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III. Executive Summary
 

Production of food, fiber, and traction, improved management of grazing lands, and 

societal stability are all impacted by the level of livestock health in rural sub-Saharan Africa. 

The primary arthropod-bone infectious diseases remain a primary constraint to the improvement 

of livestock health in tropical lesser devcloped countries. Anaplasmosis, caused by the rickettsia 

Anaplasma marginale, is the most prevalent of these diseases in sub-Saharan Africa. Current 

control is based on continual acaracide application to cattle, a method that is poorly sustainable 

due to economics, development of resistance n the arthropod vectors, and environmental 

concerns. In contrast, immunization would provide a sustainable means of protecting cattle from 

anaplasmosis. This PSTC project has focused research on development of effective 

immunoprophylaxis against bovine anaplasmosis. The primary outputs of the project have been: 

1] primary research, published in international journals, demonstrating protective immunization 

against Anaplasma marginale; 2] characterization of a Zimbabwe strain of A. marginale that 

allows comparison with similar molecular based research at other institutions worldwide; 3] 

enhancement of the research capacity of the Zimbabwe Veterinary Research LU.oratory by 

collaborative research and laboratory development resulting in technology transfer; 4] longterm 

capacity building by training staff scientists in immunology and microbial pathogenesis; 5] 

development of a iongterm research collaboration with the Veterinary Research Laboratory that 

has resulted in training of an additional Zimbabwe staff scientist using African-American 

Foundation funding; and 6] inclusion of the Zimbabwe scientists and Veterinary Research 

Laboratory into a research based network on hemoparasitic diseases including both U.S.-Africa 

linkages and ;nter-African linkages. 
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IV. Research Objectives 

Statement of the Problem: Production of food, fiber, and traction, improved management 

of grazing lands, and societal stability are all impacted by the level of livestock health in rural 

sub-Saharan Africa. The primary arthropod-borne infectious diseases (anap!asmosis, babesiosis, 

heartwater, theileriosis, and trypanosomiasis) remain a primary constraint to improvement of 

livestock health in tropical lesser developed countries'. Anaplasmosis, caused by the rickettsia 

Anaplasma marginale, is the most pr'ialert of these diseases in sub-Saharan Africa. Although 

present in many nations with sub-tiopical and temperate climates, the impact of the disease is 

borne prtdominantly by lesser developed nations in Africa, Asia, and Latin America2. 

Morbidity and mortality rates are highest in animals brought into an enzootic area2 . This 

susceptibility is an impediment to genetic improvement of local livestock by crossbreeding with 

animals imported into the enzootic region. Emphasis on upgrading the health and genetics of 

cattle is part of an integrated plan to de-emphasize inefficient, large number herds which 

contribute heavily to overgrazing and do not optimize production of meat, milk, and tiber'. 

Following transmission of Anoplasma marginale by biological or mechanical vectors, 

there is a prepatent period of 20-40 days during which there is a low but increasing percentage 

of parasitized erythrocytes3' 4. The prepatent period, during which cattle are clinically normal, 

is followed by an acute phase during which the parasitemia increases dramatically and severe 

hemolytic anemia occurs3. Dramatic weight loss (average 86 kg per animal), abortion (24% of 

clinical cases), ad death (36% of clinical cases) can occur during the acute phase5 Cattle 

recovered 	from acute disease remain persistently infected with A. marginaleand may serve as 

4a reservoir for transmission3' . These recovered cattle are fully resistant to challenge with the 
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homologous strain, however, they remain susceptible to challenge with certain heterologous 

6.
strainS

Current control measures include 1] control of arthropod transmission; 2] use of 

antibiotics to prevent or treat A. marginale infections; and 3] vaccination of susceptible cattle. 

Control of arthropod transmission by regular use of acaricides is expensive and creates a highly 

susceptible cattle population7 . The ecoiomic expense (foreign currency requirement) is often 

cited as a disadvaittage to acaricide programs, as well there is a less often stated concern about 

the environmental and public health aspects of acaricide use. Paradoxically, efficient acaricide 

treatmetit increases the risk of disease epizootics by creating a susceptible animal population 

which undergoes high morbidity and mortality when exposed to A. marginale due to 

development of acaricide resistance or breakdown in the treatment program7 . The economic 

and environmental concerns combined with the detrimental effects on population immunity are 

not consistent with our longterm goal of promoting low input sustainable agriculture. 

Reliance on antibiotic prophylaxis by continual feeding of tetracyclines results in herds 

vulnerable to program disruptions. The expense involved to ensure that all cattle receive a 

minimum daily intake of antibiotic is not feasible in lesser &veloped countries. In spite of the 

efficacy of tetracyclines in treatment and chemoprophylaxis of anaplasmosis9, antibiotic based 

control programs have found only limited acceptance in the United States and virtually none in 

other countries2. 

In contrast, immunization provides a low input method to protect cattle against severe 

morbidity and mortality due to A. marginale infection. Prophylaxis through vaccination can be 

incorporated into existing government veterinary services and killed vaccines can be safely stored 
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and delivered in remote regions. The protection engendered by recovery from Anaplasma 

infection clearly indicates that immunoprophylaxis is a realistic and achievable goal6 ,0 . 

Vaccination provides a means to efficiently and economically protect cattle both within 

enzootically stable and unstable areas as well as susceptible adult cattle to b imported into thexe 

areas. Preinunization (vaccination by deliberate infection) with live A. centrale (currently the 

only available vaccine in Zimbabwe) provides protection against severe clinical disease following 

challenge with most A. marginale strains'"' 3 . However, there are reports of severe clinical 

disease in cattle premunized with A. centrale following challenge with certain A. marginale 

strains13' 4. The greatest impediment to the success of these infectious vaccines is their 

requirement for standardized production and distribution of a cold-chain (liquid nitrogen) 

dependent live organism. Inoculated cattle must become infected with the organism, yet severe 

morbidity avoided6. Morbidity is more severe in older animals and therefore the use of live 

vaccines to immunize highly susceptible adult cattle is precluded". In addition, the risk of 

transmitting other infectious agents (known and unknown viral, bacterial, and protozoal 

pathogens) in the cryopreserved inoculum cannot be completely avoided. 

Immunization with killed whole organism vaccines induces partial protection against 

challenge with heterologous A. marginalestrains 6. Vaccination usually reduces the severity of 

the clinical disease, however, significant parasitemia, anemia, and weight loss occur'61 . 

Challenge with virulent strains, notably the Florida strain, results in severe anemia and high 

mortality similar to that seen in unvaccinated cattle 6. In addition, because the vaccine requires 

an oil adjuvant and is composed of whole A. inarginale admixed with erythrocyte stroma, 

immunized cattle develop anti-erythrocyte isoantibodies which can cause isoerythrolysis in calves 
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ingesting these antibodies in colostrum'"". These drawbacks have limited the overall 

deployment and effectiveness of killed whole organism vaccines against anaplasmosisl'2 . 

Although premunization has been practiced for 75 years and commercially available killed 

whole organism vaccines have been used for nearly 20 years, the need remains to develop a 

widely cross-protective, economical vaccine'. The severe constraints posed by anaplasmosis to 

livestock production in sub-Saharan Africa, including Zimbabwe, and in many other subtropical 

and tropical countries, combined with the inadequacy of current immunoprophylaxis led to a 

recommendation by the U.S. National Research Council that high priority be given to 

development of an effective vaccine'. 

Research Strategy: The failure to develop effective immunoprophylaxis against 

anaplasmosis results from the complexity of the disease, including persistence of the parasite and 

from lack of application of current research technology to the disease. 

We identified, in 1986, a neutralization-sensitive epitope on an Anaplasma marginale 

surface protein of 105,000 kD apparent molecular mass'. This protein, designated MSPla 

(major surface protein la), was purified from the Florida strain of A. marginale using 

immunoaffinity chromatography r nd shown to protect immunized cattle from challenge with the 

homologous strain2". In collaborative research with scientists in Israel (Kimron Veterinary 

Institute) and Kenya (Kenya Agricultural Research Institute, Kabete and the International 

Laboratory for Research on Animal Diseases), we demonstrated that the neutralizing monoclonal 

antibodies bound a common epitope on 12 strains from the Americas, Africa, and the Middle 

East2t'. We cloned the gene for Anaplasma marginaleMSPla with the objective of deriving 
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the primary structure of the native polypeptide. Determination of the structure of MSPI and 

mapping of the neutralization-sensitive epitope would provide a basis to examine structural 

variation relevant to crossprotective immunity. Specifically, this research at the molecular level 

could be extended to strains of A. marginale from sub-Saharan Africa to identfy coomon and 

unique antigens relevant to immunity. In addition, the neutralization-sensitive epitope could be 

tested as a synthetic peptide immunogen in cattle. Synthetic peptide immunogens have several 

unique properties which may be critical to effective use of a subunit vaccine: 1] the protection

inducing peptide can be efficiently synthesized in vitro without the requirement for large scale 

fermentation followed by purification of the single expressed protein from E. coli host cells; 2] 

the presentation of the key protection-inducing epitopes, especially if linked in tandem repeats, 

may focus the immune-response more effectively on this isolate-common epitope than vaccines 

containing extraneous proteins; 3] the peptide based vaccine carries no risk of reversion to 

virulence or as a threat to immunodeficient animal caretakers. The demonstration that MSP1 

is capable of inducing protection in immunized cattle and bears an invariant peptide epitope are 

key developments in anaplasmosis vaccine research. 

The collaborative research in this PSTC project was designed to identify the MSPia 

neutralization-sensitive epitope, extend the molecular comparison to a Zimbabwe strain of A. 

marginale (to be isolated during the project), and to test vaccines incorporating the MSPla. 

Concomitantly, our goals were to develop research capacity in molecular approaches to vaccine 

development in the Veterinary Research Laboratory. The inclusion of a Zimbabwe strain 

would ensure that research and vaccine development appropriate to Zimbabwe could be tied into 

ongoing research efforts worldwide. It is important to emphasize that research by the U.S. 
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institutions (Washington State University and the University of Florida) on vaccine development 

is also funded by other federal granting agencies. The co-funding by other agencies is consistent 

with the goals of the PSTC program and was critical is providing the technical base for U.S. 

research on anaplasmosis vaccine development. The PSTC funds are committed 100% for 

collaborative research support and training in the U.S. and for technology transfer and program 

development in Zimbabwe. 

Co-funding from other research organizations for US Laboratories. 

USAID DAN-4178-A-00-7056 

USDA 85-CRCR-1-1908, 86-CRCR-1-2247 

USDA-BARD US-846-84 

Co-fundine from other research organizations for Zimbabwe Laboratories. 

Ministry of Lands, Agriculture, and Rural Resettlement, Government of Zimbabwe 

V. Methods and Results 

The research in this project focused on identification of the MSPla neutralization

sensitive epitope, isolation and characterization of a Zimbabwe strain of A. marginale,definition 

of crossprotective immunity and epitope conservation among strains, and development of novel 

immunogens including syntheticr ,eptide analogs of the neutralization-sensitive epitope. As 

requested in the instructions for the Final Report, we have enclosed reprints of primary research 

publications resulting from this project. The research accomplishment is briefly described in the 

text below and then referred to the appropriate manuscript. The project research is presented 

as the following seven specific sub-projects: 
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1] Molecular size variations in an immunoprotective protein complex among strains 

of Anaplasma marginale. 

2] Ability of MSP I to induce protective immunity against structurally variant strains. 

3] Isolation of a Zimbabwe strain of Anapasma marginale and testing of 

crossprotective immunity with the Florida strain. 

4] Antigenic characterizatioi- of the Norton Zimbabwe strain with monoclonal 

antibodies to surface exposed polypeptides. 

5] Molecular basis for MSPla size polymorphisms among strains of Anapasma 

marginale. 

6] Immunization of cattle using synthetic peptide analogs of the neutralization

senstive MSPla epitope. 

7] Induction of protective immunity against the Norton, Zimbabwe strain of 

Anaplasmamarginale using characterized outer membranes incorporating MSPla. 

Note that in the early phases of the PSTC project, as we developed the 

collaborative research linkage, funding from the U.S. portion of the project budget was used for 

partial support of ongoing research in U.S. laboratories because this research generated basic 

information on the molecular basis of strain variability. This strain variability is directly 

applicable to development of vaccines effective against Zimbabwe strains of the organism and 

was critical to project progress in Zimbabwe. Publications from this early research are authored 

(as is appropriate) by U.S. scientists and the support of the PSTC project was acknowledged. 

This success, which is the capstone of several years of research, should not be interpreted as a 

lack of full commitment to the primary goal of the PSTC project--technology transfer and 
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capacity building in Zimbabwe. 

We place a high priority upon publication in high quality, refereed journals as 

demonstrated by our publication record. The criteria for success in technology transfer should 

not be limited to co-authorship of scientific papers by LDC scientists but should be primarily 

the research completed in the host country and published by the LDC scientist. The necessity 

for first author publications prevents the LDC scientist from having a field assistant or merely 

technical role. Our requirement that primary research be done in the host country ensures that 

the investigator will be effective in the relevant host country laboratory rather than a developed 

country laboratory. In turn, this ensures that capacity building and technology transfer occur. 

We have published two manuscripts, with Dr. Ntando Tebele as first author, based on project 

research done 100% at the Veterinary Research Laboratory in Zimbabwe. The lag in time 

between project initiation (for 7.384, project initiation was July 1987, with budgetary 

concurrence by the Ministry of Lands, Agriculture, and Rural Resettlement delayed until May 

1988) and publication of research accurately reflects the time needed to initiate and complete 

quality, independent research in an LDC laboratory. 

Molecular size variations in an immunoprotective protein complex among 

strains of Anaplasma marginale. 

Rationale: MSPI had previously been shown to induce protective immunity against a 

homologous strain challenge and to bear a neutralization-sensiti !e epitope common among 

diverse strains. However, very little was known about the siructural and antigenic conservation 
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in MSP1 among different strains. We compared MSPla molecular size and peptide 

polymorphism among 5 strains of A. marginale. The strains tested were all from the U.S. 

because we had riot successfully isolated a Zimbabwe strain at that time. 

Summary: The MSPla surface protein was demonstrated to be part of a heterodimeric complex 

and to be markedly polymorphic among strains with molecular size differences ranging from 

< 70kD to 105kD. Despite this marked variation, surface exposed peptides were shown to be 

conserved among the strains. This research, partially funded by the PSTC grant, was significant 

for the PSTC project in identifying strain polymorphism and raising the question of variation in 

B and T lymphocyte epitopes among strains. These results directly led to our early testing of 

cross-protective immunity between a U.S. strain and our Zimbabwe field isolate of A. marginale 

(reported below). In addition, this report had impact worldwide as it allowed investigators to 

identify MSPla and MSP1b in their own strains of A. marginale. 

Methods and Results reported in: Molecular size variations in an immunoprotective protein 

complex among isolates of Anaplasma marginale. Infection and Immunity 56:1567-1573, 

1988. 
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Ability of MSP1 to induce protective immunity against structurally variant 

strains. 

Rationale: Following the identification of MSPla size polymorphism among strains in the 

research described above, we tested the ability of MSP1 immunization to protect cattle against 

a structurally variant, heterologous strain of A. marginale. 

Summary: Cattle were immunized with MSP1 affinity purified from the Florida strain of A. 

marginaleand then challenged with either the nomologous Florida strain or the Washington-O 

strain. The Washington-O strain (isolated in 1982) was shown to be structurally variant from 

the Florida strain (MSP-la was shown to be 14kD smaller) and antigenically different as 

assessed by reactivity with a panel of monoclonal antibodies. Despite these differences, MSPI 

immunization was shown to provide significant cross-protective immunity against the 

Washington-O strain. This research, partially funded by the PSTC grant, was significant for the 

PSTC project in demonstrating that cross-protective immunity was possible despite MSPI 

polymorphism. The results raised the question about the feasibility of cross-protection against 

more geographically distinct strains such as those from sub-Saharan Africa. These results 

directly led to our early testing of cross-protective immunity between a U.S. strain and our 

Zimbabwe field isolate of A. marginale (reported below). 

Methods and Results reported in: Immunization of cattle with the MSP-1 surface protein 

complex induces protection against a structurally variant Anaplasma marginale isolate. 

Infection and Immunity 57:3666-3669, 1989. 
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Isolation of a Zimbabwe strain of Anaplasma marginale and testing of 

crossprotective immunity with the Florida strain. 

Rationale: The ability of purified MSPI to induce protection against challenge provided the 

basis for development of an inactivated vaccine containing protection-inducing antigens. 

Research on subunit vaccine development had focused on the Florida strain with limited cross

protection experiments. The Florida strain had been shown to induce crussprotective immunity 

against other A. marginalestrains in North and South America. The objectives of this study was 

to: 1] isolate a Zimbabwe strain of A. marginale;and 2] determine if the Florida strain, used 

as the prototype in recent U.S. vaccine development studies, would induce protective immunity 

in cattle against challenge with the Zimbabwe strain. Despite the practical drawbacks which 

have limited its effectiveness as a vaccine against anaplasmosis, immunization by infection with 

live A. marginale induces solid immunity against homologous challenge. The ability of live 

vaccines to induce protection against heterologous challenge depends on the strain used to 

immunize the cattle and the challenge strain. The efficacy of the Florida strain in inducing 

widely crossprotective immunity has been the basis for our isolation and characterization of 

protective antigens using this strain. Crossprotective immunity has been supported by 

identification of conserved neutralization-sensitive epitopes on a molecular basis. Prior to 

initiating antigenic characterization of the Norton, Zimbabwe strain (isolated by Dr. Tebele as 

a project aim), we used immunization with live organisms to determine if protective antigens 

were conserved between the two stocks. 
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Summary: The 1988 isolation of the Norton, Zimbabwe strain by our project collaborators is 

described in this paper. The efficacy of live Florida strain immunization in this trial was 

confirmed by the. strong protection against homologous challenge. Although protected relative 

to non-immunized cattle, the Norton, Zimbabwe challenged cattle were only partially protected 

relative to the protection observed with homologous Florida challenge. This research was 

significant in that it indicated that induction of complete protection against the Norton, 

Zimbabwe strain may require an immune response to a unique epitope not found on the Florida 

strain. It indicated that development of subunit vaccines based on the Florida strain alone may 

not be sufficient for use in Zimbabwe and possibly in many regions where strains bear critical, 

different epitopes. Alternatively, the inability of live Florida strain immunization to induce 

complete heterologous protection may reflect a relatively poor response to epitopes common 

between the stocks. Complete protection against multiple heterologous strains including the 

Norton, Zimbabwe strain may require antigen presentation that focuses the immune response to 

the relevant common epitopes. 

Methods and Results reported in: Crossprotective immunity between the Florida and a 

Zimbabwe stock of Anaplasma marginale. Tropical Animal Health and Production, 1991. 
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Antigenic characterization of the N(;. ion Zimbabwe strain with monoclonal 

antibodies to surface exposed polypeptides. 

Rationale: We hypothesized that the variation in protection (described in the previous section) 

was due to strain variation in surface exposed membrane epitopes. Previously we had shown 

peitop.e variation among different strains of A. marginale2' 22 and had, in 1989, documented 

cyclic rickettsemia in persistently infected cattle, an observation consistent with intrastrain 

antigenic variation'. These observations, combined with the incomplete crossprotective 

immunity seen in our project, led us to more fully characterize the membrane polypeptides and 

exposed epitopes of the Norton, Zimbabwe strain of A. marginale (research done 100% in 

Zimbabwe). 

Summary: [see Table 1 and research publications described below] This research confirmed 

conservation of epitopes on A. marginale membrane polypeptides MSP-la (including the six 

residue nentralization-sensitive epitope on a 65kD polypeptide), MSP-lb, MSP-2, and MSP-3 

(Table 1). 

Methods ane Results reported in: Induction of protective immunity by using Anaplasma 

marginale initial body membranes. Infection and Immunity 59:3199-3204, 1991. 
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TABLE 1. 	 Conserved surface polypeptide epitopes between the Florida and Norton 
Zimbabwe strains of A. marginale 

Monoclonal Polypeptide Strain Reactivity
 
antibody bound' U.S. strains Norton Zimbabwe strain
 

Ana 22B1 MSP-la 9/9b +
 
AmR R38A6 MSP-lb 1/ic +
 
Ana F19E2 MSP-2 9 / 9 b +
 
43/19.3.5 MSP-3 1iP
 
43/23.2.8 MSP-3 i/ic +
 
Ana R76AI AmF 31 i/Ic +
 
Ana F16CI AmF 19 i/Ic +
 
Tryp lEld T. br'scei 0/9 b
 

a See attached reprint. 
bStrains used are Florida, Idaho, Kansas, Missouri, North Texas, Oklahoma, Virginia, 

Washington-C, and Washington-O. 
c Only the Florida strain tested to date. 
dMonoclonal antibody to a Trypanosoma brucei variable surface glycoprotein used as a 

negative control. 

Molecular basis for MSP-la size polymorphisms among strains ofAnaplasma 

marginale. 

Rationale: 	 The hypothesis was that synthetic peptides representing the neutralization-sensitive 

epitope of MSPla would induce protective immunity in immunized cattle. Determination of the 

structure of 	MSPia and subsequent identification of the neutralization-sensitive epitope was 

necessary for development of synthetic peptide analogs for immunization of cattle. 
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Summary. The cloned MSPla gene from the Florida, South Idaho, Virginia, and North Texas 

strains of A. marginale (Norton, Zimbabwe strain had not been isolated at time of project 

initiation) was sequenced and the primary amino acid structure derived. By comparison of the 

sequences from different strains (known to share the neutralization-sensitive epitope) and 

radioimmunoassay we were able to precisly locate the neutralization-sensitive B cell epitope in 

the MSPla surface protein. To summarize our findings: i) the neutralization-sensitive epitope 

on MSPla polypeptide was localized to the tandemly repeated sequence: S-A-G-G-Q-Q-Q-E-S-S-

V-S-S-Q-S-D(EA)-Q-A-S-T-S-S-Q-L-G-A-D-S-S; ii) the precise monoclonal binding site was 

localized within this sequence to a six amino acid peptide, Q(E)ASTSS; iii) this sequence, 

originally identified in the Florida strain, is completely cons7 Zived among three additional strains, 

Virginia, South Idaho, and North Texas; iv) the MSPla molecular size polymorphism among 

strains is due to differences in numbcr of 29-mer repeats; and v) strain variable regions in the 

MSPla (not in the tandem repeat region) were identified. 

Methods and Results reported in: Molecular basis for surface antigen size polymorphisms 

and conservation of a neutralization-sensitive epitope in Anaplasma marginale. Proceedings 

of the National Academy of Sciences USA, 87:3220-3224, 1990. 
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Immunization of cattle using synthetic peptide analogs of the neutralization

senstive MSPla epitope. 

Rationale: The irtial hyp-thesis in this project was that synthetic peptides representing the 

neutralization-sensitive epitope of MSPla would induce protective immunity in immunized cattle. 

We used synthetic peptide polymers of the MSPla repeat incorporating the neutralization

sensitive epitopes. 

Summary: We determined that carbodiimide polymerized D-S-S-S-A-G-G-Q-Q-Q-E-S-S-V-S-S-

Q-S-D-Q-A-S-T-S-S-Q-L-G-A peptide retained the neutralization-sensitive epitope, as 

demonstrated by immunoblot reactivity with the neutralizing monoclonal antibody. 

In an initial immunization trial in five calves, carbodiimide polymerized peptide induced a 

significant antibody response. Immunization of five calves with polymerized 29-mer (500 

lg/calf/injection, initially w/ complete Freund's adjuvant, boosted 3x w/ incomplete Freund 

adjuvant) resulted in antibody titers of 10' to 10 against both the 29-mer and the native MSPIa. 

Significantly, one of the five calves did not respond to the 29-mer, likely reflecting a genetic 

restriction. All five calves immunized on an identical schedule with the native MSPla developed 

antibody titers of 10'. We repeated the immunization with the measurement of both antibody 

responses and lymphoproliferation, followed by challenge with the Florida strain of A. 

marginale. Three groups of cattle were immunized: Group 1 (synthetic peptide); Group 2 

(native MSPl); Group 3 (adjuvant control). Groups 1and 2 developed significant antibody titers 

and lymphocyte responses (see Table 2) while control animals were unresponsive. Upon 
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challenge, 4/5 Group I synthetic peptide immunized cattle were protected and 5/5 native MSP-1 

immunized cattle were protected as assessed using peak rickettsemia responses compared to 

control immunized cattle. In summary, the synthetic peptide immunized cattle were protected 

similar to the protection induced in cattle immunized with native MSP-la, as assessed by 

reduction in peak rickettsemia. 

Table 2: immune responses and protection induced in synihetic peptide immunized cattle 

Group Peak Rickettsemia Ab Titer Ab Titer- LS 3 

Peptide4 1.8 10 104 7.1 
MSP-1 1.4 10P 10 16.2 
Control' 5.0 0 0 1.0 

'Ab titer to polymerized 29mer peptide 
2Ab titer to native MSP-1 
3Lymphocyte Stimulation Index vs. MSP-1 
4n=4, the fifth animal was not protected. 
5Immunized with adjuvant only on an identical schedule 

Methods and Results reported in: manuscript in preparation; published manuscript will 

acknowledge project funding and reprints will be sent to the USAID Office of Research. 

Induction of protective immunity against the Norton, Zimbabwe strain of 

Anaplasma marginaleusing characterized outer membranes. 

Rationale: As noted above, in Zimbabwe we have identified and isolated a local field strain of 

Anaplasma marginale for molecular characterization and challenge of vaccinates. The isolation 

and characterization of this strain was completed solely at the Veterinary Research Laboratory 
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based on collaborative project design occurring during Dr. Palmer's 1988 research visit in 

Zimbabwe. This strain, designated the Norton, Zimbabwe strain, is currently maintained in the 

Veterinary Research Laboratory. As described above, Dr. Ntando Tebele, Research Officer at 

the Veterinary Research Laboratory, completed an initial animal trial in which cattle infected 

with the prototype Florida strain (vaccine work to date is based on this strain as it has been 

shown to be widely cross-protective based on strains isolated in the Americas) were challenged 

with either the Florida strain or the recent Zimbabwe strain. Significantly, cattle infected with 

Florida A. marginalewere protected against homologous challenge but only partially protected 

against heterologous Zimbabwe strain. This finding is dissimilar to the protection1 seen with 

heterologous Virginia challenge of Florida infected cattle. This may reflect a divergence in 

protection-inducing epitopes between the Florida and the Zimbabwe strains. 

We hypothesized that the variation in protection is due to strain variation in surface 

exposed membrane epitopes. Previously we have shown epitope variation among different 

strains of A. marginale and documented cyclic rickettsernia in persistently infected cattle, an 

observation consistent with intrastrain antigenic variation. Therefore, upon recommendation 

from the National Research Council BOSTID review of our project, we extended our 

characterization of the Norton Zimbabwe strain of A. marginale to include testing of outer 

membranes as protective immunogens and identification of immunogenic polypeptides. 

Summary: In Zimbabwe, we characterized the membrane polypeptides and exposed epitopes 

of the Norton, Zimb2bwe strain of A. marginale. In addition to conserved epitopes on MSPla, 

MSPlb, MSP2, and MSP3 (Table 1), several membrane antigens were described for the first 

time using the Norton, Zimbabwe strain including 55, 31, 30, 28, 26.5, and 25 kD antigens. 

21
 



Immunization of cattle with a membrane preparation containing these polypeptides solidly 

protected cattle against the Norton, Zimbabwe strain (Table 3). All outer membrane immunized 

calves were protected from clinical disease as demonstrated by significantly lower decreases in 

TABLE 3. Responses of immunized and non-immunized calves to challenge with the 
Zimbabwe strain of A. marginale 

Immunogen Mean' decrease Mean" decrease Peak 
in PCV (%) in Hb (%) rickettsemia (%) 

Fraction 1 29.7±16.4" 32.3±16.5" 1.3 ± 2.0"b 

immunized 
Fraction 2 23.2±5.90 25.12±6.3" 0.5 ± 1.0" 

immunized 
Saponin 52.0±4.9 54.7+4.9 11.8±4.6 
control 
Non- 49.8±6.9 51.2±6.4 12.1±5.5 
immunized 

5 Mean +SD. 
b Only 2 out of 5 calves developed rickettsemias. 

Only 1 out of 5 calves developed a rickettsemia. 
All means with an asterisk were significantly different from saponin control and non
immunized calves. 

PCV and Hb when compared to non-immunized and saponin immunized calves. Decreases in 

PCV and Hb are a measure of the severity of anemia which is a prominent clinical sign of 

anaplasmosis. Significantly, all immunized calves with antibody titers > 10 against outer 

membrane polypeptides were completely protected from microscopically detectable rickettsemia. 

Diluted sera from calves immunized with outer membranes recognized six polypeptides 

(55,36,31,30,25,19 kD), two of which share epitopes with surface exposed polypeptides of the 

Florida strain. A 31 kD polypeptide was common to two membrane preparations that induced 

protection. Protection in membrane immunized calves could be due to responses to antigens 
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unique to the Norton, Zimbabwe strain, antigens conserved among strains (such as MSP-2 and 

AmF19), or a combination of unique and common antigens. Further fractionation of membranes 

and immunization trials will help identify those Norton, Zimbabwe strain polypeptides which are 

critical to inducing protective immunity. 

This research demonstrated a significant relationship between increase in antibody titer 

and protection against anemia (Table 4). Coefficient of determination values indicate that 81%

95% of protection from anemia can be predicted by antibody titer. All calves with antibody 

titers greater than 10 against membrane antigens were completely protected from rickettsemia. 

