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To investigate the in vivo role of CD4� T lymphocytes during acute anaplasmosis, thymectomized calves were
selectively depleted of CD4� T lymphocytes by treatment with anti-CD4 monoclonal antibody (MAb) and were
then infected with the Florida strain of Anaplasma marginale in two sequential experiments (experiments 1 and
2). Treatment of thymectomized calves with a total of 5.0 mg of anti-CD4 MAb/kg of body weight during the
1st week followed by 0.3-mg/kg doses administered twice weekly for 7 weeks resulted in significant depletion of
CD3� CD4� and CD4� CD45R� (naive) T lymphocytes from blood, spleen, and peripheral lymph nodes for
the duration of the 8-week study, compared to the results for thymectomized control calves treated with a
subclass-matched MAb. All calves became parasitemic and pyretic following experimental infection with A.
marginale, and decreases in packed cell volume (PCV) coincided with peak parasitemia. No significant differ-
ences in PCV or parasitemia were observed between treatment groups. Thymectomized calves treated with
anti-CD4 MAb were able to mount an anti-A. marginale antibody response, although in experiment 2, anti-CD4
MAb-treated calves had four- to sixfold lower immunoglobulin G1 (IgG1) and no detectable IgG2 anti-A.
marginale major surface protein 2-specific antibody titers compared to thymectomized control calves treated
with a subclass-matched MAb. At the level of CD4�-T-lymphocyte depletion achieved and experimental
anaplasmosis induced, thymectomized anti-CD4 MAb-treated calves were able to control acute anaplasmosis.
This was in contrast to the prediction that significant depletion of CD4� T lymphocytes would abrogate
resistance to acute infection.

Anaplasmosis is one of the most prevalent tick-transmitted
hemoparasitic diseases that continue to constrain the produc-
tion, movement, and utilization of cattle worldwide (24). The
causative parasite, Anaplasma marginale, is a member of a
genetically defined cluster of bacteria (genogroup II) recently
designated as ehrlichia on the basis of 16S rRNA sequence
similarity (11, 44). During acute natural infection, greater than
50% of erythrocytes may be parasitized (38), resulting in se-
vere hemolytic anemia (1, 2) with subsequent mortality rates
greater than 50% in some herds of cattle (25). Despite exten-
sive losses impacting the major cattle-producing regions of the
world, immunization against A. marginale with a safe and ef-
fective vaccine has not yet been achieved. The development of
an effective anaplasmosis vaccine has been impeded by the lack
of knowledge of basic in vivo immune effector mechanisms that
are required for development of protective immunity.

The present model of protective immunity in cattle during
acute anaplasmosis hypothesizes that clearance of the hemo-
parasite requires induction of high titers of opsonizing im-
munoglobulin G2 (IgG2) antibody against surface-exposed
epitopes concurrent with CD4�-T-lymphocyte-mediated mac-
rophage activation for opsonization and microbial killing (35).
The central component of this model is the CD4� T lympho-

cyte that produces gamma interferon (IFN-�). Recent studies
have demonstrated that protection in outer membrane-immu-
nized calves is characterized by A. marginale-specific CD4� T
lymphocytes that produce high levels of IFN-� and a biased
parasite-specific IgG2 antibody response (6). IFN-� has also
been shown to be produced by A. marginale-stimulated periph-
eral blood mononuclear cells (PBMC) obtained from calves
during acute infection (18). IFN-� activates bovine macro-
phages in vitro to produce nitric oxide (40), and bovine mac-
rophages have been shown to upregulate expression of induc-
ible nitric oxide synthetase when activated by IFN-� in the
presence of either tumor necrosis factor alpha or lipopolysac-
charides (19). In cattle, immunization using interleukin 12 (IL-
12) as an adjuvant was shown to significantly enhance IFN-�
production by lymph node mononuclear cells and lymph node-
derived CD4�-T-lymphocyte clones following recall stimula-
tion with A. marginale (41), suggesting that IL-12 may enhance
a type 1 cytokine response through the induction of IFN-�. The
existing evidence regarding the likely effector mechanisms of
protective immunity following protective immunization is sup-
portive of a preferentially induced T-helper 1-like, IFN-�-dom-
inated response that may enhance production of opsonizing
IgG2 antibody in cattle, activation of macrophages, and pro-
duction of toxic metabolites that mediate parasite killing. Since
cattle often recover spontaneously from acute infection, we
hypothesized that a similar response would be required for
resolution of acute anaplasmosis.
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To directly assess the in vivo role of CD4�-T-lymphocyte-
mediated immunity in cattle during acute anaplasmosis, we
utilized a long-term in vivo CD4�-T-lymphocyte depletion
model that was recently developed and validated in thymecto-
mized calves for investigation of mechanisms of CD4�-T-lym-
phocyte-mediated immunity (42). We report here the effect of
selective in vivo depletion of CD4� T lymphocytes with high
doses of anti-CD4 monoclonal antibody (MAb) from thymec-
tomized calves before and during acute experimental infection
with A. marginale.

