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A cDNA clone, S07', from an Eimeria tenella cDNA library was inserted into the high-expression vector
pJC264 and was expressed in Escherichia coli as a fusion protein, CheY-S07', with a molecular mass of
approximately 36 kDa. By using the purified recombinant antigen to immunize young chicks, it was

demonstrated that a single dose, without adjuvant, not only protected against severe coccidiosis induced by
infection with E. tenella but also protected chicks challenged with the heterologous species Eimeria acervulina,
E. maxima, and E. necatrix. By using rabbit antiserum raised against recombinant CheY-S07', Western blot
(immunoblot) analysis of sporulated oocysts of all seven major species of chicken coccidia showed that all
species tested contained proteins characteristic of the B class of antigens, of which CheY-S07' is representative.
It seems likely that a single B antigen could protect chickens against severe coccidiosis caused by infection with
any of these Eimeria species. Although chicks exposed to prolonged, natural infection develop antibodies to B
antigen, active immunization of young chicks with a protective dose of CheY-S07' does not elicit a humoral
antibody response, suggesting that the partial protection results from cell-mediated effector mechanisms. In
addition, the cross-protective nature of the immunity indicates that the response to B antigen is different from
that induced by natural infection, which elicits a species-specific immunity. To date, the protection induced by
B antigen immunization, although remarkable for a single recombinant protein, is not sufficient to compete
with prophylactic chemotherapy.

Coccidiosis, which is caused by obligate, intracellular,
protozoan parasites belonging to several species of the genus
Eimeria, is a major problem for the poultry industry. Cur-
rently, the disease, which is controlled by the use of pro-

phylactic chemotherapy, costs the broiler chicken industry
worldwide an estimated $250 million per annum (29). Be-
cause of the expense of new drug development and the
occurrence of drug-resistant parasites, an alternative method
of disease control is desirable.

In recent years, modern approaches to vaccine develop-
ment utilizing hybridoma and recombinant DNA technolo-
gies have been applied extensively to the problem of coccid-
iosis of the domestic chicken (6, 7, 10, 17). However, the
recombinant antigens isolated to date either have not been
tested in vivo or have been disappointing in their ability to
protect broilers against coccidiosis (2, 11, 12, 24, 31). Nev-
ertheless, the development of a subunit (recombinant) vac-
cine against coccidiosis for the broiler chicken industry still
remains an attractive alternative to chemoprophylaxis.

Until recently, it was thought that a live coccidial infection
was essential for an effective immune response to protect
against a pathogenic challenge (37). There are live coccidi-
osis vaccines available, such as Immunocox (26) and Cocci-
vac (Sterwin Laboratories), and others are under develop-
ment for the broiler industry (27, 40). However, recent
results from our laboratory and others have shown that live
infection is not mandatory for protection but that dead
antigen such as a crude parasite extract can also protect
against severe coccidiosis (32). These results demonstrated
that a dead (subunit) vaccine is feasible and would be
economical if protection was induced by a protein which
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would allow vaccine production by recombinant DNA tech-
nology.

In subsequent studies, the crude, protective parasite ex-

tract was subfractionated by S200 chromatography, and a

protective fraction (fraction V) which contained several
polypeptides with a limited molecular weight range was

identified (23). By using antisera raised against fraction V
and against various other protective parasite extracts, a

Agtll'cDNA library of Eimeria tenella was screened and
clones representing the major polypeptides of fraction V
were isolated (35). By using immunopositive clones from the
E. tenella cDNA library and a novel bacterial expression
vector, CheY (18), fusion proteins were engineered, ex-

pressed, purified, and tested for protective ability against
coccidiosis with broilers in our battery model. Several
recombinant proteins from five antigen classes (35) demon-
strated partial protection against severe coccidiosis caused
by E. tenella (8). Moreover, further results demonstrated
that one of these recombinants, CheY-S07' of the B antigen
class, was extremely efficacious and cross-protected against
coccidiosis caused by Eimeria acervulina and Eimeria max-

ima (8). This report describes further characterization of the
fusion protein CheY-S07' with respect to its construction,
immunogenicity, and protective ability in broiler chicks
against coccidiosis caused by four of the seven species of
chicken coccidia. In addition, it is demonstrated that class B
antigens are present in all seven species of chicken coccidia,
indicating that this class of antigen could protect chickens
against coccidiosis caused by any of these species.

MATERIALS AND METHODS

Induction and identification of the CheY-SO7' fusion pro-
tein. A cDNA insert with EcoRI ends, S07' (28), was ligated
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to EcoRI-linearized pJC264 (18). Escherichia coli JM109
was transformed with this recombinant plasmid by following
a standard protocol (39). Individual recombinant bac-
terial colonies were grown in Luria broth containing 50
mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES) buffer (pH 7.4) to an optical density of 0.6 to 0.7
spectrophotometric units at 600 nm. Induction of the gene
was achieved by adding 0.2 mM isopropyl-p-D-thiogalacto-
pyranoside (IPTG; Sigma Chemical Co.). Following 18 h of
growth after induction, bacteria were harvested by centrifu-
gation, resuspended in sample buffer (0.1 M Tris hydrochlo-
ride [pH 6.8], 2% sodium dodecyl sulfate [SDS], 5% P-mer-
captoethanol, 5% glycerol, 0.001% bromophenol blue) and
boiled for 5 min. The total soluble bacterial proteins were
resolved in duplicate by SDS-polyacrylamide gel electropho-
resis (SDS-PAGE) (10% polyacrylamide) (25). Following
electrophoretic resolution of the proteins, one of the gels
was stained with Coomassie blue and the other was proc-
essed for immunoblotting (41) and probed with a hyperim-
mune rabbit antiserum raised against E. tenella sporozoites
(5).

