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The Taenia crassiceps recombinant antigen KETc7 has been shown to be effective as a vaccine against exper-
imental murine cysticercosis, a laboratory model used to test potentially promising molecules against porcine
Taenia solium cysticercosis. Based on the deduced amino acid sequence of this proline-rich polypeptide, three
fragments, GK-1, GK-2, and GK-3, were chemically synthesized in linear form. Of the three peptides, only
GK-1 induced sterile protection against 7. crassiceps cysticercosis in 40 to 70% of BALB/cAnN male mice. GK-1
is an 18-amino-acid peptide which contains at least one B-cell epitope, as demonstrated by its ability to induce
an antibody response to the peptide and 7. crassiceps antigen without need of a carrier protein. Inmunofluo-
rescence studies revealed that anti-GK1 antibodies strongly react with the native protein in the tegument of
T. crassiceps and also with anatomical structures of 7. solium eggs, oncospheres, cysticercus, and tapeworm.
GK-1 also contains at least one T-cell epitope, capable of stimulating the proliferation of CD8* and to a lower
extent CD4™" T cells primed either with the free peptide or T. crassiceps total antigen. The supernatant of the
stimulated cells contained high levels of gamma interferon and low levels of interleukin-4. Similar results were
obtained with T cells tested for intracellular cytokine production, an indication of the peptide’s capacity to
induce an inflammatory response. The remarkable protection induced by GK-1 immunization, its physico-
chemical properties, and its presence in all developmental stages of T. solium point to this synthetic peptide as

a strong candidate in the construction of a synthetic vaccine against 7. solium pig cysticercosis.

Taenia solium cysticercosis is highly prevalent in humans and
pigs in Latin America, Asia, and Africa (24) and has serious
health and economic consequences (10). Although cysticerco-
sis has been practically eradicated in developed countries, it is
a major concern in the developing world and of consideration
as a reemerging disease in the United States because of immi-
gration from areas where the disease is endemic (20). More-
over, a recent publication indicates that European countries
may not be totally rid of human neurocysticercosis caused by
T. solium (26). The life cycle of this parasite includes a larval
(cysticercus) phase affecting both pigs and humans after inges-
tion of eggs present in human feces. The eggs are produced by
the adult tapeworm localized in the gut of humans who in-
gested live cysticerci present in improperly cooked pork meat.
The tapeworm produces millions of eggs that are passed to the
environment. Transmission is thus clearly related to prevailing
low sanitary standards in personal hygiene and environmental
control and also with rustic rearing of pigs in impoverished
sectors of the rural population. Control of transmission by
general improvement of the social, economic, and educational
status of developing countries is not within reach in the near
future. But since the pig is an indispensable intermediate host,
transmission could be reduced by lowering the prevalence of
pig cysticercosis through vaccination. Development of an ef-
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fective vaccine for use in pigs is being pursued by a number of
scientists (14, 16, 23).

Because experimentation leading to a vaccine against por-
cine cysticercosis is hampered by the high cost and slow data
retrieval involved in testing pigs, another cestode, Taenia cras-
siceps, which exhibits extensive antigen similarities with 7. so-
lium and whose metacestodes easily and rapidly develop in the
peritoneal cavity of mice (3, 7, 10), has been used as an exper-
imental model to test and screen promising antigens before
testing them in pigs (11, 12, 22, 28). Thus, we have shown that
total 7. crassiceps antigens can partially protect pigs against
T. solium cysticercosis: however, the effects of vaccination with
antigen extracts depended on the dose used, some being pro-
tective while others led to facilitation of the infection (23), a
finding that oriented our research to the identification of in-
dividual protective antigens and their peptidic epitopes (11, 12,
28). We identified and cloned four recombinant 7. crassiceps
antigens (KETcl, -4, -7, and -12) which conferred to mice dif-
ferent levels of resistance to murine cysticercosis (12). The an-
tigenicity profile of the deduced 100-amino-acid sequence of
the KETc7 clone was structurally assessed to detect potentially
immunologically active epitopes (8). Three of the peptide can-
didates of KETc7 (GK-1, GK-2, and GK-3) were chemically
synthesized, and their antigenicity was tested with sera from
T. solium- and T. crassiceps-infected hosts (humans, pigs, and
mice). Since the three peptides were extensively reactive with
these sera (8), we assessed their protective capacity and stud-
ied the immune response that they elicit in immunized mice.
We also searched for the peptide’s presence in 7. solium spec-
imens to obtain indications as to its potential inclusion in a
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vaccine against porcine cysticercosis, especially if found in on-
cospheres and early larvae, the parasite’s developmental stages
most vulnerable to immunological attack by antibodies (17).
Also, the peptide’s physicochemical properties and structural
characteristics were studied to understand its immunological
functions.

MATERIALS AND METHODS

Peptides. The peptides GK-1 (amino acids [aa] 69 to 85; GYYYPSDPNTFYA
PPYS[A]), GK-2 (aa 55 to 66; [KKIMPPYPTGGPPPVI[K]), and GK-3 (aa 35 to
50; PPYAPNPGPPPPYTGA) were manually prepared by stepwise solid-phase
synthesis with N-tert-butyloxycarbonyl derivatives of L-amino acids on phenylac-
etamidomethyl resin (Sigma Chemical Co., St. Louis, Mo.). All peptides were
95% pure as judged by high-pressure liquid chromagraphy on analytical C,g
reversed-phase columns (3.9 by 150 mm; Delta Pak; Waters). The correct amino
acid sequence of each peptide was confirmed by protein sequencing on a pulsed-
liquid-phase protein sequencer (Applied Biosystems) at the National Institute of
Cardiology, Mexico City, Mexico. GK-1 was coupled to bovine serum albumin
(BSA) by standard procedures (25) using glutaraldehyde. Also, GK-1 was pre-
pared as MAP (multiple-antigen peptide), containing eight copies of the GK-1
sequence coupled to a core matrix comprising oligomeric lysine (25).