TABLE 4. Correlation of antibody titers and protection in A. marginaleouter membrane 
immunized calves 

Animal Antibody Peak rick- Decrease Decrease 
number titer ettsemia (%) in PCV (%)b in Hb (%)' 

3 106 0 20.6 21.6 
15 106 0 17.6 19.8 
7 1Ws 0 22.6 25.8 

11 10, 0 21.9 22.6 
22 10p 2.3 33.3 35.6 

a Pre-challenge antibody titers against Norton Zimbabwe strain initial bodies. 
bIncrease in antibody titer has a negative linear relationship with change in PCV 

(r = -0.97; r2 = 0.95, P < 0.05).
Increase in antibody titer has a negative linear relationship with change in Hb 
(r = -0.96; r2 = 0.94, P < 0.05). 

Based on this correlation, we plan to determine the effector role of antibody using 

immunoglobulin transfer from membrane immunized calves. 

Methods and Results reported in: Induction of protective immunity by using Anaplasma 

marginale initial body membranes. Infection and Immunity 59:3199-3204, 1991. 
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VI. Impact, Relevance, and Technology Transfer 

Scientific Impact: The most objective measure of scientific impact is publication in 

international, refereed journals (see Section VII). A second measure of impact is the influence 

our findings have on current and future research in vaccine development against A. inarginale 

and other rickettsial pathogens. The research done in this project has directly led to the 

following ongoing experiments: i) development and testing of recombinant expressed MSPIa 

encoding either the repeats only (bearing the neutralization-sensitive epitope) or the non-repeat 

sections (joint University of Florida-Washington State University project funded by USAID); ii) 

use of the epitope-specific assays to measure antibody responses against MSPla (included in 

USDA-BARD funded project 1561-88); iii) cloning and expression of the gene encoding the 

19kD surface protein identified as an outer membrane protein in our studies (USDA Agricultural 

Research Service project); iv) fractionation of the outer membranes polypeptides for 

identification of protective subunit immunogens (Zimbabwe Veterinary Research Laboratory 

project); v) use of outer membranes of U.S. stains to induce protective immunity (joint research 

at Oklahoma State University and Washington State University); and vi) determination of the 

mechanism of immunity by passive transfer of antibody from membrane immunized, protected 

cattle (Zimbabwe Veterinary Research Laboratory project). 

The scientific impact on the host country research priorities and capabilities is indicated 

by their 100% support (salaries, goods and services, equipment) for continuation of vaccine 

research in Zimbabwe. Specifically, the Veterinary Research Laboratory has initiated further 

research to identify which outer membrane polypeptides are responsible for the protective 

immunity induced by immunization with whole outer membranes. These additional 
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immunization trials will include cattle immunized with the synthetic peptide polymer for direct 

comparison of efficacy between the polymer and polypeptides unique to the Zimbabwe strain. 

Importantly, the isolation and characterization of the Norton, Zimbabwe strain has provided 

basis for comparison to vaccine research worldwide and for detection of variant strains in 

Zimbabwe. It is important to stress that the research in Zimbabwe, funded 100% by the PSTC 

project, initiated a new approach to anaplasmosis vaccine development that without project 

support would not have occurred. 

Research Capacity Building: The Veterinary Research Laboratory in Harare, Zimbabwe is the 

sole institution responsible for animal health research and training in Zimbabwe. This PSTC 

project enhanced the innovative research capability in animal health by providing advanced 

training in molecular biology to Veterinary Research Laboratory staff members and support for 

development of an independent research laboratory. This training and support is essential to the 

development of research capability applicable to the needs of veterinary services in Zimbabwe 

and throughout sub-Saharan Africa. Specifically, the project enhanced capability for innovative 

research by: 

1] Focusing research on a disease of high priority to Zimbabwe with generation 

of novel inmunogens and molecular characterization of local pathogen strains. 

Anaplasmosis remains a severe problem in Zimbabwe as the most prevalent of the 

arthropod-bome hemoparasitic diseases. The reliance on acaricide application for control 

of the vector and subsequent transmission has become unsustainable due to the high 

foreign currency requirement for acaracide importation. The priority is to develop a 

vaccine effective against southern African strains of A. marginale. Project funded 
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research provided a molecular based comparison between a Zimbabwe strain and 

characterized strains, demonstrated synthetic peptide induced protection based on a 

conserved epitope, and identified a novel immunogen based on characterization of the 

Zimbabwe strain. The commitment and priority of the host country is indicated by their 

100% support (salaries, goods and services, equipment) for continuption of vaccine 

research in Zimbabwe. 

2] Providing specific training in molecular approaches to vaccine development 

to staff of the Veterinary Research Laboratory. Specifically, we accomplish 

technology transfer through training of an individual scientist with a commitment to the 

host institution in Zimbabwe. As the host country project develops, this results in 

additional on-site training of new and existing staff. Clearly for effective, longterm 

transfer, the initial scientist must be in a position to develop and maintain a research 

program in Zimbabwe. This requires the longterm support of the host country laboratory 

and government. Dr. Ntando Tebele, a Zimbabwean citizen and a permanent scientist 

(Veterinary Research Officer) at the Veterinary Research Laboratory in Zimbabwe was 

selected by joint agreement between project investigators, including Dr. W.N. Madzima, 

Deputy Director of Veterinary Services. The joint investment by the U.S. institution 

(Dr. Tebele completed her M.S. at Washington State University with thesis research in 

Zimbabwe) and the Zimbabwe institution (she is a full-time scientist in a laboratory with 

severe manpower limitations, her assignment to the project was not taken lightly) ensures 

that the commitment to training and subsequent transfer is made. The cornerstone of the 

technology transfer is that while Dr. Tebele completed coursework for her M.S. in the 

U.S., all thesis research was done in Zimbabwe based on the local strain of the 
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organism. During this period she worked closely with technicad staff in the Veterinary 

Research Laboratory, providing a transfer of technology. The Veterinary Research 

Laboratory is currently (January 1992) recruiting a second permanent Research Officer 

for this research unit. Dr. Tebele will be responsible for training of this individual. 

Briefly we would like to summarize the training program for Dr. Tebele. She has 

completed her M.S. with a focus on microbial immunology/molecular biology at 

Washington State University in Spring 1991. [grade point average 4.0/4.0; 13 of 19 

graded graduate course semester hours focused either directly on molecular biological 

techniques (Micro 462, Micro 590) or on the research application of molecular 

techniques to solving problems in animal disease (VPa 544, VPa 545, VPa 548). All 

M.S. research was done in Zimbabwe where she has a permanent appointment as a 

Veterinary Research Officer in the Veterinary Research Laboratory. This program 

emphasizes on site research in order to facilitate technology transfer and to encourage 

independent development. 

During a PSTC supported visit by Dr. Madzima to Washington State University, 

we had the opportunity to review progress in techno!ogy transfer. Dr. Madzima met 

with scientists in the College of Veterinary Medicine with an emphasis on biotechnology 

research in vaccine development. Although the visit was short-term due to his 

administrative responsibilities in Zimbabwe, the updating is significant due his 

responsibility for enhancing the research capacity of the Veterinary Research Laboratory. 

As a result of PSTC sponsored collaboration between the investigators at the two 

institutions and as an outgrowth of Dr. Madzima's support for the training mechanism, 

we were able to arrange for a second Research Officer from the Veterinary Research 
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Laboratory to begin M.S. training at Washington State University. Dr. Tendai Ushe, 

Research Officer at the Veterinary Research Laboratory, was awarded an AFGRAD 

Fellowship from the African-American Institute. She began graduate coursework in 

experimental pathology at Washington State University in January 1991 and will return 

to Zimbabwe for thesis research early in 1992. Although no USAID-PSTC funds were 

used to support this training, the development of the program was a direct result of the 

PSTC collaboration. Significantly, this program extends the benefits of the PSTC 

program to additional collaboration with co-funding. 

3] Placing a high priority upon first author publication in refereed journals by 

the principal host country scientist, We place a high priority upon publication in high 

quality, refereed journals as demonstrated by our publication record. The criteria for 

success in technology transfer should not be limited to co-authorship of scientific papers 

by LDC scientists but should be primarily the research completed in the host country and 

published by the LDC scientist. The necessity for first author publications (needed to 

complete the graduate degree) prevents the LDC scientist from having a field assistant 

or merely technical role. Our requirement that thesis research be done in the host 

country ensures that the investigator will be effective in the relevant host country 

laboratory rather than a developed country laboratory. In turn, this ensures that capacity 

building and technology transfer occur. Dr. Tebele has published two first author full

length primary manuscripts resulting from her project research done 100% at the 

Veterinary Research Laboratory in Zimbabwe. The lag in time between project initiation 

(for 7.384, project initiation was July 1987, with budgetary concurrence by the Ministry 

of Lands, Agriculture, and Rural Resettlement delayed until May 1988) and publication 
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of research accurately reflects the time needed to initiate and complete quality, 

independent research in an LDC laboratory. 

*Tebele, N. and Palmer, G.H.: Crossprotective immunity between the Florida 

and a Zimbabwe stock of Anaplasma marginale. Tropical Animal Health and 

Production. 1991. 

*Tebele, N., McGuire, T.C. and Palmer, G.H.: Induction of protective 

immunity by using Anaplasma marginale initial body membranes. Infection and 

Immunity 59:3199-3204, 1991. 

Note that Dr. Madzima was not a co-author on these manuscripts. While his support and 

effort has been critical in the project development and mangement, his increasing 

administrative duties have precluded an investigator role in the experiments. 

4] Preparing trainees to develop as independent scientists. The longterm goal of 

our training program is to prepare a individual to perform as an independent and 

collaborative scientist in the host country. Briefly to summarize the progress in this 

program: i) to broaden Dr. Tebele's exposure to research in the U.S., she attended the 

Eighth National Veterinary Hemoparasite Disease Conference in St. Louis during April 

11-12, 1989; ii) in designing her program, we included a course on research proposal 

preparation (EdAd596 Grant Proposals) with the goal of facilitating her development as 

an independent scientist competitive for research funding independent of a U.S. 

collaborator; iii) subsequently, her research in Zimbabwe was developed in a proposal 

format and followed through with periodic written updates; iv) she conducted project 

funded collaborative research with scientists at the Kenya Agricultural Research Institute 

and at ILRAD in Kabete, Kenya; v) to enhance training in molecular approaches, she 
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attended the advanced program (USAID/National Research Council, Sept. 1990) on use 

of the polymerase chain reaction in biotechnology research in lesser developed countries; 

and vi) presented project research at the Fourth International Congress on Malaria and 

Babesiosis in Rio de Janeiro (August 1991). 

5] Research laboratory enhancement. The Veterinary Research Laboratory had 

previously committed a laboratory to immunology research in anaplasmosis. This 

laboratory was sufficiently equipped for clinical research and basic laboratory procedures. 

The project equipping of the laboratory was guided by the specific research to be done 

in Zimbabwe. The project significantly enhanced capability by providing equipment and 

reagents for polyacrylamide and agarose gel electrophoresis, continuous gradient 

centrifugation, microscale centrifugation, immunofluorescence, protein quantitation, and 

non-radioactive immunoblotting. In addition, the project provided a microcomputer used 

for manuscript preparation, statistical analysis of data, and graphics for data presentation. 

The effective transfer of technology with the instrumentation is shown by its use in the 

2 research manuscripts based 100% on research done in Zimbabwe. 

VII. Project Activities/Outputs 

Publications resulting from project: 

1. Tebele, N., McGuire, T.C. and Palmer, G.H.: Induction of protective immunity by 

using Anaplasma marginaleinitial body membranes. Infection and Immur, iy 59:3199

3204, 1991. 
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2. 	 Tebele, N. and Palmer, G.H.: Crossprotective immunity between the Florida and a 

Zimbabwe isolate of Anaplasma marginale. Tropical Animal Health and Production, 

1991. 

3. 	 Allred, D.R., McGuire, T.C., Palmer, G.H., Leib, S.R., Harkins, T.M., McElwain, 

T.F., and Barbet, A.F.: Molecular basis for surface antigen size polymorphisms and 

conservation of a neutralization-sensitive epitope in Anaplasma marginale. Proceedings 

National Academy of Sciences, USA, 87:3220-3224, 1990. 

4. 	 Palmer, G.H., Barbet, A.F., Cantor, G.H., McGuire, T.C.: Immunization of cattle with 

the MSP-1 surface protein complex induces protection against a structurally variant 

Anaplasma marginale isolate. Infection and Immunity 57:3666-3669, 1989. 

5. 	 Oberle, S.M., Palmer, G.H., Barbet, A.F. and McGuire, T.C.: Molecular size 

variations in an immunoprotective protein complex among isolates of Anaplasma 

marginale. Infection and Immunity 56:1567-1573, 1988. 

6. 	 Palmer, G.H.: Anaplasma Vaccines. In Veterinary Protozoan and Hemoparasite 

Vaccines, Wright, I.G., Ed. pp. 1-29. CRC Press, Boca Raton. 1989. 

Theses 	resulting from project: 

1. 	 Ntando Tebele, Master of Science, Washington State University, 1991. Thesis title: 

Induction of protective immunity by using Anaplasma marginaleouter membranes. 

Training enhancement: 

1. 	 Dr. Ntando Tebele attended The Eighth National Veterinary Hemoparasite Disease 

Conference in St. Louis, Missouri. March 1989. This meeting had international 
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participation with a focus on control of veterinary hemoparasitic diseases. Dr. Tebele 

did not present at this meeting as it was early in her training period. 

2. 	 Dr. Ntando Tebele was an invited participant at the BOSTID/USAID sponsored 

Workshop on polymerase chain reaction (and selected topics in recombinant DNA 

technology) held September 24-28, 1990. Center for Advanced Training in Cell and 

Molecular Biology, Catholic University, Washington, D.C. 

3. 	 Dr. W.N. Madzima was a short-term exchange participant to Washington State 

Univer3ity in May-June 1990. In addition to emphasis on new techniques in infectious 

diseases research, Dr. Madzima met with the Vice-Provost for International Programs 

regarding development of additiona! cooperative projects. Dr. Madzima completed his 

exchange with a 2 day visit at the Centers for Disease Control in Atlanta. 

4. 	 Dr. Ntando Tebele conducted joint research with Dr. Fred Rurangirwa at the Kenya 

Agricultural Research Institute in Kabete, Kenya and with Dr. Antony Musoke at the 

International Laboratory for Research in Animal Diseases in Kabete, Kenya. This joint 

research, conducted in August 1990, was critical for project success in Zimbabwe 

(provided ultracentrifuge and electron microscopy facilities) and important in developing 

collaborative linkages among scientists within sub-Saharan Africa. 

5. 	 Dr. Ntando Tebele was an invited speaker at the IV International Congress on Malaria 

and Babesiosis in Rio de Janeiro in August 1991. This invitation, based on her project 

research, provided an opportunity to present her results at an international forum and 

learn current developments in vaccine research in babesiosis, a co-endemic hemoparazitic 

disease. 
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Conference proceedings resulting from project: 

1. 	 Tebele, N.: Induction of protective immunity using Anaplasma marginalemembranes. 

In Proceedings of the IV International Congress on Malaria and Babesiosis, no. 5.29. 

Rio de Janeiro, 1991. 

2. 	 Palmer, G.H., Barbet, A.F., Davis, W.C., Oberle, S.M., McGuire, T.C.. 

Characterization of Anaplasiiamarginalesurface protein MSP-2 (36 kD) as a protective 

immunogen. In Proceedings of the Eighth National Veterinary Hemoparasite Disease 

Conference, R.J. Hidalgo, Ed. pp. 491-498. Louisiana State University, 1989. 

3. 	 Shkap, V., Pipano, E., Bin, H., Barbet, A.F., Davis, W.C., McGuire, T.C., Palmer, 

G.H.: Conservation of surface protein epitopes between Anaplasma centrale and 

Anaplasma marginale: a review of the basis for vaccine development. In Proceedings 

of the Eighth National Veterinary Hemoparasite Disease Conference, R.J. Hidalgo, Ed. 

pp. 499-506. Louisiana State University, 1989. 

4. 	 McGuire, T.C., Palmer, G.H., Allred, D.R., Davis, W.C., Barbet, A.F.: 

Characterization of an immunoprotective surface protein complex of Anaplasma 

marginale by DNA cloning and expression. In Proceedings of the Eighth National 

Veterinary Hemoparasite Disease Conference, R.J. Hidalgo, Ed. pp. 465-476. Louisiana 

State University, 1989. 

International network communications resulting from project: 

1. 	 Harrington, R.D., Palmer, G.H., and Knowles, D.P.: AnaplasmaandBabesiavaccines. 

In Anaplasmosis and Babesiosis Network Newsletter, Volume 1, No. 3, pp.4 -5 . 

Published by the Washington State University International Project Support Office with 

funding by USAID DAN-4178-A-00-7056-00. 
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2. 	 Kieser, S.T., Knowles, D.P., and Palmer, G.H.: Virus vectors: a new era in vaccine 

technology. In Anaplasmosis and Babesiosis Network Newsletter, Volume 1, No. 4, 

pp.2-3. Published by the Washington State University International Project Support 

Office with funding by USAID DAN-4178-A-00-7056-00. 

3. 	 Kieser, S.T., Palmer, G.H., and Knowles, D.P.: Mechanisms of immunity in 

hemoparasitic diseases. In Anaplasmosis and Babesiosis Network Newsletter, Volume 

2, No. 1, pp. 3-4 . Published by the Washington State University International Project 

Support Office with funding by USAID DAN-4178-A-00-7056-00. 

4. 	 Trueblood, E.S. and Palmer, G.H.: Anaplasmosis: a review of diagnostic techniques. 

In Ariaplasmosis and Babesiosis Network Newsletter, Volume 2, No. 3, pp.2-4. 

Published by the Washington State University International Project Support Office with 

funding by USAID DAN-4178-A-00-7056-00. 

5. 	 Raymond, R.J., Palmer, G.H., and Knowles, D.P.: The polymerase chain reaction: a 

new tool for detecting hemoparasitic diseases. In Anaplasmosis and Babesiosis Network 

Newsletter, Volume 2, No. 4, pp. 1-2, Published by the Washington State University 

International Project Support Office with funding by USAID DAN-4178-A-00-7056-00. 

VIII. Project Productivity 

The collaborative research in this PSTC project was designed to identify the MSPla 

neutralization-sensitive epitope, extend the molecular comparison to a Zimbabwe strain of A. 

marginale (to be isolated during the project), and to test vaccines incorporating the MSPla. 

Concomitantly, our goals were to develop research capacity in molecular approaches to vaccine 
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development in the Veterinary Research Laboratory. All goals stated in the proposal were met 

although the specific methodology was updated as new techniques became available. In addition, 

research early in the project identified important antigenic differences between the prototype 

Florida strain and the Norton, Zimbabwe strain isolated by our project. This identification led 

to an enhanced emphasis on characterization of the surface antigens of the Zimbabwe strain and 

testing defined outer membranes as protective immunogens. This approach, supported by a prior 

BOSTID project review, initiated a new direction in anaplasmosis vaccine research and identified 

new immunogens that are being characterized in ongoing research. This new approach would 

not have been initiated in absence of PSTC support. 

IX. Future Work 

The research in this project has had a significant impact on ongoing research in vaccine 

development against A. marginale both in Zimbabwe and other laboratories worldwide. The 

research done in this project has directly led to experiments based on our findings: i) 

development and testing of recombinant expressed MSPla encoding either the repeats only 

(bearing the neutralization-sensitive epitope) or the non-repeat sections (funded by USAID); ii) 

use of the epitope-specific assays to measure antibody responses against MSPla (included in 

USDA-BARD funded project 1561-88); iii) cloning and expression of the gene encoding the 

l9kD surface protein identified as an outer membrane prctein in our studies (USDA Agricultural 

Research Service project); iv) fractionation of the outer membranes polypeptides for 

identification of protective subunit immunogens (Zimbabwe Veterinary Research Laboratory 

project); v) use of outer membranes of U.S. strains to induce protective immunity (joint research 
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at Oklahoma State University and Washington State University); and vi) determination of the 

mechanism of immunity by passive transfer of antibody from membrane immunized, protected 

cattle (Zimbabwe Veterinary Research Laboratory project). Specifically, the Veterinary 

Research Laboratory has initiated further research to identify which outer membrane 

polypeptides are responsible for the protective immunity induced by immunization with whole 

outer membranes. These additional immunization trials will include cattle immunized with the 

synthetic peptide polymer for direct comparison of efficacy between the polymer and 

polypeptides unique to the Zimbabwe strain. Importantly, the isolation and characterization of 

the Norton Zimbabwe strain has provided basis for comparison to vaccine research worldwide 

and for detection of variant strains in Zimbabwe. It is important to stress that the research in 

Zimbabwe, funded 100% by the PSTC project, initiated a new approach to anaplasmosis vaccine 

development that without project support would not have occurred. 

In addition to research on anaplasmosis, the success of the approach to identifying 

protective immunogens using outer membrane preparations has led to collaboration with the 

Kenya Agricultural Research Institute using a similar approach in research on the rickettsia 

Cowdria ruminantiwn. 
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Anaplasma marginaleInitial bodies of the Norton Zimbabwe strain were disrupted and separated into two 
membrane fractions banding at 1.15 and 1.22 g/cm 3 by sucrose density centrifugation. The membrane fractions 
differed In their morphology and polypeptide composition. Membranes banding at 1.22 g/CMeshared epitopes
with surface-exposed polypep~ides of the Florida strain of A. marginale, confirming the outer membrane 
location of these polypeptides. Immunization of cattle with either membrane fraction Induced protection
against homologous challenge, as demonstrated by significantly less anemia and lower peak rickettsemia values 
compared with those of adjuvant-immunized and nonimmunized calves. Protection correlated with antibody
titer to membrane polypeptides. Although both membrane fractions Induced protection, a 31-kDa polypeptide 
was the only common antigen to both fractions, as shown by reactivity of Immune sera. Identification of 
membrane antigens capable of Inducing protective immunity should facilitate development of vaccines against 
anaplasmosis suitable for use in Zimbabwe. 

Anaplasmosis is a tick-borne disease widespread in sub-
Salaran Africa with a 50 to 75% infection prevalence in 
Zimbabwe (16). The disease is caused by the rickettsia 
Anaplasma marginale and is characterized by intraerythro-
cytic rickettsemia, anemia, weight loss, and death of in-
fected cattle (24, 31). Recovered animals remain carriers of 
anaplasma and act as reservoirs of infection for tick trans-
mission to susceptible cattle (3,8, 33). Anaplasmosis control 
in Africa is based on intensive application of acaricides to 
kill the tick vectors and prevent transmission of disease (14, 
15). The purchase of acaricides requires the expenditure of 
foreign capital, which is not always available in developing 
countries. Prolonged use of acaricides creates a cattle pop-
ulation prone to epizootics when acaricide application is 
disrupted or acaricide resistance occurs in ticks (9). Conse
quently, in Zimbabwe and throughout Africa there is a focus 
on development of immunization strategies for more sustain-
able disease control. 

Animals that recovered from infection with A. marginale
have immunity against challenge with the homologous strain 
(25). This immunity is the basis for current use of infection 
(premunition) and treatment using live strains of A. margin-
ale and Anaplasmacentraleto protect cattle against anaplas-
mosis (25). Protection induced by premunition is effective
against homologous challenge and challenge with less viru-
lent strains. However, when challenged with a more virulent 
field strain, animals immunized by premunition are suscep-
tible to infection and severe disease (19). Such incomplete
protection was observed in cattle recovered from infection 
with the Florida strain and challenged with the Norton 
Zimbabwe strain and indicated the presence of both con-
served and strain-specific protection-inducing antigens (29).

In developing control strategies based on immunization, 
we have evaluated membrane proteins of A. marginale, 
These proteins m-ay be capable of generating protective
immune responses which include direct initial body lysis, 
receptor blockade, or antibody-mediated phagocytosis (19). 

Corresponding author. 

Since bacterial outer membranes contain surface-exposed
polypeptides, our hypothesis is that immunization with an 
outer membrane fraction of A. niarginale would induce 
protective immunity. Testing an outer membrane prepara
tion will help identify specific antigens required for protec
tion against challenge with Zimbabwe strains of A. niargi
nale. Inclusion of these antigens in the development of 
subunit vaccines may be needed if inactivated vaccines are 
to be effective in Zimbabwe. In testing this hypothesis, we 
isolated an outer membrane fraction, identified antigens 
recognized by immune sera from protected cattle, and dem
onstrated that immunization with membrane fractions in
duced protection against homologous challenge. 

MATERIALS AND METHODS 
Organisms. A. marginaleisolated in 1988 from a holstein 

steer with acute clinical anaplasmosis was designated the 
Norton Zimbabwe strain after the geographic area of isola
tion (29). The strain was maintained as a cryopreserved 
stabilate (10). Cryopreserved infected erythrocytes were 
thawed in a 370C water bath, and initial bodies (individual
organisms) were isolated by ultrasonic disruption and differ

ential centrifugation as previously described (22). Proteinconcentration was determined by using the bicinchoninic 
acid assay (Pierce, Rockford, Ill.) with a standard curve 
based on bovine serum albumin in the identical buffer as 
described previously (27). 

Immunoblotting. Initial bodies were solubilized and dena
tured by boiling for 3 min in sodium dodecyl sulfate-poly
acrylamide gel electrophoresis (SDS-PAGE) sample buffer 
(0.025 mM Tris-HCI [pH 6.8], 2% [wt/vol] SDS, 15% glyc
erol, 2.5% [vol/vol] P-mercaptoethanol, 0.02% bromophenol
blue), electrophoresed in a 12% polyacrylamide gel with 
SDS (20 lig of protein per lane), and transferred to a 
0.45-tjm-pore-size nitrocellulose filter by electroblotting at 
70 V for 3 h (30). The filters were blocked in Tris-Tween 20 

solution (0.05% Tween 20, 10 mM Tris-HCI [pH 8.0], 150 
mM NaCI, 5% nonfat dry milk) overnight at 4"C (7). Sera 
dilut.d in blocking solution were incubated with filters 
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TABLE 1. Conserved surface polypeptide epitopes between the 

Florida and Norton Zimbabwe strains ofA. marginale 


Strain reactivity 


Monoclonal Polypeptide U.S. strains Norton 

antibody bound (no. positive/ Zimbabwe 


total no.) strain 

Ana 22B1 MSP-la" 9/90 + 
Am R38A6 MSP-lb 1/11 +d 
Ana F19E2 MSP-2 9/96 + 
43/19.3.5 MSP-Y' 111e + -
43123.2.8 MSP-3' 1/1, 

Ana R76A AmF3I 1/1, +d 

Ana F16CI AmF19 1/l + 


_
0/91T. brucei VSGTRYP 1El
f 

See references 13, 21, and 23. 
b Strains used were Florida, Idaho, Kansas, Missouri, North Texas, 

Oklahoma. Virginia, Washington-C, and Washington-O (21). 
1 To date, only the Florida strain has been tested. 
' Positive only by immunofluoresccnce assay. 
' See reference 12. 
f Monoclonal antibody to a T.brucei variable surface glycoprotein (VSG), 

which was used as anegative control. 

overnight at 4*C. The filters were then washed in blocking 
solution and incubated with biotin-labelled goat anti-bovine 
immunoglobulin G at a final concentration of 1 Rg/ml in 

1 h at room temperature. Avidinblocking solution for 
conjugated to alkaline phosphatase (diluted 1:1,000 in Tris-

Tween 20) was added to the filters and incubated for 30 min 
(4). The enzyme solution was then discarded, and filters 
were washed three times in Tris-Tween 20. Antigen bands 
were developed following the addition of substrate solution 

(100 mM Tris-HC! [pH 9.5], 100 mM NaCI. 50 mM MgCI, 
0.325 mg of nitroblue tetrazolium per ml, 0.165 mg of 

5-bromo-4-chloro-3-indolyl phosphate per ml) and incuba-
tion at room temperature (4). Filters were incubated in 20 

mM Tris-HCI (pH 8.0) with 5 mM Na 2EDTA for 30 min to 

stop the reaction (4). 
To compare the Norton Zimbabwe strain (29) with the 

Florida strain (25), immunoblotting and immunofluorescence 
assay were performed as previously described (17, 21), using 

seven monoclonal antibodies directed against surface poly-
peptides of the Florida strain (Table 1). This panel includes 
several antibodies reactive with epitopes conserved among 
U.S. strains (21). TRYP 1EI, a monoclonal antibody to the 

WaTat 1.1 Trypanosoma brucei variable surface glycopro-
tein (1), was used as the negative control. 

Membrane Isolation. A. marginale initial body membranes 
density gradient centrifuga-were isolated by using sucrose 

tion (5, 6). Briefly, purified initial bodies (75 mg) were 
sucrose in 10 mM N-2-hydroxyl-suspended in 2 ml of 20% 

acid (HEPES) bufferethylpiperazine-N'-2-ethanesulfonic 
with DNase and RNase A (53 lig/ml each). The suspension 
was sonicated for 6 min at 250 W and centrifuged at 1,000 x 

g for 15 min to pellet any residual initial bodies. The 
supernatant was layered on a sucrose step gradient consist-

sucroseing of 2 ml (each) of 52, 48, 44, 38, and 32% and 
x g for 20 h at 4°C. After centrifuga-centrifuged at 82,000 

tion, only two visible bands at 1.15 and 1.22 g/cm3 were 

observed and they were designated fractions 1and 2, respec-
tively. The two fractions were individually collected by 

inserting a 12-gauge cannula attached to a 10-ml syringe into 

the top of the gradient. Fractions were individually sus-

pended in cold 10 mM HEPES buffer (pH 7.4) and centri-

fuged at 177,000 x g at 4°C for 1h. Pellets were collected and 
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washed twice in cold 10 mM HEPES buffer by centrifugation 
at 177,000 x g for 1 h. 

