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THESIS ABSTRACT
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Abigail Dickinson Carreño
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(B.S., University of Connecticut, 1998)
56 typed pages
Directed by Calvin M. Johnson
Anaplasmosis is an arthropod-borne hemoparasitic disease of cattle and other ruminants.
The causative agent is the gram negative bacterium, Anaplasma marginale. Infection of
bovine erythrocytes by A. marginale has been well established in vivo, as well as in vitro.
Recently, A. marginale has been propagated in vitro in bovine and primate vascular
endothelial cell cultures. This finding provides evidence that infected endothelial cells
may initiate MHC-Class-I restricted CTL responses in infected cattle. To determine the
extent to which endothelial cells are susceptible to A. marginale infection in vivo, a dual
staining technique was applied to tissues from a splenectomized calf experimentally
inoculated with 109 organisms from the St. Maries strain of A. marginale. Sections of
kidney, lung, and hemal lymph node were collected, embedded in freezing compound,
frozen in isopentane/liquid nitrogen, and cryosectioned at 5 microns. Sections were colabeled with monoclonal antibody ANAF16C1, recognizing A. marginale major surface
protein 5 (MSP5) conjugated to fluorescein isothiocyanate (FITC) or Alexa Fluor 488
v

and a polyclonal rabbit antibody against human von Willebrand Factor (an endothelial
cell marker) conjugated to tetramethylrhodamine isothiocyanate (TRITC) or Alexa Fluor
568. Nuclei were stained with 284nM 4’, 6-diamidino-2-phenylindole, dihydrochloride
(DAPI). Sections were evaluated by conventional wide field fluorescence microscopy
using a Nikon Eclipse E800 and confocal fluorescence microscopy using a BioRad MRC
1024 Scanning Laser Confocal Microscope. As expected, non-endothelial cells within
vascular lumens were the major reservoir for A. marginale. In addition, A. marginale
fluorescence co-localized to capillary endothelial cells of the kidney, lung, and hemal
lymph node. These results suggest that endothelial cells may serve as a cellular reservoir
for A. marginale in vivo, and have implications for both pathogenesis and immune
mechanisms.

vi

ACKNOWLEDGEMENTS
The author would like to thank Drs. Calvin M. Johnson, A. Rick Alleman, and
Byron L. Blagburn for their knowledge and guidance during the completion of this
project. The author would also like to thank Nancy D. Brown, and Richard, Justin, and
Hunter Carreño for their support throughout this project.

vii

Style manual or journal used: Veterinary Pathology
Computer Software: PC, Windows XP, Microsoft Word

viii

TABLE OF CONTENTS
LIST OF FIGURES ........................................................................................................... ix
LIST OF TABLES............................................................................................................ xii
I. LITERATURE REVIEW .................................................................................................1
II. IN VIVO CELL INFECTION BY ANAPLASMA MARGINALE ..................................21
LITERATURE CITED ......................................................................................................37

ix

LIST OF FIGURES

Figure 1. Cyclic rickettsemia seen in persistently infected..................................................4
Figure 2. Schematic of the development of A. marginale in ticks and cattle ......................6
Figure 3. Forms of A. marginale..........................................................................................7
Figure 4. Kidney; calf #C1058. The staining shows co-localization of A. marginale
and endothelial cells............................................................................................27
Figure 5. Kidney; calf #C1058. The staining reveals co-localization of A. marginale
and Ulex europaeus Agglutinin I (UEAI)...........................................................28
Figure 6. RF/6A cell culture. The staining shows endothelial and A. marginale
labeling of RF/6A cells ......................................................................................29
Figure 7. Confocal analysis of Tetraspeck fluorescent microspheres using the 568 nm
laser ....................................................................................................................30
Figure 8. Confocal analysis of Tetraspeck fluorescent microspheres using the 488 nm
laser .....................................................................................................................30
Figure 9. Merged image of Figures 4 and 5 showing co-localization of the fluorescent
microspheres .......................................................................................................31
Figure 10. CLSM tissue labeling. Hemal lymph node tissue section labeled with Alexa
Fluor 488 and 568 ............................................................................................32
Figure 11. CLSM tissue labeling. Kidney tissue section labeled with Alexa Fluor 488
and 568...............................................................................................................................32
Figure 12. CLSM tissue labeling. Lung tissue section labeled with Alexa Fluor 488 and
568....................................................................................................................33
Figure 13. DIC microscopy of the kidney. DAPI counterstaining ....................................34

x

Figure 14. DIC microscopy of the kidney. Alexa 568 staining showing A. marginale.....34
Figure 15. DIC microscopy of the kidney. Alexa 488 and 568 showing vWF and A.
marginale respectively.......................................................................................................35

xi

LIST OF TABLES
Table 1. Current classification of the order Rickettsiales...........................................1

xii

I. LITERATURE REVIEW

The importance of bovine Anaplasmosis is multifaceted and growing. There are
several reasons for this, the most important being the severe losses in cattle due to the
disease. In addition, its agent, Anaplasma marginale (A. marginale) recently has been
reclassified within the order Rickettsiales. The order was reorganized into two families,
Anaplasmataceae and Rickettsiaceae. With this reorganization, A. marginale has become
the type species for the family Anaplasmataceae because of its strong homology of
several characteristics between the genera within this family. Secondly, and more
importantly, A. marginale has high homology to Anaplasma phagocytophilum, which
causes human granulocytic ehrlichiosis, an important emerging disease in humans.
Table 1 summarizes the current classification of the order Rickettsiales.
Table 1. Current classification of the order Rickettsiales.
Order Rickettsiales
Family Rickettsiaceae: Obligate intracellular bacteria
that grow freely in the cytoplasm of their
eukaryotic host cells
Genus Rickettsia
Genus Orientia
Family Anaplasmataceae: Obligate intracellular bacteria
that replicate within membrane-derived vacuoles
in the cytoplasm of eukaryotic host cells
Genus Anaplasma
Anaplasma marginale (type species)
1

Anaplasma centrale
Anaplasma ovis
Anaplasma bovis (formerly Ehrlichia bovis)
Anaplasma phagocytophilum (formerly Ehrlichia
phagocytophilum, E. equi, HGE agent)
Anaplasma platys (formerly Ehrlichia platys)
Aegyptianella (genus incertae sedis due to lack of
sequence information)
Genus Ehrlichia
Ehrlichia chaffeensis
Ehrlichia ruminantium (formerly Cowdria
ruminantium)
Ehrlichia ewingii
Ehrlichia ovis
Ehrlichia canis
Ehrlichia muris
Genus Neorickettsia
Neorickettsia helminthoeca
Neorickettsia risticii (formerly Ehrlichia risticii)
Neorickettsia sennetsu (formerly Ehrlichia sennetsu)
Genus Wolbachia
Wolbachia pipientis
Bovine Anaplasmosis:
Anaplasmosis is an arthropod-borne hemoparasitic disease of cattle and other
ruminants caused by the gram-negative bacterium, Anaplasma marginale, belonging to
the order Rickettsiales, and the family Anaplasmataceae.42,43 A. marginale is the most
prevalent tick-borne pathogen of animals worldwide, occurring in six continents and
responsible for severe morbidity and mortality in temperate, subtropical, and tropical
regions.49,57 Cattle have the most notable clinical disease, but other ruminants including
water buffalo, bison, African antelopes, and mule deer can become persistently infected
with A. marginale.44 The disease is characterized by severe anemia associated with
2

intraerythocytic parasitism and hemolysis, resulting in depression, weakness, high body
temperature, dehydration, jaundice, and low milk production.43 Lactating cows have
decreased milk production55 and infected bulls show a lack of libido, and abnormal sperm
morphology which is occasionally accompanied by transitory testicular degeneration
during acute infection.70 Cattle that recover remain chronic carriers of the parasite for
life, and may serve as a reservoir for uninfected cattle.47 Anaplasmosis severely reduces
the production of meat, milk, and fiber in tropical and subtropical areas of the world.43
Enzootic regions are found in Africa, Asia, Australia, Southern Europe, South America,
the former Soviet Union, and 40 states of the United States. Based on 1981 estimates,
infection of cattle may result in death (36% of clinical cases), abortion (24% of clinical
cases in pregnant cows), weight loss (average of 86kg per clinical case), and increased
veterinary and management costs.2 Yet, it is hard to calculate losses due to anaplasmosis
in many regions because of inadequate records, inability to quantify production losses, or
concurrent infection with other hemoparasitic and tick-borne diseases.
A. marginale infection was first described by Sir Arthur Theiler when it was seen
in infected erythrocytes of South African cattle as “marginal points.”44 In 1896, a similar
report was described by Salmon and Smith in the United States that described the
presence of a point-like pathogen in blood smears of cattle as “very minute roundish
body....The body as a rule is situated near the edge of the corpuscle.”44 The scientific
name is based on its staining characteristics and location within the host cell.
“Anaplasma” refers to the lack of a stained cytoplasm and “marginale” refers to the
peripheral location of the organism in the host erythrocyte.41
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As of 2006, the only known site of infection of A. marginale in cattle was
erythrocytes. Within these cells the membrane-bound inclusions (also called initial
bodies) contain four to eight rickettsia and 70% or more of the erythrocytes may become
infected during acute infection. 43 Removal of the infected cells by the mononuclearphagocyte system results in mild to severe anemia and icterus.43 The incubation period of
infection (prepatent period) varies with the number of organisms in the infective dose and
ranges from 7 to 60 days with an average of 28 days. After the erythrocytic infection is
detected, the number of parasitized erythrocytes increases geometrically. 44 Cattle that
survive acute infection develop persistent infections characterized by cyclic low level
rickettsemia (Figure 1).44

Figure 1. Cyclic rickettsemia seen in persistently infected cattle.