Purification of recombinant B antigen for vaccination. A
pellet of the recombinant bacterial clone CheY-SO7'/9 was
disrupted with a French press. The cell lysate was centri-
fuged (12,000 x g, 45 min, 4C), and the insoluble fusion
protein was collected in the pellet. The insoluble recombi-
nant antigen was washed with 1% Triton X-100, which
removed a large proportion of pelleted bacterial proteins.
The recombinant protein was solubilized in 6 M guanidine
HCl-10 mM dithiothreitol at 50°C, diluted further with 7 M
urea, and applied to a hydroxyapatite column previously
equilibrated with 7 M urea. The column was washed in a
stepwise fashion with portions of a 7 M urea solution
containing sodium phosphate buffers (pH 6.5) of increasing
molarity (10 to 160 mM). Recombinant fusion protein was
eluted at 10 and 20 mM sodium phosphate and was stored at
-20°C in elution buffer until use. Various modifications of
this purification scheme have been used in the preparation of
other batches of recombinant B antigen for vaccination
studies (22).

Experimental vaccinations. Experimental vaccinations
were carried out as described previously (8). Briefly, day-old
broiler chicks (Petersen x Arbor Acre) were obtained (Avi-
an Services, Frenchtown, N.J.) and housed in all-stainless-
steel, 16-compartment, brooder-type cages (Hazleton Co.,
Aberdeen, Md.) in rooms where extreme precautions were
taken to minimize adventitious exposure to avian coccidia.
Experimental antigens diluted in phosphate-buffered saline
(PBS, pH 7.4) were administered intramuscularly without
adjuvant in the thighs of 2- to 4-day-old broilers. Following
immunization, chicks were reared under the conditions
described above, with feed and water ad libitum, until three
weeks of age. At this time, chicks were transferred to
four-compartment, all-stainless-steel poultry batteries (Al-
lentown Caging Equipment Co., Allentown, N.J.), moved to
a separate facility, and challenged with a single species of
chicken coccidia. Twenty-four hours prior to challenge, feed
was removed to ensure that the chicks were hungry. At the
time of challenge, pathogenic doses of sporulated oocysts
were administered to chicks via feed (15 g of feed per 2.5 ml
of water per dose per chick). The inoculated feed was

usually fully consumed within 2 h, after which normal feed
was restored. The challenge dose, which was determined
previously, was sufficient to induce a mean internal coccidial
lesion score (19) of approximately 3.0 in nonvaccinated
controls. The strains of the four species of chicken coccidia

used were the Merck, Sharp and Dohme Research Labora-
tories strains of E. tenella (LS-18), E. acervulina (LS-3), E.
maxima (FS-110) and Eimeria necatrix (AF1021).

Western blot (immunoblot) analysis. Sporulated oocysts
from strains of all seven major species of chicken coccidia
were obtained by standard procedures (13). The strains used
in this analysis were E. tenella LS-18 and E. necatrix
AF1021 and strains of E. acervulina, E. maxima, Eimeria
praecox, Eimeria mitis, and Eimeria brunetti obtained from
Peter Long, University of Georgia, Athens. (21, 30).
A crude antigen preparation was made from each of the

strains by disrupting the oocysts fully by shaking them with
glass beads (2-mm diameter) in Dulbecco's PBS (Ca2+ and
Mg2+ free, pH 7.2) containing a cocktail of protease inhibi-
tors (0.1 mM phenylmethylsulfonyl fluoride, 10 mM 1,10-
phenanthroline, 48 pLg of soybean trypsin inhibitor per ml, 48
jig of aprotinin per ml, 0.04 mM leupeptin, 13 mM benzami-
dine, and 5 mM EDTA). Low-speed centrifugation (700 x g,
10 min) pellets were obtained from each disrupted oocyst
preparation and were solubilized by heating them to 100°C
for 5 to 10 min in sample buffer (2% SDS, 5% ,-mercapto-
ethanol, 10% glycerol, and 0.003% bromophenol blue in 62.5
mM Tris hydrochloride [pH 6.8]). Any particulate material
was removed by centrifugation (13,000 x g, 5 min), and the
protein content of the supernatant was determined by the
modified Bradford method (38). The solubilized polypeptides
of the seven samples were resolved by SDS-PAGE by using
a Protean I chamber (Bio-Rad Laboratories) according to the
manufacturer's instructions, which are based on the method
of Laemmli (25). The samples, 50 ,ug of protein in sample
buffer, were applied to a 10% polyacrylamide resolving gel
with a 3% polyacrylamide stacking gel. Recombinant CheY-
S07' (20 vig) and biotinylated SDS-PAGE molecular weight
standards were also run in lanes adjacent to the oocyst
samples. Following electrophoresis, the polypeptides were
transferred to nitrocellulose (Hoefer Scientific Instruments)
in a Transblot chamber (Bio-Rad Laboratories) according to
the manufacturer's instructions, which are based on the
method of Towbin et al. (41). The B antigens were localized
in the transferred polypeptides by using a double antibody
method (1) utilizing a Bio-Rad Immuno-Blot assay kit.
Following incubation with the first antibody, a hyperimmune
rabbit anti-CheY-SO7' antiserum, the nitrocellulose sheet
was incubated with the second antibody, a goat anti-rabbit
immunoglobulin G (heavy and light)-alkaline phosphatase
conjugate. B antigen localization was revealed with a color
development substrate. The molecular weight standards
were visualized by incubation with an avidin-alkaline phos-
phatase conjugate and then with the color development
substrate (15).

