD8+ or CD4+ 
cells. C) All B cells were gated with CD19 and B220. D) Plasmocytoid dendritic cells (pDC) and classical dendrtic cells (cDC) 
were gated using B220 and CD11c. E) CD11b- and CD11c- cells were gated as a combination of neutrophils (neutro), monocytes 
and maccrophages (Mono-Mac) and eiosinophil cellls. 
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cells (C), dendritic cells (D) or other immune cells (E). B) For T cells, CD3+ cells were gated 

followed by additional gating on the CD3+ cells for CD8+ and CD4+ cells. C) All B cells were 

gated with CD19 and B220. D) Plasmacytoid dendritic cells (pDC) and conventional dendritic 

cells (cDC) were gated using B220 and CD11c. E) CD11b+ CD11c- cells were gated as a 

combination of neutrophils (neutro), monocytes and macrophages (Mono-Mac), and eosinophils 

(Eosino).  
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4.3 Results 

4.3.1 Host pathway analysis through expressional analyses 

4.3.1.1 Microarray analysis and ingenuity pathway analysis of 17XNL infected mice 

 The microarray data for spleens of 17XNL infected mice on day 1 and 4 p.i. was also 

analyzed in IPA. Genes related to hematopoietic pathways identified from the microarray results 

were organized into networks using IPA. The desired genes or pathways of the 17XNL infected 

mice were compared to NI mice gene expression levels or pathways. The 17XNL infected mice 

at day 1 p.i. had significant inhibition, shown by negative z-scores, of heme biosynthesis II (P = 

1.26 x 10-13 and z-score = -2.65) and tetrapyrrole biosynthesis II (P = 2.88 x 10-8 and z-score = -

2) pathways compared to NI mice pathways. Interestingly, these pathways were activated for 

17XNL infected mice at day 4 p.i. with positive z-scores (P = 2.53 x 10-13 and z-score = 1.13 for 

heme biosynthesis II; P = 4.0 x 10-8 and z-score = 1.0 for tetrapyrrole biosynthesis II). This 

suggested an initial inhibition of possible erythropoietic pathways, seen at day 1 p.i., followed by 

an activation of erythropoiesis at day 4 p.i. for 17XNL infected mice. 

 IPA was used to construct different networks that are involved with hematopoiesis and 

erythropoiesis. These networks designated upregulated genes, shown in red, and downregulated 

genes, shown in green, for 17XNL infected mice on day 1 and 4 p.i. compared to NI mice 

(Figure 4.2). The network created showed most erythropoietic genes were downregulated for 

17XNL infected mice at day 1 p.i. (Figure 4.2, A). In contrast, the differential gene expression of 

erythropoietic associated genes had upregulation for 17XNL infected mice on day 4 p.i. (Figure 

4.2, B). 
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Figure 4.2 Ingenuity pathway analysis for hematopoietic pathways of 17XNL infected mice  

Extraction of mRNA from spleens, microarray hybridization, and ingenuity pathway analysis 

(IPA) as described in Methods. A–B) IPA network analyses of expression of genes in 

hematopoietic pathways. Expression levels of genes involved in hematopoietic pathways from 

17XNL infected mice on day 1 post infection (A, D1) and day 4 post infection (B, D4) were 

normalized to those of noninfected mice. Gene names as indicated with downregulated genes in 

green and upregulated genes in red. Full names and functional information of the genes in the 

networks can be found at https://www.genecards.org.   

FIGURE 4.2 Ingenuity Pathway Analysis (IPA) for hematopoietic pathways of 17XNL infected mice
Extraction of mRNA from spleens and microarray hybridization followed by IPA described in methods. A-B) IPA network analyses of expression of 
genes in hematopoiesis pathways. Expression levels of genes involved in hematopoiesis pathways from 17XNL infected mice on day 1 post infection (A, 
D1) and day 4 post infection (B, D4) were normalized to those of noninfected mice. Gene names as indicated and color represents  downregulated genes 
in green and upregulated genes in red. Full gene names and functional information related to the genes in the networks can also be found at https://ww-
w.genecards.org.
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4.3.1.2 Microarray analysis and ingenuity pathway analysis of N67C infected mice 

 The microarray data for N67C parasite infections in CRL and JAX mice was first 

analyzed with Venn diagrams (Figure 4.3). The Venn diagram shows the genes that were 

differentially expressed for the N67C infected mice after removing the background gene 

expression from either NI CRL or NI JAX mice. 37 genes were uniquely differentially expressed 

for the N67C infected JAX mice at day 1 p.i. compared to the 1 gene that was differentially 

expressed only in the N67C infected CRL mice at day 1 p.i. (Figure 4.3, A). There overall were 

more genes differentially expressed in both the JAX and CRL mice during infection with N67C 

parasites at day 4 p.i. compared to day 1 p.i. (Figure 4.3). There was a total of 1,107 genes that 

were only differentially expressed in the N67C infected CRL mice, while N67C infected JAX 

mice had 1,649 unique genes differentially expressed. There were also 5,028 similar genes that 

were differentially expressed for both the CRL and JAX mice during N67C parasite infection at 

day 4 p.i. (Figure 4.3, B).  
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A)

B)

day 1 post infection

day 4 post infection

CRL only 
1107 genes

JAX only
1649 genes

CRL only 
0 genes

JAX only
37 genes



  169 

Figure 4.3 Venn diagram of genes from CRL and JAX mice during N67C parasite infection 

Microarray analysis of genes for Charles River Laboratory (CRL) mice or Jackson Laboratory 

(JAX) mice infected with N67C parasites at day 1 post infection (A, D1) or day 4 (B, D4) post 

infection. Gene expression levels were normalized with noninfected CRL or JAX mice (none 

D0). Venn diagram was made to display the significant differentially expressed genes for N67C 

infected CRL mice (red circles) and N67C infected JAX mice (green circles). The microarray 

analysis also utilized March1 knockout mice (blue circles).   
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4.3.1.3 Western blot analysis of 17XNL and N67C infected mice 

 The spleens from 17XNL and N67C infected mice at day 1 and 4 p.i. were analyzed for 

protein levels of GATA1 and BETs via western blots (Figure 4.4). For the N67C infected mice, 

GATA1 was present at day 1 p.i. but no band was detected at day 4 p.i. (Figure 4.4, A). There 

also were no bands for GATA1 present for the NI mice. The 17XNL infected mice showed a 

small band for day 1 p.i. followed by a larger band with increased intensity at day 4 p.i. (Figure 

4.4, A). The GATA1 band intensities were graphed normalizing to b-actin band intensities 

(loading controls). There were higher relative intensities for bands of N67C infected mice at day 

1 p.i. compared to day 4 p.i. In contrast, there was increased relative intensities for day 4 p.i. 

compared to day 1 p.i. for the 17XNL infected mice (Figure 4.4, A). BRD2 and BRD4 proteins 

were both present for the N67C infected mice at day 1 and 4 p.i., shown with only slight 

adjustments in their band sizes compared to the NI mice bands (Figure 4.4, B, C, E). The 17XNL 

infected mice may have had lower relative intensities for some of the BRD2 bands at day 1 p.i. 

compared to day 4 p.i. (Figure 4.4, B). There also may have been slight decreases of BRD4 

bands for 17XNL infected mice at day 1 p.i. followed by higher relative intensity levels for 