Each fraction was fixed in 2% glutaraldehyde in 0.1 M 
phosphate buffer (pH 7.3) overnight and processed for 

electron microscopy (11). Individual fractions were solubi
lized and denatured by boiling in SDS-PAGE buffer and 
electrophoresed on a 12% polyacrylamide gel containing 

SDS as previously described (22). Polypeptide bands were 
blue. Detection ofvisualized by staining with Coomassie 

membrane fraction antigens following electrophoresis on 
SDS-containing polyacrylamide gels was done by using 

surmonoclonal antibodies directed against Florida strain 
face polypeptides in immunoblots as previously described 

(17). 
Animal Immunization and challenge. Twenty male holstein 

calves purchased when they were Ito 4 days old were reared 
in fly- and tick-proof pens. Before immunization, blood from 
each calf was examined weekly for hemoparasites, packed

and hemlob coneration (Hb).c volu was 
cell volume (PCV),and hemoglobin concentration (Hb).
 
During the 7-month observation period, no hemoparasites
 

were detected on weekly microscopic examination of Gi
emsa stained blood smears from each calf, and PCV and Ilb 

within normal ranges (2). Sera collected whenvalues were 
the calves were 7 months old were tested for antibodies to A. 
marginaleby immunoblotting. All calves were seronegative. 
The calves were then randomly assigned to four groups of 

five animals each. Each calf in the different groups received 
the following subcutaneous inoculation in 2 ml of phosphate
buffered saline: group I received 100 p.g of membrane protein 

from fraction 1in 6 mg of saponin; group 1Ireceived 100 I±g 
of membrane protein from fraction 2 in 6 mg of saponin; and 
group IIreceived 6 mg of saponin. Group IV did not receive 
any inoculations. Identical booster inoculations were given 

and III at 2, 6, and 10 weeksto all calves in groups 1,11, 
following initial immunization. Saponin was selected as the 

adjuvant on the basis of its ability to induce high antibody 
titers and T-lymphocyte responses to membrane antigens in 

cattle with minimal adverse tissue reaction (26, 32). Blood 
from all calves was monitored daily for hemoparasites, PCV, 
and Hb until challenge. 

Serum samples from all calves were collected at 2-week 

intervals. After immunization, serum antibody titers to ini

tial body polypeptides were determined by immunoblotting. 
Antibody titers were reported as reciprocals of the last 

serum dilution that resulted in one or more visible protein 
bands. 

Seventy-two days after the first immunization, all calves 
were challenged with an intravenous inoculation of4.8 x 10' 

live A. marginale parasitized erythrocytes of the Norton 
Zimbabwe strain in 2ml of Hanks balanced salt solution free 

of calcium and magnesium (HBSS-CMF). To obtain live A. 

marginale parasitized erythrocytes, freshly collected blood 

from a splenectomized donor calf with 2% rickettsemia was 
diluted in HBSS-CMF and immediately inoculated. The 
calves were monitored daily for percent rickettsemia; PCV 

for a period of 90 days postchaland Hb were monitored 
Differences between the highest prechallenge andlenge. 


lowest postchallenge PCV and Hb were determined for each
 

calf and expressed as percentage decreases. The means and
 

standard deviations for decrease in PCV, decrease in Hb,
 
for eachand peak rickettsemia values were determined 

group. An analysis of variance and a Fisher-protected least 

significant difference using square root-transformed data 

were used to determine significant differences between 
means (18). Correlation coefficients (r) and coefficients of 

determination (r2) were calculated for antibody titer versus 
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FIG. 1. Electron micrograph of membrane fraction 1(.15 g/cm') 
of the Norton Zimbabwe strain of A. marginale. 

percent decrease in PCV and antibody titer versus percent 
decrease in Hb. 

RESULTS 

Isolation of membrane fractions. Sucrose density gradient 
centrifugation of disrupted initial bodies produced two visi-
ble bands at 1.15 and 1.22 g/cm 3. The bands were individu-
ally harvested as fractions 1 and 2, respectively. When 
examined by electron microscopy, both fractions consisted 
of membranes and no intact initial bodies were present (Fig.
I and 2). Morphologically, fraction I consisted of small 
fragments of membranes and fraction 2 consisted of mem-
brane vesicles. The fractions had different polypeptide pro-
files when evaluated on Coomassie blue-stained polyacryl-
amide gels containing SDS (Fig. 3). The polypeptide profiles 
of the membrane fractions were distinctly different from 
either purified initial bodies or erythrocyte ghosts containing 

.. k . 
' "-" 
.. -26.5 

S""all 
". 

,/ 'x.. •.. 
S " . 

I 94kD 

67kD

43kD 

9kD .. 

6A 

20kD. 

FIG. 3. Polypeptide composition of membrane fractions I and 2of the Norton Zimbabwe strain of A. marginale. Membrane frac
tions were electrophoresed on a 12% polyacrylamide gel containing 

SDS, and protein bands were visualized by staining with Coomassie 
blue as previously described (22). Infected erythroctc ghosts (lane 
1), initial bodies (lane 2), membrane fraction 2 (lane 3). membrane 
fraction 1 (lane 4). Arrowheads mark the migration of indicated 
molecular size markers (in kilodaltons). 

initial bodies. The profile of infected erythrocyte ghosts is 
similar to that of purified initial bodies as a result of the 
presence of multiple initial bodies per erythrocyte ghost. 

Antigenic characterization of Norton Zimbabwe strain ini
tial bodies and membrane fractions. Monoclonal antibodies 
directed against surface polypeptides MSP-Ia, MSP-1b, 
MSP-2, MSP-3, AmF31, and AmF19 of the Florida strain 
recognized epitopes on the Norton Zimbabwe strain (Fig. 4; 
Table 1). Characterization of membrane fractions with the 
same panel of monoclonal antibodies revealed that fraction 2 
included polypeptides bearing surface-exposed epitopes con
served on MSP-la, MSP-2, MSP-3, and AmF19 on the 
Florida strain (Fig. 5). No conserved epitopes were present
in polypeptides of fraction 1 (data not shown).

Fraction I-responses of calves to immunization and chal
lege. Serum immunoblot antibody titers from fraction 1-im

10runized calves ranged from to 105 (Table 2). Three 
Norton Zimbabwe initial body polypeptides of 31, 28, and 

kDa were recognized by immune sera diluted 1:50 from 
membrane fraction 1-immunized calves (Fig. 6, lanes 11 

to 15). The 26.5-kDa polypeptide was immunodominant in all 
saponin-immunized calves did not recognize any polypep

tides on immunoblotting and had no antibodies to A. margi
nale (Fig. 6, lanes 1to 5 and 16 to 20, respectively). All five 

. • vfraction 1-immunized calves were protected from anemia, as 
.,, .W 

S," 

'4 
p, . 

AP 


FI E • - , 

. .. .different 

FIG. 2. Electron micrograph of membrane fraction 2(1.22 g/cm3 )
of the Norton Zimbabwe strain of A. marginale. 

demonstrated by significantly (P < 0.05) lower decreases inboth PCV and Hb compared with the values for the five 
saponin-immunized calves and the five nonimmunized 

calves (see Table 4). The three calves with serum antibody
titers of --10 to these polypeptides were completely pro
tected from microscopically detectable rickettsemia (Table 
2). Decreases in PCV and Hb observed in the three com
pletely protected calves were not significantly (P < 0.05) 

from decreases due to daily variation observed in 
normal uninfected calves of the same age group reared under 
the same conditions (data not shown). The two fraction 
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FIG. 4. Identification of epitopes conserved between the Norton 
and Florida strains of A. marginale. Monoclonal anti-Zimbabwe 

bodies directed against surface proteins of the Florida strain were 

reacted with Norton Zimbabwe strain initial body antigens sepa-
rated by SDS-PAGE (20 R~gper lane) and transferred to nitrcellu-


werelose filters as previously described (17). Conserved epitopes 
identified by Ana F19E2 (lane 2), Ana 22BI (lane 3). 43/23.2.8 (lane 

6), and Ana F16C1 (lane 8). Monoclonal antibodies Am R38A6 (lane 
4), 43/19.3.5 (lane 5), and Ana R76A1 (lane 7)did not recognize any 

epitopes when tested by this method. Monoclonal antibody TRYP 

IE1 (lane 1)directed against a variable surface glycoprotein of T. 

brucei (1)was used as a 
migration of indicated molecular size markers (in kilodaltons). 

1-immunized calves with serum antibody titers of 103 and 102 

developed mild anemia with peak rickettsemias of 1.7 and 
mean peak rickettsemia4.8%, respectively (Table 2). The 

value of 1.3% for all five immunized calves was significantly 

(P < 0.05) l-wer than the mean ickettsemia values of 11.8% 

for saponin.',nmunized calves and 12.1% for nonimmunized 
Within fraction 1-immunized calves,calves (see fable 4). 

increase in antibody titer had a negative linear relationship 
P < 0.05) and in Hb (r = 

with change in PCV (r = -0.90, 

-0.95, P < 0.05). Decreases in PCV and Hb could be 


as shown by coefficients ofpredicted by antibody titers, 
determination of 0.81 and 0.90, respectively. 

Fraction 2(outer membrane fraction)-responses of calves to 
Four fraction 2-immunizedImmunization and challenge. 

calves had serum immunoblot antibody titers ranging from 

10' to 106 and the fifth had a titer of 10 (Table 3). Sera from 

all calves recognized six major initial body polypeptides of 

55, 36, 31, 30, 25, and 19 kDa on the Zimbabwe strain (Fig.5,3,3,3,2,10 

6, lanes 6 to 10), with the 55- and 36-kDa polypeptides being 

immunodominant in all calves. Two polypeptides, the 19-

and 36-kDa polypeptides, share epitopes with AmF19 and
Florida strain, respective~ly (Table 1). All

MSP-2 of the 

calves were protected from anemia, as demonstrated by 
0.05) lower decreases in PCV and Hbsignificantly (P < 

compared with those for saponin-immui.;zed and nonimmu-
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1 23456 

200

97.4 " 

69

463 

U 

30' 

FIG. 5.Identification of epitopes conserved between membrane 
Florida strain ofA.fraction 2of the Norton Zimbabwe strain and tb,: 


marginale. Monoclonal antibodies directed against surface proteins
 
with membrane fraction 2of the Florida strain were reacted (17) 
per lane) and transferred toantigens separated by SDS-PAGE (20 I.g 

were identified by Ananitrocellulose filters. Conserved epitopes 
F19E2 (lane 2), Ana 22B1 (lane 3), 4323.2.8 (lane 6), and Ana F16C1 

(data not shown). Monoclonal antibodies Am K38A6 (lane 4) and 
Anaa R76A1 (lane 5) did not recognize any epitopes when tested by 

(lane 1) directedTRYP lEI
this method. Mon7lon6 antibody 

of T. brucei was used as a 
a variable surface glycoproteinagainst mark the migration of indicated 

negative control. Arrowheads 
molecular size markers (in kilodaltons). 

nized calves (Table 4). The four membrane fraction 2-immu

nized calves with serum antibody titers of ->10were com

pletely protected from microscopically detectable 

ricvettsemia (Table 3). Decreases in PCV and Hb observed 

in the completely protected calves were not significantly (P 
due to daily variation< 0.05) different from decreases 

observed in normal uninfected calves of the same age group 

TABLE 2. Correlation of antibody titers and protection in A. 
marginate membrane fraction 1-immunized calves 

Peak
 
Animal Antibody ricketternia Decrease in Decrease in 

PCV Hbf(%)
no. titer, 

20.0 19.3
2 10W 0 

14.3 20.0 
14 104 0 

41.301.7 22.836.1 23.710'20 10 57.155.56 1W 4.8 57.155.5 
6 102 4.8 

ies.I Prchallenge antibody titers against Norton Zimbabwe strain initial bod

has anegative linear relationship with change in 
o Increase inantibody titer2
Pv (,= -0.90; = 0.81: P< 0.05). 
' Increase inantibody titer has anegative linear relationship with change in 

Hb tr - -0.95:r2 - 0.90: P < 0.05). 



VOL. 59, 1991 -* IMMUNITY TO ANAPLASMA MARGINALE 3203 

1 2 3 4 5 6 a 010111213141516171192M TABLE 4. Responses of immunized and nonimmunized calves to 
"- 69 challenge with the Zimbahwe strain or A. marginale 

o ,.I db - .Mean ± SD (%) 

, 46 !mmunogen Decrease in Decrease in Peak 
PCV Hb ricketiscmia 

Fraction 1 -29.7 ± 16.4* 32.3 ± 16.5 *1.3 ±20 

Fraction 2 23.2 ± 5.90 25.12 ± 6.30 0.5 ± 1.0*c 
- - Saponip ',control) 52.0 ± 4.9 54.7 ± 4.9 11.8 ± 4.6 

S, -30 Ncne (nonimmunized) 49.8 ± 6.9 51.2 ± 6.4 12.1 ± 5.5 

SI All values with an asterisk were significantly different (P <0.05) from 
• values for saponin-immunizcd (control) and nonimmunized calves. 

h Only two of five calves developed rickelsemias. 

" 21.5 Only one of five calves developed rickettsemia. 

-w 14 DISCUSSION 

We have demonstrated that two membrane fractions can 
be resolved by sucrose density gradient centrifugation of 
disrupted A. marginale initial bodies. The evidence that the 

FIG. 6. Initial body polypeptides of the Norton Zimbabwe strain two fractions represented unique membrane preparations
of A. marginate recognized by serum from membrane fraction- consists of the following: (i) morphologic differences, as 
immunized calves. Sera were collected from all calves 72 days after demonstrated by electron microscopy; (ii) banding at dif
initial immunization (prior to challenge), diluted 1:50. and reacted ferent specific gravities, i.e., 1.15 g/cm 3 for fraction 1 and 
(20) with Norton Zimbabwe strain electrophoresed initial body ferent speciorcfgraities, iwe.,h1.15 relmteforifractionn1 an 
antigens (20 Rg per lane) in immunoblots. Sera from nonimmunized 1.22 /cm"' for fraction 2, which correlates with banding of 
calves (lanes 1 to 5), saponin-immunized calves (lanes 16 to 20), Rickettsia prowhazekii inner membranes at 1.19 g/cm' and 
fraction 1-immunized calves (lanes 11 to 15), and fraction 2-immu- outer membranes at 1.23 g/cm'; (iii) distinctly different 
nized calves (lanes 6 to 10). Arrowheads mark the migration of polypeptide profiles, as evaluated by Coomassie blue
indicated molecular size markers (inkilodaltons). stained SDS polyacrylamide gels; (iv) distinctly different 

reactivities with monoclonal antibodies to surface-exposed 
epitopes of the Florida strain; and (v) different antigenic 
specificities of antibodies produced by calves immunized 
with the two fractions. In view of the similarities in bandingreared under the same conditions (daia not shown). The fifth with characterized outer membranes of R. proti'azekii (28)

calf, with a serum antibody titer of 10', developed mild and the presence of surface-exposed polypeptides, fraction 2 
disease, with a peak rickettsemia value of 2.3%. The mean appears to contain outer membranes of A. marginale. 
peak rickettsemia value of 0.5% for fraction 2-immunized Immunization with fraction 2 outer membranes induced 
calves was significantly (P < 0.05) lower than the mean peak protection against virulent homologous challenge with the 
rickettsemia values of 11.8% for saponin-immunized calves Norton Zimbabwe strain. All outer membrane-immunized 
and 12.1% for nonimmunized calves (Table 4). Within frac- calves were protected from clinical disease, as demonstrated 
tion 2-immunized calves, increase in antibody titer had a by significantly lower decreases in PCV and Hb compi,-ed
negative linear relationship with change in PCV (r = -0.97, with values for nonimmunized and saponir - mun',zed 
P < 0.051 and in Hb (r = -0.96, P < 0.05). Decreases in PCV calves. Decreases in PCV and Hb are meas :s of the 
and Hb could be predicted by antibody titers, as demon- severity of anemia, which is a prominent clinical sign of 
strated by coefficients of determination of 0.95 and 0.94, anaplasmosis. It is significant that all immunized calves with 

srespectively, antibody titers of ->10 agains, fraction 2 outer membrane 
polypeptides were completely protected from microscopi
cally detectable rickettsemia. Similarly, calves immunized 
with fraction 1 membranes were protected from anemia and 

TABLE 3. Correlation of antibc y titers and protection in A. three of these calves were completely protected from rick
marginale membrane fraction 2-immunized calves ettsemia. 

Antibodies elicited by immunization with fraction 1 had 
Animal Antibody Peak Decrease in Decrease in different antigenic specificities from those elicited by the 

no. titer, (%) PCV" (%) Hb' (M) fraction 2 outer membranes. Diluted sera from calves immu
nized with outer membranes recognized six polypeptides, at

3 10' 0 20.6 21.6 least two of which share epitopes with surface-exposed
15 I0' 0 17.6 19.8 polypeptides of the Florida strain. Only three polypeptides,
7 10' 0 22.6 25.8 including a 31-kDa polypeptide commor to both membrane 
11 10' 0 21.9 22.6 fractions, were recognized by sera from fraction 1-immu
22 10 2.3 33.3 35.6 nized calves. Protection in membrane-immunized calves 

' Prechallenge antibody titers against Norton Zimbabwe strain initial hod- could be due to responses to the 31-kDa polypeptide antigen 
ies. common to both membrane fractions, antigens unique tob ncrease inantibody titerhasanegativlinear relationship withchangein each fraction, or a combination of unique and common
PCV (r = -0.97; r' = 0.95; P < 0.05).

' Increase in antibody titer has a negative linear relationship with change in antigens. Further fractionation of membranes and immuni-
Hb (r = -0.96: r2 - 0.94; P < 0.05). zation trials will help identify those Norton Zimbabwe strain 

http:iwe.,h1.15
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polypeptides which are critical to inducing protective immu-
nity. 

We have shown a significant relationship between increase 
in antibody titer and protection against anemia. Coefficient 
of determination values indicate that 81 to 95% of protection 
from anemia can be predicted with antibody titers (18). All 
calves with antibody titers greater than 10W against mem-
brane antigens were completely protected from rickettsemia. 
On the basi3 of this correlation, we plan to determine the 
effector role of antibody by using immunoglobulin transfer 
from membrane-immunized calves. 
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019 SUMMARY
 

Cattle immunised by infection with the Florida stock of Anaplasma 
marginale were protected against subsequent homologous challenge, as dem
onstrated by complete prevention of microscopically detectable parasitaemia.
Identically immunised cattle were partiallyprotected againstchallenge with the 
Norton, Zimbabwe stock of A. marginale as determined by the significant
prolongationof the prepatentperiod, a significantly lower peak parasitoenia, 
and a significantly lower percentage drop in haemoglobin concentrationwhen 
compared to non-immunised calvet challenged Wentically. The partialprotec
tion induced by live Florida stock immunisation demonstrates that while 
protection-inducingepitopes are shared between the two stocks, induction of 
complete immunity againsta Zimbabwe stock may require alternativepresen
tation of Florida stock epitopes or inclusion of additional Zimbabwe stock 
epitopes in the immunogen. 



INTRODUCTION
(0 Anaplasmosis, an arthropod-borne disease caused by the rickettsia Anaplasma 

livestockto agricultural development 	 throughoutamarginale, is constraint 
production areas within tropical and subtropical regions worldwide. Anaplasmosis 

(Norval, Fivaz, 
is enzootic in much of sub-Saharan Africa including Zimbabwe 

in both r-ommercial and 
1984). Zimbabwe cattle herds

Lawrence and Brown, 

communal-land farms most commonly have an infection prevalence of 50 to 75%
 

1984). This prevalence indicates that infected carrier cattle and 
(Norval et al., 	

a situation resulting in clinically affected cattle 
in contact,susceptible cattle are 

during seasons of high transmission. 
reducing tran-smission by 

021 Anaplasmosis control 	in Zimbabwe has focused on 
as a1979). The efficacy of acaricides 

regular application of acaricides (Norval, 
has been questioned (Norval,in Zimbabwemeasure for anaplasmosiscontrol 	 in a highly susceptible cattle 

treatment results1983). Prolonged acaricide 
population subject to epizootics in the event of a breakdown in dipping services 

1979; Lawrence, Foggin 
or development of acaricide resistance in ticks (Norval, 

to control clinicalhas been recommended
and Norval, 1980). Vaccination 
inaplasmosis within both low and high prevalence regions in Zimbabwe (Norval 

el al., 1984). Unfortunately, the current method of vaccination, inoculation with 

live A. centrahe, provides variable protection and creates the risk of transmitting 
de Vos and Rodwell, 1988).

(Rogers, Dimmock,other infectious diseases 
centrale vaccine is not widely 	utilised in Zimbabwe (Lawrence 

Consequently, A. 
and Norval, 1979). The above problems associated with current control measures 

that will provide protection against
for an effective vaccineindicate the need 

areas.anaplasmosis in enzootic 	 protection against 
U-2 The ability of purified A. marginale proteins to induce 

a basis for development of an inactivated vaccine containing 
challenge provides 

protection-inducing antigens (Palmer, Barbet, Davis and McGuire, 1986; Palmer,
 

Cantor and
Goff and McGuire, 1988a; Palmer, Barbet,

Oberle, Barbet, Davis, 
on subunit vaccine deveiopment has focused 

To date, researchMcGuire, 1989). 	 to induceenmarginale. This stock has l-., shown 
the Florida stock of A.on 	 .s in Nor4,h and Southmarginale s:

crossprotective immunity against other A. 
Corner, Terry, Carson, Lee, 	 Kuttler, Ristic and Trevino, 

America (Vizcaino, 
1980; Kuttler, Zaugg and Johnson, 1984; Palmer, 1989). A. marginale stocks from 

Florida stock (Palmer,
Africa have antigenic differences from the

sub-Saharan 	 Davis and McGuire,
 
Barber, Musoke, Rurangirwa, Katende, Pipano, Shkap, 


1988b). The objective of this study was to determine if the Florida stock, used as
 
will induce protective

in recent vaccine development studies,
the prototype 
immunity in cattle against challenge with a recently isolated Zimbabwe stock. 

MATERIALS AND METHODS
0) 

obtained by intramuscular inoculation of wasThe Norton, Zimbabwe stock 

.20 ml of blood from a steer with acute clinical anaplasmosis into a splenectomised 

Friesian calf. After the development of 20% parasitaemia, parasit;sed erythr-. 
as previously 

were washed and cryopreserved in dimethylsulfoxide
ocytes 	 by Ristic, was

The Florida stock, originally 	 obtained
described (Love, 1972). 	 and Carson,stabilate (Ristic
maintained as a dimethylsulfoxide cryopreserved 

1977). were kept in fly-
Sixteen Friesian calves, obtained at one to seven days of age, 

S02.4 

and tick-free isolation pens. 	 No haemoparasites were detected on daily micRO
smears obtained from each calf and the calves had 

scopic examination of blood 
packed cell volume (PCV) and haemoglobin concentration (Hb) values within the 

were
three months, weight and gender matched calves 

normal range. At age 
assigned to one of three groups. Groups I and II each had five calves while group 

were kept in separate buildings
III contained six calves. The groups of calves 	

immunised bywere 
throughout the experiment. 	 All calves in groups I and 11 

Florida stock parasitised erythrocytes
intramuscular III calves received noinoculation with 2 X 101 

from cryopreserved stabilate. Group
obtained directly 
inoculum. PCV, Hb, and percent pavasitaemia, using microscopic examination of 

Giemsa stained blood smears, were determined daily for all calves for 63 days. 

The means and standard deviations for decrease in PCV, decrease in Hb, days to 

to development of peak parasitaemia
of 0.1% parasitaemia, daysdevelopment Statistical significance

and peak parasitaemia were determined for each group. 
test with a P<0-05 

means was determined using Student's pooled t 
between 

(Steel and Torrie, 1980).
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002 On day 64, group I calves were challenged by intramuscular inoculation ith2 x 100 stabilate-derived parasitised erythrocytes of the Florida stock. Group IIcalves were similarly challenged by intramuscular inoculation with 2 x 1030stabilate-derived parasitised erythrocytes of the Norton, Zimbabwe stock. Calvesin group lII, which had no previous exposure to A. marginale, were challengedwith 2 x 1010 stabilate-derived parasitised erythrocytes of the Norton, Zimbabwestock. PCV, Hb, and parasitaemia were determined daily for 63challenge. days post-Data were analysed as described above for the responses toimmunisation. 

03 

RESULTS 

ou Responses to immunisation with live organisms
All calves in group I and II inoculated with the Florida stock of A. marginaledeveloped acute anaplasmosis as demonstrated by development of microscopically detectable parasitaemia and anaemia j(Table 1).JAs expected, parasitisederythrocytes were not seen in group III calvew ic remained clinically normal.There were no statistically significant differences (at P <0.05) between group Iand group II responses to live immunisation using the Florida stock. All calves ingroups I and II recovered from acute infection as determined by the return ofPCV and Hb to preinoculation levels. 

w Responses to challenge 
The group I Florida stock immunised calves were protected from subsequenthomologous challenge with the Florida ndicated by the absence ofmicroscopically detectable parasitaemiakTable II) .Decreaseswere significantly less following challenge 

in PCV and Hbcompared to the response to theidentical inoculum given for live immunisation (Tables I and 11). Calves in groupII also immunised with the Florida stock were partially protected againstheterologous challenge with the Norton, Zimbabwe stock (Table 11). The meanprepatent period and mean interval to peak parasitaemia were significantly longerand the peak parasitaemia significantly lowerchallenged compared to the identicallybut non-immunised group III calves (Table I). All group II calvesdeveloped parasitaemia on challenge. In contrast one of the group II calves didnot develop any microscopically detectable parasitaemia after challenge with theNorton, Zimbabwe stock. The drop in Hb was significantly less in the group II
calves compared to group III calves (Table II). However, there was no significant
difference (at P < 0.05) in the mean decrease in PCV between groups I 
 and II1.
Protection against Zimbabwe stock heterologous challenge was not as complete
as against Florida stock homologous challenge as indicated by the development of
microscopically detectable parasitaemia in fouraddition, of the five group II calves. Inthe PCV and Hb were significantly decreasedchallenge compared in group 1I calves onto group I calves. No haemoparasites other than A.mirginale were detected microscopically in the blood of any of the calves during
the 63 day post-challenge observation period.
 



am6 DISCUSSION 

A. marginale stocks can be distinguished on the basis of morphology (Kreierand Ristic, 1963), protein structure (Barbet, Anderson, Palmer and McGuire,
1983; Oberle, Palmer, Barbet and McGuire, 1988), antigenic composition
(McGuire, Palmer, Goff, Johnson and Davis, 1984), and recently, variation ingenomic sequence (Allred, McGuire, Harkins, andPalmer, Leib, McElwain
Barbet, 1990). Critically important to the development of widely applicable
vaccines is induction of crossprotective immunity against heterologous stocks. In
this study, we have isolated and initiated antigenic characterisation of an A.
marginalestock, designated Norton, Zimbabwe. 

007 Despite the practical drawbacks which have limited its effectiveness as avaccine against anaplasmosis, immunisation by infection with live A. marginale
induces solid immunity against homologous challenge. The ability of live vaccines 
to induce protection against heterologous challenge depends on the stock used toimmunise the cattle and the challenge stock (Kuttler et al., 1984). The efficacy ofthe Florida stock in inducing widely crossprotective immunity has been the basis
for our isolation and characterisation of protective antigens using this stock
(Palmer, 1989). Crossprotective immunity has been suppo'.ted by identification ofconserved neutralisation-sensitive epitopes on a molecular basis (Palmer et aL,
1986; Palmer et al., 1988b, Allred et al., 1990). Two different Florida stock
surface polypeptides, MSP1 (105 kD) and MSP2 (36 kD) have been shown to
induce protective immunity against challenge with either the homologous stock or 
a heterologous stock (Washington-O) that bears common epitopes on these
surface polypeptides (Palmer et al., 1988a; Palmer et al., 1989). Prior to initiating
antigenic characterisation of the recently isolated Norton, Zimbabwe stock, weused immunisation with live organisms to determine if protective antigens wereconserved between the two stocks. Previously, Kuttler (1967) has used thismethod to demonstrate crossprotecvion between African (East African) and
American (Beltsville and Nevada) stocks of A. marginale. The efficacy of liveFlorida stock immunisation in this trial*was confirmed by the strong protection
against homogous challenge. Under identical conditions, the significant protection
against challenge with the Norton, Zimbabwe stock demonstrates that protection
inducing epitopes are shared between the two stocks. This observation provides a
basis for further antigenic characterisation of the two stocks on a molecular level. ax Although protected relative to non-immunised cattle, the Norton, Zimbabwe
challenged cattle were only partially protected relative to the protection observed
with homologous Florida stock challenge. Induction of complete protection
against the Norton, Zimbabwe stock may require an immune response to a
unique eptope not found on the Florida stock. If further antigenic characterisa
tion confirms that a unique epitope is necessary, development of subunit vaccines
based on the Florida stock alone will not be sufficient for use in Zimbabwe andpossibly in many regions where isolates bear critical, different epitopes. Alterna
tively, the inability of live Florida stock immunisation to induce complete
heterologous protection may reflect a relatively poor response to epitopes
dommon between the stocks. Cattle immunised with MSP-I as a subunit antigen
emulsified in adjuvant developed antibody titers to a neutralisation-sensitive 
epitope that are 102 to I0 higher than titers induced by infection (Palmer et al.,
1989; unpub). These MSP-1 immunised animals were completely protected
against challenge with the heterologous Washington-O stock. Complete protec
tion against multiple heterologous stocks including the Norton, Zimbabwe stock 
may require antigen presentation that focuses the immune response to the
relevant epitopes conserved among stocks. 
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CROISEE 	 ENTRE UN STOCK d'Anaplasma marginale DE FLORIDE ET DUc6 IMMUNITE 
ZIMBABWE 

Du bttail immunisf aprts une infection avec le stock Floride d'Anaplasma marginale a iteW-7 Risume 
protege d'un risque d'infection homologue ultrieur, comme I'a rivele la prevention complete d'une 

parasildmie ddcelable au microscope. Du betail immunis dans des conditions analogues s'est trouve 
Zimbabwe. 	 Confirmation en a ildpartiellement protege d'une infection par le stock Norton du 

donnee par r'allongement significatif de la periodc pripatente. un pic significantivement plus bas de la 
non immunises et

pourcentage de la concentration en hdmoglobine, par comparaison avec des veaux 

soumis au meme risque. Alors que les dpitopes qui engendrcit la protection sont partagis entre les 2 

stocks, la protection partielle induite par limmunisation I I'aide du stock vivant Floride montre que la 

un stock Zimbabwe peut exigtr soil la presence alternativecreaiion d'une immunite compl.te contre......................... , '---........... r,.. ' .trcLOC
 

http:compl.te
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TABLE I 

Responses of calves to live immunisation with the Floridastock of 

A. marginale 

Group I Group II 
Parameter'. 