Solid-phase fluorescence immunoassay. To determine
whether chicken sera contained specific antibodies to either
recombinant CheY-SO7' or to whole sporulated oocyst
antigen (SOA), a solid-phase fluorescence immunoassay was
employed (44). Briefly, Immulon II 96-well microtiter plates
(Dynatech Laboratories) were coated with antigen by incu-
bating them with 100 p,l of either B (CheY-SO7') antigen or
disrupted E. tenella SOA per well at protein concentrations
of 10 ,ug/ml and 1 mg/ml, respectively, in coating buffer (0.02
M Tris buffer [pH 9.1] with 0.02% sodium azide). Plates were
incubated at 37°C for 3 to 4 h, kept at 4°C overnight, washed
with PBS containing 0.02% sodium azide (PBS/AZ), incu-
bated with 200 ,ul of blocking buffer (1% bovine serum
albumin [BSA] in PBS/AZ) per well for 2 h at 370C, and
washed with PBS/AZ. Various chicken serum samples (100
,ul) diluted 1:50 with sample buffer (0.1% BSA in PBS/AZ)

INFECT. IMMUN.



CROSS-PROTECTIVE IMMUNITY AGAINST CHICKEN COCCIDIA

were loaded into the wells and incubated for 2 h at 37°C.
Following washes with PBS/AZ, phosphatase-conjugated
goat anti-chicken immunoglobulin G (heavy and light)
(Kirkegaard & Perry) at a concentration of 0.2 p.g/ml in
sample buffer was added to each well and incubated for 2 h
at 37°C. After rinsing with Tris washing buffer (0.01 M Tris,
0.85% NaCl, 0.02% sodium azide), 100 [lI of 0.01% 4-meth-
ylumbelliferyl phosphate in substrate buffer (50 mM sodium
carbonate, 1 mM magnesium chloride [pH 9.8]) was added to
each well, and the plate was incubated in the dark for 1 h at
room temperature. Fluorescence intensity was quantified
with a Titertek Fluoroscan microtiter plate reader (Flow
Laboratories) with excitation and emission wavelengths of
455 and 480 nm, respectively.

RESULTS

Expression and purification of the CheY-S07' fusion pro-
tein. Figure 1A shows schematically the construction of the
recombinant plasmid. Following transformation of the E.
coli host, colonies were picked and the orientation of the
S07' insert with respect to the CheY portion of the operon
was determined by restriction enzyme mapping of the plas-
mid from each clone. The clone CheY-S07'/9 had the
correct orientation of S07' for the expression of a large
fusion protein and was chosen for the purification of the
recombinant antigen.
The fusion protein in the crude bacterial cell extract made

from this clone, solubilized in guanidine HCl and urea, was
applied to a hydroxyapatite column and was eluted with 10
and 20 mM sodium phosphate buffer washes. As shown in
Fig. 1B, the clone CheY-S07'/9 expressed a fusion protein
with the appropriate molecular mass of approximately 36
kDa and was defined as a recombinant antigen of the B class
on the basis of its reactivity with specific antisera (34a). Note
that analysis of corresponding fractions from a bacterial
lysate derived from a clone containing the CheY expression
vector with S07' inserted in the reverse orientation did not
reveal a protein of the characteristic size or immunoreactiv-
ity. For experimental vaccinations, purified recombinant
antigen preparations were stored in buffer containing 7 M
urea (22) at -20°C until use.

