
THE ROLE OF ERYTHROPOIETIN IN THE 

PATHOPHYSIOLOGY OF ANEMIA ASSOCIATED WITH 

TRYPANOSOMIASIS 

by 

Hagir B. Suliman 

Dissertation submitted to the Faculty of the Virginia 

Polytechnic Institute and State University in partial 

fulfillment of the requirement for the degree of 

DOCTOR OF PHILOSOPHY 

in 

Veterinary Medical Sciences 

  
  

    

  

  

APPROVED: 

| i ce | 
DL Kb Je [ikker ; Rei Me ice Lec! 

Dr. Bernard F. Feldman “Dr. Linda Logan-Henfrey  ’ /] 

Axa <b i 4 SY 

‘Or. John Robertson Dr. Anne Zajac’ E > 
, . LU 

oy. Otte Sa vl CoA TO ON, 

Dr. Ota Barta Dr. Corrie Brown 

April 25th, 1996



LD 
5055 
V%356 

(996 
S¥55 
Cc.
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African trypanosomiasis is one of the most important hemoprotozoan diseases 

affecting both humans and livestock in sub-Saharan Africa. A blunted erythropoietin 

(Epo) response has been proposed as one possible mechanism that contributes to the 

nonresponsive anemia in trypanosome-infected cattle. The overall objective of this study 

was to examine the pathophysiologic role of Epo in the anemia associated with 

Trypanosoma congolense infection in cattle at the molecular and cellular levels. 

Bovine Epo cDNA from N’Dama cattle (Bos taurus) and Boran cattle (Bos 

indicus) was isolated by polymerase chain reaction (PCR) amplification and by screening 

of a bovine kidney cDNA library. Using in situ hybridization, Epo mRNA was detected 

in interstitial fibroblast-like cells in the kidney of an anemic calf (created by phlebotomy). 

Epo mRNA was also detected in the spleen from the anemic calf and the spleen of a 19 

week old bovine fetus using quantitative PCR assay. 

The bovine Epo cDNA was expressed in three different expression systems: 

bacterial, vaccinia virus (VV), and Chinese Hamster Ovary (CHO) cells. The 

recombinant bovine Epo (rbovEpo) expressed in CHO cells was more biologically active 

than that expressed in the other systems. The purified rbovEpo was used to develop a 

hybridoma secreting high affinity monoclonal antibodies to rbovEpo.



Competitive reverse transcription and the PCR (RT/PCR) were used to compare 

the concentrations of Epo mRNA in the kidney during chronic and acute infection with 

T. congolense in trypanotolerant (N’Dama) and trypanosusceptible (Boran) cattle. The 

Boran cattle were more anemic, with packed cell volumes (PCV) ranging between 14- 

21% while N'Dama cattle had PCV values between 19-36%. Surprisingly, the increases 

in Epo mRNA did not vary significantly in the kidneys from the two breeds. However, 

the amount of Epo receptor transcripts in bone marrow during acute infection of 

N’Damas was significantly (P <0.05) higher than that detected in the marrows of Borans. 

These findings suggest that Boran cattle are incapable of eliciting an appropriate Epo 

response for their degree of anemia. Negative regulators of Epo gene expression, such 

as IL-la and B, TNFa and IFNy were expressed in the kidneys from chronically infected 

Boran cattle at significantly (p < 0.05) higher concentration than in the kidneys from 

chronically infected N’Dama cattle. Furthermore, during acute infection with 7. 

congolense the concentration of IFNy mRNA in the kidney from Borans was 

significantly higher - as were the mRNAs of IL1a and B, and IFNy - in the bone marrow 

from Boran cattle compared to that from N’Dama cattle (p < 0.05). 

Nucleotide sequence analysis of the 3’ untranslated region (UTR) of the N’Dama 

and Boran Epo cDNA sequences revealed a polymorphism. Also a single position 

mutation of Try —— His close to a unique phosphoserine motif was identified on the 

predicted peptide sequence of Epo receptor in Boran cattle. These may contribute to the 

differences in the erythropoietic response observed in the two breeds of cattle. 

These are the first observations that link a genetic marker (Epo and EpoR 

polymorphism) to a phenotypic criterion (PCV) for trypanotolerance of cattle.
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INTRODUCTION



HYPOTHESES 

Overall hypotheses 

Ineffective erythropoietic response in anemic cattle infected with 7rypanosoma 

congolense is due to inappropriate erythropoietin (Epo) response. 

Specific hypotheses 

1. In anemic cattle infected with 7: congolense, Epo production is affected at the level of 

transcription in the kidney. 

to
 . In anemic cattle infected with 7: congolense, the level of inflammatory cytokines are 

increased in the kidney. 

. In anemic cattle infected with 7. congolense, the level of Epo receptor gene G
o
 

expression in the bone marrow cells is downregulated. 

4 In anemic cattle infected with 7. congolense, the level of inflammatory cytokines are 

increased in the bone marrow 

5. The difference in the erythropoietic response between the N'Dama and Boran cattle is 

due to polymorphism in Epo and/or Epo receptor genes in the two breeds.



LITERATURE REVIEW 

I. African trypanosomiasis 

Trypanosomiasis is a disease of human, domestic animals and wildlife caused bv 

species of the hemoprotozoan parasite Trypanosoma which is transmitted by tsetse flies. 

(Glossina spp.). Thirty seven African countries, between latitudes 14° North and 29° 

South (Fig. 1-1), where 50 million cattle are at risk, are suffering from major constraints 

in livestock production as a result of trypanosomiasis. The disease in livestock is caused 

mainly by 7rypanosoma congolense, T. vivax and T. brucei. The plasma membrane of 

African trypanosomes is covered with homodimers of variant surface glycoprotein 

(VSG)! Antibodies directed against VSG are involved in clearance of the parasites. 

However, following transcriptional switching among the VSG genes and subsequent 

expression of variant antigenic types on the trypanosome surface coat, this phenomenon 

enables the parasites to evade host immune response. Thus, sterile immunity is never 

achieved and an effective humoral control of trypanosomuasis is still lacking. 

Infection with 7. congolense in cattle causes both acute and chronic clinical 

disease and sometimes results in an asymptomatic carrier state. The severity of the 

clinical disease depends on several factors including parasite strain, virulence, host age, 

breed, nutritional status, and concomitant infections.” Clinically affected animals become 

anemic. cachectic and unproductive. The disease may be acute, usually lasts 6-8 weeks 

and is characterized by marked parasitemia, anemia, intermittent fever,-and weight loss. 

The acute disease may be fatal or may progress to chronic disease of variable duration 

with low parasitemia but with persistent anemia and thrombocytopenia. The majority of 

the infected cattle die within one to several months after infection, while fewer may 

recover over many 

2.3 
months.~’



While 7. congolense parasites are confined to the circulation, occasionally they 

were found in cerebrospinal fluid.* Once in the circulation they remain free or attached 

to the red cells or endothelial cells lining blood vessels.> In contrast to 7. congolense. 

both 7. vivax and 7. brucei have the ability to invade nonvascular mammalian tissues. > ° 

Infection with certain isolates of 7. vivax results in an acute hemorrhagic syndrome 

L 

characterized by marked parasitemia and massive extravascular hemorrhage.® 

However, other strains of 7. vivax are not as pathogenic and produce less severe anemia 

than that observed in most infections with 7. congolense. Infection with 7. brucei 

results in slight parasitemia and modest anemia compared to that caused by other 

. 10 . . . oo. . . 
trypanosome species. However, infection with 7: brucei might cause massive tissue 

Hl tt is important to point out damage, including myocarditis and meningoencephalitis. ’ 

that cattle in the field can be infected with all three trypanosome parasites and this might 

affect the severity and pathogenesis of the anemia. 

For many years, it has been recognized that certain taurine breeds (Bos taurus) of 

West African cattle, as well as some wildlife species, have the ability to survive and be 

13, 14 
, However, other breeds, such as Zebu productive under high tsetse-challenge. '*° 

(Bos indicus), rapidly succumb to tsetse-borne diseases. The superior innate tolerance to 

trypanosomiasis by the N'Dama and West African shorthorn breeds 1s well established. 13. 

15. 16 They have the ability to tolerate the disease by controlling both parasitemia and 

anemia, developing moderate transient anemia in the face of infection, as indicated by a 

limited decrease in the PCV. There are indications that both anemia and parasitemia are 

genetically controlled but are not directly linked to each other.'’ On the other hand, the 

PCV is considered the only reliable criterion for trypanotolerance in cattle since the 

parasitemia is proven to be an unreliable measurement.'® Recent field studies have 

shown that trypanotolerant cattle (N'Dama) infected with 7: congolense have the ability 

to maintain their PCV within normal limits and thus remain productive and



reproductive. !” However, the underlying mechanisms of the control of anemia and 

parasitemia in trypanotolerant cattle are still poorly understood. 

II. Pathophysiology of anemia associated with 7. congolense infection 

Anemia is the most common and predominant clinical and laboratory finding in 

trypanosomiasis and is the major indicator of disease severity. Despite extensive studies 

of trypanosome infection, little is known about the pathophysiology of its associated 

anemia. The exact mechanism(s) responsible for the development of anemia remain 

controversial. 

1.1. Hematological features 

Anemia associated with the acute phase of 7 congolense infection is 

characterized morphologically as normocytic, normochromic (sometimes macrocytic) 

20, 21, 22 
slightly responsive or nonresponsive. The anemia in the chronic phase of the 

disease is characterized as normocytic, normochromic, nonresponsive and sometimes 

microcytic, normochromic, nonresponsive. Thrombocytopenia, transient lymphopenia, 

and neutropenia have also been reported.> 24.25, 26 

I[.2. Etiology and mechanisms of anemia. 

11.2.1. Extravascular hemolysis 

The anemia 1s initially stimulated by trypanosome challenge when the parasitemia 

is very high and results in increase of erythrophagocytosis mainly by Extravascular 

3, 22 
macrophages and monocytes. Alteration in the surface of erythrocytes by adsorbed 

antigen-antibody complexes,” ” 28 by trypanosomal proteolytic and glycolytic, enzymes 

29. 30. 31, 32, 3 by. mechanical injury,“ and due to stasis in the and phospholipases, 

enlarged spleen,” are predisposing factors which render erythrocytes more prone to be 

phagocytosed. During the chronic phase of infection, the parasitemia is usually low, the



spleen is no longer enlarged, but the anemia is persistent and the PCV continues to drop 

especially in trypanosusceptible cattle. 6 

11.2.2. Ineffective hematopoiesis 

Ineffective hematopoiesis has been described as one mechanism that contributes 

to the nonresponsive anemia especially associated with the chronic phase of infection 

with 7: congolense.* Bone marrow hypoplasia_was frequently described during chronic 

. , 20, 22 
infection. In many cases the marrow becomes yellow and gelatinous. Furthermore, 

on 

the anemia and granulocytopenia observed in calves infected with 7: vivax *- was 

attributed to insufficient bone marrow response in terms of both erythropoiesis and 

granulocytopoiesis. A complex of factors has been suggested to contribute to the 

.20, 22, 37 hypoplastic bone marrow during infection However, the causes of the impaired 

bone marrow response are not yet clear. 

Concern has recently been focused on the lack of erythropoietin (Epo) biogenesis 

and/or bioactivity as one of the possible factors contributing to ineffective erythropoiesis 

, . _ 37, 
in trypanosome infection.” ” %8 Primary studies showed that plasma from anemic sheep 

infected with 7: vivax did not stimulate erythropoiesis in mice while plasma from 

hypoxemic sheep resulted in pronounced reticulocytosis.~| A comparative study of 7. 

congolense infection in Boran (Bos indicus) and N'Dama (Bos taurus) cattle using an ex 

vivo clonogenic assay, showed that the numbers of erythroid progenitors namely, the 

burst forming unit (BFU-E) and colony forming units (CFU-E), were increased to the 

same magnitude during the acute phase of infection, although, the Boran were more 

anemic and the level of parasitemia was the same in the two groups of cattle. During the 

chronic stage of the disease the Boran cattle remained anemic while the N'Dama cattle 

PCV returned towards nomal. A marked decrease in erythroid progenitors was detected 

in the Boran cattle.*® This has been attributed to inadequate production of Epo in the 

infected Boran cattle. >® Additionally, during infection Epo biological activity might be 

affected by host or trypanosomal factors. Trypanosomes have been shown to release



glycolytic and proteolytic factors such as sialidases (in 7. vivax) and cysteine proteases 
4 . . : 1 . ‘ 29. 30. 31 Which may affect the biological activity of the sialoglycoprotein hormone Epo. 

It is well documented that sialidase affects the bioactivity of Epo and enhances its 

. 39.40 
removal from the circulation. 

Recent attention has been drawn to the increased activity of bone marrow 

macrophages and the associated increase of erythrophagocytosis *2 in cattle infected’ with 

7. congolense. Cytokines, such as tumor necrosis factor alpha (TNF-a) was found to be 

increased in serum of cattle infected with 7: vivax! In addition, ex vivo studies of 

macrophage and lymph node cytokine patterns during infection with 7. congolense 

showed increased concentrations of interleukin 1 (IL-1) and gamma interferon (IFNy).7* 

*° The increase in cytokines, mainly IL-1 and TNFa were found to decrease Epo 

production in human hepatoma cell line cultures (HepG2), whereas IL-1 blocked Epo 

formation in isolated, serum-free, perfused rat kidneys.” In chronic inflammatory 

disorders, the humoral factors released, including TNF and IL-1, cause suppression of 

the bone marrow response to 

45. 46, 47 
Epo. >. 46. 

The anemia observed during the chronic phase of trypanosomiasis was found to 

20, 48 
be associated with a low concentration of serum iron and reticuloendothelial 

siderosis.“ *’ In addition to the morphological description of the chronic phase anemia 

in trypanosomiasis. hypoferremia and hemosiderosis indicate that the anemia of this 

phase could be also be described as anemia of chronic disease (A€D).°° ACD is 

common in patients with inflammation, infection, or malignancy and is an 

underproduction anemia with relatively low Epo concentrations relative to the degree of 

the anemia. The administration of recombinant human Epo (rhuEpo) to these patients 

5], 52 
corrected the anemia. Additionally, positive modulators of Epo gene expression 

53, 54 
such as thyroid and adenohypophyseal hormones were reported to be blunted in



35. 56 
cattle infected with 7: congolense. This might affect Epo expression in infected 

cattle. 

The pathologic changes observed in the kidneys of cattle infected with 7. 

57, 58 
congolense may play a role in the Epo secreting mechanism. It is well known that 

patients with chronic renal disease are anemic due mainly to lack of endogenous Epo. 

Damaged renal tissues are no longer secreting adequate concentrations of Epo. In:such 

patients, anemia can be relieved by administration of rhuEpo.”” 

il. Erythropoietin 

Epo, the glycoprotein whose name is a succinct description of its main effects 

(regulation of erythropoiesis and red blood cell mass), is the only hemopoietic growth 

factor that behaves as a hormone.°? 

.1.The history of erythropoietin 

The history of Epo over the past 150 years 6! begins when, in 1863, a French 

physician, Dennis Jourdant. observed that blood of high-altitude dwellers in Mexico was 

more viscus than the blood of individuals who lived at lower altitudes. He also observed 

that patients with altitude sickness suffered the same symptoms as patients with blood 

loss such as shortness of breath, dizziness, rapid pulse, and fainting. Dr. Jourdant's 

observation was followed by numerous observations and experimentations by different 

scientists. searching for a humoral erythropoietic factor. These attempts were not 

successful until Allan Erslev, in 1953, demonstrated that a humoral factor found in 

plasma of an anemic rabbits could stimulate the production of red blood cells if the 

plasma was injected into normal rabbits. Other investigators quickly confirmed that the 

humoral factor now named erythropoietin was responsible for these findings. Early 

studies on Epo were hampered by failure to obtain sufficient quantities of pure hormone. 

In 1977 Miyake et al. ®* isolated and purified Epo from urine of anemic patients. 

Recently the gene encoding Epo for human, monkey and mouse was cloned, expressed



3 / x 
. eqe 

; 63. 64. © The availability of recombinant Epo and purified as recombinant Epo. 

accelerated and improved knowledge of the pathophysiology of many human 

hematopoietic disorders. 

HI.2. Sites of erythropoietin production 

Soon after birth, the kidney is the main site of Epo production. Conflicting 

opinions still exist with respect to the site of synthesis of Epo in the kidney. However. 

recent evidence using in situ hybridization techniques identified fibroblast-like type | 

interstitial cells as the Epo-producing cell population in the kidney.°° ° During fetal life 

the main site of Epo production 1s the liver.°® In the liver, both a subset of hepatocytes 

and nonparenchymal Ito cells, also known as fat-storing or perisinusoidal cells have been 

reported to be the source of Epo production.°” ”° Paracrine release of Epo from bone 

marrow macrophages has been suggested based on in vitro results.’! However, evidence 

that macrophages produce Epo in vivo is still under investigation. Recently, Epo and 

Epo receptor (EpoR) have been identified in mouse brain by competitive reverse 

transcription-polymerase chain reaction (RT-PCR): the functional expression of EpoR 

and hypoxic upregulation of Epo suggest a paracrine role for Epo in the brain, > 

Furthermore, it has been demonstrated that Epo influences rat and human Leydig cell 

steroidogenesis, stimulating testosterone production through a direct and specific 

receptor-mediated mechanism. * 7° Additionally, EpoR was also detected in endothelial 

cells where the cultured cells responded to the hormone with enhanced proliferation. 

IE.3. The Epo molecule and the Epo genes 

The Epo genes of human, monkey and mouse have been cloned, sequenced and 

expressed. Epo gene expression 1s tissue specific, regulated by unique sequences in the 

liver and kidneys. Sequences sufficient for induction of Epo in the liver are located in 

close proximity to the Epo gene, including the immediate 5S' and 3’ flanking sequence and 

the first intron. Sequences required for induction of Epo in the kidney are located more 

than 9.5-kb 5' to the gene. Furthermore, transgenic studies suggest that sequences that



limit the basal expression of the Epo gene are located downstream from the gene and 

multiple cis-DNA sequences are required for regulated Epo gene expression. . 

Functional analysis of the Epo promoter indicates that 118-bp upstream from the start 

site are required for both basal transcription as well as for hypoxic induction.”® It is 

likely that the full response requires interaction and perhaps cooperation between the 

enhancer and promoter elements. Deletion of a 187-bp segment of Epo cDNA at the 3’ 

UTR resulted in the expression of a truncated mRNA that has a prolonged half life. This 

suggests that the 3' UTR of Eno mRNA has a relatively small stretch sequence that is 

responsible for its degradation and short half life.’ 

The PCR product of the intron 1/exon 2 fragments from genomic DNA of 

hamster, cat, lion, dog, horse, dolphin, and pig have been cloned and sequenced .*” A 

high degree of identity was observed between the predicted mature Epo amino acid 

sequence of human and nonhuman animals, scoring as high as 91% with primate Epo, 

85% with cat and dog Epo, and 80-82% with pig, sheep, mouse and rat Epos. There 

was full conservation of the disulfide bridge linking the N-terminal and the C-terminal of 

the protein, N-glycosylation sites, and predicted amphipathic-helices.*” The human, 

monkey, mouse, and sheep predicted amino acid sequences of the mature Epo peptide 

63. 64, 65, 81 
ranged between 165-167 residues. Epo is a sialoglycoprotein of 30 to 34-kDa 

with carbohydrate comprising 40% of its mass.**:®* Jt has been shown that the N-linked 

sugar chains of Epo play important roles in biosynthesis, secretion, and expression of 

Epo biologic activity. In many cases, modification of the sugar protein of Epo results in 

. . . . : . : 7, - - B4 85 
a decrease or complete loss of 7 vivo activity, while maintaining its in vitro activity. ~ 

The loss of 77 vivo biologic activity of asialo-Epo could be due to rapid removal of Epo 

86. 8 
from the circulation, ’ that resulted from hepatic uptake mediated by galactose- 

binding protein 87 and degradation in lysosomes. Recombinant Epo expressed in 

mammalian cells was shown to be highly active and fully glycosylated.** 8° 

10



111.4. The role of Epo in regulation of erythropoiesis 

Approximately 0.1 % of hematopoietic cells in bone marrow are pluripotent stem 

cells in a predominantly resting stage (Go). These cells interact with lectins on the 

surface of stromal cells to become anchored into specific niches in the hematopoietic 

microenviroment. Once fixed, they commit to lymphocytic, erythrocytic, myelocytic. or 

megakaryocytic cell series. Commitments of these cells to a specific lineage is a 

stochastic or random process facilitated by growth factors and interactions with the 

90, 91 
stromal cells. These early processes are not influenced by physiologic stimuli for 

red cell production, such as anemia or hypoxia. 

