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Abstract
Anaplasma marginale is an obligate intraerythrocytic bacterium that infects ruminants, and
notably causes severe economic losses in cattle worldwide. A. phagocytophilum infects
neutrophils and causes disease in many mammals, including ruminants, dogs, cats, horses, and
humans. Both bacteria cause persistent infection – infected cattle never clear A. marginale and A.
phagocytophilum can also cause persistent infection in ruminants and other animals for several
years. This review describes correlates of the protective immune response to these two pathogens
as well as subversion and dysregulation of the immune response following infection that likely
contribute to long-term persistence. I also compare the immune dysfunction observed with
intraerythrocytic A. marginale to that observed in other models of chronic infection resulting in
high antigen loads, including malaria, a disease caused by another intraerythrocytic pathogen.

1. Introduction
Anaplasma marginale and A. phagocytophilum are ixodid tick-transmitted gram-negative
bacterial pathogens in the family Anaplasmatacae in the order Rickettsiales that notably
cause disease in ruminants (both pathogens) and humans (A. phagocytophilum). Despite
their evolutionary relatedness [1] and Fig. 1, these obligate intracellular bacteria have
different host restrictions and infect and replicate in distinct blood cells (erythrocytes and
neutrophils) causing different pathologies and immune responses.

Ehrlichia phagocytophila and E. equi had long been known as veterinary pathogens [2]. The
agent of human granulocytic ehrlichiosis (HGE) was more recently reported as an emerging
pathogen for humans in 1990 and the agent isolated four years later [3]. All three were later
reclassified as a single species in the genus Anaplasma [2]. A. phagocytophilum infects
many mammals including ruminants, horses, humans, rodents, dogs, cats and deer [2, 4].
This bacterium replicates primarily within vacuoles of neutrophils, leukocytes designed to
phagocytose and destroy blood-borne pathogens, although endothelial cells and bone
marrow progenitors can also be infected [5,6]. Most infected humans are asymptomatic or
experience mild clinical signs of human granulocytic anaplasmosis (HGA) [4]. However,
when symptomatic, common clinical signs of HGA are fever, malaise, headache, myalgia,
anemia, thrombocytopenia, leukopenia and elevated hepatic transaminase levels. Pathologic
changes include hepatitis with occasional apoptosis, mild lymphoid depletion, mononuclear
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phagocyte hyperplasia in spleen and lymph nodes, and hemophagocytosis in bone marrow,
liver, and spleen [4]. Human infection occurs in the US and many parts of Europe and Asia,
where Ixodes ticks are prevalent [1, 4]. Acute and fatal cases comprise approximately five to
seven percent of clinical cases, and death is caused by a toxic shock-like syndrome
involving coagulopathy, atypical pneumonitis/acute respiratory distress syndrome (ARDS),
acute abdominal syndrome, rhabdomyolysis, myocarditis, acute renal failure, hemorrhage,
brachial plexopathy, demyelinating polyneuropathy, cranial nerve palsies, and opportunistic
infections [4]. In clinically ill humans the disease appears to be largely immune-mediated.
The white-footed mouse serves as a reservoir for A. phagocytophilum infection of humans in
the US. Although deer and sheep can be persistently infected, there is no evidence for
persistent infection in humans, white-footed mice or laboratory mice [4].

A. phagocytophilum has long been recognized as the causative agent for a disease called tick
borne fever (TBF) in small ruminants in Europe, notably sheep [7]. Goats, cattle, horses and
dogs can also be clinically affected by A. phagocytophilum infection [8–10]. In sheep,
infection results in a high fever that lasts up to two weeks, and a leukopenia involving both
granulocytes and lymphocytes, similar to what is observed in humans [9–11]. Secondary
infections are common, and include Staphylococcus aureus mediated tick pyaemia,
pasteurellosis, and septicemic listeriosis resulting from the immunosuppressed state. Thus
unlike HGA, TBF is not an immune-mediated disease but results from immune suppression.

A. marginale was discovered by Sir Arnold Theiler in 1910 in the red blood cells of infected
cattle [12], and infection by this intraerythrocytic pathogen is restricted to ruminants.
Anaplasmosis occurs in tropical and subtropical regions of the world, including the United
States, Central and South America, southern Europe, Africa, Asia and Australia where the
ixodid tick vectors are found. Extensive reviews of bovine anaplasmosis including life cycle,
epidemiology, diagnostics, and control methods were recently published [13, 14]. The most
effective means of inducing protective immunity are immunization with an attenuated
vaccine strain derived from A. centrale, which is not licensed for use in the US, and
immunization with an outer membrane fraction, which can completely protect a percentage
of cattle against infection, as discussed in section 2.2. Clinical disease is most prevalent in
cattle, although ruminants, such as bison, water buffalo, and some species of African
antelope and deer can be persistently infected. A. marginale invades and replicates within
mature erythrocytes in the bovine host, and although endothelial cells can be infected in
vitro [15], convincing evidence for endothelial cell invasion in vivo is lacking [16, 17].
Acute infection of cattle is characterized by an ascending bacteremia (infected erythrocytes)
peaking two to six weeks after infection and reaching levels of 109 or more bacteria per ml
of blood, determined by quantitative PCR [18–20]. The infection results in anemia, with
drops in packed erythrocyte cell volumes generally ranging from 30- to 50% that can be
accompanied by fever and weight loss. However, if elevated, body temperatures generally
remain less than 104°F [21]. Death can occur in up to 30% of clinical cases. Anemia is
caused by removal of infected erythrocytes from the circulation by phagocytic cells of the
spleen, and splenectomized animals do not control bacteremias. In spleen-intact animals, the
acute infection is generally resolved, but never completely cleared, and animals remain
persistently infected for life with fluctuating bacteremias ranging from 102 to > 107 bacteria
per ml of blood [20]. Thus both acute and persistent infections are characterized by
relatively high antigen loads.

