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Control of blood-borne infections is dependent on antigen-specific effector and memory T cells and high-
affinity IgG responses. In chronic infections characterized by a high antigen load, it has been shown that
antigen-specific T and B cells are vulnerable to downregulation and apoptosis. Anaplasma marginale is a
persistent infection of cattle characterized by acute and chronic high-load bacteremia. We previously showed
that CD4� T cells primed by immunization with an A. marginale outer membrane protein were rapidly deleted
following infection. Furthermore, peripheral blood T cell responses to bacteria were not observed after acute
infection was controlled, suggesting dysfunctional T cell priming to other A. marginale antigens. The current
study more closely investigated the kinetics of A. marginale-specific CD4� T cell responses primed during
infection. Frequent sampling of peripheral blood and spleens revealed that antigen-specific CD4� T cell
responses were first detected at 5 to 7 weeks, but the responses were sporadic and transient thereafter. A
similar pattern was observed in animals sampled weekly for nearly 1 year. Paradoxically, by 2 weeks of
infection, cattle had developed high titers of A. marginale-specific IgG, which remained high throughout
persistent infection. This dysfunctional CD4� T cell response to infection is consistent with continual down-
regulation or deletion of newly primed effector T cells, similar to what was observed for immunization-induced
T cells following A. marginale infection. The failure to establish a strong memory T cell response during A.
marginale infection likely contributes to bacterial persistence.

Many pathogens have evolved strategies to evade innate and
antigen-specific host responses, which may result in persistent
infection (14, 23, 40, 53). Chronic infections caused by blood-
borne pathogens that achieve and maintain high antigen loads
can result in progressive dysfunction and eventual apoptosis of
antigen-specific effector and memory T or B cells (17, 28, 38,
50, 54, 55). The immune response to infections that persist with
a high antigen load is unlike that following immunization or
infection with a pathogen that is rapidly cleared (28). In the
latter situation, the lymphocyte response contracts gradually,
yielding a population of memory cells that are rapidly recalled
upon subsequent encounter with antigen (24, 31). Anaplasma
marginale is a persistent bacterial pathogen of cattle that is
characterized by high levels of bacteremia, attaining levels of
108 to 109 organisms/ml of blood during acute infection. Con-
trol of acute infection generally begins at 4 to 5 weeks, but
infection is not eliminated, and recurring peaks of 104 to 107

organisms/ml of blood occur throughout lifelong persistent
infection (15, 19, 42). Thus, even during persistent infection, a
continuous high antigen load is a prominent feature of this
infection.

The mechanisms of immune control of A. marginale have not
been completely elucidated, but in cattle protectively immu-

nized against infection using purified outer membranes (OMs),
protection was associated with OM protein (OMP)-specific
CD4� T cell responses, including gamma interferon (IFN-�)
production and proliferation and IgG2 production (10, 11).
Nonimmunized infected cattle consistently produce high levels
of OMP-specific IgG1 and IgG2 (43, 44, 46, 57), which are
thought to be CD4� T cell dependent (42). A. marginale con-
tinually undergoes antigenic variation in major surface protein
2 (MSP2) and MSP3 during infection (5, 37, 40), and variant-
specific IgG2 is produced in response to each emerging variant
(18), suggesting that IgG2 responses control the newly emerg-
ing variants but fail to eliminate the pathogen because new
variants continually escape the immune response. Thus, the
current paradigm of the role of CD4� T cells in immunity to
this infection is that antigen-specific CD4� T lymphocyte prim-
ing and activation result in T cell expansion and IFN-� secre-
tion. IFN-�, which in cattle induces isotype switching to IgG2
(16), is proposed to promote opsonization of bacteria or in-
fected erythrocytes and to activate macrophages for enhanced
phagocytosis and cytokine and nitric oxide production, which
help eliminate intracellular bacteria (42).

Two previous studies have shown that cattle immunized with
either A. marginale MSP2 or A. marginale MSP1a developed
robust antigen-specific memory CD4� T lymphocyte prolifer-
ation and IFN-� secretion and then experienced a rapid loss of
antigen-specific CD4� T cell responses following infection (1,
22). The loss of the MSP1a-specific response was associated
with physical loss of antigen-specific CD4� T cells from the
peripheral blood, monitored with major histocompatibility
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complex (MHC) class II tetramers (22). In addition, the re-
sponse to MSP2 as well as to A. marginale homogenate re-
mained undetectable for up to 1 year during persistent infec-
tion, but sampling was infrequent (1). This suggested that
high-level bacteremia not only downregulated preexisting im-
munization-induced CD4� T cell responses to a specific OMP
but also impaired responses to these and additional bacterial
antigens that should prime T cells during infection. We hy-
pothesize that a continual high antigen load during acute and
persistent anaplasmosis prevents the establishment of long-
lived functional antigen-specific memory T cells.