50.1 ± 8.1 40.8 ± 8.6 
Mean drop in PCV (%) 

48.3 ± 12.1 41.8 ± 7.4 
Mean drop in Hb (%) 

20.6 ± 3.7
Mean days to 0.1% parasitaemia 18.6 ± 1.3 

Mean days to peak parasitaemia 26-2 ± 1-5 27.6 ± 2-1 
9.9 ± 7-9 2-9± 1-9

Mean peak parasitaemia (%) 

for each
1Means with standard deviations were calculated 

?arameter. 
There were no significant differences in any parameter between 

group I and IIcalves at P < 0.05. 

TABLE I1 

calves to challenge with the 
of inimunised and non-immunisedResponses 

Floridastock or Norton, Zimbabwe stock of A. marginale 

Group IIIGroup I Group !1 
Parameter .2 

52-2 ± 3.820-2 ± 4.4 43.6 ± 1 .0 
Mean drop in PCV (%) 53.5 ± 3.521.8 ± 1.6 43-1 ± 7.3 
Mean drop in 1-b (%) 

-- 21.0 ± 1-6 14.2 ± 1-0 
Mean days to 0.1% parasitaemia 

3 26.5 ± 16 21.8 ± 1.5 
Mean days to peak parasitaemia 

2.6 ± 2.6 6.6 ± 1'7 
Mean peak parasitacmia (%) 

1Means with standard deviations were calculated for each parameter. 

2 Significant statistical differences between groups arc described in the text. 

of the five group I calves developed microscopically detectable 
3None 
parasitaemia. 
"One of the group II calves did not develop microscopically detectable 

means and standard deviations for days to 0-1% and peak
parasitaemia; 
parasitaemia were determined using the four parasitaemic calves. 
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Molecular basis for surface antigen size polymorphisms and 
conservation of a neutralization-sensitive epitope in 
Anaplasma marginale 

(tkk.borne dlseass/rickettsla/gene structure/tandem repeats) 
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TERRY F. MCELWAIN*§, AND ANTHONY F. BARBET* 
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ABSTRACT Anaplasmosis Is one of several tick-borne dis-
eases severely constraining cattle production and usage in many 
parts ofthe world. Cattle can be protected from anaplasmosis by 
Immunization with major surface protein , a surfm protein of 
Anaplasma marginale carrying a neutralization-sensitive epl-tope. Marked size polymorphisms exist among different isolates 
tope. Marke sine Amo s xisnt aofgajort Iso sd A. marginale Inthe Am FI05 subunit of m ajorsurface protein1,yet all isolates still contain the neutraizationsensitive epitope,
1,ytcalolarytes stil cot thse netraationenste 
To clarify the basis for these observations, 

p,,e
the mspkcr gene

encoding AmFI05 was cloned from four isolates and sequenced.The encoded polypeptides share a high degree of overafl holo-
ogy between isolates but contain a domain with various numbers 
of tandemly repeated sequences and three regions of clustered 
ofamino aci ated threestituns id dgoan o tedamino acid substitutions outside the repeat domain. The poly-
peptide size differences are completely explained by the varia-
tions in the numbers of tandem repeat units. We have mapped 
the neutralization-sensitive epitope to a sequence that is present 
within each repeat unit. These results Identify a basis for size 
polymorphisms of the surface polypeptide antigen concomitant 
with B-cell epitope conservation In rickettsiae. 

Anaplasmosis, a hemoparasitic disease of cattle caused by 
the rickettsia Anaplasma marginale, is devastating to the 
production, utilization, and movement of cattle. A half-
billion cattle are at risk worldwide, primarily in tropical and 
subtropical areas, restricting particularly the advancement of 
lesser-developed countries. Annual losses due to anaplasmo-
sis total more than $100 million in the United States (1), where 
animal husbandry practices limit the effects of the disease. 

A. marginale is transmitted through the bite of infected 
ticks or by contaminated needles or fomites (2, 3)and invades 
only circulating erythrocytes (4). Antibody-mediated immu-
nity to anaplasmosis is likely to be particularly important (5), 
due to a lack of parasite stages susceptible to direct cell-
mediated cytotoxicity. One target of humoral immunity is the 
immunoprotective (5) major surface protein I (MSP-1) (6). A 
subunit of this heterodimeric protein (5, 7, 8), AmF105, 
exhibits apparent size polymorphisms of up to 50% among 
isolates (6), yet all isolates tested from the United States, 
Israel, and Kenya carry an epitope sensitive to neutralization 
by mouse monoclonal antibody Ana22B1 (mAb Ana22B1) (7, 
9, 10). To understand the molecular basis for these observa-
tions, we cloned and sequenced the gene (mspla)i for this 
subunit from four isolates. The epitope recognized by mAb 
Ana22B1 was then mapped to determine its involvement in 
the size variation. 

The publication costs of this article were defrayed inpart by page charge 
payment. This article must therefore be hereby marked "adertisement" 
.n accordance with 18 U.S.C. §1734 solely to indicate this fact. 

MATERIALS AND METHODS 
Cloning of the msploGene.DNA was isolated from purified
 
Cloninfe msiia Gone. as isolted from purid 

A. marginale initial bodies as described (5, 8). Plasmid 
pAMTI was constructed by partial Sau3A digestion of Fiorida isolate (FL) genomic DNA, C-tailing, ligation (11) into 
G-tailed pUC9 plasmid, and transformation of Escherichiac l M 3( 2 .p M 1 h c x r s e 6 k ap ocoli JM83 (12). pAMT1, which expresses u ta 56-kDa product, 
was isolated by expression screening (13) with mAb Ana22Bl
and 11l-fabeled protein A (8). To obtain the complete gene,
nd linker ed to FL eom pe grn ,Nco I linkers were added to FL genomic DNA random
sheared by sonication, with ligation into the expression 
vector pKK233-2. Transformants were screened with mAb 
Ana22B1 as above, yielding plasmid pKAna420. The insert ofK n 4 0 w s ub o ed i t th S m I ste f pl md 
pKAna420 was subcloned into the Sma I site of plasmid 
pGEM-4 after filling-in the Nco I overhangs (11), yielding 
plasmid pFLI0, pVA1 was cloned as a Kpn I fragment, 
whereas pJD6 and pWA1 were cloned as Kpn I-Ps I frag-b 
ments in pGEM-4, pVA1, plD6, and pWA1 were isolated by 
colony hybridization screening (14) with 32P-radiolabeled (15)pAMT1 sequences. 

Immunoblot Analysis of Recombinants. Recombinants wereanalyzed by SDS/polyacrylamide gel electrophorcsis (16) on 
7.5-17% (wt/vol) polyacrylamide gradient gels and by immu
noblotting with mAb Ana22B1 and "Il-labeledprotein A (5). 

Nucleic Acid Analyses. DNAs were isolated, restriction 
mapped, and compared by Southern blot analysis (11). Plas
mid inserts were sequenced as double-stranded DNA (17, 
18), using Sequenase (United States Biochemical) as recom
mended by the manufacturer. SP6 and T7 promoter-specific 
primers were used in the initial sequencing reactions, and 
then new oligonucleotide primers were synthesized (19) 
based on the sequences obtained ("primer-walking"). RNA 
was isolated from FL initial bodies (20) and sequenced by a 
modification (21) of the mL 'od of Inoue and Cech (22). The 
primer was the reverse complement of bases 147FL to 166FL 
(for bases 147 to 166 of the FL.isolate sequence; all sequence 
numbering hereafter is given relative to FL). 

Computer Analyses of Sequence Data. Sequence homology 
searches were performed using the FASTN program (23) 
(Cyborg Database Manager, International Biotechnologies). 
Probable transcription termination sites, structural charac
teristics, and hydropathy of AmF105 were predicted as 
described (24-26). 

Abbreviations: ORF, open reading frame; mAb, monoclonal anti
body; MSP-1, major surface protein 1.
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Mapping of the Neutraliation-Sensitive Epitope. The epi-
tope recognized by mAb Ana22B1 was mapped by assaying 
antibody binding to synthetic oligopeptides containing over-
lipping portions of the AmFI05 tandem repeat unit B form. 
Antibody binding was assayed by a solution-phase inhibition 
radioimmunoassay using I'-labeled AmFI05 (27) and was 
confirmed by an ELISA (28) and by immunoblots (8), using 
peptides linked to he solid phase with glutaraldehyde. 

RESULTS
 

Cloning of the mspla Gene. To characterize the mspla gene 
(named for inclusion of its encoded product as a subunit of 
MSP-1) among A. marginale isolates, we chose the following 
isolates for analysis: Florida (FL) antd Virginia (VA) because 
they express the largest and smallest polypeptides, respec-
tively, of the isolates tested to date (6); Idaho (ID) because it 
appeared the most variable by restriction endonuclease anal
ysis; and Washington-O (WA-Q) because cattle immunized 
with FL MSP-1 complexes were protected from challenge 
with the WA-O isolate (29). After cloning of the mspla genes, 
the fidelity of all four cloned fragments with the chromosome 
was confirmed by Southern blot restriction analysis. A single 
copy of the mspla gene was detected at the same chromo-

isolate (Fig. 1). The expression ofsomal locus in each 
full-sized immunoreactive products by each transformant 
gave further evidence that the recombinant constructs rep-
resent the mspla gene (Fig. 2). 

Definition of msplar Gene Structure. Plasmid pAMT1 and 
portions of each of the four cloned DNA inserts were 
sequenced and the mspla genes were defined to determine 
how the isolates differ (Figs. 1and 3). One long open reading 
frame (ORF) was present in each, encompassing the same 
region of each sequence. Sequencing of total cellular RNA 
from FL initial bodies with a primer complementary to a 
region near the 5' end of the long ORF identified base 1FL as 
the transcription start site (Figs. 3 and 4). The transcription 
termination site is predicted (24) to be at base 2458FL, shortly 
after the stop codon at 2429FL. 

The position of base IFL within the cloned fragments 
suggests that transcription of the mspla gene is under control 
of the mspla promoter, an assertion supported by Ihe expres-
sion of AmF105 at comparable levels when the gene is placed 
in either orientation in a promoterless vector (data not 
shown). The presumptive rnspla promoter was identified by 
its location relative to the transcription start site and by its 
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FIG. 2. Expression of immunoreactive products by E. coli re
combinants and A. marginale initial bodies. The full-sized polypep
tide bands recognized by mAb Ana22B1 are indicated by arrow
heads. The major immunoreactive product expressed by each re
combinant matches in size the native polypeptide from the 

isolate initial bodies. The lower molecular masscorresponding 
products may be breakdown products or may reflect the use of 
adventitious ribosome binding sites by E. coli (see Discussion).
Lanes: 1,3, 5,and 7, recombinants pVA1,pWA1, pID6, and pFL1O, 
respectively; 2, 4, 6, and 8, VA, WA-O, ID, and FL isolate initial 
bodies, respectively; 9, 14C-radiolabeled molecular mass standards; 
apparent molecular masses are indicated in kDa. 

similarity with E. coli promoter consensus sequences and 
structures (30) (Fig. 3). The spacings of the -35, -10 and 
start sites of all four inspla genes exactly match those of the 
E. coli consensus sequence (30). The mspla alleles have 
apparently untranslated leaders of 127 (FL, WA-O, and VA) 
or 71 (ID) bases defined by the start of transcription and the 
start methionine codon at position 128FL (Fig. 3). Despite 
large differences in this region, the FL, WA-O, and ID genes 
are all expressed at comparable levels by E. coli (DH5a) 
recombinants (Fig. 2), indicating a lack of effect on transla
tional control. 

The probable start of translation is the methionine codon at 
position 128FL for the following reasons. (i) The only long 
ORF in this gene begins 24 base pairs (bp) upstream of this 
codon. (ii) The upstream methionine codon at base 45FL is 
not in the same reading frame as the long ORF and is absent 
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I 'AAL .16.AIrcAAIChiA- I1*/.S
FL 6GATAAAC I IIa M r LiIea' d I'M'e-6A6IAl iTACAA! GiriICTAGID aI TITAACGITI.CCGTATI IcAGG~c/ CIICTGTI"TTGTCCTLII tCCCAIrT I4GICGI TI MIT t6I JIACACGIIIICCGTAIII IAAAI CAGCCCCGGILCG.IAGCGIGCIG.....A I6 A6ATAIAAIC IlTrCGAIIACCG lCCGT, I & CAAAG&C/CCGICTACVA -16AGTA ,AIIAA,CITCCA ITACACGII:CCG ATG Z1ACAAII2 GC , CGIIAACICG 1GITGCITTCCTTGIGtGTI 

*5 CGCfaA611le~ L"rmLt- "A'I~£ICCTGAtf1CC1TTIGTIIIIGII ... . / . eea*AI6I1CACCAGACTAIG TCACCCATACACAIIS ..... C.iAC;ttT4ACCCTGICCCCCIGGCAGIGI A GGII TGCrGI
WA 65 CGICLCACAACI ...GITITt TG I I )CA....6AGI"G6I6CCCICCACCArAIUT~CGICAGCGGTIGTACCCTGi6GCCCIGCcAGGIAGTTcTiAIrGiTyciGTGTG;GTII ATG)CCAGAGTAGGCCCAGA/C;IVCCTGCVA 65 CGICGCACAAIIC111 
 CGCGGAGGT~tIGIGIG 
C&tA )CGAGGAGGCACAIA/ACT ICCGG& 

ag Al E V S 1 0 S /dDS SAs 
FLP I ~S 
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FY18G000 SSV S S0S . e A S ITOIT L G6. /A IS S...............
 
IL 9 AI1CICAAAGATC AGGCCACIACATCGICTCAATTAGGA .../CCIE:IACCTCGTCAGCCGGTCGTCAGCACCAACACAGTACG1CIICAICTCA
0 3ACCAAT ACATCCTCTCAAYCACGCCAG1 TAG~AGYA~CCIACAIGCCACL ACYACAGCCAIACA 

WA 9 ATCTCAAA6tIrAiCA6rcCAGTACAICGTCICAA rATG& GCIC&AT. GCAGGCCACTACA?1IAEA....ICCTGATAGCTcr.ICA6CGCGGICACACAAAAG A G1IIfCACICAAGTLhICAGCCAGACATVAY 55AsIs.
 
ILP ---
55.0.....A.............. 
 16 S4 Sw ________ v-- i a-- .......... 

FL 01CGITCATT~r../~rAlACICGICAGG6CCTGCACCACAAAACTG G GCATCICAAAC1I A*fCCACTACTCGTC l . I&EAA5Ir.Af7I03 CGICICAATTAGGAGCA/rETCAIACCI CACCAAX .. h1 ACAGCTGATAGCG ICAGCCAGIG;1 AGAGT GITCA ICCIAALAGI.6AU.CCAGTArATCGTCICAAI 
VA 


/ .
 
IL 511 CICGIC GGTGGTCACCAGCAACACAGTAGTGTGTCATC IAC ~~C.CATCTGICCAATTAGGA / :ACCGCGGCT.TACCA1D '55 C,CGTCAGCCAGIC1GGC~AAGAGAGTAGTIGTCATC1CAG , ...rGCC AG ACACGC ICAA1AGG~Aa/........................ 
......
 
VA ......................................................................... 

VA ........ I.........................
A...0. 0................... C6 :.......
A.....0.L.../A.0115£..............
 
IL .21AGAGIAGTGTGTCATCTCALA6IGAYCAGGCCAGYACATC6TCTC86ITA
rA/ GCT AGtTCGTCAGCCGG1CGICAG;CAGcAAcArATAGTTICAICTCAAAGCAICAG
10D ...................................................../...........................................................
 

WA ............................................................................................................
 
VA ***" TV
.... C 
 6i-. .......... /.......................................
ILP 161 5 S V S *.........0 S S L G /A D S S S A G
 

T0 53' .................... CCGAAGCTCTCAfCCAGC&ICACAGAAGACAGIAG1C1GTCATC

WA 1.19........................GC CATAGCICCTCAGCCGGTCGYCACCACCAAC ICAAAG .. GCCAGIACAICCTCICAATIAGCC/ACTG
A I ICAICICAAAGTGGICACAGACAICGCIAATAGGGACIG'A ASIS50L6ICGICC6ACCGGG1&GG1CACAGCACAGAGTAC1 


S~ 
 CA CICAAGIAICAGCAGTACAI CGCICAITCIAra /A D GGACIGA 2 G 0 0 0 S S V S S 0 S d q AS I S S 0 1. 6 IT 0
 
IL 855ATTGGCGCCAAr.AGAICGCCTCCAAGC1ICCCA61GTTCAG1ACATT
I&C!CCICG1GcCCCTTAIIC161ACCGC1C1A1CCTC;CCAr.CACWAACGUC&ACCAGG
 
1A 622AI I GCGCAAACCCCAAcGG I CAIG ATCTMTG CtCC A C GACGCA CICICGGrGTG&WCGGGVA 3 Al IGCGGCALACACAIrCrCTCCACGGIGCCATGTI.GAAGIGICCTCCIIITGGGCAGTCCGGGGIUAACCACG
 
FLp 46 U A q fIt I S K V A S V E T Is L A A 0 A L I S V 6 V Y A A 0 G f I A IT 1 I G C
 
IL 9NGGQ CCGGG7CCA~GAAACICACTGCTTCCCCCTCIAAIGCTTATGICTCAT& 

TAGAGT 

FLP 283 A PL IV A E V E I VIt1)G L V ItS TI N0 GL SL GSI TVL V L 9 V
 
IL 10 9 6C.rATAAGTTCGCCTWCAAGGTGAATGCAGYCCACACC~CACIICrAACTGGTr~CGT*TA T-T*TCI 
AlA 746 CC ATAAGTIG"GCTWCWAGGI11CAAATC GCCAAGGTACCCCCTAICTCGCCCAAGCGTI IGC7GACA6CGGGh ICCCA ICICAA' TCTATGCT.CCVA 567 GGUAAG6TGGC&CC1ACAAGTIGAAGATTGCCGAAGGGTACCCCACCTATCICCCGCAAGCGIT1C1LAC AGGCI GG 11CCGCTGA~TGTCAATAGTGTCGCFLP 322 D ITL GL GL KI GfG TfI T L A 0A FA DS VV VA A D v 0S S A CA
 

I L11ACl~CCGGEIICACAGCGtCGICCAAACGT1CAGACGTCGICC:LCCTrCACrGCGCCCIGG1AACCAAAGGI
II1CACCGTCATACCUAAGACLC(AC(1 ICAGGCITtCAC CC!IACACCATC&CAAGCC1 TGWGCCGCTCCCTCW CCGrCCCIG6TACGCAAAGA1TTT6ACCGIGA1ACCAACTAAAAGrr,
WA 861 CTCCCWCCI TCACACCGCGCATCGCAAACGT ACTTcAcLCTITLAGACTCGTCGTICCC
I CACGCCG6CC1LCGAAGCAAACA TI IIGACCGTCATACCCAAGIAA VA 684 CTC.CCAGCCT AAGGCC.rACC1ICGACCTICACACC&GCAICCCAAACCTAACTO"TCTCAGL11 GT-.CALG IIGACCGIGATACCA.A6TACAAAG=ACC1 1CAGGCTI 

TCA1GII TCGCCGTG6!61CGTACA1AT IL 1323 1TG6CGACT CTCGCACGCGICT TCGAAACGCIZGr.~TAGAGC6TAI TfCCGGGCACGIcr.ATGCACTT6TAATCAI CAGC 

"A 80~ t1IGCTrTCAG ITCGG TCG IC GIAI I G.AC GCI ICCC GICGAICCAG G IACAWTA AACCCCICC G4CAIAUGC GGC AC CTIIGGTIAAWI CAATICACCC GTIA 

T120" I~A 
 Gt6ATGCTGACTTT616A IIGCGATCGTIGIGCCCTCAAAC AGCGIrGCCIIAGCCATCC6GCTC.ACAAGIICCG1C1G.AT6AI6TI166T6
 
VA 918 I6C.A116AGCITGATCICACACTTICITGGCITGTAICrTCGAlrAAA.lCGTrG

ILp 139 0 k L 0 A D LTLS V VS S A A ~G~.CAICGC;TAGIGA I D IG A V S A A F I V9 41 

IS 1326 GlGCTCCT6CGCCCAAAGAAAAC1CCCGAACC1T;AGCATGAGCCTGCCACCCCGTCAGCTAGIACGITtCTGICAACT6TGCATGGIAAG1CGT16AICA.TACCGTCCAAWA1i, G1' CCZGA(AGAAICCAC G JGCTGCACCCCGTCAGCTACTAGCGTICCGC.CIGTGCAT"T1AGGCGI TGATGCATIGACCGt6CAV& 1 5G &.&CGCAAGAGAAACI6CCfAACCCIC IGAG',11P 478 A P A G rCIGCGACCCCGCAGCTAG1AGC&1!CC6tCA.ACG CA16AAGGIC6l.IC.CA.ATlrACCGIGAf KI A EP EN EA A TIP SA 5SIfp S IV KV V 0A VD AA
 

IL11676AAC.AAGC66C TAT6CAGGCG C;CGTAAGCGG6TGTrccwc.UCTiC&CWCACTACACACAGC 1TICACGCCGT1ITGCTA
TAAGCAGCC IIG 1IAGCTATCACCCCGC6CTID 1f.41 A11ACG6ACGCCA416GGG'ACGI7TGCAC1C~AATCAAACITITGTIA~CCC;lACCCrtcl
WA132 AAGAAGCGCIC1UCACGCCIATrCAGCGTC6AAGCGGIATG1CGCGAACCIICCGACACTACTACACAGCIT61I6IACCTAICACLGrCCCCTIACACGCGTIICTA
VA 119S AAAGCGCCAAr.CAG& IAI6CACGCGI6CGTAAGCGGTATG6ICGJAC.GCCTICGCACACIACIAC.ACAGClfIIAGCIAICAC6GCI.CITACGGC6TIT6-CIA 

10L1555CI G A I A TCAG 6CGV TC T ICG &CA& A GGGC C A I IACC P 1 0 CT I ICVCVCA I 1 ACGGIGC I A IIATCG AGA?
 
WI114L 1791T GACAGII IAGGGCGTCCTGTIIG&CIGCGCAIG 
 6A CI CA ATIGTT&C ICTCGAIATVAIZ$ICIIDC IG GAC GCI AIAGGGICG ICG A1558G IGCIGCCIAIGACIG CIAI(C ASLA16 CACIfPI ZC C GAtC.A 

t CAAAA&AAGCIWA1 63 I CGAG GCGCAACG661 AGGGTCCGGYI CIG GGAIIG CG CAACCAAAICGAAG IGIICCCCCGA1YAC1 
I 1 26 GCCCGr1 IGTG1IATI C GCG CT CC1 TAT TCCGIACCAGGGTI6ICC6TGCAGGCGCACA1 01CCGT1A1CCCCICACG 

IGTAICGACVA I CCG GCGIC C1AGGI1ICICOIGCIGC6CGCGIGGCTTICC ICGTCAC I I1CGC&C6AIGCCAGCCAArICCTA1AGIGCCCCiW 

CGCGGIA&CC 
FLp 634 T 66L S V L VI I A A V V A C IAIDA 

VA1503 T I TGGITATTGTCGCTGTIYIGI~rArrGC.GGCIrA~.ACTITICACGAIIIIIII 
V 0£ t G8 TVW 0 65 1 C f 6£ A FIV LCIA 

I0 1909 C6AICAGI CCCC1II6TA.AIGGCAACACGICACCAATCGI"CAATTAACAIGrICGTGAGCCAIGACGIUACGACCWA1?97 cr.ATCAGI6CC6.CIITGIAAI6CCAACCGIWCCAATCGTICGCArAAWAICAACCAAICCIACAcCGIC1GCIAr161ACCCGCI.CACAGCAGCCrC 

I Lp 6 1 S A VYMIfA I A DO ISL ACfE CO0S KC A I A 1It A IfVP GC 0a a P a 
FL IM5 GT6CTACCGA=Gf6TGIIACC.CICCCGCCAACAAGGCGG&CGCGIT TCCCGCAACI ICC616CCCICArccrAGTci GGG!CCrLACCCCC.CTACC.AY GIAGIG1ID 2026 GI6CIACCCAGC.CGII16 TWGCGGI ICTGICCCCCCCAGAAGCCCC GTCCCCAAC I GGTC~fTACC GGICCTWA1914 GT6CIACC6ACG4."6ITGITAGCGG1GCGGCCCAAGAAGGCCCCC1?1TCCCGGAAC1I CCG CCI CAGCCCGGTC ICCCIUACCT TAT1CCCCGCC61CAGCC6GICI GCCCZ1ACCICC1TCI IATGGITAGIGVA 1737 6lrCIACGCc.C~ccl 1IAGCCGCCCGCCAACAAGGCGC"rTGCICCCGGCAC1CCTCCGCACCAICTGGCrCCGACCC1ACCITA661TATG
FtP 712 A Il I V V 16660166£ 6 V P611 V P I A a Z a v P P A T i N V &IF 
IL 37tIGATCCAITTCATIIGACG? I~~~ .. *.. ~.681Iiinaliw, Ste
IGGA&CCCC AWCCC A G Iir rCTCI~TGCAT CCGTA1611 ICAI CCACAACI1GIICCTACTI1GGCAGCACGGGCCCCCCGCCGCGCTAAIACCTIGCT. 
 CCGGTGC/TAAGGGrl=CCGTAGE31IGACAACIIGCAIIGACGGGCCACGCCzAA CCC ii CTG&tGC/TlrGGCAI GCGGGA
 

lipI P06 V A 166 A G v AOA AA
 
IL 2689 CIGaATACG1GCATCWWCCCGGCGTlUCGTTGCICCAACGTECCCGTGGCAGWGTTTCCGlCICTCAGA 

VA1967 GIG A&tAGG1GCAIGALCGCG6IGGTIGCGCAACGTCCCG&TAGCAGIICCGGICIITC.AIArArIC 

FIG. 3. (Legend appears at the bottom of the opposite page.) 
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altogether in ID. (iii) There are no other methionine codons 
in the ORF until a point beyond that contained in plasmid 
pAM , which expresses a fragment of the polypeptide. (iv) 
mAb Ana22BI binds to asynthetic oligopeptide encoded only 
by this reading frame. In each isolate, the long ORF extends 
to a stop codon at base 2429FL (Fig. 3). This results in coding 
sequences and polypeptide lengths of 2301 bp and 767 amino 
acids in FL, 1779 bp.and 593 amino acids in VA, 1956 bp and 
652 amino acids in WA-O, and 2124 bp and 708 amino acids 
in ID (Fig. 3). 

The most notable feature of the mspla genes is a series of 
84- or 87-bp sequences (i.e., 28 or 29 amino acids) that are 
tandemly repeated two (VA), four (WA-O), six (ID), or eight 
(FL) times (Fig. 3; Table 1). The tandem repeats immediately 
follow a short variable region at the N-terminal ends of the 
polypeptides. Among the four isolates, five forms of the 
tandem repeats are present (Table 1; forms A-E). The repeat 
sequences vary minimally, with 25 amino acid residues 
completely conserved in all five forms (Table 1). The varia-
tions in the number of tandem repeats in each isolate can 
completely explain the size polymorphisms. Even so, the 
polypeptides migrate anomalously during electrophoresis, 
appearing much larger than the encoded size, a common 
effect among proteins containing tandem repeats (31, 32). 

The identity of these genes as mspla variants is confirmed 
by the high degree of homology throughout their coding 
regions, including a 639-bp region from bases 1686FL to 
2324FL that is completely conserved. However, there are 
three regions of clustered variability in the coding sequence. 
In the first 30 bp of the coding sequence FL, VA, and WA-D 
each have three differences, whereas ID has only 27 bp in this 
region, of which five differ. This region is thus 10 or 9 amino 
acids long, with 3 substitutions between isolates, of which 2 
are nonconservative. Base substitutions at the 3' end result 
in 5 amino acid differences among the isolates in the final 35 
residues. Finally, between bases 1184FL and 1303FL, 11 
base changes result in the substitution of 11 of 40 amino acids 
(Fig. 3). Eight of the 11 substitutions are nonconservative. 

