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Native major surface protein 1 (MSP1) of Anaplasma marginale, composed of covalently associated MSP1a
and MSP1b proteins, stimulates protective immunity in cattle against homologous and heterologous strain
challenge. Protective immunity against pathogens in the family Anaplasmataceae involves both CD4* T cells
and neutralizing immunoglobulin G. Thus, an effective vaccine should contain both CD4™ T- and B-lymphocyte
epitopes that will elicit strong memory responses upon infection with homologous and heterologous strains.
Previous studies demonstrated that the predominant CD4™ T-cell response in MSP1 vaccinates is directed
against the MSP1a subunit. The present study was designed to identify conserved CD4™ T-cell epitopes in
MSP1a presented by a broadly represented subset of major histocompatibility complex (MHC) class II
molecules that would be suitable for inclusion in a recombinant vaccine. Transmembrane protein prediction
analysis of MSP1a from the Virginia strain revealed a large hydrophilic domain (HD), extending from amino
acids (aa) 1 to 366, and a hydrophobic region extending from aa 367 to 593. The N terminus (aa 1 to 67)
includes one 28-aa form A repeat and one 29-aa form B repeat, which each contain an antibody neutralization-
sensitive epitope [Q(E)ASTSS]. In MSP1 vaccinates, recombinant MSP1a HD (aa 1 to 366) stimulated recall
proliferative responses that were comparable to those against whole MSP1a excluding the repeat region (aa 68
to 593). Peptide mapping determined a minimum of five conserved epitopes in aa 151 to 359 that stimulated
CD4* T cells from cattle expressing DR-DQ haplotypes common in Holstein-Friesian breeds. Peptides repre-
senting three epitopes (aa 231 to 266, aa 270 to 279, and aa 290 to 319) were stimulatory for CD4" T-cell clones
and restricted by DR. A DQ-restricted CD4™ T-cell epitope, present in the N-terminal form B repeat
(VSSQSDQASTSSQLG), was also mapped using T-cell clones from one vaccinate. Although form B repeat-
specific T cells did not recognize the form A repeat peptide (VSSQS_EASTSSQLG), induction of T-cell anergy
by this peptide was ruled out. The presence of multiple CD4* T-cell epitopes in the MSP1a HD, in addition
to the neutralization-sensitive epitope, supports the testing of this immunogen for induction of protective

immunity against A. marginale challenge.

Anaplasma marginale is a tick-transmitted obligate in-
traerythrocytic pathogen of cattle that causes high levels of
rickettsemia, hemolytic anemia, and often death. Although
effective non-blood-derived commercial vaccines are not yet
available, the feasibility of developing efficacious vaccines is
evidenced by the ability to achieve protection against disease
or infection by immunization with purified 4. marginale outer
membranes or outer membrane proteins (18, 42, 43, 45, 48,
54). Protection in cattle immunized with outer membranes or
purified protein is associated with the development of T-lym-
phocyte-dependent gamma interferon (IFN-y) production and
high-titer immunoglobulin G (IgG) responses (18, 43, 54).

The importance of CD4™ T cells and antibody in protective
immunity against pathogens in the family Anaplasmataceae has
also been demonstrated in mouse models of infection with
Anaplasma phagocytophila and Ehrlichia chaffeensis. Through
production of IFN-y, CD4™" T cells promote Ig class switching
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to protective IgG isotypes and activate phagocytic cells to pro-
duce nitric oxide, which is toxic for these organisms (3, 6, 11,
31, 34, 36, 53, 59). Direct evidence for the importance of CD4™
T cells in protective immunity against E. chaffeensis infection
was recently demonstrated (31). In this study, major histocom-
patibility complex (MHC) class II gene knockout mice, which
do not develop functional CD4™ T cells, were unable to clear
E. chaffeensis and remained persistently infected during the
3-month study. To date, the E. chaffeensis and A. phagocyto-
phila targets of this protective response have not been identi-
fied. We have characterized the CD4" T-cell response to A.
marginale surface proteins with a goal of identifying protective
CD4* T-cell epitopes that are conserved among otherwise
antigenically distinct strains (16-19).

The protective outer membrane fraction of A. marginale
includes six well-characterized major surface proteins (MSPs),
designated MSP1a, MSP1b, and MSP2 to MSP5 (47, 54, 58). In
protected cattle immunized with outer membranes, predomi-
nant T-lymphocyte and antibody responses are directed against
MSP1, MSP2, and MSP3 (18, 19, 54). MSP2 and MSP3 are
encoded by multiple genes and contain large central hypervari-
able regions (4, 8, 10, 13, 14, 46; P. F. M. Meeus and A. F.
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Barbet, Am. Soc. Rickettsiol.-Bartonella Emerg. Pathog.
Group 2001 Joint Conf., abstr. 82, 2001). Continual emergence
of novel antigenically variant MSP2s, and potentially MSP3s,
that elicit new primary immune responses during infection is
believed to be responsible for the organism persistence that
characterizes anaplasmosis (28-30, 45). In contrast, MSP1a is
encoded by a single mspla gene in all A. marginale strains, and
through covalent association with MSP1b, composes the high-
molecular-weight heteromeric MSP1 complex (7, 9, 20, 44, 56,
57). Importantly, native MSP1 has been shown previously to
confer significant protection against homologous and heterol-
ogous strain challenge (20, 42, 43), indicating that epitopes that
stimulate protective immune responses are conserved among
heterologous strains of A. marginale. We recently demon-
strated that the predominant CD4™ T-lymphocyte response in
MSP1-immunized cattle is directed against MSP1a, with tran-
sient or undetectable responses to MSP1b (17).

MSP1a is composed of an N-terminal region consisting of
28- or 29-amino-acid (aa) serine-rich repeats that vary in num-
ber and sequence among strains and a highly conserved C-
terminal region (5, 12, 41, 49). Despite sequence variation in
the N-terminal repeat region, all strains contain a conserved
neutralization-sensitive epitope defined by monoclonal anti-
bodies (MAbs) and represented by the linear sequence Q(E)A
STSS (5, 39, 49). Conserved serine-rich motifs have also been
identified in the repeat units of the high-molecular-weight pro-
teins of A. phagocytophila (130-kDa protein) and the related
organisms E. chaffeensis and Ehrlichia canis (120- and 140-kDa
proteins, respectively) (52, 60, 61). In MSP1-immunized cattle,
the predominant CD4* T-cell proliferative and IFN-y re-
sponses are directed against the MSPla region lacking the
N-terminal repeats, although one of the two N-terminal repeat
forms present in the immunizing Florida (FL) strain (5) also
stimulated memory T-cell responses in one vaccinate (17).