In the present work, we investigated the kinetics of antigen-
specific CD4� T cell responses, primed by A. marginale infec-
tion, over the course of both acute and persistent infection in
the peripheral blood and spleens of naïve cattle infected with
A. marginale South Idaho or Florida strain organisms. Antigen-
specific T cell proliferation and IFN-�-secreting cells were
monitored throughout infection. Our results are consistent
with a functional dysregulation of A. marginale-specific CD4�

T lymphocytes primed during infection and failure to establish
long-term memory. Paradoxically, high titers of A. marginale-
specific IgG were maintained throughout infection, in spite of
the impaired CD4� T cell response. The failure to establish
long-term memory T cell responses may be an important
mechanism by which this bacterial pathogen modulates the
host immune response.

MATERIALS AND METHODS

Cattle. Four 6-month-old Holstein steers (animals C1028b1, C1030b1, 33875,
and 33901) were serologically negative for A. marginale and received killed
Clostridium sp. vaccine (Vision 7; Intervet) prior to onset of the study. Addition-
ally, animals 33875 and 33901 underwent a surgery to marsupialize the body and
tail of the spleen as previously described (49). All animals expressed one MHC
class II DRB3*1101 allele and one different DRB3 allele, as determined by
restriction fragment length polymorphism of exon II and sequencing (39, 45, 48).
Spleen aspirates were obtained as described previously (21). Peripheral blood
mononuclear cells (PBMCs) and splenocytes were washed and purified as de-
scribed previously (2, 21, 22). Lymphocytes were immediately used in assays or
cryopreserved in fetal bovine serum containing 10% dimethyl sulfoxide and
stored in liquid nitrogen. All animal studies were conducted using an approved
Institutional Animal Care and Use Center (Washington State University, Pull-
man, WA) protocol.

Infection with A. marginale. Animals C1028b1 and C1030b1 were infected with
A. marginale via transmission feeding of adult male Dermacentor andersoni ticks.
Ticks were applied beneath a dermal patch and allowed to transmission feed for
7 days. Animals 33875 and 33901 were infected by intravenous inoculation of
1.0 � 106 fresh erythrocytes infected with the A. marginale Florida strain ob-
tained from an acutely infected donor calf and diluted in Hanks’ balanced salt
solution (HBSS). All cattle were monitored daily by determination of rectal
temperature, packed cell volumes (PCVs), and percent infected erythrocytes, as
determined by light microscopy of Giemsa-stained blood films.

A. marginale-specific antibody quantitation. Sera were collected approximately
weekly during infection, and antibody specific to A. marginale MSP5 was mea-
sured. Sera were stored at �20°C until the assays were performed simultaneously
on all samples. MSP5-specific antibody was detected using a competitive enzyme-
linked immunosorbent assay (C-ELISA) commercial kit (VMRD) as previously
described (29) and following the manufacturer’s instructions. Immunoblotting
was used to determine the titers of IgG antibody specific for A. marginale using
sera diluted 1:100, 1:1,000, 1:3,000, 1:30,000, 1:100,000, and 1:1,000,000 in block-
ing buffer (I-block; Applied Biosystems) containing 5% bovine serum albumin
(BSA) and 0.5% Tween 20 (New England Biolabs) essentially as described
previously (10) but with the following modifications. A. marginale homogenate
(200 �g) was boiled in sample buffer and electrophoresed on 10% Tris-HCl
polyacrylamide Criterion gels (Bio-Rad) under denaturing conditions for 1 h at
100 V, and protein was transferred to 0.45-�m-pore-size nitrocellulose mem-
branes at 100 V for 30 min. Membranes were cut into individual strips, dried

overnight, and washed repeatedly with blocking buffer. Each strip was incubated
with individual dilutions of serum for 1.5 h with rocking at room temperature.
Membranes were washed and blocked with blocking buffer and incubated with
mouse anti-bovine IgG1 and mouse anti-bovine IgG2 (both from Serotec) at a
1:100 dilution in blocking buffer for 1.5 h. Tertiary antibody was horseradish
peroxidase-conjugated goat anti-mouse IgG (Kirkegaard and Perry Laborato-
ries) diluted 1:10,000 in blocking buffer. Blots were washed and developed with
enhanced chemiluminescence Western blotting substrate (Thermo Scientific
Pierce). Preimmune sera and uninfected erythrocyte (URBC) membranes were
used as negative controls, and serum from an A. marginale South Idaho strain-
infected calf (C894b1) with known A. marginale-specific IgG2 and IgG2 titers was
used as a positive control to standardize the immunoblots.