Mapping the Epitope Sensitive to Antibody-Mediated Neu-
tralization. The neutralization-sensitive epitope recognized by 
mAb Ana22BI was mapped because of its potcntial impor-

Proc.Nail. Acad. Sci. USA 87 (1990) 3223 

Table 1. Tandem repeat forms present in the FL, VA, WA-O, 
and ID variants of the nspla-encoded polypcptides 

Number inallele 

Form Sequence FL VA WA ID 

B 
DDSSSASGQQQESSVSSQS (EASTSS)QLG" 
ADSSSAGGQQQESSVSSQSD(QASTSS)QLG" 7 

1 
1 

0 
3 

0 
0 

C ADSSSAGGQQQESSVSSQSG(QASTSS)QLG 0 0 1 0 

E 
ADSSSASGQQQESSVSSQS'EASTSS)QLGG 0 
ADSSSASGQQQESSVSSQS (EASTSS) QLG 0 

0 
0 

0 
0 

5 
1 

The epitope recognized by mAb Ana22Bl is in parentheses; 
residues common to all five forms are underlined. Deletions are 
indicated by dots. The number of each repeat form ineach isolate is 

given on the right. In each isolate, repeat forms are present in 
alphabetical order relative to the N-terminal end (e.g., in FL there is 
one A form followed by seven Bforms). The single-letter amino acid 
code isused. 

lance to immunity. The minimum structure necessary to bind 
mAb Ana22B1 was found by ELISA to be the 6-amino acid 
sequences GIn-Ala-Ser-Thr-Ser-Ser and Glu-Ala-Ser-Thr-
Ser-Ser (Table 1), found in the tandem-repeat domain. Con
formation may influence binding, as the IC5o measured by 
inhibition RIA with native MSP-1 as antigen was 70- to 
100-fold less for a 29-amino acid polypeptide representing a B 
repeat (Asp-Ser-Ser-Ser.Ala-Gly-Gly-GIn-Gn-GIn-Glu-Ser
Ser-VaI-Ser.Ser-GIn-Ser-Asp-G In-Ala-Ser-Thr-
Ser-Ser-Gln-Leu-Gly-Ala) compared with the 6-mers (41 pmol 
for the 29-mer versus 3900 pmol or 2800 pmol for Gin-
Ala-Ser-Thr-Ser-Ser or Glu-Ala-Scr-Thr-Ser-Ser, respective
ly). The 5-amino acid oligopeptides, Gln-Ala-Ser-Thr-Ser and 
Ala-Ser-Thr-Ser-Ser, did not bind detectable amounts of an
tibody. 

Predicted Structure of the AmI'J5 Polypeptide. Although 
highly charged, the repeat domain contains no positive amino 
acids and is predicted (25) to be comprised almost solely of 
coil/turn segments, consistent with presentation of short 
hydrophilic epitopes (33). This -.ontrasts with the remainder 
of the polypeptide that is predicted to have a high overall 
helical content. In addition, a hydropathy plot (26) of the 
predicted polypeptide revealed five major hydrophobic 
stretches: amino acids 255FL to 270FL, 541FL to 557FL, 
567FL to 585FL, 631FL to 650FL, and 662FL to 678FL-the 
last four of which are sufficient in length and hydrophobicity 
to serve as transmembrane domains. Since there is no 
obvious N-terminal signal sequence, one of the internal 
regions may be an uncleaved internal signal sequence (34) for 
localization of AmF105 in the outer membrane. 

DISCUSSION 

These studies on mspla, encoding a major surface polypep
tide, MSP-1, of A. marginale, revealed four important find
ings. (i) The large size variations of the mspla-encoded 
polypeptides among A. marginale isolates are explained by 
the presence of a domain containing various numbers of 
tandem repeats. Although size differences among isolates in 
immunologically cross-reactive antigens have been observed 
inother rickettsia (35, 36), the basis for this was unknown. (ii) 
The neutralization-sensitive epitope recognized by mAb 
Ana22B1 is defined and ispresent in every tandem repeat unit 
of each isolate. (iii) In the polypeptides there are three 

DNA sequences of the mspla genes obtained from FL, VA, WA-O, and ID isolates of A.marginale.The DNAFig. 3(on opposite page). 
sequences are given from the 5' Kpn Isite ofeach clone to the same point corresponding to the Yend of the FL isolate cloned insert. The predicted 
sequence of the FL mspla-encoded polypeptide (FLp) isindicated beneath the DNA sequences, the single-letter amino acid code being placed 
beneath the first base of each codon. Annotated above the sequences are the Kpn I site, features of the promoter region, the transcription start 
and predicted termination sites, the start and stop codons of the presumed coding sequences, and the tandem repeat units. Variant bases are 
indicated by superior asterisks, variant amino acids are in lower-case letters, and insertions/deletions are indicated by dots. The 3' region 
homologous with the repeat region Isee Discussion) is double-underlined there and in the repeats. 
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regions ofclustered variability, including the N-terminal end, 
perhaps representing immunologic targets. (iv) The rickett-
sialrsplageneusespromoterstructuressimilartotheE. coliconsensus promoter (30). 

One significant difference emerged between A. marginale 
and E. colt gene structure. Although mspla mRNA is ex-
pressed in E. coll, no obvious ribosome binding site was 
detected in the untranslated leader. The sequence GTGT-
GTG, found in the -11 to -5 position (relative to the ATG 
codon), may allow ribosome binding (the sequence of the E. 
coli 16S rRNA is 5'-GAUCACCUCCUUA-3) (37), as a 
sequence from Rickettsia rickesii with the same pattern of 
alternating guanine bases, AGAGAGA, also enables expres-
sion in E. coli (38). This may reflect a difference in the 
ribosome binding sites used by rickettsiae as compared with 
other Gram-negative bacteria. In addition, in each repeat
theris Gm codonreceeda. b addiAioA, eatsenc there is a GTG codon preceded by a GAGAG sequence 5-9 


bases upstream. These sequences may serve as alternative 

start sites in E. coli and may explain some of the lower 
apparent molecular mass bands found in recombinants ex-

the mspla gene.pressing 
Repeat structures, such as those in mspla, are thought to 

develop by unequal homologous recombination (39), slipped-
strand mispairing during replication (40), or both. The in-
volvement of entire repeat units during these events could
explain the presence of various repeat numbers, as in the 
group A streptococci where unequal homologous recombi-
nation provides antigenic variation (21) or in Neisseria gon-
orrhoeae where slipped-strand mispairing controls phase
variation of the P.I1 surface protein gene (41). Sequences
sharing significant homologies with a 42-bp region of the 
repeats (236FL to 277FL) are seen at other sites within (bases 
2240FL to 2254FL) and outside the mspla coding sequence. 
That same 42-bp sequence also shares sequence similarities 
with a number of invasive or mobile DNAs, including avian 
sarcoma virus, Fujinami sarcoma virus, and the maize trans-
posable elements, activator and dissociation (71%, 68%, and 
69% similarity, respectively) (42-45). An upstream region
containing this sequence, centered around base -1300FL, is 
surrounded by interspersed direct and inverted repeats (data
nson),d a common chrctristic of m ed 	 eemts.a
not 	shown), a common characteristic of mobile elements.
Should a mobile element have invaded the A. marginale 
chromosome, sequences may have been retained upon its 
exit, giving rise to the repeats. givrise s s.xit, to therpeat -p e u33.

It is enigmatic that a surface-exposed neutralization-

sensitive epitope encoded by sequences of potentially high 

genetic plasticity remains constant despite immune pressure.

''he ubiquity of tandemly repeated epitopes in the surface 

proteins of taxonomically distant parasites (21, 31, 32, 41, 

46-49) suggesis that such domains fulfill essential functions 

or impart selective advantages. These data on the structure 

and variability of a rickettsial surface protein gene and its 

encoded product should aid in dissection of the immune 

response to these pathogens, their potential mechanisms of 

immune evasion, and the development of vaccines. 
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The Anaplasma marginale surface protein complex MSP-I of the Florida isolate is composed of a 
105-kilodalton (kDa) polypeptide, which bears a neutralization-sensitive epitope, and a 100-kDa polypeptide.
Antigenically similar polypeptides in the Okanogan, Wash. (Washington-O), isolate MSP-I are 86 and 100 
kDa, respectively. Immunization of cattle with Florida isolate MSP-I induced antibody titers to both MSP-1 
polypeptides and protected cattle against homologous and heterologous challetige. 

Rickettsial pathogens vary antigenically and structurally 
among strains and consequently may vary in their ability to 
induce cross-protection against heterologous strains (3, 5, 7, 
8, 19). In bovine anaplasmosis, caused by the intraerythro-
cytic rickettsia Anaplasma inarginale, cattle that have re-
covered from acute infection are protected against homolo-
gous challenge but are usually susceptible to infection with 
heterologous isolates (7, 8). Significantly, the Florida isolate 
of A. inarginale appears to induce postinfection immunity
against heterologous isolates (8, 17, 20). Consequently, we 
have used the Florida isolate to identify surface proteins for 
vaccine development (14). Immunization ofcattle with a 100-
to 105-kilodalton (kDa) surface protein complex, identified in 
the Florida isolate with neutralizing antibodies, induces 
protection against challenge with a homologous isolate of A. 
inarginale (12). The abili~y of the 100- to 105-kDa surface 
complex, designated major ,urface protein-1 (MSP.1), to 
induce heterologous protection has not been tested. 

The Florida isolate MSP-1 is composed of two nonco-
valently linked polypeptides of 105 and 100 kDa (2). The105-kDa polypeptide (referred to in reference 2 as 105U)
bea sr poed (-epi inrefeencg neutralis ntos, a 2bears surface-exposed epitopes, including neutralization-
sensitive epitope conserved among A. inarginalc isolates 
(12, 13, 16). The 100-kDa polypeptide, previously referred to 
as 105L, also has surface-exposed epitopes (2). Although 
MSP-1 is conserved as a bimolecular complex in different A. 
inarginale isolates, the molecular size of the polypeptide 
components varies markedly among isolates (11). The poly-
peptide bearing the conserved neutralization-sensitive 
epitope is 105 kDa in the Florida isolate MSP-1 complex and 
is 70 to 100 kDa in the complexes of the five isolates 
characterized to date (11). The second component of the 
MSP-1, 100 kDa in the Florida isolate, varies by approxi-
mately 3 kDa among the five isolates (11). 

The Okanogan, Wash. (Washington-O), isolate differs 
antigenically, morphologically, and in protein composition 
from the Florida isolate (1, 6, 7, 9). Despite the antigenic 
differences, the neutralization-,'ensitive epitope on the MSP-
1 is conserved (9, 12). Comparison of MSP-1 between the 
Florida and Washington-O isolates was done by using im-
munoprecipitation and immunoblotting with antibodies pre-
viously defined against each of the Florida MSP-1 polypep-

* Corresponding author. 

tides (2). Following radiolabeling of A. inarginale proteins
with [35Sjmethionine during short-term in vitro cultivation of 
each isolate (1), 105 cpm (acid precipitable) were reacted 
with either monoclonal antibody ANA 22B1 (specific for the 
105-kDa polypeptide) or rabbit antibody R911 (specific for 
the 100 kDa polypeptide). Bound complexes were precip
itated with protein A-bearing Staphylococcus aurets. and 
the specifically bound polypeptides were identified by poly
acrylamide gel electrophoresis and fluorography. As previ
ously demonstrated (11), immunoprecipitation of Florida 
isolate protL:ns with either monoclonal antibody ANA 22B1 
(Fig. 1) or rabbit antibody R911 (data not shown) precip
itated both the !05-kDa polypeptide and the 100-kDa poly
peptide. The Washington-O isolate polypeptides precipitated
by either antibody were 100-kDa and 86-kDa components 
(Fig. 1). Therefore, as expected, the bimolecular nature of 
MSP-1 is conserved in the Washington-O isolate. 

The antigenic identity of each Washington-O MSP-1 poly
peptide was determined by immunoblotting. Approximately
peptide sodtied by imntin Arimtely100 g of solubilized whole-organism antigen (Washington-O 
isolate) per lane was electrophoresed in 5% polyacrylamidegels containing 4 M urea to separate the MSP-1 polypep
tides. The antigens were electrophoretically transferred to 

. 1h e ni tro oea raeed to 
0.45-pm-pore-size nitrocellulose and reacted with either 
monoclonal antibody ANA 22B1 or rabbit antibody R911,
and antibody binding ww detected with ' 251-protein A. 
Monoclonal antibody 22B1, which binds the Florida isolate 
105-kDa polypeptide, bound the 86-kDa component but not 
the 100-kDa component of the Washington-O MSP-1 (Fig. 
2). Rabbit antibody R911, which recognizes the Florida 
isolate 100-kDa polypeptide, bound only to the 100-kDa 
component in the Washington-O MSP-1 (Fig. 2). Therefore, 
the polypeptide bearing the neutralization-sensitive epitope 
is approximately 19 kDa smaller in the Washington-O isolate 
than in the Florida isolate. In contrast, the size of the second 
polypeptide, shown to have minor size variation among 
other characterized isolates, is similar in both the Washing
ton-O and Fi-ida isolates. 

The ability of MSP-1 to induce antibody to each polypep
tide component and to induce cross-protective immunity 
was assessed by immunization of cattle with Florida isolate 
MSP-1. MSP-1 was purified from the Florida isolate A. 
inarginale by using monoclona! immunoaffinity chromatog
raphy as previously described (12). Seronegative cattle were 
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1 2 3 4 

105 ka--

100 kD1-

86 kD-

FIG. 1. Comparison of MSP-1 complexes between the Florida 
and Washington-O isolates of A. marginale. Organisms from each 
isolate were radiolabeled with [3 5Slmethionine, detergent disru,ted, 
and immunoprecipitated with monoclonal antibody ANA 22B1, 
which recognizes a conserved MSP-1 epitope. Immunoprecipitates 
were identified by polyacrylamide gel electrophoresis with fluorog-
raphy. Florida isolate proteins were immunoprecipitated with mono
clonal antibody ANA 22B1 (lane 1) or control monoclonal antibody
TRYP 1El (lane 3). Washington-O isolate proteins were immuno-
precipitated with ANA 22B1 (lane 2) or TRYP 1El (lane 4). Arrows 
in the left margin designate the apparent molecular masses, in 
kilodaltons, of the polypeptides. 

imminized with 50 Rig of MSP-1 emulsified in complete 
Freund adjuvant for the initial immunization and in incom-
plete adjuvant for three subsequent immunizations at 3-week 
intervals. Control seronegative cattle were immunized with 
50 l±g of ovalbumin emulsified ir, identical adjuvarts and 
boosted on an identical schedule. Following the last immu-
nization, antibody titers to each MSP-1 component were 
determined by endpoint titration by using serial dilutions of 
sera in iminunoblots (4, 15). All cattle immtnized with 

1 2 3 4 

100 kD ;,'.... 

D1-

FIG. 2. Antigenic identity of MSP-1 polypeptides in the Wash-
ington-O isolate of A. marginale. Washington-O isolate antigens 
were separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and transferred to nitrocellulose. Antibody binding was 
detected by reaction with 1

2 51-protein A, followed by autoradiogra-
phy. Lanes: 1, rabbit antibody R911 (defined against the Florida
isolate 100-kDa poiypeptide); 2, monoclonal.... antibody ANA 221B1 
(defined against the Florida isolate 105-kDa polypeptide); 3, control 
rabbit antibody (against E. coli); 4, control monoclonal antibody
TRYP El. 
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TABLE 1. Protection of cattle immunized with Florida isolate
 
MSP-1 against challenge with the A. marginale Florida isolate
 
Immunogen Titer of antibody to: DP t l Peak Low
 

and 105-kDa 100-kDa ricketsemia" rickettsemia PCV 
animal no. polypeptide polypeptide te%) (%) 

MSP-1
 
B209 256,000 128,000 23 4.5 22.5
 
B211 256,000 128,000 Uninfected 0.0 29
 
B218 256,000 256,000 26 2.2 25.5 
B226 128,000 64,000 Uninfected 0.0 29 
B227 128,000 128,0)0 26 4.0 24.5 

Ovalbumin
 
B219 - 16 25.6 
 13
 
B220 - - 18 
 8.1 23
 
B222 -  25 9.7 22
 
B224 -  16 8.9 23.5 
B225 - 15- 10.1 26 

" Rickettsemia was determined by daily microscopic examination of
 
Wright-stained blood smears for 75 DPC.
 

hPCV, Packed-cell volume.
we-, Sera from all ovalbumin-immunized cattle were unreactive with A.marginalh polypeptides, including MSP-1, at the lowest dilution tested, 1:500. 

MSP-1 developed antibody to both polypeptide components 

(Tables 1 and 2). On the basis of responses of all MSP
1-immunized cattle, there was no significant difference (P =
 
0.68) in the titers of the MSP-1 components, as evaluated
 
with the paired t-test (18). The range of titers was from
 
1:64,000 to 1:256,000 against each polypeptide. Sera from all
 
ovalbumin-:mmunized cattle were unreactive 
 against A.
 
marginateantigens, including boih MS,-1I polypeptides (Ta
bles 1 and 2).
 

Five MSP-1-immunized catle and five ovalbumin-immu
nized cattle were challenged by intramuscular inoculation of
 
10 ° Florida isolate-infected erythrocytes derived from cryo
preserved stabilate (homologous challenge). All five ovalbu
min-immunized cattle developed microscopically detectable
 
rickettsemia and had 1.0% infected erythrocytes in a mean
 
of 18 days postchallenge (DPC) (Table 1). Cattle in this
 

TABLE 2. Protection of cattle immunized with Florida isolate
 
MSP-1 against challenge with the A. marginale
 

Washington-O isolate
 

tmmunogen Titer of antibody to: Peak 
and DPC to 1% rickett

105-kDa 100-kDa rickettsemia" semia 
polypeptide polypeptide (%)
 

MSP-1
 
B187 64,000 128,000 Uninfected 0.0 36
 
B194 64,000 128,000 Uninfected 0.0 35
 
B196 128,000 128,000 Uninfected 0.0 33
 
B203 64,000 64,000 Uninfected 0.0 35
 
B208 128,000 128,000 Uninfected 0.0 33
 

Ovalbuntin
 
B189 -- '  25 4.8 27.5
 
B195 -  25 3.6 25
 
B197  - 29 3.0 27.5
 
B207 
 - - 22 5.5 26.5
 
B217 - - 25 4.6 26
 

Wright-stained"Ricketsetiabloodwas for 75 DPC.by microscopic examinationsmearsdetermined daily of 
hPCV, Packed-cell volume. 

--. Sera from all ovalbunin-immunized cattle were unreactive with A. 
mnarginhale polypeptides, including MSP-1. at the lowest dilution tested, 1:500. 

1)
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control immunized group developed a mean peak of 12.5% 
infected erythrocytes. The mean low packed-cell volume, a 
measure of the anemia characteristic of acute anaplasmosis, 
was 21.5%. In contrast, two of the five MSP-1-immunized 
cattle did not develop detectable rickettsemia (Table 1). The 
three MSP-1 vaccinates that were infected upon challenge 
were partially protected as determined by the significant 
prolongation of the prepatent period (DPC to 1% infected 
erythrocytes) a.; compared with the ovalbumin-immunized 
cattle (P < 0.0'_,5, pooled t-test). As a group, the MSP
1-immunized cattle had significantly lower peak rick, .tsemia 
(mean of 2.1%) (P < 0.025) and were significantly less 
anemic (mean packet cell volume of 26%) (P = 0.055) than 
ovalbumin-immunized cattle. 

Cross-protective immunity induced by MSP-1 immuniza-
tion was tested by heteiologous challenge with intramuscu-
lar inoculation of 10() Woshington-O isolate-infected eryth-
rocytes derived from cryopreserved stabilate. The 
Washington-O isolate wa!, less virulent than the Florida 
isolate, as judged by challeilge infections in the control cattle 
(Table 2). The Washington-O isolatn c.aused significantly less 
severe disease on the basis of all three parameters: DPC to 
1.0% infection, peak rickettsLmia, and minimum packed-cell 
volume (P < 0.03 for all parameters by the pooled t-test) 
(18). All five ovalbumiu-immunized cattle challenged with 
Washington-O isolate A. marginale developed microscopi- 
cally detectable rickettsemia in a mean of 25 DPC (I ble 2). 
The ovalbumin-immunized cattle reached a meao peak of 
4.3% infected erythrocytes and a mean low packed-cell 
volume of 26.5%. In contrast to the challenge infections in 
the ovalbumin-immunized cattle, none of the five MSP-
1-immunized cattle challenged with the Washington-O iso-
late developed microscopically detectable infection (Table 
2). The packed cell volumes were unchanged from prechal-
lenge levels (data not shown). 

Protection against antigenically and structurally variant 
isolates of A. mnarginale is a primary requirement for devel-
opment of an improved vaccine (10). The identification of 
isolates structurally variant in the MSP-1 raised the possi-
bility that, despite conservation of a neutralization-sensitive 
epitope, the MSP-1 may not induce significant protection 
against challenge with a heterologous isolate (11). The dem-
onstration that immunization of cattle with the Florida 
isolate MSP-1 induced complete protection against challenge 
with the Washington-O isolate indicates that MSP-1 epitopes 
relevant to cross-protection are conserved. Determination of 
the extent of conservation among isolates and the ability of 
MSP-1 immunization to induce widely cross-protective im-
munity requires challenge with additional isolates. The con-
tribution of each MSP-1 polypeptide to the protective immu-
nity is unknown. Both polypeptides have surface-exposed 
epitopes and are immunogenic when presented in the MSP-1 
complex. The requirement for each polypeptide in atvaccine 
will be determineaj by using individual purified recombinant-
derived polypeptides for immunization. 

The complete protection afforded the five calves chal-
lenged with the Washington-O isolate versus the complete 
protection in only two Florida isolate-challenged calves is 
probably the result of the Washington-O being significantly 
less virulent. Complete protection ofonly a proportion of the 
MSP-1-immunized cattle following Florida isolate challenge 
was similar to the results of immunization experiments 
previously reported (12). The basis for the differences in 
protection is not clear; there were no significant ,differences 
in antibody responses to either MSP-1 component between 
completely protected cattle and partially protected cattle. 

INFECT. IMMUN. 

Similarly, there were no obvious differences between the 
two groups in the ability of antibody to promote A. margin
ale opsonization (data not shown). Although in vitro incu
bation of antibody with A. marginale neutralizes infectivity 
(12, 14). the mechanism of neutralizatien in MSP-1-immu
nized cattle is unknown. Identification of the basis for 
neutralization in vivo is needed to understand the difference 
between complete and partial protection following virulent 
challenge. 
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Amajor surface protein complex from the Florida isolate ofAnaplasma marginale has been previously shown 
to Induce protection In Immunized cattle and has been proposed as the basis of a subunit vaccine against 
anaplasmosis. This complex In the Florida Isolate Is composed of two noncovalently associated polypeptides 
with molecular masses of 105 and 100 kilodaltons (kDa). The analogous protein complex from tour 
geographicafly different isolates of A. marginale was Immunoprecipitated and compared with th,- protein 
complex of the Florida isolate. The polypeptides of the complex varied In apparent molecular mass among the 
Isolates. By using antibodies recognizing epitopes on each polypeptide of the Florida Isolate, the antigenic 
identity of the polypeptides in the analogous complexes was determined. The polypeptides recognized by the 
neutralizing monoclonal antibody 22B,, which recognizes a 105-kDa polypeptide in the Florida isolate, ranged 
from 70 to 100 kDa In the other Isolates. Those polypeptlides recognized by rabbit antiserum R911, which 
recognizes a 100-kDa polypeptide in the Florida Isolate, ranged from 97 to 100 kDa. The surface-exposed 
peptides In the complexes were compared by limited enzymatic digestion to assess structural homology among 
isolates. Despite the marked variations In molecular weight, there were conserved peptides between the 
22B,.reactive polypeptides and between the R911-reactive peptides. Determination of the role of the conserved 
peptides In inducing Immunity will be critical In the application of these polypeptides as the basis of a subunit 
vaccine for bovine anaplasmosis. 

Bovine hemoparasite infections are a significant economic 
hindrance to the improvement of meat, milk, and fiber 
production in lesser-developed nations. The most prevalent 
of these diseases, anaplasmosis, is enzootic to nearly half the 
world's livestock production regions (18). Responsible for an 
estimated 100 million dollars per year in economic losses in 
the United States alone (16), anaplasmosis generates severe 
losses through mortality, reduced weight gains, and de-
creased milk production. Control of the causative rickettsia, 
Anaplasma marginale, is presently attempted by chemother-
apy, vector control, and vaccination. However, current 
forms of vaccination, including live, attenuated strains (24) 
or killed, whole-organism preparations, have proven inade-
quate for widespread use, and the U.S. Agency for Interna-
tional Development has placed a high priority on the devel-
opment of more effective immunization (18). 

A promising approach towards immunoprophylaxis is a 
subunit vaccine. Monoclonal antibodies against an erythro-
cyte-stage surface protein of the Florida isolate of A. mar-
ginale neutralize infectivity (20). This major surface protein, 
designated MSP-1, is recognized by postinfection antisera 
from cattle immune to A. marginale, regardless of the isolate 
used to infect the cattle (21). MSP-1 has the ability to induce 
protection in immunized cattle against both a homologous 
(20) and a heterologous (G. H. Palmer, T. C. McGuire, and 
A. F. Barbet, unpublished data) A. marginale challenge and 
has been proposed as the basis of a subunit vaccine. 

When purified from the Florida isolate of A. marginale, 
MSP-1 consists ofa complex of two separate gene products 
(3), with apparent molecular masses of 105 and 100 kilodal-

tons (kDa), designated AmFI05 and AmFI00, respectively 
(by genus, species, isolate, and molecular mass in kilcdal
tons). The exact nature of the noncovalent association 
between AmFI05 and AmFI00 isunknown, but the polypep
tides may be resolved by sodium dodecyl sulfate (SDS)
polyacrylamide gel electrophoresis under reducing condi
tions. AmF105 bears a neutralization-sensitive epitope 
common to all isolates of A. marginale examined in the 
United States, Israel, and Kenya (21a). 

Demonstrated differences in morphology (10), antigenicity 
(17), virulence (11), tick transmissibility (27), protein struc
ture (2), and ability to induce cross-protection (12) exist 
among the various isolates of A. marginale. Because an 
MSP-l-based subunit vaccine must protect against multiple 
isolates of A. marginale within a region, it is essential to 
determine whether differences exist between the polypep
tides of the MSP-1 complex among various isolates. In this 
study, we examined these polypeptides from four antigeni
cally distinct isolates and compared them with AmF105 and 
AmF100. The antigenic identity and apparent molecular 
mass of each polypeptide were determined, and the surface
exposed peptides were compared by partial proteolysis to 
assess structural homology among isolates. 

MATERIALS AND METHODS 
Source of A. marginale organisms. Five field isolates of A. 

marginale were used in this study. The isolates are desig
nated by the original location of isolation (17): Florida (F), 
southern Idaho (I), northern Texas (T), Virginia (V), and 
Clarkston, Wash. (W). The isolates were collected (11) and 

stored in liquid nitrogen as an infected-blood stabilate (15) 
Corresponding wahor. before being used to initiate infections. Thawed stabilate (20 

t Present address: Department of Veterinary Microbiology and ml) from each isolate was inoculated intramuscularly into 
Pathology, Washington State University, Pullman, WA 99164-7040. splenectomized 4-month-old, male Holstein calves. Calves 
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were monitored daily by determination of percent parasite-
mia and hematocrit. 

3Ss labeling of organisms. A. marginale initial bodies were 

radiolabeled during short-term erythrocyte culture, as de-
scribed previously (2). Barbet et al. (2) demonstrated that the 
radiolabel is incorporated exclusively into the initial bodies 
during this procedure. Briefly, approximately 10 ml of blood 
was drawn from each calf when its parasitemia reached 
between 15 and 30%. The blood was washed three times with 
Hanks balanced salt solution without calcium or magnesium 
and then was washed once more with Eagle minimal essen-
tial medium containing Earle salts, 10% fetal bovine serum, 
2 mM L-glutamine, 100 i±g of streptomycin per ml, and 100 U 
of penicillin per ml. After each sterile wash, the buffy coat 
was removed. Washed erythrocytes were diluted 1:8 in 
minimal essential medium, and [15S]methionine (125 1.Ci/ml) 
was added. The suspension was incubated at 37*C with 5% 
CO2 in air for 48 h. Cultures were collected and washed four 
times in Hanks balanced salt solution. Organisms were lysed 
by dilution in a 50 mM Tris (pH 8.0) buffer containing 5 mM 
EDTA, 5 mM iodoacetamide, 1 mM phenylmethylsutfonyl 
fluoride, 0.1 mM N-alpha-p-tosyl-L-lysyl-chloromethyl ke-
tone (TLCK), 1%Nonidet P-40 (NP-40), and 0.1% SDS, and 
frozen at -70*C until used. 