Because of the importance of MSP1a-specific CD4™* T-cell
responses in generating both cell-mediated and antibody ef-
fector mechanisms against A. marginale, the present study was
undertaken to more precisely define the CD4" T-cell epitopes
in MSP1a that stimulate memory responses in MSP1-immu-
nized cattle. It was also important to identify epitopes pre-
sented by MHC class II haplotypes represented broadly in the
population. Knowing that MSP1a-specific responses were pre-
dominantly directed to the highly conserved MSPla region
lacking the N-terminal repeats, we focused on mapping T-
lymphocyte epitopes in the large hydrophilic domain (HD)
extending from aa 1 to 366 in the Virginia (VA) strain. The
HD contains a neutralization-sensitive epitope(s) in the repeat
region and, because it is highly hydrophilic, is amenable for
vaccine development using recombinant DNA expression vec-
tors. We report that the sequence of aa 151 to 366 within the
HD of MSP1a in the VA strain, which is completely conserved
in the FL strain, contains multiple T-cell epitopes. Seven over-
lapping peptides within this region defined a minimum of five
T-cell epitopes that stimulated strong responses of all vacci-
nates in the study, regardless of MHC class II haplotype. Three
of these epitopes were restricted by DR alleles commonly
expressed in Holstein and Friesian cattle. The identification of
these epitopes supports proceeding to test recombinant ex-
pressed MSP1a HD for its ability to induce protection against
challenge.

INFECT. IMMUN.

MATERIALS AND METHODS

Anaplasma strains and preparation of homogenates and MSP1 antigen. The
A. marginale strains used in this study are designated by their original location of
isolation and include FL, VA, and St. Maries, Idaho (St. M). The Dubois strain
of Anaplasma ovis, isolated in Idaho, was also used. These have been described
or referenced previously (16, 17, 50). Anaplasma strains were maintained as
liquid nitrogen-cryopreserved stabilates of infected bovine erythrocytes in di-
methyl sulfoxide—phosphate-buffered saline (PBS). Antigen was prepared for in
vitro assays by resuspending organisms in PBS in the presence of protease
inhibitors and homogenization either by sonication or by two passages through a
French pressure cell (SLM Instruments, Urbana, Ill.) as described elsewhere
(18). Native MSP1 protein was isolated from the FL strain of 4. marginale by
MAD affinity chromatography with MAb ANA15D2 or ANA22B1 (42, 43).

Recombinant MSP1 proteins and peptides. Recombinant MSP1a (FL strain)
was expressed in vaccinia virus (40), and recombinant MSP1b was expressed in
Escherichia coli (9). Proteins were isolated by affinity chromatography (43) with
MAb ANA15D2 (MSP1a) and MAb AMR38A6 (MSP1b). The C-terminal re-
gion of MSP1a (aa 242 to 767 in the FL strain or aa 68 to 593 in the VA strain),
which lacks the N-terminal repeat region, was expressed from the FL strain and
prepared as a recombinant maltose-binding protein (MBP) fusion protein (17).
MBP purchased from New England Biolabs (Beverly, Mass.) was used as a
control antigen. Protein concentrations were determined by the Bradford assay
(Bio-Rad, Hercules, Calif.).

The hydropathic profile and membrane orientation of MSP1a were predicted
with TMPred software (www.ch.embnet.org/software/Tmpred-form.html). A
large HD extending from aa 1 to 366 in the VA strain was predicted by this
analysis (Fig. 1). MSP1la HD was expressed as a fusion with the human CD5
secretory signal to direct extracellular secretion. The details of protein expression
are reported elsewhere (40a). Briefly, the open reading frame encoding aa 1 to
366 of A. marginale MSP 1a was amplified by PCR from a recombinant plasmid
(pVAr1) containing a genomic DNA fragment of the VA strain mspla gene (5).
The forward primer (5'-ATACTGCAGATGTCAGCAGAGTATGTGTCTAC
C-3") introduced a PstI restriction site (in boldface) at the 5’ end, and the reverse
primer (5'-TGGATCCTACTGTGTAGTAGTGTCCGAAGG-3') introduced a
BamHI restriction site (in italics) at the 3" end. To direct secretion of the MSP1a
HD protein, the human CDS5 secretory signal sequence was added (27). The CD5
signal sequence was amplified by PCR, and the product was subcloned into
PCR-Blunt vector (Invitrogen, Carlsbad, Calif.) to generate pCD5ss. The MSP1a
HD product was subcloned in frame as a PstI-BamHI fragment into pCD5ss to
generate pCD5SMSP1aHD. The CD5MSP1aHD open reading frame was re-
leased as an EcoRV-BamHI fragment and then subcloned into VR-1055 eukary-
otic expression vector (Vical, San Diego, Calif.). The resultant construct, pVR-
CD5MSP1aHD, was sequenced from both directions with an ABI PRISM
automated fluorescence DNA sequencer (Applied Biosystems, Foster City, Cal-
i),

To map T-cell epitopes present in the MSP1a HD excluding the repeats (aa 68
to 366 in the VA strain), three recombinant proteins spanning this region (des-
ignated MSPla HD F1 to F3) that overlap by 30 aa were generated from
PCR-cloned fragments (Table 1). Forward primers used to generate these frag-
ments introduced a PstI restriction site (in boldface) at the 5’ end, whereas
reverse primers introduced a BamHI restriction site (in italics) at the 3" end. In
addition, the reverse primers introduced a His tag at the C terminus (in boldface
italics). The primers were as follows: F1 primers, forward, 5'-ATACTGCAGAT
GACTGATTGGCGGCAAGAGATGCGC-3'; reverse, 5'-TGGATCCTAGTG
GTGGTGGTGGTGGTGCTGAACATCAGCCGCAACCACCAC-3'; F2 prim-
ers, forward, 5-ATACTGCAGATGGGGTACGCCACCTATCTCGCG-3';
reverse, (5'-TGGATCCTAGTGGTGGTGGTGGTGGTGGTCAGCATCAAGC
TTATCCAGCTG-3'; and F3 primers, forward, 5'-ATACTGCAGATGCTTGC
CGGGCACGTCGATGC-3'; reverse, 5'-TGGATCCTAGTGGTGGTGGTGGT
GGTGCTGTGTAGTAGTGTCCGAAGGC-3'. The three PCR products were
subcloned into pCD5ss as PstI-BamHI fragments to generate pCD5MSPla
HDF1, pCD5MSP1aHDF2, and pCDS5MSP1aHDEF3, respectively. The
CD5MSP1aHDF1, CD5MSP1aHDF2, and CD5MSP1aHDF3 open reading
frames were released as EcoRV-BamHI fragments and then subcloned into the
VR-1055 eukaryotic expression vector. The resultant constructs F1, F2, and F3
were sequenced from both directions with VR-1055-specific primers. Large-scale
plasmid DNA was prepared with an Endo-Free Plasmid Maxiprep kit (Qiagen,
Valencia, Calif.) and sterilized with 100% ethanol.