MATERIALS AND METHODS

Animals and surgical procedures. Holstein bull calves were purchased at birth,
castrated, and thymectomized (9) at 2 months of age. The spleen of each animal
was marsupialized (43) to permit acquisition of multiple splenic biopsy speci-
mens. Calves were randomly allocated into one of four groups consisting of two
calves per group: group 1 (calves 534 and 842), group 2 (calves 843 and 844),
group 3 (537 and 865), and group 4 (535 and 860).

In vivo depletion of CD4� T lymphocytes. At 3 months of age, in two sequen-
tial studies (experiments 1 and 2), animals in group 2 (calves 843 and 844) and
group 4 (calves 535 and 860) were treated with an anti-CD4 MAb (ILA-11A;
IgG2a) (5) and animals in group 1 (calves 534 and 842) and group 3 (calves 537
and 865) were treated with a subclass-matched control MAb (ColiS205; IgG2a)
(4). The doses of MAb required for selective long-term in vivo depletion of
functional CD4� T lymphocytes from thymectomized calves and the frequency of
injection were established in a previous study in which significant depletion of
CD4� T lymphocytes from blood, spleen, and peripheral lymph nodes was
sustained for the duration of an 8-week study in thymectomized calves compared
to thymus-intact, anti-CD4 MAb-treated calves (42). In that study, the mean
percentage of naive CD4� T lymphocytes in thymectomized anti-CD4 MAb-
treated calves remained below 1.0% from posttreatment day 7 to the end of the
study (42). Briefly, calves treated with MAb were injected intravenously with a
total of 540 mg of MAb (approximately 5.0 mg/kg of body weight) during the 1st
week of the study. The injected MAb was administered on day 0 (60 mg), day 1
(120 mg), day 3 (240 mg), and day 4 (120 mg). All calves then received 30-mg
doses of MAb (approximately 0.3 mg/kg) administered twice weekly for an
additional 7 weeks.

A. marginale infection. Erythrocytes used to experimentally infect all calves
were obtained from splenectomized donor calves infected with the Florida strain
of A. marginale (29). Splenectomized donor calves were infected with bovine
erythrocytes parasitized with A. marginale maintained as a liquid nitrogen-cryo-
preserved stabilate in dimethyl sulfoxide–phosphate-buffered saline (PBS). Pa-
rameters of clinical disease monitored throughout the study included changes in
prepatent period (day postinfection to 1% parasitemia), packed cell volume
(PCV), and percentage of parasitized erythrocytes (PPE). Calves in each exper-
iment were infected only once. In the first of the two sequential experiments
(experiment 1), calves were infected on day 5 following the commencement of
MAb treatment with 2 � 104 A. marginale parasitized erythrocytes. In the second
of the two sequential experiments (experiment 2), calves were infected on day 12
following the commencement of MAb treatment with 4 � 104 A. marginale
parasitized erythrocytes. The design of experiment 2 was based on the outcome
of experiment 1. The purpose of delaying the timing by 1 week and doubling the
infective dose of A. marginale in experiment 2 was twofold: (i) to prevent po-
tential activation of not-yet-depleted CD4� T lymphocytes by A. marginale an-
tigen during early experimental infection, thus precluding subsequent resistance
of activated CD4� T lymphocytes to anti-CD4 MAb-mediated mechanisms of
depletion (8), and (ii) to attempt to increase parameters of clinical disease (i.e.,
changes in PCV and PPE) observed in calves following experimental infection.