Quantitative PCR for detection and quantitation of bacteria. To quantify A.
marginale in blood during infection, a previously described quantitative TaqMan
assay (Applied Biosystems) based on the copy number of the A. marginale msp5
gene was performed (20, 47). Peripheral blood collected weekly during infection
was washed three times in phosphate-buffered saline (PBS; pH 7.2) with cen-
trifugation to remove leukocytes. Washed erythrocytes were diluted 1:1 in PBS
and frozen at �20°C until samples were processed. DNA was extracted from 300
�l of washed erythrocytes using a genPURE kit (Qiagen). Reverse transcription-
PCRs (RT-PCRs) were performed in triplicate using 100 ng of template DNA
per reaction mixture in a total volume of 50 �l including 25 �l TaqMan Universal
buffer, 12.5 �g msp5 forward primer, 12.5 �g msp5 reverse primer, 1.25 �g of
msp5 probe, and 17.4 �l of nuclease-free water. Once the bacterial copy number
was determined for the 100 ng of template DNA, the number of organisms per
ml of whole blood was calculated.

Lymphocyte proliferation assays. Lymphocytes from fresh or cryopreserved
PBMCs and spleen biopsy specimens were assayed in triplicate using 2.5 � 105

viable cells/well in complete RPMI 1640 medium (Gibco) as previously described
(1, 2, 10, 22). Cells were stimulated in 96-well round-bottomed plates in a volume
of 100 �l/well with 15.0 �g/ml of antigen using A. marginale South Idaho or
Florida strain homogenate (matching infection strain) and negative-control
URBC or Babesia bovis membranes. T cell growth factor diluted 1:10 and
Clostridium sp. vaccine antigen diluted 1:100 in complete RPMI 1640 medium
were positive controls (22). Cells were cultured for 6 days at 37°C in 5% CO2,
labeled with 0.25 �Ci [3H]thymidine for 8 h, harvested, and counted in a beta
counter. Short-term cell lines were established by culturing 4.0 � 106 cryopre-
served PBMCs in 1.5 ml complete RPMI 1640 medium with 5 �g/ml of A.
marginale homogenate in a 24-well plate for 6 days. Proliferation assays with
these cells were performed as described above using 2.0 � 104 lymphocytes with
2.5 � 105 fresh autologous irradiated PBMCs/well, which were cultured for 4
days before they were harvested and counted. Results are presented as the mean
cpm to A. marginale minus the mean cpm to negative-control antigen.

In some experiments, cryopreserved PBMCs or cell lines were depleted of
CD4�, CD8�, and/or �� T cells and cultured in 6- or 4-day proliferation assays.
Depletion was accomplished by incubating cells with monoclonal antibodies
(MAb)s, obtained from the Washington State Monoclonal Antibody Center,
specific for CD4� (ILA-11), CD8� (7C2B), and �� (GB21A) T cells at 15 �g
MAb per 107 cells rotating at 4°C for 30 min. Cells were repeatedly washed with
compete RPMI 1640 medium and MACS bead buffer (Miltenyi) with 5% BSA.
MAb-labeled cells were incubated on ice for 20 min with 80 �l of goat anti-
mouse IgG magnetic microbeads (Miltenyi) per 107 cells. MAb- and bead-
labeled cells were depleted by filtration through an LS magnetic column (Milt-
enyi) under a strong magnetic field and washed with 3 ml of MACS buffer with
BSA. Depletion and enrichment of cell subsets were verified by flow cytometry,
and cells were assayed for proliferation to antigen as described above for cell
lines and PBMCs. Statistical significance was determined for each proliferation
assay by comparing the mean counts per minute of cells cultured with A. mar-
ginale antigen versus the mean counts per minute of cells cultured with negative-
control antigen at the same concentration, using a Student’s one-tailed t test with
a Welch correction, where significant results had P values of �0.05. The results
of proliferation assays with significant A. marginale-specific responses were then
compared over the course of infection in reference to preinfection values using
a one-way analysis of variance with a Bonferroni correction for multiple com-
parisons, and results were considered significant where P values were �0.05.

Bovine IFN-� ELISPOT assays. Bovine IFN-� enzyme-linked immunospot
(ELISPOT) assays were performed in triplicate using 1.0 � 106 cryopreserved
PBMCs and splenocytes/well and cultured with 15.0 �g/ml A. marginale South
Idaho or Florida strain homogenate or medium as described previously (1, 2). A
mixture of 1.0 �g/ml phytohemagglutinin (Sigma-Aldrich) plus 0.01 ng/ml re-
combinant human interleukin-12 (IL-12) (Genetics Institute) was used as the
positive control. Antigen-specific responses were determined by comparing the
mean number of spot-forming cells (SFCs) cultured with A. marginale homoge-
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nate to the mean number of SFCs cultured with medium, and statistical signif-
icance was determined using a Student’s one-tailed t test, where a response with
a P value of �0.05 was considered significant.