MSP1a HD and F1 to F3 proteins were expressed in COS-7 cells. A total of 20
g of DNA was transfected into one 100-mm-diameter plate of COS-7L cells
(Life Technologies, Gaithersburg, Md.) with 30 pl of Lipofectamine reagent and
20 pl of PLUS reagent (Life Technologies) according to the manufacturer’s
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TABLE 1. Proteins and peptides spanning the predicted HD of MSP1a

Protein or peptide®

Amino acid position”

Sequence®

Protein
MSP1la C-terminal region End of repeats (68)-593
HD 1-366
F1 68-180
F2 160-270
F3 250-366

Peptide
F2-1 151-180
F2-2 171-200
F2-3 191-220
F2-4 211-240
F2-5 231-260
F3-1 250-279
F3-2 270-299
F3-3 290-319
F3-4 310-339
F3-5 330-359
F3-6 350-366

Reference 5
Reference 5

GLQGLKI GEGYATYLAQAFADSVVWAADVQ
DSVVVAADVQSSGACSASL DSAI ANVETSW
SAlI ANVETSWSL HGGL VSKGFDRDTKVERG
FDRDTKVERGDL EAFVDFMFGGVSYNDGNA
GGVSYNDGNASAARSVLETLAGHVDALG S
LAGHVDALG SYNQLDKLDADTL YSVWSES
DTL YSVVSFSAGSAI DRGAVSDAADKFRVM
SDAADKFRVMVIFGGAPAGQEKTAEPEHEAA
KTAEPEHEAATPSASSVPSTVHGKVVDAVD
VHGKVVDAVDRAKEAAKQAYAGVRKRYVAK
AGVRKRYVAKPSDTTTQ

“ MSP1a was expressed as a fusion protein with MBP in E. coli (17). The HD and F1 to F3 proteins were expressed as His-tagged proteins in COS-7 cells.
® Amino acid designation is based on the position in the VA strain, which contains two N-terminal repeats.

¢ The peptides overlap by 10 or 11 aa, indicated by underlined sequences.

instructions. Mock- and VR-1055-transfected COS-7L cells were included as
negative controls. Protein expression was verified by in situ immunocytochemis-
try. To produce protein for T-cell proliferation assays, COS-7 cell monolayers
were transfected as described above, and 1 day posttransfection, the medium was
replaced with serum-free VP-SFM medium (Life Technologies) supplemented
with 4 mM L-glutamine. Supernatants were harvested 96 h posttransfection and
concentrated 10-fold with a Centriprep centrifugal filter device with a 10-kDa
(HD) or 5-kDa (F1 to F3) molecular mass cutoff (Millipore Corporation, Bed-
ford, Mass.). To estimate the amount of HD or F1 to F3 proteins in the con-
centrated supernatants, serial dilutions of supernatants were used to generate
dot blots that were probed respectively with MAb ANA22B1 or MADb specific for
poly-His (His probe H3; Santa Cruz Biotechnology, Santa Cruz, Calif.).
Peptides spanning the F2 and F3 regions of the MSPla HD (Table 1) and
peptides that compose the MSP1a N-terminal form A and B repeats (see Table
5) were synthesized by Gerhardt Munske (Laboratory for Biotechnology and
Bioanalysis I, Washington State University, Pullman). The form A repeat
(DDSSSASGQQQESSVSSQS_EASTSSQLG) is present one time in the FL and
VA strains, and the form B repeat (ADSSSAGGQQQESSVSSQSDQAST
SSQLG) is tandemly repeated seven times in the FL strain and is present once
in the VA strain (5). Peptides were resuspended in PBS and stored at ~20°C.
Immunization of calves with MSP1. Three 6-month-old Holstein calves, ani-
mals 87, 93, and 96, were immunized intramuscularly four times at 2-week
intervals with 20 pg of native MSP1 per injection emulsified in Freund’s com-
plete adjuvant for the first injection and in Freund’s incomplete adjuvant for
subsequent injections (17). The bovine lymphocyte antigen A (BoLA-A) class I
alleles of the calves were defined by serological typing (22), and DRB3 alleles
were defined by PCR-restriction fragment length polymorphism analysis of exon
2 (55). The BoLA-DQ haplotypes were inferred from BoLA-A and DRB3 typing
on the basis of haplotypes defined in the Seventh International BoLA Workshop
(33) (BoLA nomenclature website: http://www2.ri.bbsrc.ac.uk/bola/). The
BoLA-A and DR-DQ haplotypes for all cattle used in this study are shown in
Table 2. For steer 2216, used as a negative control, the DQ alleles were not
inferred because of insufficient information on this animal (Hereford crossbred).
A. marginale-specific T-lymphocyte lines and clones. Short-term T-lymphocyte
lines were repeatedly established from peripheral blood mononuclear cells
(PBMC) of A. marginale MSP1-immunized calves 87, 93, and 96 from shortly
after immunization to more than 1 year later. In all experiments, cell lines were
propagated by stimulation with homogenate prepared from the FL strain of 4.
marginale, with native MSP1, or with peptide B as described elsewhere (17).
Briefly, 4 X 10° PBMC were cultured per well in 24-well plates (Costar, Cam-
bridge, Mass.) in a volume of 1.5 ml of complete RPMI 1640 medium (15) with
5 to 25 pg of antigen per ml. After 7 days and weekly thereafter, cells were
subcultured to a density of 7 X 10° cells per well (cpw) and cultured with 2 X 10°
irradiated (3,000 rads) autologous PBMC as a source of antigen-presenting cells

(APC) with or without antigen, which was often given on alternate weeks to
lower background proliferation. T-lymphocyte lines were maintained for up to 3
weeks, and cells were assayed for antigen-dependent proliferation 7 days follow-
ing the last stimulation. In many experiments, vy T lymphocytes and CD8" T
lymphocytes were depleted by incubating either PBMC or cell lines with 15 g of
vd TCR1-specific MAb CACT61A and CD8-specific MAb CACT80C per ml
followed by washing and incubation with rabbit complement (Sigma, St. Louis,
Mo.) diluted 1:8 (16).

T-lymphocyte clones were obtained from MSP1-specific cell lines by limiting
dilution and were propagated with A. marginale homogenate and 10% bovine
T-cell growth factor (TCGF) as described elsewhere (17). T-lymphocyte clones

TABLE 2. MHC class I (BoLA-A) and class II (BoLA-DR, DQ)
haplotypes of the cattle used in this study

Animal BoLA-A DRB3
o °type el DOA allele(s) DOB allele(s)
87¢ 12 *16 *]11A *]11C
15 %22 *9B *9B
93¢ 12 #16 #]1A #11C
10 *3 *10 *10
967 15 #22 *9B *9B
10 *3 *10 *10
62 12 #16 #]1A #11C
15 #22 *9B *9B
77 12 *]6 *]1A *]11C
14 %10 «]4 or *]1B” «]4 or *114°
75 10 *7 *2 %2
15 #22 *9B *9B
2216 2 *7 ND¢ ND
6 #28 ND ND

“ Calves 87, 93, and 96 were immunized with native MSP1.

> The DQ alleles could not be precisely inferred from the BoLA-A and DRB3
restriction fragment length polymorphism analyses.

¢ ND, not determined.



5524 BROWN ET AL.

S-rich repeats
A B
| VAN

INFECT. IMMUN.