The earliest cell committed to the erythroid series is the BFU-E. The earliest 

BFU-Es are predominantly in the Go phase. Those cells are fixed in the hematopoietic 

microenviroment, where they are exposed to a variety of growth factors including stem 

cell factor (SCF), granulocyte-macrophage colony stimulating factor (GM-CSF) and 

interleukin 3 (IL-3). Interaction of these molecules with specific receptors results in 

recruitment of these cells into the cell cycle and the expression of Epo receptors 2 on 

their surface. The end stage of this developmental process is CFU-E, which is believed to 

be only one or two divisions upstream from the proerythroblast. Most of the CFU-Es 

are cycling cells expressing the maximum number of EpoR on their membranes and are 

the primary target for Epo. J» vitro clonogenic assays indicate CFU-E are highly 

responsive to small amounts of Epo and give rise to hemoglobinized colonies of 8-49 

cells in 7 days (human),’* 8 to 64 cells in 2 days (mouse)” or 8-50 cells in 5 days 

(cattle)*® The interaction of Epo with its specific receptor on the CFU-E determines the 

daily rate of erythropoiesis. This rate varies depending on plasma Epo, number of CFU- 

Es, and the functional integrity of the CFU-E as long as an adequate supply of essential 

nutrients is provided. 
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11t.5. The Epo receptor (EpoR) 

EpoR is a 66-kDa protein that forms homodimers after reaction with its ligand, 

> ‘The EpoR belongs to the cytokine or hematopoietic receptor superfamily (Fig. Epo. 

1-2) that have no endogenous tyrosine kinase activity. However, interaction with Epo 

rapidly results in tyrosine phosphorylation of the proximal membrane cytoplasmic site on 

the receptor molecule. Recent evidence suggests that this reaction is catalyzed by a 

member of Jak2 family of tyrosine kinases.”° Phosphorylation of EpoR is followed by 

phosphorylation of several intracellular proteins,” and c-myc is activated shortly 

thereafter.”* The growth-regulatory signals transduced by Epo-R are currently poorly 

understood. It was reported that Epo induces a rapid increase of intracellular calcium in 

erythroid cells infected with Friend virus and in immature erythroblasts.” 100, 101 By 
~ , Loa - 102 

contrast, mouse CFU-Es did not show a similar increase in intracellular calcium. 

Other conflicting results were obtained for intracellular cyclic adenosine monophosphate 

(cAMP). A rapid increase in cAMP concentrations and erythroid differentiation was 

observed in SKT6 cells '”* while no effect was reported for TSA8 cells.'°" The signal 

transduction pathway of EpoR may include activation of phospholipases A2 and C 

resulting in liberation of diacylglyceride and arachidonate and subsequent formation of 

05 
lipoxygenase metabolites. °° It is possible that Epo signaling is mediated by more than 

one intracellular pathway. The internalization of Epo by endocytosis ensues within | h, 

and an increase in synthesis of unspecified mRNAs occurs within 3 h. The specific 

mRNAs for globin, some erythrocyte membrane proteins, and transferrin receptor first 

appear after 6 h. EpoRs are not expressed by early BFU-Es. They first appear in 

medium BFU-Es and increase in number until the CFU-E stage of development, after 

which they gradually decrease in number as erythroid cells undergo terminal 

: 0 
maturation. 106 
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The interaction of Epo with its receptor on late BFU-Es and CFU-Es results in 

(a) proliferation of mid- and late BFU-Es, 1°’ (b) an increase in CFU-Es survival through 

inhibition of apoptosis 108 and, (c) the triggering of CFU-Es to proceed into and through 

terminal maturation. '°? The first two actions result in expansion of the CFU-E 

population. which in turn amplifies the effect of Epo by increasing the number of Epo- 

responsive cells. - 

Terminal maturation is initiated by the interaction of EpoR on the CFU-Es with 

its ligand and terminates with enucleation of normoblast nuclei and formation of 

reticulocytes. These reside in the marrow for 2 days in humans, after which they enter 

the peripheral blood circulation to mature by completing the process of remodeling their 

cell membrane and removing their nuclear remnants. Under conditions characterized by 

very high plasma Epo concentrations such as severe anemia, reticulocytes may be ejected 

from the marrow into the circutation immediately after formation or after only one day in 

the marrow. It has been theorized that the early release of reticulocytes into the 

circulation is attributed to the interaction of high concentrations of Epo with its receptor 

on the marrow's sinusoidal endothelial cells. !'° 

Deletion of the carboxy terminal of Epo-R (about 40-90 amino acids) increases 

1] 
the responsiveness and binding of the receptor to Epo. Mutation of the EpoR gene at 

the intercellular C-terminal leads to creation of a stop codon that deletes 70 amino acids 

from the C-terminal part of the protein. An individual with such mutations has high Hb 

2 
concentrations and erythrocytosis. Mutation of Arg-129 to Cys in the exoplasmic 

domain of the Epo-R causes formation of disulfide-linked homodimers, many of which 

are found on the cell surface. and results in low-affinity receptors that generate 

113 
intracellular growth signals in the presence and absence of Epo. On the other hand, 

Ba/F* cells that have mutation at the conserved extracytoplasmic motif WSXWS, 

express few if any Epo-R and do not grow in the presence of Epo. 114 
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111.6. Regulation of Epo production 

The production of Epo is regulated by oxygen supply to the site of production 

relative to this site's oxygen requirements.°” The kidney is the ideal site for Epo 

production > because it is the only organ in which oxygen utilization is closely 

correlated with the blood flow. Renal oxygen consumption is determined by the rate of 

sodium reabsorption, which in turn is determined by renal blood flow. Therefore; the 

effect of renal blood flow on oxygen delivery is neutralized by the effect on oxygen 

consumption, and renal Epo production is determined primarily by oxygen content of the 

blood (Fig. 1-3). 

Both Epo and Epo mRNA are barely detectable in nonhypoxic kidneys. 

Accordingly, Epo is not stored in the kidney. It is produced de novo in response to 

hypoxia and has a relatively short half life.|!® Hypoxia causes about a 100-fold 

117,118 
enhancement in Epo mRNA expression in sheep and mouse kidneys and in Hep3B 

119, 120 
cells:'’® an induction due primarily to enhanced transcription. In addition, the Epo 

79,121 
gene may also be regulated at the level of mRNA stability, although the evidence 

for this is indirect. Exposure to hypoxia initiates a series of transcriptional and 

translational events that eventuate in the appearance of Epo mRNA after 1.5 h and Epo 

after 3h.’ The number of Epo-producing cells in the kidney increases in proportion to 

the severity of the hypoxic stimulus, whereas the amount of Epo mRNA per cell is 

always constant. 122 

The mechanism by which hypoxia increases the rate of Epo production has been 

investigated in a hepatoma cell line (Hep3B), which produces Epo in a regulated manner 

in vitro. Based on these studies, Goldberg et al., 123 postulated that the oxygen sensor is 

a membrane-bound. heme-containing enzyme that undergoes a transformational change 

after becoming oxygenated. 24 This change converts the enzyme to an active form, thus 

initiating the process of signal transduction, which culminates in synthesis of a 

14



nucleoprotein (known as hypoxia inducible factor 1, HIF-1) that activates Epo gene 

transcription. The putative heme-containing enzyme has not yet been identified and the 

process of understanding signal transduction is still in an early phase of investigation. 

Recently hypoxia was shown to activate c-fos and c-jun both in hypoxia-sensitive Hep3B 

cells and in vascular endothelial cells.*> Both type of cells respond to hypoxia as well as 

to cobaltus chloride. Hep3B respond by producing Epo, whereas vascular endothelial 

cells produce vascular growth factor. This indicates that synthesis of HIF-1 is also 

126, 127 
induced by hypoxia in nonerythropoietic cells. The role of these early response 

genes in initiating or enhancing transcription in response to hypoxia 1s under 

investigation. The HIF-1 binds to a transcriptional regulatory element on the 3° flanking 

region of Epo gene and is postulated to be involved in the initiation of Epo gene 

transcription in response to hypoxia. In addition to the ratio of oxygen demand to 

oxygen supply, other factors modulate Epo production. These include hormones. 

cytokines and responsiveness of Epo to the developing erythron. 

11.6.1. Hormones 

Calorigenic hormones such as growth hormone, adenocorticotrophic hormone 

(ACTH). and thyroxin, increase the rate of oxygen utilization and Epo production. '?* 

129. 130 
Thyroxin also stimulates Epo production by a noncalorigenic mechanism, the 

nature of which is unclear. It has been suggested that thyroxin activates steroid/thyroid 

hormone receptor response elements in the enhancer site of the Epo gene. Androgenic 

and anabolic steroids, such as testosterone. increase the rate of erythropoiesis and the 

; 31 
concentration of plasma Epo.” 

11.6.2. Cytokines. 

Anemia of inflammation (ACD), which was believed to be primarily caused by 

functional iron deficiency, now appears to have a more complex pathogenesis that 

includes the direct effects of inflammatory cytokines on both erythropoiesis and Epo 

132, 133, 134 
production. Anemic patients with inflammatory diseases were found to have 
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low concentrations of plasma Epo comparable to the concentrations observed in iron 

deficient anemic patients. >> The apparent interpretation of these findings is that 

inadequate Epo production contributes to the pathogenesis of anemias of chronic 

diseases. This becomes a question as to why there is inadequate Epo production or 

response. Among the pathophvsiologic mechanisms of anemia of chronic disease are the 

effects of inflammatory cytokines such as IL-1, TNF and IFN on both Epo production 

and responsiveness to Epo. TNFa suppresses both CFU-E-derived colony growth i 

vitro by an indirect mechanism mediated by monocyte-derived interferon.'*° '*’ The 

suppression of erythropoiesis caused by IFN can be overcome by administration of high- 

138 
dose Epo. IL-1 and TNF suppress Epo production in Hep3B cells 7 vitro and in 

139. 140 
isolated perfused kidneys in vivo. Production of inflammatory cytokines 1s 

increased in many of the conditions associated with anemia of chronic disease." I am 

aware of no data that directly correlates the titers of TNF or other inflammatory 

cytokines with Epo concentrations and the severity of the anemia of chronic disease. 

These cytokines probably contribute to the pathogenesis of anemia of chronic disease. 

but how and to what extent they do so remains to be determined. 

11.6.3. Responsiveness of Epo to the erythron. 

The responsiveness of Epo depends upon whether or not the erythron is 

biologically and developmentally intact. Experiments conducted in sublethally irradiated 

mice have shown decreased responsiveness to endogenous and exogenous Epo!” Also 

genetic components have been detected as the source of differences between CF! mice 

which respond to hypoxia by increasing PCV levels and CAF1 mice which have a mild to 

moderate response to hypoxia. ns 

I.7. Immunopotentiating activity of Epo 

Epo was found to stimulate activation and differentiation of lymphocytic B cells 

and to enhance B cell immunoglobulin production and proliferation. “*" > B cell 

functions have improved in rhuEpo treated patients. 4 
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I11.8. Therapeutic uses of Epo 

Erythropoietin was originally purified from urine of anemic patients.” However. 

the procedure used was laborious, time consuming, and gave low yields. The expression 

of recombinant human Epo in Chinese Hamster Ovary cells (CHO) has enabled the 

production of the hormone in sufficient quantities for use in biological investigation as 

well as for therapeutics. Use of rhuEpo as a therapy for the anemia associated with 

chronic renal disease in humans, dogs, and cats was found to correct the anemia and 

abrogate the blood transfusion requirement in patients on regular hemodialysis 

147, 148 
therapy. Recombinant Epo was also used to correct the anemia of chronic disease 

of nonrenal disorders, including rheumatoid arthritis, malignancies, AIDS, and other 

inflammatory diseases that may induce ACD, 149, 150 and can improve the quality of 

life of responding patients. Hypersensitivity or allergic reactions were detected in dogs 

and cats receiving multiple dosages of rhuEpo and anti-rhuEpo antibodies were detected 

in about 20-50% of the treated patients)” 

1.9. Epo in ruminants 

Very few studies have examined the Epo role in the pathogenesis of anemia in 

ruminants. Increased Epo titers were found in calves during infection with Theileria 

sergenti (Yagi Y; personal communication). An increase in the titers of Epo was 

observed when the PCV dropped to 17% in the infected calves. The elevation of Epo 

titers were followed by reticulocytosis and an increased MCV and PCV. This was 

subsequently followed by recovery from the disease. On the other hand, Igbokewe and 

Anosa ~’ described that 7. vivax infection in sheep induced low Epo response. 

Serum samples from T. congolense infected Friesian cattle significantly inhibited 

Epo-dependent proliferation of erythroid precursors from phenylhydrazine-treated 

. 15] . . . oy: 
mice. A radioimmunoassay using antihuman urinary Epo polyclonal antibodies as a 

125 
binder and recombinant human ‘“"J-labeled Epo as the tracer, could not detect Epo in 
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152 
serum from anemic calves. This might be due to lack of immunological cross- 

reactivity between human and bovine Epo. It has been reported that Epo has functional 

biological cross-reactivity among mammalian species, > while others have demonstrated 

. . ae — _ 154,155 
its species specificity both in vivo and ex vivo. >"> 

Thus, despite the effort made by many researchers to identifv the 

pathophysiologic mechanism(s) of anemia associated with trypanosomiasis. the éxact 

mechanism contributing to ineffective erythropoiesis, especially in trypanosuscebtible, 

cattle are still obscure. In order to achieve a better understanding of the anemia caused 

by this form or infection and to improve earlier and more effective forms of therapeutic 

prevention and intervention, the factors affecting erythropoiesis in bone marrow should 

be critically examined. Epo 1s amongst the most important hematopoietic growth factors 

for maturation and differentiation of erythriod progenitors. Thus, inadequate Epo 

response in cattle infected with trypanosomes is one of the possible mechanisms that 

contributes to inappropriate ervthroid bone marrow response in these cattle. This may 

involve a complex of factors including impaired Epo production, lack of bioactivity, and 

damaged or absent Epo receptors in the marrow cells in infected cattle. Also host 

factors that interfere with Epo and/or EpoR gene expression or function might impair 

marrow response during disease. 

The present study was designed to investigate the pathophysiologic role of Epo 

and its receptor in anemia associated with 7. congolense infection in cattle. 
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Fig. 1-2. Functional organization of Epo-R molecule. The schematic diagram shows the 

relative position of the 4 conserved Cys residues (shown as black bars from the NH2 

end, C). Unique to Epo-R are, the conserved WSXWS motif; the cytoplasmic positive 

and negative regulatory domain of signal transduction. 
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ABSTRACT 

A bovine cDNA encoding erythropoietin (Epo) was isolated by polymerase chain 

reaction (PCR) amplification and screening of -a bovine kidney cDNA library. . The 

sequenced cDNA has a length of 1312-bp and an open reading frame (ORF) that 

encodes a predicted 192-amino-acid (aa) protein, including a putative signal sequence of 

25 aa. A mature protein of 167 aa (18.4-kDa) results upon cleavage of the putative 

signal peptide. The deduced bovine mature Epo peptide exhibits 96, 88, 79, 82 and 83% 

sequence identity to that of sheep (ovine), swine, rat, monkey and human, respectively. 

The expression of bovine Epo gene in tissues from an anemic calf, a bovine fetus, and a 

healthy steer was analyzed by a competitive RT-PCR method. In kidneys of the anemic 

calf, Epo mRNA concentrations increased 60-fold relative to that from kidney of the 

healthy steer. Epo mRNA concentrations were threefold higher in the liver of the bovine 

fetus than that in its kidneys. Low concentrations of Epo transcripts were detected in 

RNA from the spleen of the anemic calf and the bovine fetus. No Epo transcripts were 

detectable in the spleen from the healthy steer. 
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Introduction 

Erythropoietin (Epo) is the major physiologic regulatory hormone of red blood 

cell mass in mammals.'"* The hormone acts as an obligatory growth factor for 

proliferation, differentiation, and maturation of erythroid progenitors in hematopoietic 

organs. Tissue hypoxia, whether due to altered oxygen tension, oxygen carrying 

capacity in anemia, or oxygen affinity of blood, is the primary stimulus for Epo 

production. * 3 The production of Epo is controlled by regulatory elements at the 

promoter and the 3’ flanking region of the Epo gene. Epo gene expression is tissue- 

specific, developmentally-regulated and inducible. Although the kidney is the major site 

of Epo production in adult mammals,° the liver has also been recognized as a 

predominant Epo producing organ during fetal life.’ In adult mice and rats, Epo mRNA 

can also be expressed in the liver, particularly under extreme erythropoietic stress.* 

Recent evidence indicates that low concentrations of Epo mRNA can be detected in the 

spleen, testes and brain of rats in response to hypoxia.” 

During hemorrhagic or hemolytic anemia, Epo transcription and the blood 

concentrations of the protein increase strikingly; indeed packed cell volume (PCV) 

. . . . 10 
values are inversely related to serum concentrations of Epo in an exponential manner. ~ 

I However, in some other pathological conditions, the relationship between serum Epo 

concentrations and PCV values is less straightforward. Deficient Epo production ts 

implicated as the major cause of nonresponsive anemia associated with chronic disease. Ie 

Anemia is the major pathophysiological feature associated with trypanosomiasis 

in livestock. An inadequate Epo response has been suggested as one of the possible 

mechanisms that may contribute to the non-responsive anemia, which is particularly 

evident during the chronic stage of trypanosome infections. Although some studies have 

shown that Epo has a functional biological cross-reactivity among mammalian species, ° 
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others have shown its species specificity both im vivo and ex vivo. A 

radioimmunoassay using antihuman urinary Epo polyclonal antibodies as a binder and 

recombinant human ‘I-labeled Epo as the tracer could not detect Epo in serum from 

anemic calves.'> This might have been due to lack of immunological cross-reactivity 

between human and bovine Epo. Therefore, it was essential to clone bovine Epo cDNA 

to facilitate further studies designed to ascertain-the role of Epo in the anemia assocrated 

with bovine trypanosomiasis. Herein we report the cloning, sequence analysis of a 

bovine Epo cDNA, and its transcription in selected tissues. 

Material and methods 

Animals and tissue collection 

Kidneys, livers, and spleens were collected aseptically and were immediately 

stored in liquid nitrogen: Subject A. A six month old calf was made anemic by repeated 

withdrawal of jugular venous blood (phlebotomy). The PCV of the calf decreased from 

30% to 9% within 54 hours, at which time the calf was euthanized and tissues collected. 

Subject B. A 19 week old bovine fetus was recovered alive, was then euthanized and 

tissues collected. Subject C. A slaughtered two year old healthy steer intended for meat 

consumption. 

Isolation of total and mRNA 

Total RNA was extracted from 1-2 g of kidney obtained from an anemic Boran 

calf (Bos indicus) following the modified method of Chomezynski and Sacchi.'° Bnefly, 

tissues were homogenized in 10 ml of the denaturing solution (4 M_ guanidine 

thiocyanate, 25 M sodium citrate, pH 7, and 0.5% N-lauryl-sarcosine) in a glass-Teflon 

homogenizer. This was followed by phenol/chloroform extraction. The RNA was 

precipitated by isopropanol and resuspended in 8 ml of 6M guanidine hydrochloride to 

ensure complete removal of RNase activity. Total RNA was recovered by ethanol 
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precipitation. Poly(A)+ RNA was selected by oligo(dT) chromatography.” Total RNA 

and poly (A)+ RNA concentration were determined spectrophotometrically, aliquoted 

and stored at -70°C. 

Cloning of bovine Epo. 

The first strand cDNA was prepared using | ug of total RNA as described in the 

AMV reverse transcription (RT) kit (Promega Corp. Madison, WI, USA). Two 

fragments of 579-bp and 714-bp were amplified by polymerase chain reaction (PCR) 

using primers ILO-1877 (5’°-ATGGGGGCGCGCGACTGTACTC) and ILO-1876 (S'- 

CTGCAGGAGAGGGGACAGGTGA) or ILO-1877 and ILO-1456 (5'-TGTCCCACG 

10, 18 
GACACTCCAG) based on the published ovine Epo cDNA sequence. The two 

fragments hybridized to [a-**P]dCTP-labeled monkey Epo cDNA probe (ATCC, 

Rockville, MD, USA). They were then purified, cloned into the pGEM-T vector 

(Promega) and sequenced. The sequences of the cloned fragments were identical to each 

other and had 94% homology tc ovine Epo cDNA sequence. A cDNA library was 

prepared from kidney from an anemic Boran calf Poly(A)+ RNA using the Uni-Zap XR 

cDNA cloning system (Stratagene, La Jolla, CA, USA). The library was screened with 

the 714-bp putative bovine Epo as a probe. The positive clones picked after tertiary 

screening were excised from the Uni-Zap XR vector into pBluescript SK (-) plasmid 

using the Ex Assist/SOLAR system (Stratagene Protocol). The rescued phagemid were 

then cultured into SOLAR cells. Agarose gel analysis of BamH I and Xho I digested 

phagemids showed different size inserts ranging from 0.8-1.2-kb. The largest clones 

designated Cpbovepo4 and Cpbovepo7 were used for sequence analysis. They were 

1219-bp and 1206-bp in length, respectively. An additional 93-nt 5! end sequence of 

clone Cpbovepo4 was amplified by 5' RACE protocol as described by Frohman!” using 

the primer ILO-2080 (5’-CACTGTTGATGCTTTGTCCAAG) as bovine Epo-gene- 

specific primer in the RT reaction, followed by nested PCR with the primers, ILO-2077 

(5’°-GCAGCAGGCTCTGGAAGTC), ILO-2138 (5’-GACTCGAGTCGACATCGATT 

ITTTTTTTTITITITT) and ILO-2139 (S’°-GACTCGAGTCGACATCG). All the 
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cDNA clones were sequenced at least twice on both strands using Sequenase version 2 

(US Biochemical, Cleveland, OH, USA). 