(Courtesy KM Kocan, et al., Alternatives for Control of Anaplasma marginale Infection
in Cattle, Clinical Microbiology Reviews, 2003)
Persistence is characterized by sequential rickettsemic cycles, occurring at
approximately 5 week intervals, in which new MSP2 variants replicate to a peak of
greater than 106 organisms per milliliter of blood and then are controlled by a variant4

specific immune response.44 Between the peaks in the cyclic rickettsemia, the levels are
often undetectable by conventional microscopic examination of blood smears at fewer
than 107 per milliliter.57 Persistently infected or “carrier” cattle have lifelong immunity
and are resistant to clinical disease on challenge exposure and are reservoirs of A.
marginale because they provide a source of infective blood for both mechanical and
biological transmission by ticks.44
Calves are less susceptible to infection with A. marginale and when infected are
less susceptible to clinical disease. This phenomenon is not well understood, but removal
of the spleen renders calves fully susceptible to infection, and disease is often more
severe than in older cattle.44
Transmission of A. marginale can occur either mechanically or biologically.
Mechanical transmission most often occurs through the transfer of infected blood by
castration devices, dehorning devices, needles, or ear tagging devices.41 Biological
transmission occurs through the transmission of infected blood by ticks. It has been
shown that A. marginale can be transmitted transplacentally as well and it is thought that
this route may contribute to the epidemiology of this disease in some regions.44
The developmental cycle of A. marginale in ticks is complex and coordinated
with the tick feeding cycle. Infected erythrocytes taken into ticks with the blood meal
provide a source of A. marginale infection for tick gut cells. After development of A.
marginale in tick gut cells, many other tick tissues become infected including the salivary
glands from where the rickettsiae are transmitted to vertebrates during feeding. At each
site of infection in ticks, A. marginale develops within membrane-bound vacuoles or
colonies (Figure 2). The first form of A. marginale within the colony is a reticulated
5

(vegetative) form (Figure 3A), which divides by binary fission, forming large colonies
that may contain hundreds of organisms. The reticulated form then changes to the dense
form (Figure 3B), which is the infective form and can survive outside the host cells.
Cattle are infected when the dense form is transmitted during tick feeding via the salivary
glands (summarized in Figure 2).44
Figure 2. Schematic of the development of A. marginale in ticks and cattle.

(Courtesy KM Kocan, et al., Alternatives for Control of Anaplasma marginale
Infection in Cattle, Clinical Microbiology Reviews, 2003)

Figure 3. (A) Reticulated forms of A. marginale within colonies in tick cells. (B) Dense
forms with a colony in an infected tick cell.
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(Courtesy KM Kocan, et al., Alternatives for Control of Anaplasma marginale Infection
in Cattle, Clinical Microbiology Reviews, 2003)
Vector:
Persistently infected cattle are the main reservoir for A. marginale in enzootic
regions, and the main arthropod vector is the tick. Approximately 20 species of ticks are
thought to be vectors of transmission of A. marginale worldwide.44 Tick transmission can
occur from stage to stage (transstadial) or within a stage (intrastadial), while transovarial
transmission from one tick generation to another does not appear to occur.69 Intrastadial
transmission by male ticks is believed to be an important mechanism of transmission
because male ticks can become infected after a short feeding period on an infected cow
and then transmit infection during repeated feeding on multiple susceptible cattle. Male
ticks, therefore, serve as a reservoir of infection.41 In addition, the percentage of infected
ticks is directly related to the level of parasitemia during feeding, but once ticks become
infected, the level of infection in individual ticks is similar because of extensive
multiplication in tick cells.41
The Ixodid tick family is the main vector with a majority of the genera proven to
transmit A. marginale.43 Species include Boophilus spp., selected Dermacentor spp.,
7

Ixodes ricinus and Rhipicephalus spp., while Amblyomma spp. do not appear to transmit
A. marginale.43 In addition, transovarial transmission has been reported for D. andersoni
by Howell, Stiles, & Moe (1941), but others have not been able to demonstrate this mode
of transmission of A. marginale43 and transovarial transmission of A. marginale by
Boophilus ticks has not been thoroughly investigated and needs further study.43 In North
America, D. variablilis (American dog tick) is the primary vector for transmission of A.
marginale.
Persistent infection in cattle and tick-borne transmission:
Persistently infected or “carrier” cattle serve as the main reservoir for new
infection of uninfected cattle. Thus, persistence is very important for the transmission of
A. marginale in a tick-borne manner.
Acquisition of infection by ticks feeding on persistently rickettsemic cattle
appears to be relatively efficient with over 50% of feeding Dermacentor andersoni adult
male ticks being infected in a study by Eriks, et al. (1993).30 The same study also found
that tick infection rates correlate with the level of rickettsemia during acquisition feeding,
but even during the lowest levels of the cyclic persistent rickettsemia, 27% of ticks
became infected.30 But regardless of whether ticks fed during high or low points in the
cyclic persistent rickettsemia, the same number of A. marginale develop within the tick
salivary gland.57 Efficient infection of feeding ticks, development of high levels of A.
marginale in the salivary gland, and longevity of rickettsemia all support an important
role for persistent infection in continuous transmission.
The mechanism in which this persistent infection continues seems to involve a
mechanism of escape from the immune response.57 Fully immunocompetent hosts can
8