C' region

\ 4

Hydrophilic domain

F3

FIG. 1. Schematic diagram of full-length A. marginale MSP1a (VA strain). Depicted are the two N-terminal serine (S)-rich form A and B
repeats (hatched bars) which each contain one MAb neutralization-sensitive epitope, the C-terminal region extending from aa 68 to 593 (black
bar); the large HD extending from aa 1 to 366 (gray bar); and proteins F1 (aa 68 to 180), F2 (aa 160 to 270), and F3 (aa 250 to 366) (arrows).

specific for the form B repeat (peptide B) were also obtained by limiting dilution
cloning from calf 87. In one experiment, PBMC from calf 87 were cultured for
1 week with 5 pg of peptide B per ml and for 2 weeks with A. marginale (FL)
homogenate and then cloned by plating 0.3 or 1 cpw in 96-well round-bottomed
plates (Costar) with 5 X 10* APC per well, 5 pg of A. marginale per ml, and 10%
TCGEF. In a second experiment, PBMC depleted of yd T cells were cultured with
5 ng of peptide B per ml for 7 days, and lymphoblasts were plated at 0.3 or 1 cpw
with APC, TCGF, and 1 pg of peptide B per ml. Frequencies of positive wells
plated at 1 cpw were 6% (experiment 1) and 22% (experiment 2) and at 0.3 cpw
were 3%.

Cell surface phenotypic analysis. Differentiation markers on T-lymphocyte
lines and clones were analyzed by flow cytometry (19). The MAbs used were
specific for bovine CD2 (MAb MUC2A), CD3 (MAb MMI1A), CD4 (MAb
CACT138A), CD8 (MAb CACTS80C and BAT82B), and the & chain of the yd
T-cell receptor (MAb CACT61A), purchased from the Washington State Uni-
versity Monoclonal Antibody Center, Pullman.

Lymphocyte proliferation assays. Proliferation assays were carried out in rep-
licate wells of round-bottomed 96-well plates for 3 to 4 days with short-term
T-lymphocyte lines or T-lymphocyte clones, as described previously (17). T cells
(2 X 10* cells) were cultured in duplicate wells in a total volume of 100 ul of
complete medium containing antigen and 2 X 10° APC. APC consisted of
irradiated PBMC from the autologous donor or from calves fully matched for
both DR-DQ haplotypes, matched for one DR-DQ haplotype, or mismatched for
both haplotypes. Antigens consisted of 0.2 to 25.0 pg of homogenate prepared
from FL or St. M strains of A. marginale or A. ovis per ml, native MSP1 protein,
recombinant MSP1a and MSP1b proteins, and 0.1 to 10 wg of peptide per ml.
Negative control antigens included membranes prepared from uninfected red
blood cells, recombinant MBP, and a 30-mer peptide (MSP2-1) derived from
MSP2 (16). COS-7 cell supernatants from untransfected cells or cells expressing
MSP1la HD or F1 to F3 proteins and diluted from 1:4 to 1:16 (one experiment)
or 1:50 to 1:6,250 (second experiment) were also used. Different dilutions were
used because the amount of expressed antigen varied between transfection ex-
periments. Cells were radiolabeled for the last 18 h of culture with 0.25 nCi of
[*H]thymidine, harvested with an automated cell harvester (TomTec, Orange,
Conn.), and counted with a liquid scintillation counter. Results are presented as
the mean counts per minute of replicate cultures = 1 standard deviation (SD) or,
for ease of presentation, as the stimulation index (SI), which represents the mean
counts per minute of replicate cultures of cells plus antigen divided by the mean
counts per minute of replicate cultures of cells plus medium.

To determine whether T-cell clones were DR restricted or DQ restricted, 2 X
10° autologous APC were preincubated in 96-well plates for 1 to 2 h with 20 ug
of MAD per ml against bovine MHC class II molecules DRa (MAb TH14B) or
DQa (MAb TH22A) (1, 2, 26). These IgG2a MAbs and an isotype control MAb
(AV213A) were obtained from the Washington State University Monoclonal
Antibody Center and purified by affinity to protein G with the Equilibrate Hi
Trap protein G column (Pharmacia Biotech, Piscataway, N.J.) according to the
manufacturer’s protocol. This amount of MAb was determined to provide opti-
mal blocking of proliferation without nonspecific effects.

The Student one-tailed ¢ test was used to determine statistically significant
differences in proliferation induced by using different antigens or APC. An SI of
=3.0 was considered statistically significant.

Peptide competition-antagonist assays. Experiments were designed to deter-
mine whether nonstimulatory N-terminal serine-rich form A repeat peptide A4

(VSSQS_EASTSSQLG) had any competitive or antagonistic effect on the re-
sponse of peptide B-specific T-cell clones to agonistic form B repeat peptide B4
(VSSQSDQASTSSQLG). First, proliferation assays were performed with pep-
tide B-specific T-cell clones, APC, and a suboptimal amount of agonist peptide
B4 (1 pg/ml) without or with doubling amounts (0.125 to 8 pwg/ml) of nonstimu-
latory peptide A4. Second, APC were prepulsed for 1.5 to 2 h with a suboptimal
concentration (1 or 5 pwg/ml) of agonist peptide B4, washed, and plated with
CD4™" T-cell clones and no peptide or 1 to 100 pg of peptide A4 per ml by a
protocol similar to that described by De Magistris et al. (25). Finally, T-cell
clones were cultured for 7 days in 24-well plates with 10% TCGF, APC, and 5 pg
of peptide A4 or peptide B4 per ml or no peptide. Cells were then washed and
tested in a standard proliferation assay with 0.1 to 10 pg of agonist peptide B4
per ml.

Detection of IFN-vy in supernatants of T-lymphocyte clones. T-cell clones were
stimulated for 48 to 72 h in 24-well plates with APC, 10% TCGF, and antigen
consisting of 5 pug of A. marginale (FL strain) per ml or 10 ng of peptide A or
peptide B per ml, and supernatants were tested for IFN-y production by enzyme-
linked immunosorbent assay as described elsewhere (17). Control supernatants
were obtained from APC cultured with antigen and TCGF.