Analysis of nucleotide sequences 

The sequence was analyzed using DNASIS program (Hitachi, Tarrvtown, New 

York). Homology with published DNA sequences was determined by searching the 

sequence databases (GeneBank; EMBL). 

Northern blot hybridization 

Thirty ug of total RNA and/or poly A were separated by electrophoresis in a 1% 

agarose gel under denaturing conditions using rapid and simple electrophoretic 

conditions.” After electrophoresis, the RNA was transferred onto nylon membrane 

(Amersham) and the blots were then hybridized with [a°*P]dCTP-labeled 714-bp cDNA 

of the putative bovine Epo at a concentration of 8 « 10° cpm/ml for 18 h at 65°C. The 

filter was washed twice in 2xSSC, 0.1%, SDS at 65°C for 20 min and twice in 0.1xSSC/ 

0.1% SDS at 65°C for 20 min. The autoradiograph was exposed for 10 days at -70°C 

with an intensifying screen. The same blots were stripped of the Epo signal by washing 

in 1% glycerol at 80°C and three times in deionized water and reused to detect beta-actin 

signals in the blots. The blots were then hybridized with [a*’P]dCTP-labeled 456-bp 

fragment of bovine beta-actin cDNA as a control probe for the amount and quality of the 

RNA used in the experiment. The bovine B-actin cDNA was initially obtained by PCR 

amplification from single-stranded bovine cDNA as described below. 

Semiquantitative PCR for detection of Epo transcription 

(A). For the semiquantitative RT-PCR assay, the RT reaction was performed in 

20 ul as described. Duplicate of PCR reactions in a total volume of 20 ul were prepared 

using one fifth of the RT reaction volume as a template form each sample. PCR 

amplification was carried out in a thermal cycler (MJ Research. INC, Watertown, Mass.) 

for 27 cycles for Epo and 25 cycles for B-actin, denaturation at 94°C for 30 s., annealing 

at 60°C for 1 min, and extension at 72°C for 2 min were routinely performed (the number 

of cycles were determined by titration as the acceptable cycles that can amplify visible 
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product on EtdBr gels during the exponential phase of the PCR). Bovine Epo-specific 

primers ILO-2076 (5'-GCTGATGCTGTCCTTTCTGC) and ILO-2078 (5'-GGGGAAA 

GCTGACTCTGTAC) and bovine B-actin-specific primers ILO-1738 (5'-ACCAACTGG 

GACGACATGGAG) and ILO-1740 (5'GACT TCGAGCAGGAGATGGCT) were 

used to amplify a 456-bp segment of beta-actin and 520-bp segment of bovine Epo. Ten 

yl of the amplified products were electrophoresed in agarose gels and then transferred to 

nylon membranes. The latter were subsequently hybridized with an [a*’P]dCTP-labeled 

714-bp fragment of bovine Epo. 

(B). The competitor cRNA was generated by internal deletion of 72-bp from the 

714-bp cloned bovine Epo fragment. The linearized fragment was then subjected to in 

vitro transcription using the RiboMAX protocol (Promega Corp, Madison, WI, USA). 

Both the competitor cRNA and the target total RNA contain identical primer annealing 

sites and are equally effected by factors that control the RT and amplification efficiency. 

Triplicate samples containing twenty attamol of the cRNA and 200 ng of the target RNA 

(total RNA extracted from each tissue) in a total volume of 5 ul were reverse transcribed 

using the antisense bovine Epo-specific primer ILO-1876 (S'CTGCAGGAGAGGGGAC 

AGGTGA). The RT reactions were amplified by PCR in a total volume of 20 ul as 

described above using primers ILO-2077 and ILO-2078 which amplify 520-bp fragment 

from the target Epo and 449-bp fragment from the competitor CRNA. Ten ul of the 

PCR products (competitor and target) were separated in 3% agarose gel, transferred to 

nylon membranes, and hybridized with an alpha [a**P]JdCTP-labeled 714-bp fragment of 

bovine Epo. The autoradigraph was analyzed by densitometry. 

In situ hybridization 

21, 
Paraffin-embedded tissues were prepared as described. *2 Frozen tissues 

(embedded in O.C.T.) were cut on cryostat into sections of 3-m thickness (64m) and 

picked up on vector bond treated slides (Vector Laboratories, Inc. Burlingame, CA. 

USA), immediately fixed in buffered formalin for 10 min, then air dried. The sections 
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were processed for in situ hybridization as described by Brown.”! The Epo probe was 

prepared as follows: pGEM-T vector containing 714-bp of Epo cDNA fragment was 

linearized with Sacll. The linearized plasmid DNA was subjected to in vitro 

transcription using SP6 RNA polymerase, and digoxigenin-labeled nucleotides to obtain 

the antisense nboprobe. The contaminating DNA template was destroyed by RQ! 

RNAse-free DNAse (Promega) and un-incorporated nucleotide were removed: by 

ethanol precipitation of the transcription product. Epo probe (50 ng) was mixed with 70 

ul of hybridization fluid and layered over the section. Hybridization proceeded overnight 

at 52°C after which the sections were washed at stringent conditions and developed as 

described.” 1, 22 

RESULTS AND DISCUSSION 

Sequence features 

The nucleotide (nt) sequence of full length Epo cDNA has been published for 

23, 24, 25 human, monkey and rat, whereas only partial sequences have been reported for 

8 
transcripts encoding sheep, swine, cat and dog Epo.! The bovine Epo cDNA we have 

cloned is 1312-bp long, including 122-bp of the 5' and 557-bp 3’ of the UTR (Fig 2-1). 

Comparison of the nt sequence of bovine Epo cDNA with that of human, monkey, and 

rat showed 80, 77 and 64% sequence identity, respectively. 

The translation of bovine Epo mRNA is apparently initiated at the second AUG 

codon. since an in-frame termination-codon at position 101 interrupts the translation 

initiated at the first AUG codon located 57-nt upstream. This observation has been 

reported for human and monkey Epo mRNAs 23 *4 The nt sequence of bovine Epo 

cDNA lacks the canonical polyadenylation signal AATAAA. The only sequence motif 

resembling a poly-adenylation signal near the site of poly(A) addition is AAGAAC which 

is located 10-nt upstream of the poly(A) tail. The bovine Epo cDNA has an ORF which 
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can potentially code for a protein precursor of 192 amino acid (aa). The predicted aa 

sequence of bovine Epo was analyzed employing the von Heine algorithm °° for 

prediction of signal peptide sequences and peptidase cleavage sites. With a 

pentadecapeptide window, nine residues of the 25 putative signal peptide were within the 

N-terminal region containing the known Ala, Pro cleavage site. The highest Si values 

(7.5-9.4) were from the probable h-domain of the bovine Epo signal peptide sequence. 

These Si scores are consistent with those for other secreted peptides and proteins.~” 

Cleavage of the putative signal peptide would yield the mature bovine Epo of 167 aa 

(18.4-kDa) 

Comparison of mammalian Epo amino acid sequences 

Pairwise comparisons of the deduced aa sequence of bovine Epo with that from 

sheep, swine, human, monkey and rat, displayed similarities of 96, 88, 83, 82 and 79%, 

respectively. Four of the five cysteine residues found in the bovine Epo, at positions 7. 

29, 33 and 161, are potential sites for internal disulfide bond formation and have been 

: ° . . .« . 5 2 

shown to be essential for the biological activity of the recombinant human Epo. 6.27.28 

Three potential N-linked glycosylation sites (NXS/T) at Asp24, 38, 83 and one O-linked 

glycosylation site (Ser 126) are present in the deduced sequence for bovine Epo. The 

. . . > 10. 18. 
same sites are conserved in the Epo sequences from the other mammalian species. 

Od. 25, 29 Glycosylation is essential for transmission of Epo through the endoplasmic 

3] 
reticulum and its cellular secretion.*” Computer-assisted secondary structure 

predictions revealed that bovine Epo could fold into four alpha-helices, as predicted for 

28.29 
aa sequences of Epo from other mammalian species. Recently, five aa residues were 

found to be essential for Epo biological activity:”” °° these are Arg14, Arg103; Ser104; 

Gly151, and perhaps, Lys152. The five residues are conserved in the bovine Epo aa 

predicted sequence as well as in other mammalian species (Fig. 2-2) and are located 

within the region of the predicted alpha-helices. 
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Transcriptional analysis of Epo 

(1) Northern hybridization. Northern blot analysis revealed a single transcript of 

approximately 1.6-kb, present in the RNA prepared from the kidney and liver of an 

anemic calf (anemia created by phlebotomy) and from the liver of a bovine fetus (Fig 2- 

3B). Epo transcripts were undetectable by Northern blot hybridization in the RNA 

prepared from spleen of hemorrhaged calf, kidney and spleen of a bovine fetus and in the 

RNA isolated from liver, kidney and spleen of a healthy steer. 

(2) RT-PCR: Semi-quantitative and competitive RT-PCR results (Fig. 2-4) 

revealed an approximate 60-foid increase in the amount of Epo mRNA in the kidneys of 

the anemic calf relative to that detected in the kidneys of the healthy steer. Furthermore, 

6 to 8-fold increase of Epo transcripts was detected in the kidney of the anemic calf, 

compared to that from its liver or from the liver of a bovine fetus. Interestingly, a low 

concentration of the Epo mRNA (ranging between 0.45-1.20 attamol/mg of total RNA) 

was detected in the spleens of the anemic calf and the bovine fetus. Under normal 

physiological conditions, the Epo gene is not expected to be transcribed in the spleen. 

This was confirmed by our observation that no Epo mRNA was detectable in the total 

RNA prepared from the spleen of a healthy bovine steer. Epo transcripts have been 

detected in spleens from hypoxic rats and mice.” *** *° but the physiological role of Epo 

transcriptions in these organs 1s still obscure. 

These data suggest that hemorrhagic anemia in cattle can increase the 

concentration of Epo transcription in kidney and liver. Similar observations have been 

3 . ; 
'0. 4 Where the accumulation of Epo transcripts has been reported in sheep and mice 

shown to play a regulatory role in the increase of production of the hormone in anemic 

animals. ** The concentration of Epo mRNA in the bovine fetal kidney was 1.5-fold 

higher than that from the kidney of the healthy steer. The elevated amount of Epo 

transcripts in the fetal bovine liver (365 attamol/mg of total RNA) compared to the 

amount of this mRNA detected in its kidney (122 attamol/mg of total RNA), suggests 

that the liver may have a major role in Epo synthesis in a 19 week old bovine fetus. Our 

46



observation agrees with that reported for human.*> However, in sheep, the kidnevs were 

found to express Epo-gene during early gestation.*° The difference in the length of 

gestation period, 150 days for sheep and 290 days for cattle, may influence the gradual 

switch of Epo-gene expression between the two organs at different stages of gestation. 

Hence the switch of Epo-gene expression from the liver to the kidney might occur earlier 

in sheep. 

Localization of Epo mRNA in tissues 

The cellular localization of Epo mRNA was confirmed by 777 sit hybridization 

technique (ISH) where Epo mRNA was identified in numerous interstitial renal cortical 

cells in kidney sections (Fig. 7) from an anemic calf (anemia created by phlebotomy) and 

not from norma] steer kidney section 

CONCLUSIONS 

(1) AcDNA encoding bovine Epo was cloned and sequenced. The deduced aa 

sequence displayed a high level of identity to the ovine, swine, rat, monkey 

and human Epos. 

(2) In cattle the liver as well as the kidney contributes to Epo production during 

fetal life and during hemorrhagic anemia. 

(3) Low concentrations of Epo transcription were detected in the spleens of both 

a bovine fetus and an anemic calf, but not in the spleen from a healthy steer. 

The physiological role of this transcription and the cell types responsible for 

the transcription remain to be determined. 
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Fig. 2-2. Alignment of the predicted aa sequences of the bovine (Bo), ovine (Ov), swine 

(Sw), rat — monkey (Mo) and human (Hu) Epos. The alignment was generated using 
ClustalV."’. Identical residues are denoted by dots. Gaps, denoted by dashes, were 
introduced where necessary to improve the alignment. The boxes a, b, c and d indicate the 
positions of the predicted alpha-helices. The letters in magenta color inside boxes a, c and d 
indicate the essential residues for the biological activity of Epo.*! Letters in red color 
indicate the conserved cysteine residues. Letters in blue denote the potential N-linked 
glycosylation (NXS/T) sites. The green-letter denotes the potential O-linked glycosylation 
site.



Fig. 2-3. Northern blot analysis of bovine Epo transcripts in selected tissues. (A) 

Ethidium bromide (EtdBr) staining of the total RNA (30 wg in each lane) 

electrophoresed in a 1% agarose gel. (B) Is the corresponding Northern blot hybridized 

with [a—’P]dCTP-labeled 714-bp cDNA. (C) Is the same blot stripped of the Epo 

signal and hybridized with [a°’P]dCTP-labeled 456-bp fragment of bovine B-actin cDNA 

as a control probe for the amount and quality of the RNA used in the experiment. Lanes 

1-3 are total RNA from the spleen, kidney and liver, respectively, obtained from an 

anemic calf. Lanes 4-6 are total RNA from the spleen, liver and kidney obtained from a 

19 week bovine fetus. Lanes 7-9 are total RNA from the spleen, liver and kidney from a 

healthy steer. 
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Fig. 2-4. Detection of Epo mRNA in selected bovine tissues by semiquantitative and 

competitive RT-PCR. (A) A photograph of an EtdBr-stained agarose gel showing the 

amplified Epo cDNA. (B) This is the corresponding Southern blot hybridized with the 

714-bp [a**P]dCTP-labeled segment of bovine Epo cDNA. (C) A photograph of an 

EtdBr-stained agarose gel showing the amplified beta-actin cDNA as a control for the 

amount and quality of the total RNA. (D) Competitive RT-PCR of Epo mRNA; the 

520-bp fragment is the target Epo and the 449-bp fragment is the competitor. Lanes 1-3 

are amplified cDNA from kidney, liver and spleen, respectively, from an anemic calf, 

lanes 4-6 are amplified cDNA from kidney, liver and spleen, respectively, from a bovine 

fetus; lanes 7-9 are amplified cDNA from kidney, liver and spleen, respectively, from a 

healthy steer 
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Fig. 2-5. Localization of Epo mRNA in kidney section by in situ hybridization. A and 

B are kidney sections from an anemic calf (anemia created by phlebotomy), positive 

signals (arrowed) of Epo mRNA was identified in numerous interstitial renal cortical 

cells. 
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CHAPTER 3 

Expression Efficiency and Characterization of Recombinant 

Bovine Erythropoietin (rbovEpo) in Various Vector 

and Host Systems and Development of 

Monoclonal Antibodies 

to rbovEpo 

  

Submitted for publication in Gene 

Suliman H B, Anderianarivo A. Yoshikazu H. Feldman BF. Majiwa PAO. Logan-Henfrey LL: 

Expression efficiency and characterization of recombinant bovine erythropoietin in various 
vector and host svstem. Submitted to Gene, 1996. 
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ABSTRACT 

The availability of recombinant bovine erythropoietin (rbovEpo) will facilitate the 

investigation of the role of erythropoietin (Epo) in anemia associated with bovine 

trypanosomiasis. Cloned bovine Epo cDNA has been expressed in three different 

expression systems: bacterial, viral (vaccinia -virus,; VV) and mammalian (Chinese 

Hamster Ovary; CHO) cells. The rbovEpo expressed in the bacterial system had a 

molecular mass of 18-kDa. but was not biologically active. Transient expression of the 

recombinant hormone using VV and stable expression of rbovEpo in CHO cells resulted 

in a protein that has a molecular mass of 36-kDa as indicated by Western blot assay. The 

supernatant from cultures of CHO cells transfected with rbovEpo cDNA was more 

biologically active than that from cultures of cells infected with VV which contain the 

bovEpo cDNA (rVVbovEpo). This was attributed to the VV coexpressed proteins and 

not to a modification in the secreted rbovEpo. Purified rbovEpo was used to obtain a 

hybridoma secreting high affinity monoclonal antibodies to rbovEpo. This study 

demonstrated that rbovEpo expressed in a heterologous mammalian system is 

functionally equivalent to the native hormone. 
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INTRODUCTION 

Anemia is the major pathophysiological feature associated with trypanosomiasis 

in livestock. An inadequate Epo response is one of the possible mechanisms that 

contribute to the nonresponsive anemia associated with this disease. Our recent findings 

(Suliman HB, personal communication) using competitive RT-PCR revealed, .an 

inappropriate concentration of Epo transcripts in kidneys of Zebu cattle infected with 

Trypanosoma congolense relative to the severity of anemia. Furthermore, circulating 

Epo might be affected by trypanosomal proteolytic enzymes such as cysteine protease, 

which has been detected in the circulation of cattle infected with 7. congolense!* or 

glycolytic enzymes such as neuraminidases, detected ex vivo >. in cultures of 7. vivax. 

Biological activity of Epo was found to be affected by glycolytic and proteolytic enzymes 

°° Which enhance its removal from the circulation. Additionally, Epo biological activity 

might be affected by other host factors. Serum samples collected from 7: congolense- 

infected Friesian cattle following parasite detection significantly inhibited the Epo- 

dependent proliferation of erythroid precursors from phenylhydrazine-treated mice.’ 

The etiopathogenesis of trypansome-induced anemia has not been defined. 

Attention has been drawn to the increased activity of bone marrow macrophages and the 

associated increase of erythrophagocytosis in these cells.* Also, production of 

cytokines, such as tumor necrosis factor alpha (TNFa),” interleukin 1 (IL-1),'° and 

interferon gamma (IFNy)'! during infections with trypanosomes has been studied. The 

increased in situ production of IL-] and TNFa decrease erythropoietin (Epo) production 

in human hepatoma cell line culture (HepG2) whereas IL-1B blocked Epo formation in 

isolated, serum-free, perfused rat kidneys.” In chronic inflammatory disorders, cellular 

or humoral factors released, including those mentioned above, suppress the erythroid 

13, 14, 15 
bone marrow response to Epo. 
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It has been reported that Epo has functional biological crossreactivity among 

. . 6 . . we: 
mammalian species. Others have shown its species specificity both im vivo and ex 

7 18 Ay radioimmunoassay using antihuman urinary Epo polyclonal antibodies (Ab) VIVO. 

as a binder and recombinant human '**I-labeled Epo as tracer could not detect Epo in 

serum from anemic calves.’” This might have been due to lack of immunological 

crossreactivity between human and bovine Epo. ~ 

Recently, a cDNA encodes bovine Epo was cloned.7” This facilitated the 

expression of the hormone. The Epo gene product requires complex posttranslational 

modification and processing and thus must be produced in specialized cells. In order to 

identify the efficient expression system for production of biologically active rbovEpo, 3 

different expression systems were used: bacterial expression in Escherichia coli, a 

transient expression in vaccinia virus (VV), and a stable expression in Chinese Hamster 

Ovary (CHO) cells. This study indicated that CHO cells are the most efficient in 

production of biologically active rbovEpo. The expression of recombinant Epo enabled 

the production of monoclonal antibodies (mAb) to recombinant bovine Epo. 

MATERIAL AND METHODS 

Expression of rbovEpo in E. coli 

A polymerase chain reaction (PCR) fragment of the mature bovEpo was 

generated using oligonucleotides primers 5'-GCCCCCGCACGCCTCATCTG and 5'-CT 

GCAGGAGAGGGGACAGGTGA.” The amplification reaction contained 1X buffer 

Taq DNA polymerase, 2 mM magnesium chloride, 200 mM of each of the 

deoxyribonucleoside triphosphates (dNTPs), 100 ng of each of the primers, 2 units of 

Taq DNA polymerase, and 60 ng of the plasmid Cpbovepo4.” The reaction was then 

amplified by PCR in a total volume of 100 ul in a thermal cycler (MJ Research. Inc., 

Watertown, MA) programmed to denature at 94°C for 30 s, annealed at 60°C for 1 min, 
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and synthesized at 72°C for 2 min, for 33 cycles. The PCR product was purified, using 

the Magic PCR Preps DNA purification system protocols (Promega Corp. Madison, WI. 