RESULTS

Infection with A. marginale South Idaho strain. To observe
the dynamics of infection-primed antigen-specific CD4� T cell
and antibody responses during acute and persistent infection,
two calves were infected by transmission feeding D. andersoni
ticks infected with the South Idaho strain of A. marginale.
Animals C1028b1 and C1030b1 developed fever, malaise, and
clinical anemia that were concurrent with peak blood levels of
bacteria of 4.95 � 108 and 4.51 � 107 organisms/ml of blood,
respectively, on day 31 postinfection (Fig. 1A and B). Both
animals resolved the anemia by day 55 postinfection. Maximal
decreases in PCVs were 34.5% (C1028b1) and 43.8%
(C1030b1). Persistent-phase anaplasmosis was characterized
by cyclical waves of bacteremia that peaked as high as 9.6 � 106

organisms/ml of blood until day 336 postinfection, the termi-
nation of the study (Fig. 1A and B).

Humoral responses to A. marginale measured by MSP5 C-
ELISA showed that animals developed significant levels of A.
marginale-specific antibody (�30% inhibition) by day 28
postinfection, and the levels remained elevated (�50% inhibi-
tion) throughout persistent infection (Fig. 1A and B). Serum
IgG1 and IgG2 titers (Table 1), determined by Western blot-
ting using A. marginale South Idaho strain antigen, showed that
A. marginale-specific IgG1 and IgG2 were detectable by day 9
postinfection with titers of 1,000 and 30,000, respectively, for
animal C1028b1 and 30,000 and 10,000, respectively, for ani-
mal C1030b1. Titers remained high over the course of infec-
tion, reaching 100,000 late in infection, consistent with C-
ELISA data.

T cell proliferation assays were performed with fresh
PBMCs stimulated with A. marginale South Idaho strain ho-
mogenate (Fig. 1C and D). Animals failed to developed sig-
nificant antigen-specific proliferative responses until days 106
(C1028b1) and 112 (C1030b1) postinfection, and responses
were transient and not significant 1 to 2 weeks later. Prolifer-
ation was not consistently associated with the level or fluctua-
tion in the level of bacteremia, as in animal C1028b1 the
response seemed to parallel bacteremia, whereas in animal
C1039b1 peaks of proliferation were observed when levels of
bacteremia dropped. However, in both animals initial prolif-
erative responses occurred after bacteremia dropped below
106 organisms/ml of blood. Between days 106 and 336 postin-
fection, significant antigen-specific lymphocyte proliferation
was observed eight and seven separate times in animals
C1028b1 and C1030b1, respectively, and the responses were
similarly transient. These results were repeated using cryopre-
served cells (data not shown). In contrast, T lymphocytes re-
sponded to positive-control Clostridium sp. vaccine antigen,
and responses were statistically significant throughout the
course of the infection, although they did fluctuate (Fig. 1E
and F). These results indicate that the poor A. marginale-
specific T cell responses were not due to generalized or non-
specific immune suppression.

To characterize the lymphocytes responding to A. marginale
at time points where significant responses were observed, pro-

liferation was repeated using short-term cell lines derived from
cryopreserved PBMCs from responding time points. Cell lines
were depleted of CD4� cells, CD8� cells, or �� T cells using
magnetic beads coated with lymphocyte-specific MAb (Fig. 1G
and H). A. marginale-specific proliferation was maintained
when cell lines were enriched for CD4� T lymphocytes by
depleting either CD8� cells or �� T cells, but responses were
lost when cell lines were depleted of CD4� T lymphocytes. In
one experiment with C1030b1 cells, depleting �� T cells also
resulted in significantly diminished proliferation (Fig. 1H).
These results demonstrate that A. marginale-specific lympho-
cyte proliferation was predominantly due to antigen-specific
CD4� T lymphocytes, although in some experiments �� T cells
may contribute to this response, as shown for certain �� T cell
clones (30).

To enumerate antigen-specific cells and to characterize IFN-�
production over the course of infection, IFN-� ELISPOT assays
were performed using cryopreserved PBMCs stimulated with A.
marginale. PBMCs from time points that had antigen-specific
CD4� T lymphocyte proliferation did not show statistically sig-
nificant numbers of A. marginale-specific IFN-�-secreting cells
compared to the background numbers of antigen-specific IFN-�-
producing cells (cultured without antigen), although for the
majority of time points sampled there were fewer SFCs in
antigen-stimulated cells. Significant numbers of antigen-spe-
cific SFCs were noted only one time in each calf on days not
associated with significant proliferation (Table 2).

