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Previously, our laboratory showed that Holstein cattle experimentally infected with Neospora caninum
develop parasite-specific CD4* cytotoxic T lymphocytes (CTL) that lyse infected, autologous target cells
through a perforin-granzyme pathway. To identify specific parasite antigens inducing bovine CTL and helper
T-lymphocyte responses for vaccine development against bovine neosporosis, the tachyzoite major surface
proteins NcSAG1 and NcSRS2 were targeted. In whole tachyzoite antigen-expanded bovine T-lymphocyte lines,
recombinant Nc¢SRS2 induced potent memory CD4*- and CD8"-T-lymphocyte activation, as indicated by
proliferation and gamma interferon (IFN-vy) secretion, while recombinant NcSAG1 induced a minimal memory
response. Subsequently, T-lymphocyte epitope-bearing peptides of NcSRS2 were mapped by using overlapping
peptides covering the entire NcSRS2 sequence. Four experimentally infected cattle with six different major
histocompatibility complex (MHC) class II haplotypes were the source of immune cells used to identify NcSRS2
peptides presented by Holstein MHC haplotypes. NcSRS2 peptides were mapped by using IFN-y secretion by
rNcSRS2-stimulated, short-term T-lymphocyte cell lines, IFN-y enzyme-linked immunospot (ELISPOT) assay
with peripheral blood mononuclear cells, and >'Cr release cytotoxicity assay of rNcSRS2-stimulated effector
cells. Four N. caninum-infected Holstein cattle developed NcSRS2 peptide-specific T lymphocytes detected ex
vivo in peripheral blood by IFN-y ELISPOT and in vitro by measuring T-lymphocyte IFN-y production and
cytotoxicity. An immunodominant region of NcSRS2 spanning amino acids 133 to 155 was recognized by CD4™
T lymphocytes from the four cattle. These findings support investigation of subunit N. caninum vaccines
incorporating NcSRS2 gene sequences or peptides for induction of NcSRS2 peptide-specific CTL and IFN-y-
secreting T lymphocytes in cattle with varied MHC genotypes.

Neospora caninum is an intracellular apicomplexan proto-
zoan parasite that causes abortion and congenital infection in
cattle (21). Transplacental parasite transmission is the major
mode of infection (18, 45) which persists in the herd over
successive generations, causing significant economic losses due
to abortion, culling, and decreased milk production (13, 20, 25,
52, 53). Recrudescence of chronic, congenitally acquired infec-
tion due to downregulation of Thl immune responses during
pregnancy may be largely responsible for transplacental N.
caninum transmission (10, 22, 27, 42). A vaccine that could
control tachyzoite parasitemia and decrease congenital infec-
tion or abortion rates is needed.

Studies of Toxoplasma gondii, a protozoan parasite closely
related to N. caninum in biology, phylogeny, and immunoge-
nicity, unequivocally show the importance of T lymphocytes in
resistance to infection by adoptive transfer, gene knockout,
and depletion studies with mouse models (19). The presence of
parasite-specific CD4" and CD8" cytotoxic T lymphocytes

* Corresponding author. Mailing address: Department of Veteri-
nary Microbiology and Pathology, Bustad Hall, Washington State Uni-
versity, Pullman, WA 99164-7040. Phone: (509) 335-6047. Fax: (509)
335-8529. E-mail: baszlert@vetmed.wsu.edu.

1321

(CTL) is also associated with immunity to natural T. gondii
infection in humans (14, 41). In murine models of neosporosis,
a T-lymphocyte-mediated immune response, characterized by
increased levels of gamma interferon (IFN-y) and interleukin
12 (IL-12), correlates with disease resistance (5, 30, 33), and
IFN-y alone inhibits tachyzoite growth and cellular invasion
(24, 38, 51, 55). In pregnant mice, protection against vertical
transmission correlates with induction of parasite-specific T-
lymphocyte-mediated immunity (39). Cattle infected with N.
caninum produce parasite-specific, major histocompatibility
complex (MHC)-restricted, CD4" CTL (50) that could reduce
N. caninum infection indirectly by IFN-y activation of mono-
nuclear phagocytes and directly by killing N. caninum-infected
cells.

To identify vaccine candidate parasite antigens for induction
of CTL and IFN-vy secretion in cattle against neosporosis abor-
tion, this study focused on major tachyzoite glycosylphosphati-
dylinositol-anchored surface proteins, N. caninum surface an-
tigen 1 (NcSAG1) and N. caninum SAGl-related sequence 2
(NcSRS2) (26, 28). The T. gondii surface protein TgSAG1, an
orthologue of NcSAG1 (28), protected against congenital T.
gondii infection in BALB/c mice (31). In murine models of
neosporosis, NcSRS2 vaccination induced protection against
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lethal challenge or vertical transmission (11, 37, 39). These
data provided the rationale to test the hypothesis that NcSAG1
and NcSRS2 induce CTL and IFN-y secretion in T lympho-
cytes in cattle, the natural outbred host for N. caninum infec-
tion.