BRD4 bands at day 4 p.i. when compared to the NI mice BRD4 band (Figure 4.4, C & E). BRD3 

bands were mostly the same for all samples, with 17XNL infected mice at day 4 p.i. having 

slightly lower intensity for the upper band. However, there also were lower BRD3 bands 

detected at day 4 p.i. for both the N67C and 17XNL infected mice. (Figure 4.4, D & E). The 

protein expression levels of GATA1 and BETs may suggest a possible mechanism leading to the 

inhibitions of erythropoiesis for 17XNL and N67C infection models that displayed anemia. 
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FIGURE 4.4Western blot analysis
A, B, C & D) Western blots of spleens from noinfected (NI), N67C infected mice at day 1 and 4 post infection, and 17XNL infected mice at day 1 and 4 post infection. A) GATA1 western blot and beta-actin for loading 
control.Graphed relative intensity of GATA1 bands in ImageJ analysis removing Beta-actin loading controls. Mean and SEM of n=2 graphed in Prism. B) BRD2 western blot and beta actin for loading control. Graphed 
relative intensity of four different BRD2 bands in ImageJ analysis removing Beta-actin loading controls. n=1 graphed in Prism. C) BRD4 western blot and beta actin for loading control.  D) BRD3 western blot and beta-ac-
tin for loading control. E) Graphed relative intensity of BRD4 band and two bands of BRD3 in ImageJ analysis removing Beta-actin loading controls. n=1 graphed in Prism.
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A, B, C & D) Western blots of spleens from noinfected (NI), N67C infected mice at day 1 and 4 post infection, and 17XNL infected mice at day 1 and 4 post infection. A) GATA1 western blot and beta-actin for loading 
control.Graphed relative intensity of GATA1 bands in ImageJ analysis removing Beta-actin loading controls. Mean and SEM of n=2 graphed in Prism. B) BRD2 western blot and beta actin for loading control. Graphed 
relative intensity of four different BRD2 bands in ImageJ analysis removing Beta-actin loading controls. n=1 graphed in Prism. C) BRD4 western blot and beta actin for loading control.  D) BRD3 western blot and beta-ac-
tin for loading control. E) Graphed relative intensity of BRD4 band and two bands of BRD3 in ImageJ analysis removing Beta-actin loading controls. n=1 graphed in Prism.
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tin for loading control. E) Graphed relative intensity of BRD4 band and two bands of BRD3 in ImageJ analysis removing Beta-actin loading controls. n=1 graphed in Prism.
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FIGURE 4.4Western blot analysis
A, B, C & D) Western blots of spleens from noinfected (NI), N67C infected mice at day 1 and 4 post infection, and 17XNL infected mice at day 1 and 4 post infection. A) GATA1 western blot and beta-actin for loading 
control.Graphed relative intensity of GATA1 bands in ImageJ analysis removing Beta-actin loading controls. Mean and SEM of n=2 graphed in Prism. B) BRD2 western blot and beta actin for loading control. Graphed 
relative intensity of four different BRD2 bands in ImageJ analysis removing Beta-actin loading controls. n=1 graphed in Prism. C) BRD4 western blot and beta actin for loading control.  D) BRD3 western blot and beta-ac-
tin for loading control. E) Graphed relative intensity of BRD4 band and two bands of BRD3 in ImageJ analysis removing Beta-actin loading controls. n=1 graphed in Prism.
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Figure 4.4 Protein analysis of GATA1 and BETs for 17XNL and N67C infected mice 

A–D) Western blots of spleens from noninfected (NI), 17XNL and N67C infected mice at day 1 

(D1) and 4 (D4) post infection. Western blot analysis of GATA1 (A), BRD2 (B), BRD4 (C) and 

BRD3 (D) with Beta-actin levels as loading controls for each. Relative intensities were 

calculated by signals of desired bands normalized to the signals from corresponding Beta-actin 

bands measured in ImageJ. Relative intensities were graphed in Prism with mean and SEM (n=2) 

for GATA1 (A) or n=1 graphed for BRD2 (B), BRD4 (E), and BRD3 (E). GATA1, BRD2 and 

BRD3 had multiple bands that were separately quantified and graphed as designated by upper 

and lower bands or bands numbered 1–4.  
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4.3.2 Host immune responses 

4.3.2.1 Cytokine measurements 

4.3.2.1.1 17XNL infection model 

20 different cytokines were measured for NI and 17XNL infected mice over 16 days. A 

few cytokines had too much variation for their measurements and were excluded. The remaining 

16 cytokines were graphed in Figure 4.5. Some key differences for the 17XNL infected mice 

included significant increases in IL-12, IL-5, MIG, MIP-1a, IFN-g, IP-10, IL-4, MCP-1, and IL-

17 when compared to NI mice at specific timepoints (Figure 4.5). There were overall trends for 

most cytokines having higher levels early on followed by reductions by day 10 p.i. for the 

17XNL infected mice (Figure 4.5). IL-5, MIG, MIP-1a showed consistently higher values for all 

timepoints for the 17XNL infected mice with MIG and MIP-1a levels around 200–800 picogram 

per milliliter (pg/mL) concentrations (Figure 4.5, B–D). IL-12 showed increased levels up until 

day 8 p.i., followed by a sudden drop and then back to higher levels after day 12 p.i. for the 

17XNL infected mice (Figure 4.5, A). IFN-g also had significantly increased levels for the 

17XNL infected mice up to day 8 p.i. and then reduced to similar levels as NI mice (Figure 4.5, 

F). Similarly, IL-4 had significantly high levels at day 4 p.i. and then decreased levels (Figure 

4.5, J). TNF-a levels were relatively high early on for the 17XNL infected mice; however, the 

NI mice also appeared to have higher levels of TNF-a at these timepoints (Figure 4.5, H). 
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Figure 4.5 Cytokine measurements for NI and 17XNL infected mice over time 

A–P) Plasma levels of cytokines and chemokines, in picogram per milliliter (pg/mL), from 

noninfected (NI) and 17XNL mice over time were measured using a mouse cytokine kit 

(Invitrogen) and Luminex 200 instrument as described in the Methods. Names of cytokines and 

FIGURE 4.5 Cytokine measurements for noninfected (NI) and 17XNL infected mice over time
A-P) Plasma levels of cytokines and chemokines from NI and 17XNL mice over time measured using a mouse 
cytokine kit (Invitrogen) and Luminex 200 instrument as described in the Methods. Names of cytokines and 
chemokines as labeled in each graph (A-P). Mean and SEM from 5 17XNL infected mice and 3 NI mice. 
Kruskal-Wallis statistics with multiple compairsons looking at NI and 17XNL measurements for each time 
point: no asterisk, not significant; *, P < 0.05; **, P < 425 0.01; ***, P < 0.001.
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chemokines as labeled in each graph (A–P). Mean and SEM graphed for NI (n=3) and 17XNL 

(n=5) infected mice. Multiple comparisons performed with Kruskal-Wallis statistics comparing 

NI and 17XNL infected mice measurements at each timepoint: no asterisk, not significant; *, P < 

0.05; **, P < 0.01; ***, P < 0.001.   
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4.3.2.1.2 N67C infection model 

Cytokines and chemokine levels in the plasma of N67C infected mice were measured 

with the Invitrogen Luminex 20-plex Bead Array kit (Fisher Scientific). Majority of the 

cytokines tested showed increased levels for the N67C infected mice compared to the NI mice 

levels (Figure 4.6). There were significant increases of IFN-g, IL-1b, MIP-1a, TNF-a, IL-13, IL-

4 for N67C infected mice at day 5 and 6 p.i. compared to NI mice (Figure 4.6, A, B, F, G, K, N). 

Interestingly, N67C infected mice had initial high levels of IL-10 and IL-12 seen at day 2 p.i., 

but these levels dramatically reduced to same levels as NI mice by day 6 p.i. (Figure 4.6, M & 

R). MCP-1 and IL-1a levels showed similar patterns for the N67C infected mice (Figure 4.6, E 

& P).  