This review will compare what is known about the subversion of the immune response by A.
phagocytophilum and A. marginale in humans and ruminants, and will also discuss the
immune dysfunction observed in intraerythrocytic A. marginale infection with that which
occurs during infection with other chronic pathogens, including intraerythrocytic malarial
parasites.
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2. Immune Response to Infection or Immunization
2.1. Immune response to A. phagocytophilum

The mechanisms that lead to control of A. phagocytophilum infection in humans are not
completely understood. Studies examining human T cell responses have not been performed,
although during acute infection, high antibody titers occur in approximately 40% of patients
[22]. In patient sera, IgG reacts with A. phagocytophilum proteins on immunoblots [23],
indicating the requirement for CD4+ T cell help. Similarly, 44% of equine patients also
make high titers of specific antibody [24], although in both humans and horses a protective
role for antibody in clearing infection was not demonstrated.

Few studies have examined cytokine responses to infection. In humans infected with A.
phagocytophilum, recovery from acute infection was associated temporally with elevated
serum levels of IFN-γ and IL-10, whereas serum TNF-α, IL-1β, and IL-4 levels were not
elevated compared with controls [25]. In contrast, horses experimentally infected with A.
phagocytophilum that developed mild disease had undetectable or weak expression of IFN-γ
and IL-10 mRNA, but more consistently upregulated IL-1β and TNF-α mRNA expression
by peripheral blood leukocytes, suggesting a role for these latter proinflammatory cytokines
in disease [26].

In sheep, antigen-specific immune responses have not been extensively studied during
infection, in part because they are suppressed (see section 3.2.2). Lymphocytes in the blood
of experimentally infected sheep were compared with those of normal sheep, analyzed by
flow cytometry. There was a significant reduction in total numbers of circulating
lymphocytes, six days after infection, which was associated with significant losses of both B
cells and T cells [10]. T cell losses were further shown to include CD4+, CD8+ and CD4−
CD8− T cells. Antibody responses in infected sheep persisted for six to ten weeks in one
study using counter electrophoresis [27] and began to decline after 18 weeks in a second
study using indirect immunofluorescence assay (IFA) [28]. More recently, serum antibody
responses to A. phagocytophilum and recombinant major surface protein (MSP)5 were
measured during the course of acute and persistent infection of sheep [7]. Specific antibody
was detected by two weeks post-infection, but diminished over time and was not detectable
by immunoblotting by 14 weeks, despite persisting infection. Titers evaluated by indirect
immunofluorescence assay during acute infection ranged from 1,280–5,120 in two animals.

Experimental infection of mice with A. phagocytophilum causes a disease progression
similar to that of immunocompetent humans, with transient infection lacking clinical signs
but sharing histologic lesions found in humans, including hepatic lymphohistiocytic
aggregates with apoptosis [29]. Thus, mice are useful for studying the immune mechanisms
that lead to control and clearance of this pathogen. Resolution of infection by A.
phagocytophilum infection is mediated by a combination of neutralizing antibody and
inflammatory responses of activated macrophages and neutrophils, which are dependent on
CD4+ T cells [29–33].

A role for lymphocytes in mediating pathogen clearance was shown in studies using T cell-
and B cell-deficient SCID mice, which remained persistently infected [34–36]. In the murine
A. phagocytophilum model of HGA, passively administered immune serum protected 63%
of experimentally challenged animals from developing detectable infection measured by
PCR amplification of A. phagocytophilum DNA, whereas 88% of control mice developed
infection [30]. In mice experimentally infected with A. phagocytophilum, bacterial burdens
in blood peaked on day 7, and IFN-γ produced by splenic leukocytes peaked later, on day
10, whereas maximal tissue pathology was observed on day 14 [29, 33]. A decrease in
organisms within the tissues was paralleled by later declines in IFN-γ levels and hepatic
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pathology three and seven days later, respectively, suggesting a causal role of IFN-γ in both
controlling infection and mediating tissue damage. Further studies confirmed a role of IFN-γ
in both protection against infection and immunopathology. In IFN-γ knockout mice,
increased bacterial levels in blood and tissues occurred during early infection, but bacteria
were eventually cleared [31, 33]. Interestingly, in IFN-γ knock out mice, histopathologic
lesions were absent, indicating pathology is mediated by this cytokine [33]. However, in the
same studies when IL-10 knockout mice were used, mice had similar levels of IFN-γ as wild
type mice but had increased histopathologic lesions that were not resolved in the face of
controlled bacterial burdens [33]. IL-10, which acts to suppress macrophage
proinflammatory cytokine responses, likely decreased tissue injury otherwise mediated by
cytokines that are induced by IFN-γ. Later studies showed that IFN-γ produced by NK and
possibly NKT cells was important for controlling early infection, but again, not crucial for
complete elimination of the pathogen [37, 38]. Together, these studies confirm a role for
IFN-γ in mediating both pathology and early bacterial control, although it is not essential for
bacterial clearance.