RESULTS

Identification of CD4™" T-cell epitopes in the HD of MSP1a.
Transmembrane protein prediction analysis of MSPla re-
vealed an HD extending from aa 1 to 366 in the VA strain (aa
1 to 540 in the FL strain) and a hydrophobic domain extending
from aa 367 to 593 in the VA strain (aa 541 to 767 in the FL
strain) (Fig. 1). Included in the HD are the N-terminal repeats
(two in the VA strain and eight in the FL strain) that contain
defined antibody neutralization-sensitive epitopes QASTSS
and EASTSS (5, 43). Furthermore, the HD region excluding
the repeats (aa 68 to 366 in the VA strain) is completely
conserved (100% identical) between FL and VA strains (5);
98% identical between FL and St. M strains (49); and 89%
identical among FL, Washington Okanogan (WA-O), and
South Idaho (SI) strains (5). To determine whether the highly
conserved HD contained T-cell epitopes, this region from the
VA strain was expressed in COS-7 cells and tested for elicita-
tion of memory CD4" T-cell responses in FL strain MSP1-
immunized calves. The VA strain HD sequence was used since
the C-terminal region nonrepeat sequence is identical to that
in FL strain MSP1a and the N-terminal repeat region contains
the same types of repeats found in the FL strain MSP1a (form
A and B) but is shorter. A 1:50 or 1:250 dilution of COS-7 cell
supernatant expressing MSP1a HD stimulated levels of prolif-
eration of short-term T-cell lines comparable to that for 10 pg
of MSPla C-terminal region protein (aa 68 to 593) per ml,
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FIG. 2. Proliferative responses of short-term T-lymphocyte lines from MSP1-immunized calves against the C-terminal region of MSP1a (aa 68
to 593) or the predicted large HD (aa 1 to 366) and proteins F1 to F3 spanning this region. Short-term T-cell lines were propagated from PBMC
for 1 to 2 weeks with A. marginale homogenate. The calf number is indicated for each panel. (A) T cells were stimulated with 10 pg of MSP1la
C-terminal region protein (C-R) per ml or 1:50 to 1:6,250 dilutions of supernatants from untreated COS-7 cells (COS) or cells transfected with
the HD of MSP1a, and results are representative of four experiments with different cell lines from each calf. (B) T cells were stimulated with 1:4
to 1:16 dilutions of COS-7 cell supernatants from untreated cells (COS) or cells transfected with the HD or F1, F2, or F3 protein spanning this
region. Results are representative of two experiments performed with different cell lines from each calf. Data are presented as the mean counts

per minute of duplicate cultures in response to antigen. Error bars, SD.

whereas control COS-7 supernatant was not stimulatory (Fig.
2A). To further define the location of the dominant conserved
T-helper (Th) cell epitopes in this immunostimulatory region,
three fusion proteins (F1 to F3) spanning the HD region lack-
ing the two N-terminal repeats were constructed and expressed
in COS-7 cells (Fig. 1 and Table 1). Repeated testing of these
proteins on short-term CD4 " T-cell lines demonstrated signif-
icant levels of stimulation by the F2 and F3 region proteins,
with no or weak stimulation by the F1 region (Fig. 2B). Dot
blot analysis of His-tagged F1, F2, and F3 proteins with a MAb
specific for C-terminal poly-His showed similar levels of ex-
pression of all three proteins in COS-7 cell supernatants, in-
dicating that the lack of response to the F1 protein was not due
to insufficient levels of antigen (data not shown).
Identification of peptides in MSP1la HD that elicit recall
proliferative responses by MSP1a-specific T-lymphocyte lines.
Short-term CD4™ T-cell lines were then used to identify stim-
ulatory peptides spanning the HD F2-F3 region of MSP1a. The
cell lines were depleted of CD8" T cells and vyd T cells, cul-

tured with A. marginale homogenate, and tested after 1 or 2
weeks of culture. As shown in Fig. 3, the cell lines from all
three immunized calves responded to multiple peptides span-
ning the F2-F3 region comprising aa 151 to 366 in the VA
strain, although different response patterns were observed for
the calves that expressed different class II haplotypes. It was
consistently observed in three or more experiments that all five
overlapping peptides spanning the F2 region stimulated T cells
from calves 87 and 96, whereas all but one (F2-5) stimulated T
cells from calf 93. Calves 93 and 96 responded in a similar
manner to F3 region peptides, with strong responses to pep-
tides F3-1 to F3-3 and F3-5, relatively weak responses to pep-
tide F3-4, and no response to peptide F3-6. In contrast, calf 87
responded strongly to peptides F3-2 to F3-5 and weakly to
peptide F3-6 but did not proliferate against peptide F3-1. Be-
cause the response to a peptide could be to the 10- or 11-aa
overlap with a contiguous peptide, a minimum of eight T-cell
epitopes were recognized by each calf.

Identification of peptides in the MSPla HD that contain
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FIG. 3. Proliferative responses of short-term T-lymphocyte lines from MSP1-immunized calves against peptides spanning the F2-F3 regions of
the predicted HD of MSP1a. Cell lines were propagated from y3- and CD8" T-lymphocyte-depleted PBMC by stimulation with A. marginale
homogenate for 1 (A) or 2 (B and C) weeks. The calf number and DR haplotype (parentheses) are indicated for each panel. Antigens consisted
of a 1:10 (hatched bars) or 1:100 (white bars) dilution of supernatants from untreated COS-7 cells (COS) or COS-7 cells transfected with the HD
of MSP1a (HD) or 0.1 (white bars), 1 (hatched bars), or 10 (black bars) pg of peptides spanning F2 and F3 regions of the HD per ml. Peptide
MSP2-1 was used as a negative control peptide. Results are representative of two or three assays using different cell lines from each calf. Error

bars, SD.

epitopes stimulatory for CD4™ T-cell clones. Previous work
reported deriving a panel of MSPla-specific CD4" T-cell
clones from cell lines of MSP1 vaccinates 87, 93, and 96 (17).
Table 3 shows that representative clones respond specifically to
MSP1a and to A. marginale derived from FL and St. M strains
but not to A. ovis. When stimulated with A. marginale homog-
enate and APC, the clones produced from 23 to 125 U of
IFN-vy per ml, whereas APC cultured without T cells produced
=2 U of IFN-y per ml (data not shown). The response of six
clones to the HD and peptides spanning the HD F2 and F3

regions was then examined. Interestingly, one clone from calf
87 and two clones from calf 96 responded to peptide F2-5, and
a third clone from calf 96 responded to peptide F3-3, whereas
two clones from calf 93 responded to peptides F3-1 and F3-2
(Table 4). The response pattern of the clones was consistent
with that of uncloned short-term T-cell lines from these calves.
For example, a low concentration (0.1 wg/ml) of peptide F2-5
stimulated strong proliferative responses from calves 87 and
96, whereas peptides F3-1 and F3-2 stimulated strong prolif-
erative responses from calf 93 (Fig. 3). Clones 87.2A1, 96.4DS,
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TABLE 3. Proliferative responses of A. marginale MSP1a-specific CD4" T-cell clones are conserved in two A. marginale strains

but not in 4. ovis

Proliferation (mean cpm * 1 SD) of T-cell clone”:

Expt no. and antigen

87.2A1 93.4E4 96.4D8 96.2.4G4
1
None 242 + 10 2,861 + 34 951 =+ 426 5,070 + 731
A. marginale (FL) 205,660 = 6,771 49,866 + 2,221 19,775 + 1,848 43,243 + 787
MSP1a 81,439 + 13,143 35,600 =+ 335 28,116 = 3,200 22,581 + 890
MSP1b ND? 3,963 * 335 1,993 = 119 5,630 + 129
2
None 259 + 43 948 + 147 892 + 152 239 + 33
URBC* 511 + 208 437+ 5 614 + 101 293 + 45
MSP1 (FL) 16,434 = 79 56,563 + 5,762 39,890 + 3,345 79,744 + 1,733
A. marginale (St. M) 5,802 + 1,036 25,089 *+ 2,863 20,298 + 918 84,181 + 2,425
A. ovis 160 = 23 747 + 346 644 =+ 151 288 =+ 39

“ CD4* T-cell clones were cultured in duplicate wells with APC and the indicated antigens. Results are presented for 25 pg (clone 87.2A1) or 10 pg (other clones)
of A. marginale (FL) homogenate per ml and 5 pg of MSP1a or MSP1b per ml (experiment 1) or 10 pg of all antigens per ml (experiment 2). Numbers in bold have

an SI of >3.0 and are significantly greater (P < 0.01) than medium control values. Results are representative of at least two independent assays.