Serum cytokine levels from N67C infection in CRL and JAX mice at day 4 p.i. were 

measured with the cytometric bead array kit (BD Biosciences). Similar to plasma levels, there 

were increases in TNF-a, MCP-1, and IFN-g for the N67C infection in both the CRL and JAX 

mice compared to their corresponding NI mice (Figure 4.7). Low levels of IL-12 were detected 

for both N67C infected mice, and these were similar to the levels of the NI mice (Figure 4.7). IL-

10 was elevated in both the CRL and JAX mice infected with N67C parasites seen at quite high 

concentrations (Figure 4.7).  
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Figure 4.6 Cytokine measurements for NI and N67C infected mice over time 

A–T) Plasma levels of cytokines and chemokines, in picogram per milliliter (pg/mL), from 

noninfected (NI) and N67C infected mice over days post infection (p.i.) measured using a mouse 
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cytokine kit (Invitrogen) and Luminex 200 instrument as described in the Methods. Names of 

cytokines and chemokines as labeled in each graph (A–T). Mean and SEM graphed for NI (n=3) 

and N67C (n=4–5) infected mice. Multiple comparisons performed with Kruskal-Wallis statistics 

comparing NI and N67C infected mice measurements at each timepoint: no asterisk, not 

significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
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Figure 4.7 Cytokine levels for CRL and JAX mice during N67C parasite infections 

Serum cytokine levels, in picogram per milliliter (pg/mL), from Charles River Laboratory (CRL) 

mice and Jackson Laboratory (JAX) mice measured by cytometric bead array (BD Biosciences). 

Mean and SEM graphed for noninfected (NI) CRL and JAX mice (n=1 for both) and N67C 

infected CRL and JAX mice (n=3 for both) at day 4 post infection (D4).  
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FIGURE 4.7 Cytokine levels for N67C in CRL and JAX
Cytokine measurements in picogram per militer (pg/mL) from cytometric bead array (BD Biosciences) of noninfected 
(NI), n=1, and N67C day 4 post infection (N67C D4), n=3. C57BL/6 mice from Charles River Laboratory (CRL) or 
Jackson Laboratory (JAX).
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4.3.2.2 Frequencies of splenic immune cells 

4.3.2.2.1 17XNL infection model 

The 17XNL infected mice showed enlarged spleens. The enlarged spleens had increased 

levels of erythropoietic cells as well as immune cells as shown in Chapter 2. The total white 

blood cell (WBC) counts in the spleen, measured after removal of RBCs through ACK lysis, 

showed increases for the 17XNL infected mice. 17XNL infected mice at day 16 p.i. had the most 

dramatic increase in WBC counts, showing significantly higher counts compared to the NI mice 

(Figure 4.8, C). The increases in splenic WBCs likely resulted from various types of immune 

cells. 17XNL infected mice at day 16 p.i. had significant decreased frequencies of B cells but 

showed overall B cell counts significantly increased compared to the NI mice measurements 

(Figure 4.8, A & B purple bars). There were similar changes to CD3+ T cells with lower 

frequencies but higher total counts for 17XNL infected mice at day 10, 16, and 25 p.i. compared 

to the NI mice (Figure 4.8, A & B, blue bars). CD3+ T cells will include both CD4+ T cells and 

CD8+ T cells, so these frequencies and counts were also measured. The frequencies of CD8+ T 

cells were significantly decreased for the 17XNL infected mice at day 10, 16 and 25 p.i. but also 

had counts significantly increased at day 10 p.i. compared to NI mice (Figure 4.8, A & B green 

bars). The frequencies of CD4+ T cells were also significantly decreased for 17XNL infected 

mice on day 16 and 25 p.i. with significantly higher counts at day 10 and 16 p.i. compared to NI 

mice (Figure 4.8, A red bar). Plasmacytoid dendritic cells (pDC) were increased more than 

conventional dendritic cells (cDC) for the 17XNL infected mice. The pDCs had significantly 

higher frequencies and counts for all timepoints for the 17XNL infected mice (Figure 4.8, A & B 

orange bars). There were significantly increased counts, but not frequencies, of the cDCs for 

17XNL infected mice at day 10, 16 and 25 p.i. compared to the NI mice (Figure 4.8, black bars). 
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Monocytes, macrophages, eosinophils, and neutrophils were grouped together by gating CD11b+ 

CD11c– cells (gating strategy in Figure 4.1). These cells showed significant increased 

frequencies for day 16 and 25 p.i. as well as significantly increased counts at day 10, 16 and 25 

p.i. for the 17XNL infected mice (Figure 4.8, A & B brown bars).  
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FIGURE 4.8 Immune cell graphs
Splenic cells from noninfected (NI) and 17XNL infected mice on day 4 post infection (p.i., D4), day 10 p.i.(D10), day 16 p.i.(D16), 
and day 25 p.i.(D25) were analyzed through flow cytometry for various cell surface markers and gating strategy outlined in Figure 
4.1. The NI mice data from various timepoints were averaged together to create one dataset of NI as seen in A & B. A) Frequencies 
of various immune cell populations out of live cells as inciated. These frequencies were mutliplied by the total white blood cell 
(WBC) counts (C) measured by Nexcelom cell counter. This created approximate counts for the various immune cells graphed in B. 
B) Cell counts of various cell populations as indicated. All graphs had means and SEM from 3–5 mice graphed with Mann-Whitney 
U statistics comparing each 17XNL timepoint to the combined data for NI mice: no asterisk, not significant; *, P < 0.05; **, P< 
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Figure 4.8 Immune cell populations in 17XNL infected mice 

Splenic cells from noninfected (NI) and 17XNL infected mice on day 4 post infection (p.i., D4), 

day 10 p.i. (D10), day 16 p.i. (D16), and day 25 p.i. (D25) were analyzed through flow 

cytometry for various cell surface markers with gating strategy outlined in Figure 4.1. Immune 

cell populations that were measured included CD3+, CD4+, and CD8+ T cells; B cells; 

plasmacytoid dendritic cells (pDC); conventional dendritic cells (cDC); and a combination of 

neutrophils (neutro), monocytes and macrophages (Mono-Mac), and eosinophils (Eosino). The 

NI mice data from various timepoints were averaged together to create one dataset of NI mice as 

seen in A & B. A) Frequencies of various immune cell populations out of live cells as indicated. 

These frequencies were multiplied by the total splenic white blood cell (WBC) counts (C) 

measured with Nexcelom cell counter. These calculations provided approximate counts for the 

various immune cells and were graphed in B. B) Cell counts of various immune cell populations 

as indicated. C) Splenic WBC counts for NI and 17XNL infected mice at day 4, 10, 16 and 25 

p.i. Mean and SEM (n=3–5) plotted in all graphs with Mann-Whitney U statistics applied 

comparing the NI data in each graph to the corresponding 17XNL infected mice data at each 

timepoint: no asterisk or ns, not significant; *, P < 0.05; **, P < 0.01.   
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4.3.2.2.2 N67C infection model 

Only one initial experiment had been performed looking at the splenic immune cells of 

N67C infected mice. Overall, the N67C infected mice at day 1 p.i. compared to NI mice had 

relatively similar percentages for most immune cells analyzed (Figure 4.9). There were 

significant increases in B cell frequencies seen at day 4 p.i. for the N67C infected mice (Figure 

4.9, purple bar). Frequencies of CD3+ T cells were significantly decreased for N67C infected 

mice at day 4 p.i. compared to NI mice (Figure 4.9, blue bars). As the CD4+ T cells frequencies 

were not significantly reduced, the drops in CD3+ T cells likely resulted from reductions in 

CD8+ T cells; however, natural kill T cells will also express CD3 (Figure 4.9, red and green 

bars). The frequencies of CD8+ T cells significantly decreased for the N67C infected mice at day 

4 p.i. (Figure 4.9, green bars). Both pDCs and cDCs also were significantly reduced for the 

N67C infected mice at day 4 p.i. compared to the NI mice (Figure 4.9, orange and black bars). 