IFN-γ may also help reduce bacterial burdens by inducing reactive nitrogen intermediates,
which are toxic for intracellular bacteria [32]. When NOS2-deficient mice were infected
with A. phagocytophilum, bacteria were still readily detected at 12 days, which in wild type
mice are cleared. A role for IFN-γ in the NOS2-mediated bacterial clearance was suggested,
as NOS2 levels were lower in IFN-©R knockout mice, which also still had detectable
bacteria at 12 days. Nevertheless, in NOS2 deficient mice, bacteria were cleared at 20 days,
showing that reactive nitrogen intermediates are not necessary for clearing infection.
Subsequent studies using mice deficient in TLR2 and TLR4, MyD88, TNF, iNOS, or
phagocyte NADPH oxidase showed that these mice were also completely capable of
clearing the infection [36]. Thus, innate immune mediators used to activate phagocytes to
kill other intracellular bacteria did not appear to play a major role in A. phagocytophilum
clearance. These same mediators did, however, contribute to the observed pathology [39].

CD4+ T cells were more recently found to be required for complete A. phagocytophilum
elimination in the mouse model [38]. However unlike the paradigm for controlling other
intracellular pathogens, studies using mice deficient in perforin, Fas/FasL, Th1 cytokines
IL-12 and IFN-γ, or MCP-1 showed that these mice were able to clear bacteria [38]. Thus,
the precise mechanisms by which CD4+ T cells mediate pathogen clearance are still not
understood.

2.2 Immune response to A. marginale
Because A. marginale does not replicate within cells that express MHC molecules, it is
hypothesized that protective immunity to infection requires activation of both CD4+ T cell
responses and antibody [40]. CD4+ T cells are required for B cell isotype switching to high
affinity IgG isotypes that promote opsonization of bacteria, and through IFN-γ secretion,
play a role in activating macrophages to produce bactericidal molecules such as nitric oxide
(NO). In cattle, IFN-γ secreted by antigen-stimulated CD4+ T cells provides help to B cells
for IgG2 production [41, 42].

Monitoring the immune response in cattle to infection with A. marginale has documented a
strong IgG1 and IgG2 response that fluctuates over the course of acute and persistent
infection, maintaining titers of 3,000 to 100,000 during persistence [20, 43, 44]. The IgG
response is primarily directed against the immunodominant and antigenically variable outer
membrane protein MSP2 [43, 45] (described in section 3.2.1), although other MSPs, notably
antigenically variable MSP3 (which shares the conserved C-terminal part of the MSP2
protein), MSP1, MSP4, and MSP5 can also be detected on immunoblots [44–47]. It is
presumed that antibody (IgG2 was the only isotype investigated) to predominant variants of
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MSP2 is responsible for controlling the initial acute bacteremia, as well as subsequent peaks
of bacteremia that arise during persistent infection from new antigenic variants [48, 49].
Antibody is hypothesized to act by either neutralizing extracellular bacteria in the process of
invading new erythrocytes or by opsonizing bacteria that are then targeted for macrophage
phagocytosis. Antibodies directed against the surface of infected erythrocytes have not been
detected, so phagocytosis of infected erythrocytes probably occurs by other mechanisms.
Nevertheless, antibody to continually emerging MSP2 variants is not sufficient to clear
infection and cattle remain persistently infected for life. The inability to passively protect
cattle against A. marginale infection with immune sera from either infected or immunized
cattle [50] suggested mechanisms other than antibody also contribute to protection or that
the antibody to the dominant MSP2 variants in sera could not prevent emergence of new
antigenic variants.

Early studies on cellular immune responses elicited during infection with A. marginale
established the correlation between protection and macrophage activation in the control of
acute bacteremia [51, 52]. Further support of this was shown in studies where supernatants
of proliferating blood leukocytes cultured with A. marginale killed the bacteria, but the toxic
molecule(s) were not identified [53]. When monoclonal antibody that neutralized IFN-γ or
an inhibitor of iNOS (aminoguanidine) was used to treat cattle during acute infection, only
aminoguanidine had an effect, which contrary to expectations, actually improved the clinical
response, suggesting that if induced during infection, iNOS may exacerbate both anemia and
bacteremia [54]. Although plasma levels of these reagents were measured and detected, the
effect on in vivo levels of NO and IFN-γ were not determined.