harbor persistent A. marginale infection indefinitely. Persistently infected cattle are
protected against both high-level rickettsemia and clinical disease upon challenge with
the homologous strain.49,59 The paradox, therefore, is that cattle can harbor a low level
persistent infection, but can effectively control a challenge dose of greater than 108
ID100.57 A potential mechanism for protection of the organism from immune recognition
is the continual emergence and reinfection of new erythrocytes as a means to maintain
infection.57 Cyclic rickettsemia has been hypothesized to reflect a sequential emergence
and immune control of antigenic variants.40 A. marginale variants that compose the acute
rickettsemia are completely cleared simultaneously with the onset of a primary immune
response and distinctly different variant types emerge in persistent infection.12,57
Furthermore, the variants of the major surface protein-2 (MSP2) are completely cleared
,while new variants of MSP2 emerge.57 Up to six MSP2 variants are expressed in each
rickettsemic cycle, which occur every 4 to 8 weeks in infected cattle.31,32,40 A. marginale
has been shown to persist for at least 7 years, indicating that over 500 variants may be
expressed in that time period.7 This supports the hypothesis that it is antigenic variation,
rather than ineffective immune response, that is responsible for persistent infection.57
Control of the rickettsemic cycles during persistent infection is associated with an
IgG2 response to B cell epitopes predominantly in the hypervariable region1,31 and also a
CD4+ T cell response to the multiple CD4+ T cell epitopes in the N and C terminal
regions, and the variant-specific hypervariable region of MSP2.1,15
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Major Surface Proteins:
The genome of Anaplasma marginale is a small circular DNA of only 1.2 to 1.6
Mb.44,53 After 20 years of research six major surface proteins (MSPs) have been
identified. MSP1a (60-105 kDa), MSP1b (100 kDa), MSP2 (36 kDa), MSP3 (86 kDa),
MSP4 (31 kDa), and MSP5 (19 kDa) have been identified on erythrocyte-derived
organisms, and information about the gene sequences, recombinant protein, monospecific
and monoclonal antibodies, isolate variability, and potential value in diagnostic assays
and vaccines is available. MSP1a, MSP4, and MSP5 are encoded by single genes, while
MSP1b, MSP2, and MSP3 are encoded by multigene families.42,44
MSP1a and MSP1b form the MSP1 complex which is a heterodimer composed of
two structurally unrelated polypeptides: MSP1a, which is encoded by a single gene
msp1α, and MSP1b, which is encoded by at least two genes, msp1β1 and msp1β2.8
MSP1a is variable in molecular weight among geographic isolates because of the
different numbers of tandem 28 or 29 amino acid repeats located in the amino-terminal
portion of the protein.21,27 Because of the variation in the repeated portion of the MSP1a
gene, it has been used as a stable genetic marker for identification of A. marginale
geographic isolates.27 The gene, msp1α, that encodes MSP1a is conserved during the
multiplication of the rickettsia in cattle and ticks.10 A neutralization-sensitive epitope was
demonstrated on the MSP1a tandem repeats60 and was found to be conserved among A.
marginale isolates.21,26,27 MSP1a was shown to be an adhesin for bovine erythrocytes and
both native and cultured tick cells by using recombinant E. coli expressing MSP1a in
microtiter hemagglutination and adhesion recovery assays and by microscopy.20,21 The
portion of MSP1a with the tandem repeats was found to be necessary and sufficient to
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effect adhesion to bovine erythrocytes and tick cells.21 In addition, MSP1a has been
shown to be involved in infection and transmission of A. marginale by Dermacentor spp.
ticks and to be involved in immunity to A. marginale infection in cattle.60 MSP1a was
found to be differentially expressed in tick cells and erythrocytes.37 The amount of
MSP1a was higher in erythrocyte derived A. marginale which could be linked to the fact
that MSP1a is an adhesin for erythrocytes and increased levels would enhance the
transmission.43
Cattle immunized with A. marginale from erythrocytes produce an antibody
response against MSP1a, while cattle immunized with A. marginale from tick cells
produce an antibody response mainly against MSP1b.37 MSP1a induces a strong T cell
response recognizing epitopes in the C terminus region16, while B cell epitopes are
located within the repeated region the variable N terminus end.38
MSP1b, which is encoded by the genes msp1β1 and msp1β2, is polymorphic
between geographic isolates of A. marginale.10,18,73 There are only small variations in the
protein sequences MSP1b1 and MSP1b2 during the life cycle of the rickettsia in cattle and
ticks even though MSP1b is encoded by a multigene family.10,58 MSP1b has also been
shown to be an adhesin for bovine erythrocytes,51,52 but not for tick cells.22
MSP3 is encoded by a large polymorphic, multigene family.4 MSP3 varies in
antigenic properties and structure between geographic isolates.3 MSP3 is also involved in
the induction of protective bovine immune response to A. marginale.59 MSP4 and MSP5
are encoded by single copy genes. MSP4 is highly conserved, but its function is still
unknown.26-28 MSP5 is a 19 kDa protein that is also a highly conserved protein with no
known function, but it is used as a diagnostic antigen and used in a competitive enzyme
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linked immunosorbent assay (ELISA) that is available in the United States
commercially.71,74
Of all the A. marginale MSPs, MSP2 is the most studied and significant
contributor to antigenic variation and immunologic evasion by A. marginale which leads
to persistence in cattle.31,57 It has been shown that it is variants of MSP2 that are
involved in the cyclic rickettsemia seen in A. marginale infection and persistence
associated with this cyclic rickettsemia.32,57 Analysis of variants in sequential
rickettsemic cycles indicates that MSP2 sequence heterogeneity increases over time
during persistence.65 Ticks that acquisition-feed on cattle with persistent infections ingest
a heterogeneous population of variants that differ over time and within different cattle in
a herd. Interestingly though, the heterogeneity of the variants is lost as A. marginale
passes transtadially within the tick. A restricted set of MSP2 variants is expressed in the
tick salivary gland, which will be transmitted to cattle in new infection.65 This is
important because this limits the heterogeneity in subsequent acute rickettsemia in
uninfected cattle.65
The MSP2 multigene family includes 10 or more variable genes widely dispersed
throughout the genome.58 One operon with four open reading frames (ORFs) containing
the msp2 gene at the 3’ terminus has been identified.7 Nine to twenty other truncated
pseudogenes for msp2 have been identified within the operon and these pseudogenes
recombine into the operon expression site to generate new hypervariable sequences.11
Antigenic variants arise from a mechanism in which a single population of A. marginale
expresses multiple forms of MSP2 pseudogenes, each with conserved amino- and
carboxyl termini, but a central hypervariable region (HVR) of about 100 amino acids.53
12

There are at least four different variants of the central hypervariable region in each
rickettsemia cycle of persistent infection. The variants differ from one another by a
combination of substitutions, deletions, and insertions.53 The hypervariable region
contains exposed surface epitopes that induce antibody after the rickettsemia cycle
resulting in a delay in immunity to the new variant.31,32
The MSP2 protein is encoded on a polycistronic mRNA that is transcribed from a
single genomic expression site.7 The diversity is so great that up to twenty pseudogenes
are insufficient to produce the number of variants that can be seen during lifelong
persistence. The currently accepted mechanism for the generation of the diversity is
recombination of a whole pseudogene into the expression site11, followed by a second
level of variation which involves small segments of pseudogenes recombining into the
expression site by gene conversion.14
Vaccine development for anaplasmosis:
The ideal vaccine for anaplasmosis is one that induces protective immunity
against A. marginale, and thereby prevents infection of ticks and transmission of the
agent to susceptible cattle.34 At present, vaccines do not prevent infection, but do control
clinical anaplasmosis. Because of the lack of infection prevention, cattle are persistently
infected and are reservoirs for new infections.44 Control measures have not changed
dramatically in the last half century. Current control measures vary with geographic
location and include arthropod control by application of acaricides, administration of
antibiotics, and premunization with live vaccines, immunization with killed vaccines, and
maintenance of A. marginale-free cattle herds.41
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Arthropod control is labor intensive and expensive. It is mainly used in Africa and
other areas other than the United States because of the toxicity of some acaricides and the
potential development of resistant tick populations due to repeated use.41
The most widely used control method in the United States is antibiotic therapy by
use of tetracycline drugs. This form of control is directed at the prevention of clinical
anaplasmosis and does not prevent persistent infection in cattle. The disadvantages are
that cattle may not be cleared of infection, it is expensive, and the requirement that the
antibiotic must be continuously fed to cattle.41
The two types of vaccines for anaplasmosis are a live vaccine and a killed
vaccine. Both use antigen that is derived from infected red blood cells and both are
designed to prevent morbidity and mortality, but do not prevent cattle from becoming
infected upon challenge exposure.41 This leaves these vaccinated cattle persistently
infected and reservoirs for A. marginale transmission by either mechanical or biological
means.41 The other important consideration is that geographic isolates of A. marginale
often do not cross protect and vaccines are then limited to a geographic area.47
Live vaccination has been used for the control of anaplasmosis has been used
since Sir Arthur Theiler initiated this strategy in the early 1900’s, and is widely used
today. Cattle are inoculated with erythrocytes infected with less pathogenic isolates of A.
marginale or Anaplasma centrale (A. centrale).44 Vaccinated cattle develop persistent
infections which are protective for life, so the need for revaccination is not necessary.63
Live vaccines have not been licensed in the United States because of their use of blood
from A. marginale-infected cattle which may pose a risk of transmitting other bloodborne pathogens.13,59
14

To use the attenuated live A. marginale vaccine, two methods have been reported
to make a less pathogenic strain. Attenuation was attempted by passage in deer with
successful results ,46 but it has also been reported not to be successful by others.64 The
vaccine was tested and found to be effective and safe for all ages, breeds, and sexes, but
there were some reports of post vaccination reactions.44 Different results were seen in
other studies where the vaccinated cattle experienced acute disease and death in the most
severe cases.44 More recently, in 2000, an experiment was carried out where a live, but
less pathogenic, A. marginale vaccine was given to cattle, but it was not proven to induce
protective immunity against anaplasmosis and clinical disease was seen in some cattle.9
A. centrale was isolated in the early 1900’s by Sir Arthur Theiler, and is the most
widely used live vaccine worldwide. Theiler also observed that A. centrale is less
pathogenic for cattle than A. marginale and that cattle infected with A. centrale were
protected from A. marginale infection.44 Africa, Australia, and Latin America are among
some of the areas that still use this vaccination protocol.44 Several factors contribute to A.
centrale’s cross protective nature with regard to A. marginale. A. centrale shares the
same MSP2 antigenic variation and persistence that A. marginale produces and T cell
epitopes have been found to be conserved between A. centrale and A. marginale.66 In
addition, it has been shown that using MSP1a as a marker, A. centrale identity can be
determined and differentiated from natural A. marginale infection.67 On the other hand,
there have been reports of the A. centrale vaccine causing severe anaplasmosis in cattle.61
Nevertheless, even with the contradictory results, the A. centrale vaccine has proven to be
worthwhile in protecting against anaplasmosis in many study protocols.44
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As with the live vaccines, the killed A. marginale vaccine has been shown to be
effective in preventing anaplasmosis54, but also ineffective in some studies.47 These
protective failures are caused by some A. marginale isolates’ lack of cross-protection.
The vaccines are most effective when local isolates are used to make them.47
Killed vaccines were developed in the United States in the 1960’s and were used
until 1999 when they were taken off the US market due to company restructuring, but
they are still used in some areas.44 Currently, there are no killed vaccines on the market in
the U.S. due to the high production costs and inconsistency in efficacy caused by batchto-batch variation.13 The first killed vaccine developed in the 1960’s was contaminated
with bovine cell membranes and caused hemolytic anemia in some calves after ingesting
colostrum from dams that were vaccinated. Since then the vaccines have been purified to
remove all host cells.41
There are several advantages and disadvantages with the killed vaccines.
Advantages include a low risk of contamination with other infectious agents, inexpensive
storage, and limited post inoculation reactions of clinical relevance. Disadvantages
include the need for yearly boosters, a higher cost of purification of A. marginale from
erythrocytes, and the lack of cross protection between geographic isolates.44
In addition to vaccinating cattle for control of anaplasmosis, the infectiontreatment method is used. It involves infecting cattle with A. marginale-infected
erythrocytes and then treating with antibiotics during patent infection.44 The cattle do not
experience acute anaplasmosis and are persistently infected.63 However, this type of
vaccination is unfavorable because of its requirement for veterinary care which increases
costs to farmers, and the monitoring needed to treat at the appropriate time.44
16