The neutrophils, monocytes, macrophages, and eosinophils (all grouped together) significantly 

dropped for N67C infected mice at day 1 p.i. but were increased at day 4 p.i. compared to NI 

mice frequencies (Figure 4.9, brown bars). 
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Figure 4.9 Immune cell populations in N67C infected mice 

Splenic cells from noninfected (NI) and N67C infected mice at day 1 (D1) and day 4 (D4) post 

infection were analyzed through flow cytometry for various cell surface markers with gating 

strategy outlined in Figure 4.1. Immune cell populations that were measured included CD3+, 

CD4+, and CD8+ T cells; B cells; plasmacytoid dendritic cells (pDC); conventional dendritic 

cells (cDC); and a combination of neutrophils (neutro), monocytes and macrophages (Mono-

Mac), and eosinophils (Eosino). A) Percentages of various immune cell populations out of live 

cells as indicated. Mean and SEM (n=3) graphed with Mann-Whitney U statistics applied 

comparing NI mice data to the corresponding N67C infected mice data at each timepoint: no 

asterisk, not significant; *, P < 0.05.  

FIGURE 4.9 Immune cell graphs for N67C infected mice
Splenic cells were from noninfected (NI) and N67C infected mice on day 1 post infection (D1) and day 4 post infec-
tion (D4) were analyzed through flow cytometry for various cell surface markers and gating strategy outlined in 
Figure 4.1.  A) Percentages of various immune cell populations out of live cells as indicated. Means and SEM from 
three mice graphed with Mann-Whitney U statistics applied comparing N67C D1 or D4 mice for each cell population 
to the combined data for NI mice: no asterisk, not significant; *, P < 0.05.
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4.4 Discussion 

4.4.1 Microarray and ingenuity pathway analysis 

4.4.1.1 17XNL infection model 

Previous studies have shown that 17XNL infection induced activation of hematopoietic 

related pathways (101, 102). The results from the microarray data also showed activation of 

erythropoietic pathways. The differential gene expressions from the microarray of 17XNL 

infected mice were analyzed for hematopoietic and erythropoietic pathways in IPA. 

Interestingly, heme biosynthesis II and tetrapyrrole biosynthesis II pathways both were 

significantly decreased at day 1 p.i. and then increased at day 4 p.i. for the 17XNL infected mice. 

This was similar to the genes related to erythropoietic pathways in the IPA networks showing 

downregulation at day p.i. and then activation at day 4 p.i. for the 17XNL infected mice when 

compared to NI mice (Figure 4.2). These changes indicated 17XNL mice likely had an inhibition 

of erythropoiesis, seen at day 1 p.i., followed by an activation of erythropoiesis at day 4 p.i. 

These results were consistent to another study that showed multiple erythroid associated genes 

had decreased expression early on followed by increased expression later for 17XNL infected 

mice. This study concluded the changes in gene expression were associated with parasite levels: 

parasitemia was below 5% early on correlating to the inhibition of gene expression followed by 

an activation of the erythroid associated genes when parasitemia levels were above 5% (185). As 

the 17XNL parasites prefer to infect reticulocytes, the parasites would likely want to increase the 

production of new reticulocytes, via erythropoiesis. Therefore, the parasitemia levels also may 

not have increased until higher activation of various erythropoietic genes had occurred. It was 

interesting that 17XNL infected mice early on led to reductions in some genes and pathways of 

erythropoiesis. Future studies could determine the reason and mechanisms that the 17XNL 
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parasites would use to initially inhibit erythropoietic pathways only to later activate these 

pathways. Specific parasite factors or other host factors may be involved for these changes in 

erythropoietic genes, with the exact mechanisms still unknown.  

 

4.4.1.2 N67C infection model 

N67C parasite infection in CRL and JAX mice led to different gene expressions 

measured in the microarray analysis. Both mice had over 6,000 genes that were differentially 

expressed for N67C parasite infection at day 4 p.i. (Figure 4.3, B). Although around 5,000 of 

these genes were the same for both CRL and JAX mice at day 4 p.i., there were 1,107 genes that 

were uniquely differentially expressed in the N67C infected CRL mice and 1,649 genes only 

differentially expressed in the N67C infected JAX mice (Figure 4.3, B). Even though the mice 

were both C57BL/6 strain, there likely were some differences in these hosts for the N67C 

parasite infections. These host differences included the expression of over 1,000 unique genes 

for each type of mice. Although not fully characterized, these differentially expressed genes 

could have some implications on malaria disease pathology. Previous studies correlated the gut 

microbiota to more “resistance” for JAX mice compared to CRL mice; however, in depth 

analysis on the malaria disease pathology in these mice were not performed (172, 186). 

Therefore further experiments could be performed with N67C parasites, or possibly other rodent 

malaria parasites, to measure and analyze differences in the severity of malaria disease for the 

JAX and CRL mice. Further analysis of the microarray data could also be utilized to identify the 

differentially expressed genes in both the CRL and JAX mice and investigate possible functions 

or correlation to malaria disease pathology.  
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4.4.1.3 Protein analysis in 17XNL and N67C infection models 

The microarray data showed decreased expression levels of GATA1 for the N67C 

infected mice (data not shown). As GATA1 is a transcription activator with increased levels 

during erythropoiesis, GATA1 protein levels were measured via western blot analysis (183). For 

the N67C infected mice, there was some presence of GATA1 at day 1 p.i. However, there were 

no GATA1 bands for N67C infected mice at day 4 p.i. (Figure 4.4, A). This confirms the 

microarray results that utilized the spleen of N67C infected mice at day 4 p.i. timepoint. 17XNL 

infected mice showed opposite results with higher GATA1 protein levels at day 4 p.i. compared 

to day 1 p.i. (Figure 4.4, A). This also confirmed the microarray results as the IPA network 

showed downregulation of GATA1 for the 17XNL infected mice at day 1 p.i. (Figure 4.2, A). 

BRD2 and BRD4 only showed slight changes. The bands and relatively intensities may have 

decreased for 17XNL infected mice on day 1 p.i. with slight increases on day 4 p.i. (Figure B, C, 

E). However, these changes were not drastic and may be consistent with the IPA networks, 

which showed no downregulation or upregulation for the BET proteins in the 17XNL infected 

mice on day 1 or 4 p.i. (Figure 4.2). For the N67C infected mice, BRD3 may have shown a slight 

decrease at day 4 p.i., but there also was presence of a second band indicating total BRD3 protein 

likely did not drop. As these western blots and graphs of relative intensities were only performed 

1–2 times, further experiments will need to be completed before any conclusions are drawn. The 

GATA1 data looks promising and matched the microarray analyses for both N67C and 17XNL 

infection models. BRD2 and BRD4 have been demonstrated to help activate erythroid associated 

genes alongside GATA1 (184). The data from the western blot analyses for the BET proteins 

were not conclusive, so the roles the BET proteins play in the N67C and 17XNL infected mice 
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still needs to be determined. Future experiments could also use BM samples from both infection 

models to study GATA1 and BET proteins.   

 

4.4.2 Host cytokines 

4.4.2.1 17XNL infection model 

17XNL infected mice had significantly higher levels of IFN-g, MIP-1a, and as well as 

relatively increased levels of TNF-a and IL-4 for early timepoints (Figure 4.5, F, D, H, J). These 

cytokines have been increased for patients with SMA as well as have shown inhibitory roles in 

erythropoiesis (36, 47-49, 176, 177). Interestingly, IL-12 had initial increased levels, sudden 

reductions and then higher levels after day 12 p.i. for the 17XNL infected mice (Figure 4.5, A). 