In vivo protection. Since its identification, several batches
of the recombinant B antigen CheY-S07' have been pro-
duced and purified and have shown consistent protection in
broiler chicks against coccidiosis caused by E. tenella, E.
acervulina, and E. maxima infection (8). Over an extended
period of time, several thousand broilers have been immu-
nized with this antigen. The frequency distribution of lesion
scores from large numbers of chicks provides a clear dem-
onstration of the protective ability of CheY-S07' antigen. A
comparison of the frequency distribution of lesion scores in
immunized and nonimmunized broilers infected with E.
tenella and E. maxima, pooled from several individual
experiments involving several hundred chickens, is shown in
Fig. 2A and B, respectively. In the nonimmunized group,
>85% of the broilers infected with E. tenella developed
lesion scores of .2.0 (mean lesion score = 2.90), while
>80% of the broilers in the immunized group developed
lesion scores of -2.0 (mean lesion score = 1.72). Similarly,
in the nonimmunized group infected with E. maxima, >90%
of the broilers developed lesion scores of .2.5 (mean lesion
score = 3.04), while in the CheY-S07'-immunized group,
>85% of the broilers developed lesion scores of <2.5 (mean
lesion score = 1.89). A similar frequency distribution of
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FIG. 1. Construction of plasmid CheY-S07' and expression of
the CheY-S07' recombinant polypeptide antigen. (A) A cDNA
fragment of 957 bp (28) containing a 216-amino-acid reading frame of
the B antigen clone S07' was inserted, in frame, into the EcoRI site
of the expression vector pJC264 (18). (B) SDS-polyacrylamide gel of
fractions obtained during the purification procedure of the recombi-
nant B antigen clone CheY-SO7'/9. Lanes 1 through 8: fractions
from CheY-S07'/9. The arrow on the left indicates the position of
the recombinant B antigen. Lanes 9 through 16: fractions from a
control clone containing the CheY expression vector with the S07'
fragment inserted in the inverse orientation. Lanes 1 and 9: super-
natant from whole bacterial lysate. Lanes 2 and 10: Triton X-100
wash of the insoluble pellet. Lanes 3 and 11: hydroxylapatite column
flowthrough. The column was washed with 7 M urea containing
sodium phosphate buffer (pH 6.5) at concentrations of 10 mM (lanes
4 and 12), 20 mM (lanes 5 and 13), 40 mM (lanes 6 and 14), 80 mM
(lanes 7 and 15), and 160 mM (lanes 8 and 16). Lane 17: molecular
weight standards.

lesion scores was obtained from results with E. acervulina
(results not shown).

In addition to protecting broilers against severe coccidio-
sis caused by E. tenella, E. acervulina, and E. maxima, the
recombinant B antigen CheY-S07' also protects broilers
against E. necatrix-induced coccidiosis (Fig. 3). The level of
protection induced by CheY-S07' immunization is similar
for all four species. However, unlike immunization by low-
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FIG. 2. Frequency distribution of lesion scores in 3- to 4-week-old chicks which were either immunized with various protective doses (0.1
to 10.0 ,ug) of recombinant B antigen (solid bars) or sham immunized with control buffer (hatched bars) and which were challenged with
pathogenic doses of E. tenella (A) or E. maxima (B). A total of 626 broilers were immunized with CheY-SO7' and challenged with E. tenella,
yielding a mean lesion score of 1.72 (standard error = 0.02), and 317 broilers were sham immunized and challenged with the same dose of
E. tenella oocysts, yielding a mean lesion score of 2.90 (standard error = 0.03). A total of 283 broilers were immunized with CheY-SO7' and
challenged with E. maxima oocysts, yielding a mean lesion score of 1.89 (standard error = 0.04), and 209 broilers were sham immunized and
challenged with the same dose of E. maxima oocysts, yielding a mean lesion score of 3.04 (standard error = 0.04).

level infection (live vaccine groups), CheY-S07' immuniza-
tion does not normally reduce the mean lesion score to
below 1.5. As noted in Fig. 2, there tend to be a few chicks
which do not respond to CheY-S07' immunization and
subsequently develop severe coccidiosis when challenged
with a pathogenic dose of sporulated oocysts. In contrast,
the experimental groups immunized by live infection usually
show a much tighter distribution of lesion scores and, by
using an appropriate dose, individual lesion scores can be
reduced to 1.0 or less (data not shown). Increasing the dose
of CheY-S07' from 1 ,ug to 10 jig (Fig. 3) or increasing the
number of doses (8) does not improve the observed protec-
tion.

Western blot analysis. CheY-S07' antigen was obtained
from a cDNA library of E. tenella and has been shown to be
present in the sporulated oocyst, localized in the refractile
body of the sporozoite (34a). It is interesting that unlike live
vaccination, which is species-specific, CheY-S07' cross-
protects against at least four species of chicken coccidia
(Fig. 3). Thus, to determine whether the B class of antigen is
common to all species of chicken coccidia, immunoblots of
SDS-PAGE-resolved polypeptides of sporulated oocysts of
the seven species were undertaken. The localizing antibody
preparation was a hyperimmune rabbit anti-CheY-S07' an-
tiserum, and recombinant CheY-S07' antigen was used as
the positive control. By using reactivity with the anti-CheY-
S07' antiserum to define the B antigen class, all species of
chicken coccidia were found to possess a predominant
polypeptide band characteristic of B antigen (Fig. 4). As
determined by the mobility of the molecular weight markers,
the antigens from the various species have molecular masses
of approximately 26 to 28 kDa, as shown previously for E.
tenella, E. acervulina, and E. maxima (33). There is some
interspecies variation in the relative mobilities of the B
antigens, which may reflect differences in the molecular
weight and/or other characteristics of the antigen between
the different species of coccidia. As expected, the recombi-