There are several new approaches to vaccine development being explored at this
time. Of the 6 MSPs, MSP1a seems to be the best candidate for vaccine development.38
Although MSP2 induces a strong T cell response, its antigenic variability reduces its
effectiveness and potential as a vaccine candidate.25 Limited recombinant vaccine trials
with recombinant MSPs or with naked DNA have been have been conducted. Only
partial protection has been achieved with recombinant antigens, indicating that multiple
antigens will have to be used to gain a protective immune response.44
MSP1a is being examined as a vaccine candidate because it induces a strong T
cell response37 and has conserved B cell epitopes that are recognized by immunized and
protected cattle.38 In addition, MSP1a also plays an important role in infection and
transmission because it is an adhesin for both tick cells and bovine erythrocytes.20, 21,60
One factor to be considered regarding MSP1a as a vaccine candidate is the fact that when
infected cattle mount an immune response to MSP1a, it is likely that is it actually the
MSP1 complex against which the response is directed, which may hide some of the
MSP1a epitopes that would be delivered in the recombinant form.25 In support of this,
Garcia-Garcia, et al. found that after immunizing cattle with A. marginale from infected
erythrocytes, MSP1a was up regulated with respect to MSP1b and was probably not
coupled with MSP1b to form the MSP1 complex The level of protection obtained with
this strategy was comparable to that of cattle immunized with recombinant MSP1a.
Another strategy that has been considered is the identification of a functionally
similar protein to the A. marginale MSP1a in A. centrale. Multiple attempts at cloning
have not identified a similar protein yet, but both A. marginale and A. centrale share
immunodominant epitopes that may play a role in protection against A. marginale.66,67
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A second approach to develop an effective A. marginale vaccine is the inclusion
of tick antigens in addition to A. marginale antigens. A vaccine using tick antigens has
already been developed against the tick species Boophilus spp., which has been proven to
transmit A. marginale as well as other species in the Ixodid family.23 This approach is
aimed at controlling tick populations and reduction of tick-borne pathogen
transmission.34 The antigen, 4D8 (subolesin)19, has been identified as a tick antigen
expressed in the tick gut and salivary glands and mRNA expression is detected in all
Ixodes scapularis developmental stages (eggs, larvae, nymphs, and adults).5 Tick
infestations are also reduced with vaccination with 4D8 tick antigen.6 Using an antigen
expressed in the salivary glands may affect the tick’s ability to properly feed by
impacting the salivary gland development and therefore the ability to transmit A.
marginale.19 The mode of action is both antibody dependent with ingestion of blood from
a vaccinated host, and complement dependent with the destruction of the tick gut.76 Also,
rickettsemia may be reduced in ticks that feed off vaccinated hosts.19
The third and final approach to making a better A. marginale vaccine is a cell
culture system that will allow for propagation of A. marginale for vaccines. There are
many advantages to using a cell culture system to propagate A. marginale, as opposed to
using the current method of isolating A. marginale from infected bovine erythrocytes.
The cell culture system provides a much higher percentage of infected material per host
cell than an equivalent volume of infected erythrocytes and A. marginale can be
harvested continually. This system also provides a method of propagating A. marginale
without inadvertently including contaminating pathogens in the antigen preparation.
Furthermore, the need for cattle is eliminated, thus reducing the cost to make a vaccine.41
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In the last ten years, a cell culture system for propagation of A. marginale has
been established using the tick cell line, IDE8 that is derived from Ixodes scapularis
embryos. It has been determined that the developmental cycle of A. marginale is the same
in the tick culture system as in naturally infected ticks and the A. marginale isolated was
infective for both cattle and ticks.44 All six MSPs are conserved in the cell culturederived A. marginale, the antigenic composition remained the same through successive
passage in cell culture and ticks, and the antigenic identity, determined by MSP1a
molecular weight, was retained in cell culture.44 Cattle immunized with cell culturederived A. marginale developed protective immunity and did not develop clinical
anaplasmosis when challenged. The benefits of tick cell culture-derived vaccines
resembled those imparted by vaccines derived from erythrocytes infected with A.
marginale.24
Interestingly, there was a different immune response to the cell culture derived A.
marginale and erythrocyte derived A. marginale in immunized cattle. Cattle immunized
with erythrocyte derived A. marginale had a preferential antibody response to MSP1a,
while cattle immunized with cell culture derived A. marginale had a preferential antibody
response to MSP1b.24 This difference probably correlates with the different functions of
MSP1a and MSP1b in bovine erythrocytes and tick cells. MSP1a is an adhesin for both
bovine erythrocytes and tick cells, while MSP1b is an adhesin only for bovine
erythrocytes.37
An improvement to a cell culture derived vaccine would be to include isolates
from the two clades recently identified: a southeastern U.S. clade and a central and
western US clade.27 This would enhance the efficacy of the vaccine by protecting against
19

a more diverse selection of isolates. To date, a cell culture derived vaccine has not been
marketed, but efforts continue to develop an effective one.
A. marginale immunity is characterized by both B and T cell responses, but the
key is a cytotoxic T lymphocyte (CTL) response , as is elicited by natural infection.37, 38
Mature erythrocytes are susceptible to infection, but lack nuclei; therefore, they cannot
process and present A. marginale peptides in the context of MHC. One must conclude
that other nucleated cells in infected cattle are infected by A. marginale and can present
foreign antigen in the context of MHC I to elicit a CTL response. One possible cell type
is the endothelial cell, as has been shown recently to be susceptible to infection by A.
marginale in vitro56. Efforts in vaccine development for A. marginale might be best
focused on using endothelial cell culture to generate protective B and T cell responses.
This approach would capitalize on the many advantages of cell culture-derived vaccines
and the proven susceptibility of endothelial cells to infection in vitro with A. marginale.
The purpose of this study was to define the susceptibility of endothelial cells to infection
by A. marginale in an attempt to determine the initiators of strong cell-mediated
immunity in infected cattle. If endothelial cells are shown to be susceptible in vivo to A.
marginale infection, then this would provide further support for the development of
endothelial-derived cell culture vaccines against anaplasmosis.
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II. IN VIVO CELL INFECTION BY ANAPLASMA MARGINALE
(Published in Veterinary Pathology: 44 (1) 116-118, 2007)

Abstract
Anaplasmosis is an arthropod-borne hemoparasitic disease of cattle and other ruminants.
The causative agent is the gram negative bacterium, Anaplasma marginale. Infection of
bovine erythrocytes by A. marginale has been well established in vivo, as well as in vitro.
Recently, A. marginale has been propagated in vitro in bovine and primate vascular
endothelial cell cultures. This finding provides evidence that infected endothelial cells
may initiate MHC-Class-I restricted CTL responses in infected cattle. To determine the
extent to which endothelial cells are susceptible to A. marginale infection in vivo, a dual
staining technique was applied to tissues from a splenectomized calf experimentally
inoculated with 109 organisms from the St. Maries strain of A. marginale. Sections of
kidney, lung, and hemal lymph node were collected, embedded in freezing compound,
frozen in isopentane/liquid nitrogen, and cryosectioned at 5 microns. Sections were colabeled with monoclonal antibody ANAF16C1, recognizing A. marginale major surface
protein 5 (MSP5) conjugated to fluorescein isothiocyanate (FITC) or Alexa Fluor 488
and a polyclonal rabbit antibody against human von Willebrand Factor (an endothelial
cell marker) conjugated to Tetramethylrhodamine isothiocyanate (TRITC) or Alexa Fluor
568. Nuclei were stained with 284nM 4’, 6-diamidino-2-phenylindole, dihydrochloride
(DAPI). Sections were evaluated by conventional wide field fluorescence microscopy
using a Nikon Eclipse E800 and confocal fluorescence microscopy using a BioRad MRC
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1024 Scanning Laser Confocal Microscope. As expected, non-endothelial cells within
vascular lumens were the major reservoir for A. marginale. In addition, A. marginale
fluorescence co-localized to capillary endothelial cells of the kidney, lung, and hemal
lymph node. These results suggest that endothelial cells may serve as a cellular reservoir
for A. marginale in vivo has implications for both pathogenesis and immune mechanisms.