USA). and recloned into pCR-ScriptTM SK(+) plasmid (Stratagene, La Jolla. CA, 

USA). The recombinant plasmids were digested with EcoR I and Sa/ I, releasing a 

fragment of 507-bp comprising the mature Epo molecule. The fragment was subcloned 

by unidirectional insertion into the pMAL-cR1 vector (New England Biolabs, NEB, 

Beverly, MA), linearized by double digestion with EcoR I and Sa/ I, and then 

transformed into E. coli XL1-Blue (Stratagene). The recombinant plasmids were 

selected by alpha complementation of B-galactosidase on LB plates containing 50 ug/ml 

ampicillin, 1 mM isopropyl-b-D-thiogalagtopyranoside (IPTG), and 5-bromo-3-chloro- 

indolyl-b-D galagtopyranoside (X-gal,). | The position and integrity of Epo sequence in 

the pMAL vector plasmid was verified by sequencing determination using mole DNA 

sequencing (Promega). The £. coli XL1-Blue transformed colonies were subinoculated 

into 5 ml of 2XYT broth and 100 ug/ml of ampicillin and grown overnight with shaking 

at 37°C. The cultures at saturation (Asoo of = 1) were diluted 1:10, allowed to recover 

for 1 h, and induced with | mM IPTG for 2 h. The bacteria were collected by 

centrifugation, resuspended into 2 mM Tris-HCl pH 7.5, 200 mM NaCl, 1 mM EGTA, 

sonicated for 3 min, centrifuged at 10,000 xg for 15 min. The supernatants were mixed 

with equal volumes of 2X electrophoresis-sample-buffer, boiled, and analyzed by one 

dimensional 12.5% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). 

Purification of Epo fusion protein (FP) 

Epo fused to maltose binding protein (MBP) *2 was partially soluble and was 

purified from the supernatants of the E. coli lysates using an amylose affinity column as 

described by the manufacturer (NEB). .The purified FP was cut with factor Xa to release 

Epo. Briefly, 3 mg of the FP and 60 ug/ml of factor Xa were incubated at room 

temperature (RT) for 3 h. An aliquot of the reaction (10 wl) was tested for complete 

cleavage by electrophoresng in 15% SDS-PAGE. The cleaved rbovEpo was separated 
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from the MBP by removal of maltose by hydroxyapatite chromatography and rebinding 

of MBP to amylose as described by the manufacturer (NEB). 

SDS-PAGE 

One dimensional SDS-PAGE gels were performed as described by Laemmli et 

al.’? Prestained molecular weight markers (Amersham Int., Amersham, UK) were used. 

The loaded protein samples were either nonreduced, or reduced by boiling in. the 

presence of 0.1M DTT. Proteins were either stained with Coomassie blue or transferred 

from the gels onto a nitrocellulose membrane as described below. 

Western blotting 

Western blot analysis was performed using the following techniques: 

A. The chromogen technique. Proteins were transferred from the gels onto 

nitrocellulose membranes (pore size 0.45 um; Schleicher & Schuell, Dassel, Germany) 

according to the method described by Towbin et al?“ The transfer was performed 

overnight at 10 volts (V), in 25 mM Tris, 200 mM glycine, and 0.1% SDS _ buffer 

containing 20% methanol. Unbound sites on the nitrocellulose membranes were blocked 

with 10 mM Tris-HCl containing 5% skimmed milk (pH 7.4) for 1h. The nitrocellulose 

blots were then washed and incubated with diluted 1:1000 rabbit antihuman Epo 

antiserum (Genzyme Co.. Cambridge, MA). overnight at 4°C; the blots were then 

incubated with horseradish per..<idase-conjugated antirabbit Ig (Amersham) to reveal the 

position of Ag-Ab complexes. Diaminobenzidine tetrahydrochloride (0.5 mg/ml) in 10 

mM phosphate EDTA) or 4 chloro-1-naphthol (0.5 mg/ml in 200 mM sodium chloride, 

50 mM Tris-hydrochloride, pH 7.4; both from Sigma chemical Co., Poole, UK) were 

used as chromogens with hydrogen peroxide (0.01%) as the substrate. After each 

incubation the blots were washed in PBS with 0.1%(v/v) Tween 20 (PBS-T, Riedel-de 

Haen AG, Seelze, Germany). The buffer used for washes was used for dilution of the 

chromogen.” 

B. The chemiluminescense technique. Proteins were transferred from the gels onto 

Hybond-ECL nitrocellulose membranes following the protocol described by the 
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producers (Amersham). For Western blotting, I have used the ECL Western blotting 

reagents (Amersham). Briefly, the blots were soaked tn a blocking reagent (5% 

skimmed milk + PBS in 0.1% Tween 20). This was incubated for 1 h. The membranes 

were washed with PBS-T twice for 5 min with fresh changes at room temperature (RT). 

The antihuman Epo polyclonal antibodies were diluted 1:1000 with PBS-T and added to 

the blots, incubated for 3 h at RT or overnight at 4°-8°C, after which the blots were 

washed as previously described. The second Ab (horseradish peroxidase-conjugated 

antirabbit Ig) was diluted in 1:1000 in PBS-T, added to the blots, and incubated at RT. 

for 1 h. The blots were washed again and the protein signals in the blots was detected by 

chemiluminescence using ECL detection reagents. Then the blots were exposed to blue 

light sensitive autoradiograph film. 

Generation of recombinant vaccinia virus 

For the generation of recombinant vaccinia virus (rVV) expressing rbovEpo, the 

coding region of the bovEpo gene was introduced into a transfer vector which consisted 

of the vaccina TK gene, modified 7.5-kDa protein promoter,”° 19-kDa protein 

27 The WR strain of vaccinia virus-infected CV-1 promoter, and the £. coli gpt gene. 

cells were transfected with the transfer vector that contained the bovEpo gene, and 

mycophenolic acid resistant recombinants were picked up as described elsewhere.” 

After three times plaque purification, stock of the rVVbovEpo was prepared using HeLa 

S3 cells. 

Construction of the expression vector and transfection of CHO cells 

The plasmid expression vector pEE14 (Celltech, Berkshire UK) containing a 

glutamine synthetase (GS) minigene as the selectable marker was used. The hCMV-MIE 

promoter-enhancer and 5' untranslated-region were used to express the gene of interest. 

Two constructs were generated: 1) a 1219-bp fragment containing the bovEpo from 

clone Cpbovepo4 *° the construct designated pEE14-Epol and, 2) a PCR product of 

the open reading frame of Epo obtained by PCR amplification and designated as pEE14- 
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Epo2. The recombinant plasmids were amplified in £. coli and the DNA was purified by 

isopycnic centrifugation in cesium chloride. The construction was confirmed by 

sequencing using a /-mole sequencing protocol (Promega). The CHO K1 cells were 

transfected with pEE14-Epol or pEE14-Epo2 using the Lipofectin method.”” Bniefly. 

the cells were maintained in complete Ham's F12 (Sigma) containing 10%(v/v) fetal calf 

serum (HyClone Ltd, Logan, UT). The cells were washed twice and serum-free medtum 

was added without an antibiotic. The cells were then transfected with pEE14-Epol or 

pEE14-Epo2 using the Lipofectin reagent (Gibco BRL, Gaithersburg, MD). Twenty yg 

of circular plasmid containing Epol or Epo2 was mixed with 25 ul of | mg/ml 

Lipofectin. The mixture was then added to the cells. Cells kept without adding DNA 

were used as controls. The transfected cell cultures and the control cultures were kept at 

37°C in a CO; incubator for 24 h after which the DNA containing medium was replaced 

with Ham's F12 supplemented with 10% fetal calf serum (FCS). The concentrations of 

L-methionine sulfoximine (MSX), used as the selection marker, were increased gradually 

from 25 to 300 uM. The GS gene expressed from the plasmid confers resistance to a 

low concentration of the GS inhibitor MSX. Resistant colonies were collected as 

independent colonies, seeded, and grown for 48 h. The independent colonies were then 

grown in serum and MSX free medium for 24 h at which time the supernatant was 

collected for biological and immunobloting assays. 

Clonogenic assay 

The in vitro assay for rbovEpo biological activity was based on the formation of 

erythroid colonies from highly enriched erythroid progenitors in methylcellulose cultures 

of bovine bone marrow cells.*” Human urinary Epo (Terry Fox Laboratory, Vancouver, 

BC, Canada) was used as the standard for the clonogenic assay. The sensitivity of this 

assay is 50 mU per ml. Supernatant from the CHO transfected colonies or from cells 

infected with rVVbovEpo culture supernatant was added in amounts between 25 and 50 

ul per ml of assay culture containing 5 = 10° cells/ml with 30% heat-inactivated FCS. 

Colonies of 8 to 50 hemoglobinized cells were counted on day 5 as CFU-E, while BFU- 
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E were scored on day 10 through day 14 as large single hemoglobinized colonies of > 

100, or a group of > 2 clusters, using an inverted microscope (Nikon TMS, Nicon Inc.. 

Japan). 

Short-term proliferation assay 

Highly enriched erythroid progenitors were obtained from bone marrow by 

negative selection using mAb against lymphocytes, monocytes and granulocytes: as 

described previously.*” The enriched erythroid progenitor cells (EEPC), were collected 

and used in this assay. Supernatants from cultures of Epo transfected CHO cell or the 

rVVbovEpo trasfected cells (25-50 pl) was incubated with 5 x 10° EEPC for 72 h. 

Briefly, EEPC were seeded in triplicate in 96-well, round-bottomed tissue culture plates 

(Costar, Cambridge, MA) in Iscove’s modified Dulbecco’s medium (IMDM), 

supplemented with 30% nonheat-inactivated FCS (Hyclone, lot #954), 107 MIL 2- 

mercaptoethanol (Merck-Schuchardt, Germany), 1% deionized bovine serum albumin 

(Sigma), 2 mM L-glutamine, 0.1 mM bovine hemin (Sigma), 1% Pen-Strep, and the 

respective EPO concentrations (final volume 100 pl/well). Following the different 

incubation periods at 37°C, in a humidified atmosphere of 6.5% CO2, 3% On, cells were 

pulsed with 0.5 wCi/well of '?I-IUDR (Amersham) for 4-5 h and harvested onto glass 

fiber filters with an automatic cell harvester. Radioactivity incorporated in cells was 

counted on a Beckman gamma counter (Beckman, Instruments, Inc., Fullerton, CA). 

Epo purified from human urine with specific activity 80,000 U/mg, was used as a 

standard (Stem Cell Technologies, Vancouver, BC). 

Production and collection of hybridomas 

The bands on the Coomassie blue gels that reacted with the polyclonal Ab against 

human Epo in the Western blots were purified by electroelution following the method of 

Hunkapillar et al.,°! using the Electrophoretic Elution Apparatus electroelutor (Ecu-040, 

CBS Scientific Company, Del Mar, CA). The eluted protein was further purified to 

remove the SDS using an Amberlite CG 400 anion-exchange resin (100-200 mesh; 

65



Sigma ) following a modification of the method described by Brysk et al > Briefly. the 

Amberlite was regenerated by sequential washing with IN NaOH, water, 1N HCI and 

water. The resin was equilibrated with Tris-buffered saline (0.5 M Tris-HCl, pH 7.5. 

containing 0.15 M NaCl, 0.1% NaN3) and stored in the same buffer at 4°C. The protein 

was mixed with the resin at a ratio of 200 ul of resin for each 1 ml for 15 min in a 

microfuge tube placed on a roller mixer. This was spun at 9000 xg for 15 min before 

collecting the supernatant. This procedure was repeated twice and the protein was 

stored at -20°C until used. 

Immunization of mice 

Balb/C mice, 10-12 weeks old, were immunized intraperitoneally (ip) with 90 ug 

of the electroeluted Epo emulsified in 1:1 Freund's complete adjuvant (Difco 

Laboratories, Detroit, MI) in a total volume 0.2 ml. Two subsequent immunizations, 

using 45 ug of Epo protein in 0.2 ml! Freund's incomplete adjuvant, were administered at 

two week intervals. The mice were tested for the level of immune response one week 

after the last booster by Western blot analysis. 

Cell fusion and selection of hybridomas 

Following a resting period of at least one month, the mice with the highest Ab 

titers were selected and given the final booster injection. Three to four days later the 

mice were bled out to obtain prefusion serum, sacrificed by cervical dislocation and then 

dissected to recover the spleens. The spleens were aseptically removed and placed in 10 

ml of RPMI 1640 growth meaium (Gibco BRL) containing 20% heat-inactivated FCS, 

50 mg gentamicin/m! and 200 mM glutamine. The spleen cell suspensions, harvested by 

teasing the suspended splenic tissue with a curved forceps, were transferred toa 10 ml 

conical tube (Sterliin, Middlesex, UK). .Clumps and membrane fragments were allowed 

to settle and the cell suspension transferred to another tube. The cell suspension was 

washed in RPMI medium once by centrifugation at 1000 xg for 5 min. The cells were 

counted using a Neubauer hemocytometer and cell counts were adjusted to 3 x 10°/ml, 

and placed in 10 ml conical-bottomed universal tubes. Hybridomas were prepared by 

66



procedures described previously.>* i Briefly, 3 x 10° spleen cells were fused with 3 > 

10’ cells of mouse myeloma mutant + Clone X63 Ag 8.653. The fused cells were plated 

in fifteen flat bottom 96-well tissue culture plates (Coaster 3524, Cambridge, MA) and 

selected in hypoxanthine/aminopterin/thymidine (HAT) medium. After 3 weeks of 

culture, the wells with cell growth were examined for Abs in culture supernatant by 

Western blot analysis. The cells in the wells selected as positive were transferred into | 

ml cultures in 24 well tissue culture plates. The medium was changed to hypoxanthine/ 

thymidine (HT) medium. The cloned hybridomas were then transferred into a T-flask 

and grown to confluence. The cells were collected in 10% DMSO, 50% FCS and 40% 

RPMI medium, then frozen gradually in liquid nitrogen until used. 

RESULTS AND DISCUSSION 

Characterization of the expressed rbovEpo 

The expression of bovEpo in three heterologous expression vectors and hosts 

provided the opportunity to study the protein conformation produced in each system. 

The protein extracted from the induced recombinant £. co/i cultures contained a band 

with an apparent molecular weight of 60-kDa. This band, was absent from the 

noninduced cultures, and was equivalent in size to the predicted FP of MBP (42-kDa) 

and unglycosylated Epo (18-kDa). A polyclonal Ab to human Epo and monoclonal Ab 

to MBP identified this band in Western blot analysis (Fig 3-1). Some additional bands of 

lower molecular weight were also observed. These were attributed to degradation of the 

fusion proteins by host cell proteinases. The purified Epo has a molecular mass of 18- 

kDa (Fig 3-2), indicating that Epo expressed in bacteria does not undergo modification. 

The protein content of the supernatant from cultures of CHO transfected cells and 

rVVbovEpo infected cells reacted to a polyclonal Ab to human Epo and identified bands 

of approximately 36-kDa in Western blot analysis (Fig. 3-3). The rbovEpo expressed in 

the two systems has the same molecular weight as shown in Fig. 3-3. This might be due 
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to the fact that mammalian cells transfected with an expression vector containing a copy 

of Epo gene can produce the polypeptide Epo which will subsequently be modified by 

the glycosyltransferases present in the host cells. °° 77 Glycosylation 1s an important 

feature of stable and biologically active Epo. Desialated Epo, which was produced by 

treatment of recombinant human Epo with sialidase, was found to be cleared from the 

38, 39 
circulation within 2-10 min. The CHO system has been widely used in expression of 

mammalian Epos and has been shown to produce glycosylated peptides similar to the 

natural Epo extracted from human urine.*” However, this is the first report on the use of 

VV to express Epo. The peptide expressed was fully glycosylated as shown in Fig 3-3., 

with a molecular mass of 36-kDa, similar to the peptide expressed in CHO cells. 

Evaluation of the biological activity of the secreted rbovEpo 

The purtfied Epo from E. coli or secreted rbovEpo in the culture supernatant of 

transfecetd cells was tested in a clonogenic assay or a short term proliferation assay 

using bovine bone marrow erythroid cells. The protein obtained from bacterial 

expression was not biologically active. This was not surprising since many reports have 

shown that bacterial-expressed Epo lacks biological activity.” 4] 
Supernatant from 

cultures of cells infected with rVVbovEpo, prompted slight growth of bone marrow 

CFU-E. However, the colonies observed were relatively small and less hemoglobinized. 

Supernatant from cell cultures infected with nonrecombinant VV resulted in zero growth 

of the CFU-E. The supernatant collected from cells resistant to 100, 250 and 300 uM of 

MSX were able to induce proliferation of bovine bone marrow enriched cells with a 

stimulating index ranging between 2-19. Supernatant from cells selected with 300 uM 

MSX promoted 77 vitro growth of bone marrow CFU-E in numbers similar to 1U/ml of 

human Epo. Though rbovEpo secreted in the supernatant of CHO cell cultures or 

rVVbovEpo infected cell cultures have the same molecular mass, the in vitro biological 

assays for VV expressed rbovEpo has lower activity than that obtained from the CHO 

cells expressing rbovEpo. This might be due to the coexpressed VV proteins which may 
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have inhibitory factors to erythroid cell proliferation and differentiation. The bacterial 

expressed rbovEpo was tested once, while the culture supernatant from cells infected 

with rVVbovEpo or CHO transfected cells was tested more than three times with 

reproducible results. 

The preparation and specificity of the rbovEpo mAbs 

In view of the high degree of homology between bovine and mouse Epo (82.0% 

identity and 139 residues which are identical between bovine and mouse out of the 167 

residues of bovine Epo),”” it is difficult to immunize mice with rbovEpo. After screening 

more than 400 hybridoma supernatants exhibiting cell growth, we have identified two 

hybridomas (P-5a and P-23c) producing high affinity antibodies against rbovEpo 

produced in VV infected cells or CHO transfected cells (Fig. 3-4). 

CONCLUSION 

In this study I have shown that: 

(a) roovEpo expressed in a prokaryotic host lack posttranslational processing and also 

lack the ability to induce erythroid cell proliferation and differentiation ex vivo. 

(b) rbovEpo expressed in VV is glycosylated, but the VV proteins secreted in the 

supernatant affect the ability of secreted Epo to induce optimum proliferative effect 

on erythroid cells. 

(c) rbovEpo expressed in CHO cells is glycosylated and biologically active with 

increased ability to induce proliferation and differentiation of erythroid cells ex vivo. 

(d) The mAbs produced can recognize immobilized rbovEpo. Therefore they may be 

useful as probes for detection of native bovine Epo and might be useful for 

immunopurification of rbovEpo. 
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Fig. 3-1. Western blot analysis of rbovEpo expressed in £. coli. M is the molecular 

weight markers (Amersham Int., Amersham, UK). Lanes 1 and 2 are noninduced E. coli 

cultures. Lanes 4-7 are fusion proteins extracted from induced £. coli cultures and 

reacted with polyclonal antibodies (pAb) to human Epo and monoclonal antibodies 

(mAb) to Maltose binding protein (MBP). Lanes 8 and 9 are MBP expressed only in £. 

coli, reacted to mAb to MBP, and not to pAb to human Epo. The upper arrow points 

approximately at the 60-kDa band of the fused protein (Epo + MBP). The lower arrow 

points at the 42-kDa band that resembles MBP expressed alone. 
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Fig. 3-2. Purified recombinant bovine erythropoietin (rbovEpo) from maltose binding 

protein (MBP) fusion protein. Lanes 1-2 are an aliquot of reactions of the fusion protein 

(Epo and MBP) after incubation with factor Xa which cleaves the fusion and releases 

MBP (42-kDa) and rbovEpo (18-kDa). 10 ul of the reaction was tested for complete 

cleavage by running in 15% SDS-PAGE and staining with Coomassie blue. Lanes 3-5 

are the purified rbovEpo separated in 15% SDS-PAGE and stained with Coomassie blue. 