Infection of spleen-marsupialized cattle with A. marginale
Florida strain. The lack of antigen-specific CD4� T lympho-
cyte responses during acute infection is difficult to reconcile
with early production of antigen-specific IgG and development
of high and persistent IgG titers, which is typically dependent
on CD4� T lymphocyte help. This led us to determine whether
antigen-specific CD4� T lymphocytes were present in the
spleen, where infected erythrocytes are presumably removed
(36), and whether responses occurred more transiently than we
may have detected by sampling animals weekly. Also, it was
possible that exposure to ticks induced an early immune sup-
pression to A. marginale (51). To address these possibilities and
to determine whether similar poor T cell priming occurred in
response to a different A. marginale strain, naïve animals with
spleens surgically marsupialized to permit frequent sampling
by needle biopsy were infected intravenously with the non-tick-
transmissible Florida strain, and the sampling frequency was
increased. Florida strain-infected animals showed typical signs
of acute infection, including fever, malaise, and bacteremia,
peaking at 4.78 � 109 (calf 33875) and 6.58 � 109 (calf 33901)
organisms/ml of blood on days 31 and 26 postinfection, respec-
tively (Fig. 2A and B). Anemia was quite severe and was
associated with decreases in PCVs of 61.8% (animal 33875)
and 62.3% (animal 33901). Both cattle resolved anemia by day
69 postinfection and remained persistently infected, with levels
of bacteremia ranging from 104 to 108 organisms/ml of blood.
PBMCs and splenocytes were collected every 2 to 3 days during
acute infection and then approximately weekly over the re-
mainder of the study to monitor lymphocyte responses.

Antigen-specific antibody and lymphoproliferative re-
sponses in A. marginale Florida-infected animals. Florida
strain-infected animals produced MSP5-specific antibody by
day 20 postinfection (Fig. 2A and B). Antibody levels increased
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FIG. 1. Antigen-specific antibody and lymphocyte proliferative responses during the course of infection with A. marginale South Idaho strain.
Animals C1028b1 and C1030b1 were infected via transmission feeding of A. marginale South Idaho strain-infected D. andersoni ticks. (A and B)
A. marginale-specific antibody was measured weekly throughout infection with the MSP5 C-ELISA, and results are presented as percent inhibition,
where values of �30% inhibition were considered significant; (C and D) A. marginale-specific lymphocyte proliferation was determined using fresh
PBMCs; (E and F) proliferation specific for an unrelated vaccine antigen, a Clostridium sp. vaccine antigen, was determined using cryopreserved
PBMCs. Asterisks denote significant responses compared with those on URBC or B. bovis membranes, where P is �0.05. All graphs are
superimposed over levels of bacteremia, presented as log10 number of organisms/ml of blood. (G and H) Cryopreserved lymphocytes from selected
time points with significant A. marginale-specific proliferation were cultured for 1 week and depleted of CD4�, CD8�, or �� T cells. Depleted cells
were used in proliferation assays with A. marginale South Idaho strain antigen. Significant decreases in proliferation compared to that for the
nondepleted cell line are denoted with asterisks, where P is �0.05.
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sharply and by day 27 postinfection maintained levels of 83.49
and 94.56% inhibition in the two animals, respectively, for the
duration of the study. IgG1 and IgG2 titers determined by
Western blotting using A. marginale Florida strain homogenate
(Table 3) were 30,000 and 3,000 for the two animals, respec-
tively, on the first day of sampling (day 13 postinfection). Titers
fluctuated between 3,000 and 30,000 thereafter. These data
and those in Table 1 show that both IgG1 and IgG2 were
produced in response to infection.

Antigen-specific T lymphocyte responses in PBMCs were
detected earlier in Florida strain-infected animals than in
South Idaho-infected animals on days 36 (animal 33875) and
48 (animal 33901) postinfection, concurrent with declining lev-
els of bacteremia (Fig. 2C and D). Earlier detection of antigen-
specific lymphocyte proliferation in the blood may be due to
more frequent sampling. However, similar to South Idaho-
infected animals, in Florida strain-infected animals antigen-
specific proliferation was transient, lost within 1 to 2 weeks
following initial detection, and recurred sporadically on days
69 and 82 (calf 33875) and on day 69 (calf 33901) postinfection.
Cryopreserved cells from all responsive time points were re-
tested in lymphocyte proliferation assays, and similar prolifer-
ation results were obtained at least twice (data not shown).
Overall, our results with PBMCs indicate that antigen-specific
T cell responses do occur in the peripheral blood during acute
infection, although responses are transient and detectable for
no more than two consecutive weeks. Additionally, responses
prior to the peak of infection, in the face of ascending and high
levels of bacteremia, could not be detected, despite increasing
the sampling frequency to every 2 to 3 days.

Significant antigen-specific proliferation in the spleen was
initially detected in animal 33901 on day 48, which coincided
with significant proliferation in the peripheral blood, and in
animal 33875 on day 89 postinfection. These responses were
transient, as in the peripheral blood, and were absent the
following week, recurring sporadically on day 104 (animal
33875) and days 89 and 104 (animal 33901) postinfection (Fig.
2E and F). The responses were also repeatable using cryopre-
served cells (data not shown). These data suggest that poor
PBMC responses to A. marginale were not explained by se-
questration of responding cells in the spleen during acute or
persistent infection.