Key Words: Anaplasma marginale, CTL, endothelial cells, fluorescent microscopy

Anaplasmosis is an arthropod-borne hemoparasitic disease of cattle and other ruminants.
The causative agent is the gram negative bacterium, Anaplasma marginale belonging to
the order Rickettsiales, and the family of the Anaplasmataceae.42,43 The disease is
characterized by severe anemia associated with intraerythocytic parasitism. Clinical signs
include depression, weakness, high body temperature, dehydration, jaundice, and low
milk production, which are mainly due to severe anemia caused by erythrocyte disruption
and removal.43 Cattle that recover remain chronic carriers of the parasite for life, and
serve as a reservoir for uninfected cattle.47
The disease is devastating to meat, milk, and fiber production in many tropical
and subtropical areas.43 Enzootic regions include Africa, Asia, Australia, Southern
Europe, South America, the former Soviet Union, and is believed to be endemic to 40
states of the United States. Bovine anaplasmosis losses include death (36% of clinical
cases), abortion (24% of clinical cases in pregnant cows), weight loss (86kg per clinical
case), and increased veterinary and management costs.2 Yet, it is hard to calculate losses
due to anaplasmosis in many regions because of inadequate records, inability to quantify
22

production losses, or concurrent infection with other hemoparasitic and tick-borne
diseases.
After many reclassifications, A. marginale it is now classified in the order of the
Rickettsiales, family of the Anaplasmataceae.28 The family includes the genera
Anaplasma, Ehrlichia, Neorickettsia, and Wolbachia encompassing a group of obligate
intracellular bacteria that reside in eukaryotic cells. They all reside within a cytoplasmic
vacuole inside host cells that include erythrocytes, reticuloendothelial cells, endothelial
cells, and cells of insect, helminth, and arthropod reproductive tissues.28 Most often, these
pathogens are detected in cells of hematopoietic origin and ticks ensure transmission. It is
thought that the only site of development of A. marginale is the erythrocyte.45
The closely related bovine-infecting agent, Ehrlichia (Cowdria) ruminantium, is
known to infect and develop in endothelial cells after initial development in macrophages
and neutrophils.48,62 A similar mode of infection may be present in A. marginale infected
hosts. A. marginale enters red blood cells by endocytosis after which it divides by binary
fission.33,68
Presently, A. marginale has only been shown to infect mature, circulating
erythrocytes in vivo.45 In contrast, the organism invades and replicates in the nucleated
cells of the midgut and salivary gland epithelium of the ixodid tick vectors, including
Rhipicephalus (Boophilus) microplus, R. annulatus, Dermacentor andersoni, and D.
variabilis.
Immature circulating erythrocytes and bone marrow precursor cells appear to be
resistant to infection by the organism.39 Recently, Munderloh et al. used tick cell cultures
of the Virginia isolate of A. marginale, Am291, to inoculate, in vitro, the cell line, BCE
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C/D1-b, from bovine vascular endothelial cells, primate Vero cells, and RF/6A, from
rhesus monkey microvascular endothelium.56 At first, large intracellular inclusions were
seen by phase contrast microscopy, then tiny granules developed, and within a week, the
monolayers were completely destroyed, and Giemsa-stained culture samples confirmed
massive invasion, endothelial cell rupture, and release of A. marginale initial bodies.56
Immunity to A. marginale is correlated with the emergence of neutralizing IgG2
antibodies and the activation of CD4+ T cells, which in turn secrete cytokines such as
IFN gamma that activate macrophages to phagocytize and kill the organism.17,35
However, neutralization of IFN-gamma or inhibition of nitric oxide synthase fails to
significantly influence the course of disease 36,72, suggesting that other effector
mechanisms, such as cytotoxic T-lymphocytes, might contribute to immunity through the
recognition of A. marginale peptides in the context of MHC Class I. Mature erythrocytes
are the only known cellular reservoir for A. marginale in vivo, but because they lack a
nucleus, they would be unable to present foreign peptides in the context of MHC I
molecules. Therefore, there must be another cell type that is causing this CTL immune
response. Because it has been shown that endothelial cells in vitro can be infected with A.
marginale, it is plausible that they are also infected in vivo. The present study was
conducted to show that endothelial cells are, indeed, infected in vivo.

24

Materials and Methods
Tissue preparation and fluorescent labeling
Tissue sections and RF/6A cells were first blocked with 5% normal rabbit serum
(NRS) (Biomeda, Foster City, CA) for 30 minutes at room temperature, rinsed in PBS,
and then co-incubated with the A. marginale monoclonal antibody, anti-ANAF16C174
(100 µg/ml) and polyclonal rabbit anti-human von Willebrand Factor (vWF, Dako,
Carpinteria, CA) at the concentration recommended by the manufacturer for 30 minutes
at room temperature, then rinsed for 3 minutes in PBS. Next, the tissue sections were coincubated with 200µl of Alexa Fluor 488 (or fluorescein isothiocyanate (FITC)) conjugated goat anti-mouse IgG and Alexa Fluor 568 (Tetramethylrhodamine
isothiocyanate (TRITC)) -conjugated goat anti-rabbit IgG (Molecular Probes, Carlsbad,
CA), both at a concentration of 2µg/ml for 30 minutes at room temperature. Sections
were then rinsed for 3 minutes in 1X PBS. RF/6A cells infected with A. marginale were
used as a positive control for organism staining.56 In addition, RF/6A cells and tissue
sections were labeled with the lectin, FITC-conjugated Ulex europaeus Agglutinin I
(UEAI) (Vector Laboratories, Burlingame, CA), in the same manner as the primary
antibodies. UEAI is reported to label bovine endothelial cells.39 All procedures after the
application of fluorochromes were performed in a dark chamber. Tissue sections were
then incubated with 200µl of 4’, 6-diamidino-2-phenylindole, dihydrochloride (DAPI)
(Molecular Probes, Carlsbad, CA) at a concentration of 284nM, for 30 minutes at room
temperature. Negative control sections were incubated with secondary antibodies alone
and counterstained with DAPI. Tissue sections were coverslipped with Citifluor (Electron
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Microscopy Sciences, Hatfield, PA) and maintained in the dark at 4○ C prior to
examination.
Wide field fluorescent analysis
Tissue sections and the RF/6A cells were analyzed with a Nikon Eclipse E800
microscope fitted with 3 Nikon filter cubes for wide field fluorescence capture. The
UV2A filter cube (330-380 nm excitation) was used for DAPI capture, the G2A filter
cube (510-570 nm) for Alexa 568 capture, and the B3A filter cube (420-495 nm) for
Alexa 488 capture. Images were captured using the Spot Advanced™ software
(Diagnostic Instruments, Sterling Heights, MI).
Confocal fluorescent analysis
Prior to analyzing the tissue sections with the BioRad MRC 1024 Confocal
Scanning Laser Microscope (Carl Zeiss, Inc., Thornwood, NY), the co-localization
capability of the microscopy was assessed with Tetraspeck fluorescent microspheres
(Molecular Probes, Invitrogen, Carlsbad, CA). Microspheres of 1µm size were used
because they are about the same size of one A. marginale bacterium.
Tissue sections were analyzed with a BioRad MRC 1024 Confocal Scanning
Laser Microscope (Carl Zeiss, Inc., Thornwood, NY). The 488nm laser was used for
FITC capture, and the 568nm laser was used for the TRITC capture. Images were
captured and processed using the LaserSharp 2000 Software (Carl Zeiss, Inc.,
Thornwood, NY).
Differential Interference Contrast (DIC) analysis
Tissue sections were analyzed with a Nikon Eclipse E800 microscope. The
analyzer and Wollaston prisms were employed to capture the DIC images.
26

Results
Wide field fluorescent microscopy
Wide field fluorescence microscopy of kidney sections revealed co-localization of
A. marginale and vWF along vascular endothelium in a granular pattern of fluorescence
(Figure 4).