The arrow points at the 18-kDa band of purified Epo. 
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Fig. 3-3. Western blot analysis of recombinant bovine erythropoietin (rbovEpo) 

expressed in vaccinia virus (VV) and Chinese Hamster Ovary (CHO) cells. An 

autoradiograph of a Western blot of rbovEpo expressed in VV and CHO cells reacted to 

polyclonal antibodies to human Epo. Lanes 1-2 are supernatant from cell cultures 

infected with rVVbovEpo. Lanes 3-5 are supernatant from a culture of bovine Epo 

transfected CHO cells. The protein signals detected in the supernatant from both 

transfected cell cultures were the same molecular size (36-kDa). 
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Fig. 3-4. Determination of monoclonal antibodies (mAb) specificity to recombinant 

bovine Epo (rbovEpo) by Western blot analysis. This autoradiograph shows, Lane | is 

rbovEpo expressed in CHO cells reacted to mAb P-5a. Lanes 2-3 are supernatent from 

nontransfected CHO cells showed no signal when stained with P-5a mAb. Lane 4 1s 

rbovEpo expressed in CHO cells reacted to mAb P-23c. The arrow points at the 36-kDa 

band of glycosylated Epo. 
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ABSTRACT 

African trypanosomiasis is one of the most important hemoprotozoan diseases 

which affects both humans and livestock in sub-Saharan Africa. The hallmark of this 

disease is a prominent and progressive, nonresponsive anemia. Until now. ‘the 

pathophysiologic mechanism(s) of the anemia has been undefined. However, blunted 

erythropoietin (Epo) production has been proposed as one possible mechanism that 

contributes to the nonresponsive anemia in trypanosome-infected cattle. In this study 

competitive reverse transcription and the polymerase chain reaction (RT-PCR) were 

developed and used to compare the concentrations of Epo mRNA in the kidneys during 

chronic 7rypanosoma congolense infection in two breeds of cattle, tolerant (N'Dama) 

and susceptible (Boran), to infection with 7. congolense. On postinfection day 95 the 

Boran cattle were anemic, with packed cell volumes (PCV) ranging between 14-21%. 

The N'Dama cattle, earlier, had more moderate anemia (19-24%) and at day 95 

postinfection had begun to recover with PCV values between 25-36%. Surprisingly, the 

increases in Epo mRNA did not vary significantly in the kidneys from the two breeds 

during infection. These findings suggest Boran cattle are incapable of eliciting an 

appropriate Epo response for their degree of anemia during infection. Negative 

regulators of Epo gene expression, such as IL-la, IL-1B, TNFa, and IFNy were 

expressed in significantly lower concentrations in the kidneys from the N'Dama as 

compared to the concentrations of the same analytes in the Boran (P < 0.05). Significant 

negative correlation (P < 0.05) was identified between the concentrations of Epo, and 

IL-8 and TNFa mRNAs. Nucleotide sequence analysis of the 3'untranslated region 

(UTR) of the N'Dama and Boran Epo cDNA sequences revealed a polymorphism which 

may contribute to the differences in Epo gene expression and function in the two breeds 

of cattle. 
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INTRODUCTION 

Trypanosomiasis is one of the dominant hemoprotozoal diseases in domestic 

animals and human in sub-Saharan Africa. The disease is transmitted by tsetse flies 

(Glossina species) and continues to be a major threat to livestock development and 

production in 37 African countries. In domestic ruminants the disease is a result of 

infection with 7rypanosoma congolense, T. vivax or T. brucei. 

Anemia is the major clinicopathological manifestation of trypanosomiasis in 

human and domestic animals. In spite of the extensive studies examining trypanosome 

infection in mammals, little is known about the pathophysiological mechanisms 

responsible for the associated anemia.!'? The anemia of chronic T. congolense infection 

in cattle is morphologically characterized as normocytic, occasionally microcytic, 

, ; ; . 3, 4, 5 
normochromic, and nonresponsive with concurrent bone marrow hypoplasia. 

Decrease in numbers of erythroid lineage progenitors, the burst forming unit erythroid 

(BFU-E) and colony forming units erythroid (CFU-E), have been reported in cattle 

infected with 7. congolense.° There is also decreased erythrocyte survival, 

5, 7, 8, 9, 10 
hypoferremia, and hemosiderosis.” This constellation of abnormal findings 

suggests that chronic trypanosome-induced anemia has features characteristic of anemia 

of chronic disease (ACD)."! Inadequate concentrations of erythropoietin (Epo) have 

been hypothesized as a possible cause of the insufficient erythropoiesis in chronic bovine 

. 1.4.6. 12 trypanosome infections. 

The essential role of Epo as the major physiological regulator of erythropoiesis 

and red blood cell mass is well established.” The kidney is the main site of Epo 

I The production but the liver contributes to production during fetal life.!* 

concentrations of both Epo transcription and translation are markedly increased due to 

stimulation. Hypoxia is an example of such stimulation. Increase in serum Epo 

concentrations are paralleled by changes in the amount of Epo mRNA. Epo mRNA is 
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17, 18 
the major determinant of Epo production rate !® This is regulated by both 

promoter sequences and an oxygen-dependent transcriptional enhancer located at the 3' 

flanking sequence of the Epo gene!” 20, 21, 22 

Relative Epo deficiency has been described in ACD patients in whom 

administration of recombinant human Epo relieved the anemia. ** The Epo deficiency 

is presumably due to elaboration of inflammatory cytokines including IL-1a. TNFa, 

IFNy and IFNB. The increase in the concentrations of these modulators apparently 

causes both decreased Epo production by the kidney and decreased cellular 

11, 25, 26, 27 
responsiveness to the hormone in bone marrow. Negative regulators of Epo 

production have been detected in plasma and ex vivo in cells from cattle infected with 7. 

28, 29 
congolense. In addition, the production of positive modulators of Epo gene 

13, 30 
expression such as thyroid and adenohypophyseal hormones has been reported to be 

31, 32 
blunted during trypanosome infection in cattle. The renal changes reported in cattle 

infected with 7. congolense may also affect Epo production.* 

Certain West African breeds of cattle, such as N'Dama (Bos taurus), have the 

ability to tolerate trypanosome infections (trypanotolerance), developing a moderate to 

transient anemia as compared to the trypanosusceptible breeds such as Boran cattle (Bos 

indicus) which develop severe progressive anemia.’ The superior resistance of the 

N'Dama cattle lies in their ability to restore their packed cell volume (PCV) efficiently to 

35, 36, 37 
appropriate concentrations through an, as yet, unidentified mechanism. Probing 

the mechanisms of anemia associated with trypanosomiasis at the molecular level 1s 

critical to elucidate the disease biology. In addition, it is potentially of great importance 

in the design of new therapeutic modalities directed against African trypanosomiasis. 

Recently, the gene coding for bovine Epo was cloned from the Boran cattle’? to 

facilitate investigation of this hormone's role in the anemia associated with 

trypanosomiasis. 
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The studies presented herein. describe the levels of Epo gene transcnption in 

kidneys from trypanotolerant (N'Dama) and trypanosuceptible (Boran) cattle breeds 

during chronic 7: congolense infection. The sequence of Epo cDNA cloned from Bos 

taurus kidney is also reported. 

Materials and Methods 

Animals 

Five healthy Boran steers and five-age matched (4-5 years) healthy N'Dama 

steers, weighing 332-564 kg and reared in a trypanosomiasis-free area of Kenya. were 

used. Animal experimentation was approved by our institutional animal care and use 

committee. The ten steers were infected with 7. congolense by exposure to five bites 

from infected tsetse flies (Glossina morsitans centralis) as previously described.*® The 

infected steers were kept for approximately 17 weeks and then euthanized by an 

institutionally approved method. 

Hematological analysis and parasitemia detection 

Five ml of blood were collected from the jugular vein of each animal into sterile 

EDTA vaccutainers, twice weekly throughout the study. The blood collected was then 

examined for parasite numbers’ and analyzed for standard hematological analytes 

including PCV and erythrocyte indices mean cell volume and hemoglobin concentration 

(MCV; MCHC), as previously described.” Intravascular parasite numbers between the 

Boran and N'Dama steers were compared using the Mann-Whitney test while PCV 

concentrations were compared by paired and two sample f-tests (see below). 

Tissue collection and total RNA extraction 

The infected steers were euthanized at approximately 120 days postinfection 

(dpi). However, one Boran steer exhibited signs of illness and was therefore euthanized 

at 105 dpi. At necropsy, kidneys were collected, examined morphologically and cut into 
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smaller pieces (within 30 min of the animal's death) and immediately stored in liquid 

nitrogen. Renal tissue was also collected in buffered formalin for histopathological 

studies. Renal tissue was also collected from three healthy Boran steers used as sentinel 

controls. Total RNA was extracted from 1-2 gm of each kidney from each steer 

following the method previously described. I 

Synthesis of an Epo competitor 

The 714-bp Epo cDNA fragment, previously cloned into pGEM-T vector, > Was 

modified by digestion with Eco0109 I which deletes a 72-bp (between bases 272 and 

344) sequence. The modified fragment was subcloned into SP64-poly(A) plasmid 

(Promega Corp., Madison, WI, USA). The recombinant plasmid was amplified in £. 

coli, linearized by digestion with EcoR I and_ subsequently extracted with 

phenol/chloroform followed by alcohol precipitation. The linearized plasmid DNA (1-2 

mg) was transcribed in vitro using the RiboMAX protocol (Promega) to generate CRNA 

in the presence of NTPs and SP6 RNA polymerase. The contaminating DNA was 

removed by digestion with RQ] RNAse-free DNAse (Promega) for 1 h at 37°C and the 

cRNAs precipitated in ethanol overnight at -70°C. The resulting cRNA was quantitated 

spectrophotometrically, diluted to a working concentration of 1 mg/ml, aliquoted and 

stored at -70°C until use. 

Competitive RT-PCR for Epo mRNA quantitation 

The principle of competitive RT-PCR is the coamplification of the target 

template together with a known amount of competitor.” The target and the competitor 

share the same primer recognition sites and compete for amplification; as a consequence, 

any variable affecting amplification has the same effect on both. The initial ratio of 

target: competitor remains constant throughout the amplification. Both Epo cRNA 

(competitor) and Epo mRNA (target) contain identical primer annealing sites and are 

equally affected by factors that ccntrol the RT and amplification efficiency. Triplicate 

samples containing 20 attamol (or otherwise indicated) of the cRNA and 200 ng of the 

target RNA (total RNA extracted from each tissue) in a total volume of 5 wl were 
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reverse transcribed using AMV reverse transcriptase (Promega) and the antisense bovine 

Epo-specific primer ILO-1876 (5’°-CTGCAGGAGAGGGGACAGGTGA) or oligo(dT) 

primer (Promega), each used at a concentration of 100 ng. The entire RT reaction was 

then amplified by PCR in a total volume of 20 ul in a thermal cycler (MJ Research. Inc., 

Watertown, MA) programmed to denature at 94°C for 30 s, anneal at 60°C for 1 min. 

and synthesized at 72°C for 2 min, for 27 cycles. The acceptable number of cycles that 

could amplify a visible product in ethidium bromide (EtdBr) stained gels during the 

exponential stage of the PCR was determined by titration. Bovine Epo-specific primer 

pair ILO-2076 (S5’°-GCTGATGCTGTCCTTTCTGC) and ILO-2078 (5’-GGGGAAAGC 

TGACTCTGTAC), which amplifies a 520-bp fragment from the target Epo and a 448- 

bp fragment from the competitor cRNA, were used in competitive PCR. The PCR 

products (10 pl, competitor and target) were separated by electrophoresis in 3% agarose 

gels. After the electrophoresis, the DNA was transferred onto nylon membranes 

(Amersham Int., Amersham, UK) by vacuum blotting” and the blots were hybridized 

with an [a-**P] dCTP-labeled 714-bp fragment of bovine Epo. Autoradigraphs obtained 

were analyzed by densitometry. Alternatively, the radioactivity in each band was 

determined by using a liquid scintillation counter. In brief, the filters were cut into small 

pieces corresponding to DNA bands and then counted in a Rack Beta liquid scintillation 

counter (Beckman, Instruments, Inc.. Fullerton, CA) after addition of 10 ml of Aquasol 

(Biotechnology systems, NEN Research Products. Boston, MA) to each piece of filter. 

A correction factor of 1.16 (520/448) was introduced to take into account the relative 

molecular weights of target and competitor molecules. The amount of Epo mRNA in 

the two breeds was compared using ANOVA (see below). 7 

Cytokine mRNA detection 

Total RNA (2 ug) from each sample was reverse transcribed into first strand 

cDNA, using oligo(dT) as a primer. PCR amplification was carried out in a thermal 

cycler for 25 cycles for B-actin, 30 cycles for TNFa and IFNy, and 33 cycles for IL-la 

and IL-18. The cycling parameters routinely used were: denaturation at 94°C for 30 s, 
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annealing between 55°C and 60°C for 1 min, and synthesized at 72°C for 2 min. Primers 

specific for bovine, B-actin and cytokines were used (Table 4-1) under the same 

conditions. The amplified products (10 pl) were electrophoresed in 1% agarose gels and 

then transferred onto nylon membranes as mentioned above. The latter were 

subsequently hybridized with an [a-°*P] dCTP-labeled fragment of the appropriate 

bovine cytokine probe. The f-actin signals were used to contro] variation in the 

efficiency of RT reaction and PCR, as well as for variation in the quantity of RNA 

between samples. Results were expressed as a ratio of cytokine to B-actin mRNA. The 

amount of relative cytokine mRNA expression was compared in the two breeds using 

ANOVA (see below). The amount of Epo mRNA in renal tissues was compared to the 

amounts of different cytokines using correlation coefficient and regression analysis (see 

below). 

Cloning and sequencing Bos taurus Epo cDNA 

Total RNA was extracted from 1-2 gm of kidneys obtained from five N'Dama 

steers as mentioned. The first-strand cDNA was prepared from | ug of total RNA using 

the AMV reverse transcription (RT) kit (Promega ). Primers ILO-1877 (5'-GGGGCGC 

GCGACTGTACTC) and ILO-3687 (5'-CTGCAGGAGAGGGGACAGGTG) based on 

the published bovine Epo cDNA sequence, ~ were used in PCR for amplification. 

Primers ILO-3690 (5’°-GGGAAAGCTGACTCTGTAC) and ILO-3687 were used to 

amplify the 3'UTR of Epo cDNA and genomic DNA. The amplified fragments were 

subsequently purified and then cloned into pCR-ScriptTM SK(+) plasmid (Stratagene, 

La Jolla, CA). All the cDNA clones were sequenced at least twice on both strands using 

Sequenase version 2 (US Biochemicals, Cleveland, OH). - 

Statistical methods 

Statistical analysis of the data obtained was performed using a statistical package 

Minitab version 8.2, (Minitab Inc., State College, PA). Probablities less than 0.05 was 

considered significant. 

85



RESULTS 

Parasite numbers 

Trypanosome parasites were detected in the blood of cattle between 10 and 14 

dpi. The first parasitemic peak occurred between 14-17 dpi. Thereafter, the parasite 

numbers fluctuated in the two breeds and exhibited a tendency to decrease in the N'dama 

and to persist in high numbers in the Boran. However, no statistical significant 

difference was found in the parasite numbers between the two breeds (P > 0.25). 

Red cell analytes 

The preinfection PCV concentrations in Boran and N'Dama steers ranged 

between 28-40%. During infection, the PCV decreased initially in both cattle breeds 

(14-42 dpi), with a significant rapid decline noted in the Boran steers and moderate 

anemia (19-24%) in the N’Dama cattle. As the infection progressed, the PCV stabilized 

in both breeds until 95 dpi, when the Boran steers experienced a more precipitous 

decrease in the PCV (14-21%) which varied significantly (p < 0.05) from that of the 

N'Dama steers (25-36%). 

Validation of competitive PCR assay 

To determine the reproducibility of the RT-PCR reaction condition to be used 

throughout this study an external reference sample, total RNA isolated from a severely 

anemic calf (anemia induced by phlebotomy), > was used. A fixed concentration of the 

reference total RNA was coreverse transcribed and amplified with serial dilutions of the 

competitor CRNA. The products obtained were analyzed by Southern blot hybridization 

and densitometry; the zone of equivalence of the PCR product target/competitor was at 

10 attamol (Fig. 4-1A). The relative amounts of PCR products was also determined by 

densitometry. The yield of the PCR product was thus shown to be proportional to the 

starting amount of the template during the exponential stage of amplification (Fig. 4-1B). 

The coefficient of variation between the cpm in samples counted by liquid scintillation 

and the results of the densitometric readings were in agreement (R* = 0.99, Fig. 4-1 C ). 

86



The interassay coefficient of variation for 5 experiments performed on each of 13 total 

RNA samples from different kidneys was 10% to 39%. The intraassay coefficient of 

variation for one sample assayed 5 times was less than 11%. 

Epo mRNA expression in the kidneys of 7. congolense-infected steers 

The concentration of Epo mRNA in the kidneys of the two breeds of cattle was 

determined by competitive RT-PCR; the representative data of which are shown in Fig. 

4-2. The concentration of Epo mRNA in total RNA extracted from kidneys of Boran 

steers infected with 7: congolense (166 + 45 attamol/mg total RNA) was 2-fold higher 

than that found in the kidneys of the sentinel control Boran steers (68 + 15 attamol/mg 

total RNA). However, the concentration of Epo mRNA in the kidneys of the infected 

Boran steers did not vary significantly (p > 0.05) from the concentration of Epo mRNA 

(215 + 60 attamol/mg total RNA) in the kidneys of the infected N'Dama steers. 

Nonetheless, the Boran steers were anemic (14-21%) while the N'Dama steers began to 

recover with their PCV attaining appropriate values (25-36%). 

Inflammatory cytokine mRNA expression in the kidneys of 7. congolense-infected 

steers 

The RT-PCR data of inflammatory cytokine mRNA expression in kidneys of 7: 

congolense- infected and noninfected steers are summarized in Table 4-2. The B-actin 

gene expression was used as a positive control of cDNA transcription (Fig. 4-3). In the 

kidneys from infected Boran and N'Dama steers, IFNy and TNFa mRNAs were 

constitutively expressed. The concentration of IL-la and 8B, IFNy, and TNFa mRNAs in 

the kidneys of the N'Dama steers were significantly lower than that found in kidneys of 

the Boran steers (p < 0.05). Significant negative correlation (within individuals) was 

identified between the concentrations of Epo mRNA and IL-8 mRNA (R’ = -0.75), and 

between Epo and TNFa (R* = -0.70) mRNAs. The concentration of IL-la and IFNy 

mRNAs were poorly correlated with that of Epo in the kidneys of infected cattle. 
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Histopathological findings 

Three different sections (stained with Hematoxylin and Eosin, H&E) from 3 

different blocks from each kidney were examined. The main lesions were mild to 

moderate proliferative glomerulonephnitis with cellular infiltration mainly around the 

blood vessels and glomeruli. The cellular component of the infiltrating cells were 

primarily macrophages, lymphocytes and plasma cells. The number of cellular foci were 

counted in each section (20 fields per section at low power: 10 X). The average number 

of foci in the sections of kidneys from each breed are summarized in the last column of 

Table 4-2. The number of infiltrating lesions in the kidneys did not vary significantly 

between the two breeds of cattle. However, the cellular foci in the sections of kidneys 

form Boran steers were larger and more diffuse than the lesions in the sections of the 

N'Dama kidneys (Fig. 4-4). 

Sequence analysis of N'Dama Epo cDNA and identification of polymorphism at the 

3'UTR 

Epo cDNA was cloned by PCR amplification of RNA extracted from kidney of 

N'Dama cattle (Bos taurus). The amplified fragments of Epo transcripts were 1132-bp 

and 606-bp when primer pairs [LO-1877/ILO-3687 and ILO-3690/ILO-3687, were 

respectively, used in the PCR. The 606-bp product represents the 3'UTR sequence 

upstream from the poly A addition site, while the larger fragment contains the coding 

region as well as the 3'UTR. The fragments obtained from genomic DNA amplification 

had the same size (606-bp) as those obtained from the cDNA, suggesting the primers 

amplify the last exon of the bovine Epo gene. The N'Dama Epo sequence exhibits 99.5 

“o identity to that of the Boran. Sequence analysis of the 3';UTR of Boran Epo cDNA 

exhibits 99.2% similarity to N'Dama Epo. Six different base substitutions were found in 

the sequence of Epo from the two breeds of cattle (Fig. 4-5). Substitution in bases 669 

and 1077 could be detected by digestion of N'Dama Epo cDNA with Sa/ I and Hinf I 

enzymes, respectively. These two enzyme sites were absent in Boran Epo cDNA. The 

substitutions appeared to occur in a conserved manner, purine/purine (A/G) and 

88



pyrimidine/pyrimidine (C/T). The observed base substitutions were confirmed in cDNA 

by using Superscript IT kit (Clontech Laboratories, Inc., Palo Alto, CA) which uses an 

RNase H-derivative of Maloney Murine Leukemia virus (M-MLV) and two different 

pairs of primers in RT-PCR assays. The same patterns of sequence were observed, 

indicating base substitutions do indeed occur. One of the substitutions was within the 

coding region of N'‘Dama Epo cDNA, however it did not alter the amino acid (aa) 

sequence of the hormone. The deduced aa sequence of Epo in the two breeds of cattle is 

conserved. 