Few studies have actually examined the antigen-specific T cell response to A. marginale
during infection. Gale et al. [55] measured T-lymphocyte proliferation in blood and spleens
of cattle during infection. Responses were not detected in PBMC of all cattle that had
recovered from infection, whereas responses by splenic lymphocytes were detected,
although the responses were inconsistent between time points for individual animals. A
caveat is that negative control antigens were not included in this study. A more thorough
study was recently conducted where cattle were infected with either fresh blood derived
from the Florida strain or by tick transmission of the South Idaho strain of A. marginale, and
PBMC and spleen biopsy lymphocytes were tested for antigen-specific proliferation and
IFN-γ production [20]. Frequent sampling of peripheral blood from the two Florida strain
infected cattle revealed that significant antigen-specific T cell responses against A.
marginale outer membranes (compared with negative control antigens) were not detected
until five to seven weeks after infection, after bacteremias had peaked at approximately four
weeks. Thereafter responses were sporadic and transient and observed only once or twice
during the 120-day sampling period. Responses in the spleens of the same cattle sampled
one to two times per week were first significant at weeks 7 and 15, and only for a total of
two and three times during the sampling period. A longer lag period was observed in tick-
transmitted South Idaho strain infected cattle sampled weekly for nearly one year, with
significant proliferative responses observed first at 15 and 16 weeks post infection, well
after infection had peaked at four to five weeks and was resolved (but not cleared).
Responding cells were determined to be CD4+ cells, and not CD8+ or γδ T cells.
Paradoxically, all cattle developed high titers (30,000) of A. marginale-specific IgG1 and
IgG2 by two-three weeks of infection, when bacteremias were ascending, and titersl
remained high throughout persistent infection. This suggests isotype switching occurred
through T-dependent mechanisms. However, antibody, which was directed predominantly
against MSP2, was not sufficient to clear infection. The dysfunctional CD4 T cell response
will be discussed in depth in section 3.2.2.
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Research on A. marginale in cattle immunized with protective vaccines is consistent in
identifying CD4+ T cells, IFN-γ secretion, and activation of specific IgG isotypes for
neutralization and opsonization as determinants of protective immunity [40, 56]. Our best
information comes from studies on the immune response in cattle immunized with purified
outer membranes, which induces protection against virulent challenge. In four trials,
vaccinees were significantly protected against bacteremia upon challenge with homologous
or heterologous A. marginale strains [44, 56–58]. This protection was shown for up to 75%
of the vaccinees that were completely protected against infection; no organisms were
detected microscopically during the 2.5 month period post-homologous strain challenge and,
in the most recent trials, lack of infection was confirmed using the msp5 PCR [56, 58].
Importantly, protection correlated with antibody titer against the outer membrane
immunogen with the highest antibody titers in cattle that were completely protected against
infection [56]. In addition, complete protection was associated with induction of IgG2
antibody, the optimal opsonizing antibody subclass in cattle [59]. However, subsequent
studies showed that immunization with gel-eluted native MSP2 containing multiple
antigenic variants did not afford protection against challenge with homologous bacteria from
which the MSP2 was derived, which expressed the same major MSP2 variants [21].
Furthermore, when comparing the MSP2-specific response in protected OM-vaccinees and
unvaccinated, infected controls, there was no significant difference in antibody repertoires to
MSP2 peptides in terms of breadth of response and titer [58]. Among the immunized
animals, there was no association between either breadth or magnitude of the anti-MSP2
IgG response and either complete protection from infection or control of bacteremia [58].
We hypothesize that the protection afforded against heterologous strain challenge is due to
responses directed against strain-conserved, sub-dominant antigenic epitopes in the outer
membrane proteins used for immunization [45, 60–63]. A concerted effort is underway to
identify such proteins and test them for conferring protective immunity, reviewed elsewhere
[64].

3. Subversion and dysregulation of the immune response
It has recently become evident that Anaplasma pathogens have evolved mechanisms to
thwart the innate and adaptive immune response. These include the manipulation of the host
neutrophil by A. phagocytophilum to prevent cellular apoptosis and neutrophil killing
mechanisms, antigenic variation of immunodominant surface proteins MSP2/P44 in A.
phagocytophilum and of MSP2 and MSP3 in A. marginale to evade specific immune
responses, and subversion of adaptive immune responses.

3.1 Evasion of innate defense mechanisms
Both A. phagocytophilum and A. marginale lack genes encoding biosynthetic pathways for
LPS and peptidoglycan [65, 66] two important pathogen associated molecular patterns
expressed by most gram negative bacteria that activate TLR and NOD receptors [67, 68].
Thus the absence of these molecules allows these pathogens to fall under the radar of
important innate defense sensors. A. marginale inhabits a non-phagocytic cell, the
erythrocyte, which lacks innate defense mechanisms. A. phagocytophilum, which inhabits
the hostile environment of the neutrophil, uses several strategies to evade or block host cell
antimicrobial function, which are extensively reviewed elsewhere [1, 69, 70]. Briefly,
through binding to sialyated P-selectin glycoprotein ligand-1 and other glycans on the
neutrophil, it bypasses complement and FcR-mediated phagocytic pathways. Caveolae-
mediated endocytosis directs the pathogen to an intracellular membrane-bound inclusion
that does not acquire components of NADPH oxidase or of late endosomes or lysosomes. A.
phagocytophilum is further able to prevent superoxide anion production and neutrophil
oxidative killing by scavenging oxygen, inhibiting NADPH oxidase assembly on its
vacuolar membrane, and modifying promoter activity for a key NADPH oxidase component,
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gp91phox. It induces neutrophil release of IL-8 in humans and the murine homologs KC and
MIP-2 and upregulates the expression of receptors for these chemokines, which results in
recruitment of additional neutrophils that can be targeted for invasion and bacterial
propagation. Uptake of this pathogen delays spontaneous neutrophil apoptosis. Furthermore,
A. phagocytophilum dysregulates neutrophil gene expression leading to extension of the
normally short-lived neutrophil lifespan to maximize its survival and dissemination within
its mammalian host so until it can be acquired by tick feeding and transmitted to another
host.

A. phagocytophilum and A. marginale are both small genome pathogens that have
undergone reductive evolution, but retained a type IV secretion system (T4SS) [reviewed in
ref. 1, 71–73]. In A. phagocytophilum the T4SS is a virulence factor, and it has been shown
that the T4SS secretes effector proteins that include an ankyrin repeat domain-containing
protein A (AnkA) and Anaplasma translocated substrate 1 (Ats-1) into the neutrophil
cytoplasm. These effectors have distinct signaling mechanisms that may play a role in host
cell attachment and invasion [73–75].