nant B antigen CheY-S07' has a higher molecular mass
(approximately 36 kDa) because of the contribution of CheY
in the fusion protein (22).
Chicken antibody to recombinant CheY-S07'. It is known

that eimerian sporozoites are very sensitive to the action of
antibody and complement (5) and that chickens can be
partially protected from coccidiosis by passive transfer of
specific antibody (6, 36, 43). To ascertain whether the
CheY-S07' immunization of broiler chicks induced antibody
production, serum samples were obtained from chicks which
had undergone a variety of immunization regimens. Since
the observed protection was induced by purified antigen
without any adjuvant, no adjuvant was used in any of these
immunizations.
Young chicks, less than 14 days old, which had not been

immunized with CheY-S07' had demonstrable levels of
antibody to both CheY-S07' and the crude parasite extract,
SOA (Table 1). Since these chicks were very young and were
reared in isolation, it can be assumed that this reactivity is
due to maternal antibody; sera from chicks older than two
weeks of age did not demonstrate this reactivity. Immuniza-
tion with CheY-S07' did not induce specific antibody in
either young or older chicks. The only other chicks tested
which demonstrated CheY-S07'-specific antibody in their
sera were those hyperimmunized with whole sporozoite
antigen in Freund's adjuvant and the much older chicks from
breeder flocks which had been exposed to live coccidia for
extended periods of time.

DISCUSSION

Problems incurred because of the emergence of drug-
resistant strains of Eimeria spp. and the difficulty in discov-
ering and developing new anticoccidial agents have empha-
sized the need for novel approaches for the control of
coccidiosis in the poultry industry (4). It is well established
that infection with virulent (14, 42) or attenuated (20) strains
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FIG. 3. Recombinant B antigen-induced cross protection of 3-
to 4-week-old broilers against E. tenella ( ), E. aceriulina (_),
E. maxima ( M ), and E. necatrix ( E). Groups (8 to 10 chicks per

group) of 2- to 4-day-old chicks either were immunized with 1 jig

(B-1 jug) or 10 jig (B-10 ,ug) of B (CheY-SO7') antigen per chick,
were sham immunized with buffer (Buffer), were inoculated with an

immunizing dose of sporulated oocysts equivalent to a live vaccine
(L.V.), or were untreated (None). The live vaccine dose was 100
sporulated oocysts per chick for E. tenella, 2,000 sporulated oocysts
per chick for E. acervulina, 50 sporulated oocysts per chick for E.
maxima, and 1,000 sporulated oocysts per chick for E. necatrix. At
approximately 3 weeks of age, the chicks were challenged with
pathogenic doses of sporulated oocysts of one of the four species
tested, and lesion scores were evaluated 6 days postinfection for E.
acervulina and 7 days postinfection for E. tenella, E. maxima, and
E. necatrix. The bars represent mean lesion scores; standard errors

of the mean ranged between 0.08 and 0.29.

of coccidia induces strong, species-specific, protective im-
munity in chickens. Nevertheless, the use of available live
vaccines consisting of virulent strains for the control of
coccidiosis is not widespread but is limited mostly to chicken
breeder flocks, suggesting that such vaccines are not suitable
for broiler production. Attenuated live vaccines for the
broiler industry are being developed (3, 16, 34). However, as
with other live vaccines, there are concerns about stability,
quality control, cost-effectiveness, and efficacy against the
vast array of field strains likely to be encountered in different
geographical areas (4, 9). The development of a subunit
vaccine would circumvent some of these problems.
The recombinant antigen (CheY-S07') described here is

remarkable in that it induces cross-protective immunity
against at least four major species of coccidia and is effective
at relatively low doses (8). On the basis of the immunoblot
analysis which demonstrates the presence of B antigens in all
seven species, it is possible that a single recombinant antigen
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FIG. 4. Western blot analysis of sporulated oocyst preparations
from all seven major species of chicken coccidia. The oocyst
preparations (lanes 2 through 8), purified CheY-SO7' (lane 1,
arrow), and biotinylated molecular weight markers (lane 9) were
resolved by SDS-PAGE, transferred to a nitrocellulose sheet which
was incubated sequentially with hyperimmune rabbit anti-CheY-
S07' antiserum, a goat anti-rabbit immunoglobulin G (heavy and
light)-alkaline phosphatase conjugate, and the color development
substrate. The molecular weight markers were visualized by incu-
bation with an avidin-alkaline phosphatase conjugate and then with
the color development substrate. Lanes: 2, E. necatrix; 3, E. tenella;
4, E. acervldina; 5, E. maxima; 6, E. praecox; 7, E. brunetti; 8, E.
initis.

could cross-protect against not only all chicken coccidia but
also against other species. However, in contrast to live
vaccination, B antigen, even at relatively high doses, does
not induce sterile immunity nor does it fully prevent disease.
These results indicate some fundamental differences be-
tween immunity induced by mild infection and that induced
by the B antigen; it would appear that B antigen is not