® ND, not determined in this assay.
¢ URBC, uninfected red blood cells.

and 96.2.4G4 responded to peptide F2-5, but not F2-4 or F3-1,
each of which overlaps peptide F2-5 by 10 or 11 aa, indicating
that the core epitope for these clones was not represented by
the 10- to 11-aa sequences on the N and C termini of F2-5
(Table 1). Similarly, the core epitope in peptide F3-3 recog-
nized by clone 96.1.4G4 did not likely consist of the 10 aa on
the N- or C-terminal ends. However, the response of clones
93.3A8 and 93.4E4 to peptides F3-1 and F3-2 indicates that the
epitope DTLYSVVSES shared by these peptides constitutes
the core epitope for these clones. In agreement with the re-
sponse of clones to antigen prepared from both FL and St. M
strains (Table 3), the sequence of peptide F2-5 and the over-
lapping sequence of peptides F3-1 and F3-2 (DTLYSVSFS)
are each completely conserved in these A. marginale strains.
Identification of the epitope in the N-terminal form B repeat
recognized by CD4™ T cells from calf 87. We previously re-
ported that PBMC and CD4 " T-cell lines from MSP1-immu-
nized calf 87, but not calf 93 or 96, responded specifically to the
form B repeat, but not the form A repeat of the FL strain

MSP1a (17). To more precisely define the epitope(s) within the
form B repeat sequence, five CD4" T-cell clones specific for
this sequence (peptide B) were generated. All clones produced
IFN-vy, ranging from 50 to 210 U/ml, in response to culture
with APC and peptide B, compared with APC cultured with
peptide B, which produced 1 U of IFN-y per ml (data not
shown). T-cell clones and short-term cell lines were then tested
for proliferation to truncated peptides spanning the 29-aa pep-
tide B (Table 5). All T-cell lines and clones tested gave the
same response pattern and recognized peptide B4 consisting of
amino acids VSSQSDQASTSSQLG. This peptide contains the
neutralization-sensitive epitope Q(E)ASTSS defined by two
MADs (5, 39, 43). Peptide B7 (VSSQSGQASTSSQLGG),
which represents the sequence present in the form C repeat
found in the WA-O strain (5), was immunostimulatory, al-
though the D-to-G alteration at position 6 of the peptide
(underlined) resulted in suboptimal responses. To determine
the importance of a Q-to-E alteration at position 7, which is
present in the form A repeat (Table 5), peptide BS

TABLE 4. Proliferation of MSP1a-specific CD4" T-cell clones to peptides spanning the F2 and F3 regions of the predicted HD of MSP1a

Proliferative response (SI) of T-cell clone”:

Antigen
87.2A1 93.3A8 93.4E4 96.1.4G4 96.4D8 96.2.4G4
MSP1a C-terminal region 46.7 4.6 19.7 4.7 18.8 68.8
MBP 0.6 0.9 1.0 0.8 0.8 1.0
HD 9.6 3.3 231 3.6 9.7 34.6
COS sup 1.0 0.8 0.6 0.4 13 12
F2-4 12 0.9 ND” ND 0.9 15
F2-5 120.1 0.7 ND ND 50.5 97.7
F3-1 1.0 4.4 6.7 0.9 1.0 0.6
F3-2 1.2 5.1 8.0 0.7 1.1 1.1
F3-3 1.1 1.8 2.6 67.7 13 0.8
F3-4 1.6 1.4 12 12 0.9 1.3

“ Results are presented as the SI comparing the mean counts per minute of duplicate cultures of T cells cultured with APC and antigen with those cultured with
medium. Antigen concentrations were a 1:10 dilution of COS-7 cell supernatants (COS sup) or 10 pg of recombinant protein or peptide per ml, except for clone 87.2A1,
where peptide F2-5 was used at 0.1 pg/ml; for clone 93.4E4, where peptide F3-2 was used at 1 pg/ml; and for clones 96.4D8 and 96.2.4G4, where peptide F2-5 was
used at 1 pg/ml. Background proliferation ranged from 142 = 107 to 559 *+ 254 cpm. The data are representative of three to five separate assays for each clone except
93.4E4, where one assay was performed. Numbers in bold have an SI of >3.0 and are significantly greater (P < 0.05) than medium control values.

» ND, not determined in this experiment.
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TABLE 5. Identification of the epitope in the N-terminal form B repeat of MSP1a stimulatory for CD4" T cells from
MSP1-immunized calf 87

Expt no. and antigen or peptide

Proliferative response (SI) of T cells”:

87 CL 87.2C5 87.2D11 87.4G10
1
A. marginale 11.1 9.8 1.3 11.7
MSPla 11.7 80.3 7.0 ND”
Peptide B 5.4 1,790.2 277.0 242.8
2
Peptides
A DDSSSASGQQRESSVSSQS_EASTSSQLGS ND ND ND ND
B ADSSSAGGQQQESSVSSQSDQASTSSQLG 113 1,450.5 65.8 2411
Bl ADSSSAGGQQQESSV 1.0 1.3 1.5 0.8
B2 AGGQQRESSVSSQSD 1.8 1.0 1.4 0.9
B3 QESSVSSQSDQASTS 0.9 0.8 1.1 1.3
B4 VSSQSDQASTSSQLG 11.0 1,532.9 61.0 267.8
B5 VSSQSDEASTSSQLG 0.9 1.3 ND ND
B6 VSSQSDQASTSSQ 1.1 1.3 ND ND
B7 VSSQSGRASTSSQLGG 6.8 710.3 ND ND
Al VSSQS_EASTSSQLG 1.4 1.1 1.1 1.6
B8 SSQSDQASTSSQL GADSSSAGGEQQQESS ND 381.4 14.7 414

“ A T-cell line (CL) was obtained following stimulation of calf 87 PBMC for 1 week with recombinant MSP1a and 1 week with A. marginale homogenate (experiment
1) or for 1 week with 4. marginale homogenate (experiment 2), and clones were obtained by limiting dilution. T cells were cultured for 3 days with APC and antigen.
Results are presented as the SI comparing the mean counts per minute of duplicate cultures of T cells cultured with medium with those cultured with antigen, using
25 g of A. marginale per ml, 5 pg of MSP1a per ml or 25 pg of peptide B per ml (experiment 1), 1 pg of peptides per ml (experiment 2, T-cell line), or 10 wg of peptides
per ml (experiment 2, T-cell clones). Background counts per minute for the T-cell line 87 were 6,683 = 1,015 cpm (experiment 1) and 4,047 + 709 cpm (experiment
2) and for the T-cell clones ranged from 63 = 7 to 251 * 3 cpm. Numbers in bold have an SI of >3.0 and are significantly greater (P < 0.05) than medium control

values.
> ND, not determined in this experiment.