Figure 4. Kidney; calf #C1058. Green fluorescence shows the localization of A.
marginale (antibody ANAF16C1) along the endothelial surface of a vein. Indirect
immunofluorescence method with Alexa 488 fluorochrome. Red fluorescence shows
endothelial cells as identified by vWF expression in the same section using indirect
immunofluorescence method with Alexa 568 fluorochrome. Bar =20µm.

Similar patterns of fluorescence were identified in the lung and hemal lymph nodes (data
not shown). The granular pattern was attributable to the localization of vWF in WeibelPalade bodies, which are reported to occur at a lower density in endothelial cells of
capillaries when compared with endothelial cells of small arteries.75 As a confirmation of
endothelial labeling, the kidney sections were also labeled with ANAF16C1 and the
lectin, UEAI (Figure 5).
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Figure 5. Kidney; calf #C1058. Green fluorescence with Ulex europaeus Agglutinin I
(UEAI) shows endothelial labeling within a glomerulus. Red fluorescence with A.
marginale antibody ANAF16C1 and indirect immunofluorescence with Alexa 568. Direct
lectin-FITC fluorescence.

Negative controls, consisting of sections from the same tissue without the application of
primary antibody or lectin, were devoid of specific staining of both A. marginale and
vWF. RF/6A cells expressed low levels of vWF, as reported50 and therefore UEAI
(expressed highly in these cells) was used as an endothelial cell marker. These cells
demonstrated co-labeling with the endothelial cell-lectin UEAI-FITC (as provided by the
manufacturer) and mAb ANAF16C1 conjugated to Alexa 568 (counterstained with
DAPI) (Figure 6).
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Figure 6. RF/6A cell culture. Green fluorescence with UEAI identifies the endothelial
cell line RF/6A by direct lectin-FITC labeling and DAPI counterstaining. Red
fluorescence shows A marginale labeling of RF/6A cells incubated with A. marginale
antibody ANAF16C1 and detected by indirect immunofluorescence method using Alexa
568 fluorochrome.

Confocal fluorescent microscopy
Analysis of the co-localization capability of the BioRad MRC 1024 Confocal
Scanning Laser Microscope (Carl Zeiss, Inc., Thornwood, NY) with the Tetraspeck
fluorescent microspheres (Molecular Probes, Invitrogen, Carlsbad, CA) revealed that the
microscope was capable of co-localizing different fluorochromes (Figures 7-9).
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Figure 7. Confocal analysis of Tetraspeck fluorescent microspheres using the 488 nm
laser.

Figure 8. Confocal analysis of Tetraspeck fluorescent microspheres using the 568 nm
laser.
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Figure 9. Merged image of Figures 4 and 5 showing co-localization of the fluorescent
microspheres.

Confocal fluorescent microscopy was used because of its capabilities to enhance
the image quality by capturing very sharp images. It accomplishes this in two ways. First,
it captures images through a pinhole aperture as opposed to a wide, open aperture with
conventional fluorescent microscopy which allows for only the in-focus layer of tissue to
be captured. Secondly, confocal fluorescent microscopy enhances image quality through
the use of a Z stack. A Z stack is a series of images taken at pre-set intervals throughout
the thickness of the tissue section. This series of images is then compressed to make one
image combining the fluorescence throughout the tissue having an additive effect on the
total fluorescence of the tissue section. The confocal fluorescent images of the hemal
lymph node, kidney, and lung show a marked enhancement of the image sharpness and
overall quality (Figures 10-12).
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Figure 10. Confocal Laser Scanning Microscopy. Hemal lymph node tissue section
labeled with A. marginale antibody ANAF16C1 and Alexa Fluor 488 (green
fluorescence). Endothelial cell labeling with vWF and indirect limmunofluorescent
labeling with Alexa 568 (red fluorescence).

Figure 11. Confocal Laser Scanning Microscopy. Kidney tissue section labeled with A.
marginale antibody ANAF16C1 and Alexa Fluor 488 (green fluorescence). Endothelial
cell labeling with vWF and indirect limmunofluorescent labeling with Alexa 568 (red
fluorescence).
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Figure 12. Confocal Laser Scanning Microscopy tissue labeling. Lung tissue section
labeled with A. marginale antibody ANAF16C1 and Alexa Fluor 488 (green
fluorescence). Endothelial cell labeling with vWF and indirect limmunofluorescent
labeling with Alexa 568 (red fluorescence).

Differential Interference Contrast microscopy
DIC microscopy is a very useful tool when analyzing tissue sections by
immunofluorescence because it allows for the visualization of the tissue architecture
which is lost using fluorescent analyzation. DIC uses two beam splitting prisms, called
Wollaston prisms, in addition to two polarizers, called a polarizer and an analyzer. The
first Wollaston splits the beam of light causing the light to take two different paths
through the object. Differential interference between the two light paths causes the
contrast seen in the object. After the light passes through the object, the second prism,
called a Wollaston prism, recombines the two light paths which are what is seen through
the objective. The glomerulus captured in the kidney section by conventional wide field
fluorescent microscopy was also analyzed using DIC microscopy. The images show both
the kidney architecture, and the fluorescence of A. marginale and vWF (Figures 13-15).
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Figure 13. DIC microscopy of the kidney. DAPI counterstaining.

Figure 14. DIC microscopy of the kidney. Indirect immunofluorescence with Alexa 568
staining and A. marginale antibody ANAF16C1.
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Figure 15. DIC microscopy of the kidney. vWF with indirect immunofluorescence with
Alexa 488 (green fluorescence). Red fluorescence with A. marginale antibody
ANAF16C1 and indirect immunofluorescence with Alexa 568.

Discussion
It is well known that A. marginale infects erythrocytes readily both in vivo and in
vitro, but given the lack of MHC-I expression, it is unknown how a CTL response in the
host is initiated. Activated CD4+ T cells secrete cytokines such as IFN-gamma that
activate macrophages to phagocytize and kill intracellular pathogens, but neutralization
of IFN-gamma fails to influence the clearance of infection by A. marginale. This finding
suggests that other cell-mediated effector mechanisms, such as CTL, may contribute to
the immune response to A. marginale. A. marginale major surface proteins (MSP)
MSP1a and MSP2 both induce a strong T cell response25,37, including cytotoxic T
lymphocytes (CTL), that is necessary for an adequate immune response. Since there is a
T cell response, there must be a cell type that recognizes CTL epitopes of A. marginale in
the context of MHC I. This leads to the conclusion that there are one or more cell types
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other than erythrocytes that are susceptible to A. marginale infection in infected cattle. T
cell responses could be important in the clearance of infected nucleated cells that serve as
reservoirs for A. marginale infection. These data demonstrate endothelial cell infection
in vivo after experimental infection of a calf with A. marginale and extend the findings
that endothelial cells are susceptible to infection after in vitro challenge.56 Endothelial
cells may serve as an early reservoir for A. marginale infection at the site of tick
attachment, and through their expression of MHC Class-I, could be important in the
initiation of a CTL response during the early stages of infection. Further studies are
needed to define the role of endothelial cells in these key components of A. marginale
infection and pathogenesis.

36

LITERATURE CITED
1 Abbott JR, Palmer GH, Howard CJ, Hope JC, Brown WC: Anaplasma marginale
major surface protein 2 CD4+-T-cell epitopes are evenly distributed in conserved
and hypervariable regions (HVR), whereas linear B-cell epitopes are
predominantly located in the HVR. Infect Immun 72: 7360-7366, 2004
2 Alderink FaD, R. Anaplasmosis in Texas: epidemiologic and economic data from a
questionnaire survey. Proceedings of the National Anaplasmosis 1981;27-44
3 Alleman AR, Barbet AF: Evaluation of Anaplasma marginale major surface protein 3
(MSP3) as a diagnostic test antigen. J Clin Microbiol 34: 270-276, 1996
4 Alleman AR, Palmer GH, McGuire TC, McElwain TF, Perryman LE, Barbet AF:
Anaplasma marginale major surface protein 3 is encoded by a polymorphic,
multigene family. Infect Immun 65: 156-163, 1997
5 Almazan C, Blas-Machado U, Kocan KM, Yoshioka JH, Blouin EF, Mangold AJ, de
la Fuente J: Characterization of three Ixodes scapularis cDNAs protective against
tick infestations. Vaccine 23: 4403-4416, 2005
6 Almazan C, Kocan KM, Blouin EF, de la Fuente J: Vaccination with recombinant tick
antigens for the control of Ixodes scapularis adult infestations. Vaccine 23: 52945298, 2005
7 Barbet AF, Lundgren A, Yi J, Rurangirwa FR, Palmer GH: Antigenic variation of
Anaplasma marginale by expression of MSP2 mosaics. Infect Immun 68: 61336138, 2000
8 Barbet AF, Palmer GH, Myler PJ, McGuire TC: Characterization of an
immunoprotective protein complex of Anaplasma marginale by cloning and
expression of the gene coding for polypeptide Am105L. Infect Immun 55: 24282435, 1987
9 Benavides E, Vizcaino O, Britto CM, Romero A, Rubio A: Attenuated trivalent
vaccine against babesiosis and anaplasmosis in Colombia. Ann N Y Acad Sci
916: 613-616, 2000