FC analysis. Samples of blood and biopsy specimens from spleen and periph-
eral lymph nodes (superficial cervical or prefemoral) were collected weekly for
flow cytometry (FC) analysis. PBMC and mononuclear cells isolated from spleen
and lymph node biopsy specimens were prepared for FC analysis as previously
described (14, 42). Differentiation markers on mononuclear cells were identified
by FC analysis as described previously (14). The MAbs used were specific for
bovine CD2 (BAQ95; IgG1) (13); CD3 (MM1A; IgG1) (15); CD4 (IL-A11A;
IgG2a) (5); B lymphocytes (BAQ44A; IgM) (30); monocytes and macrophages
(MM29A; IgM) (32); CD8 (7C2B; IgG2a) (C. MacKay, unpublished data); and
�� T lymphocytes (GB21A; IgG2b) (16). In order to ensure accurate assessment
of numbers of CD4� T lymphocytes following anti-CD4 MAb treatment with the
anti-CD4 MAb IL-A11A (5), a second MAb of a different isotype but with the

same specificity (GC50A; IgM) (26) was also used to quantitate CD4� T lym-
phocytes by FC analysis. Naive CD4� T lymphocytes were identified with MAb
to CD45R (GS5A; IgG1) (31), and memory CD4� T lymphocytes were identified
with MAb to CD45RO (GC44A; IgG3) (W. C. Davis, unpublished data).

Immunoblots. Samples of serum were collected weekly and stored at �20°C
until used. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and im-
munoblots were performed with MAbs specific for bovine IgG1 and IgG2 (Se-
rotec Ltd., Oxford, United Kingdom) to determine the subclass of the specific
IgG response to A. marginale, as described previously (6), with slight modifica-
tions as follows. Immunoblots for all animals were individually completed using
identical quantities of A. marginale initial body lysate-purified initial bodies from
approximately 1.5 � 108 infected bovine erythrocytes as the antigen. Initial
bodies of A. marginale were purified from bovine erythrocytes parasitized with
the Florida strain of A. marginale (34). Purified initial bodies were applied in a
single 8.0-cm lane of a 7.5 to 17.5% polyacrylamide gradient gel for electro-
phoresis. Control antigen, prepared from approximately 5 � 107 uninfected
bovine erythrocytes, was applied to a single 2.5-cm lane on the same 7.5 to 17.5%
polyacrylamide gradient gel. Following electrophoresis and transfer of protein to
nitrocellulose membranes, the membranes were placed in a Miniblotter 25 ap-
paratus (Immunetics, Cambridge, Mass.) to permit serial titering of individual
serum samples from each animal and determination of anti-A. marginale IgG1
and IgG2 antibody titers, as described previously (6). All conditions (i.e., incu-
bation times, washes, antibody dilutions, and exposure times) under which each
individual immunoblot used to determine the titer of the specific IgG response
to A. marginale was completed were unchanged from animal to animal and from
immunoblot to immunoblot to ensure completion of each immunoblot under
identical experimental conditions. The end point titer was defined as the recip-
rocal of the highest dilution with a positive anti-A. marginale major surface
protein 2 (MSP-2) signal on the blots. MSP-2 was selected for end point titering
since it is an immunodominant protein that has been shown to correlate with
protection following homologous and heterologous A. marginale challenge (36,
37).

Statistical analyses. Overall differences in CD3� CD4�, CD4� CD45R�

(naive), and CD4� C45RO� (memory) T lymphocytes between treatment
groups were determined by repeated-measure analysis of variance (45) between
days 7 and 56 following MAb treatment using a mixed linear model procedure
and commercially available software (PROC MIXED, version 8.1; SAS Institute
Inc., Cary, N.C.). The Tukey-Kramer method for multiple comparisons was used
to identify differences between treatment groups (45). A P of �0.05 was consid-
ered statistically significant.