TABLE 1. Reactivity of chicken sera with recombinant B
(CheY-SO7') antigen and E. tenella SOA'

Antibody-antigen
reactivity

Serum type (fluorescence units)

CheY-S07' SOA

Preimmune from 2-day-old chicks 6,393 7,571
Preimmune from 2-wk-old chicks 1,570 1,343
Nonimmunized from 4-wk-old chicks 1,128 1,222
CheY-SO7'-immunized from 4-wk-old chicksb 872 628
Hyperimmune chick anti-sporozoite serumc 9,701 >10,000d
Breeder chicke 7,788 9,750

" Reactivity determined in a solid-phase fluorescence immunoassay.
b Chicks were immunized intramuscularly with 1 pLg of CheY-S07' antigen

2 days, 2, 9, and 16 days, or 16, 23, and 30 days after hatching, and serum was
taken at weekly intervals up to 7 weeks of age. These results are examples of
several samples tested, none of which demonstrated positive reactivity.

' Serum from chicks immunized with disrupted sporozoites in Freund's
complete adjuvant and then with sporozoite antigen in Freund's incomplete
adjuvant at regular intervals until serum became hyperimmune (5).

d Fluorescence signal was beyond the upper threshold of the microtiter
plate reader.

e Chick serum samples obtained from Spafas Inc., Storrs, Conn.

.........
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involved in establishing species-specific immunity effected
by live infection.
As expected with the low antigen doses used in the

absence of any adjuvant, B antigen immunization did not
elicit antibody production, indicating that cell-mediated
mechanisms may be involved in the observed partial protec-
tion. However, it is interesting to note that chicks exposed to
parasite antigens either through prolonged, natural exposure
(as with breeder chicks) or by hyperimmunization do pro-
duce antibodies to B antigen. Since B antigen immunity is
incomplete (that is, it provides partial protection only),
either enhanced antigen presentation, such as with a viral
vector, or the addition of other antigens should improve
efficacy to a level at which such a vaccine (subunit) would be
competitive with chemotherapy.

Contained within the sequence of S07' (28) and at its
carboxy terminus is the sequence of another partially pro-

tective, recombinant antigen, GX3262 (31). However, there
are major differences between the abilities of the two anti-
gens to immunize chicks against coccidiosis. In contrast to
GX3262, a single low dose (10 ng) of CheY-S07' in the
absence of any adjuvant is sufficient to protect 2-day-old
chicks against severe coccidiosis caused by infection with
any one of several species of coccidia for several weeks after
immunization (8). Whether this is due to the larger size of
S07', providing more, important epitopes (at the amino
terminus), or due to the fact that CheY-S07' is a CheY
fusion protein (rather than a 3-galactosidase fusion protein)
is under investigation. The ability to obtain CheY fusion
protein with high purity (22) may also contribute to the
low-dose efficacy (based on total protein per dose) of CheY-
S07'. These differences also exist between CheY-S07' and
other refractile body recombinant antigens (11). Neverthe-
less, despite qualitative and quantitative differences, it is
interesting that several protective antigens have been iden-
tified which originate in the refractile body of the parasite.

All of the studies reported here have been conducted in
our cage model for chicken coccidiosis. In addition to
studies aimed at improving the efficacy of the B antigen so
that mean lesion scores would be reduced to below 1.0 in
immunized chicks, other studies to demonstrate protection
against coccidiosis, including productivity competitive with
chemotherapy under floor-pen conditions, are ongoing.

ACKNOWLEDGMENTS

We thank Stefan Galuska, Merck, Sharp and Dohme Research
Laboratories (MSDRL), for providing the hyperimmune chicken
and rabbit antisera used in this study and Conor McGaley, MSDRL,
for assistance with the in vivo studies.

REFERENCES
1. Blake, M. S., K. H. Johnston, G. J. Russell-Jones, and E. C.

Gotschlich. 1984. A rapid, sensitive method for detection of
alkaline phosphatase-conjugated antibody on Western blots.
Anal. Biochem. 136:175-179.

2. Brothers, V. M., I. Kuhn, L. S. Paul, J. D. Gabe, W. H.
Andrews, S. R. Sias, M. T. McCaman, E. A. Dragon, and J. G.
Files. 1988. Characterization of a surface antigen of Eimeria
tenella sporozoites and synthesis from a cloned cDNA in
Escherichia coli. Mol. Biochem. Parasitol. 28:235-248.

3. Bushell, J. E., R. B. Harding, N. A. Evans, and M. W. Shirley.
1989. Coccidiosis control in chickens using a live attenuated
vaccine. II. Field trial results, p. 689-692. In P. Yvore (ed.),
Coccidia and intestinal coccidiomorphs. Proceedings of the Vth
International Coccidiosis Conference, Tours (France). INRA,
Paris.

4. Chapman, H. D. 1988. Strategies for the control of coccidiosis in

chickens. World's Poult. Sci. J. 44:187-192.
5. Crane, M. S. J., M. J. Gnozzio, and P. K. Murray. 1986. Eimeria

tenella (Eucoccidiorida): a quantitative assay for sporozoite
infectivity in vivo. J. Protozool. 33:94-98.