DISCUSSION 

The anemia manifested in the chronic trypanosomiasis is thought to be due to 

failure of hematopoiesis. Our data indicate lack of marrow responsiveness observed in 

the Boran steers during the chronic 7. congolense infection is partially due to inadequate 

concentrations of renal Epo gene expression despite development of severe anemia. It ts 

well documented that anemia (hemorrhagic or hemolytic) results in increased Epo 

production regulated by accumulation of Epo mRNA in kidneys and liver.** In some 

other pathological conditions such as anemia associated with chronic inflammatory 

diseases, deficient Epo production is implicated as the major cause of nonresponsive 

23, 27, 44. 45 
anemia. Epo is both a survival factor’° and a mitogen’ which predominantly 

effects erythroid progenitors." The hormone Epo prevents apoptosis of CFU-Es and 

proerythroblasts.*° Adequate concentration of circulating Epo results in survival of large 

numbers of CFU-Es and facilitates their proliferation and differentiation into eythroid 

progenitors that mature into functional red blood cells. On the other hand, inadequate 

concentrations of Epo results in premature death of most erythroid progenitors and 

insufficient production of red blood cells. The low numbers of CFU-Es observed 

previously® together with the low concentration of renal Epo mRNA in Boran cattle 
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provides indirect evidence for inadequate concentration of circulating Epo. This mav 

lead to persistence and progression of anemia in the presence of low or undetectable 

parasitemia. 

Inflammatory cytokines are known as negative regulators of hemopoiesis and 

have been considered as host factors which contributes to anemia of chronic disease 

either by interfering with Epo production and/or impairing the ability of erythroid 

24, 25 
progenitors to respond to Epo. An unexpected finding in our studies is the 

significantly increased concentration of mRNAs encoding different inflammatory 

cytokines (IL-la and 8B. TNFa and IFNy) in the kidneys of Boran steers. The elevated 

concentrations of these peptides in sit may contribute to inhibition of renal Epo mRNA 

“8. 4° Furthermore, the negative correlation between Epo, IL-18, TNFa transcription. 

adds further evidence that these cytokines might influence Epo translation. The source 

of these renal cytokines is mainly mononuclear and mesangial cells. The tncreased size 

of foci containing these cells in the infiltrating population in affected renal tissue provides 

further evidence for increased cytokine mRNA expression in the kidneys of Boran steers. 

The histological changes observed in the kidneys might be the consequence of local 

hypoxia induced by decreased red cell mass and the presence of trypanosomal antigens.” 

Recently, a cDNA encede Epo of Boran cattle (Bos indicus) was cloned from a 

kidney cDNA library. '> In this study, a cDNA encode Epo of N’Dama cattle (Bos 

taurus) was cloned and sequenced. Comparison of the N'Dama Epo cDNA nucleotide 

sequence with that of the Boran demonstrated six mismatches due to single base 

substitutions. Our results suggest polymorphism in Epo mRNA due mainly to individual 

base substitution primarily within the 3'UTR region. The mRNA turnover rate is an 

important mechanism of gene control which may directly influence target protein 

secretion by altering amounts of translatable mRNA.” Recently, a cytosolic protein that 

binds specifically to the 3'UTR of human Epo mRNA has been proposed to affect 

stability of Epo mRNA. "* A sequence of 188-bp in the 3'UTR of human Epo has also 

90



been shown to regulate the stability of Epo mRNA since deletion of this region resulted 

in increased Epo mRNA half life.’ I have found that the 3'UTR of the Epo cDNA 

sequence from N'Dama and Boran cattle have 80.5% and 80% similarity, respectively. to 

the 188-bp element in human Epo. The N'Dama Epo sequence in this region (188-bases) 

exhibits one base substitution (Fig. 4-5). 

It is evident that the difference in the erythropoietic response in the two breeds is 

partially due to inadequate amounts of renal Epo gene transcripts in infected Boran 

steers. On the other hand, the difference in erythropoietic response might also be due to 

posttranscription stability of Epo mRNA; the transcripts being more stable in the 

N'Dama than in the Boran. Additionally, nitric oxide production was found to be down 

regulated in Boran cattle infected with 7 congolense (K. Taylor, personnal 

communication). This might influence the availability of sulfhydryl groups known to 

scavenge oxygen radicals. This process is thought to play a role in vivo in regulation of 

Epo production through modulation of cytosolic protein binding activity to its target 

sequence in Epo mRNA 3'UTR and thus, enhancing degradation of Epo mRN A> 

Further studies to measure Epo in plasma of infected cattle together with studies 

utilizing nuclear run-on assays and mRNA half life determinations will be required to 

confirm the underlining phenotypic and genotypic differences in the responsiveness of the 

two breeds to anemia caused by trypanosomiasis. 
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Table 5-1. Bovine specific primers for cytokines amplification 

  

  

  

  

  

          
  

Gene and oligonucleotides Sequence Size | Accession 

used for amplification bp number 

B-actin ILO-1738 ACCAACTGGGACGACATGGAG | 456 | U02295 
ILO-1740 GACTTCGAGCAGGAGATGGCT 

IL-1 o ILO-3320 CAAAATGAAGACGAACCCG 485 M37210 

IL-O-3319 GGAGGGTTCTAATAACACG 

IL-1B ILO-3321 ATGGCTTACTACAGTGACG 424 M37211 

ILO-3322 GAACCGAGAAGTGGTGTTC 

IFNy ILO-3324 GGAGTATTTTAATGCAAGTA 387 M29867 

ILO-3325 AATCTCTTTCGAGGCCGGAG 

TNFa ILO-3374 CTCCAGAAGTTGCTTGTGCC 548 Z14137 

ILO-3373 GCCCTGGTATGAACCCATCT 

IL-1 a = Interleukin 1 alpha 

IL-18 = Interleukin | beta 

IFNy = Interferon gamma 

TNFa = Tumor necrosis factor alpha 
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Fig. 4-1. Validation of the competitive polymerase chain reaction (PCR) assay for 

determination of relative concentrations of renal erythropoietin (Epo) MRNA. (A) An 

autoradiograph of an example of quantitation of Epo mRNA amplified from total RNA 

(target) extracted from the kidney of an anemic calf (PCV = 9%). Fixed concentrations 

of 100 ng of target RNA were coamplified with serial dilutions of the competitor Epo 

cRNA (lanes 1-9) 1x10™, 1x10, 1x107, 1«10°, 1x10!, 1x107, 1x10°, 1x10, 1x10° 

attamols. The PCR products for the target and the competitor were 448 and 520-bp. 

respectively. The arrow under lane 5 indicates the dilution at which total RNA contained 

approximately the same concentration (10 attamol) of Epo mRNA as the competitor. 

(B) Plot of the ratio of amplified target Epo/Epo competitor corrected for the difference 

in product size. (C) Correlation between results by densitometric readings and liquid 

scintillation counting of the radiolabeled PCR products. 
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Fig. 4-2. Erythropoietin (Epo) mRNA expression in kidneys of cattle chronically 

infected with 7: congolense. Southern blot analysis of competitive PCR products shown 

in lanes 1-5 are Epo cDNAs amplified from total RNA of infected N'Dama 

(trypanotolerant) kidney total RNA: lanes 6-10 are Epo cDNAs amplified from total 

RNA of infected Boran (trypanosusceptible) kidney; lanes 11-13 are Epo cDNAs 

amplified from total RNA of noninfected Boran kidney. 
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Fig. 4-3. Cytokine mRNA expression in kidneys of cattle chronically infected with 7. 

congolense. Southern blot assays of PCR products amplified from transcripts of four 

cytokines: IL-la, IL-1B, IFNy, and TNFa. Lanes 1-5 are cytokine cDNAs amplified 

from total RNA from kidneys of infected N'Dama (trypanotolerant ) steers, lanes 6-10 

are cytokine cDNAs amplified from total RNA from kidneys of infected Boran 

(trypanosusceptible) steers; lanes 11-13 are cytokine cDNAs amplified from total RNA 

from kidneys of noninfected Boran steers. Products were of the expected size for the 

primers used. fB-actin cDNA amplification shown in the last panel was performed as 

control and for comparison in this assay. 
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Fig. 4-4. Histopathological findings of sections from Boran and N'Dama kidneys. 

A. Boran kidney section cattle infected with 7. congolense showing diffuse cellular 

infiltration around blood vessels and glomeruli. B. Kidney section from N'Dama cattle 

infected with 7: congolense showing localized cellular infiltration around glomeruli. 
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M G A R D Cc 7 P L L M L Ss F L L F P L G 
ATG GGG GCG CGC GAC TGT ACT CCG CTG CTG ATG CTG TCC TTT CTG CTG TTT CCT TTG GGC 

F P _ L G A P A R L I °c. * s R Vv L E R Y 
TTC CCA GTC CTG GGC GCC CCC GCA CGC CTC ATC TG GAC AGC CGA GTC CTG GAG AGG TAC 

2 L E A R E A E N A T M G Cc A E G Cc Ss F 
ATC CTG GAG GCC AGG GAG GCC GAA AAT GCC ACG ATG GGC TGT GCA GAA GGC TGC AGC TTC 

+ 

N E N I T Vv P D T K Vv N F Y A Ww K R M E 
AAT GAG AAT ATC ACT GTG CCA GAC ACC AAG GTT AAC TTC TAT GCC TGG AAG AGG ATG GAG 

0 oe ee ee ee oe le Ue eS oe ee es ee Ue ee ee 
GTC CAG CAG CAG GCT CTG GAA GTC TGG CAG GGC CTG GCC CTG CTC TCA GAA GCT ATC cCTG 

R G Q A L L A N A s Q aa E A L R L H Vv 
CGG GGC CAG GCC CTA TTG GCC AAC GCG TCC CAG CCATGC GAG GCC CTG CGG CTG CAC GTG 

t 
D K A Vv s G L s. £ L T s L L R A L G A Q 

GAC AAA GCT GTC AGC GGC CTC CGCAGT CTC ACC TCC CTG CTT CGG GCG CTG GGA GCC CAG 

K E A Je L P D A T P Ss x A P L R A F ® 
AAA GAA GCC ATCTCC CTT CCA GAT GCA ACC CCC TCC GCA GCC CCA CTC CGA GCA TTC ACT 

Vv D A L Ss K L F R I Y s N FP L R G K L T 
GTT GAT GCT TTG TCC AAG CTT TTC CGA ATC TAC TCC AAT TTC CTG CGG GGA AAG CTG ACT 

L Y T G E A Cc R R G D R = 

CTG TAC ACA GGG GAG GCC TGC AGG AGA GGG GAC AGG TGA CCTGGTGCTATCACCCCGGGCACGTCC 

Sal I 
ACCATCTCGCTCACCATCACTGCCTGCGCCATGCCTTCCACGCCGCCACTCCCAACCCCTGTCGACGGGCCACCAGCTC 

© 
AGTGCCAGCCTGTCCCACGGACACTCCAGGGCCAGCGGTAACATCTCAGGGGCTAGAGGAACTGTCCAGAGCTCAACTC 

AGATCTAAGGATGTCACAGGGCCAGTCTGAGGCCCCAAAGCTGGAGGAATTCAGAGTTCAACCTAAACTTGGGGGCAGC 

ACCATGCTGCAGAGACACTGAGACTCATCTTGGCATGCTGCCCAGCCGCAGTGCCGGGACCAGCTGGAGGATGGATACC 
a 

TCCTTTTACATGTACCAAACAGGGACAGGATGGACTGGAGAATTTAGGGGGAAGACATGAATTCTCCGGGTCTCATGGG 

g g 

Hint I 
GACTCCATGACAGCAGAGTCCACTGGACAAGGAGGGTGGTGGGAGCCATGAAGATGGAATGGGGGCTGGCCCCTGATTC 

g 
TCACTGGGTCCAAGTCTTGTGTATTTTTCAACCTCACTGGCAAGAACTGAAAC 

Fig. 4-5. Comparison of the nucleotide (nt) and deduced amino acid (aa) sequence of erythropoietin 
(Epo) isolated from kidneys of N'Dama (Bos taurus) and Boran (Bos indicus) cattle. The nt of Boran 
Epo cDNA sequence which differ from that of the N'Dama sequence are printed in blue and in lower case 
letters. The restriction enzyme sites present only in the 3'UTR of N'Dama Epo cDNA sequence are 
indicated and overlined (Sal I and Hinf I). The 188 base putative regulatory nt sequence element is 
printed in magenta. Arrows denote intron junctions. The nt sequence reported herein for N'Dama Epo 
cDNA has been deposited with GenBank under accession number U44762. 
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Table 4-2. Cytokine:B-actin ratios of mRNA expression in the kidneys 
  

  

  

Animal number | IL-la IL-1p IFNy TNFa Microscopic 

and breed . cell 
infiltrate+* 

5 Boran steers 0.94+0.12* | 069+0.14* | 1.01+0.11* | 0.92 +0.13* 14.5232 

(infected) 

5 N’Dama steers | 0.59+0.15 0.49+0.13 0.64+0.13 0.69+0.11 106228 

(infected) . 

3 Boran steers 0.61 +0.05 0.52 +0.24 0.69+0.11 0.77 + 0.08 ND 

(non-infected)             

The cytokines / B-actin ratio are expressed as mean + standard error for the group 

* Significantly different from the concentration in the N’Dama kidneys 

** The number of infiltrating foci in 3 sections per animal; expressed as mean + standard 

error for the group 

ND Not determined 
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CHAPTER 5 

The Molecular Aspects of Erythropoiesis During 

Acute infection with Trypanosoma congolense 

in cattle 
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ABSTRACT. 

Acute 7rypanosoma congolense infection in N'Dama (trypanotolerant) and Boran 

(trypanosusceptible) cattle induced severe anemia in the Boran and moderate transient 

anemia in the N'Dama. The concentrations of erythropoietin (Epo) and erythropoietin 

receptor (EpoR) mRNA in kidneys and bone marrow, respectively, were determined by 

competitive reverse transcription and the polymerase chain reaction (RT/PCR). The 

increase in Epo mRNA did not vary significantly (P > 0.05) in the kidneys from the two 

breeds. The concentration of EpoR transcripts in the bone marrow of acutely infected 

N'Damas was significantly higher (P < 0.05) than that detected in the marrows from 

infected Boran cattle. These findings suggest that Boran cattle are incapable of eliciting 

an appropriate Epo response for their degree of anemia. Constitutive expression of IL- 

la and B, and TNFo was detected in the kidneys from both infected Boran and N'Dama 

cattle, whereas the concentration of IFNy mRNA was higher in the kidneys of the 

Borans than that in the kidneys of the N'Damas. The concentrations of IL-la and B, and 

IFNy mRNAs were increased significantly (P < 0.05) in the marrows of the infected 

Borans as compared to the infected N'Dama cattle. In this study the concentration of 

TNFa mRNA in the marrow of the two breeds was similar. This implies that there is no 

negative effect of TNFa on hematopoiesis during acute infection. 

Cloning and sequencing of EpoR from the two breeds of cattle revealed a single 

position mutation of Try —— His close to a unique phosphoserine motif. This was 

identified on the predicted peptide sequence of the Epo receptor in the N'Dama. This 

may contribute to the differences in the erythropoietic response observed in the two 

breeds of cattle. 
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INTRODUCTION 

African trypanosome infections in people and livestock results in sleeping sickness 

and nagana, respectively. The major clinical and laboratory findings in these diseases 

results from parasite-induced anemia. In domestic ruminants, trypanosomiasis 1s caused 

by infection with 7rypanosoma congolense, T. vivax and/or 7. brucei. transmitted. by 

tsetse flies (Glossina spp). The plasma membrane of African trypanosomes is covered 

with homodimers of variant surface glycoprotein (VSG). Antibodies directed against 

VSG are involved in clearance of the parasites. However, following transcriptional 

switching among the VSG genes and subsequent expression of variant antigenic types on 

the trypanosome surface coat, this phenomenon enables the parasites to evade host 

immune responses. Thus, sterile immunity is never achieved and an effective humoral 

control of trypanosomiasis is still lacking. 

In spite of extensive studies on trypanosome infection in mammals, little is known 

about the pathogenesis of its associated anemia. The mechanisms responsible for 

development of the anemia have thus remained controversial” * The acute or 

parasitemic stage of 7. congolense infection in cattle is associated with erythrocytic 

changes characterized morphologically as normocytic or transiently macrocytic and 

normochromic, indicating that bone marrow erythropoietic responses can vary.” 

Extravascular hemolysis has been suggested as a mechanism for the development of 

anemia during the parasitemic stage of infection.’ However, experiments involving 

autologous antibodies directed against erythrocytes suggested that this mechanism alone 

is insufficient to account for the severity of the anemia.” Thus it is apparent that 

defective erythropoiesis must be involved in the pathophysiology of this disease. 

Maintenance of a mature erythrocyte pool depends on both the availability of immature 

precursors and their ability to fully mature. 
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Certain West African taurine breeds of cattle, such as N'Dama (Bos taurus) and 

some wild mammals, have a heritable ability to survive under high tsetse challenge. Zebu 

cattle die in this type of infectious environment.” The N'Dama cattle tolerate 

trypanosome infections, developing a moderate, transient anemia. Trypanosusceptible 

Zebu breeds of cattle such as Boran (Bos indicus), develop a more severe and 

progressive anemia. The superior tolerance of the N'Dama cattle is manifested by their 

ability to restore their red cell mass and thus hematocrit (PCV) to appropriate 

7, 8,9 
concentrations through an, as yet, unidentified mechanism. ° Recently, we have 

observed that Boran cattle chronically infected with 7: congolense have inadequate 

concentrations of erythropoietin (Epo) mRNA in kidneys as compared to their degree of 

anemia (Suliman, H.B., see chapter 4). 

Epo is a hormone produced in the kidney which regulates erythropoiesis by 

controlling, mainly, survival, proliferation, differentiation, and maturation of erythroid 

precursor cells. 1” Epo stimulates erythroid progenitors by binding to cell surface 

erythropoietin receptors (EpoR), and functions both as a viability factor. preventing 

apoptosis, and a differentiation factor, stimulating heme production and globin 

synthesis. |! The gene encoding EpoR has been cloned and characterized in human and 

13. | 
murine models '~ * and has been shown to be a member of the hematopoietic 

cytokine receptor superfamily. This superfamily includes receptors for hematopoietic 

growth factors such as interleukins (ILs) and colony stimulating factors (CSFs), and 

nonhematopoietic stimulators such as prolactin, growth hormone, and ciliary neurotropic 

15 
factor. These receptors are characterized by a single transmembrane domain and an 

extracellular domain with four conserved cysteine residues at the N-terminus and Trp- 

16 
Ser-X-Trp-Ser motif at the C-terminus which is required for acttvation. The 

intracellular domain contains no tyrosine kinase domain, although binding of Epo results 

in increased phosophorylation of EpoR and other cellular proteins. Activation of EpoR 
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triggers a cascade of phosphorylation/dephosphorylation events that are essential to the 

or . . 17, 18 
activation of the Epo signal transduction pathway. 

In response to stimulation such as in hypoxia, increase in serum Epo concentrations 

are paralleled by changes in the abundance of Epo mRNA in the kidney. These changes 

19, 20, 21 
are the major determinants of the hormone production rate. Elaboration of 

negative modulators of erythropoesis such as IL-1a, TNFa, IFNy and IFN6 causes both 

decreased production of Epo by the kidney and decreased responsiveness to the hormone 

in bone marrow.77" 77:74: ?° 

Probing the mechanisms of anemia associated with trypanosomiasis at the molecular 

level is critical to understanding the biology of the disease. In addition, this knowledge 

potentially important in the design of new therapeutic regimens for treatment of African 

trypanosomiasis. We have recently cloned the gene encoding bovine Epo” to facilitate 

investigation of the role of this hormone in anemia associated with trypanosomiasis. In 

this study we describe the cloning of a partial cDNA sequence encoding bovine EpoR, 

and describe the differences in Epo and EpoR transcription in the kidneys and bone 

marrow, respectively, from trypanotolerant (N'Dama) and trypanosuceptible (Boran) 

breeds of cattle during acute infection with 7: congolense. 

MATERIALS AND METHODS 

Animals 

Six healthy Boran and 6 healthy N'Dama cattle, age-and sex-matched, reared in a 

trypanosome-free area of Kenya, were used in this experiment. The 12 cattle were 

infected with 7: congolense (clone IL 1 180) by exposure to 10-bites from infected tsetse 

flies (Glossina morsitans centralis) as described.”’ The infected cattle were kept for 35 

days after which the cattle were euthanized. Two 17 month-old Boran twins were 
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included in this study as sentinel controls. One of the twins was infected as above, while 

the other was left uninfected. 