37

10 Bowie MV, de la Fuente J, Kocan KM, Blouin EF, Barbet AF: Conservation of major
surface protein 1 genes of Anaplasma marginale during cyclic transmission
between ticks and cattle. Gene 282: 95-102, 2002
11 Brayton KA, Knowles DP, McGuire TC, Palmer GH: Efficient use of a small genome
to generate antigenic diversity in tick-borne ehrlichial pathogens. Proc Natl Acad
Sci U S A 98: 4130-4135, 2001
12 Brayton KA, Meeus PF, Barbet AF, Palmer GH: Simultaneous variation of the
immunodominant outer membrane proteins, MSP2 and MSP3, during anaplasma
marginale persistence in vivo. Infect Immun 71: 6627-6632, 2003
13 Brayton KA, Palmer GH, Brown WC: Genomic and proteomic approaches to vaccine
candidate identification for Anaplasma marginale. Expert Rev Vaccines 5: 95101, 2006
14 Brayton KA, Palmer GH, Lundgren A, Yi J, Barbet AF: Antigenic variation of
Anaplasma marginale msp2 occurs by combinatorial gene conversion. Mol
Microbiol 43: 1151-1159, 2002
15 Brown WC, Brayton KA, Styer CM, Palmer GH: The hypervariable region of
Anaplasma marginale major surface protein 2 (MSP2) contains multiple
immunodominant CD4+ T lymphocyte epitopes that elicit variant-specific
proliferative and IFN-gamma responses in MSP2 vaccinates. J Immunol 170:
3790-3798, 2003
16 Brown WC, Palmer GH, Lewin HA, McGuire TC: CD4(+) T lymphocytes from
calves immunized with Anaplasma marginale major surface protein 1 (MSP1), a
heteromeric complex of MSP1a and MSP1b, preferentially recognize the MSP1a
carboxyl terminus that is conserved among strains. Infect Immun 69: 6853-6862,
2001
17 Buening GM: Cell-mediated immune response in anaplasmosis as measured by a
micro cell-mediated cytotoxicity assay and leukocyte migration-inhibition test.
Am J Vet Res 37: 1215-1218, 1976
18 Camacho-Nuez M, de Lourdes Munoz M, Suarez CE, McGuire TC, Brown WC,
Palmer GH: Expression of polymorphic msp1beta genes during acute anaplasma
Marginale rickettsemia. Infect Immun 68: 1946-1952, 2000
19 de la Fuente J, Almazan C, Blouin EF, Naranjo V, Kocan KM: Reduction of tick
infections with Anaplasma marginale and A. phagocytophilum by targeting the
tick protective antigen subolesin. Parasitol Res 100: 85-91, 2006

38

20 de la Fuente J, Garcia-Garcia JC, Barbet AF, Blouin EF, Kocan KM: Adhesion of
outer membrane proteins containing tandem repeats of Anaplasma and Ehrlichia
species (Rickettsiales: Anaplasmataceae) to tick cells. Vet Microbiol 98: 313-322,
2004
21 de la Fuente J, Garcia-Garcia JC, Blouin EF, Kocan KM: Characterization of the
functional domain of major surface protein 1a involved in adhesion of the
rickettsia Anaplasma marginale to host cells. Vet Microbiol 91: 265-283, 2003
22 de la Fuente J, Garcia-Garcia JC, Blouin EF, Kocan KM: Differential adhesion of
major surface proteins 1a and 1b of the ehrlichial cattle pathogen Anaplasma
marginale to bovine erythrocytes and tick cells. Int J Parasitol 31: 145-153, 2001
23 de la Fuente J, Kocan KM: Advances in the identification and characterization of
protective antigens for recombinant vaccines against tick infestations. Expert Rev
Vaccines 2: 583-593, 2003
24 de la Fuente J, Kocan KM, Garcia-Garcia JC, Blouin EF, Claypool PL, Saliki JT:
Vaccination of cattle with Anaplasma marginale derived from tick cell culture and
bovine erythrocytes followed by challenge-exposure with infected ticks. Vet
Microbiol 89: 239-251, 2002
25 de la Fuente J, Lew A, Lutz H, Meli ML, Hofmann-Lehmann R, Shkap V, Molad T,
Mangold AJ, Almazan C, Naranjo V, Gortazar C, Torina A, Caracappa S, GarciaPerez AL, Barral M, Oporto B, Ceci L, Carelli G, Blouin EF, Kocan KM: Genetic
diversity of anaplasma species major surface proteins and implications for
anaplasmosis serodiagnosis and vaccine development. Anim Health Res Rev 6:
75-89, 2005
26 de la Fuente J, Van Den Bussche RA, Garcia-Garcia JC, Rodriguez SD, Garcia MA,
Guglielmone AA, Mangold AJ, Friche Passos LM, Barbosa Ribeiro MF, Blouin
EF, Kocan KM: Phylogeography of New World isolates of Anaplasma marginale
based on major surface protein sequences. Vet Microbiol 88: 275-285, 2002
27 de la Fuente J, Van Den Bussche RA, Kocan KM: Molecular phylogeny and
biogeography of North American isolates of Anaplasma marginale
(Rickettsiaceae: Ehrlichieae). Vet Parasitol 97: 65-76, 2001
28 de la Fuente J, Van Den Bussche RA, Prado TM, Kocan KM: Anaplasma marginale
msp1alpha genotypes evolved under positive selection pressure but are not
markers for geographic isolates. J Clin Microbiol 41: 1609-1616, 2003
29 Dumler JS, Barbet AF, Bekker CP, Dasch GA, Palmer GH, Ray SC, Rikihisa Y,
Rurangirwa FR: Reorganization of genera in the families Rickettsiaceae and
Anaplasmataceae in the order Rickettsiales: unification of some species of
39

Ehrlichia with Anaplasma, Cowdria with Ehrlichia and Ehrlichia with
Neorickettsia, descriptions of six new species combinations and designation of
Ehrlichia equi and 'HGE agent' as subjective synonyms of Ehrlichia
phagocytophila. Int J Syst Evol Microbiol 51: 2145-2165, 2001
30 Eriks IS, Stiller D, Palmer GH: Impact of persistent Anaplasma marginale
rickettsemia on tick infection and transmission. J Clin Microbiol 31: 2091-2096,
1993
31 French DM, Brown WC, Palmer GH: Emergence of Anaplasma marginale antigenic
variants during persistent rickettsemia. Infect Immun 67: 5834-5840, 1999
32 French DM, McElwain TF, McGuire TC, Palmer GH: Expression of Anaplasma
marginale major surface protein 2 variants during persistent cyclic rickettsemia.
Infect Immun 66: 1200-1207, 1998
33 Friedhoff KT, Ristic M: Anaplasmosis. XIX. A preliminary study of Anaplasma
marginale in Dermacentor andersoni (Stiles) by fluorescent antibody technique.
[not specified]. Am Am. Vet. Res. 1966. 27: 643-646, 1966
34 Fuente JD, Ayoubi P, Blouin EF, Almazan C, Naranjo V, Kocan KM: Anaplasmosis:
Focusing on Host-Vector-Pathogen Interactions for Vaccine Development. Ann N
Y Acad Sci 1078: 416-423, 2006
35 Gale KR, Gartside MG, Dimmock CM, Zakrzewski H, Leatch G: Peripheral blood
lymphocyte proliferative responses in cattle infected with or vaccinated against
Anaplasma marginale. Parasitol Res 82: 551-562, 1996
36 Gale KR, Leatch G, Dimmock CM, Wood PR: Anaplasma marginale: effect of the
treatment of cattle with an interferon gamma-neutralizing monoclonal antibody or
the nitric oxide synthetase inhibitor aminoguanidine on the course of infection.
Parasite Immunol 19: 411-417, 1997
37 Garcia-Garcia JC, de la Fuente J, Blouin EF, Johnson TJ, Halbur T, Onet VC, Saliki
JT, Kocan KM: Differential expression of the msp1alpha gene of Anaplasma
marginale occurs in bovine erythrocytes and tick cells. Vet Microbiol 98: 261272, 2004
38 Garcia-Garcia JC, de la Fuente J, Kocan KM, Blouin EF, Halbur T, Onet VC, Saliki
JT: Mapping of B-cell epitopes in the N-terminal repeated peptides of Anaplasma
marginale major surface protein 1a and characterization of the humoral immune
response of cattle immunized with recombinant and whole organism antigens. Vet
Immunol Immunopathol 98: 137-151, 2004