6. Crane, M. S. J., P. K. Murray, M. J. Gnozzio, and T. T.
MacDonald. 1988. Passive protection of chickens against Eime-
ria tenella infection by monoclonal antibody. Infect. Immun.
56:972-976.

7. Crane, M. S. J., D. J. Norman, M. J. Gnozzio, A. C. Tate, M.
Gammon, and P. K. Murray. 1986. Eimeria tenella: in vitro and
in i'vo studies on the effects of mouse polyclonal and monoclo-
nal antibodies on sporozoites. Parasite Immunol. 8:467-480.

8. Crane, M. S. J., R. M. Pellegrino, 0. Ravino, M. J. Gnozzio, K.
Nollstadt, Y. D. Karkhanis, and M. J. Turner. 1989. Vaccination
against coccidiosis with recombinant antigens, p. 649-654. In P.
Yvore (ed.) Coccidia and intestinal coccidiomorphs. Proceed-
ings of the Vth International Coccidiosis Conference, Tours
(France). INRA, Paris.

9. Current, W. L. 1989. Antigenic diversity among 13 isolates of
Eimeria maximna, p. 42. Proceedings of the 34th Annual Meeting
of the American Association of Veterinary Parasitology, Or-
lando, Fla.

10. Danforth, H. D., and P. C. Augustine. 1986. Use of hybridoma
antibodies and recombinant DNA technology in protozoan
vaccine development. Avian Dis. 30:37-42.

11. Danforth, H. D., P. C. Augustine, and M. D. Ruff. 1989.
Genetically engineered antigen confers partial protection
against avian coccidial parasites. Poult. Sci. 68:1643-1652.

12. Danforth, H. D., P. C. Augustine, and R. L. Strausberg. 1988.
Combined genetic engineered antigens give enhanced protection
against Eimeria tenella challenge. Poult. Sci. 67:72.

13. Davis, L. R. 1973. Techniques, p. 411-458. In D. M. Hammond
and P. L. Long (ed.), The coccidia. University Park Press,
Baltimore.

14. Edgar, S. A. 1964. Stable coccidiosis immunization. U.S. patent
3,147,186.

15. Engvall, E., and P. Perlmann. 1971. Enzyme-linked immunosor-
bent assay (ELISA). Quantitative assay of immunoglobulin G.
Immunochemistry 8:871-874.

16. Evans, N. A., R. B. Harding, B. Roberts, and M. W. Shirley.
1989. Coccidiosis control in chickens using a live attenuated
vaccine. I. Experimental studies, p. 683-688. In P. Yvore (ed.),
Coccidia and intestinal coccidiomorphs. Proceedings of the Vth
International Coccidiosis Conference, Tours (France). INRA,
Paris.

17. Files, J. G., L. S. Paul, and J. D. Gabe. 1987. Identification and
characterization of the gene for a major surface antigen of
Eimeria tenella, p. 713-723. In N. Agabian, H. Goodman, and
N. Nogueira (ed.), Molecular strategies of parasite invasion.
Alan R. Liss, Inc., New York.

18. Gan, Z.-R., J. H. Condra, R. J. Gould, R. A. Zirin, C. D.
Bennett, J. W. Jacobs, P. A. Friedman, and M. A. Polokoff.
1989. High-level expression in Escherichia coli of a chemically
synthesized gene for (Leu-28) echistatin. Gene 79:159-166.

19. Johnson, J., and W. M. Reid. 1970. Anticoccidial drugs: lesion
scoring techniques in battery and floor-pen experiments with
chickens. Exp. Parasitol. 28:30-36.

20. Johnson, J., W. M. Reid, and T. K. Jeffers. 1979. Practical
immunization of chickens against coccidiosis using an attenu-
ated strain of Eimeria tenella. Poult. Sci. 58:37-41.

21. Johnson, J. K., P. L. Long, and M. E. McKenzie. 1986. The
pathogenicity and endogenous development of a precocious line
of Eimeria brunetti. Avian Pathol. 15:697-704.

22. Karkhanis, Y. D., P. R. Chakraborty, A. Powell, G. Price, K.
Nollstadt, 0. Ravino, R. Pellegrino, M. S. Crane, and M. J.
Turner. 1990. Recombinant vaccine against coccidiosis: isola-
tion and properties of a fusion protein, p. 473-476. In F. Brown,
R. M. Chanock, H. S. Ginsberg, and R. A. Lerner (ed.),
Vaccines 90: modern approaches to new vaccines, including
prevention of AIDS. Cold Spring Harbor Laboratory, Cold
Spring Harbor, N.Y.

23. Karkhanis, Y. D., K. A. Nollstadt, B. S. Bhogal, 0. Ravino, R.
Pellegrino, M. S. Crane, P. K. Murray, and M. J. Turner. 1991.

INFECT. IMMUN.



CROSS-PROTECTIVE IMMUNITY AGAINST CHICKEN COCCIDIA

Purification and characterization of a protective antigen from
Eineria tenella. Infect. Immun. 59:983-989.