Lymphocytes were cultured over the course of infection with
the Clostridium sp. vaccine antigen as a positive control (1, 22).
PBMCs and splenocytes maintained significant proliferative
responses to this antigen at all time points in both animals,
although the levels varied, again demonstrating that poor A.
marginale-specific T cell responses were not due to generalized
immune suppression (Fig. 2G and H).

Antigen-specific lymphocytes in PBMCs were further char-
acterized by depleting CD4� T cells or CD8� and �� T cells
and repeating the proliferation assays (Fig. 2I). PBMCs main-
tained significant A. marginale-specific proliferation when the
cells were enriched for CD4� T lymphocytes following deple-
tion of CD8� and �� T cells but had insignificant proliferation
following depletion of CD4� T cells. This again indicates that
antigen-specific lymphocyte proliferation was predominantly
mediated by CD4� T lymphocytes.

To enumerate responding CD4� T cells and to character-
ize IFN-� production during infection, responding and non-
responding cryopreserved PBMCs and splenocytes cultured
with A. marginale Florida strain homogenate were used in
IFN-� ELISPOT assays. In these animals, background num-
bers of SFCs increased following infection, although signif-
icant numbers of A. marginale-specific IFN-�-secreting cells
were not detected in PBMCs or the spleen at any time point
where it was possible to perform the statistical analysis (Ta-
ble 4). As observed in Table 2, for the majority of time
points sampled, SFC numbers were lower following antigen
stimulation of PBMCs, although this was not the case with
spleen cells.

TABLE 1. A. marginale-specific serum IgG1 and IgG2 titers from
South Idaho strain-infected cattlea

Day p.i.

Titer

IgG1 IgG2

C1028b1 C1030b1 C1028b1 C1030b1

9 1,000 10,000 30,000 10,000
29 30,000 30,000 10,000 10,000
94 100,000 10,000 100,000 100,000
189 30,000 100,000 10,000 1,000
274 100,000 100,000 100,000 100,000

a Serum was collected on the specified days postinfection (p.i.) and frozen at
�20°C until Western blots were performed simultaneously. Blots for animals
C1028b1 and C1030b1 were prepared with frozen stabilate using approximately
2 � 108 red blood cells infected with A. marginale South Idaho strain. All
responses were interpreted as a response to a protein of 	35 kDa, corresponding
to MSP2. Serum was diluted 1:100 to 1:1,000,000 with I-block.

TABLE 2. Frequency of IFN-�-secreting cells in PBMCs over the
course of infection in A. marginale South Idaho-infected cattlea

C1028b1 C1030b1

Day p.i.

Mean no. of SFCs per
106 PBMCs in
response to: Day p.i.

Mean no. of SFCs per
106 PBMCs in
response to:

Medium A. marginale Medium A. marginale

21 146 80 21 480 212
28 27 112 49 688 354
49 20 21 56 292 142
63 286 354 126 676 497
84 57 122 133 476 349
119 854 274 168 637 264
126 272 123 175 431 132
140 84 52 196 925 765
175 217 269 231 663 403
224 103 72 238 445 448
231 138 39 252 374 140
238 206 74 259 596 415
273 130 89 273 384 348
280 174 206 280 200 103
294 222 28 294 325 492
302 164 109 301 345 264
309 265 103
315 48 28

a Cryopreserved PBMCs were thawed and used simultaneously in the same
assay to reduce assay-to-assay variation. IFN-� ELISPOT assays were performed
in triplicate with 1 � 106 cells per well with either medium or 15 �g/ml A.
marginale South Idaho strain homogenate for 48 h at 37°C. Results are presented
as the mean number of SFCs, with boldface values showing the number of SFCs
in response to antigen that are significantly greater than the number of SFCs in
response to medium (P � 0.05). p.i., postinfection.
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DISCUSSION

Cattle that survive infection with the intracellular bacte-
rium A. marginale are incapable of completely eliminating
the organism and remain persistently infected for life, al-
though they are asymptomatic and otherwise immunocom-
petent (41). Our work has focused on understanding how A.
marginale escapes and modulates the immune response to
facilitate long-term persistence in this natural disease
model. In previous studies we found that cattle immunized
with A. marginale outer membranes were completely pro-
tected from infection, and protection correlated with OMP-
specific CD4� T cell responses, including IFN-� and IgG2
production (10, 11). Conversely, when cattle were immu-
nized with native MSP2 or a recombinant partial MSP1a,
which did not elicit protection against infection, there was a
rapid loss of immunization-induced antigen-specific T cell
responses, in one case documented as a loss in specific
CD4� T cells, concurrent with peak levels of bacteremia
during acute infection (1, 22). Furthermore, the animals
failed to develop new A. marginale-specific peripheral blood
T cell responses during infection. This suggested that infec-
tion with A. marginale may impair priming of additional
CD4� T cells in response to infection. The current study was
designed to systematically monitor Anaplasma-specific T
cell responses during acute and long-term persistent infec-
tion and to determine if specific T cells were sequestered in
the spleen. We also examined responses to Clostridium vac-
cine antigen, which were significant throughout A. marginale
infection in both spleen and peripheral blood. The results
support the generation of an abnormal memory CD4� T cell
response during A. marginale infection and not sequestra-