"~I surface labeling of organisms. A. marginale initial 
bodies were purified from Infected-blood stabilates as previ-
ously described (22). The isolated organisms were sus-
pended in 250 pILof phosphate-buffered saline (10 mM 
sodium phosphate, 14 mM NaC! [pH 7.4]). Approximately 5 
x 10' isolated A. marginale initial bodies were labeled with 
..21 (1 mCi) by the lactoperoxidase method (26). Free iodine 

was removed by G-50 column chromatography, and incor-
poration of the label was determined by trichioroacetic acid 
precipitation. 

asAntibodies. All antibodies were prepared and screened 
previously described (7). 22B 1 is a neutralizing monoclonal 
antibody recognizing an epitope of AmF105 common to 
multiple isolates of A. marginale (17, 20). TIM is a mono-
clonal antibody specific for the variable surface glycoprotein 
of Trypanosoma brucei and serves as a negative control. 
R911 is a polyclonal, monospecific rabbit antiserum recog-
nizing the complete recombinant polypeptide, AmF100, as 
expressed in Escherichia coil (3). R907 is a rabbit serum 
against E. coilwithout the inserted AmF100 gene and serves 
as a negative control for R911. R767 and R865 are rabbit 
antisera recognizing all mouse antibody subclasses. 

Immunoprecipitation and electrophoresis of surface pro-
teins. Labeled A. marginale initial bodies were disrupted by 
detergent and sonication, centrifuged, and filtered, as previ-
ously described (22). Approximately 106 trichloroacetic acid-
precipitable cpm of 3-S-labeled proteins or I0 trichloroace-

12 3tic acid-precipitable cpm of ,-labeled proteins were 
diluted with TEN buffer (20 mM -ris, 5 mM EDTA, 10 mM 
NaC! [pH 7.6J) with 1%NP-40 and 0.1% SDS. Either 5 p.g of 
22B1 (orTIEI) or 10 l of R911 (or R907) was added, and the 
solution was incubated at 40C for 40 min. A 10-±1 quantity of 
R767 was added to the 22B 1 (T1E) precipitations, followed 
by another 40-min incubation at 4°C. A 100-Il quantity of a 
10% (wt/vol) suspension of protein A-bearing Staphylococ-
cus aureus was added, and the solution was incubated for 30 
min at 4°C. Pellets were washed six times with TEN with 
NP-40 and SDS; the final four washes were done with an 
additional 2 M NaCI. The pellets were suspended and 
washed two more times in TEN without detergent. The 
precipitates were suspended in 50 p1 of sample buffer (2% 
SDS, 2.5% 2-mercaptoethanol, 25 mM Tris [pH 6.8], 15% 
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glycerol, 0.002% bromophesiol blue) and boiled, and the 
supernatants were either frozen at -20°C or used directly on 
5% polyacrylamide gels containing 4 M urea under reducing 
conditions. "4C-labeled proteins for molecular mass compar
isons consisted of the following: myosin, 200 kDa; phos
phorylase b, 92.5 kDa; bovine serum albumin, 69 kDa; 
ovalbumin, 46 kDa; carbonic anhydrase, 30 kDa, trypsin 
inhibitor (soybean), 21.5 kDa; lysozyme, 14.3 kDa; cyto
chrome c, 12.5 kDa; aprotinia, 6.5 kDa; B chain of bovine 
insulin, 3.4 kDa; and Achain of bovine insulin, 2.3 kDa. The 
gels were fixed in 40% methanol for 30 min, and "S-labeled 
gels were processed for fluorography by immersion in 
En 3Hance (New England Nuclear Corp.) and then in deio
nized water. Vacuum-dried gels were exposed to Kodak 
XAR-5 X-ray film at -70WC. Gels containing iodine-labeled 
proteins were exposed. to X-ray film with an intensifying 
screen. 

Western blots (immunoblots). A. marginate initial bodies 
were isolated, suspended in electrophoresis sample buffer, 
and separated on a 5%polyacrylamide gel with 4 M urea. 
The polypeptides were transferred onto nitrocellulose (pore 
size, 0.2 p.m) blocked with 1%bovine hemoglobin in a pH 
7.6 buffer containing 17 mM NaCI, 10 mM Tris, and 0.1 mM 
phenylmethylsulfonyl fluoride. The nitrocellulose was incu
bated for 30 min with the above buffer plus 0.1% SDS, 1% 
Triton X-100, 1 mM EDTA, and either a 1:100 dilution of 
R911 or R907 or 2 tg of 22B, or TIE1 per ml. The 
nitrocellulose was washed in the same buffer, and the 22B1 
or TIE1 filters were incubated for an additional 30 min with 
a 1:2,000 dilution of R865, followed by four more washes. All 
nitrocellulose filters were then incubated for 30 min with 10 
cpm of 1251-labeled protein A and washed 10 times, the final 
5without hemoglobin. The nitrocellulose was dried, covered 
with Saran Wrap, and ex,'osed to X-ray film, as above. 

Antigenic Identity of Immunoprecipitated polyrpeptides. 
Autoradiographs were alijned with dried gels, and the major 
I2 l-labeled bands immunoprecipitated by 22B, or R911 were 
excised. The gel was placed back on X-ray film to ascertain 
that the protein bands had been properly removed. The gel 
fragments were rehydrated in TEN buffer with NP-40 and 
SDS and electroeluted into dialysis tubing, with a molecular 
weight cutoff of 10,000, at 150 V and 25 mA for 3 h. The 
current was reversed for 10 min, and the gel fragments were 
pelleted by centrifugation. The supernatant was collected, 
and the eluted polypeptides were individually reimmuriopre
cipitated with 22B1 and R911, as described above. 

Structural relationship of Immunoprecipitated polypep 
tides. Autoradiographs were aligned with dried gels, and the 
1 5II-labeled polypeptides were cut out as described above. 
The gel fragments were then placed into the wells of the 
stacking gel and allowed to rehydrate in running buffer. 
Polypeptides were digested in the gel for 45 min with 1.5 Ipg 
of S. aureus V8 protease, as previously described (4). 
Polyacrylamide gels (10% polyacrylamide) were fixed, vac
uum dried, and exposed to X-ray film, as described above. 

RESULTS 

Immunoprecipltation of A. marginate proteins. The major 
polypeptides precipitated by 22B, have apparent molecular 
masses of approximately 105 kDa in the Florida, 97 kDa in 
the south Idaho, 89 kDa in the north Texas, 70 kDa in the 
Virginia, and 86 kDa in the Washington isolates (Fig. 1). 
Other bands were present with apparent molecular masses of 
100 kDa in the Florida, Virginia, and Washington isolates, 97 
kDa in the Idaho isolate, and 98 kDa in the Texas isolate. 
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FIG. 1. Polyacrylamide electrophoresis of A. marginale poly-

peptides immunoprecipitated by monoclonal antibodies 22B, (lanes
1,3,5,7, and9) or T1El (lanes 2, 4, 6,8, andl0), as described in 
Materials and Methods. F, I, T, V, and W represent the Florida,
south Idaho, north Texas, Virginia, and Clarkston, Wash., isolates 
of A.marginale, respectively. The polypeptides later demonstrated 
to be recognized by 22B1 (*) and plypepides later demonstrated to 
be recognized by rabbit antiserum R911 (*) (see text and Table 1) 
are indicated. The numbers to the left of the gel represent the 
positions of the molecular mass markers (inkilodaltons). 

Polypeptides ranging from 82 to 92 kDa occasionally ap-
peared in most isolates but were inconsistent. The major
polypeptides precipitated by R911 have apparent molecular 
sizes of 100 kDa in the Florida, Virginia, and Washington 
isolates, 97 kDa in the Idaho isolate, and 98 kDa in the Texas 
isolate (Fig. 2). Similarly, fainter bands appeared with mo-

1 2 3 4 5 6 7 8 9 10 

200

6969 

IF IF I I T T V V w w"" 

FIG. 2. Polyacrylamide electrophoresis of A. marginale poly-
peptides immunoprecipitated by rabbit antisera R911 (anes 1,3, 5,
7, and 9)or R907 (lanes 2, 4, 6, 8, and 10), as described inMaterials 
and Methods. F. 1,T, V, and W represent the Florida, south Idaho, 
north Texas, Virginia, and Clarkston, Wash., isolates of A. margi-
nate, respectively. The polypeptides later demonstrated to be rec-
ognized by R911 (*) and polypeptides later demonstrated to be 
recognized by monoclonal antibody 22B (*) (see text and Table 1) 
are indicated. The rumbers to the left of the gel represent the 
positions of the molecular mass markers (inkilodaltons). 

lecular masses correlating with the molecular masses of the
major bands immunoprecipitated by 22B1 (i.e., 70 to 105 
kDa). No proteins were precipitated by either TI El or R907. 

Western blots. The apparent molecular masses of the 
major polypeptides recognized by 22B, in the Western blot 
were the same as t ose precipitated by 22B, above, i.e., 105, 
97, 89, 70, and 86 kDa for the Florida, Idaho, Texas, 
Virginia, and Washington isolates, respectively (Fig. 3A). 
Similarly, the polypeptides recognized by R911 in the West
em- blot had the same molecular weights as the primary
polypeptides immunoprecipitated by R911 (Fig. 3B). Upon 
increased exposure of the autorddiographs, lower-molecu
lar-weight polypeptides infrequently appeared in blots with 
both antibodies, ranging in molecular mass from 85 to 92 

No proteins were recognized by TIE1 or R907. 
Antigenic Identity of Immunoprecipitated polypeptides. We 

decided to analyze which polypeptides in the complex 
contained epitopes that were recognized by each antibody, 
22B, or R911. ' l-abeled initial bodies were immunoprecip-

A 1 2 3 4 8 6 7 a 9 10 

200 

5 

169 
., 

. . 

B 1 2 3 4 5 6 7 8 9 10 

200 

92.5 

, 

F I T V W F I T V W 
FIG. 3. Western blot analyses of A.marginale initial body pro

teins separated by SDS-polyacrylamide gel electrophoresis and 
probed with (A) monoclonal antibodies 22B1 (lanes I through 5)or 
TIE1 (lanes 6 through 10), or (B) rabbit antisera R911 (lanes 1 
through 5)or R907 (lanes 6 through 10), as described in Materials 
and Methods. F, I,T, V, and Wrepresent the Florida, south Idaho, 
north Texas, Virginia, %ndClarkston, Wash., isolates of A. margi
nale, respectively. The numbers to the left of the gel represent the 
positions of the molecular mass markers (in kilodaltons). 
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FIG. 4. Antigenic identity of polypeptides of the immunoprotective complex ofA. marginale. The complex was immunoprccipitated with 
22B, (lanes 1 through 4)or R911 (lanes 5 through 8) and the individual polypeptides were excised, as described in Materials and Methods. 
The higher-molecular-mass polypeptide of each complex was reprecipitated by either 22BI (lanes 1 and 5) or R911 (lanes 2 and 6). Similarly. 
the lower-molecular-mass polypeptide of each complex was reprecipitated by either 22BI (lanes 3 and 7)or R911 (lanes 4 and 8). The identity 
of the polypeptides of the Florida isolate of A. marginaleis demonstrated above; the resulis for the south Idaho, north Texas, Virginia, and 
Clarkston, Wash., isolates are not shown but are summarized in Table 1.immunopptn., Immunoprecipitation. 

itated with either 22B, or R911 and electrophoresed, and the 
individual polypeptides were excised. The polypeptides 
were eluted from the gel fragments, and each separated 
polypeptide was eimmunoprecipitated individually with 
R911 and 22B,. The results of the Florida isolate are de
picted in Fig. 4; the polypeptides of the Idaho, Texas, 
Virginia, and Washington isolates were identically repreci
pitated (results not shown). 

Within an isolate, the size of the complex component 
containing the neutralization-sensitive epitope recognized by 
22B, did not differ, whether the complex was originally 
precipitated with 22B, or.R911. Similarly, the size of the 
complex component recognized by R911 was identical when 
initially precipitated by either antibody. These results con-
firmed that the complex of two polypeptides precipitated by 
22B31 contained the same two polypeptides as that precip-
itated by R911. The antigenic identities of the polypeptides 
in the complex for all five isolates are summarized in Table 
1. The complex components recognized by 22B, had molec-
ular masses of 105, 95, 89, 70, and 86 kDa for the Florida, 
Idaho, Texas, Virginia, and Washington isolates, respec-
tively, while the polypeptides recognized by R911 had 
molecular masses of 100, 98, 97, 100, and 100 kDa for the 
same isolates. 

Structural relationship of immunoprecipitated polypep-
tides. The polypeptides of the complex were individually 
examined by partial proteolysis to analyze structural poly-
morphisms between isolates (Fig. 5A and B). The 22B,-
reactive polypeptides all exhibited cleavage peptides of 
apparent sizes of 58, 38.5, 27.5. 16.5, and 11.8 kDa. Isolate-
specific peptide bands could be identified between 15 and 20 
kDa in most isolates. The polypeptides recognized by R911 

ular masses of 29, 23, and 10.8 kDa in all five isolates. In 
addition, several fragments between 16 and 19 kDa were 
present in every isolate, and a few isolate-specific peptides 
were visible between 32 and 45 kDa in most isolates. 

DISCUSSION 

Despite severe losses and widespread regions enzootic for
 
the causative rickettsia, A. marginale, effective immuno
prophylaxis for anaplasmosis has not been developed. Im
munization of cattle with a complex of two initial body 
surface polypeptides (MSP-1) induces protection against 
virulent A. marginale challenge (20). Comparison of the 
polypeptides of MSP-1 among isolates is essential to ensure 
that a subunit vaccine based on this complex will protect 
cattle against all the different isolates ofA. marginale within 
a region. 

The polypeptides of MSP-1 from the five isolates exam
ined exhibit striking variations in molecular mass, differing 
by as much as 35 kDa between the Florida and Virginia 
isolates. Extensive size polymorphisms of proteins have 
been similarly discovered in other organisms, including the 

TABLE 1. Antigenic identity of the polypeptides in the 
immunoprotective MSP-I complex of A. marginale 

Major complen Apparent molecular mass (kDa) in isolate': 
component F I T V W 

Recognized by 22B, 
Recognized by R911 

105 
100 

95 
98 

89 
97 

70 
100 

86 
100 

" Isolates: F.Florida: I. south Idaho: T. north Texas: V. Virginia: W. 
were cleaved into major fragments with approximate molec- Clarkston. Washington. 
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Go 

1 2 

9 
3 4 5 lope recognized by the monoclonal antibody 22B, (21a),

supporting the possibility of an AmFI05-based vaccine. The 
Florida polypeptides are the largest of all the isolates exam
ined, suggesting potential determinants essential for protec
tion have not been lost or deleted, as is possible with a 

46- vaccine based on the lower-molecular-weight polypeptides 
of the other isolates. Besides being one of the more virulent 

30- isolates (12, 23-25, 29), the Florida isolate is also the most 
widely cross-protective of all the isolates tested so far (13. 

21t5 
24, 29). This may imply that there may be more conserved 
determinants on the polypeptides of the Florida isolate. 

One unusual feature of MSP-1 is that the polypeptides are 
integrally associated, despite the large size variations be

14.3" tween isolates. The reimmunoprecipitations clearly demon
strate that the polypeptides precipitate as a complex, regard

* less of which polypeptide is initially recognized by the 
antibody. The polypeptides tend to dissociate during immu-

B 

F 

1 

I 

2 

T 

3 

V 

4 

W 

5 

noprecipitation, probably due to the stringent washing con
ditions used (3). As a result, more of aie polypeptide 
containing the epitope initially recognized is precipitated, as 

69-
-"demonstrated 

band. 
by the greater intensity of this polypeptide 

The MSP-1 appears to consist of just the two major 

46- polypeptides, although lower-molecular-weight polypeptides 
were inconsistently precipitated as well. Excision and reim

30. 

21.5-

munoprecipitation of some of these fainter polypeptides
confirmed these polypeptides as being either recognized by
the rabbit antiserum, R911, or not precipitated at all (results 
not shown). These polypeptides may be breakdown products 

A of the higher-molecular-weight proteins, which either occur 

14.3-

*degree 

naturally or result from handling during the procedures 
described above. Alternately, they may be unrelated pro
teins which are also complexed but dissociated to a greater

by the washing steps of the immunoprecipitation 

6.5-1 
F I T V W 

protocol. Another possibility is that the smaller, R911
reactive polypeptides are the products of one of the other 
two to four copies of the gene for this protein (3); this seems 

FIG. 5. Structural identity of polypeptides of the immunoprotec- less likely, as the polypeptides varied in size, even among 
tive complex of A. marginale. Polypeptides were excised and identically treated immunoprecipitations of the same isolate,
partially digested as described in Materials and Methods. F, I, T. V. and there is presently no evidence that the other gene copies
and W represent the Florida. south Idaho, north Texas, Virginia. are expressed. Only one copy of the gene for the 22B,
and Clarkston, Wash., isolates of A. marginal?, respectively. (A) reactive polypeptide has been detected by hybridization
22BI-reactive polypeptides. Lanes: 1, AmFI95; 2, Am195: 3. experiments (D. R. Allred, A. F. Barbet, G. H. Palmer, and 
AmT89; 4, AmV70; 5. AmW86. (B) R911-reactive polypeptides. T. C. McGuire, unpublished data).
Lanes: 1, AmFI00; 2, Am198; 3, AmT97; 4, AmV.00 5, AmW100. 
The numbers to the left represent the positions ofthe molecular mass markers (in kilodaltons). Upon extremely long exposures of the autoradiographs ofthe 22B1 immut' iprecipitations or the Western blots using

22B,. some proteins of very high molecular mass became 
visible at approximately 150 to 225 kDa. The different sizes 

M protein of group A streptococci (8), the vari;ant-specific of these high-molecular-mass proteins correspond to the 
surface glycoprotein of Trypanosonza vivax (S), and the sizes of the major 22B,-reactive complex polypeptides; that 
circumsporozoite (6, 30) and S-antigens (5) of Hasmodium is, the largest of these high-molecular-weight proteins is 
falciparum. Considerable protein size differerces among found in the Florida isolate, the next largest is found in 
rickettsial species have been reported less frequently; only Idaho, the smallest is found in Virginia, etc. These high
slight protein size variations were found between strains of molecular-weight proteins may be precursors or dimers of 
Rickettsia rickettsii (1), although the I10-kDa p:otein of the the 22B,-reactive polypeptides, or, like the N-acetyl-D-
Karp isolate of Rickettsia tsutsugamushiappears to vary by glucosamine-containing bands seen in the precipitations of 
as much as 20 kDa in the Kato and Gilliam strains (19, 2F). the M protein of Streptococcuspyogenes (8), may contain 

Wide divergence among the isolate proteins could be noncovalently attached glycolipids, other complexed pro
critical to the application of the polypeptides of the Florida teins, or cell wall components.
isolate MSP-1 as the foundation of a subunit vaccine. How- The polypeptides in the MSP-1 complex appear to be. 
ever, the Florida MSP-1 polypeptides have been demon- generally homologous in structure. Despite size variations as 
strated as capable of inducing protection not only against the large as 35 kDa, there are several conserved peptides be-
Florida isolate of A. marginale, but also against a heterolo- tween the 22B,-reactive polypeptides. Similarly, the pattern 
gous Washington (Okanogan) isolate (20). All of the isolates of fragments resulting from a digestion of the R911-reactive 
used in this study, as well as others from the United States, polypeptides is very similar among isolates, suggesting re-
Israel, and Kenya, contain the neutralization-sensitive epi- gions of structural homology. Identification of any role for 

/, 
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these conserved peptides in inducing protection may be 
important for determining the mechanisms of immunity and 
of size variation. 

Proteins containing multiple repeats may migrate anoma-
lousty in SDS-polyacrylamide gels (14); therefore, apparent 
molecular mass differences observed here may not be exact. 
The best way to precisely determine structural differences in 
MSP-1 between isolates is to define the primary structure via 
the gene sequence. Currently, research is in progress to 
complete the DNA sequence for the AmF105 gene; data 
suggest that the AmFI05 gene contains a region of 87 bases 
tandemly repeated seven times or more (A. F. Barbet, G. H. 
Palmer, T. M. Harkins, D. A. Alired, and T. C. McGuire, 

unpublished data), and like the circumsporozoite genes of P. 
falciparum (6, 30), the 22BI-reactive polypeptides in other 
isolates may differ in the length, sequence, or number of 
repeats. 

Repeated sequences may be important in determining the 
rate and processes of variation. While the polypeptides have 
not been observed to alter in size during several passages in 
cattle, the exact rate of the recombination, deletion, or
duplication events which may alter these proteins is not 

known. Similarly, the relationship of these repeated se-
quences and the protein heterogeneities described to the 
induction of protective immunity remains to be established. 
Defining conserved immunoprotective determinants and the 
mechanism of structural variation will be critical to the 
application of MSP-1 in a subunit vaccine for bovine ana-
plasmosis. 
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1. INTRODUCTION 

Arthropod-borne hemoparasitic diseases are enzootic in half of the livestock pr.6,:tion 
areas of the world and remain a severv constraint to agricultural development in th. ucpics.' 
Currendy these diseases are controlied primarily by reducing or eliminating traismission 
using regular application of acaricides to cattle. Paradoxically, efficient arthropod control 
results in a highly disease-susceptible cattle population and sets the stage for devastating 
epizootics if breaks in transmission control occur.' Increased hemoparasite transmission 
caused by use of blood-contaminated fomites between cattle, development of acaricide 
resistance in ticks, and disruption indipping programs caused by currency or labor shortages 
are continual threats to animal health inthe tropics.'-3 This iswell illustiated by the loss of 
over I million cattle to hemoparasitic diseases in Zimbabwe when highly efficient tick 
control was disrupted by war inthe late 1970s.1 Incontrast, vaccines may be used to protect 
cattle in regions with either high- or low-transmission levels as well as fully susceptible 
cattle to be imported ii,,: an enzootic area. Vaccines against bovine anaplasmosis have been 
used successfully to prevent severe morbidity and mortality insusceptible cattle, and research 
to develop more effective vaccines continues. Inthis chapter, the development of vaccines 
against Anaplasma infections is reviewed with focus upon recent advances in antigenically 
defied vaccines. 

Anaplasmosis is an arthropod-borne hemoparasitic disease of cattle and wild ruminants 
caused by the rickettsia Anaplasma margina!. or the less virulent A.centrale.4 Anaplasmosis 
occurs worldwide and, along with babesiosis, cowdriosis, theileriosis, and trypanosorriasis, 
remains the greatest obstacle to meat, milk, and fiber production inITopical, lesser developed 
nations.f1. 2"1Infection results from inoculation of cattle with either s ,ock stage of Anaplasma 
(following transstadial or intrastadial replication in the midgut epithelium of a variety of 
ixodid ticks) or the intraerythrocytic stage (after mechanical transmission on the mouth parts 
of biting flies or by blood-contaminated fomites, i.e., syringes or dehorring instruments)." 
Following transmission there is a prepatent period of 20 to 40 d, during which there is a 
low but increasing percentage of parasitized erythrocytes.1' The preratent period, during 
which infected cattle are clinically normal, is followed by an acute phase, during which the 
parasitemia increases drn iatically and severe hemolytic anemia occurs.' Dramatic weight 
loss, abortion, and death frequently occur during the acute phase. 7 Cattle recover.d from 
acute disease remain persistently infected with a low-level parasitemia for long periods and 
serve as a reservoir for transmission of the organism.' These cattle are fully resistent to 
challenge with the homologous isolate; however, they remain susceptible to infection from 
certain heterologous isolates of Anaplaima.' 

Subtropical and tropical regions enzootic fo; anaplasmosis correspond fo the distribution 
of the arthropod vectors including 29 species of ticks and numerous hematophagous flies 

'and mosquitos shown experimentally to transmit the disease.'" Several of these vectors 
also transmit other hemoparasites; as a result, anaplasmosis frequently exists coenzootically 
with babesiosis, cowdriosis, and theileriosis. ",Due to this complex of hemoparasitic diseases, 
the economic impact strictly attributable to anaplasmosis isdifficult to estimate inmany of 
the nations with enzootic regions. Within the U.S., where anaplasmosis occurs exclusive 
of the other major hemoparasitic diseases, the annual loss of 50,000 to 100,000 head of 
cattle has been estimated at $300 million (1986 $U.S.)." Recent epidemiologic data from 
Texas, with approximately 30% enzootic -egions, attributed severe losses to anaplasmosis, 
including death in 36% of clinical cases, abortion in24% of clinical cases inpregnant cows, 
an average weight loss of 86 kg during acute infection, and increased veterinary and man
agement costs of $52 and $30 pei head, respectively.' Severe production losses attributed 
to prolonged subclinical anemia in persistently infected cattle, especially in regions where 
anaplasmosis and babesiosis occur together, have recently been recognized and add dra

http:nations.f1


matically to the already severe constraint upon livestock production in cnzoouic regions." 

In cnzootic regions with ahigh level of transmission an "enzootically stable" livestock 

population may develop if no control measures are instituted. Calves are uniformly infected 

and usually suffer only mild clinical disease, presumably due tc partial 
at an early age 

The calves upon recovery are protected from 
protection from colostral-derived antibody." 

A high level of transmission 
severe morbidity and mortality when subsequently challenged. 

an enzootically stable herd to 
ensures continual reexposure to boost immunity. Allowing 

many regions thought to be stable may
develop may be considered desirable; however, 


actually be relatively unstable as transmission levels vary greatly seasonally and annually
 
6-1 Prolongedbeing favorable for arthropod vectors.""

depending upon climatic conditions 
some calves to mature without becoming infected and to 

levels of low transmission allow 

coexist within a herd with carrier cattle.'8 A return to high levels of transmission following 

climatic changes may result in disastrous epizootics. In addition, recent epidemiologic data 

demonstrates that the persistently infected Anaplasma carriers that create enzootic stability 

suffer from prolonged subclinical anemia and poor weight gain, especially in regions endemic 
to instability

for both anaplasmosi' and babsiosis.1" The risk of devastating losses due 

created by climatic Lnanges and the production losses resulting from chronic anemia may 

combine to make a goal of enzootic stability undesirable for nations dependent upon efficient 

livestock productiQn and with the infrastructure to develop anaplasmosis control programs. 

Current control measures include (1) control of arthropod transmission, (2) premunization 
reat or prevent Anaplasmause of antibiotics to 

or vaccination of susceptible cattle, and (3) 
measures is employed, and the prevailing

a combination of theseinfections. Commonly 
control programs vary markedly between regions and nations depending upon principal means 

of other major arthropod-borne hemoparasitic
and seasonality of transmission, presence 

diseases, livestock management systems used, availability and economics of antibiotics, 

and the goals of the program, i.e., eradication vs. control, and 
acaricides, and vaccines, 

Despite the availability of these programs, the distribution of 
the level of control desired."1 

anaplasmosis has not been reduced, and the severe losses continue on five continents, clear 

are not suflicient.1-' l a Control of arthropod trans. 
evidence that current control programs 

a 
mission by regular use of acaricides is labor intensive, expeasive (frequently requiring 

significant percentage of foreign capital expenditure by lesser developed nations), and creates 
to disruptions in the 

highly susceptible cattle population. This population is vulnerable 
a 
control program, development of acaricide resistance in ticks, and any non-arthropod mech

anisms of transmission.2.3.19 Similarly, reliance on antibiotic prophylaxis by continual feeding 

of tetracyclines results in herds vulnerable to program disruptions. The labor and expense 

involved to ensure that all cattle receive a minimum daily amount of antibiotic is not amenable 

to most tropical livestock systems. In spite of the efficacy of tetacyclines in treatment and 

chemoprophylaxis of anaplasmosis, antibiotic-based control programs have found only lim

in other regions. The effect of pending U.S. 
ited acceptance in the U.S. and virtually none 

legislation regarding low-level antibiotic feeding to cattle upon this control method is not 

presently clear. 
The protection engendered by recovery from Anaplasma infection clearly indicates that 

is a realistic and achievable goal. Vaccination provides a means to 
immunoprophylaxis 
efficiently and economically protect cattle both within enzootically stable and unstable areas 

Although premunization 
as well as susceptible adult cattle to be imported into these areas. 

infection of cattle to induce immunity) has been practiced for 75 years and 
(deliberate 
commercially available killed and live whole organism vaccines have been used for nearly 

20 years, the need remains to develop a widely cross-protective, economical vaccine suitable 

for use in tropical regions." 
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U. POSTINFECTION IMMUNITY 

Cattle recovered from acute infection with Anaplasma marginale are protected from severe 
morbidity and mortality when subsequently challenged with a homologous isolate of A.
marginale. Parasitemia upon challenge isvery low and frequently undetectable. This post
infection immunity is not dependent upon the animal remaining persistently infected, as 
cattle chemotherapeutically cleared of infection retain immunity for at least 8 months. 2' 
Chemical immunosuppression or splenectomy abrogates this innunity as would be expected;
however, the cellular and molecular mechanisms responsible for immunity are not clear."- 4 

Tenable mechanisms include (I) antibody blockade of the erythrocyte binding site on the 
A.marginaleinitial body surface; (2)direct lysisof initial bodies by antibody cc complement;
and (3) phagocytosis and intracellular killing of initi, bodies or parasitized erythrocytes
coated with antibcAy or complement. To date no significant data to verify or exclude any
of these mechanisms in postinfecfion immunity has been presented. Effecor antibody in 
any of the three mechanisms requires adefined epitope specificity and affinity that need to 
be identified. Correlative data between the level of protection and antibody titer to crude A. 
marginale antigens from serologic tests have no( been helpful in understanding immune 
mechanisms.2' Previously a correlation has been made between the level %,fpostinfection

-iinmunity and the lymphocyte migration inhibition tesm.z Subsequent inability to identify
a discrete migration inhibition factor (MIF) has made it difficult to interpret this finding.
Several lymphokines, notably the interferons, have some MIF-like activity. This suggests
that the previously noted correlation with immunity most likely reflects macrophage and/or
T lymphocyte (including helper functions) activation. Complete understanding of the me
chanistic basis of postinfection immunity will be significant in designing rational strategies 
to develop improved vaccines. 