24. Kim, K. S., M. C. Jenkins, and H. S. Lillehoj. 1989. Immuniza-
tion of chickens with live Escherichia coli expressing Eimeria
aceri'ulina merozoite recombinant antigen induces partial pro-
tection against coccidiosis. Infect. Immun. 57:2434-2440.

25. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

26. Lee, E.-H. 1987. Vaccination against coccidiosis in commercial
roaster chickens. Can. Vet. J. 28:434-436.

27. Lee, E.-H. 1989. Control of coccidiosis in broiler chickens by
vaccination. Field trial comparison between "Immunocox"
(coccidiosis vaccine) and Halofuginone, Salinomycin program
in Texas, USA, p. 661-665. In P. Yvore (ed.), Coccidia and
intestinal coccidiomorphs. Proceedings of the Vth International
Coccidiosis Conference, Tours (France). INRA, Paris.

28. Liberator, P. A., J. Hsu, and M. J. Turner. 1989. Tandem
trinucleotide repeats throughout the nucleotide sequence of a
cDNA encoding an Eimeria tenella sporozoite antigen. Nucleic
Acids Res. 17:7104.

29. Long, P. L., and T. K. Jeffers. 1986. Control of chicken
coccidiosis. Parasitol. Today 2:236-240.

30. Long, P. L., and J. K. Johnson. 1988. Eimeria of American
chickens: characteristics of six attenuated strains produced by
selection for precocious development. Avian Pathol. 17:305-
314.

31. Miller, G. A., B. S. Bhogal, R. McCandliss, R. L. Strausberg,
E. J. Jessee, A. C. Anderson, C. K. Fuchs, J. Nagle, M. H. Likel,
J. M. Strasser, and S. Strausberg. 1989. Characterization and
vaccine potential of a novel recombinant coccidial antigen.
Infect. Immun. 57:2014-2020.

32. Murray, P. K., B. S. Bhogal, M. S. J. Crane, and T. T.
MacDonald. 1986. Eimeria tenella: in i'i'o immunization studies
with sporozoite antigen, p. 564-573. In L. R. MacDougald. P. L.
Long, and L. P. Joyner (ed.), Research in avian coccidiosis.
Proceedings of the Georgia Coccidiosis Conference, University
of Georgia, Athens.

33. Nollstadt, K. H., Y. D. Karkhanis, M. J. Gnozzio, M. S. J.
Crane, A. M. Gurnett, D. M. Schmatz, and M. J. Turner. 1989.
Potential of the sulfobetaine detergent zwittergent 3-12 as a

desorbing agent in biospecific and bioselective affinity chroma-
tography. J. Chromatogr. 497:87-100.

34. Norton, C. C., J. Catchpole, and N. A. Evans. 1989. Perfor-
mance of an attenuated coccidiosis vaccine in floor pen chal-
lenge studies, p. 677-682. In P. Yvore (ed.), Coccidia and
intestinal coccidiomorphs. Proceedings of the Vth International
Coccidiosis Conference, Tours (France). INRA, Paris.

34a.Profous-Juchelka, H., et al. Unpublished data.
35. Profous-Juchelka, H., P. Liberator, and M. J. Turner. 1988.

Identification and characterization of cDNA clones encoding
antigens of Eineria tenella. Mol. Biochem. Parasitol. 30:233-
242.

36. Rose, M. E. 1971. Immunity to coccidiosis: protective effect of
transferred serum in Eineria maxima infections. Parasitology
62:11-25.

37. Rose, M. E. 1982. Host immune responses, p. 329-371. In P. L.
Long (ed.), The biology of the coccidia. University Park Press.
Baltimore.

38. Rubin, R. W., and R. W. Warren. 1977. Quantitation of micro-
gram amounts of protein in SDS-mercaptoethanol-Tris electro-
phoresis sample buffer. Anal. Biochem. 83:773-777.

39. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

40. Shirley, M. W. 1989. Development of a live attenuated vaccine
against coccidiosis of poultry. Parasite Immunol. 11:117-124.

41. Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic
transfer of proteins from polyacrylamide gels to nitrocellulose
sheets: procedure and some applications. Proc. Natl. Acad. Sci.
USA 76:4350-4354.

42. Tyzzer, E. E. 1929. Coccidiosis in gallinaceous birds. Am. J.
Hyg. 10:269-383.

43. Wallach, M., G. Pillemer, S. Yarus, A. Habali, T. Pugatsch, and
D. Mencher. 1990. Passive immunization of chickens against
Eimeria maxima infection with a monoclonal antibody devel-
oped against a gametocyte antigen. Infect. Immun. 58:557-562.

44. Zweerink, H. J., M. C. Gammon, C. F. Hutchison, J. J. Jackson,
D. Lombardo, K. M. Miner, J. M. Puckett, T. J. Sewell, and
N. H. Sigal. 1988. Human monoclonal antibodies that protect
mice against challenge with Pseudomonas aeruginosa. Infect.
Immun. 56:1873-1879.

VOL. 59, 1991 1277