Hematologic analysis and detection of parasitemia 

Three ml! of blood was collected daily from the jugular vein of each animal, into 

sterile EDTA vacutainers, throughout the study period. The blood was examined for 

parasite numbers”® and for several standard hematological analytes including packed cell 

volume (PCV), and the erythrocyte indices (MCV and MCHC) using the COBAS 

MINOS hematology system (Roche Diagnostic System, France). The parasite numbers 

in the infected cattle were compared using the Mann-Whitney test. The PCV, MCV, and 

MCHC were compared by a paired two sample /-test (see statistical methods below). 

Tissue collection and RNA extraction 

The infected cattle were euthanized 35 days postinfection (dpi). At necropsy, 

kidneys and femoral bone marrow were collected, examined morphologically (within 30 

min of animal death), and then immediately quenched in liquid nitrogen. Total RNA was 

extracted from 1 gm of kidney and 0.5 gm of bone marrow from each animal as 

described.”° 

Cloning and sequencing of bovine EpoR cDNA 

Total RNA was extracted from the bone marrow obtained from Boran and N’Dama 

cattle. The first-strand cDNA was prepared using 1 pg of total RNA as described in the 

AMV reverse transcription (RT) kit (Promega Corp. Madison, WI, USA). Heterologous 

primers,-used in a PCR amplification, ILO-1980 (5'-ACTTGGTGTGTTTCTGGG) and 

ILO-1981 (S'--AAGATCTGGCCTGGCATCCC) were designed based on a conserved 

12, 13,14 
region in the human and mouse EpoR cDNA sequence. The amplified fragments 

were purified and cloned into pCR-ScriptTM SK(+) plasmid (Stratagene, La Jolla, CA, 

USA). All the cDNA clones were sequenced at least twice on both strands using an /- 

mole sequencing kit (Promega). The cDNA sequence pattern was confirmed by using 

Superscript IT kit (Clontech Laboratories, Inc., Palo Alto, CA) which uses an RNAse H- 

derivative of Maloney Murine Leukemia virus (M-MLV) and two bovine EpoR-specific 
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pairs of primers (5'-CCCTAGAGCTGCACGTC and 5'-CCGCCGGACTCTGAAGC) in 

RT-PCR assays. 

Synthesis of Epo and EpoR competitor 

The Epo competitor was synthesized as described. ”° The EpoR competitor was 

created by modifying the cloned fragment of EpoR. The fragment was digested with 

EcoN1 and Neo] which deletes 238 bases from base 107 to base 345, respectively. The 

modified fragment was then subcloned into SP64-poly(A) plasmid (Promega). The 

recombinant plasmid was amplified in E. coli, linearized by digestion with EcoR1, and 

subsequently extracted with phenol/chloroform followed by alcohol precipitation. The 

linearized plasmid DNA (1-2 mg) was transcribed in vitro using the RiboMAX protocol 

(Promega) to generate complementary RNA (cRNA) in the presence of NTPs and SP6 

RNA polymerase. The contaminating DNA was removed by digestion with RQ1 

RNAse-free DNAse (Promega) for 1 h at 37°C, and the cRNAs precipitated in ethanol 

overnight at -70°C. The resulting cRNA was quantitated spectrophotometrically, 

diluted to a working concentration of 1 mg/ml, aliquoted and stored at -70 C until use. 

Competitive RT-PCR for Epo and EpoR 

Triplicate reactions containing 20 attamol of Epo or EpoR cRNA and 100 ng of 

total RNA extracted from kidneys or 200 ng of total RNA extracted from bone marrows 

in a total volume of 5 ul were reverse transcribed using AMV reverse transcriptase 

(Promega). The antisense bovine Epo or EpoR-specific primers ILO-1876 (5'-CTG 

CAGGAGAGGGGACAGGTGA), ILO-2014 (5'-CTGCTGCTCATTCTGCTGCTGC), 

respectively, or oligo(dT) were each used at a concentration of 100 ng. The entire RT 

reaction was then amplified by PCR in a total volume of 20 ul in a thermal cycler (MJ 

Research. Inc., Watertown, MA) programmed to denature at 94°C for 30 s, annealed at 

60 C for 1 min for Epo or at 58 C for 1 min for EpoR, and synthesized at 72°C for 2 min 

for 27 cycles (Epo) or 30 cycles (EpoR). The number of cycles was determined by 

titration to find the optimal number of cycles that could amplify a visible product in 
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ethidium bromide (EtdBr) stained agarose gels during the exponential stage of the PCR. 

The olignucleotide primers used in the competitive PCR assay were bovine Epo-specific 

primer pair ILO-2076 (5'-GCTGATGCTGTCCTTTCTGC) and ILO-2078 (5°- 

GGGGAAAGCTGACTCTGTAC) which amplify a 520-bp from the target Epo and a 

448-bp from the competitor: and the bovine EpoR-specific primer pair ILO-2170 (5°- 

CTCGAGGGTGAGCCGTGGAA) and ILO-2171 (5'-GAGGCTAGTGACTTGGACC 

C) which amplify a 506-bp product from the target EpoR and a 268-bp product from the 

competitor CRNA. The PCR products (10 ul, competitor and target) were separated by 

electrophoresis in 2% agarose gels. After electrophoresis, the DNA was transferred 

onto nylon membranes (Amersham Corp., Arlington Heights, IL) by vaccum blotting?” 

and the blots hybridized with an [a-**P] dCTP-labelled fragment of bovine Epo or EpoR. 

Autoradigraphs obtained were analysed by densitometry. Alternatively, the radioactivity 

in each band was determined by using a liquid scintillation counter. In bref. the filters 

were cut into small pieces corresponding to DNA bands and then counted in a Rack Beta 

liquid scintillation counter LS-5000 (Beckman, Instruments, Inc., Fullerton, CA) after 

addition of 10 ml of Aquasol (Biotechnology systems, NEN Research Products, Boston, 

MA) to each piece of filter. Correction factors, 1.16 (520/448) for Epo and 1.9 

(506/268) for EpoR were introduced into the calculations to take into account the 

relative molecular weights of target and competitor molecules. The amount of Epo or 

EpoR mRNA in the tissues from the two breeds was compared using ANOVA (see 

statistical methods below). 

Cytokine mRNA detection 

Total RNA (2 ug) from each organ was reverse-transcribed into first strand cDNA, 

using oligo (dT) as a primer. PCR amplification was carried out in a thermal cycler for 

25 cycles for B-actin, 30 cycles for TNFa and IFNy, and 33 cycles for IL-la and IL-1. 

The cycling parameters routinely used were denaturation at 94°C for 30 s, annealing 

between 55 C and 60 C for 1 min, and synthesis at 72°C for 2 min. Primers specific for 
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bovine $-actin and cytokines were used (Table 5-1) under the same conditions. The 

amplified products (10 ul) were electrophoresed in 1% agarose gels and then transferred 

onto nylon membranes as mentioned above. The latter were subsequently hybridized 

with an [a->’P]dCTP-labelled fragment of the appropriate bovine cytokine probe. The 

B-actin signals were used as controls for variation in the efficiency of RT reaction and 

PCR, as well as for variation in the quantity of. RNA between samples. Results were 

expressed as the ratio of cytokine to B-actin mRNA. The amount of relative cytokine 

mRNA expression was compared in the two breeds using ANOVA (see methods below). 

The concentration of Epo mRNA in tissues was compared to the concentrations of 

different cytokines using correlation coefficients and regression analysis. 

Statistical methods 

Data were analyzed using a statistical package Minitab version 9.1 software for 

Windows (Minitab Inc., State College. PA). Probabilities of less than 0.05 were 

considered significant. 

RESULTS 

Parasitemia and hematological findings 

The intensity of parasitemia (the numbers of parasites) in the circulation of the two 

breeds was not significantly different (p > 0.05). The PCV percentage dropped 

significantly in both breeds, with a more pronounced decline in Boran cattle. The PCV 

percentage decreased by 50.3 + 9.1 % in the Borans which is significantly higher (p < 

0.05) than the decrease in the PCV observed in the N'Damas (33.7 +54%). No 

significant change was noticed in the MCV or MCHC within or between the breeds (p > 

0.05). The anemia was normochromic normocytic in the two breeds. The PCV declined 

by 55.6% in the infected Boran twin, while no hematological changes were observed in 

the noninfected twin. 
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Sequence analysis of N'Dama and Boran EpoR cDNA 

Partial cDNAs encoding EpoR were cloned by RT-PCR amplification of RNA 

extracted from bone marrow of N'Dama (Bos taurus) and Boran (Bos indicus) cattle. 

The amplified fragments of EpoR transcripts were within the coding region and were 

686-bp in both breeds of cattle. The fragments were completely sequenced. Translation 

of the nucleotide sequences of these fragments revealed that they could encode 228 

amino acids (aa), which lack about 59 residues from the amino terminal end and 222 aa 

from the carboxy terminus. The deduced aa sequences for the human and mouse are 508 

12, 13, 14 
and 507 residues, respectively. Comparison of the partial nucleotide sequence of 

bovine EpoR cDNA with that of human and mouse showed 85 and 80% sequence 

identity, respectively. Pairwise comparisons of the deduced peptide sequence of bovine 

EpoR with that of human, mouse and rat displayed similarities of 85, 82 and 82%, 

respectively. The EpoR cDNA of the Borans showed identity of 99.7% at the nucleotide 

level and 99.6% at the predicted aa sequence to that of the N'Damas (Fig.5-1). The 

sequences of EpoR from the N'Damas exhibited two base substitutions, which appeared 

223 
to occur in a conserved manner, purine/purine (T/C) and a pyrimidine /pyrimidine 

( AIG) One of the substitutions alters the aa sequence from Tyr (in the Boran) to His 

(in the N'Dama); the other base substitution did not alter the aa sequence of EpoR. The 

four conserved cysteine residues found in mouse, human and rat EpoR, were also 

conserved in the bovine EpoR. Three of these exist in the cloned fragment of the bovine 

EpoR at positions 4, 33 and 49. Two potential N-linked glycosylation sites (NXS/T) at 

Asp18 and 125 are present in the deduced sequence for bovine EpoR. The Asp 18 is 

3 . 
12, 13, 14 while Asp conserved in the EpoR sequences from the other mammalian species 

125 is present only in the bovine sequence. The Trp-Ser-X-Trp-Ser (WSAWS) motif, 

characteristic of cytokine receptors, is found in the deduced aa sequence of the cloned 

fragment of bovine EpoR. A unique phosphoserine motif Ser-X-X-Ser (SGAS) is 

present in the bovine EpoR, but is absent from the human, mouse and rat EpoR aa 
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sequences. The deduced aa sequence of the cloned bovine EpoR contains a 

transmembrane domain of 22 residues similar to that reported for human, mouse and rat 

EpoR. 

Epo mRNA expression in the kidneys of 7. congolense-infected cattle 

The amount of Epo mRNA in the kidneys of the two breeds of cattle was 

determined by competitive RT-PCR. Representative data are depicted in Fig. 5-2. The 

concentration of Epo mRNA in the total RNA extracted from kidneys of the Boran cattle 

infected with 7: congolense (286 + 78 attamol/mg total RNA) was not significantly 

different (p > 0.05) from the concentration of Epo mRNA (236 + 53 attamol/mg total 

RNA) in the kidneys of infected N'Damas. However, the Borans were more anemic with 

a PCV range between 14-19% while the N'Damas had moderate anemia with a PCV 

range between 20-27%. The Epo mRNA was higher in the kidney from the infected 

Boran twin compared to the noninfected twin. 

EpoR mRNA expression in the bone marrow of 7. congolense-infected cattle 

The concentration of EpoR mRNA in the marrow of the two breeds of cattle was 

determined by competitive RT-PCR. Representative data are shown in Fig. 5-3. The 

concentration of EpoR mRNA in the total RNA extracted from bone marrow of the 

N'Dama cattle infected with 7. congolense (186 + 42 attamol/mg total RNA) was 

significantly different (p <0.05) from that detected in infected Boran cattle marrow (105 

+ 32 attamol/mg total RNA). 

Inflammatory cytokine mRNA expression in the kidneys and bone marrows of 7. 

congolense-infected cattle 

The level of expression of four inflammatory cytokines, TNFa, IL-la and IL-18 and 

IFNy mRNAs was determined in the kidneys and bone marrow of the infected cattle by 

RT-PCR. The data are summarized in Table 5-2 and 3 The amount of f-actin 

transcripts was used as a control for the RT-PCR reactions (Fig.5-4). In the kidneys 

from the infected Borans and N'Damas, TNFa, IL-la and IL-IB mRNAs were 

constitutively expressed and did not vary significantly (P > 0.05) in the kidneys of the 
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two breeds. The concentration of IFNy mRNA in the infected Boran kidneys was 

significantly higher (p < 0.05) relative to that in the infected N'Dama kidneys. The 

concentration of IL-la and B, IFNy mRNAs were significantly lower (p < 0.05) in the 

bone marrows of the N’Damas than that in the marrows of the Borans (Fig. 5-5). The 

concentration of TNFa mRNA in the bone marrows of the two breeds was not 

significantly different (p > 0.05). 

DISCUSSION 

The erythropoietic responses in trypanotolerant and trypanosusceptible breeds of 

cattle during acute infection with 7. congolense were examined from several different 

molecular aspects. Extravascular hemolysis is thought to be the main event which 

contributes to anemia during acute infection with 7. congolense.” It was also thought 

that N'Dama cattle survive the infection by controlling parasitemia. In this experiment, 

the intensity of parasitemia did not differ significantly between the infected N'Dama and 

Boran cattle. Nevertheless, Borans were more anemic as compared to N'Damas that had 

the same level of parasitemia. Lack of correlation between the severity of anemia and 

the intensity of parasitemia has been pointed out by Murray and Dexter. Additionally, 

the weight of the spleens in the two breeds of infected cattle did not differ significantly 

(data not shown). This indicates that extravascular hemolysis does not entirely account 

for the difference in the ability of the N'Dama cattle to maintain relatively normal PCV. 

Recently, an ex vivo erythrophagocytosis assay demonstrated no significant difference in 

erythrocyte uptake by phagocytic cells obtained from Boran and N'Dama cattle infected 

with 7: congolense (Sileghem M., personal communication). This implies that the ability 

of N'Dama cattle to restore their PCV to appropriate values during trypanosome 

infection may be due to an early and highly erythropoietic response which does not occur 

in Borans. 
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Epo is known to exert two general effects on the late burst forming unit-erythroid 

(BFU-E) and colony forming unit-erythroid (CFU-E). As a mitogen, Epo promotes the 

31, 32 
rapid expansion of the CFU-E while arresting apoptosis. As a differentiation factor. 

Epo is required for the subsequent expression of late erythroid genes including a and B- 

globulin,” anion transporter band 3, and cytoskeletal protein 4.13 Adequate 

concentrations of Epo in the circulation results-m survival of large numbers of CFU-Es 

and facilitates their proliferation and differentiation into erythroid progenitors which 

mature into adult red blood cells. On the other hand, inadequate amount of Epo results 

in premature death of most erythroid progenitors and insufficient production of red 

blood cells. Our previous results (Suliman, H. B., Chapter 4) indicated that lack of 

marrow responsiveness observed in Boran cattle during the chronic stage of infection 

with 7. congolense is partially due to inadequate concentrations of Epo gene expression 

in the kidneys despite severe anemia. In this study the increase of Epo transcripts in the 

kidneys of the two infected breeds of cattle was not significantly different. Yet the 

infected Boran cattle were more anemic as compared to infected N'Damas which had 

moderate and transient anemia. This observation suggests that the level of Epo 

transcription and/or translation in the Boran is inadequate to control anemia. 

Epo transduces the differentiation and proliferation signal through its receptor on 

erythroid precursor cells °* 7° In order to investigate the molecular aspects of the bone 

marrow response in cattle infected with trypanosomes, we have cloned and sequenced a 

fragment of the EpoR cDNA from the bone marrow of an N'Dama and Boran cattle. 

The cDNA encodes a peptide that has a high degree of identity to the human and mouse 

EpoR sequences. This fragment contains most of the features characteristic of the 

cytokine superfamily of receptors, including the four conserved cysteine residues and the 

common sequence motif, WSAWS, near the transmembrane domain. This motif is 

36, 37 
critical for protein folding, ligand-binding, and signal transduction. Comparison of 

the N'Dama EpoR cDNA nucleotide sequence with that of the Boran exhibited two 
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mismatches due to single base substitutions. One of them (T/C)? alters the Tyr in the 

Boran sequence to His in the N'Dama. The occurrence of this replacement tn a less 

conserved region of the extracytoplasmic domain of EpoR, may not affect the functional 

activity of the receptor. However, a single point mutation in human and murine EpoR 

sometimes results in alteration of the responsiveness of the receptor. lo A unique feature 

of the bovine EpoR is the presence of a phosphoserine motif, SGAS, which has been 

described as an effective determinant for casein kinase 1 action.’ To date, the presence 

of this motif has not been reported in the aa sequences of EpoR of other mammals. 

Whether this motif has a specific function in the EpoR of bovine remains to be 

determined. 

Expression of EpoR gene is probably one of the earliest events in erythroid 

differentiation as stimulation by Epo must occur before an erythroid progenitor can 

progress any further along the erythroid differentiation pathway. We have, therefore, 

used primers within the sequence of bovine EpoR to study its expression in bone marrow 

of N'Dama and Boran cattle using the competitive RT-PCR assay. The amount of EpoR 

transcripts in bone marrow of the infected N'Damas was significantly higher than that 

detected in the marrows of infected Borans. A slight increase of EpoR mRNA was 

observed in marrow from infected Boran twin as compared to that in the noninfected 

twin. Additionally, a clonogenic assay performed during acute infection with 7. 

congolense in cattle demonstrated an erythropoietic response in both breeds as indicated 

by increased numbers of erythrocyte precursor cells (BFU-E and CFU-E). However, 

despite a more pronounced anemia in Borans, the magnitude of their erythroid response 

was similar to that of the N'Damas.*” Recent results indicated that erythroid progenitors 

(BFU-E and CFU-E) do not need Epo or EpoR to develop in vivo. But, Epo and EpoR 

are the only factors that control definitive erythropoiesis and without them the CFU-E 

will fail to undergo terminal differentiation to mature erythrocytes. *” Our results suggest 
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that N'Dama erythroid cells are highly responsive during infection with 7: congolense 

and, hence, they maintain a continuous mature erythrocyte pool. 

Inflammatory cytokines, including IL-la and 8, TNFa and IFNy are known as 

negative regulators of hematopoiesis. They interfere with Epo production and/or impair 

40, 42 
the ability of erythroid progenitors to respond to Epo. From the data shown in Fig. 

5-4 it appears that the genes for IL-la and 8, and TNFa are constitutively expressed in 

the kidneys of both infected Borans and N'Damas, while the concentrations of IFNy 

mRNA were higher in the kidneys of the Borans than in the kidneys of the N'Damas. 

This might increase the concentration of these peptides in situ which may eventually 

result in the imbibition of translation of Epo in the kidneys.** “4 The increased 

concentration of IFNy mRNA in the marrows of the infected Borans might influence the 

responsiveness of the marrow to compensate for the severe loss of circulating 

erythrocytes. IFNy has been shown to suppress hematopoiesis through depression of 

CFU-E growth by down regulation of EpoR or a shift in the dissociation constant that 

would reduce the capacity of Epo to interact with the erythroid celis.*° We have found 

that the concentration of TNFa mRNA in the marrow of the two breeds is similar. This 

implies that there is no negative effect of TNFa on hematopoiesis during acute infection 

with 7. congolense. 