Immunogens containing killed N. caninum tachyzoites do
not protect against fetal infection in challenged cattle (1), and
a whole-antigen immunogen exacerbated encephalitis in a
mouse model of neosporosis (6), highlighting a need to identify
specific protection-inducing antigens. Advantages to the
epitope approach of vaccine development can include induc-
tion of more-potent responses, increased qualitative control of
the immune response, targeting of dominant and subdominant
epitopes, and overcoming of safety concerns regarding atten-
uated whole-organism preparations (46). A formidable obsta-
cle to developing broadly efficacious epitope-based vaccines
stimulating effective T-lymphocyte responses in cattle hinges
on the polymorphism of the MHC molecules. It has been
shown in humans that some MHC class I and class II molecules
share common peptide binding motifs, so called supermotifs,
and bind many of the same epitopes (34, 46-48). Thus, instead
of identifying many single epitopes for each MHC class I or
MHC class 1T molecule, identification of supertype epitopes
(peptide epitopes presented by different MHC molecules) or
epitope clusters (contiguous epitopes on a given antigen) ca-
pable of binding multiple MHC molecules is desirable for
induction of immune responses in multiple individuals within
outbred populations. Identification of epitope clusters or su-
pertype epitopes in N. caninum proteins for inclusion in sub-
unit immunogens may be advantageous for specific manipula-
tion of immune responses in outbred cattle with known MHC
haplotypes.

Herein, we showed that T-lymphocyte cell lines of cattle
infected with N. caninum readily proliferated and secreted
IFN-y when stimulated with the recombinant tachyzoite sur-
face protein rNcSRS2 but not INcSAG1. Therefore, NcSRS2
was targeted for further study, and overlapping peptides of
NcSRS2 were tested to identify candidate peptides for inclu-
sion in vaccines against bovine neosporosis abortion. NcSRS2
peptide-specific CD4" CTL and IFN-y-secreting T lympho-
cytes were present in four infected Holstein cattle with six
MHC class II haplotypes, suggesting that identified NcSRS2
peptides could stimulate T-lymphocyte-mediated immune re-
sponses in outbred Holstein populations.

MATERIALS AND METHODS

Cattle. Four MHC-heterozygous female, nonpregnant, 1- to 7-year-old Frie-
sian-Holstein cattle (Bos taurus) representing six MHC class I haplotypes and six
class II haplotypes were selected for MHC haplotype disparity (MHC mis-
matched) and similarity (MHC half-matched). Each cow’s bovine lymphocyte
antigen (BoLA)-A class I alleles and DRB3 and DQA alleles were characterized
by microarray typing (described below). The BoLA haplotypes of the cows were
inferred from BoLA class I, DRB3, and DQA typing on the basis of previously
defined haplotypes of Holstein cattle (15, 17, 32).

Cattle were infected with an initial dose of 107 N. caninum strain Nc-1
tachyzoites via intramuscular inoculation. They were reinfected intramuscularly
at monthly intervals with 5 X 10° Nc-1 tachyzoites for 10 or more months and
monitored periodically for persistent N. caninum infection, using a competitive
inhibition enzyme-linked immunosorbent assay (ELISA) specific for N. caninum
antibodies (3) (VMRD, Inc., Pullman, Wash.). Animals were housed and cared
for in accordance with Animal Care and Use Regulations of Washington State
University, Pullman, Wash.
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N. caninum tachyzoites. The Nc-1 strain of N. caninum tachyzoites was main-
tained by regular serial passage in Vero cells as described previously (5).
Tachyzoites were used for infection of experimental cattle and for infection of
stimulator and target cells in >'Cr release cytotoxicity assays. Sonicated
tachyzoite antigen (NSo) from washed tachyzoites and sonicated Vero cell an-
tigen were prepared as described previously (4) for positive and negative con-
trols, respectively, in >'Cr release, enzyme-linked immunospot (ELISPOT), and
ELISA assays.

Synthesis of NcSRS2 peptides. Eighty-one 15-mer peptides overlapping by 11
amino acids were synthesized commercially (Genemed, San Francisco, Calif.)
based upon the protein sequence of NcSRS2 (GenBank accession no.
AADA45521) (36). Custom peptides were >80% pure as analyzed by high-per-
formance liquid chromatography. Peptides were dissolved in 100% dimethyl
sulfoxide to 20 mg per ml and stored at —20°C. Peptides were further diluted to
100 or 200 pwg/ml in RPMI prior to use in >'Cr release, ELISPOT, and ELISA
assays.

Preparation of recombinant NcSRS2 and NcSAGI1. Recombinant proteins
NcSRS2 and NcSAG1 were prepared and purified as histidine-tagged thiore-
doxin fusion proteins, using the pBAD/thioTOPO system (Invitrogen) per the
manufacturer’s instructions. The NcSRS2 open reading frame was amplified
from genomic N. caninum DNA with the following primer set: NcSRS2-F (5'-
ATGGCGACGCATGCTTGTGTGGTG-3") and NcSRS2-R (5'-GTACGCAA
AGATTGCCGTTGC-3"). The NcSAGI open reading frame was amplified from
genomic N. caninum DNA using the following primer set: NcSAG1-F (5'-ATG
TTTCCTCGGGCAGTGAGAC-3") and NcSAG1-R (5'-CGCGACGCCAGCC
GCTATCGAGC-3'). The amplicons containing the open reading frames of
NcSRS2 and NcSAGI were cloned into pBAD/thioTOPO to yield plasmids
pNcSRS2-pBAD and pNcSAG1-pBAD. The correct NcSRS2 and NcSAGI se-
quences and orientations of the inserts in plasmids NcSRS2-pBAD and
pNcSAGI1-pBAD were confirmed by nucleotide sequencing. Recombinant
NcSRS2 and NcSAG1 were produced in Escherichia coli-transformed cultures
after induction with 0.1% arabinose at 37°C for 3 h and purified on Ni-agarose
columns after elution with Imidazol, as described by the manufacturer (Invitro-
gen). The purified fusion proteins were detected by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis followed by Coomassie blue staining and by
Western blotting, using immune mouse serum that detected N. caninum native
and recombinant proteins of the expected molecular weights for NcSAG1 and
NcSRS2, respectively.