While the function of the T4SS in A. marginale has not been determined, retention of these
genes by this small genome pathogen indicates their requirement for invasion and survival
within erythrocytes and/or tick cells [66, 71]. T4SS structural proteins are definitely
expressed in bacteria within host erythrocytes [45, 62, 63, 76], and recent studies have
identified several T4SS effector molecules including AnkA [77]. Because of their
immunogenicity, conservation among strains, and surface localization, T4SS proteins are
being evaluated for vaccine development [45, 60–63].

3.2 Evasion of adaptive immunity
3.2.1 Antigenic variation—Persistent infection is established and maintained in large
part through antigenic variation of immunodominant MSP2 and related MSP3 of A.
marginale and MSP2/p44 of A. phagocytophilum. [19]. The msp2 locus was first described
in A. marginale and is comprised of a variable number of functional pseudogenes (five to
ten) and a single expression site. Full-length msp2 genes contain a central hypervariable
region flanked by two conserved regions, and pseudogenes contain unique central
hypervariable regions flanked by small conserved region sequences identical to those in the
expression site msp2. Antigenic variation in MSP2 and MSP3 occurs by gene conversion of
whole pseudogenes and small segments of pseudogenes (resulting in segmental gene
conversion) into the msp2 expression site, providing an efficient mechanism to generate the
large number of variants seen during sequential cycles of persistent infection [66, 78–82]. A.
phagocytophilum has a similar gene locus designated msp2/p44 consisting of one msp2/p44
expression site gene and 112 msp2/p44 pseudogenes with a similar structure of
hypervariable and conserved regions, and a similar gene conversion mechanism that gives
rise to multiple variants [1, 83].

As noted in section 2.2, MSP2 is the dominant protein recognized by sera from cattle
infected with A. marginale or immunized with outer membranes, and Msp2/p44 is the
dominant protein recognized during A. phagocytophilum infection [23, 43, 84, 85]. In cattle,
the MSP2-specific antibody response is predominantly directed toward the hypervariable
region rather than the flanking conserved regions [86, 87]. This is not surprising, as the
hypervariable region is predicted to be surface exposed [86] and antigenic variation is
detected under conditions of immune pressure and selection, which would not apply to
surface exposed conserved sequences. Evasion of the anti-MSP2 antibody response by
newly emerging variants during persistent infection was documented for A. marginale [49]
and for A. phagocytophilum in sheep [7, 88]. However, the ovine antibody response to a
particular variant may be short-lived and was not consistently associated with clearance of
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that variant [7]. In mice, immunization with one MSP2/p44 variant failed to prevent A.
phagocytophilum infection, which can be explained by the emergence of other MSP2/p44
variants [89].

In addition to escaping antibody recognition, variation in A. marginale MSP2 generated by
segmental gene conversion resulted in lack of T cell recognition of naturally occurring
variants when CD4+ T cell clones from MSP2-vaccinated cattle were tested with synthetic
peptides representing these variant sequences [90]. Oligoclonal CD4+ T cell lines from the
MSP2-immunized cattle did respond to some of the variant peptides, indicating their
presence in the MSP2 immunogen. Antigenic variation involving just one amino acid
substitution has been shown to result in immune evasion by a loss of T cell recognition or
induction of T cell antagonism or anergy [91–93]. The biological significance of T cell
epitope variation in MSP2 during infection with regard to potential effects on antigen-
specific T cell recognition have not been determined. Nevertheless, these data suggest that
the generation of MSP2 and MSP3 or MSP2/p44 variants allows for escape of antibody, and
potentially CD4+ T cell responses, which contribute to the ability of Anaplasma pathogens
to establish long-term persistent infection.

3.2.2 CD4+ T cell suppression, exhaustion and deletion in Anaplasma
infection—A. phagocytophilum infection results in a generalized immune suppression,
which has been most thoroughly described in sheep [reviewed in ref. 10]. The immune
suppression is characterized by severe leukopenia due to early lymphocytopenia, prolonged
neutropenia and thrombocytopenia. Neutrophil phagocytosis and bacterial killing are
impaired, and as discussed in section 2.1, this involves signaling pathways related to
respiratory burst [94–96]. This results in increased susceptibility to concurrent bacterial
infections that would otherwise be controlled by unimpaired neutrophil and lymphocyte
functions.

In addition to impaired innate defenses, lymphocyte function is also dysregulated during A.
phagocytophilum infection. Antibody responses to other bacterial and viral pathogens and T
cell responses to mitogens were affected, which could result from severe lymphopenia [10].
Specifically, there was a reduction in the number of CD4+ T cells and changes in the ratio of
CD4+ T cells to CD8+ T cells. Downregulated expression of the IL-2 receptor CD25 in
ovine CD4+ T cells was also observed during infection and up to five weeks post-infection
[9]. As CD25 is expressed on antigen activated CD4+ T cells as well as T regulatory cells
(Treg), both of these cell types could be impaired during infection.

Antibody responses specific for A. phagocytophilum to variant MSP2/P44 and conserved
MSP5 also diminished over time during infection [7]. Together, these results support
suppression of both A. phagocytophilum-specific and non-specific adaptive immune
responses during infection. Mechanistically, this could be due to lymphopenia or failure to
generate long-lived memory T and B cells and long-lived plasma cells [87]. The isotype of
antibody was not determined in this study so it is unknown whether the antibody response to
MSP2/P44 and MSP5 is a T-dependent IgG response or T-independent IgM response.