The presence of postinfection immunity provides astrong basis for vaccine development.
Initial "vaccines" attempted to mimic the immunity engendered by natural field exposure
while avoiding the severe morbidity and mortality of virulent infections. This method, 
premunizafion, has provided a method to partially protect cattle from field infections (both
homologous and more virulent heterologous isolates) and remains in use in several countries 
(advantages and diradvantages of premunization will be discussed in Section IV). Impor
tantly, both cxperinental and field experience with premunization have provided information 
regarding cioss-species and cross-isolate p.-ection, the likelihood of antigenic variation,
and immunity to tick challenge vs. challenge with parasitized erythrocytes. Infection of 
cattle with A. centrale (a less vifulen Anaplasma species decribed by Theiier wad originally
confined to Africa) does not prevent challenge infection by A. marginae,but decreases the
severity of the clinical signs with most A. marginale isolates.o Other A. marginale isclates 
produce severe morbidity in A. centralk-premunized cattle.31.32 In contrast, A. marginale
premunized cattle are uniformly proected against A.cernrale or homologous A. marginale
challenge, tout clinical signs of variable severity result upon challenge with heterologous 

.isolates of A. marginale." 3. 
1 This variation in disease upon heterologous challenge ranges

from mild anemia (25% decrease in packed cell volume [PCV]) to severe anemia (75%
decrease in PCV) with paiasitemias greaser than 20%. These experiments indicated for the 
first time that antigenic differences crit-cal to prozection existed between A. centrale and A.
marginale and between different isolates of A.marginale, and that effective vaccines must 
protect against the different organisms. A second potential obstacle to effective immuno
prophylaxis is antigenic variation. Although there is no evidence for cyclical emergence of
antgenic variants i anaplasmosis, the ability of the paras', to persist in spite of an immune 
response and the occurrence of recrudescent parasitemias in carrier cattle indicates that a 
complex host-parasite relationship develops. The role of antigenic variation in this nelation. 

.ship and, therefore, its effect on immunization efficacy is unknown. 3
3 -3 A third consideration 
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Table I
 
REACTIVITY OF ISOLATE.RESTRICTED MONOCLONAL ANTIBODIES
 

ISOLATES$TO GEOGRAPHICALLY DISTINCT A. MARGINALE 

Ab fleacivity_ 

TX VA WA-C WA-O ISNT iST KKb KKpMonoionaIAb FL W1 

. . . .
 

Ana F22A4 + . . . . . . . . .
 
TryPEt. . . . . . . 

- +
Ana 01 IC2 -" - - - + + - + 

- - + + . . . . + +Ana 012B5 
+ - + - -

Ana 023DS - + + + 
+ 

+ 
+ + - +  -


Ana 0245  + + 
- +

Ana 07OA2 + + + + + + + + 
- - - + +- + 
- - - + +Ana RI9A6 - 

- - - + -Ana R94CI ------Ana RI7A6 - - - + 
------ - - + -An& R83B3 

VA (Virginia,, ' e abbreviadoes: FL (Florida. U.S.). ID(South Idaho. U.S.). TX (North Texas, U.S.). 

,A-C (Clatsoo, Washington. U.S.). WA-O (Okanogan. Washingla., U.S.). ISNT (lncl-ao

tai .), IST (u-aid-ail d), KKb (Kabete. Kenya), KKp (Kapib, Kenya). 
* Reactivity was dctcnnin using ndirtc inmunofluoresence on acetone-fixcd Sheaan of pasiftizled Ch

tocytes. Monoclonal antibodies were unreaclive with Anaplsma ovis, Babesia bigemina. Babesia bovis. 

and Trpanowma brncei. 
' Tryp lEt is an anti-Trypanosoma brucei monoclonal antibody used as anegative control. 

is the relative roles of intraerythrocytic stages and tick stages of A. marginale in inducing 

protective immunity and the stage-specificity of tke immune response. These influences 

upon v;accine development will be addressed in the rollowing section. 

I. ANTIGENS RELEVANI TO PROTECTION 

A. Isolate-Restricted and Isolate-Common Antigens 
Cross-protection experiments in piemunixed cattle established that antigenic differences 

marginahe isolates existed.'-' Suuctur,, and antigenicamong geographically distinct A. 
among isolates have been established by (I) identification of morphologicalydifferences 

distinct isolates;" (2) demonstration of protein structural variation among isolates;" and (3) 

presence of isolate-common and isolate-restricted epitopes."" Morphologically Jistinct 

isolates were identified using phase contrast and fluorescence microscopy initially using 

Oregon and Florida isolates of A. marginale." The Oregon isolate was shown to contain 

an appendage lacking in the Florida isolate. Numerous isolates d either morphology have 
and in other countries. The morphologic typebeen subsequently described within the U.S. 

remains constant within an infection and between passages in splenectomized and nonsple

ne" mized cattle.'34 Adsorption of po~y'ilonal antisera made to appendaged A. marginale 

with the Florida isolate demonstrated that the appendage bears specific antigens not repre

sented on the initial body itself." That antigenic differences are not limited to the appendage 
isolates." In ourhas been shown by cross-adsorption experiments using two-appendaged 

laboratories, we have used a panel of ten monoclonal antibodies (MAbs) that recognize 

isolate-restricted epitopes to discriminate among A.marginae isolates from the U.S., Israel, 

Using this panel, we have shown that both within a morphologicand Kenya (Table 1).40'" 
type or between morphologic types, there are multiple epitopes that differ between A. 

'"inargina~eisolates. ' -
Despite the identification of isolate-restricted epitopes, the majority of antigens are con

served between isolates.' °" Resolution of parasite-specific proteins using two-dimensional 
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FIGURE 1. Compaoison of "S-radiolabekld proteins synthesized by the Washington-O and Florida 
isolates of A. marginale.' A. marginale initial bodies were radiolabeled with "S-methionine during 
shor.erm in vitro erythrocyte culture. Babet et ,&."previously demonstrated that the radiolabel in.
corporated exch .vcly ifto the A. marginale initial body using this procedure. Radiolnbeced initial bodies 
were solubilized and subjected to two-dimensional clocirophoreslis followed by detecton using fluorog
raphy.m (A) Washington-O isolate and (B) Florida isolate. The majority of the proteins arm ccnserved 
in molecular weight Laid isoclectric point between the two isolates; however. three tajor radiolabeled 
proteins appeared unique to either the Washington-O or Florida isolute (arrows).) Cornp of )W 
radiolabeled proteins (using a mixture of H-radiolabecled amino acids not including meahionine) from 
the two isolates conrumed the presence of these d= unique proleins.m 

gel electrophoresis allowed direct structural comparison of two morphologically distinct 
isolates (Figure 1).38 The majority of proteins are common to both isolates, as would be 
expected for organisms of the same species and equally dependent ;ipoi intraerythorcytic 
invasion and replication. However, several major proteins were found to vary in molecular 
weight and isoelectric point, indicating primary protein structural differences between isolates 

0
(Figure 1 Additional work comparing proteins from the Florida and Illinois (an appen
daged isolate) identified variant high. molecular-weight antigens that shared common epitopes 



and one Florida isolate antigen that may bear only isolate-restricted epitopes. The critical 

immunity and vaccine development is whether the 
question relevant to cross.protectivc 

protection-inducing epitopes are common or variant. Epitopes capable of generating pro

(by direct initial body lysis. receptor blockade, or antibody
responsestective immune 

mediated phagocytosis) must be surface exposed. We have identified apanel of seen MAbs 

initial body surface proteins (Table 2)." The 
that recognize highly conserved epitopes on 

epitopes recognized by the seven MAbs are limited to two of the major initial body surface 

apparent molecular weight of 105 kDa in the Florida isolate. 
proteins, a protein with an 

4-"" The MAbs directed against epitopes on' 
AmF 105. and a 36-kDa protein. AmF 36.1

22B1. F34C1) recognize 100% of the organisms within parasitized eryth-
Am 105 (15D2, 

This 100% binding isconstant throughout the cycle of
" rocytes regardless of the isolate.' °

infection from <1% parasitemia through peak parasitemia with hemolytic crisis.'0 This 

striking epitope conservation exists despite antigenic. morphologic, and virulence differences 
3

among the!,e 13 A. marginate isolates. '"'-5 Incontrast, MAbs against AmF 36 epitopes 

(FI9E2. 05.0A2, 058A2, and 066A2) bind only 65 to 75% of the organisms in parasitized 

This approximately 70% binding isconstant between passages 
erythrocytes in all isolates.'0" ' 

and regardless of the level of parasitemia.' The explanation for this limited epitope expres

sion and its influence on cross-protective immunity remains unknown. There are undoubtedly 

additional conserved epitopes on AmF 105 and AmF 36 as well as on other surface-exposed 

initial body proteins that should be identified as potenxtially cross-protective immunogens. 

A single, apparently immunodominant epitope on Am 105 is recognized by MAbs 15D2 

and 22BI (Table 2)." ' -" Both antibodies, produced against a mixed inoculum of Virginia 

and Washington-O A. marginale, can neutralize 100% of the infectivity of the antigenically, 
The high degree of
 

morphologically, and structurally distinct Florida isolate (Table 3)." 


conservation of this neutraliztdon-sensitive epitope provided rationale for testing of native
 

AmF 105 bearing this epitope and recombinant or synthetic constructs of this epitope for
 

efficacy as Rwidely cross-protective immunogen (Section V).
 

B. Antigenk Variation 
The differential reactivity of the various A. marginae isolates with a panel of isolate

restricted MAbs demonstrates that mechanisms to generate antigenic variants are present.' 0 ' 

The limited cross-protective immunity seen with certain isolates in premunization or using 

akilled whole organism vaccine indicates that some of these antigenic variants are important 

in protection."' 1 Critically relevant to development of effective immunoprophylaxis is wy.dixe 
While 

this variation can be generated rapidly enough to avoid a neutralizing host response. 

cyclical episodes of high parasitemia analagous to African trypano.;omiasis are not seen, ihe 
he occurrence cf ielapse 

persistence i.." Anaplasma in an immunologically hostile host and 

parasitemias may result from emergence of antigenic variants. Systematic investigations of 

this phenomenon at the molecular level have not been reported for anaplasmosis. We have 

used panels of isolate-res'Acted and isolate-common MAbs to test for var;-tion in alimited 

Constant patterns of reactivity using 18 MAbs on six U.S. isolates 
number of epitopes." 
of A.marginate (Florida, Idaho, North Texas, Washington-C. Washington-O, and Virginia) 

In 
were observed from <1% parasiternia through peak parasitemia with hemolytic crisis.'0 

addition, the antigenic profile of the Florida isolate was invariant after 18 months persistent 

These observations were limited to a relatively few epitopes and 
infection in six calves." seven of these MAbs
 
would not detect variation in other epitopes. Importantly. however, 


recognize surface protein epitopes, and that variation did not occur in these epitopes may
 

indicate that cyclical variation will not be a severe impediment to immunoprophylaxis."
 

The highly cross-isolate-conserved Am 105 epitope recognized by MAbs 15D2 and 22B I
 

an epitope required for eryduocyte 
was among the invariant epitopes and may represent 

invasion, metabolism, replication, or erythrocyte exit that is essential for A. marginale 



Table 2
 
RECOGNITION OF A. MARGINALE INITIAL BODY SURFACE PROTEIN EPITOPES
 

HIGHLY CONSERVED AMONG ANTIGENICALLY DISTINCT ISOLATESO
 

Ab rmctivty 

Ab reICtyvl FL ID TX VA WA-C WA-O ISNT LST KKb KKp 
Mmodmal Surface protea 

Tryp IEI" .. . . . ... . . --
Am ISD2 AmF 105 + + + + + + + + + + 
An 22BI AmF 105 + + + + + + + + + + 
Ana F34CI AmF 105 + + + + + + + + + + 
An&FI9E2 AmF 36 + + + + + + + + + + 
Ana 05OA2 AmF36 + + + + + + + + + + 
Ama 05A2 AmP 36 + + + + + + + + + + 
Ana 066A2 AmF36 + + + + + + + + + + 

Isolate abbmvaons am as Table i.in 
Reactivity was dewmined by indirect immunofluomncence on cetone-iuted smears of pumaaitized blood sntma. All Ana
 
monoclonsi antibodies were umoctive with oter hemopuasites as in Table i.
 
Tryp IEl is an anti-Trypanosoma brceI monoclomal antibody used as a negative contmi.
 



Table 3 

NEUTRALIZATION OF A. MARGINALE 
INITIAL BODY INFECTIVITY BY
 

MONOCLONAL ANTIBODIES Ana 15D2
 
AND Ana 22B1"
 

Number Infected/chaflenged 

10 10' 10'.A. Monodonal Ab 10' 

Tryp JEt 3/3 3/3 3/3 7nl 

Ara 15D2/22BI 0/4" 4/4 414 9110 

Mean ,,umber of days betweem 
Innoculatdm and IS paradltead 

I tOmB. Momclona Ab 10' I2 

Tryp tEl 34 30 25 25 

Ana 15D2/22BI >73b 37 35 33 
NDd 40.O G0.01 40.01p, 

Graded numbers of initial bodies were purified from Flor

ida isolau-pansitized erydffocyus and mixed with ascitic 
fluid from mice bearing Tiyp IEI hybridomas (and-Try

panosoma brucei) or Ana ISD2/22BI hybtidomas (ani-A. 
on Am 105).marginale rexctive with a single epitope 

The mixture was incubated at 20C for 45 min and then 

inoculated intramuiulady into splenectomized calves. 

Blood samples were collected daily for 75 dpostinoculatioo 

in order to determine packed cell volume and presence of
 

parasifzed eydihrocytes.
 
No parasitized erythrocytes were seen through 75 dpos

tiWoculation.
 
The mean nuawber of days between inoculation and 1%
 

parasiternia wtvn calculated for all i- octed cattle in each
 

chalknge roup adcopared between Tryp IEl and Ana
 

15D2/2281 groups using the pooled I tes.
 
ND: not determined.
 

survival. The requirement that Anaplasma invade and adapt to intracellular existence un

doubtedly limits the variation tolerable in certain surface epitopes. Determination of proteins 

and epitopes involved in these functions may be a fruitful strategy to identify invariant 

antigens for incorporation in vaccines. Nonetheless, the persistent nature of Anaplasma 

infection and occurrence of relapse parasitemias indicate a complex host-parasite relationship. 

Understanding the molecular basis of persistence and relapses will be necessary to develop 

optimal vaccines that completely prevent Anaplasma infection and the accompanying carrier 

state. 

C. Antigenic Differences Between Anaplasma Species 
centrale, was based upon the 

The classification of a second Anaplasnma species, A. 

observation that the organism differed in position in parasitized erythrocytes and that this 

.5 Theiler noted in 
a less severe hemolytic disease2.' s° 

centrally located organism caused 

1912 that although A. marginate challenge of A. cenirale-prcmunized cattle resulted in 

was less severe than inthe clinical disease
establishment of an A. marginale infection, 


nonpremunized cattle. " (Subsequent work has shown the level of protection to be variable
 

and is reviewed in Section IV.) The partial protection afforded by A. centrale premunization
 

suggested that both species-common and species-specific epitopes related to protection were
 

. >! 



Table 4
 
REACTIVITY OF ANTI-A. MARGINALE
 

MONOCLONAL ANTIBODIES WITH A. CENTRALE
 

Panel reactivty wIA. mima e Readtiiy w/A. cean'u 

Panel I: isolatc restictedO 
Panel 2: isolate common' 
Panel 3: isolate common, reactive wIAmF 
Panel 4: isolate common, neactive w'AmF 

6 
lOS' 

+ 
+ 

* Reactivity was dietmnined by indimect imznunfluortscence on acetonfixed 
smean ofA. centrahr paraized etrylroc)1es. 

'Includes all ten Ana monoclonil antibodies in Table I. 
Moooclond antibody Ana F35A I. 

'Monoclonal antibodies Ana P19E2. An&05OA2. Ana 058A2, and Ana 066A2. 
* Monoclonal antibodies Ami15D2. &a 22B1. ad Am F34C1. 

1"likely to be present. - ' Comparisons between capiflary-tube agglutination test antigens
ofA. marginale (East African and USDA isolates) and ofA. centrale demonstrated that the 
organisms were highly cross-reactive, but that A. cemrale had significant antigenic differ
ences from the two A.marginale isolates. "3 From ataxonomic viewpoint it isunclear whether 
the speciation is justified on other than a historical basis. The pathophysiologic changes in 
infection with either are indistinguishable, and the severity varies as greatly between A. 

' -marginale isolates as between A. centrale and A. marginale. "- " The validity of the 
present speciation will most likely be resolved by antigenic, protein structural, and genomic
comparisons involving numerous A. marginale isolates and A. centrale. More important is 
whether the antigenic differences are relevant to cross-species protection. Cross-protection
experimeits using A. centrale-premunized cattle (experiments which originally supported
the speciation) do not differ significantly from similar experiments using various heterologous
isolates of A. marginale.'3 1-s'-3 Briefly, the severity of disease seen upon A. marginale
challenge of A. centrale-premunized cattle does not differ significantly from A. marginale
challenge of cattle premunized with an A. marginale isolate of mild virulence. Conversely,
the mild reaction seen upon A. centrale challenge of A. marginale-premuAized cattle does 
not differ significantly from that seen with mild virulence A. marginale challeng,. On the 
basis of these experiments, there is little evidence to indicate the A. centrale-A. marginale
differences are greater than differences among A. marginale isolates. Molecular approaches 
to understanding antigenic differences between the two species have only recently begun.
The panels of MAbs produced against A. marginale and used to characterize different A. 
marginale isolates have been used to search for species-common epitopes on the Israel isolate 
of A. central.' ." Four different patterns of reactivity were seen (Table 4): (1)none of the 
ten A. marginale isolate-restricted MAbs reacted with A. centrale; (2)a MAb that reacted 
with all 13A. marginale isolates did not react with A.centrale and was tentatively considered 
species specific; and MAbs directed against either (3) the AmF 36 or (4) the AmF 105
surface proteins of A.marginale reacted with A. centrale. Th.se latter groups reacted with 
A. centrale in the same pattern as with A. marginale - the anti-AmF 105 MAbs bound
100% of the A.centrale within parasitized erythrocytes, while the anti-AmF 36 MAbs bound 
70%."s The lack of A. centrale reactivity with the panel of A. marginale isolate-restricted 
MAbs and the putative A. marginale-specific MAb may indicate that true species differences 
occur, however, the relevance of the observation to protection is not clear. The reactivity
of the MAbs to AmF 105 and AmF 36 with A. centrale isparticularly significant because 
of the surface location of these proteins. The reactivity of the anti-AmF 105 MAbs with A. 
centrale included the antibodies (15D2/22Bl) demonstrated to neutralize 100% of A. mar



ginale infectivity. We are currently identifying the A.centrale protein that bears this epitope. 

its surface topography. and its role in protection. The reactivity of MAbs against key epitopes 

105 A. marginate surface protein with A. centrale suggests that cross-species 
on tue Am or other relevantThe ability of AmF 105 
as well as crors-isolate protection is feasible. 


protews to provide protection against anaplasmosis is addressed in Section V.
 

D. Antigenic Differences Between Tick Stages and the Intraerythroc)tic Stage 

transmission of the initial body stage of Anplasma has been 
Erythrocyte-to-erythrocYte -60 

demonstrated invitro and is responsible for the pathologic effects of the infection in vivo. 
ixodid 

The infection is initiated by either direct inoculation of parasitized erythrocytes or byw 

Because morbidity is mediated through the 
tick transmission of an infective tick stage.5

intraerythrocytic stage (the initial body) and this stage is a common pathway regardless of 

the mode of transmission, development of vaccines and antigenic studies have focused upon 

as many regions have primary transmission 
" 2the initial body. This strategy appears sound, 

by mechanical inoculation of parasitized erythrocytes rather than by tick transmission.' 

anaplasmosis in the southeast region does not depend upon tick transmission 
Within the U.S.. ' Recent research identified two-" 
which appears to be significant in the western U.S.1 

non-tick transmitted using Dermacenlor andersoni 
isolates (Florida and Illinois) asU.S. If a significant number 

or D. variablis(Illinois only tested)."
(Florida and Illinois tested) 

of field isolates are not tick transmitted, then immunization against initial body stages would 
a goal of devel

be required to provide acceptable protection to field challenge. Therefore, 

use is not recommended. However, the most 
oping a tick stage-based vaccine for sole 

effective vaccine may encompass both tick stage and initial body antigens. 

'.Vbilepremunization and other initial body-based immunization experiments demonstrated 

that anti-initial boly immunity generated protection against disease, corresponding studies 

examining immunity against tick stages have been few. Whether anti-tick-stage immunity 

would provide protection against tick-stage challenge similar to the antisporozoite immunity 

in hemoprotozoan infections has not been fully investigated. Identifying which of the mor

phologically distinct tick stages of A. marginale is the infective stage is needed to progress 

the salivary gland stage of Anaplasma and 
on these objectives. Current emphasis is on 

determination of its infectivity and antigenic stnture-o 

In addition, emphasis has been placed upon identification of tick stage antigens that cross 

react with initial body antigens." Antibodies produced against A. marginale midgut tick 

stages in Dermacentorandersoniwere used to immunoprecipitate A. marginateinitial body 

proteins (Figure 2)." The results demonstrated that multiple initial body proteins inthe range 

of > 14 to 200 kDa shared at least one epitope with tick stage Anaplasma. The stage-common 
Am 

antigens included epitopes on several of the initial body surface proteins, AmF 105, 

The significance of these shared-surface epitopes 
86, AmF 61, and AmF 36 (Figure 3). " 


is potentially threefold: (1) if the epitopes shared with the initial body stage are present on
 

the surface of the infective tick stage, immunization with initial body surface antigens may
 
pathway of the 

protect directly against tick stage challenge as well as through the common 

intraerythrocytic stage of A. marginate(2) immunization with tick stage antigens may protect 

against both tick stage and initial body challenge; (3) the shared epitopes. even if not surface 

to boost anti-initial body immunity in
would serve

exposed on the infective tick stages, 

areas where repeated tick challenge occurs and, therefore, extend the duration of immunity. 

This mechanism will be of significance only if the shared epitopes on the initial bedy surface 

proteins are those relevant in protection. Whether these stage-common epitopes include the 

AmF 105 epitope shown to be capable of inducing neutralizing antibodies is unknown, but 

is presently being determined using colloidal gold-labeling studies in sections of tick-stage 

organisms in tick midgut and salivary gland epithelium." 
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FIGURE 2. Identificatio ofA. rmarginae antigcns conunon to both the aythrocyte stage (initial body) and tick 
stages.'* A. nwrgi:ile initial bodies were radiolabeled with 'S-methioa during short-term in iiro erythiocyic 
cultutr and immunoprecipitated with sert from cattle infected with parasitized erythrocytes (preinfecton s-a,Lae 
I; postinfection sera, Lne 2)or sera from cattle immunized with killed ick-stage A. marginade (preimmunization 
sra. Lanes 3, 5.7, and 9;postimmunizadon sor. Lanes 4, 6, 8, and i0).' , Immunoprecipitzd proteins wen 
separated by SDS polyaciylamide gel electropborcsis followed by etection using fluorography. IT molecular 
weight standards are in thousands (arrows at left margin). The precipitatioo of numerou initid body proteins (im 
the molecular weight range of <14 to 200 kDa) by cattle sra exposed only to tick-stage A.mari.psle demonstrafts 
that multiple epitopes are common to both vertebrate and invertebrate stages.0 

IV. CURRENT METHODS OF IMMUNIZATION 

Current methods of immunization are principally divided into two strategies: rst, pe
munization using Anaplasma parasitized erythrocytes or, second, immunization with killed
 
whole initial body antigens. These methods have been available for years, and specific data
 
regarding their effectiveness under different field conditions as well as experimental use has
 

.
been reviewed 6.6'117 In this chapter, the antigenic basis, the host response, and the 
primary advantages and disadvantages of the different immunization methods will be dis
cussed primarily as guideposts in developing strategies for improved vaccines. 

A. Premunization using ,tnapfasma-ParasitiedErythrocytes 
Induction of immunity by premunization requires that the individual develop a patent 

primary infection.' Following resolution of the acute infection, the animal remains persist
ently infected and develops solid immunity to hornologous isolate challenge. To date, this 
overall strategy remains the most effective available method to induce protective immunity 
against anaplasmosis. Primary disadvantages are apparent: (I) all inoculated cattle must 
receive sufficient live organisms to cause a primary infection - this requires either an 
uninterrupted cold-chain if a standardized dose is used or use of a nonstandardized inoculum 
from a local carrier animal; (2) the immunity is dependent upon development of an acute 
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to tick-stage A. mar-FIGURE 3. identification of A. marginale iniaJ body sulace protein epitopes common 

Sinat." Initial bodies purified from A.marginale.paitizued eyhrocytes were suffk. radiolabelcd with '12and 
sr.immunoprecipitated with sera from catte immunized with killed tick-stage A. marginak (preimmunizAtion 

" 'C moleculu weight saandards .-c inLanes 2. 4. 6. and 8; postimmunization s., Lanes 3. 5. 7. and 9). 


thousazyls (Lane I). Precipitation of initial body uface proteins. AmF 105, 86, 61, and 36 by sera following ik

;tratcs that stage-common cpitopes include those on protectioo-inducing (AmF 105 andstate immuniution dcn' ' 
ud=:c proteins."0 - "' 

36) and potntiaT proution-indcing (AmF 86 and AmF 61)Am 

seen in acute infections mustinfection, yet the severe morbidity and mortality frequently 
be avoided; (3) the premunized animals are persistently infected and are subject to relapse 

to acute disease during periods of stress; (4) persistently infected cattle may be less pro

ductive, especially in areas with poor nutrition and coenzootic with babesiosis; (5)persistently 

infected cattle maintain the organism in the population for transmission to susceptible cattle; 

and (6) although homologous immunity appears solid (except during stress-induced relapses), 
the degree of heterologous immunity varies widely depending on the premunizing iso

late.8 . 
1

3 3 '3 4 The paradox created by the noted disadvantages has limited the overall effec4 .

tiveness of premunization - the more highly virulent isolates usually induce the most widely 
" 4 Thecross-isolate prcection, but are also most likely to cause morbidity or mortality. 

more severe stress-induced relapses, carrier-associated provirulent isolates ilso cause the 
duction losses, and disease when transmitted to susceptible cattle. The particular methods 

of premunization developed share the disadvantages of this paradox to different degrees. 

1. Premunizationwith Virulent A. marginaleFollowed by Antibiotic Treatment 

This method most closely resembles the immunity engendered by natural infection in 

enzootic areas. Cattle, preferably calves partially protected by colostral antibody, are in

oculated with a virulent local isolate and monitored clinically to detect early signs of illness 

which, if severe, can be treated with imidocarb or tetracyclines.56-" Comprehensive trials 

in Colombia have demonstrated that, given good veterinary supervision, this mehod is 

effective, particularly if cattle are reexposd periodically by natural challenge." The primary 

disadvantage is the reliance upon prompt detection and treatment of animals undergoing 

severe prcmunizing infections. This requires skilled animal health personnel and close stir

http:tetracyclines.56


veillance not available or amenable to production s)stems in many tropical regions. The 
premunizing isolate selected needs to protect against all local isolates or isolates to be brought 
in by new additions to the herd. The usual source of the inocula is a persistently infected 
carrier cow. This obviates the need for a prolonged cold-chain, but results in variation in 
infective doses and, therefore, makes the efficacy )festablishing a premunizing infection 
unreliable. Failure to establish premunition in an individual within a herd of persistently 
infected cattle will frequently result in severe morbidiv or mortality during the subsequent 
vector season. In addition, direct use of carrier blood as a premunizing inocula carries the 
risk of transmitting unsuspected infectious agents, including other hemoparasites. Alterna
tively, inocula can be standardized and maintained in liquid nitrogen at aregional animal 
health laboratory. While ensuring more consistent premunition. this again requires a pro
longed cold-chain frequently unavailable in the tropics. 

Improvement ofthe basic method has been attempted by antibiotic treatment at set intervals 
inorder to reduce the need for continual supervision.' Unfortunately, variation in prepatent 
period among individuals can result in severe morbidity in some, while others are treated 

.with antibiotics prior to developing immunity and remain fully susceptible '" In summary, 
the variability in the response to the premunizing inocula and the need for detailed veterinary 
supervision are severe limitations on the overall effectiveness of this method. 