MHC typing. MHC typing was performed by hybridization of biotinylated,
genomic PCR products from the MHC class I, DRB3, and DQA genes to short,
15- to 22-bp oligonucleotide microarrays as described previously (40). The only
significant modification from the published procedure was that instead of using
heminested PCR for the class I and DRB3 genes, all of the biotinylated PCR
products were generated by single-round amplification.

Although class I typing was performed by microarray hybridization, the sero-
logical names have been used to denote the haplotypes (16). Class II haplotypes
are indicated by using the D-region haplotype (DH) nomenclature (15, 32, 40,
43). The official allele names assigned by the Bovine Leukocyte Antigen Nomen-
clature Committee of the International Society for Animal Genetics are used for
the class II alleles present in each haplotype (17, 44).

Immunofluorescence flow cytometry. Peripheral blood mononuclear cells
(PBMC) and stimulated T lymphocytes were analyzed for cell phenotype by
two-color flow cytometry (50), using bovine monoclonal antibodies (MAb)
against CD4 (ILA11A), CD8 (CACT 80C or 7C2B), v (GB21A), CD3 (MM1A)
and CD2 (16-1E10) (Washington State University Monoclonal Antibody Center,
Pullman, Wash). The fluorescence-labeled cells were counted and analyzed on a
Becton Dickinson FACSScan instrument by using CellQuest analysis software
(Becton, Dickinson and Company, Franklin Lakes, N.J.).

Tachyzoite-specific short-term T-lymphocyte cell lines for proliferation and
IFN-y assay. Antigen-specific, short-term T-lymphocyte cell lines were expanded
from PBMC of cows numbered 495 and 562 experimentally infected with N.
caninum tachyzoites. Short-term N. caninum antigen-specific CD4"- or CD8"-
T-lymphocyte lines from PBMC were developed by stimulation with NSo (10
pg/ml) (sonicated whole tachyzoite antigen) (4) for 7 days followed by expansion
with 2 ng of recombinant human IL-2 per ml for 7 days in RPMI 1640 supple-
mented with 10% fetal bovine serum (Sigma Chemical Co.), 2 mM glutamine, 10
mM HEPES buffer, 10 pg of gentamicin per ml, and 5 X 10~> M 2-mercapto-
ethanol (complete RPMI). To enrich CD4* and CD8™" T lymphocytes in effector
populations, aliquots of effector T lymphocytes were partially depleted of CD4*
or CD8" T lymphocytes using immunomagnetic beads as described previously
(50). T lymphocytes were analyzed for cell phenotype by flow cytometry as
described above.

NcSRS2-specific short-term T-lymphocyte cell lines for IFN-y ELISA and
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SICr release cytotoxicity assays. For expansion of NcSRS2-specific effector cells
from PBMC of infected cattle, approximately 10% y3-T-lymphocyte-depleted
PBMC were cultured with 107 tachyzoite-infected (multiplicity of infection, 2:1),
irradiated (3,000 rads), peripheral blood adherent cells (PBAC) in 75-cm® poly-
styrene culture flasks for 5 to 7 days in complete RPMI 1640 at 37°C, 5% CO,,
and 95% humidity. Following the first round of stimulation, effectors were
cultured with 10 g of rNcSRS2 per ml and autologous, irradiated (3,000 rads)
PBMC at an antigen-presenting cell-to-effector ratio of 7:1 for an additional 5 to
7 days. yd T lymphocytes were depleted from PBMC prior to stimulation by using
complement-mediated lysis as described previously (50). The phenotypes of
effector T lymphocytes were determined by immunofluorescence flow cytometry
prior to use, and if v T lymphocytes and CD8" T lymphocytes comprised more
than 2% (each) of the effector populations, they were depleted to less than 2%
from effector cultures by immunomagnetic bead separation (Dynal), following
methods previously described (50).