In contrast to the nonspecific immune suppression observed during A. phagocytophilum
infection of sheep, infection of cattle with A. marginale does not result in a generalized
immunosuppression, and altered numbers of circulating leukocytes, including lymphocytes,
have not been reported. However suppression of antigen-specific T cell responses does
occur upon A. marginale infection [21, 97]. Immunization using A. marginale MSP2 or
immunogenic portions of MSP1a has shown that infection induced a rapid downregulation
of a strong pre-challenge CD4+ T cell response. In the first experiment, cattle were
hyperimmunized with gel-purified native MSP2 in Th1 adjuvants and challenged six months
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later with organisms expressing the same major MSP2 variants that were present in the
immunogen [21]. As described above, protection was not observed and anemia and
rickettsemia were comparable in vaccinated and control (adjuvant only) animals. What was
surprising was a dramatic loss in MSP2-specific CD4+ T cell responses occurring just prior
to the peak bacteremia. This included T cell responses specific for both conserved and
variable epitopes in MSP2, and was determined as a loss of both proliferation and IFN-γ
secreting cells, detected by ELISPOT assay. The loss of response to epitopes conserved in
all MSP2 variant proteins indicated that the loss of the MSP2-specific response was not only
due to emergence of new antigenic variants. Importantly, antigen-specific responses were
never detected in vaccinated animals monitored periodically for a year after infection. The
long-term dysregulated response was antigen-specific, as responses to the unrelated
Clostridium sp. antigen against which animals were also vaccinated remained normal.
Antigen presenting cells (APC) obtained from peripheral blood of cattle at non-responding
time points were fully functional when used to present antigen to autologous CD4+ T cells
obtained at responding time points, ruling out dysfunctional APC as a cause for loss of
responsiveness to antigen. Functional suppressor cells in the peripheral blood of non-
responding animals were also not detected when mixing different ratios of non-responding
and responding cells in proliferation assays. Furthermore, the frequencies of circulating
CD25+ CD4+ lymphocytes, measured before and during the course of infection, did not vary
significantly, and the production of Treg cytokines TGF-β and IL-10 by peripheral blood
mononuclear cells in response to antigen did not increase following infection. These results
suggested the sudden loss of MSP2-specific T cell responses in the peripheral blood was not
simply due to an increase in Treg cells in response to infection [21]. However, spleen
lymphocytes were not evaluated for functional suppressor T cells, which if present, could
explain these results, as this lymphoid organ is important for removing infected erythrocytes
during hemoparasite infections and spleen lymphocytes would have ample opportunity to
encounter antigen [98].

The second study was designed to track antigen specific CD4+ T cells following infection
using bovine MHC class II tetramers [99] in both blood and spleen [97]. Cattle were
inoculated intradermally with a DNA construct encoding a T cell epitope (F2-5) and B cell
epitopes (the N-terminal repeats) from the conserved MSP1a [100], boosted once with
recombinant protein [101] and subsequently challenged months later with A. marginale. As
observed for MSP2, the strong CD4+ T cell responses from blood measured after
immunization and before challenge disappeared just prior to peak rickettsemia [97]. As
before, the loss of response was specific for A. marginale, as Clostridium spp.-specific
responses remained intact. Unlike the situation with A. phagocytophilum, percentages of
CD4+ T cells did not change significantly over the course of infection. However, the
dramatic loss of MSP1a-specific T cell proliferation and IFN-γ secreting cells was mirrored
by a rapid drop in MHC class II tetramer positive T cells, using a tetramer constructed with
the MSP1a F2-5 epitope and DRA/DRB3 MHC class II proteins known to present this
peptide [99] and expressed by each of the experimental animals. Antigen-specific T cells
were apparently not sequestered in the spleen or lymph node, as samples taken at necropsy
had baseline levels of tetramer positive T cells in lymph nodes of all cattle and in spleens of
three of the five animals. In the other two animals, tetramer-positive cells were two- to
seven-fold higher than baseline levels. Ten-fold higher levels of tetramer positive cells were
detected in liver biopsies obtained at necropsy from all cattle. However, none of the liver or
spleen lymphocytes could be expanded in vitro with antigen, with or without IL-2,
suggesting they were destined for apoptosis.

For both studies described above, A. marginale-specific T cell responses were also not
detected in peripheral blood lymphocytes from sham immunized control animals following
challenge [21, 97], in spite of high levels of bacteremia and high A. marginale specific IgG
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antibody titers. This suggested that dysfunctional T cell priming to A. marginale antigens, in
addition to the MSP2 and MSP1a immunogens, occurs during infection, as was
subsequently shown [20] and is described above in section 2.2. When naïve cattle were
infected with A. marginale, either by intravenous injection of infected blood or by tick
transmission, detection of T cell responses were delayed, and then appeared sporadically and
lasted only one-two weeks. It is possible that these transient T cell responses result from a
periodic escape from a regulatory environment, described for other persistent infections
[102]. The dysfunctional CD4+ T cell response to infection is also consistent with continual
down regulation or deletion of newly primed effector T cells, similar to what was observed
for MSP-specific T cells induced by immunization after animals were challenged with A.
marginale [21, 97]. As new antigenic variants of MSP2 or MSP3 arise during persistent
infection, T cells may be continually primed to these new variants, which are then
suppressed or deleted as antigen load increases. We have shown that both hypervariable as
well as conserved regions of MSP2 contain CD4+ T cell epitopes [86, 90]. During persistent
infection, there may also be continuous priming and expansion of CD4+ T cells to epitopes
on subdominant outer membrane proteins [61].