RESULTS

Depletion of CD4� T lymphocytes from blood, spleen, and
peripheral lymph nodes. Treatment of thymectomized calves
with anti-CD4 MAb resulted in significant depletion of CD3�

CD4� T lymphocytes (P � 0.05) and CD4� CD45R� (naive)
T lymphocytes (P � 0.01) from blood, spleen, and lymph nodes
in both experiments between days 7 and 56, compared to
results for thymectomized control calves treated with a sub-
class-matched MAb (Fig. 1 and 2). In experiment 1, differences
in depletion of CD4� CD45RO� (memory) T lymphocytes
between treatment groups were significant (P � 0.05) only in
lymph nodes and not spleen or blood between days 7 and 56
(Fig. 3). In experiment 2, memory T lymphocytes were signif-
icantly (P � 0.05) depleted from blood, spleen, and lymph
nodes of thymectomized anti-CD4 MAb-treated calves be-
tween days 7 and 56, compared to the tissues of thymectomized
control calves treated with a subclass-matched MAb (Fig. 3).
With the exception of concomitant decreases in percentages of
CD2� and CD3� T lymphocytes, as well as absolute reductions
in total numbers of lymphocytes (identified on complete blood
counts), no other subpopulations of lymphocytes (CD8�, ��,
or B lymphocytes) were depleted by anti-CD4 MAb adminis-
tration in thymectomized, anti-CD4 MAb-treated calves (data
not shown). In all calves, regardless of treatment group, the
percentages of B lymphocytes in the peripheral blood and the
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percentages of CD2� �� T lymphocytes in the spleen progres-
sively increased following infection with A. marginale for the
duration of the study (data not shown).

Changes in PCV and PPE in CD4�-T-lymphocyte-depleted
and nondepleted A. marginale-infected calves. The kinetics of
changes in PCV and PPE were essentially identical between
treatment groups in both experiments (Fig. 4). Thymectomized
calves treated with anti-CD4� MAb had greater decreases in
PCV and a higher PPE in both experiments than did thymec-
tomized control calves treated with a subclass-matched MAb
(Fig. 4). Neither of these differences, however, was statistically

significant. The maximum changes in pre- versus postinfection
PCV within treatment groups and the maximum changes in
PCV at peak parasitemia between treatment groups were
greater for thymectomized anti-CD4 MAb-treated calves than
for thymectomized control calves treated with a subclass-
matched MAb, although these differences were not statistically
significant (Fig. 4). Doubling the infectious dose from 2 � 104

parasitized erythrocytes to 4 � 104 parasitized erythrocytes and
delaying the day of infection by 1 week in experiment 2 did not
significantly alter the prepatent period, PCV, or PPE between
treatment groups (Fig. 4). Transient pyrexia was observed just

FIG. 1. Depletion of CD3� CD4� T lymphocytes. Mean percentages (� standard errors of the mean) of CD3� CD4� T lymphocytes in blood,
spleen, or lymph nodes of thymectomized calves treated with a subclass-matched control MAb (F) or thymectomized calves treated with anti-CD4
MAb (�). The arrows indicate the day of infection for each experiment (experiment 1, day 5 following the commencement of MAb treatment; and
experiment 2, day 12 following the commencement of MAb treatment).
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prior to and during peak parasitemia in all calves (data not
shown).

Effect of MAb treatment on IgG1 and IgG2 antibody titers to
A. marginale. A. marginale antibody responses to MSP-2, an
immunodominant 36-kDa protein (36, 37), were assessed at
the conclusion of each study, 2 months postinfection immedi-
ately following resolution of acute infection (Table 1). In ex-
periment 1 there were no differences in anti-A. marginale
MSP-2 IgG1 or IgG2 antibody titers between treatment
groups. In experiment 2, however, treatment of thymectomized
calves with anti-CD4 MAb resulted in four- to sixfold reduc-

tions in anti-A. marginale MSP-2 IgG1 titers and no detectable
IgG2 antibody titers in contrast to anti-A. marginale MSP-2
IgG2 antibody titers of thymectomized control calves treated
with a subclass-matched MAb (Table 1).