Lymphocyte proliferation assay using rNcSRS2 and rNcSAG1. Tachyzoite-
specific T-lymphocyte lines (stimulated with NSo as described above) were
plated in round-bottom, 96-well plates, 2 X 10° per ml. The cell lines were
stimulated with 10 pg of rNcSAG1 or rNcSRS2 per ml, medium only (antigen
negative control), 5 ug of concanavalin A (positive control) per ml, 10 pg of NSo
(positive control) per ml, 10 pg of recombinant green fluorescent protein per ml
expressed in the same vector system used for N. caninum surface proteins
(irrelevant recombinant antigen negative control), or 10 ug of uninfected Vero
cell lysate per ml. Lymphocytes were then cultured for 5 days, and aliquots of
culture supernatants were collected for IFN-y assay, described in the following
section. [*H]thymidine (0.5 wCi per well) was added and incubated for 18 h, and
supernatants were harvested on day 6 to measure counts per minute, determined
with a beta scintillation counter. Results are presented as stimulation index,
calculated by dividing mean counts per minute for treated wells by mean counts
per minute for wells containing uninfected Vero cell lysates. Proliferation was
considered significant if the stimulation index was >3.0 and the mean number of
counts per minute was >1,000 (7).

Detection of peptide-specific T lymphocytes by IFN-y ELISA. The Bovigam
(Biocor Animal Health, Inc., Omaha, Neb.) ELISA kit measuring bovine IFN-y
was used to identify activated T lymphocytes of N. caninum-infected cattle
specific for whole rNcSRS2 and rNcSAGI antigen and for NcSRS2 epitope-
containing peptides. For the IFN-y ELISA assay with cell lines developed with
NSo and recombinant human IL-2 and then stimulated with rNcSRS2 and
rNcSAGI, supernatants from stimulated wells were removed after 5 days of
stimulation with the recombinant peptides as described for the lymphocyte pro-
liferation assay above. For the IFN-y assay with 15-mer NcSRS2 peptides, the
short-term NcSRS2-specific T-lymphocyte cell lines were stimulated for an ad-
ditional 3 days with irradiated, autologous PBMC and individual 15-mer NcSRS2
peptides. T-lymphocyte effectors (3 X 10%) plus 2 X 10° irradiated, autologous
PBMC per well were stimulated with one of 81 overlapping NcSRS2 15-mer
peptides at 10 pg/ml. Positive controls were concanavalin A (5 ug per ml) and
NSo (10 pg per ml). The negative controls were medium alone and Vero cell
lysate (10 pg per ml). All experiments were performed in 96-well, round-bottom
culture plates, three replicates per treatment, in complete RPMI, 100 pl per well,
37°C, 5% CO,, 95% humidity. Supernatants were diluted eightfold, and IFN-y
was measured by following kit directions. Absorbance was read on a Titertek
Multiskan MCC/340 ELISA plate reader at 540 nm, and the IFN-y concentration
was determined by using a standard curve prepared by serial dilutions of a
supernatant from a Mycobacterium bovis purified protein derivative-specific T-
helper lymphocyte clone that contained 440 U of IFN-y per ml as determined by
the neutralization of vesicular stomatitis virus (9). In this assay, 0.6 U corre-
sponds to 1 ng of IFN-y. The results are presented as units per milliliter of IFN-y
(8).

The response of T-lymphocyte short-term cell lines to NcSRS2 peptides was
considered positive if two criteria were met: (i) IFN-y amounts after peptide
stimulation were significantly different from those with medium as analyzed by
one-way analysis of variance with control and Bonferroni correction, alpha =
0.05; and (ii) the IFN-y amounts were greater than 2.5 times background levels.
The background IFN-y value was calculated as mean IFN-vy from triplicate wells
containing lymphocytes and medium alone.

Enumeration of NcSRS2-specific PBMC by IFN-y ELISPOT. To detect
NcSRS2-specific T lymphocytes from PBMC without in vitro expansion, IFN-y-
expressing cells in PBMC were quantified by using an ELISPOT specific for
bovine IFN-y. The ELISPOT assays were conducted as described previously (56)
with the following modifications. NcSRS2 15-mer peptides overlapping by 11
amino acids were added to freshly isolated PBMC (10° cells) in 100 ul of
complete RPMI at final concentrations of 10 pg per ml. Positive controls in-
cluded concanavalin A (5 pg per ml), NcSRS2 (10 g per ml), and NSo (10 pg
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per ml). Negative control wells contained PBMC in complete RPMI alone and
with 10 pg of Vero cell lysate per ml. The ELISPOT assays were conducted with
triplicate wells of MultiScreen-Immobilon-P plates (Millipore) coated with
mouse anti-bovine IFN-y MAb CC330 (8 pg/ml), incubated for 72 h at 37°C with
5% CO,, and detected with biotinylated mouse anti-bovine IFN-y MAb CC302
(5 pg/ml). Both anti-bovine IFN-y MAbs were the kind gift of Christopher
Howard (Compton, United Kingdom).

For each animal, the mean number of spots in medium negative control wells
was subtracted from the mean number of spots in test wells to determine the
number of NcSRS2 peptide-specific spot-forming cells (SFC). Results were pre-
sented as the number NcSRS2 peptide-specific IFN-y secreting SFC per 10°
PBMC.

PBMC response to NcSRS2 peptides was considered positive if two criteria
were met: (i) number of spot-forming cells per million PBMC after peptide
stimulation was significantly different from that with medium as analyzed by
one-way analysis of variance with control and Bonferroni correction (alpha =
0.05); and (ii) the number of IFN-y spot-forming cells per million was greater
than 2.5 times the background level. The background IFN-y values for lympho-
cytes stimulated with individual NcSRS2 peptides was calculated as mean num-
ber of IFN-y-secreting SFC per million from triplicate wells containing medium
alone for each 96-well plate.