IL-12 had been shown to stimulate erythropoiesis, and IL-12 levels were higher in patients 

without SMA compared to the decreased IL-12 levels in SMA patients (178, 179). Therefore, the 

increased levels of IFN-g, MIP-1a, TNF-a and IL-4 could have suppressed erythropoiesis early 

on for the 17XNL infected mice. Then the low levels of IFN-g and IL-4 followed alongside 

increased levels of IL-12 later for the 17XNL infected mice could have led to increased 

erythropoiesis. The microarray and IPA data showed erythropoietic pathways decreased at day 1 

p.i. but increased at day 4 p.i. for the 17XNL infected mice. Although the inhibitory cytokines 

listed above were relatively high at day 4 p.i., different cytokines likely will affect different 

pathways related to erythropoiesis. As seen in Figure 4.2, different genes and pathways were 

affected at day 1 and 4 p.i. for the 17XNL infected mice. Therefore, these inhibitory cytokines 

likely affected erythropoiesis but possibly through different mechanisms. The changes in IL-12 

levels may have also affected different erythropoietic pathways over time for the 17XNL 

infected mice. Various erythropoietic pathways were likely affected by the changing levels of 
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cytokines, that either inhibited or activated erythropoiesis. However, further studies will need to 

be utilized to decipher exactly which pathways and genes of erythropoiesis were affected for 

17XNL infected mice. These experiments overall could help gain a better understanding of the 

mechanisms for cytokine suppression or induction of erythropoiesis, particularly during malaria 

induced anemia.  

 

4.4.2.2 N67C infection model 

The N67C infected mice had high levels of IFN-g, IL-1b, MIP-1a, TNF-a, IL-13, and 

IL-4 compared to NI mice levels (Figure 4.6, A, B, F, G, K, N). All of these cytokines have been 

shown to suppress erythropoiesis and be present in SMA patients (36, 47-49, 176, 177). The 

increased levels of IFN-g and TNF-a were also confirmed through the N67C parasite infections 

in both CRL and JAX mice (Figure 4.7). Although early timepoints showed initial increases for 

IL-10 and IL-12 levels, the N67C infected mice had dramatic drops back to NI mice levels at day 

5 and 6 p.i. (Figure 4.6, M & R). Also, the N67C parasite infections in CRL and JAX mice 

showed increased serum levels of IL-10 at day 4 p.i. compared to the NI mice (Figure 4.7). IL-10 

levels act as important balance to pro-inflammatory cytokines, often determining the severity of 

malaria induced anemia. IL-10 levels were lowered in patients with SMA compared to patients 

with uncomplicated malaria (83). Overall the high levels of pro-inflammatory cytokines and 

drops in both IL-10 and IL-12 likely contributed to the decreased erythropoiesis and higher 

anemic levels for N67C infected mice. There was not much difference seen for the cytokine 

levels between the CRL and JAX mice, indicating that the genes found to be differentially 

expressed (Figure 4.3) were likely not related to cytokine production.  
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As seen with the cytokine data, there were many NI mice samples that had drastic 

changes in their cytokine levels at various timepoints (Figure 4.5 or Figure 4.6, NI mice data was 

the same for both figures). Although there will be some variations between mice, these drastic 

changes were unexpected. In particular, the increases of TNF-a, IL-12, and MCP-1 levels seen at 

day 4 p.i. for the NI mice were unusual, as the other timepoints remained relatively low (Figure 

4.5 or Figure 4.6). These experiments should be repeated and increasing the number of mice may 

help eliminate variations seen by the high SEM bars for many of the timepoints in the NI and 

infected mice measurements. It was also interesting that the levels of MCP-1 and IL-10 

measured by the cytometric bead array were high, over 5,000 pg/mL for the N67C infected mice. 

In contrast, the 20-plex Bead Array Illumina kit showed MCP-1 and IL-10 around 700 pg/mL 

and 400 pg/mL, respectively. This could have resulted from the use of plasma versus serum for 

the samples; however, further investigations of these two cytokine measurement platforms as 

well as future experiments with more mice should be performed. 

 

4.4.3 Host immune cells 

4.4.3.1 17XNL infection model 

The 17XNL infected mice had decreased frequencies of B cells and T cells, both CD4+ 

and CD8+ T cells, at day 10, 16, and 25 p.i. compared to NI mice. However, the counts of these 

cells were increased for 17XNL infected mice at day 10 and 16 p.i. (Figure 4.8). B cells also had 

significantly increased counts for day 25 p.i., but CD8+ T cells counts were significantly 

decreased at day 25 p.i. for the 17XNL infected mice (Figure 4.8, A & B). These contrasts in 

reduced frequencies compared to increased counts were explained by the dramatic increases in 

total splenic WBC counts for the 17XNL infected mice, especially at day 16 p.i., compared to NI 
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mice (Figure 4.8, C). As the infected mice aimed to remove the parasites, the increases in B cells, 

CD4+ T cells and CD8+ T cells were expected. CD8+ T cells have been shown to remove P. 

vivax infected reticulocytes, which can be compared to the 17XNL parasites as they also 

preferentially infect reticulocytes (63).  

The frequencies and counts were also increased for pDCs as well as monocytes, 

macrophages, neutrophils, and eosinophils for 17XNL infected mice at day 10, 16 and 25 p.i.  

compared to NI mice (Figure 4.8, A & B). These increased cell populations likely played a role 

in helping clear the parasites as well as involvement in other immune responses, including 

activating T cells. Further studies need to be performed to better characterize these DCs, 

monocytes, macrophages, and neutrophils to identify the particular functions they may have 

during 17XNL parasite infection in mice.   

 

4.4.3.2 N67C infection model 

For the N67C infection model, there were only slight differences in immune cells 

compared to the NI mice at day 1 p.i. There were significant increases in B cell frequencies and 

significant decreases for CD3+ T cell and CD8+ T cell frequencies at day 4 p.i. for the N67C 

infected mice. The decreases for T cells may result in higher counts (not measured), as there 

were increased spleen weights for N67C infected mice at day 4 p.i. detailed in Chapter 3 Results 

(Figure 3.7). However, a previous study with N67C infected mice also showed a significant 

decrease in CD4+ T cell and CD8+ T cell splenic counts, confirming the frequency results in 

Figure 4.9 (167). This previous study also showed a decrease in both pDCs and cDCs, which was 

also consistent with the significantly lowered frequencies of pDCs and cDCs seen for the N67C 

infected mice at day 4 p.i. (Figure 4.9, orange and black bars) (167). These decreased frequencies 
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could have resulted from increases in other cells, such as the increased frequencies of B cell and 

monocyte, macrophage, neutrophil, eosinophil cells group. However, as total spleen cell numbers 

likely also increased at day 4 p.i., the decreased cell population frequencies could have resulted 

from other mechanisms. One study showed N67C infected mice had increased splenic cell death 

via apoptosis (167). The reduction in splenic immune cells may have led the N67C infected mice 

to ineffectively clear or fight the parasites, ultimately leading to host death. Future studies can 

aim to identify key immune cells that may play a role in parasite clearance for the N67C 

infection model. Overall, the decreased erythropoietic pathways, including GATA1 expression, 

alongside increased levels of pro-inflammatory cytokines, and possible decreases in key immune 

cells may all contribute to anemia and host death for the N67C infected mice.  
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CHAPTER 5: DISCUSSION 

 

5.1 Anemia and red blood cell clearance in 17XNL and N67C infected mice 

Rodent malaria models were utilized to further investigate molecular mechanisms of 

malaria induced anemia. 17XNL and N67C parasites were shown to induce contrasting effects 

on erythropoietic pathways through initial IPA analysis of microarray data on spleens from the 

infected mice. 17XNL infected mice had induced genes for erythropoietic pathways while N67C 

infected mice showed reduced erythropoietic pathways (Figure 1.3). These two infections were 

determined to be models for malaria induced anemia and were further utilized for dissecting 

mechanisms of RBC clearance and inhibition of erythropoiesis. 