tion of cells to the spleen or a generalized immune suppres-
sion.

Our data show that the predominant lymphocytes that do
proliferate in response to A. marginale during infection are
CD4� T cells, based on the findings of depletion experiments.
This is logical, as A. marginale infects erythrocytes, which do
not express MHC molecules. Thus, exogenous antigen must be
taken up and presented by professional antigen-presenting
cells, which favors CD4� T cell priming. However, in one

FIG. 2. A. marginale-specific antibody and proliferative responses of PBMCs and splenocytes over the course of infection with A. marginale
Florida strain. (A and B) Animals 33875 and 33901 were infected intravenously with A. marginale Florida strain-infected erythrocytes, and A.
marginale-specific antibody was measured weekly with C-ELISA; (C to F) A. marginale-specific lymphocyte proliferation was performed with fresh
PBMCs (C and D) or splenocytes (E and F). Cells were collected every 3 to 7 days during acute infection and in general weekly thereafter. Asterisks
denote significant responses compared with those on the URBC membrane, where P is �0.05. (G and H) Proliferation specific for an unrelated
vaccine antigen, Clostridium sp. vaccine antigen, was determined using fresh PBMCs and splenocytes, and responses were significant at all time
points (although they are not indicated by asterisks). All graphs are superimposed over levels of bacteremia, presented as log10 number of
organisms/ml of blood, for 110 days following infection. (I) Cryopreserved lymphocytes from selected time points with significant A. marginale-
specific proliferation were depleted of either CD4� cells or CD8�cells and �� T cells, and proliferation assays were performed. Significant
decreases in proliferation compared to that of the nondepleted cell line are denoted with asterisks, where P is �0.05.

TABLE 3. A. marginale-specific serum IgG1 and IgG2 titers from
Florida strain-infected calvesa

Day p.i.

Titer

IgG1 IgG2

33875 33901 33875 33901

0 �100 �100 �100 �100
13 30,000 3,000 30,000 3,000
20 30,000 3,000 3,000 30,000
76 3,000 3,000 3,000 3,000

a Serum was collected on specified days postinfection (p.i.) and frozen at
�20°C until Western blots were performed simultaneously. Blots for calves
33875 and 33901 were prepared with 20 �g of Florida strain initial body lysate.
All responses were interpreted as a response to a protein of 	35 kDa, corre-
sponding to MSP2. Serum was diluted 1:100 to 1:1,000,000 with I-block. A value
of �100 denotes a nondetectable antigen-specific response.

TABLE 4. Frequency of IFN-�-secreting cells in PBMCs and
spleen lymphocytes over the course of infection in

A. marginale Florida-infected cattlea

Animal, cell or
organ, and

day p.i.

Mean no. of SFCs per 106 lymphocytes in
response to:

Medium A. marginale

33875, PBMC
0 19 79
18 226 180
27 82 52
76 110 33
104 144 110

33901, PBMC
0 4 6
6 5 12
18 40 15
27 52 37
32 49 22
76 102 65
104 118 91

33875, spleen
0 28 86
36 600 600
55 121 600
76 369 600
98 254 89

33901, spleen
0 20 12
25 7 9
48 65 55
55 94 427
76 48 96
98 91 95
104 8 28

a Cryopreserved PBMCs were thawed and used simultaneously in the same
assay to reduce assay-to-assay variation. IFN-� ELISPOT assays were performed
in triplicate with 1 � 106 cells per well with either medium or 15 �g/ml A.
marginale Florida strain homogenate for 48 h at 37°C. Results are presented as
the mean numbers of SFCs. p.i., postinfection. For values of �600 SFCs (too
numerous to count), a statistical comparison was not performed.
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experiment depletion of �� T cells also reduced the prolifera-
tive response. We have previously isolated �� T cell clones
from cattle immunized with MSP2 that responded to A. mar-
ginale and MSP2 (30), so it is possible that at some time points
during infection �� T cells do respond to A. marginale. It is not
likely that �� T cells are more important early in infection, as
depletion of these cells from PBMCs harvested on days 39 and
48 (Fig. 2I) did not significantly reduce the proliferative re-
sponse.