SIChromium release cytotoxicity assay. >'Cr release cytotoxicity assays were
performed by following methods previously described (50) with the following
modifications. Effectors consisted of short-term T-lymphocyte cell lines stimu-
lated with NcSRS2 as described above for use in ELISA and >'Cr release
cytotoxicity assays. In several cases, CD8"* and yd T lymphocytes exceeded 2% of
the effector populations, and immunomagnetic beads were used as previously
described (50) to further deplete CD8" and v T lymphocytes to <2% each prior
to CTL assays. For peptide-pulsed targets, the PBAC were pulsed with 10 pg of
NcSRS2 15-mer peptides, rNcSRS2, NSo, or Vero cell lysate/ml for 16 to 18 h.
Test groups consisted of (i) effectors plus N. caninum-infected, autologous,
PBAC targets (positive control), (ii) effectors plus uninfected, autologous PBAC
targets (negative control), (iii) effectors plus NcSRS2 peptide-pulsed autologous
targets, (iv) effectors plus INcSRS2-pulsed autologous targets, (v) effectors plus
NSo-pulsed, autologous targets (positive control), and (vi) effectors plus Vero
antigen-pulsed autologous targets. Test groups were plated in replicates of three
at various effector-to-target-cell ratios of 3:1 to 30:1. Counts were determined
with a MicroBeta TriLux beta emission counter (PerkinElmer Wallac, Inc.,
Gaithersburg, Md.) windowed for >'Cr and transformed into percent specific
lysis by using the following equation:

% Specific lysis =

[(mean cpm test sample) — (mean cpm spontaneous release)] % 100
[(mean cpm maximal release) — (mean cpm of spontaneous release)]

Percent spontaneous lysis (mean counts per minute spontaneous/mean counts
per minute maximal) was <20% in every experiment. A significant difference in
percent specific lysis between the experimental groups was defined as >2.5 times
the standard error of the mean (SEM). SEM was calculated by using a formula
that takes into account individual variances within maximal, spontaneous, and
experimental release wells (49).

RESULTS

rNcSRS2 stimulates memory T lymphocytes. INcSRS?2 acti-
vated CD4" and CD8™ enriched T-lymphocyte cell lines from
cows 495 and 562 as indicated by high IFN-y secretion and
stimulation indices (Fig. 1A and B), whereas minimal stimula-
tion was seen in response to rNcSAGI. For both cows, the
CD4" and CD8" phenotypes comprised 60% or more of the
total T lymphocytes in respective, enriched effector cultures.
Increased proliferation and IFN-y secretion after rNcSRS2
stimulation provided the rationale for mapping NcSRS2
CD4 " -T-lymphocyte epitopes for vaccine development.

Mapping NcSRS2 T-lymphocyte epitopes by IFN-y ELISA.
Multiple NcSRS2 peptides induced IFN-y secretion from
short-term T-lymphocyte cell lines of four N. caninum-infected
Holstein cattle with six different MHC haplotypes (Table 1).
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FIG. 1. In vitro stimulation of memory bovine T-lymphocytes with
rNcSAG1 and rNcSRS2. Both CD4" and CD8" enriched T lympho-
cytes responded to NcSRS2 but not NcSAG1 as indicated by secretion
of IFN-y (A) and cell proliferation stimulation index (B). In both
panels A and B, short-term T-lymphocyte lines were stimulated with
NSo and interleukin-2, and the CD4* and CD8" T lymphocytes were
purified for assay. Cell proliferation was measured by standard
[®H]thymidine incorporation assay. Stimulation index was calculated
by dividing mean counts per minute for treated wells by mean counts
per minute for wells containing uninfected Vero cell lysates. INcSAG1,
recombinant NcSAG1; rNcSRS2, recombinant NcSRS2; NSo, whole,
sonicated N. caninum tachyzoites; rGFP, recombinant green fluores-
cent protein. Error bar = = standard deviation.

Measurement of IFN-vy in the cell supernatants by ELISA in
units/milliliter after peptide stimulation is shown in Fig. 2.

NcSRS2 peptides recognized by short-term T-lymphocyte
lines from cow 562 (DH16A/DH24A) were peptides 20, 21, 34,
and 73. Short-term T-lymphocyte lines from cow 63 (DH24A/
DH27A) recognized peptides 11, 12, 16, 17, 18, 19, 34, 35, 36,
and 72. Peptides recognized by cow 495 (DHOSA/DH22H)
were 35, 36, and 74. Peptides recognized by cow 612 (DH22H/
DH23A) were 35 and 36.

Mapping NcSRS2 T-lymphocyte epitopes by using IFN-y
ELISPOT with PBMC. The results of one ELISPOT assay per
cow are presented in Fig. 3, and results of both ELISPOT

INFECT. IMMUN.