Both the 17XNL and N67C infected mice displayed anemia. The 17XNL infected mice 

showed drastic declines in hematocrit, hemoglobin and total blood cells up to day 18 p.i. (Figure 

2.6 and Figure 2.7). The loss of blood cells was contributed to the parasite infection in some of 

these cells; however, unRBCs were also removed. There also was a dramatic decrease in RBCs 

in the BM and spleen. Phagocytosis as well as hemolysis were likely contributors to the decrease 

in RBCs, but other mechanisms not studied may have also been involved. As demonstrated 

previously (62, 63), the increased levels of CD8+ T cells at day 10 p.i. could have contributed to 

the removal of iRBCs and unRBCs, leading to the continued reduction in total blood cells and 

anemic levels measured up to day 18 p.i. for the 17XNL infected mice. The 17XNL mice were 

eventually able to recover from the anemic conditions as the hematocrit, hemoglobin, and total 

blood cells increased to normal levels. This likely was enabled by the full clearance of the 

parasites and induction of erythropoiesis, ultimately leading to the mice surviving the infection.  
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In contrast, the N67C infected mice did not survive. The N67C infected mice had 

decreased levels of hematocrit, hemoglobin, and total blood cells for days 4–8 p.i. (Figure 3.2). 

Phagocytosis was likely a major contributor to removal of iRBCs for the N67C infected mice at 

day 4 p.i. (Figure 3.4). Phosphatidyl-serine externalization was demonstrated on iRBCs as well, 

which could have led to the detection of these iRBCs for removal by phagocytes or other 

mechanisms (Figure 3.5). The clearance of unRBCs still needs to be further investigated as the 

phagocytosis results were not conclusive; however there likely were unRBCs that could be 

removed by phagocytosis. Other mechanisms can be analyzed in future experiments, including 

removal of iRBCs by CD8+ T cells or NK cells as well as hemolysis measured through plasma 

heme levels (62, 63, 106). The loss of iRBCs, alongside possibly unRBCs, led to lower blood 

measurements for the N67C infected mice. The hematocrit and hemoglobin levels at day 8 p.i.  

for N67C infected mice were similar to the 17XNL infected mice at day 18 p.i. The N67C 

parasite’s quicker growth rate in the infected mice can explain why the N67C infected mice had 

anemic levels much earlier than the 17XNL infected mice. This growth difference could be 

linked to the preference of cells the parasites infect, as N67C prefer to infect mature RBCs, 

which are at high levels, versus the 17XNL prefers to infect reticulocytes, which are at lower 

levels in normal mice. The 17XNL infected mice also had induced production of reticulocytes as 

there were significantly more reticulocytes present in the blood (Figure 2.7). A lot of these new 

reticulocytes were then infected with the 17XNL parasites, overall leading to increased 

parasitemia. Interestingly, the N67C infected mice blood smears showed a reduction in the 

number of reticulocytes over time (Figure 3.3). 
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5.2 Erythropoiesis in 17XNL and N67C infected mice 

 The changes in reticulocytes for both infection models confirmed the initial IPA results 

of an inhibition of erythropoietic pathways for N67C infected mice and an induction in 

erythropoietic pathways for 17XNL infected mice (Figure 1.3). Further microarray and IPA 

analysis also showed the 17XNL infected mice with an initial drop in erythropoietic pathways at 

day 1 p.i. (Figure 4.2). This could be related to why slight decreases in reticulocytes were seen in 

the blood smear data early on (Figure 2.7); however, parasites likely also eliminated any 

reticulocytes present at these early timepoints. The various levels of cytokines, including 

increased levels of IFN-g, IL-4, and MIP-1a (all known to suppress erythropoiesis) alongside IL-

12 (known to activate erythropoiesis) level reductions followed by later increases, could also 

explain the different changes in erythropoietic pathways for the 17XNL infection model over 

time (erythropoietic pathways decreased at day 1 p.i. followed by an activation at day 4 p.i.) 

(Figure 4.5 and Figure 4.2). These results were consistent with previous studies showing 

parasitemia levels in the 17XNL infected mice led to the changes in the expression levels of 

erythroid associated genes, with initial low parasitemia correlating with decreased expression 

and later higher parasitemia levels associating with increased expression (185). 

  The initial IPA data for the N67C infection model showed decreased expression levels 

of GATA1 at day 4 p.i. These results were confirmed through western blot analysis showing no 

presence of GATA1 in the spleen for N67C infected mice at day 4 p.i. Interestingly, GATA1 was 

detected at day 1 p.i., indicating that higher parasitemia levels could have been associated with 

suppression of GATA1 expression at day 4 p.i. for the N67C infected mice (Figure 4.4). As 

GATA1 is a main transcription factor during erythropoiesis, N67C infected mice at day 4 p.i. 

likely had decreased levels for erythropoietic genes, which could explain the IPA results with 
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decreases in erythropoietic pathways at this timepoint. Even though similar anemic levels were 

reached for both the 17XNL and N67C infected mice, the N67C mice died while the 17XNL 

infected mice survived. This indicated that other factors were likely at play for both infection 

models leading to host death of N67C infected mice and recovery from parasite infection in the 

17XNL infected mice.    

 With the erythropoietic changes in the initial IPA results consistent to the reticulocyte 

and gene/protein measurements for both infection models, the cellular stages of erythropoiesis 

were also investigated. First, erythropoietin (EPO) will secrete from the kidney, following the 

presence of anemia. and travel to the BM to help stimulate erythropoiesis (78). EPO levels are 

therefore measured to help determine mechanisms leading to anemia. Higher EPO levels were 

shown to be correlated to decreased levels of hematocrit for malaria patients in Gabon (187). 

Alternatively, EPO levels were constant or not increased for other instances of malaria induced 

anemia for parasite infections in humans, monkeys, and mice (71, 80). Other studies also 

illustrated EPO was not frequently the reason for defective erythropoiesis; instead, the 

downstream pathways after EPO were often defective or inhibited (36). Even though 

controversies exist on whether EPO levels determine erythropoietic effectiveness, the EPO levels 

could still be measured for the 17XNL and N67C infection models. This may help indicate if the 

changes to erythropoiesis for both infection models are related to EPO levels. As both 17XNL 

and N67C infections induced anemia, an increase in EPO levels would be expected. Measuring 

EPO levels over time will determine if the specific timepoints for the erythropoietic changes in 

both infection models were EPO-dependent or EPO-independent. These results could provide 

further understanding of the possibly erythropoietic changes seen with the 17XNL and N67C 
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infected mice as well as potentially relate to malaria induced anemia for rodent malaria models 

in general.  

The cellular differentiation stages of terminal erythropoiesis were examined in 17XNL 

and N67C infected mice. Previous flow cytometry protocols were adopted to divide the terminal 

erythropoiesis stages after proerythroblasts into three distinct groups: 1. EryA which 

differentiates into 2. EryB that can then differentiate into 3. EryC (111). For the 17XNL infection 

model, the BM and spleen cells showed increased levels of EryA and EryB groups, starting at 

day 10 p.i. and peaking at day 18 and 22 p.i. (Figure 2.12). This indicated extramedullary 

erythropoiesis occurred in the spleen for 17XNL infected mice. The 17XNL infected mice also 

showed decreases in the EryC populations, which includes the most mature and differentiated 

stages (Figure 2.12). This suggested a possible defect or block in full maturation of RBCs to 

occur. Histology examinations of the BM and spleen indicated reductions in RBCs for both 

tissues for the 17XNL infected mice. As 17XNL infected mice had induced erythropoiesis in the 

BM and spleen, the drop in RBCs may have indicated the full maturation of RBCs was not 

occurring (Figure 2.9 and Figure 2.13).   