DISCUSSION

Following experimental infection, all calves experienced ex-
pected changes in parameters of clinical anaplasmosis, includ-
ing transient pyrexia just prior to and during peak parasitemia
and observed reductions in PCV that coincided with increases

FIG. 2. Depletion of naive CD4� T lymphocytes (CD4� CD45R� T lymphocytes). Mean percentages (� standard errors of the means) of
CD4� CD45R� T lymphocytes in blood, spleen, or lymph nodes of thymectomized calves treated with a subclass-matched control MAb (F) or
thymectomized calves treated with anti-CD4 MAb (�). The arrows indicate the day of infection for each experiment (experiment 1, day 5 following
the commencement of MAb treatment; and experiment 2, day 12 following the commencement of MAb treatment).
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in PPE. Despite significant depletion of CD4� T lymphocytes
between treatment groups and a reduction in IgG1 and IgG2
anti-A. marginale MSP-2 antibody titers in experiment 2, no
significant differences in PCV or PPE were observed between
anti-CD4 MAb-treated thymectomized calves and thymecto-
mized control calves treated with a subclass-matched MAb. In
addition, in an attempt to assess differences in T-lymphocyte
function, lymphoproliferative responses to A. marginale anti-
gen were evaluated, as described previously (6). There were no
detectable significant lymphoproliferative responses of PBMC
to A. marginale antigen in anti-CD4 MAb-treated thymecto-

mized calves or in thymectomized control calves in either
experiment 1 or 2 (data not shown). At the level of CD4�-
T-lymphocyte depletion achieved and acute anaplasmosis
induced in this study, thymectomized anti-CD4 MAb-treated
calves were able to control acute infection with A. marginale,
contrary to the prediction that significant depletion of CD4� T
lymphocytes between treatment groups of animals would ab-
rogate resistance to acute infection.

The lack of observable significant differences in parameters
of clinical disease monitored between depleted and nonde-
pleted calves in the present study was unexpected and differed

FIG. 3. Depletion of memory CD4� T lymphocytes (CD4� CD45RO� T lymphocytes). Mean percentages (� standard errors of the means)
of CD4� CD45RO� T lymphocytes in blood, spleen, or lymph nodes of thymectomized calves treated with a subclass-matched control MAb (F)
or thymectomized calves treated with anti-CD4 MAb (�). The arrows indicate the day of infection for each experiment (experiment 1, day 5
following the commencement of MAb treatment; and experiment 2, day 12 following the commencement of MAb treatment).
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from a previous study in which similar methods were utilized to
achieve long-term in vivo depletion of functional CD4� T
lymphocytes to ovalbumin (42). In the previous study, treat-
ment of thymectomized calves with anti-CD4 MAb resulted in
depletion of ovalbumin-specific CD4� T lymphocytes of suffi-
cient magnitude to observe significant differences in immuno-
logical responses between treatment groups (42). Thymecto-
mized calves depleted of CD4� T lymphocytes and immunized
with ovalbumin had complete abrogation of lymphoprolifera-
tive responses to ovalbumin with significant reduction of IgG1
and no detectable IgG2 ovalbumin-specific antibody responses,
compared to thymus-intact anti-CD4 MAb-treated calves (42).
One possible reason for the lack of complete abrogation of
functional immune responses to A. marginale in the present
study might have been lack of absolute depletion of CD4� T
lymphocytes specific for A. marginale antigen. Complete and
absolute depletion of CD4� T lymphocytes from blood, spleen,
and lymph nodes of calves infected with A. marginale would
certainly provide optimum conditions for testing of the hypoth-
esis; however, these conditions may be very difficult to achieve,
if possible at all. The rapid generation of a bovine anti-mouse
antibody response directed against the injected mouse anti-
bovine CD4 MAb may have protected reappearing CD4� T
lymphocytes from depletion by subsequent anti-CD4 MAb
treatment (7, 21, 42). In the present study, the production of
bovine anti-mouse antibody was not assessed. Since adminis-
tration of MAb remained unchanged from the previous study
in which the dose of MAb required for selective, long-term,
in vivo depletion of functional CD4� T lymphocytes from
thymectomized calves and the frequency of injection were es-
tablished (42), presumptively the kinetics of the bovine anti-
mouse antibody response in the present study was essentially
identical to that of the previous study. In the previous study,
all calves treated with MAb developed a bovine anti-mouse
antibody response (42). Polyclonal expansion of mouse pro-

tein-specific activated T lymphocytes may also have partially
contributed to the increase in the numbers of activated or
memory CD4� T lymphocytes in blood and peripheral lym-
phoid organs. Any or a combination of these factors may have