2. Premunization with Minimal Infective Doses ofA. marginale 
The severity of acute'infection and prepatent interval have beer, shown to be related to 

the number of organisms inoculated. -" Based upon these findings, several investigatom 
have attempted to use a minimal infective dose that would uniformly infect (premunize) "all 
recipients, but avoid serious morbidity and mortality associated with higher numbers of 
organisms of the same isolate. 16.' The obvious advantage would be to avoid the need for 
veterinary surveillance of premunized cattle. Unfortunately, the dose response varies widely 
depending upon the isolate of A.marginale, the length of storage in liquid nitrogen, route 

.74.76.
 of inoculation, and the age, breed, and nutritional status of the inoculated cattle. " " 

Although experimental work showed that the principle was sound, the number of variables 
make the method unfeasible for field use.36 

3. Premunization with A. centrale 
This method of protecting cattle against anaplasmosis was first demonstrated by Theiler 

in 1912, when he showed that premunization of cattle with the less virulent A. centrale 
prevented severe morbidity upon A. marginale challenge."' A. centrale premunition has 
subsequently been used extensively in Israel and Australia and throughout Africa.'O' 2 Al
though conflicting reports are common, the efficacy of this method under ideal conditions 
has been demonstrated in Israel." Within Israel, a well-coordinated program ofA. centrale 
premunization exists. Government veterinarians are responsible for producing and stand
ardizing the inocula, maintaining a liquid nitrogen cold-chain, inoculating the cattle, and 
ensuring that a premunizing infection occurs without significant morbidity.'" 2 The effec
tiveness of the method as practiced in Israel certainly reflects upon the available veterinary 
intrastructure as much as on the particular method. In contrast, very few other subtropical 
or tropical nations, including regions in the U.S., have livestock production systems and 
regulated veterinary services amenable to the A. centrale program as practiced in Israel."1 
Disadvantages include the cold-chain requirement and the need for veterinary supervision 
to recognize and treat severe clinical disease following premunition with vaccine isolates of 

-A. cenirale. -5 '"' Whether these vaccine isolates causing severe morbidity have varied 
antigenically from the Israel vaccine A. centrale isolate is unknown. As well, the efficacy 
of A. centrale premunization has been shown to vary depending upon the A. marginale 
isolate used in challenge.31 '-' Infection, but not severe disease, results from challenge with 

http:challenge.31


Israel isolates of A. marginale, while seere morbidity has been repored upon challenge 

with other A. marginal, isolates." The effect upon production in cattle harboring both 

the premunizing A. centrale infection and A. marginale isolates following natural challenge 

infection has not been described in Babesia coenzootic regions. In summary, although the 

in Israel demonstrates the potential of the method. its app-icability in 
A. centrale program 
most tropical regions is limited, and its use has been reported to be diminishing.' 

4. Premunization wiih Attenuated A. marginale 

The search for naturally occurring A. marginale isolates of low virulence that could be 

used to premunize cattle without morbidity and protect against challenge with vindent isolates 

has been largely unrewarding. In contrast, laboratory attenuation of a virulent/. marginale 

isolate (Florida isolate) using irradiation combined with passages through deer and sheep 

resulted in an isolate meeting these criteria. 6 -" Premunization of young cattle with a stand

ardized dose of attenuated Florida isolate usually results in low parasitemia and mild anemia, 
a ' 
weight gain." '6" Plemunization

but no or minimal clinical disease including effect on 

may cause severe morbidity, abortion, or mortality." In addition,
of older bulls and cows 

in
 
severe anemia accompanied by lethargy and depression has been reported to occur even 

Upon challenge, cattle develop a low parasitemia, but are protected against
yearlings." 

The immunity includes protection against several heterologous 
severe clinical disease." "69-

' "
 n There is one report of failure
isolates upon both experimental and field challenge.11

to protect against challenge with a Colombian field isolate." Premunization of fully sus

ceptible cattle prior to introduction into an enzootic-susceptible region in Colombia provided 

In addition, the atteruated A. mar
solid protection against disease and production losses." 


ginale is not lick transmissible and, therefore, allows greater control over its spread to fully
 

susceptible older animals.90 The attenuated organism is within ovine erythrocytes and does 

not induce significant titers of isoantibodies in recipients, thus avoiding hemolytic isory

throlysis in calves ingesting colostral antibodies." 

The primary disadvantages of this method of premunization is its reliance on acold-chain 

in the tropics. Although reversion to virulence has been reported following 12 passages in 

splenectomi'ed calves, the significance of this potential problem is .iot clear."a The occur

rence of severe premunizing infections and the failure to protect against challenge with 

certain heterologous isolates can be serious drawbacks to the efficacy of the method, even 

if infrequent."-" Nevertheless, the standardization of the inoculum and the use of an atten

isolate make this method the most effective form of premunization
uated A. marginale 
available. 

B.Immunization with Killed Whole A. marginate Organisms 

Immunization with nonliving antigens would be highly desirable as it would avoid the 

necessity for aprolonged cold-chain in the tropics, the morbidity of premunizing infections, 

and the introduction of premunizing infections into disease-free but susceptible herds. As 

well, the risk of transmitting other infectious agents in acryopreserved inoculum and pro

duction losses from the induced carrier status would be abrogated. The challenge in devel

oping akilled vaccine is to induce solid, cross-protective immunity - a goal more readily 

achieved in most infectious diseases by alive vaccine due to the repeated antigenic stimulus. 

Presentation of key protection-inducing antigens, avoiding isoantibody formation, and ad

juvant selection are all critical criteria in developing an effective vaccine. To date, the 

available killed vaccines have been limited in their effectiveness by their inability to protect 

against virulent, heterologous isolates and by the induction of isoantibodies which, upon 
3 

colostral transfer, cause hemolytic isoerythrolysis in calves.'

with the Anaplazg vaccine (Fort Dodge Laboratoies, Fort Dodge, IA)
Immunization 

induces partial protection against challenge with heterologous isolates.' The severity of the 

http:animals.90


clinical disease isusually reduced compared to nonvaccinated controls; however, significant 
parasitemia, anemia, and weight loss occur. " ss Challenge with virulent isolates, notably 
the Florida isolate, has been reported to cause severe anemia and high mortality similar to 
that in unvaccinated cattle.' Cattle which have recovered from acute infection remain 
persistently infected and serve as reservoirs for transmission to unvaccinated cattle, as well 
as remaining susceptible to relapses and production losses associated wvith the carrier state." 
In addition, because the vaccine requires an oil adjuvant and iscomposed of whole Anap/asma 
organisms admixed with erythrocyte stroma, immunized cattle develop antierythrocyte iso
antibodies which can cause isoerythrolysis in calves ingesting these colostral anti
bodies.9" 9$The overall incidence of isoerythrolysis is low; however, morbidity and mortality 
can be significant within individual, especially purebred herds." Efforts to reduce neonatal 
isoerythrolysis have included alteration of the immunization schedule, production of the 
isolate in cattle with less common blood groups or in ovine erythrocytes, and conjugation

°of the immunogen to lipids to diminish the isoantibody response."' While this vaccine 
induces strong antibody titers to whole organism antigens and Anaplasnma-specific lympho
cytedmacrophage responses, the significance of these responses in protection and which 
epitopes induce protection have not been described." 

Immunization of cattle using related whole organism preparations (also containing eryth
rocyte stroma) from other A.marginaleisolates provided partial protection against challenge 
similar to that seen with the AnaplazO vaccine. "i'0,,The severity of moibidity upon challenge 
isreduced in most, but not all, vaccinates, and significant parasitemia and anemia developed 
in all vaccinated cattle upon challenge.'*' The results again indicate that more basic research 
in epitope identification and presentation is needed to develop a more effective vaccine. 

V. DEVELOPMENT OF ANTIGENICALLY DEFINED VACCINES 

The lack of progress in developing effective, widely used Anaplasma vaccines results 
from the complexity of the organism's invertebrate vector and vertebrate stages, antigenically 
variant isolates, and their ability to persist in the host. Yet, the protection-inducing ability 
of current methods of immunoprophylaxis, despite their other drawbacks, clearly indicate 
that effective immunization is feasible. Advances in the molecular biology of infectious 
agents have provided the opportunity to unravel the complexity of the host-parasite rela
tionship to identify conserved Anaplasma epitopes capable of inducing cross-protection. 
Once identified, protective epitopes can be efficiently produced and presented to the host 
immune system using genetically engineered viral vectors carrying key Anaplasma epi
topes. 13 This approach focuses the immune response on these key epitopes, does not in
corporate erythrocyte antigens, and, by using a live viral vector, overcomes the traditional 
poor efficacy of killed vaccines."--"- 0 3 Erythrocyte culture of Anaplasna and purification 
of initial bodies are important tools in identifying protective antigens, but are unlikely to be 
cor.netitive as asource of vaccine due to erythrocyte contamination, poor efficacy of killed 
va( .Jnes, and high cost of production.-"'' 0 1' 06 The current emphasis in anaplasmosis, as 
well as in other hemoparasitic diseases, is to clone and express genes coding for protective 
epitopes. 

Our strategy is to identify and isolate initial body-surface proteins using acombination 
of biochemical and immunological techniques. Cattle immunized with individual surface 
proteins are challenged with homologous and hetcrologous isolates ofA.marginale. Proteins 
that induce partial or complete protection are selected as candidates for incorporation in a 
genetically engineered vaccine. Next, full-length genes coding for the proteins or gene 
sequences coding only for the isolate-common, protective epitopes are cloned, and either 
the recombinant protein is retested as an immunogen or the gene is inserted directly into 
vaccinia for testing as a recombinant viral vector. 
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FIGURE 4. Identifiatioa of A. marginali initial body surface proeins 

recognized by neutralizing antibody.' Initial bods purified from Florida 

isolate A. marginde.parasitized erythrcyes we surface radiolabeled 

with '21. detugent disrupted. and imnnmoprocosted with either preim
mune antibody (Lane 3)or antibody capable of oeutralizing the infectivity 

of I0'0 initial bodies (Lane I).'" tinrunopreciptated proeins wen sep

arated by SDS polyacrylanide gel electwphoresis and detected by auto
weights 105. 86. 61.radiograpy. Surface proteim of apparta moleca 

36, and 31 kWa were specifically recognized by neutralizing, but not 

peimmunc sera (anes I and 3).'UnWiectd 	erythroyte membranes 
scre not recognized byradiolabcled with '"I under identical ccodiLions 

the neutralizing antibody (Lane 2).bo1"C molecular weight standards are 

200. 92.5. 69. 46. 30. and 14.3 kDa (Lane 4). 

We selected the Florida isolate of A. narginaleas the principal isolate for our studies, 
' ' 

due to its high virulence and ability to induce widely cross-protective immunity. '*1'e 
*" " 

The latter indicated that the Florida isolate may express more cross-protective epitopes than 

other isolates and increased our chances of detecting these epitops. Surface radioiodination 

of purified initial bodies, followed by immunoprecipitation with a neutralizing antibody, 

identifies five major surface proteins with apparent molecular sizes of 105, 86, 61, 36, and 
The

31 kDa (designated with the prefix AmF to indicate organism and isolate) (Figure 4).'" 

antibody was produced against purified, :nfectv-'. and intact initial bodies and was shown 

to completely neutralize the infectivity of !0'° Florida isclate initial bodies for splenectomized 

calves (Table 5).I Our results clearly established that initial body epitopes capable of 

were present and that these five surface proteins most likely
inducing protective antibody 
bear the epitopes responsible for the induction of the antibody. The key questikns raised by 

re the epitopes
this initial experiment: which protein or proteins bear the critical epitopes, v 

;hared by other isolates and A. centrale. and could cattle immunized with idiv,.ual proteins 

mount a protective response? We have isolated, characterized, and tested boh AwF 105 



Table 5
 
ANTIBODY.MEDIATED NEUTRALIZATION OF
 
VIRULENT A. MARGINALE INITIAL BODIES@ 

Ab reactlivty No. Infectedchaflavnged No. deadchalflenged 

Prrimmune4 4 4/4 
Anii-initial body 06 0/6 

8 Initial bodies were purified from Florida isolaic-parasitized cr')hrcxytes 
and incubated for 45 min at _V A ith antiscra diluted 1:1 in RPMI 
1640. * 'The mixture was inoculated intramusculady into splenectom
ized calves. m Blood samples %ere collected daily for 75 d postino
culation in order to determine packed cell voJume and presence o( 
parasitized erythrocytes. 

1 Immune seri was produced by repeated immunization with 5 x 1O 
purifed initial bodies in cither complete or incomplete Fremud's ad
juvant.' 0' This sera had an indirect irru,munonuorescent antibody liter 
of 1:16,000 to initial bodies. Preimmune sera %as unreactive.' 

and AmF 36 as protective inmunogens. AmF 86, AmF 61, and AmF 31 are currently being
isolated in our laboratories and have not been itsted as immunogens to date. 

A. AmF 105 as a Protective Immunogen
We have identified a neutralization-sensitive epitope on AmF 105 which was subsequently

shown to be highly conserved among A. centrale and A. marginale isolates from Israel,
Kenya, and the U.S. (Tables 2 to 4, reviewed in Section ill).'.' 7The presence of this 
conserved epitop: on 100% of initial bodies in all stages of acute infection provided strong
rationale for testing AmF 105 as a cross-protective immunogen.40-" In addition, Am]F 105 
shares cross-reactive epitopes with lick midgut stages and is recognized by high-titer anti
bodies from effectively premunized carle. ' 6. ' To test whether this subuni, could induce
 
protection .n immunized cattle, we isolated AmF 105 by immunoaffinity chromitography
 

"
 on a MAb 15D2-Sepharose o 4B column (Figure 5).'Calves immunized with the purified
protein devyloped high liters of antibody to AmF 105 and were significantly protected from
 
challenge with either 10' purified Florida isolate initial bodies (Table 6) or 
 l' Fod&a 
isolate-parasitized erythrocytes compared to identically challenged, ovalbumin-immurdzeL4
 
calves.47-' 00 Two of the AmF 105 immunized calves in each group did not show any per
asitized erythrocytes in Wright's stained blood smears, while the other six &veloped only
 
a transient parasitemia following a significantly prolonged prepatent period.' 10 To test the
-


ability of AmF 105 to induce cross-protective immunity, we challenged a third group of
 
immunized calves with 10'0Washington-O-parasitized crythrocytes.1U0 We chose the Wash
ington-O isolate bectuse it is a recent field isolate with clearly demonstrated antigenic,

morphologic (Washington-O bears an appendage, Florida does not), and pftotin structural 
differences."-' None of the five AmF 105-immunized calves developed parasitemia uport
challenge, while all ovalbumin-immunized control calves were infected.'" The more com
plete protection seen with heterologous challenge vs. homologous chalienge with the Florida 
isolate is most likely due to the Washington-O isolate being less virulent, even incontrol 
calves, and therefore less likely to -breakthrough- in An 105-immunized calvvs.Ia "These 
experiments clearly demonstrated that AmF 105 had strong potential as a protective im
munogen and that production of AmF 105 via recombiriant DNA expression was anecessary 
next step towards more complete characterization and testing.

Initial characterization of AmF 105 indicated that the affinity-purified immunogen occurred 
as a doublet on sodium dodecyl sulfate polyacrylamide gels (Figure r)." Although true 
glycosylation would be highly unlikely in a prokaryote, the presence of strong noncovaent 

http:calvvs.Ia
http:crythrocytes.1U
http:calves.47
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FIGUR17 S. Purification o( AmF 105 by immunoalfinity chromatography. ' 10" Florida 
iolate inkial bodi were purified from pansitized erythrocytes, detergent disrupted, and 
bound to a MAb 15D2-Scpharose* 4B affinity column.' Following extensive washinS , AmF 
105 was elused ising 0.5%deoxycholaic and 2 M KSCN." Initial body prosin, were separated 
by SIS polyacrylamide get clecruophomsis and defected by silver sainiing. Lane 2 contains 
initial body proceins prior to chromatography, Lane 3 containu purified Amn 105 following 
elution and dialysis. ' "Ie "doubl" composition of native AmP 105 comprising AmF 105U 
and AmF 105L can be noted in Lan 3" Purified AmF 105 was subsequently testod as a 
protective immunogen in cattle." Lan I was not loaded in order to -,trolfor silver staining 
artifacs, LAne 4 contuns molecular weight stand.rds (indicated ir, kilodaltons in the. n hlt 
margin). 

interactions between surface nembrane proteins and p!y'saccharides raised the possibility 
that binding of c.arbohydrate to the protein surface could account for the molecular weight 
heterogeneity and that neutralization may be directed against a carbohydrate moicy.4 ".109 

Examination of AmF 105 for bound carbohydrate residues has been uniformly netative using 
several different methods: periodic acid Schiff staining of purified AmF 105, metaboic 
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FIGURE 6. Antigenic dissimilaity of Am!: IOSU and AmF 105L. A. narpail/ initial 

bodies were radiolabeled with "SS.iethionine during sho-term invilro crythrocy cultu-.. 

irmunopeccipitated with MAb 22BI. and the precipitated Am? 105U + L detecud by SD 
' ° 


polyacrylamidc gel electrophoresis with fluorography (Lanes 3. 6. 7,I0). Individum 

105L bands wre then excised. electrocluted. and reimmunopecipitaedAmF 105U or AmF 
with different antibodies. The reimnmunoprecipitates were sepanted by elccthoresis on 

7.5% jolyacrylamidc SDS gels contairtin1 4 M wea and detected by fluorograph.1"0 Ani 
MAb against Trg.%posorwIOSL was reimmunoprecipitatcd with MAb IEI (an unrelated 

4). R911 (rabbitbrucei. Lame I); MAb 22B I ncutralizing MAb to A. nwrginale. Lan 
rabbitantibody made io recombinant E. coil txpressing Am 105L); and R907 (preimmarn 

antibody)."' Am? 105U was reimmunoprecipitated with MAb IEI (Lanw 2). MAb 22BI 

(Lane 5). R911 (Lane 9),and R907 (Lane 12)."° These results demonstrate that Am 105U 

and Am? 105L are antigenically dissimilar and that only AmF 105U bear the neualization

sensitive epilope recognized by MAb 22B1.11 



TII eW
IMMUNIZAmF IOSAmF 105 IMMUNIZATION INDUCES PROTECTION AGAINST 
ANAPLASMOSISO 

Me" days to IS MenpamistetaGroup peak Man lowNo. nfeced/diallenged (rangl parasftenda PCV 
Nonimmunized 4/4 2 6-31; 4.2Ovalbumin 235/5 
 3301-35) 5.4AmF 105 24.53/15b b <O.0l' 31' 

C-ND0.01 
 %.0l 10.0l 
* Calves wea inmtmuized with 100 iag of AmF 105 or 100 Ag ofautmin emulsifjc in complefeFreund's adjuvam and boosted cbac fold ai2-week intervals with 100 I of amigen inincuopleicFreund's adjuvant." The AmF 105 vaccinates developed a titer of 10' 6o 10 as detenniaod byradioimmunoassay with '"l-AmF ' 105." The calves and four noaimmunized coutrchallenged by intramus"ular injectio cahs werewith 10' purified Florida isolate A. margiao initial bodies."* Blood samples were collected daily for 100 d posichAfge in order So deermine pecked celvolume and presence of parsitized erythrocytes. The mta number of dayl postchdalenge SoI%parasitenia was calculated for alliafected calves in eat group.
of die five Am? ,Two
05-immunized calves did no become infected and remained bemaoogicanynormal." The muteAmP 105 vaccinates that became iected developed a transieat iwasitemiaof <0.01% on day Y and did n develop clinical disease."'These hemaiologic values are based upon the three AmF 1OS vaccinata wilh mild infection o 

'p 
denorstrtie ptection against disease afforded by AmP 105 inmunizAta.,,valuer re calculated with the pooled :;est to compare the resonses of the .mW 105 andovalbumm-immunized cattle. 

* ND: not determined. 

incorporation of radiolabeled carbohydrate precursors into AmF 105 during short-term invitro cultivatioi of parasitized erythrocytes, carbohydrate-speific surface radiolabeling, auidbinding of Am 105 to various lectins." The lack of carbohydrate residues on AmF 105suggested that the neutralizing MAbs are recognizing apeptide epitope. 4 Further indicationthat the AmF 105 neutralization-sensitive epitope is composed of amine acids was i'ssensitivity to complete protease digestion using pronase, proeinase. K, or ",psin.' Given thatcarbohydrate diffeicaces were not likely responsible for the A, 05 doublet, we consideredtwo possibilities: (I) both proteins were derived from one gem and bear the neutralization.sensitive epitope reactive w~th MAbs 15D2/22Bi and were jerived by differences in processing, or (2) the proteins were separate gene products with only one bearing the neutral.ization-sensi!ive epitope and the. second protein being noncovalently boutod to the first and,therefore, copurifying.-O Complete separ.stion of ihe two proteins (upper) aod Amp 105L (lower) designated AmP 105U- on 7.5%polyacrylamiJe gels containing 4 M urea followedby elution and reimmunoprecipitation with MAbs 15D2 or 22BI indicated that Amn
bore the relev.-t epitop., I05U
!.:le
AnP I05L did not (Figure 6). "o Peptide mapping usingpartial proteolysis of AmF !05U and AmF 105L demonstrated that the two proteins werestructurally dissimilar and were most likely separate gene products (Figure 7).I 
 Although
only AmF 105U bears the demonstrated neutralization-sensitive epitope, we have shownthat both AmF 105U and Amp 105L have surface-exposed epilopes, and therefore either orboth could be responsible for protection in affinity-purified AmF 105-immunized cattle."Our apprach to dissecting the antigenic basis of AmF 105 induced protection is to cloneand express full-length genes coding for each protein in Eschericlhiacoli and to test therecombinant-produced protein as a protective immunogen. The testing of full-length, reconbinant AmF 105U (rAm 105.) and rAmF 105L homologous to native AmF 105LT and Lwill allow determination of which components are req, d for a vaccine: rAmF 1051, 
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FIGURE 7. Structural dissimilauity bct~teen AmF 10511 and native or recombinant AmF 
IOSL."0 Individual "S-radiolaked Am? 105U, AmF 105L. or recombiam AmF 105L 
bands were excised. clectlmluted. and subjected to digestion with 0.025 ILS S&$ocoecw 
oures V8 protease." The resulting frmgments wen: sepanred on a I5%polyacaytntide gel 
and visualized by fluorograhy. Digestion pattems of recombinant Am 105L (7 3 1) and 
native AmF 105L (Lae 2) demonstate substantial bo-Mloy. but am markedly dissimilar 
from AmF 105U (Lane 3).'" Molecula weigh nuaen an: indiated by afrows (righ magin). 

rAmF 105L. or rAmF 105U + L. In the latter instance it may be critical to restore the 
toncovalenl interaction between the integral membrane proteins. 

We have cloned and expressed the AmF 105L gene in E. coli using pBR 322.110 Full
length rAm 105L is structurally and antigenically homologous with native Am 105L and 
dissimilar to AmF 105U (Figure 7).11o Recombinant AmF 105L is slablely produced as 
approximately 1%of the E. coliproteins and appears to be expressed under its own promoter, 
ar inserts in either cientat'on are equally expressed." '0 Production of antibody against rAmF 
03'-has enabled us i antigenically characterize AmF 105L independent of AmF 105U. 

The agglutination of initial bodies incubated with rabbit antibody to rAmF 105L confirms 
that AmF 105L has surface-exposed epitopes and meets criteria for a potential immunogen. 10 

In addition, this atilibody recognizes epitopes on 100% of initial bodies in parasitized 
erythrocytes throughout acute infection with any of the eight A. marginale isolates yet 



tested. "10 This demonstrates that similar to the conservation of the AmF 105U epitope detected 

by ncutralizinf MAbs I 5D2 and 22B1. AmF 105L bears widely conserved epitopes. Unlike 

105U, the ability of these conserved epitopes to induce neutralizing antibody is un-AmF 
known. Serz from the prriected calves immunized with native AmF 105U + L have a high 

titer of antibody to rAmF 105L. indicating that the surface epitopes were immunogenic, but 

not necessarily protective in cattle."' The role of AmF 105L in inducing protective immunity 

immunogen have not yet ben determined. A pilot experimentand its effectiveness as an 
in which 10' Florida isolate initial bodies were incubated with rabbit anti-rAmF IC5L 

polyclonal antibody did not result in significant neutralization."' We are currently isolating 

rAmF 105L using monoclonal antibody affinity chromatography in order to test its efficacy 

as a protective immunogen in catie. 

Evidence to date indicates tha. very likely AmF 105U is important in inducing protective 

immunity and may be largely responsible for the protection seen in native AmF 105-im

' ."0 AmF 105U bears the isolate- and species-conserved, neutralizationmunized cattle. 
sensitive epitope, apd this epitope is specifically recognized by high-titer antibody from the 

protected calves."" This epitope is conserved despite marked molecular size variation in 

the parent molecule among different isolates."' We have recently obtained expression of 

the AmF 105U gen, in E. coii , pKK-233-2.'" The protein is structurally identical to 

native AmF 105U and includes the ncul,-alization-sensitive epitope recognized by MAbs 

-. 105-immunized cattle reacts
15D2 and 221." In addition. sera from tn :,ive AmF 

strongly with recombinant Amf 105U protein."'3 Our efforts are presently directed at de

termining the role of AmF 105U in protective immunity and examining isolate and species 

differences in this surface protein and its coding gene. Testing recombinant-derived AmF 

105U alone and with rAmF 105L as a protective immunogen remains the highest priority. 

determining the primary structure of the neutralization-sensitive epitope
In addition, we are 
by DNA sequencing and synthetic peptide constructions. This will allow presentation of the 

neutralization-sensitive epitope to th,.. host immune system in order to focus the response 

upon this epitope. If protective, this strategy could be used in viral vectors to generate an 

effective vaccine. 
Critical to further development of AmF 105 as avaccine component, is to understand the 

mechanism of protection in the native AmF 105 immunized cattle. We have determined that 

antisera from these protected cattle madi-te initial body phagocytosis in vitro using bone 

marrow-derived macrophages.Yo4 Generation of recombinant AmF 105U and AmP 105L and 

their testing as protective immunogens will enable us to determine which component induces 

opsonizing antibody and how well opsonization correlates with protection. Other possible 

not been closely examined in AmiF 105U-immtunizedmechanisms of neutralization have 

cattle. Understanding the mechanism of protection in subunit immunized cattle may facilitate 

a .'accine of only those epitopes that induce protectiveselection and incorporation into 
antibody. 

B. AmF 36 as a Protective Immunogen 
Am 36 fulfills several criteria of a potential protective immunogen: (i) the protein has 

surface-exposed epitopes as demonstrated by lactoperoxidase-mediated radioiodination (Fig-
Israel, and 

ure 4), (2) epitopes are conserved among A. targinale isolates in the U.S., 

Kenya and A. centrale (Tables 2 and 4), and (3) AmF 36 epitopes are present in tick midgut 

stages of the organism (Figures 2 and 3). In addition, high liters of antibody to AmF 36 are 

present in cattle effectively premunized with different A. marginale isolates.0 7 AmF 36, 

purified by monoclonal antibody affinity chromatography, elicits high tites oir specific 

antibody in immunized calves, and these calves are significantly protected against challenge 

with either 10' Florida isolate initial bodies or 100 Washington-O-parasitized erythrocytes 

compared to ovalbumin-immunized controls."' Two of the AmF 36-immunized calves in 



each challenge group did not become infected with A. marginal., and those Am 36
immunized calves that became infected had significantly prolonged prepatent periods com
pared to control calves."' These experiments demonstrate that AmF 36 can induce protective
immunity in cattle and is a candidate for inclusion in an antigenically defined vaccine. We 
are now screening gene libraries for expression of AmF 36 in E. coli in order to further 
characterize the molecule and test the ability of recombinant Am 36 to induce protection 
in immunized cattle. 

C. Progress in Subunit Vaccine Development
14c. current effort in hemoparasitic diseases is primarily to identify antigens relevant to 

protective immunity and to dcvelop effective methods to present these antigens to the host. 
It is importnt to remember that testing of individual antigens as protective immunogens is 
quite different from testing an end-product vaccine. Testing of imAvidual components is a 
critical but early step in vaccine development - the eventual vaccine may incorporate 
epitopes from several different surface proteins in order to achieve maximal efficacy. In 
anaplasmosis, two proteins, AmF 105 and AmF 36, have been identified as bearing pro
tection-inducing epitopes.4 7. In addition, at least three other initial body surface.108110.114 

proteins, AmF 86, AmF 61, and AmF 31, are potential vaccine candidate .. '-.07Our strategy 
is to clone and express full-length genes coding for these surface proteins and to test 
recombinant-derived proteins as protective immunogens in cattle. Conccmitantly, it is es
-sential to identify isolate- and species-conserved epitopes and to determine the role of these 
epitopes in the induced protection.s.4 7 Increased understanding of antigenic variation in key 
epitopes, the differences between tick-stage and erythrocyte-stage challenge, and mechanisms 
of immunity will be instrumental in selecting epitopes for improved anaplasmosis vaccines. 

Although te steps remaining to develop, test, and deploy an effective anaplasmosis
vaccine are numerous, they are becoming more clearly defined due to advances in the 
molecular biology of complex hemoparasites including Anaplasma. Similarly, the successes 

'' lures of current Anaplasma vaccines indicate the requirements any vaccine must meet 
v/idely effectivc: (I) safe (unable to induce morbidity in vaccinates including antier

yucucyte antibody); (2) induce strong protection; (3) induce cross-protection, requiring 
conserved epitopes; (4) not reliant upon a prolonged cold-chain; and (5) economical.' t0 In 
addition, because different hemoparasites frequently share tick vectors and arm coenzootic, 
to be truly effective and replace acaracide use as a principal means to control hemoparasitic
disease, a vaccine should incorporate protective antigens for all rcgion-dly important hem
oparasites. The availability of replicating viral vectors with large c-pacities for foreign genes 
and a wid- host range provide an ideal vehicle to develop a multidisease vaccine.' 0' Live 
recombinant vaccinia xiruses expressing foreign genes are highly immunogenic in cattle, 
economically produced in tissue culture or animal skin, stable in freeze-dried form (contin
uous refrigeration is unnecessary), and simply administered by skin scratch -- fulfilling all 

.criteria for an effective vaccine in the tropics.) 0 ''1 - ' These breakthroughs in vaccine 
technology combined with advances in identifying protective Anaplasma immunogens mAkes 
development of an economical, widely cross-protctive vaccine for anaplasmosis a cealistic 
goal for the first time. Similar advances in identifying candidate vaccine antig(;ns in the 
coenzootic arthropod-borne hemoparasies provide a promising future for integatkd control 
over the devastating hemoparasitic diseases of cattle in the tropics. 
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