In contrast to the extramedullary erythropoiesis occurrence in the 17XNL infected mice, 

the N67C infected mice showed partial decreases in EryA and EryB populations for the BM and 

spleen cells over time (Figure 3.6). This decrease or lack of splenic extramedullary 

erythropoiesis indicated the N67C infected mice were likely unable to recover from the loss of 

RBCs. The N67C infected mice had high levels of pro-inflammatory cytokines including IFN-g, 

IL-1b, MIP-1a, TNF-a, IL-13, and IL-4 compared to NI mice (Figure 4.6, A, B, F, G, K, N). 

Interestingly, IL-10 and IL-12 levels were initially high but then drastically dropped for days 4–6 

p.i. for the N67C infected mice (Figure 4.6, M & R). IL-12 has been shown to stimulate 
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erythropoiesis and lower IL-10 levels were associated with severe malaria anemia (83, 178, 179). 

Therefore the contributions of the pro-inflammatory cytokines that inhibit erythropoiesis (IFN-g, 

IL-1b, MIP-1a, TNF-a, IL-13, and IL-4) alongside the decreased levels of IL-10 and IL-12 

likely led to the reduced erythropoiesis in the BM and spleen for N67C infected mice. This 

inflammatory environment and lowered erythropoiesis may contribute to host death for the N67C 

infection model. Further experiments need to be performed to confirm the cytokine effects on 

erythropoiesis for the N67C infection model. Also, other earlier differentiation stages of 

erythropoiesis or hematopoietic differentiation stages can be investigated in order to determine if 

any of these stages may also be inhibited for the N67C infected mice.  

 

5.3 Characterization of erythroblastic islands 

 The erythropoietic changes in the 17XNL infected mice were further investigated through 

analysis of the spleen in other histology experiments and dissection of erythroblastic islands. The 

17XNL infection model was most interesting due to the massive enlargement of the spleen, 

especially seen at day 18 p.i. (Figure 2.13). The splenomegaly of the spleens from 17XNL 

infected mice likely resulted from splenic roles in RBC clearance, erythropoiesis, and induction 

of immune cell responses to clear and recover from the parasite infection. However, 

splenomegaly may also have detrimental effects on these roles. For example, one study 

demonstrated splenomegaly impaired the trapping of iRBCs; however, once spleens were 

restored, higher amounts of iRBCs were removed (147). This could explain why the 17XNL 

infected mice had the highest spleen size and weight at day 18 p.i. (Figure 2.13) in conjunction 

with high parasitemia levels (Figure 2.1 and 2.7). After day 18 p.i., there was a drastic decrease 

in parasite levels (Figure 2.1 and Figure 2.7), indicating the spleen may have recovered (after 
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splenomegaly) to then effectively remove the iRBCs. The spleen also had significantly increased 

weights compared to NI mice even at day 44 and 84 p.i., although these weights were much 

lower than the weights for 17XNL infected mice at day 18 p.i. (data not shown). Therefore, even 

though the high splenomegaly for 17XNL infected mice at day 18 p.i. dramatically decreased 

over time, there may be long term effects in the spleen even after the 17XNL parasite infection is 

cleared. Future studies can investigate possible long term effects on the spleen by measuring the 

ability to recover from PHZ treatments or monitoring immune cell populations at these later 

timepoints for the 17XNL infected mice. Other experiments can also utilize similar protocols in 

the study that demonstrated impaired clearance of iRBCs during splenomegaly to confirm if this 

may be occurring for the 17XNL infected mice (147). 

The N67C infection model also had an increase in spleen weight alongside darker 

coloration of the spleen at day 4 p.i. (Figure 3.7). The splenic weight changes for N67C infected 

mice on day 4 p.i. were minor compared to the elevated splenic weights for the 17XNL infected 

mice at days 16–18 p.i. The minor changes in spleen size for N67C infected mice could have 

resulted from presence of splenomegaly or a lack of extramedullary erythropoiesis; however, 

further histology experiments would need to be performed to confirm this. Also, the N67C 

infection model was shown to induce splenic cell death (167), which could have reduced the 

levels of changes for the splenic weights. The darker color and increase in splenic weight for the 

N67C infected mice could have also resulted from clearance or presence of parasites in the 

spleen. The overall parasite load of an infected mouse will include any parasites that sequester in 

the vasculature of organs, so this may be occurring in the spleen for the N67C infection model as 

well (62). Future examination of N67C infected mice spleens through histology and other 

experiments could help answer some of these questions.  
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 The increases in spleens for the 17XNL infected mice were partly contributed to the 

induction of extramedullary erythropoiesis. Histology analysis showed an increase in 

erythropoiesis and the presence of EBIs within the RP of the spleens for 17XNL infected mice at 

day 10 and 18 p.i. (Figure 2.13). Also, flow cytometry analysis showed an increase for some 

erythropoietic markers in BM and splenic cells of 17XNL infected mice (Figure 2.14 and Figure 

2.15). These erythropoietic marker expressions were examined for total live cells as well as on 

F4/80+ cells, which are murine MFs. MFs are located in the center of an EBI and are 

surrounded by differentiating erythroblasts (114). There were decreases for known erythropoietic 

markers CD163 and CD169 on spleen and BM MFs (Figure 2.15). Therefore, the defects of the 

EryB to EryC differentiation in the 17XNL infected mice may be correlated to the decreased 

levels of CD163 and CD169, although further experiments should be performed to prove this and 

determine what may cause the decrease in these erythropoietic markers.   

 Hemozoin has been shown to trigger phagocytic MFs to secrete inflammatory cytokines 

as well as decrease expression of MF activation markers (52, 70, 164, 165). Another study 

showed that MFs phagocytizing P. chaubaudi infected cells secreted MIF, which inhibited BFU-

e as well as likely led to more severe disease pathology (130). Also, some cytokines likely play 

an inhibitory role on erythropoiesis in the BM, as seen in patients with SMA (52, 83). Therefore, 

the presence of hemozoin and other cytokines may be affecting erythropoiesis in the 17XNL 

infection model. Hemozoin was found near the EBIs through histology images of the spleens for 

the 17XNL infected mice (Figure 2.13). Also, the 17XNL infected mice had higher levels of IL-

4, IFN-g, and MIP-1a early on for the infection (Figure 4.5). Some inflammatory cytokines can 

also be produced by MFs or monocytes following phagocytosis as well (188). Therefore the EBI 

MFs may have previously engulfed an infected RBC or infected reticulocyte. The presence of 
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hemozoin or the iRBC could have contributed to the damaging effects on the MFs’ abilities to 

function in EBIs. The release of various cytokines from various immune cells may also have 

contributed to defective erythropoiesis. This may explain the possible inhibition of complete 

RBC differentiation seen in the 17XNL infection model (Figure 5.1).  
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Figure 5.1 17XNL infection model of parasite and host factors leading to malaria induced 

anemia 

A & B) Depiction of malaria induced anemia adapted from Chang and Stevenson 2004 (71). A) 

Blood contains infected red blood cells and infected reticulocytes (both denoted as iRBCs) and 

uninfected red blood cells and uninfected reticulocytes (unRBCs). Both iRBCs and unRBCs 

were removed by parasite infection, lysis, or phagocytosis. Red blood cell (RBC) clearance leads 

to less RBCs present in the blood, defined as malarial anemia. B) Anemia is detected by the 
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kidney, which then secretes erythropoietin (EPO). Released EPO will travel to the bone marrow 

(BM) to induce erythropoiesis. Malarial anemia also induces extramedullary erythropoiesis in the 

spleen. Erythropoiesis is the differentiation of a hematopoietic stem cell (HSC) to a reticulocyte, 

which then matures into a RBC. C) Macrophages (MFs) can phagocytize iRBCs. This may 

release inflammatory cytokines such as TNF-a and IFN-g, which can inhibit erythropoiesis. 