FIG. 4. Relationship of PCV to PPE. Mean PCV (� standard error of the mean) of thymectomized calves treated with an isotype-matched
MAb (F, control MAb) or anti-CD4 MAb (�, anti-CD4 MAb) or mean PPE (� standard error of the mean) of thymectomized calves treated with
an isotype-matched MAb (E, control MAb) or anti-CD4 MAb (ƒ, anti-CD4 MAb). The arrows indicate the day of infection for each experiment
(experiment 1, day 5 following the commencement of MAb treatment; and experiment 2, day 12 following the commencement of MAb treatment).

TABLE 1. Anti-A. marginale MSP-2 IgG1 and IgG2 antibody titers

Animala
Titerb

IgG1 IgG2

Expt 1
Control MAb

534 32,000 �10
842 32,000 �10

Mean � SEM 32,000 � 0 �10 � 0

Anti-CD4 MAb
843 32,000 �10
844 32,000 �10

Mean � SEM 32,000 � 0 �10 � 0

Expt 2
Control MAb

537 128,000 4,000
865 64,000 1,000

Mean � SEM 96,000 � 32,000 2,500 � 1,500

Anti-CD4 MAb
535 16,000 �10
860 16,000 �10

Mean � SEM 16,000 � 0 �10 � 0

a Calves 534 and 842 (experiment 1) and 537 and 865 (experiment 2) were
thymectomized and treated with a subclass-matched control MAb. Calves 843
and 844 (experiment 1) and 535 and 860 (experiment 2) were thymectomized and
treated with an anti-CD4 MAb. All calves were infected with A. marginale, and
isotype-specific antibody responses were assessed 8 weeks postinfection following
resolution of acute infection.

b Sera were diluted 1:10 to 1:128,000 and were tested for reactivity against A.
marginale Florida homogenate on Western blots. The titer is defined as the
reciprocal of the highest dilution giving a positive signal on the blots. �10, no
reaction at a dilution of 1:10 or higher.
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contributed to the reappearance of antigen-specific CD4� T
lymphocytes and subsequent resistance to depletion despite
continuous anti-CD4 MAb treatment, which may have pre-
cluded the observation of significant differences in parameters
of clinical disease monitored.

Despite significant differences in depletion of CD4� T lym-
phocytes observed between days 7 and 56 between treatment
groups, differences in the outcome of results of this study and
other previously reported in vivo depletion studies in cattle
(22, 33) are likely due to differences in the type of pathogen
and incubation period of the various pathogens investigated.
Many viral and bacterial pathogens have short incubation and
prepatent periods and are suitable for in vivo depletion studies
in which only transient depletion of T-lymphocyte subpopula-
tions is necessary to identify a significant treatment effect be-
tween depleted and nondepleted animals. In the present study,
because of the long prepatent period of A. marginale, the
period of optimum CD4�-T-lymphocyte depletion in blood
and lymphoid organs may not necessarily have correlated with
the period of maximum challenge with replicating microorgan-
isms; therefore, significant differences in clinical disease may
not have been recognized. It is possible that use of a higher
dose for experimental infection or a different strain of A. mar-
ginale may decrease the prepatent period sufficiently to result
in observable differences between depleted and nondepleted
calves.