TABLE 1. MHC haplotypes of experimental Holstein cattle

Cow  BoLA-A ClassII  DRB3PCR- DRB3 DQA  DQB
no. serotype haplotype” RFLP* allele allele allele
63 All DH24A 24 0101°> 0101  0101"
Al4 DH27A 27 14011°  1401°  1401°
562 All DH24A 24 0101°> 0101 0101"
Al12(A30) DHI6A 16 1501°  10011° 0102
22021° 1101

612 Al3 DH23A 23 2703* 0101  0103°
22031°  1803°

Al15(A8)  DH22H 22 1101°  10011° 1002°
2206  1402°

495 AIl5(A8)  DH22H 22 1101°  10011° 1002°
2206  1402°

A20 DHO8A 8 1201*  12011° 1005
2201 1201

“ Class IIa (D-region) haplotypes (21, 38, 48, 51).

® Exon 2 sequence confirmed at Washington State University (J. Y. Park, J.
Norimine, and C. J. Davies, unpublished data).

¢ RFLP, restriction fragment length polymorphism.

assays are summarized in Table 2. Peptides recognized by
PBMC from the cattle that met the selection criteria described
in Materials and Methods in one or more ELISPOT assays
were the following: (i) cow 562 (DH16A/DH24A), peptides 20,
21, 34, 72, and 74; (ii) cow 63 (DH24A/DH27A), peptides 13,
16, 18, 34, 35, and 36; (iii) cow 495 (DHO8A/DH22H), peptides
33, 35, and 36; and (iv) cow 612 (DH22H/DH23A), peptides
33, 35, and 36.

NcSRS2 peptide-specific CD4* CTL in short-term cell lines
from N. caninum-infected cattle. NcSRS2 peptides were chosen
for testing in *'Cr release cytotoxicity assays if epitope-con-
taining peptides were recognized in one ELISA and one or
more ELISPOT assays or if epitope clusters were suspected
(peptides 33, 34, 35, and 36 and peptides 72, 73, and 74).
Stimulated effector cells were comprised of more than 95%
CD4™" T lymphocytes and less than 2% CD8" T lymphocytes,
v3 T lymphocytes, or CD2"/CD3~ (NK-like) cells (23) when
analyzed by flow cytometry (data not shown). NcSRS2-specific
CTL identified in at least two >'Cr release cytotoxicity assays
for cows 495, 612, and 562 are shown in Table 2. For cow 63,
NcSRS2-specific CTL identified in a single *'Cr release cyto-
toxicity assay are shown, since the cow developed unrelated
disease and was subsequently excluded from further study.
Results were considered significant when percent specific lysis
of the experimental group was >2.5 SEM for autologous, un-
pulsed targets and Vero antigen-pulsed targets.

NcSRS2 peptides recognized by CD4" CTL from short-term
cell lines of cow 562 (DH16A/DH24A) were peptides 20, 21,
34, and 73. CD4" CTL from short-term cell lines of cow 63
(DH24A/DH27A) killed autologous PBAC targets pulsed with
peptides 35 and 36. NcSRS2 peptides recognized by CD4™
CTL of cow 495 (DHO8A/DH22H) were peptides 35, 36, and
73. Autologous targets pulsed with peptides 35 and 36 were
killed by CTL of cow 612 (DH22H/DH23A).

DISCUSSION

T-lymphocyte cell lines of Holstein cattle infected with N.
caninum showed robust proliferative and IFN-y responses to
tachyzoite surface protein NcSRS2 but responded poorly to
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FIG. 2. IFN-vy secretion from short-term T-lymphocyte effector cell lines stimulated with overlapping peptides of NcSRS2. T lymphocytes were
obtained from PBMC of N. caninum-infected cows 495 (A), 612 (B), 63(C), and 562 (D) and cultured with antigen-presenting cells stimulated
sequentially with live tachyzoites, INcSRS2, and synthetic peptide as described in the text. Culture supernatants were tested for bovine IFN-y using
commercial Bovigam kit, and units were calculated from a standard curve. The far-right three bars show results for control cultures stimulated with
ConA, NSo (whole N. caninum tachyzoite lysate) (positive control), or INcSRS2 (positive control), respectively. A response was considered positive

(*) as described in the text.Error bars indicate = standard deviations.

NcSAGI. The minimal response of bovine T-lymphocyte cell
lines to NcSAG1 was unexpected, since vaccination studies
using TgSAG1 protein and DNA constructs have demon-
strated protection against acute toxoplasmosis models in ro-
dent systems (2, 12, 29, 54). This highlighted the need to
evaluate immune responses in the target species, and emphasis
was placed on mapping NcSRS2 epitope-containing peptides
recognized by CD4" CTL and IFN-y-secreting T lymphocytes
from infected cattle with known MHC haplotypes.