We have hypothesized that the loss of immunization-induced CD4+ T cell responses after
infection, and the failure to establish a strong memory CD4+ T cell response during A.
marginale infection are the result of high antigen load, leading to T cell apoptosis [20, 21,
97]. T cell apoptosis was supported by the loss of antigen-specific T cells detected by
tetramer staining, but the possibility remained that a small population of antigen-specific T
cells were present but unable to proliferate or secrete IFN-γ due to anergy or downregulation
via Treg cells that arise in response to infection [102]. It was, therefore, of interest to
determine whether memory T cells became dysfunctional in cattle, protected from high
levels of bacteremia by immunization with the outer membrane immunogen, upon infection.
Cattle were immunized with outer membranes and T cell responses monitored for several
months. As observed before [56, 60, 62, 63], all five cattle had strong T cell responses to the
outer membrane immunogen. Following tick-transmitted challenge with homologous strain
A. marginale three months after the last outer membrane immunization, all cattle lost A.
marginale-specific T cell responses, but not Clostridium spp. vaccine-induced T cell
responses. However, all animals did become infected, albeit with significantly lower
bacteremias than controls. We then asked whether completely clearing the bacterial
infection with antibiotics would enable T cell responses to once again be detected. This
would indicate whether antigen-specific T cells were present and anergic/suppressed or
deleted. (It should be noted that it was technically impossible to detect antigen-specific
CD4+ T cells using MHC class II tetramers as the outer membrane vaccine would elicit
immune responses to numerous proteins and epitopes [61] with unknown MHC class II
restriction elements). Four months after challenge, when antigen-specific T cell responses
were still negative, cattle were treated with an antibiotic regimen that completely cured
infection [103]. The infection was shown to be completely cleared by PCR and Southern
blot analysis of msp5 gene expression and confirmed by subinoculation of blood into a
splenectomized calf, which failed to develop infection by 45 days. Importantly, in all
animals significant T cell responses to A. marginale returned. While this is not definitive
proof that the presence of infection resulted in a suppressed response, the results are
consistent with this interpretation. The manuscript describing these results is in preparation
[Turse, JE, Morse K, Scoles, GA, Sutten EL, and Brown WC]. Experiments are also in
progress to evaluate the potential role of FoxP3+ T reg cells during acute infection of cattle
on immunization-primed MSP1a and MSP2 responses.

3.2.3 T cell exhaustion and depletion during other chronic infections—During a
primary immune response, naïve T cells expand many fold and differentiate into highly
activated effector cells which may become polarized to different subsets (Th1, Th2, Th17,
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Treg, etc.) or may express multiple cytokines. Contraction of this antigen-specific T cell
response occurs after infection is controlled to limit potential tissue damage from T cells that
secrete inflammatory cytokines [104]. The ensuing memory cells have the potential to
respond rapidly to a subsequent antigen exposure, develop into effector cells, and again
contract to a relatively stable homeostatic level of memory cells. However, during chronic
infection with pathogens that reach high and persistent levels, this contraction does not
always result in strong memory cell development, and in fact the T cells can become rapidly
exhausted or deleted [105]. The fate of antigen-specific effector T cells is determined by
many factors, including the cytokines they produce [104, 106].

For example, in a murine systemic intracellular bacterial infection with Bacille Calmette-
Guérin (BCG), antigen-specific CD4+ T cells rapidly expanded after infection, and then
underwent homeostatic contraction to normal levels [107]. The contraction phase was due to
IFN-γ-dependent T cell apoptosis, and was also dependent on NO production by
macrophages. However, in this study not all effector cells were deleted, and considerable
numbers remained in the spleens of wild-type mice following effector cell contraction [107].
It was subsequently shown in this model that IFN-γ acted directly on CD4+ T cells to
upregulate expression of genes encoding intrinsic apoptosis machinery involved in
promoting damage to the cell mitochondria [108]. It was further shown that IFN-γ induced
expression of cell-extrinsic pro-apoptotic signals TRAIL and TNF-α from CD4+ T cells and
NO and TNF-α from macrophages [108]. These studies point to mechanisms by which IFN-
γ produced by antigen-specific CD4+ T cells in response to antigen or infection promotes T
cell apoptosis to restore a normal homeostatic response.

High antigen load observed during both acute and persistent viral infections causes
dysregulation in the form of T cell exhaustion leading to apoptosis of antigen-specific T
cells. This has been described extensively for virus specific CD8+ T cells, and to a lesser
extent for CD4+ T cells [reviewed in ref. 105, 106, 109]. During chronic infection, such as
those caused by HIV and hepatitis B (HBV) and hepatitis C (HCV) viruses in humans, and
lymphocytic choriomeningitis virus (LCMV) in mice, under conditions of high viral load
during persistent infection, both CD4+ and CD8+ T cells become dysfunctional and lose the
ability to produce IL-2 and TNF-α. They may, however, continue to produce IFN-γ. T cells
that produce high levels of IFN-γ in the absence of TNF-α and IL-2 are programmed to
undergo apoptosis, rather than differentiate into memory cells [106]. Similarly, influenza
virus-specific CD4+ memory T cells that produced IL-2 underwent normal contraction in
comparison with IL-2-deficient cells that underwent a rapidly enhanced contraction during
infection, suggesting IL-2 may increase resistance to various mechanisms of cell death in
responding CD4+ memory T cell populations [104]. However, it has also been shown that
dysfunctional T cells from HIV infected individuals could be rescued with IL-2 [110]. In our
study with A. marginale infected cattle, unresponsive T cells did not proliferate to antigen
(i.e. made insufficient IL-2) and could not be stimulated to proliferate with exogenous IL-2
[97]. However, in general there were decreasing frequencies of IFN-γ secreting cells
responding to A. marginale antigen ex vivo after infection of immunized cattle, which is
consistent with a switch from IL-2+ IFN-γ+ cells to IL-2− IFN-γ+ cells that stop proliferating
and are targeted towards apoptosis [21, 97].