Immune cells may also release these cytokines as well as IL-10 and IL-12, which can stimulate 

erythropoiesis. These MFs may also function in erythroblastic islands (EBI), which consist of a 

central MF bound by differentiating erythroblasts. The central MFs may have higher levels of 

erythropoietin receptor (EPOR) to help support erythropoiesis. The MF that phagocytized iRBC 

or the presence of hemozoin (demonstrated as brown dots on the EBI MF) may reduce 

expression of CD163 and CD169 on the EBI MF, which may then cause the EBI MF to not 

function properly and be unable to fully support erythropoiesis, leading to anemia. The 

inflammatory cytokines elevated in 17XNL infected mice may also inhibit stages of 

erythropoiesis causing incomplete differentiation of RBCs. Image created with Biorender.com.  
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5.4 Future directions 

 To further explore the possible defects of EBIs, in vitro EBI culture experiments were 

developed utilizing MFs from NI and 17XNL infected mice. EBIs were formed for MEL cell 

cultures with both MFs from NI and 17XNL infected mice. MEL cell differentiation and 

enucleation occurred in the EBIs as well (Figure 2.18, C & D). The MFs isolated from 17XNL 

infected mice appeared darker color, likely from phagocytizing iRBCs. Some of the brown 

staining within the MFs from 17XNL infected mice may have also been hemozoin (Figure 2.18, 

D). Future studies will aim to quantify the differentiation rates and overall number of EBIs 

formed for the MFs from the NI and 17XNL infected mice. Also, further characterization of the 

MFs in the EBI cultures using flow cytometry of erythropoietic markers may be performed in 

order to determine if any decreased expression could be linked to any differentiation changes of 

the MEL cells. The N67C infection model could also be utilized for EBI cultures, using both BM 

and splenic MFs. The iRBCs of N67C infected mice showed high phagocytosis by BMDMs, 

therefore, some of these phagocytizing MFs may also get incorporated into EBIs. This could 

potentially explain the decrease of erythropoiesis, as the phagocytizing MFs may not be able to 

support erythroblast differentiation. Also, the N67C infection model showed high levels of pro-

inflammatory cytokines, including IFN-g, IL-1b, MIP-1a, TNF-a, IL-13, and IL-4, compared to 

NI mice (Figure 4.6, A, B, F, G, K, N), which all have been previously shown to inhibit 

erythropoiesis (36, 47-49, 176, 177).  Therefore, the MFs from N67C infected mice may also 

lack ability to support EBI function, similar to the 17XNL infection model (Figure 5.1). Future 

experiments utilizing MFs from N67C infected mice in EBI cultures could also test the 

inhibitory roles of the various elevated cytokines by directly adding them to the media. Also, the 
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levels of cytokines and other factors can be measured in the culture media to identify if the MFs 

secrete any cytokines inhibiting EBI functions. 

 Further examination of the MFs in the EBIs can also be performed. The 17XNL 

infection model had increased MFs (F4/80+ cells) in the BM and spleen measured using flow 

cytometry (Figure 2.14) and immunohistochemistry (Figure 2.16). Defining MF populations is 

difficult as MFs are quite heterogenous and arise from tissue-residency or derivation from 

monocytes (36). In stress erythropoietic models, monocytes have been shown to infiltrate into 

the spleen to differentiate into MFs to help with erythropoiesis and EBIs. These monocyte-

derived MFs were heterogenous as well (134, 148). Therefore, the 17XNL infection model 

likely also had an influx of monocytes that derived to MFs as extramedullary erythropoiesis was 

induced in the spleen. M1 and M2 MFs were also observed via IHC showing an increase in both 

M1 MFs and M2 MFs for the BM and spleen for 17XNL infected mice (Figure 2.17). Although 

different erythropoietic markers were measured for F4/80+ cells, further exploration and 

characterization of the exact subpopulations of the MFs present in the EBIs for the 17XNL 

infection model should be investigated. Some of MF characterization analysis could be 

performed on the MF cells cultured with MEL cells for the in vitro EBI experiments. 

Determining whether the MFs in the EBIs were monocyte-derived or tissue-resident will also 

help further identify the roles of these different MFs in erythropoiesis. Overall, an understanding 

of the EBI MFs and erythroblast differentiation will provide more information on malaria 

induced anemia. 

 Besides erythropoiesis, the production of other host cells, such as immune cells, can also 

be further investigated as there may be changes to other hematopoietic pathways for both 



  207 

infection models. Previous studies have shown increased hematopoietic pathways for P. yoelii 

infected mice (101, 102). Some of these pathways likely induced hematopoiesis to produce 

immune cells for the 17XNL infection model. There were increased levels of immune cells for 

the 17XNL infected mice: histology examination of the spleen showed increased hyperplasia of 

the WP (Figure 2.13) and flow cytometry analysis of splenic immune cells had increased counts 

of T cells, B cells, and pDCs (Figure 4.8). Future experiments can be designed to study the 

hematopoietic progenitor cells of these immune cell populations as well as other hematopoietic 

stages to determine if any activation or inhibition occurs in the 17XNL infected mice. In contrast 

to the increased immune cells for the 17XNL infection model, the N67C infected mice had 

significant decreased frequencies of CD3+ T cells, CD8+ T cells, pDCs and cDCs (Figure 4.9). 

This was consisted with the findings in another study showing splenic cell death and decreased 

counts of CD4+ T cells, CD8+ T cells, pDCs and cDCs for N67C infected mice compared to NI 

mice (167). As terminal erythropoiesis was likely inhibited, other earlier stages of erythropoiesis 

and other hematopoietic populations, including the various immune cell progenitors, may also be 

suppressed for N67C infection model.  

In conclusion, this study investigated the roles of RBC clearance and erythropoietic 

changes for malaria induced anemia. Both infection models showed anemia with likely clearance 

of iRBCs and unRBCs. The 17XNL infected mice also had drastic splenomegaly as well as 

induced erythropoiesis; however, there were possibly disruptions in erythropoiesis due to EBI 

MFs that improperly supported RBC differentiation. This lack of function may have resulted 

from increases in pro-inflammatory cytokines, presence of hemozoin, or previous phagocytosis 

of iRBC causing changes to the EBI MFs. The N67C infection model likely displayed 

suppression of erythropoiesis, with decreased GATA1 levels as well as reduced EryA and EryB 
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populations. There also were higher levels of pro-inflammatory cytokines as well as reduced 

immune cells for N67C infected mice on days 4–6 p.i. All of these factors, alongside decreased 

erythropoiesis, likely contribute to N67C infected mice dying from the parasite infection 

compared to the 17XNL infected mice surviving.  

Future studies with the various cytokines and other host factors for both 17XNL and 

N67C infection models could be utilized for in vitro EBI culture experiments to observe potential 

inhibition of differentiating erythroblasts. Also, genetic research tools could utilize a parasite 

genetic cross of the 17XNL and N67C parasites in order to possibly identify particular parasite 

genes/locus as well as host genes that may contribute to the changes seen in erythropoiesis for 

these two infection models. All of these studies will help better understand the mechanisms that 

may be involved in reduced production of RBCs through erythropoiesis. This, alongside studies 

of clearance of both iRBCs and unRBCs, will help gain more knowledge about the molecular 

mechanisms involved in malaria induced anemia. Identifying new mechanisms of malarial 

anemia could lead to potential new targets for developing treatment methods for patients with 

SMA, which continues to be a main contributor of deaths for malaria parasite infections in 

humans. 
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