40

39 Jackson CJ, Garbett PK, Nissen B, Schrieber L: Binding of human endothelium to
Ulex europaeus I-coated Dynabeads: application to the isolation of microvascular
endothelium. J Cell Sci 96 (Pt 2): 257-262, 1990
40 Kieser ST, Eriks IS, Palmer GH: Cyclic rickettsemia during persistent Anaplasma
marginale infection of cattle. Infect Immun 58: 1117-1119, 1990
41 Kocan KM, Blouin EF, Barbet AF: Anaplasmosis control. Past, present, and future.
Ann N Y Acad Sci 916: 501-509, 2000
42 Kocan KM, De La Fuente J, Blouin EF, Garcia-Garcia JC: Adaptations of the tickborne pathogen, Anaplasma marginale, for survival in cattle and ticks. Exp Appl
Acarol 28: 9-25, 2002
43 Kocan KM, de la Fuente J, Blouin EF, Garcia-Garcia JC: Anaplasma marginale
(Rickettsiales: Anaplasmataceae): recent advances in defining host-pathogen
adaptations of a tick-borne rickettsia. Parasitology 129 Suppl: S285-300, 2004
44 Kocan KM, de la Fuente J, Guglielmone AA, Melendez RD: Antigens and
alternatives for control of Anaplasma marginale infection in cattle. Clin Microbiol
Rev 16: 698-712, 2003
45 Kocan KM, Goff WL, Stiller D, Claypool PL, Edwards W, Ewing SA, Hair JA,
Barron SJ: Persistence of Anaplasma marginale (Rickettsiales: Anaplasmataceae)
in male Dermacentor andersoni (Acari: Ixodidae) transferred successively from
infected to susceptible calves. J Med Entomol 29: 657-668, 1992
46 Kuttler KL, Zaugg JL: Characteristics of an attenuated Anaplasma marginale of deer
origin as an anaplasmosis vaccine. Trop Anim Health Prod 20: 85-91, 1988
47 Kuttler KL, Zaugg JL, Johnson LW: Serologic and clinical responses of premunized,
vaccinated, and previously infected cattle to challenge exposure by two different
Anaplasma marginale isolates. Am J Vet Res 45: 2223-2226, 1984
48 Logan LL, Whyard TC, Quintero JC, Mebus CA: The development of Cowdria
ruminantium in neutrophils. Onderstepoort Journal of Veterinary Research 54:
197-204, 1987
49 Losos G: Infectious Tropical Diseases of Domestic Animals, 1st edition ed. pp. 742795. Longman Press, Harlow, UK, 1986
50 Lou DA, Hu FN: Co-distribution of von Willebrand factor and fibronectin in cultured
rhesus endothelial cells. Histochem J 19: 431-438, 1987

41

51 McGarey DJ, Allred DR: Characterization of hemagglutinating components on the
Anaplasma marginale initial body surface and identification of possible adhesins.
Infect Immun 62: 4587-4593, 1994
52 McGarey DJ, Barbet AF, Palmer GH, McGuire TC, Allred DR: Putative adhesins of
Anaplasma marginale: major surface polypeptides 1a and 1b. Infect Immun 62:
4594-4601, 1994
53 Meeus PF, Barbet AF: Ingenious gene generation. Trends Microbiol 9: 353-355;
discussion 355-356, 2001
54 Montenegro-James S, James MA, Benitez MT, Leon E, Baek BK, Guillen AT:
Efficacy of purified Anaplasma marginale initial bodies as a vaccine against
anaplasmosis. Parasitol Res 77: 93-101, 1991
55 Morley RS, Hugh-Jones ME: Incidence of clinical anaplasmosis in cattle in the Red
River Plains and south-east areas of Louisiana. Vet Res Commun 13: 297-305,
1989
56 Munderloh UG, Lynch MJ, Herron MJ, Palmer AT, Kurtti TJ, Nelson RD, Goodman
JL: Infection of endothelial cells with Anaplasma marginale and A.
phagocytophilum. Vet Microbiol 101: 53-64, 2004
57 Palmer GH, Brown WC, Rurangirwa FR: Antigenic variation in the persistence and
transmission of the ehrlichia Anaplasma marginale. Microbes Infect 2: 167-176,
2000
58 Palmer GH, Eid G, Barbet AF, McGuire TC, McElwain TF: The immunoprotective
Anaplasma marginale major surface protein 2 is encoded by a polymorphic
multigene family. Infect Immun 62: 3808-3816, 1994
59 Palmer GH, Rurangirwa FR, Kocan KM, Brown WC: Molecular basis for vaccine
development against the ehrlichial pathogen Anaplasma marginale. Parasitol
Today 15: 281-286, 1999
60 Palmer GH, Waghela SD, Barbet AF, Davis WC, McGuire TC: Characterization of a
neutralization-sensitive epitope on the Am 105 surface protein of Anaplasma
marginale. Int J Parasitol 17: 1279-1285, 1987
61 Pipano E, Mayer E, Frank M: Comparative response of Friesian milking cows and
calves to Anaplasma centrale vaccine. Br Vet J 141: 174-178, 1985
62 Prozesky L, Du Plessis JL: Heartwater--the development and life cycle of Cowdria
ruminantium in the vertebrate host, ticks and cultured endothelial cells.
Onderstepoort Journal of Veterinary Research 54: 193-196, 1987
42

63 Ristic M, Carson CA: Methods of immunoprophylaxis against bovine anaplasmosis
with emphasis on use of the attenuated Anaplasma marginale vaccine. Adv Exp
Med Biol 93: 151-188, 1977
64 Rogers RJ, Shiels IA: Epidemiology and control of anaplasmosis in Australia. J S Afr
Vet Assoc 50: 363-366, 1979
65 Rurangirwa FR, Stiller D, French DM, Palmer GH: Restriction of major surface
protein 2 (MSP2) variants during tick transmission of the ehrlichia Anaplasma
marginale. Proc Natl Acad Sci U S A 96: 3171-3176, 1999
66 Shkap V, Molad T, Brayton KA, Brown WC, Palmer GH: Expression of major
surface protein 2 variants with conserved T-cell epitopes in Anaplasma centrale
vaccinates. Infect Immun 70: 642-648, 2002
67 Shkap V, Molad T, Fish L, Palmer GH: Detection of the Anaplasma centralevaccine
strain and specific differentiation from Anaplasma marginale in vaccinated and
infected cattle. Parasitol Res 88: 546-552, 2002
68 Simpson CF, Kling JM, Love JN: Morphologic and histochemical nature of
Anaplasma marginale. [not specified]. Am Am. Vet. Res. 1967. 28: 1055-1065,
1967
69 Stich RW, Kocan KM, Palmer GH, Ewing SA, Hair JA, Barron SJ: Transstadial and
attempted transovarial transmission of Anaplasma marginale by Dermacentor
variabilis. Am J Vet Res 50: 1377-1380, 1989
70 Swift BL, Thomas GM: Bovine anaplasmosis: elimination of the carrier state with
injectable long-acting oxytetracycline. J Am Vet Med Assoc 183: 63-65, 1983
71 Torioni de Echaide S, Knowles DP, McGuire TC, Palmer GH, Suarez CE, McElwain
TF: Detection of cattle naturally infected with Anaplasma marginale in a region of
endemicity by nested PCR and a competitive enzyme-linked immunosorbent
assay using recombinant major surface protein 5. J Clin Microbiol 36: 777-782,
1998
72 Valdez RA, McGuire TC, Brown WC, Davis WC, Jordan JM, Knowles DP: Selective
in vivo depletion of CD4(+) T lymphocytes with anti-CD4 monoclonal antibody
during acute infection of calves with Anaplasma marginale. Clin Diagn Lab
Immunol 9: 417-424, 2002
73 Viseshakul N, Kamper S, Bowie MV, Barbet AF: Sequence and expression analysis
of a surface antigen gene family of the rickettsia Anaplasma marginale. Gene
253: 45-53, 2000
43

74 Visser ES, McGuire TC, Palmer GH, Davis WC, Shkap V, Pipano E, Knowles DP,
Jr.: The Anaplasma marginale msp5 gene encodes a 19-kilodalton protein
conserved in all recognized Anaplasma species. Infect Immun 60: 5139-5144,
1992
75 Weibel ER, Palade GE: New Cytoplasmic Components In Arterial Endothelia. J Cell
Biol 23: 101-112, 1964
76 Willadsen P: Anti-tick vaccines. Parasitology 129 Suppl: S367-387, 2004

44