Finally, it is of interest to compare the dysfunctional CD4+ T cell response observed during
A. marginale infection with the CD4+ T cell response during infection with another
intraerythrocytic pathogen, Plasmodium. Development of protective immunity against
malaria infection in humans is difficult to achieve and it is believed that memory T cell
responses are impaired [111]. Studies performed with mouse malarial parasites have
addressed the failure to establish long-term CD4+ T cell memory to the intra-erythrocyte
stage of the parasite. In studies with Plasmodium berghei, adoptively transferred, CD4+ T
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cells specific for malarial antigens were deleted upon infection, and the deletion was
antigen-specific, as T cells specific for ovalbumin were not deleted. Studies using gene
knockout mice showed that deletion was not dependent on either TNF or Fas, indicating
upregulation of these death receptors was not involved in T cell death. However, IFN-γ was
shown to be important, as mice depleted of IFN-γ with specific antibody did not undergo
deletion of adoptively transferred T cells following infection [112].

In a different infection model with P. chabaudi chabaudi, CD4+ and CD8+ T cells were
shown to undergo apoptosis in the spleen during high levels of parasitema, which was
associated with increased expression of death receptors Fas and FasL [113, 114]. More
recent studies tracked mice for 200 days following untreated (high parasite load) or drug-
treated (low parasite load) infection with P. chabaudi AS strain [115]. It was concluded that
although T cell apoptosis was observed during acute infection in association with high
antigen load, this did not impair the generation of P. chabaudi-specific memory T cells,
which were detected by 20 days. Rather, there was a progressive decline in the memory T
cell response over time, leading to impaired immunity.

T cell exhaustion has been attributed to upregulated expression of inhibitory molecules on
the T cell surface that results in inhibition of cytokine production. The potential roles of
TNF and Fas receptors were mentioned above in malaria infection models. Other death
receptors have been implicated in viral infections. One is programmed death-1 (PD-1), is a
member of the B7 family, which binds to its ligands, PD-L1 and PD-L2, and results in
inhibition of T cells and IL-2 expression [116]. Upregulated T cell PD-1 plays a role in T
cell exhaustion in HIV and HCV infection [117–119]. Another recently described inhibitory
molecule is the Tim-3 receptor, a T cell Ig mucin family of proteins with galectin-9 as its
ligand [120]. Tim-3 was significantly upregulated on CD4+ and CD8+ T cells from HIV-
infected individuals and Tim-3 positive CD8+ T cells were shown to be functionally
exhausted [121]. Tim-3 was also upregulated during HCV and HBV infections [122, 123].
The mechanisms leading to dysfunction and deletion of CD4+ T cells during A. marginale
infection have not been determined, but experiments should be performed to investigate a
potential role of lymphocyte surface inhibitory molecules such as Fas, PD-1, and TIM-3.

3.3 Conclusions
Intracellular A. marginale and A. phagocytophilum pose unique problems for vaccine
development. In spite of very different intracellular niches, both bacteria achieve persistent
infection, which is critical for tick transmission to susceptible individuals. These bacteria
have evolved unique mechanisms to persist, including loss of LPS and peptidoglycan that
activate innate immune defense mechanisms, manipulation of the host target neutrophil
designed to destroy the pathogen or establishment of infection in a rather benign
erythrocyte, suppression of innate and adaptive immune responses to favor pathogen
survival, extensive antigenic variation in immunodominant surface proteins MSP2 (and
MSP3 for A. marginale) to permit evasion the adaptive immune response, and secretion of
virulence factors through the type IV secretion system. In humans and mice, A.
phagocytophilum infection induces a mild immune suppression, is generally not persistent,
and control is mediated in a CD4+ T cell-dependent mechanism. IFN-γ both aids in pathogen
clearance and induces host pathology. In sheep, A. phagocytophilum infection induces a
more severe generalized immune suppression attributed to lymphocytopenia, neutropenia
and thrombocytopenia, leading to secondary infections. On the other hand, A. marginale
infection causes deletion and/or anergy of a previously elicited A. marginale MSP-specific T
cell response. In naïve animals infection induces a delayed and transient effector CD4+ T
cell response leading to a poor memory response in spite of high titers of A. marginale-
specific IgG (directed mainly at MSP2), which fails to clear infection. If a goal is to develop
vaccines that prevent infection, understanding the mechanisms of immune regulation by
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these pathogens is critical to develop ways to effectively prime T cells to that will be
stimulated upon infection to expand rapidly into an effector population capable of
controlling infection.
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Fig. 1.
Phylogenetic tree of order Rickettsiales. Genera in the families Anaplasmataceae and
Rickettsiaceae are shown in shaded areas. Species of interest are circled. The Rickettsia are
subgrouped according to ancestral group (AG), transitional group (TrG), Typhus group (TG)
and spotted fever group (SFG). The tree is based on a clustalW alignment of 16S ribosomal
RNA gene sequences using POWER (http://power.nhri.org.tw/power/home.htm).
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