Not all genetically different MHC molecules are functionally
different, and for humans, the functional binding specificities
of predominant MHC class I molecules fall into nine super-
types (46). Human HLA-DR functional binding specificities
have recently been clustered into nine supertype classes (34)
based on binding pocket specificity; however, supertypes in

cattle have not yet been characterized. For this study, four N.
caninum-infected MHC class II heterozygous Holstein cattle
with half-matched and mismatched haplotype combinations
were chosen (Table 1). The four cows had CD4* CTL directed
against peptides within NcSRS2 amino acids (aa) 133 to 155.
Peptides within this region also induced IFN-y secretion in T
lymphocytes from these four cattle as measured by ELISPOT
and ELISA. Overlapping peptides 35 and 36, spanning aa 137
to 155, were recognized by CD4™ CTL of cows 63 (DH24A/
DH27A), 612 (DH22H/DH23A), and 495 (DHOSA/DH22H).
Cows 612 and 495 shared the class II haplotype DH22H but
did not share an MHC class II haplotype with cow 63. The
NcSRS2 region aa 137 to 155 could contain an epitope broadly
recognized by a Holstein “supertype.” Peptide 34 (aa 133 to
147) was recognized by CD4" CTL and IFN-y-secreting T
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FIG. 3. IFN-y secretion from PBMC stimulated with overlapping peptides of NcSRS2. PBMC were obtained from N. caninum-infected cows
495 (A), 612 (B), 63 (C), and 562 (D) and cultured with antigen-presenting cells and NcSRS2 peptides for 72 h as described in the text. Bovine
IFN-v spot-forming cells per million were measured by ELISPOT assay. The far-right three bars show results for control cultures stimulated with
ConA (positive control), NSo (whole N. caninum tachyzoite lysate) (positive control), or INcSRS2, respectively. A response was considered positive

(*) as described in the text. Error bars indicate + standard deviations.

lymphocytes of cow 562 (DH16A/DH24A). Thus, overlapping
peptides 34, 35, and 36 spanning NcSRS2 aa 133 to 155 were
recognized by the four cows and may represent an epitope
cluster. This region is considered a candidate antigen for in-
clusion in a multiepitope protein or DNA immunization con-
struct to induce CTL and IFN-y-secreting T lymphocytes
against N. caninum infection in Holstein cattle. Microarray
MHC typing was used to determine the genotypic frequencies
of MHC class II haplotypes carried by 101 Holstein cattle at
the Washington State University and University of Idaho
(Moscow, Idaho) dairy farms. Bernstein’s square root formula
was used to calculate the combined phenotypic frequency for
five MHC class II haplotypes (DHO8A, DH16A, DH22A,
DH24A, and DH27A) shown to present NcSRS2 peptides.
Approximately 79% of the Holstein cattle at these dairies
carried one or two MHC class II haplotypes shown to present
NcSRS2 peptides. Thus, a minimum of 79% of Holstein cattle

in the Pacific Northwest of the United States could be expected
to respond to immunization with the identified NcSRS2
epitopes.

Cows 63 (DH24A/DH27A) and 562 (DH16A/DH24A) had
half-matched MHC class II haplotypes, and peptide 34 was
recognized by T-lymphocyte cell lines and PBMC of both cows.
Therefore, peptide 34 (aa 133 to 147) may be presented by
MHC class II molecules in the shared haplotype DH24A. Pep-
tides 11 and 12 (aa 41 to 59) and peptides 16, 17, 18, and 19 (aa
61 to 87) were uniquely recognized by short-term T-lympho-
cyte cell lines of cow 63 and not by cell lines of cow 562,
suggesting that these peptides were presented by MHC class 11
molecules unique to cow 63 within the unshared haplotype
DH27A. T-lymphocyte cell lines of cow 562 uniquely recog-
nized peptides 20 and 21, and these peptides were likely pre-
sented by allelic products within the unshared haplotype
DHI16A.
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TABLE 2. Summary of NcSRS2-specific CD4" CTL and IFN-y-secreting T lymphocytes from four Holstein cattle

Result for cow no.%:

NcSRS2 63 562 612 495
peptide Amino acid sequence
(position) IFN-y IFN-y IFN-y IFN-y
———  CIL° crr n ———  CIL ———  CIL*
B¢ E? B¢ EP B¢ EP B¢ EP
11 (41-55) LLSEDDGLIVCNESD #*
12 (45-59) DDGLIVCNESDGEDE *
13 (49-63) IVCNESDGEDECEKN *
16 (61-75) EKNAAPLSTFLPGAK * *
17 (65-79) APLSTFLPGAKKEWV *
18 (69-83) TFLPGAKKEWVTGTL * *
19 (73-87) GAKKEWVTGTLQQGI *
20 (77-91) EWVTGTLQQGIKITI * ok
21 (81-95) GTLQQGIKITIPDEH ® ok *
33 (129-143) GQVAHCAYSSNVRLR * * *
34 (133-147) HCAYSSNVRLRPITV #* sl #* sl #*
35 (137-151) SSNVRLRPITVNPEN * ok * ok * ok *
36 (141-155) RLRPITVNPENNGVT #* #* #* # #* * sl #*
61 (241-255) PVNIEEVAKPAGAGS
72 (285-299) SGGATTGKONASQONA & #*
73 (289-303) TTGKQNASQNAKDKG * * *
74 (293-307) ONASQNAKDKGETGG * *

“ IFN-vy secretion in peptide-specific short-term T-lymphocyte cell lines from N. caninum-infected cattle, detected by ELISA.

® IFN-y secretion in peptide-specific PBMC, detected by IFN-y ELISPOT.
¢ Peptide-specific CD4* CTL detected by !Cr release cytotoxicity assays.

@ %, NcSRS2 peptides that induced a positive response; ##, NcSRS2 peptides that induced a positive response in two of two ELISPOT assays.