The mechanisms resulting in impaired antigen-specific T cell
responses during A. marginale infection are not known. It does
not appear that exposure to ticks can explain the dysfunctional
response, as this was observed in cattle inoculated intrave-
nously with infected blood as well. One possibility is that tran-
sient T cell responses result from periodic escape from a reg-
ulatory environment, such as that imposed by regulatory T
cells, a mechanism that has been well described in many other
persistent bacterial and viral infections (3). Another explana-
tion is that impaired T cell responses result from continual
deletion of newly primed antigen-specific CD4� T cells in
response to high antigen load. Mechanistically, this may occur
through activation-induced cell death from chronic antigen
stimulation of the T cell receptor, resulting in deletion of
antigen-specific T cell clones (28). It is likely that naïve T cells
are continually primed to new antigenic variants of immuno-
dominant MSP2 and MSP3 that arise during the course of
infection (6, 37), as we have shown that both conserved and
hypervariable regions of MSP2 are immunogenic (1, 2, 7–10,
18). There may also be continuous priming and expansion of
CD4� T cells to subdominant OMP epitopes (33, 34) over the
course of persistent infection, as has been described in chronic
viral and mycobacterial infections (27, 52).

Dysfunction of antigen-specific CD4� T cells has been de-
scribed in other persistent blood-borne infections character-
ized by a chronic high antigen load. Examples include human
immunodeficiency virus (HIV) (56) and mouse models of ma-
laria and Brugia pahangi microfilaremia (25, 55). During infec-
tion with HIV, CD4� T cells undergo progressive dysfunction
characterized by loss of IL-2 production ability but a retained
ability to produce IFN-�. This resulted in a short-lived effector
phenotype of cells incapable of proliferation and therefore
undetectable in antigen-specific proliferation assays. Such cells
have been successfully rescued in vitro by culturing with IL-2
(56). In the mouse malaria model, adoptively transferred an-
tigen-specific CD4� T cells were rapidly deleted from blood
and tissues in an IFN-�-dependent manner following infection
(55). During infection with Brugia pahangi microfilariae, CD4�

T cells had defective proliferation but did produce IFN-�. The
T cells underwent apoptosis ex vivo in response to antigen in
an IFN-�-dependent manner (25). In other models of infec-
tion-mediated T cell apoptosis, T cell-produced IFN-� was
shown to be mechanistically involved in the dysfunctional re-
sponse by driving intrinsic and extrinsic pathways of apoptosis
(13, 32). We rarely detected antigen-specific IFN-�-secreting T
cells following A. marginale infection (Table 2), and culturing
PBMCs from nonresponding time points with antigen and sev-
eral concentrations of IL-2 from suboptimal to optimal failed
to elicit an antigen-specific proliferative response greater than
that of IL-2 alone (data not shown). These results suggest that
the lack of proliferation at many time points sampled through-

out infection is not simply due to a lack of IL-2 production or
inhibitory effects of IFN-�.

Paradoxically, in spite of the inability to detect T cell re-
sponses early in infection, all cattle produced high titers of
antigen-specific IgG1 and IgG2 as early as 9 days postinfection
and maintained high titers for up to 1 year. Several possibilities
may explain the isotype switching and high titers of IgG1 and
IgG2 in the absence of detectable antigen-specific CD4� T cell
responses. One is that antigen-specific T cells were present in
other lymphoid organs not sampled, such as lymph nodes,
lungs, liver, bone marrow, or gut. Interestingly, T cells specific
for Plasmodium yoelii sporozoite antigens were primed in
mouse lymph nodes draining the site of mosquito bites (12). In
tick-transmitted A. marginale South Idaho strain-infected cat-
tle, T cell priming could similarly occur in draining lymph
nodes, but the cells should then traffic to the spleen, where
infected erythrocytes are removed. In cattle infected intrave-
nously with the Florida strain, one would expect T cell priming
and expansion to occur in the spleen. Despite sampling repeat-
edly early in infection, we failed to detect antigen-specific pro-
liferative and IFN-�-productive responses in the spleen. It is
also possible, but less likely, that IgG is produced in a CD4� T
cell-independent (TI) manner (4, 26, 35), although TI antibody
responses are generally characterized by higher and shorter-
lived antigen-specific IgM responses and seldom account for
prolonged high-affinity IgG antibody responses.

In summary, we provide evidence that A. marginale-specific
CD4� T cells primed during infection develop a poor memory
response. Downregulation of the T cell response may prevent
prolonged and likely deleterious systemic inflammation in the
infected host in response to continual high levels of bacteria. A.
marginale-mediated immune regulation would be beneficial for
the pathogen as well as the host, which acts as a reservoir to
ensure pathogen survival at high enough concentrations for
efficient tick transmission of A. marginale to other naïve ani-
mals within areas of endemicity.
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