In summary, the results presented in this chapter demonstrated that the level of gene 

expression of Epo in the kidneys and EpoR in the bone marrow of Borans is insufficient 

to induce a compensatory response adequate to reverse the severe anemia associated 

with this disease. The N'Dama mount an erythropoietic compensatory response to the 

moderate decrease in PCV irrespective of parasite numbers. 
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Table 5-1. Bovine specific primers for cytokines amplification 

  

  

  

  

  

    

Gene and oligonucleotides Sequence Size Accession 

used for amplification bp number 

B-actin ILO-1738 ACCAACTGGGACGACATGGAG | 456 UO2295 

ILO-1740 GACTTCGAGCAGGAGATGGCT 
IL-1 a ILO-3320 CAAAATGAAGACGAACCCG 485 M37210 

IL-O0-3319 GGAGGGTTCTAATAACACG 

IL-18 ILO-3321 ATGGCTTACTACAGTGACG 424 M3721 1 

ILO-3322 GAACCGAGAAGTGGTGTTC 

IFNy ILO-3324 GGAGTATTTTAATGCAAGTA 387 M29867 

ILO-3325 AATCTCTTTCGAGGCCGGAG 

TNFa ILO-3374 CTCCAGAAGTTGCTTGTGCC 548 214137 

ILO-3373 GCCCTGGTATGAACCCATCT       
  

IL-1 a = Interleukin | alpha 

IL-18 = Interleukin | beta 

IFNy = Interferon gamma 

TNFa = Tumor necrosis factor alpha 
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GACTTGGTGT 

CAACTACAGC 

GCCTGCATCA 

CTGCCTACAG 

TGCGGCCTCG 

TGGTGCTCCT 

GGCGGCCACG 

GAGCCTTATC 

GCGCACAGAG 

AACCTGCGGG 

CGAGCCCAGC 

TGCTGACGGC 

CTCGTGCTCA 

CCGGACTCTG 

GTTTCTGGGA 

TICTCTTATC 

GGCACCCACC 

CCGACACGTC 

GGCGCTTCAC 

AGACCCTCCC 

TGGTACTGCG 

CGCTATGAGG 

GGTGGAGATC 

GCGGAACGCG 

TTCGGTGGCT 

TAGTGACTTG 

TTCTGCTGCT 

AAGCAGAAGA 

GGAAGCGGCC 

AGCTCGAGGG 

GCCCGCGGCT 

GAGCTTCGTG 

GCTACCGCCG 

Cc 

GCCAGGCTTG 

CTGGCTCCCG 

TGAATATCTC 

CTCGACGGCC 

CTACACCTTC 

TCTGGAGCGC 

GACCCCCTCA 

GCTGGCCGTG 

TCTGGCCTGG 

ACCGCCGGAG 

TGAGCCGTGG 

TGGTGCGTTT 

CCCCTAGAGC 

TACCATTCAC 

TAGCTCGGCG 

CCGCCTGGGG 

GGCAGAGAAC 

GCACCGAGTG 

ATGGTACGCG 

CTGGTCCGAG 

TCCTGACGCT 

CTGGCCCTAC 

G 

CATCCC 686 

TCGGCCCAGA 

AAGCCATGCC 

sian 

TGCACGTCAC 

GTCAACGAAG 

GGCCGACGAG 

CACCCATGGC 

GCCGCAGGGA 

CTTGCTGAGC 

CGCGTATGGC 

CCTGCGTCAC 

CTCCCTCGTC 

TATCCCACCG 

Fig 5-1. Nucleotide sequence alignment of N'Dama (ND, Bos taurus) and Boran ( BO, Bos 
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indicus) erythropoietin receptor cDNA. The nucleotides that differ in the EpoR sequence from the 

two breeds of cattle are shown in red color Irtters. 
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Fig. 5-2. Comparative alignment of the predicted aa sequences of Boran (BO), N'Dama (ND), human 
(HU), and mouse (MO) erythropoietin receptor. The BO sequence is printed in blue letters and other 
sequences are printed in red color. Identical residues are denoted by dots. Gaps, denoted by dashes, 
were introduced where necessary to improve the alli gnment. The conserved cysteine residues are printed 
in red letters. The potential N-linked glycosylation (NXS/T ) sites are printed in green letters. The 
phosphoserine motif (SXX) is printed in magenta letters and boxed. The altered aa residues are printed 
in cyan color letters and denoted by an arrow. The dark green box encloses the WSXWS motif (printed 
in dark green color letters), a characteristic feature of the cytokine superfamily of receptors. The 
transmembrane pentameric domain is printed in dark red color letters. 
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Fig. 5-3. Erythropoietin mRNA expression in kidneys of cattle infected with 7. 

congolense. Southern blot hybridization of the competitive PCR products shown in 

lanes 1-6 are Epo cDNA amplified from total RNA of infected N'Dama kidney; lanes 7- 

12 are Epo cDNA amplified from total RNA of infected Boran kidney: lanes 13 and 14 

are Epo cDNAs amplified from total RNA from kidneys of identical Boran twins, 

noninfected and infected, respectively. 
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Fig. 5-4. Erythropoietin receptor mRNA expression in bone marrows of cattle infected 

with 7. congolense. Southern blot hybridization of the competitive PCR products shown 

in lanes 1-6 are EpoR cDNA amplified from total RNA of infected N'Dama bone 

marrow, lanes 7-12 are EpoR cDNA amplified from total RNA of infected Boran bone 

marrow, lanes 13 and 14 are EpoR cDNAs amplified from total RNA from bone 

marrows of noninfected and infected identical Boran twins. 
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Fig. 5-5. Cytokine mRNA expression in kidneys of cattle infected with 7: congolense. 

Southern blot hybridization of PCR products amplified from transcripts of four 

cytokines: IL-la, IL-1B, IFNy, and TNFa. Lanes 1-6 are cytokine cDNAs amplified 

from total RNA from kidneys of infected N’Damas; lanes 7-12 are cytokine cDNAs 

amplified from total RNA from kidneys of infected Borans; lanes 13 and 14, are cytokine 

cDNAs amplified from total RNA from kidneys of identical Boran twins, noninfected and 

infected, respectively. Products were of the expected size for the primers used. B-actin 

cDNA amplification, shown in the first panel, was performed on the same RNA sample 

as a control and for comparison in the assay. 
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Fig. 5-6. Cytokine mRNA expression in bone marrows of cattle infected with 7: 

congolense. Southern blot hybridization of PCR products amplified from transcripts of 

four cytokines: IL-la, IL-1, IFNy, and TNFa. Lanes 1-6 are cytokine cDNAs 

amplified from total RNA from bone marrows of infected N’Damas; lanes 7-12 are 

cytokine cDNAs amplified from total RNA from bone marrow of infected Borans; lanes 

13 and 14 are cytokine cDNAs amplified from total RNA from bone marrow of identical 

Boran twins, noninfected and infected, respectively. Products were of the expected size 

for the primers used. f-actin cDNA amplification, shown in the first panel, was 

performed as a control and for comparison in this assay. 
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Table 5-2. Ratios of Cytokine: B-actin transcripts in the kidneys of cattle infected 

with 7. congolense 
  

  

  

  

    

IL-lo IL-18 | IFNy | TNFa 

6 Boran cattle (infected) 0.8740.13 |-0.8840.12 | 0.8440.12** | 1.044#0.24 

6 N’Dama cattle (infected) 0.84+ 0.11 | 0.93+0.3 0.63+0.09 1.03+0.25 

1 Boran steer (infected) 0.99+0.06 | 0.88+0.08 | 0.72+0.04 0.82+ 0.05 

1 Boran steer (non-infected) | 0.89+0.03 | 0.54+0.02 | 0.58+0.03 0.94+0.07           

+ The cytokines / B-actin ratio are expressed as mean + standard error for the group 

** Significantly different values between the Boran and N’Dama. 

+Identical Boran twins 
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Table 5-3. Ratios of Cytokine:f-actin transcripts in the bone marrow of cattle 

infected with 7. congolense 
  

  

  

  

    

IL-la IL-1B IFNy TNFa 

6 Boran cattle (infected) 1.03+0.30** | 0.9040.20** | 0.86+0.20** | 0.95+0.30 

6 N’Dama cattle (infected) 0.60+0.30 _}+0.65+0.20 0.54+0.15 1.20+0.24 

1 Boran steer (infected) 0.86+0.05 0.36+0.03 0.62+0.04 0.25+0.02 

1 Boran steer (non-infected) | 0.67+0.04 0.53+0.03 0.33+0.03 0.50+0.06           

* The cytokines / B-actin ratio are expressed as mean + standard error for the group 

** Significantly different values between the Boran and N’Dama. 

+Identical Boran twins 
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CHAPTER 6 

GENERAL DISCUSSION CONCLUSIONS, 

AND FUTURE CONSIDERATIONS 
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GENERAL DISCUSSION 

In these studies bovine Epo was cloned, sequenced and expressed. Comparison 

of the nt sequence of bovine Epo cDNA with that of human, monkey, and rat showed 

80, 77 and 64% sequence identity, respectively. The bovine Epo cDNA has an ORF 

which can potentially code for a protein precursor of 192 aa. Cleavage of the putative 

signal peptide would yield mature bovine Epo of 167 aa (18.4-kDa). Comparisons of the 

deduced aa sequence of bovine Epo with that from sheep, swine, human, monkey and 

rat, displayed similarities of 96, 88, 83, 82 and 79%, respectively. 

Northern blot analysis revealed that bovine Epo exists as a single transcript of 

approximately 1.6-kb. The bovine cDNA cloned in this study was 1.3-kb. Expression of 

the mature Epo in a bacterial system showed that nonglycosylated bovine Epo has a 18- 

kDa molecular mass as obtained by calculation and is similar to other mammalian Epos. h 

3 The bovine Epo expressed using CHO cells or VV systems has the same molecular 

weight (36-kDa). This indicates that the peptides expressed by both systems were 

glycosylated. Glycosylation is an important feature of a stable and biologically active 

Epo. Desialated Epo, produced by treatment of recombinant human Epo with sialidase, 

4,5 
was cleared from the circulation within 2-10 min. It is known that the human Epo 

expressed in CHO is fully glycosylated.” However, this is the first report on the use of 

VV to express Epo. The peptide expressed was fully glycosylated with a molecular mass 

of 36-kDa similar to the peptide expressed in the CHO cells. In addition, the biological 

activity observed in the VV expressed rbovEpo as compared to that from CHO cells is 

decreased. This might be due to the coexpressed VV proteins which have an inhibitory 

effect on erythroid cell proliferation and differentiation. 

I have also demonstrated that hemorrhagic anemia in a calf resulted in an 

approximately 60-fold increase in the amount of Epo mRNA in the kidneys relative to 

concentrations in the kidneys of healthy cattle. Similar observations have been reported 
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in sheep and mice 1. © Where accumulation of Epo transcripts has been shown to plav a 

o . . . . . 6. 
regulatory role in increased production of the hormone in anemic animals. 

Furthermore, low concentrations of Epo mRNA were detected in the spleens of the 

anemic calf and the bovine fetus. Under normal physiological conditions, the Epo gene 

is not expected to be transcribed in the spleen. This was confirmed by our observation 

that no Epo mRNA was detectable in the total RNA prepared from the spleen-of a 

healthy bovine steer. Epo transcripts have been detected in spleens from hypoxic rats 

6 
and mice, ’ ®- ° but the physiological role of Epo transcriptions in these organs is still 

obscure. 

The elevated amount of Epo transcripts in the fetal bovine liver compared to the 

amount detected in fetal kidney suggests that the liver may be the major contributor of 

Epo synthesis in a 19 week old bovine fetus. Our observation agrees with that reported 

for human.” However, in sheep, the kidneys were found to express Epo during early 

gestation. '© The difference in the length of gestation period, 150 days for sheep and 290 

days for cattle, may influence the gradual switch of Epo-gene expression between the 

two organs at different stages of gestation. Hence the switch of Epo-gene expression 

from the liver to the kidney might occur earlier in sheep. /7 situ hybridization results 

showed that Epo mRNA could be detected in kidneys from a Boran calf with 

hemorrhagic anemia but not in the kidney sections from normal steer suggesting low 

concentrations of Epo transcript 

The anemia manifested in the chronic stage of trypanosomiasis 1s thought to be 

due to lack of bone marrow response, observed mainly in the trypanosusceptible breed 

(Boran) of cattle. In this study it has been shown that during the chronic stage of a 7. 

congolense infection, the infected cattle experienced inadequate levels of Epo gene 

expression in the kidneys despite severe anemia. The low numbers of CFU-Es observed 

previously I together with the low concentration of Epo mRNA in the kidneys of Boran 

cattle provided indirect evidence for inadequate concentration of circulating Epo. This 
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may lead to persistence and progression of the anemia in the presence of low or 

undetectable parasitemia. ! Furthermore, the negative correlation between Epo. IL-la 

and TNFa detected in the kidneys of infected Boran cattle suggests that these cytokines 

might influence Epo translation. Epo translation has been reported to be affected by 

these cytokines. 13.14 The polymorphism at the 3' UTR of the Epo mRNA in the N'Dama 

cattle (trypanotolerant) might contribute to prolonged posttranscription stability of-Epo 

mRNA in the N'Dama as compared to the Boran. Additionally, nitric oxide production 

was found to be downregulated in Boran cattle infected with 7: congolense (K. Taylor, 

ILRI, Nairobi, Kenya, personal communication). This might influence the availability of 

sulfhydryl groups known to scavenge oxygen radicals. This process is thought to play a 

role in vivo in the regulation of Epo production through the modulation of the cytosolic 

protein binding activity to its target sequence in the Epo mRNA 3' UTR and thus the 

degradation of the Epo mRNA. I 

During the acute phase of the infection, extravascular hemolysis is thought to be 

the main event contributing to the anemia.'° It was also thought that N'Dama cattle 

survive the disease by controlling the parasitemia. The present studies have shown that 

the intensity of parasitemia did not differ significantly between the N'Dama and Boran 

cattle infected with 7. congolense at 35 days postinfection (dpi). Nevertheless, the 

Borans in this experiment were more anemic as compared to the N'Damas that 

experienced the same degree of parasitemia but had less severe anemia. It is well known 

that the PCV is the only measurable and reliable phenotypic criterion for identification of 

trypanotolerant cattle in the field.'’ The lack of correlation between the severity of 

anemia and the intensity of parasitemia has been pointed out by Murray and Dexter. ! 

The concentration of Epo mRN in the kidneys from the two infected breeds of cattle was 

not significantly different (p > 0.05). Though the infected Boran cattle were severely 

anemic as compared to N’Dma cattle. This results suggest that the level of Epo 

expression in infected Boran cattle was inadequate to control the severity of anemia. 
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Furthermore, the amount of EpoR transcripts in the bone marrow of the infected 

N'Damas was significantly higher than that detected in the marrows of the infected 

Borans. Additionally, clonogenic assays performed during the acute phase of 7. 

congolense infection in cattle demonstrated an erythropoietic response, in both breeds as 

indicated by the increase the numbers of erythrocyte precursor cells, namely BFU-E and 

CFU-E. However, despite a more severe anemia in the Borans, the magnitude of their 

erythroid response was similar to that of the N'Damas.!® Recently, it has been shown 

that Epo and EpoR are the only factors that control definitive erythropoiesis and without 

them the CFU-E will fail to undergo terminal differentiation to mature erythrocytes. 

Our results suggest that the N'Dama erythroid cells are highly responsive during infection 

with 7. congolense and, hence, they maintain a continuous mature erythrocyte pool. 

The genes for IL-la, B. TNFa are constitutively expressed in the kidneys of both 

the infected Borans and N'Damas, while the concentrations for IFNy mRNA were higher 

in the kidneys of the Borans than in the kidneys of the N’Damas. This might increase the 

concentration of these peptides in situ, which may. eventually result in the inhibition of 

20, 21 
transcription of Epo mRNA in the kidneys. The increased concentration of IFNy 

mRNA in the marrows of the infected Borans might also influence the responsiveness of 

the marrow to compensate for the severe loss of circulating erythrocytes. IFNy has been 

shown to suppress hematopoiesis through depression of CFU-E growth by 

downregulation of EpoR or a shift in the dissociation constant that would reduce the 

22 
capacity of Epo to interact with the erythroid cells.“ In this study the concentration of 

TNFa mRNA in the marrow of the two breeds is similar. This excludes an adverse 

effect of TNFa on hematopoiesis during the acute stage of infection. 

Comparison of the N'Dama EpoR cDNA nucleotide sequence with that of the 

Boran exhibited two mismatches due to single base substitutions. One of them (T/C)223 

alters the Tyr in the Boran sequence to His in the N'Dama. The occurrence of this 

replacement, in a less conserved region of the extracytoplasmic domain of EpoR, may 

136



not affect the functional activity of the receptor. However, a single point mutation in 

human and murine EpoR sometimes results in alteration of the responsiveness of the 

receptor.!° A unique feature of the bovine EpoR ts the presence of a phosphoserine 

motif, Ser-X-X-Ser (SGAS) which has been described as an effective determinant for 

casein kinase 1 action”* To date, the presence of this motif has not been reported in the 

aa sequences of EpoR of other mammals. Whether this motif has a specific function in 

the EpoR of cattle remains to be determined. 

In this study, I have obtained evidence suggesting that the difference in 

erythropoietic response of the trypanosusceptible and trypanotolerant breeds of cattle to 

anemia due to infection with 7: congolense is partially due to inadequate levels of Epo 

gene expression in the kidneys of the trypanosusceptible breed. Also the mutation at the 

EpoR might play a role in the binding capacity to Epo. Despite the intense research in 

trypanotolerant cattle, this is the first report that identifies a link between specific genes 

and trypanotolerance. I propose that Epo and EpoR play a significant role in anemia 

associated with 7. congolense infection in cattle. 
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CONCLUSIONS 

(1). A cDNA encoding bovine Epo was cloned and sequenced. The deduced aa 

sequence displayed a high level of identity to ovine, swine, rat, monkey and human Epos. 

(2). In cattle, the liver as well as the kidney contributes to Epo production during fetal 

life and during hemorrhagic anemia. - 

(3). Low concentrations of Epo transcription were detected in the spleens of both a 

bovine fetus and a severely anemic calf, but not in the spleen from a healthy steer. The 

physiological role of this transcription and the cell types responsible for the transcription 

have yet to be determined. 

(4). rbovEpo expressed in prokaryotic hosts lack posttranslational processing and also 

lack the ability to induce erythroid cell proliferation and differentiation ex vivo. 

(5). rbovEpo expressed in VV is glycosylated but the VV proteins secreted in the 

supernatant affect the ability of the secreted Epo to induce optimum proliferative effects 

on erythroid cells. 

(6). rbovEpo expressed in CHO cells is properly glycosylated and biologically active 

with increased effectiveness in terms of inducing proliferation and differentiation of 

erythroid cells ex vivo. 

(7). The mAbs produced can recognize immobilized rbovEpo. Therefore they may be 

useful as probes for detection of native bovine Epo and might be convenient for 

immunopurification of rbovEpo. 

(8). The level of renal Epo gene expression and EpoR gene expression in the bone 

marrow of the Borans is insufficient to induce appropriate compensatory response, 

ingenious of reversing the anemia associated with chronic and acute 7: congolense 

infections. 

(9). During acute and chronic 7. congolense infections N'Dama cattle mount an 

erythropoietic compensatory response to the moderate drop in the PCV irrespective of 

the intensity of parasitemia. 

141



(10). Polymorphism was observed at the 3' UTR of bovine Epo cDNA which might 

affect the stability of the transcribed Epo RNA in the Boran. 

(11). The alteration of one amino acid at the EpoR predicted amino acid sequence mav 

play a role in the responsiveness of the two breeds to anemia during 7. congolense 

infection. 

(12). Inflammatory cytokines such as IFNy and IL-! mRNA concentration were 

increased in the kidneys and in the bone marrow of the infected Boran cattle as 

compared to the infected N'Dama cattle. These cytokines may interfere with Epo 

transcription and action in the bone marrow. 

(13). The concentration of TNFa mRNA in the two breeds of cattle was not 

significantly different (p > 0.05) during acute infection with 7. congolense which 

excludes a negative effect of this cytokine in erythropoiesis. 
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FUTURE CONSIDERATIONS 

1. These studies showed that Boran cattle infected with 7: congolense have 

inappropriate Epo response as indicated by insufficient Epo transcription in the kidneys 

of the Boran cattle during the chronic disease in spite of severe anemia. The 

development of an immunological assay to measure Epo in the plasma of infected eattle 

together with studies utilizing nuclear run-on assays and mRNA half life determinations 

will be required to confirm the underlining phenotypic and genotypic differences in the 

responsiveness of the two breeds to anemia caused by 7. congolense infection. 

2. The EpoR cDNA fragment I have cloned will be a valuable tool for 

investigating relative efficiencies with which Epo interacts with its receptor in the two 

breeds of cattle during infection with 7. congolense and in health. It will also be possible 

to determine the role of the alteration of the Tyr to His in the N’Dama EpoR predicted 

aa sequence and the significance of the phosphoserine motif. Obtaining the full sequence 

of EpoR and expression of the peptide in a heterologous system will enable production 

of monoclonal and polyclonal antibodies to bovine EpoR. This will provide a precious 

tool to determine the number of EpoR expressed per cell during infection. Experiments 

to determine the level of glycosylation and integrity of endogenous Epo during infection 

will provide more knowledge about the concentration of the functional hormone during 

infection. Obtaining the genomic sequences of Epo and EpoR will add __ further 

information on the negative regulatory sequences that bind host or parasite factors and 

hence results in low response to hypoxia induced by anemia in trypanosomiasis. 

Understanding the mechanisms of anemia associated with trypanosomiasis at the 

molecular level is critical to the elucidation of the biology of this disease. In addition, it 

is potentially of great importance for the design of new therapeutic modalities for African 

trypanosomiasis. 
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