T-lymphocyte lines and PBMC of MHC half-matched cow
495 (DHO8A/DH22H) and cow 612 (DH22H/DH23A) se-
creted IFN-y in response to stimulation with NcSRS2 peptides
35 and 36. Epitopes within NcSRS2 amino acid region 137 to
155 were likely presented by MHC class II molecules within
the shared haplotype DH22H.

In some cases, a positive response to NcSRS2 peptides de-
tected by ELISA in short-term cell lines was not detected by
ELISPOT in PBMC. This may reflect preferential expansion of
NcSRS2-specific T lymphocytes to subdominant epitopes in
culture that were below the level of detection by ELISPOT
assay from the peripheral blood pool. However, measuring the
IFN-y from PBMC may more closely reflect the in vivo re-
sponse to infection than measuring IFN-vy from cell lines, and
the ELISPOT should be valuable for measuring the response
to subunit immunogens ex vivo in naive cattle.

To find CTL epitope-containing peptides, NcSRS2 peptides
that induced IFN-y secretion were used to pulse autologous
PBAC targets in >'Cr release cytotoxicity assays. This strategy
was effective at identifying NcSRS2 peptides that elicited both
IFN-vy production and CTL responses by CD4™ T lymphocytes
from infected cattle.

Short-term T-lymphocyte cell lines of MHC-half-matched
cows 495 and 612 each killed autologous PBAC targets pulsed
with peptides 35 and 36, which is consistent with the possibility
that one or more CTL epitopes within amino acid sequence
137 to 155 were presented by the MHC class II molecules in
shared haplotype DH22H. Interestingly, CTL of cow 63 also
killed autologous targets pulsed with peptides 35 and 36, and
cow 63 shared no class II haplotype with cows 495 and 612.
Therefore, the NcSRS2 region spanning aa 137 to 155 may
contain one or more CTL supertype epitopes broadly recog-

nized by Holstein cattle and/or represent a CTL epitope clus-
ter.

Some NcSRS2 peptides that induced IFN-y secretion in
short-term T-lymphocyte cell lines expanded from y8-depleted
PBMC were not recognized by CD4* CTL from similarly ex-
panded cell cultures. This suggested that the NcSRS2 peptide-
specific IFN-y secreting effectors could be T-helper lympho-
cytes. The NcSRS2 peptides that induced IFN-vy secretion as
detected by ELISA and ELISPOT that were not recognized by
CTL were the following: for cow 63 (DH24A/DH27A), 16, 17,
18, 19, 34, and 72; for cow 562 (DH16A/DH24A), 72 and 74;
for cow 612 (DH22H/DH23A), 33; and for cow 495 (DHO8A/
DH22H), 33, 73, 74, and 80.

NcSRS2 peptides 72, 73, and 74 (aa 285 to 307) induced
IFN-y secretion in three of four cattle with shared and un-
shared MHC class II haplotypes. Thus, NcSRS2 aa 285 to 307,
a possible epitope cluster, is also considered a vaccine candi-
date antigen for induction of IFN-y secretion and requires
further testing in naive cattle of known MHC haplotype.

The primary method of N. caninum transmission is transpla-
cental and is likely related to recrudescence of chronic infec-
tion during pregnancy and the altered maternal immunity
which complicates parasite control. The immunologic balance
that favors fetal survival also may facilitate N. caninum repli-
cation and dissemination. A type 2 cytokine bias has been
associated with successful implantation and pregnancy main-
tenance in mammals (22), and downregulation of proinflam-
matory cytokines, such as IFN-y, IL-2, and tumor necrosis
factor alpha, is thought to limit potentially damaging effects of
inflammation on the placenta and fetus (35). Manipulation of
the immune response with subunit immunogens designed for
specific gestational times (pregnant or nonpregnant), maternal
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infection status (naive or chronically infected), and specific
Holstein MHC haplotypes may be required. Results from this
study showed that some NcSRS2 peptides induced IFN-vy only,
whereas response to other peptides was associated with both
CD4™" CTL killing and IFN-y secretion. As more information
about protective immune responses against neosporosis abor-
tion becomes available, the selection of specific peptides for
immunization may be one method of inducing the desired
immune responses.

The overall contribution of CD4" CTL to immune protec-
tion against N. caninum-induced abortion in cattle is not
known. CD4™ CTL may protect through IFN-y secretion, CTL
killing of infected monocytes, and the effects of granulysin on
tachyzoites. The NcSRS2 peptides recognized by T lympho-
cytes of infected cattle identified in this study will facilitate
testing whether protective NcSRS2-specific CD4" CTL and
IFN-vy secreting T lymphocytes can be induced in naive cattle
with known MHC haplotypes.

Additionally, determining what bovine MHC molecules
present protective N. caninum CTL epitopes could help select
Holstein MHC haplotypes that are more resistant to N. cani-
num abortion. Discovery of CTL supertype epitopes, the se-
quences of their MHC molecules, and anchor residues re-
quired in different MHC molecules in cattle is of significant
practical importance not only to vaccine development against
neosporosis but also generally to future investigation of pro-
tective CTL-based immunity to other infectious agents in out-
bred cattle populations.
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