Although the present model of protective immunity in cattle
during acute anaplasmosis hypothesizes that complete clear-
ance of the hemoparasite requires induction of high titers of
opsonizing IgG2 antibody (6), parasite-specific IgG1 antibody
may also play a role in control of acute anaplasmosis. All
animals in both treatment groups in the present study had
strong and predominant IgG1 antibody responses, and all
calves controlled acute experimental infection with A. margi-
nale. Control calves in experiment 2 infected with a higher dose
of A. marginale parasitized erythrocytes had higher anti-A.
marginale MSP-2 IgG1 and IgG2 antibody responses than seen
in experiment 1, possibly a reflection of the initial higher in-
fective dose of A. marginale parasitized erythrocytes used to
infect calves in experiment 2. Despite four- to sixfold lower
IgG1 and no detectable IgG2 anti-A. marginale MSP-2 anti-
body titers observed in experiment 2, thymectomized anti-CD4
MAb-treated calves were still able to adequately control acute
anaplasmosis. That IgG1 plays a predominant role, however, is
neither clearly established nor strongly supported by these
data. Although these results also suggest that high IgG1 and/or
IgG2 anti-A. marginale MSP-2 antibody titers might not be
necessary for control of acute anaplasmosis in calves, the min-
imum amount of specific antibody necessary and sufficient for
control of acute anaplasmosis in calves is unknown. Factors
other than antibody alone may be responsible for control of
acute anaplasmosis. Passive transfer studies have been previ-
ously completed to assess the role of A. marginale-specific
antibody and have determined that antibody alone may not be
sufficient for protection during acute anaplasmosis (17). The
passive transfer of antibodies from A. marginale-immune cat-
tle, using the same basic procedure shown to transfer immunity
against Babesia bovis (27), failed to protect recipient calves
from experimental challenge (17).

The results of the present study differ from those reported

previously, in which calves immunized with purified outer
membranes of the Florida strain of A. marginale and com-
pletely protected against homologous challenge developed
only transient and weak IgG1 and strong IgG2 antibody titers
prior to challenge (6). Since different antigens and conditions
of immunization lead to responses that vary quantitatively and
qualitatively, differences in anti-A. marginale MSP-2 antibody
responses between the previously reported and the present
study may be due to differences in the type of antigen (purified
outer membrane proteins versus whole infectious initial bod-
ies), route of entry (subcutaneous immunization versus intra-
venous inoculation), adjuvant (saponin versus no adjuvant),
dose (microgram quantities of purified protein versus whole
initial bodies), numbers and types of accessory cells that ini-
tially interact with the antigen, and the nature of the respond-
ing lymphocytes. The predominant IgG1 antibody response
observed in all calves in the present study is similar to that
reported previously in which immunization of calves with a
plasmid (pVCL/MSP1a) encoding and expressing the complete
msp1a gene of A. marginale resulted in restricted IgG1 anti-
MSP1a responses (3). In cattle, both IgG1 and IgG2 have been
shown to fix bovine complement and mediate phagocytosis by
cultured monocytes (28), suggesting that after macrophage
activation both IgG antibody isotypes could play a role in
control of acute anaplasmosis.

Finally, the results of the present study confirm earlier re-
ports of resistance of calves to anaplasmosis (23, 39). In con-
trast to adult cattle, although calves are susceptible to infec-
tion with A. marginale, they are relatively resistant to clinical
disease. The specific mechanisms of resistance of calves to
anaplasmosis are unknown, although innate immunity may
play an important role. In young calves, a relatively high num-
ber (up to 75%) of circulating T cells are CD2� WC1� �� T
lymphocytes (20). The specific role of �� T lymphocytes in the
peripheral blood and spleen of ruminants is largely unknown,
although �� T lymphocytes in cattle have been shown to
present antigen to CD4� T lymphocytes (10) and are activated
by and have been shown to lyse Theileria parva-infected cells by
recognizing conserved parasite-induced or parasite-derived an-
tigens in a major histocompatibility complex-unrestricted fash-
ion (12). In the present study, progressive expansion of �� T
lymphocytes was observed in the peripheral blood and spleens
of all infected calves (data not shown); all infected calves,
regardless of treatment group, were able to control acute
anaplasmosis, suggesting a possible role for �� T lymphocytes
in control of acute anaplasmosis.

In conclusion, despite significant differences in depletion of
CD4� T lymphocytes between treatment groups and four- and
sixfold reductions in IgG1 and IgG2 anti-A. marginale MSP-2
antibody titers in experiment 2, thymectomized calves treated
with anti-CD4 MAb were able to control acute experimental
anaplasmosis induced in this study, in contrast to the predic-
tion that significant depletion of CD4� T lymphocytes between
treatment groups would abrogate resistance to acute infection.
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