¢ Underlined amino acids or spaces indicate different amino acids or deletions when compared with peptide B.

(VSSQSDEASTSSQLG) representing this sequence was also
tested but did not stimulate any of the T-cell lines or clones.
Similarly, the sequence representing the exact epitope in the
form A repeat, VSSQS_EASTSSQLG (peptide A4), which has
a deletion of residue D at position 6 and a Q-to-E alteration at
position 7 (underlined), was also unable to elicit any T-cell
proliferation of the cell lines or clones. To verify the lack of
response by peptide B-specific T cells to peptide A4, T-cell
clone 87.2C5 cells were incubated with APC and 10 pg of
agonist peptide B4 or peptide A4 per ml for 48 h and secreted
IFN-y was measured. Peptide B4 stimulated 47 U of IFN-y per
ml, whereas peptide A4 was unable to stimulate production of
detectable levels of IFN-vy.

T-cell clones specific for peptide B responded weakly to
MSP1a and A. marginale homogenate (Table 5). To determine
whether this weak response was due to the nonstimulatory
form A repeat in the whole protein, the antagonistic potential
of the form A repeat (peptide A4) on the response to the form
B repeat agonist epitope (peptide B4) was examined. First,
peptide A4 was mixed with a stimulatory but suboptimal
amount of peptide B4 at ratios of A4 to B4 ranging from 1:8 to
8:1 during the proliferation assay. Second, APC were pre-
pulsed with a suboptimal amount of agonist peptide B4,
washed, and then assayed with peptide B-specific T-cell clones
with either no additional antigen or increasing amounts of
peptide A4. Finally, T-cell clones and APC were cultured with
peptide A4 or B4 or medium for 2 h or 7 days, washed, and
stimulated with agonistic peptide B4 in the proliferation assay.
None of these treatments resulted in a diminution of the re-
sponse to any concentration of agonist peptide B4 or to base-
line levels of B4 on prepulsed APC (experiment 2), indicating

the lack of an antagonistic effect of the form A repeat on the
agonist form B epitope (data not shown).

MHC class II DR- and DQ-restricted responses to MSP1a
epitopes. In cattle, DR and DQ genes are closely associated on
chromosome 23. Each haplotype expresses one nonpolymor-
phic DRa molecule, one polymorphic DRB molecule (DRB3),
and one or more polymorphic DQa and DQ molecules when
DQ is duplicated (reviewed in reference 33). Furthermore, in
cattle DQa and DQf chains can form both inter- and intra-
haplotype pairing (32, 33), resulting in increased class II poly-
morphism. To determine whether responses of individual Th-
cell clones were restricted by DR or DQ molecules, T cells
were cultured with specific antigen and autologous APC, APC
fully matched for both DR-DQ haplotypes, APC matched for
one DR-DQ haplotype, or APC mismatched for both haplo-
types (Table 2). Clones specific for T-cell epitopes in the F2-F3
HD region of MSP1a responded to antigen presented by APC
from a calf matched for one of the two DR-DQ haplotypes
(Fig. 4A to C). Clones 87.2A1 and 96.2.4G4 specific for pep-
tide F2-5 responded to antigen only in the presence of APC
expressing haplotype DRB3+22-DQA*9B-DOB*9B (Fig. 4A
and B and Table 2). The inability of APC from donor calf 93
to present antigen to peptide F2-5-specific T-cell clones (Fig.
4B) is consistent with the lack of response to this peptide by T
cells from this calf (Fig. 3). Clone 93.4E4 specific for peptides
F3-1-F3-2 responded to antigen only in the presence of APC
expressing haplotype DRB3+16-DQA+114-DQBx*11C (Fig. 4C).

Because DR and DQ genes are closely linked, these results
with different APC cannot determine which class IT molecule is
presenting antigen. Therefore, MADs specific for DRa or DQa
were used to block stimulation by antigen. Clones specific for
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FIG. 4. MHC restriction of T-lymphocyte clones specific for epitopes present in the predicted HD of MSPla. T-lymphocyte clones were
stimulated with 25 pg of A. marginale homogenate (A to C) per ml or 10 pg of peptide B (D) per ml in the presence of autologous APC, APC
fully matched for both DR-DQ haplotypes, APC matched for one DR-DQ haplotype, or APC mismatched for both haplotypes (animal 2216). APC
and corresponding DR alleles are indicated on the y axis. Results are presented for individual clones as the mean counts per minute of duplicate
cultures. Error bars, SD. The results are representative of at least two experiments performed with each T-cell clone.

epitopes in the F2-F3 HD region of MSP1a were stimulated by
peptide presented by DR molecules, because MAbs to DRa
but not DQu significantly inhibited the response to antigen
(Fig. 5A to C). Based on the results with APC half-matched for
one haplotype (Fig. 4), the epitope in peptide F2-5 is presented
by the DRB3+22 gene product to T-cell clones 87.2A1 and
96.4G4 (Fig. 5A and B), whereas the epitope in peptides F3-1
and F3-2 is presented by the DRB3*16 gene product to clone
93.3A8 (Fig. 5C).

In contrast to the results with clones specific for epitopes in
the F2-F3 HD region of MSP1a, clones from calf 87 specific for
the form B repeat responded to peptide B only in the presence
of APC expressing both donor haplotypes, DRB3+16-
DQAx*114-DQOB*11C/DRB3%22-DQA*9B-DQOB+9B (Fig. 4D).
APC from donors 75 and 77 expressing only one of these
DR-DQ haplotypes were ineffective at presenting antigen (Fig.
4D). Similarly, APC from donor calves 93 and 96 were unable
to present antigen to peptide B-specific T-cell clone 87.2C5
(data not shown). These results suggested that the response to
peptide B was not restricted by DR. Antibody blocking studies
confirmed that DQ molecules presented the form B repeat
peptide to T-cell clones from calf 87 (Fig. 5D).

The finding that APC derived from cattle 87 and 62 com-
pletely matched at DQ can present peptide B, whereas APC
from cattle that each express only one set of the DQ alleles
found on cattle 87 and 62 APC cannot, strongly suggests that
peptide B is presented by DQ molecules formed by intrahap-
lotype pairing of DQa and DQg chains. Thus, for calves 87 and
62, the product of the DQa 11A allele could pair with that of
the DQR 9B allele, or the product of the DQa 9B allele could
pair with that of the DQP 11C allele (Table 2). Neither of
these potential intrahaplotype pairs is present in cattle 75, 77,
93, and 96, and we were unable to identify additional cattle
with the potential to express these DQa-DQ chain dimers to
further test this possibility.

DISCUSSION

MSP1 is a candidate for inclusion in an A. marginale vaccine
because of its ability to induce protection in vaccinates, defined
as a significant reduction in rickettsemia and anemia upon
homologous and heterologous strain challenge (20, 42, 43).
Protection against ehrlichial pathogens is associated with both
neutralizing and opsonizing IgG antibody and IFN-y-mediated
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FIG. 5. DR or DQ restriction of MSPla-specific CD4 " T-lymphocyte clones. T-lymphocyte clones were cultured with autologous APC and
medium (no antigen) or either 25 ug of A. marginale homogenate per ml (A), 2 pg of native MSP1 per ml (B and C), or 10 g of peptide B per
ml (D) and either no MAb or 20 pg of MAD specific for DR-a or DQ-a per ml. An IgG2a isotype control MAb was also included. Results are
presented as the mean counts per minute of duplicate cultures. Error bars, SD. Asterisks indicate that the response is significantly lower than the
response in the presence of isotype control MAb (P < 0.05). Results are representative of at least two experiments for each clone. Ag, antigen.

activation of phagocytes (3, 6, 11, 21, 34, 48, 53, 59). CD4" T
cells, which are required for clearance of ehrlichial pathogens
(31), orchestrate both of these effector mechanisms through
IFN-y production. Identification of MSP1 Th-cell epitopes
conserved among A. marginale strains that are presented by
MHC class II molecules represented broadly in the population
is important for designing epitope-based vaccines that incor-
porate both Th-cell and attachment-invasion-blocking anti-
body epitopes. Research described in the present study focused
on characterizing Th-cell epitopes in the highly conserved HD
of the MSP1a protein that elicited the dominant CD4" T-cell
response in MSP1-immunized cattle (17).

MSP1la and MSP1b appear to be erythrocyte adhesins, be-
cause binding of recombinant E. coli expressing MSPla or
MSP1b as well as hemagglutination by recombinant E. coli or
A. marginale was blocked with immune sera specific for each
protein (37, 38). Furthermore, it was recently reported that
recombinant E. coli expressing MSP1a binds to tick cells, sug-
gesting that MSP1a facilitates invasion of tick midgut epithelial
cells (23, 24). Interestingly, we observed that, even though IgG
titers specific for MSP1la and MSP1b were comparable in
MSP1-immunized cattle, CD4™" T-cell responses were repro-

ducibly detected only against MSP1a (17). This suggested that
MSP1a-specific T cells provide cognate help to both MSP1b-
specific B cells and MSP1a-specific B cells, which could occur
since MSP1la and MSP1b are associated in the native protein
through disulfide bonds (56). The apparent importance of
MSP1a-specific Th-cell responses in eliciting IgG antibody pro-
duction to both of these proteins, and the presence of eryth-
rocyte- and tick cell-binding domains on the MSP1a protein
blocked by immune sera, led us to target the large, predicted
surface-exposed HD for more detailed analysis of Th-cell rec-
ognition.

CD4™" T-cell-enriched oligoclonal lines in culture with whole
A. marginale for only 1 to 3 weeks were used as responder cells
to obviate a potential selection of cells specific for immuno-
dominant epitopes in longer-term culture. A combination of
recombinant proteins F1 to F3 spanning the HD lacking the
repeat region (aa 68 to 366) and peptides spanning the most
immunostimulatory F2-F3 region (aa 151 to 366) was used to
map T-cell epitopes that would elicit recall responses from
cattle with different MHC class II haplotypes. A minimum of
five T-cell epitopes contained within overlapping peptides F2-1
to F2-4 (aa 151 to 240), F3-2 to F3-3 (aa 270 to 319), and F3-5
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(aa 330 to 359) stimulated significant T-lymphocyte recall re-
sponses from all three calves, which express, in total, three
different DR-DQ haplotypes (Table 2). These DR-DQ haplo-
types are common in Holstein and Friesian cattle, such that a
predicted 50% of cattle in a given Holstein or Friesian herd
would express at least one of the DR-DQ haplotypes evaluated
in this study (51; H. A. Lewin, unpublished observations).
Thus, inclusion in a recombinant vaccine construct of the se-
quences represented by peptides that stimulate memory T-cell
responses in the three MSP1-immunized cattle described here
would predictably stimulate effective MSPla-specific CD4™
T-cell responses in a large proportion of Holstein-Friesian
cattle.

An additional T-cell epitope was defined on the N-terminal
form B repeat, present in FL, VA, St. M, and WA-O strains (5,
49). This epitope contained a MAb neutralization-sensitive
B-cell epitope defined as either EASTSS (form A repeat) or
QASTSS (form B repeat). Whereas the alteration of a Q to an
E did not affect antibody neutralization (5), this single-amino-
acid substitution completely prevented T-cell recognition (Ta-
ble 5). Unlike the Th cells specific for epitopes in the HD
F2-F3 region which responded strongly to native A. marginale
antigen, CD4™ T cells specific for the form B repeat epitope
recognized native protein very weakly. Altered peptide ligand
antagonism by the form A repeat peptide did not account for
the poor response of these T cells to native protein, suggesting
that, even though there is no recognition of the form A repeat,
its presence in the native protein is not inhibitory. A second
potential explanation for the weak response of form B repeat-
specific Th-cell clones to MSP1a is that the T-cell epitope is
inefficiently processed from the native protein or poorly pre-
sented. Alternatively, the form B repeat-specific T-cell clones
may represent the “type B” T cells described by Lindner and
Unanue that are derived from peptide-immunized mice and
recognize peptide but not processed protein antigen (reviewed
in reference 35). Type B T cells apparently bind a peptide-
MHC complex with a unique conformation, formed when ex-
ogenous peptide interacts with class II molecules in an early
endosome, that differs conformationally from the peptide-
MHC class II complex formed by processing whole polypeptide
antigen in deep endosomal compartments (35). Such type BT
cells could develop if the MSP1 immunogen was partially de-
graded so that form B repeat peptides were present.

It is also interesting that the form B repeat epitope could be
presented only by autologous APC or APC from a donor
expressing the identical set of DR-DQ alleles but not by APC
from cattle with one of the two sets of parental DR-DQ alleles.
Although not directly tested, this result could be explained by
intrahaplotype pairing of DQa and DQ chains, which has
been previously observed for cattle (32).

IFN-v is required for protective immunity against ehrlichial
pathogens. The production of IFN-y by memory-effector
CD4" T-cell lines from MSPIl-immunized cattle stimulated
with MSP1a C-terminal region protein (17), as well as by HD
F2-F3 region-specific Th-cell clones stimulated with 4. margi-
nale, indicates that native MSP1 is naturally processed for
T-cell epitope presentation by APC that initiate IFN-y-pro-
ducing CD4™" T-cell responses. Therefore, immunization with
a construct containing these immunostimulatory T-cell
epitopes should similarly prime Th cells to recognize these
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epitopes processed and presented from whole organisms. The
Th-cell epitope-rich region of MSPla defined here can be
incorporated into a vaccine construct designed to link CD4™
Th-cell epitopes broadly recognized by class II at the popula-
tion level with B-cell epitopes recognized by antibody blocking
tick or erythrocyte attachment or invasion, such as the
epitope(s) present in the N-terminal repeat region.
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