Mice. A syngenic BALB/cAnN strain of mice, previously characterized as
susceptible to cysticercosis (22), was used for vaccine trials. Original stocks were
purchased from M. Bevan (University of Seattle) and then bred and kept in our
animal facilities by the single-line breeding system for 20 generations. All mice
used were males of 5 to 7 weeks of age at the beginning of the experiments. The
experiments reported herein were conducted according to the principles set forth
in the Guide for the Care and Use of Laboratory Animals (1a).

Immunization of mice and collection of sera. Groups of 5 to 10 BALB/cAnN
mice each were immunized subcutaneously with different doses (0.5, 10, and 50
pg/mouse) of each peptide (GK-1, GK-2, and GK-3) emulsified in Freund’s
complete adjuvant (FCA) prepared as previously reported (28). GK-1 (10 pg/
mouse) as well as MAP-GK-1 and BSA-GK-1 (each at 50 pg/mouse) were
prepared in saponin (Sigma) at a concentration of 100 pg/mouse as reported
elsewhere (13). This concentration of peptide was determined as optimal when
saponin was used as the adjuvant in collateral experiments (data not shown). Ten
days later, the mice were given a booster with the same immunizing dose of the
same peptide in the same adjuvant as used before. Ilnmune sera were obtained
from each mouse before each immunization and stored at —70°C until individ-
ually tested for the presence of specific antibodies.

Parasites. The ORF strain of 7. crassiceps (Zeder 1800) Rudolphi 1810,
isolated by Freeman in 1962 (7) and supplied by B. Enders (Behringwerke,
Marburg, Germany) in 1984 has been maintained by serial passage in BALB/
cAnN female mice for 14 years in our animal facilities. Cysticerci for infection
were harvested from the peritoneal cavity of mice 1 to 3 months after inoculation
of 10 nonbudding small cysticerci (2 to 3 mm in diameter) per animal. Whole
T. solium cysticerci were dissected from skeletal muscle of highly infected pork
carcasses between 2 and 4 h after slaughter in an abattoir in Zacatepec, Morelos,
Mexico. Segments from T. solium tapeworm and eggs were obtained from the
feces of an infected child in the state of Puebla, Mexico. The tapeworm was
recovered after the child’s treatment with a single oral dose (2 g) of niclosamide
(Yomesan; kindly supplied by Bayer, Mexico City, Mexico). After washing in
saline plus antibiotics (penicillin [100 U/per ml] plus streptomycin [100pg/ml])
streptomycin), several gravid proglottids were separated for immunofluores-
cence assays; eggs were obtained by cutting the proglottids with fine sharp
scissors and then teasing the fragments. The eggs were then washed in saline
before inclusion to immunolocalization studies.

T. crassiceps cysticercal antigens. Soluble antigens were recovered from
T. crassiceps cysticerci by the procedure previously described (9). Briefly, cystic-
erci recovered 1 to 3 months after infection were collected and placed in ice-cold
phosphate-buffered saline (PBS). Cysticerci were then suspended in a minimal
amount of buffer and centrifuged at 25,000 rpm for 60 min at 4°C. Afterwards,
the cysts were ruptured by centrifugation, and the supernatant, which included
the mixture of soluble 7. crassiceps antigens, was recovered.

ELISA for antibody measurements. 7. crassiceps antigens obtained as previ-
ously described (10) were used as antigens in enzyme-linked immunosorbent
assay (ELISA) to measure the antibody response induced by peptide immuni-
zation as described elsewhere (19). Briefly, 96-well flat-bottomed microtitration
plates (Nunc, Roskilde, Denmark) were coated with the respective antigen prep-
aration (1 pg/per well) and incubated overnight at 4°C. Sera were used at 1:100
dilution in PBS containing 1% BSA. Bound mouse immunoglobulins (Igs) were
detected by using alkaline phosphatase-conjugated sheep anti-mouse IgG (whole
molecule; Sigma) diluted 1:1,000 for 1 h at 37°C. The substrate used was detected
by using p-nitrophenyl phosphate (Sigma) in diethanolamine buffer for 10 min at
room temperature. The reaction was stopped with 2 N NaOH. Readings of
optical density at 405 nm (OD,ys) were carried out in a Humareader ELISA
processor (Human Gessellschaft Fiir Biochemica und Diagnostica, Taunusstein,
Germany).

Proliferation assay. Spleen cells from nonimmunized (injected only with sa-
ponin) or GK-1-immunized mice were harvested 15 days after the second im-
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TABLE 1. Effects of immunization with three immunogenic
peptides from 7. crassiceps recombinant protective
antigen KETc7 on individual parasite intensities

Mean intensity = SD (no. of mice with no cysts)”

Group No Peptide (pg/mouse)
peptide 05 10 50
Control 14 = 8.19

Immunized with:
GK-1 9.4 =10.9 (0) 124 =143 (1) 3.8 =58"(3)
GK-2 13.0=79(0) 9.2*+49(0) 74=27(0)
GK-3 14.4 £5.81(0) 6.7 =4.14(0) 7.4 =2.0(0)

¢ Individual parasite intensity (i.e., number of cysticerci in each mouse) in
groups of five mice. Groups of five male mice each were immunized with FCA
(controls) or the indicated peptides in FCA and challenged 15 days after the
second immunization. Thirty days after challenge, mice were sacrificed and the
parasite intensity was determined.

b Statistically significant difference between control and immunized mice at
95% confidence interval (P < 0.05).

munization with saponin or GK-1 plus saponin, respectively, and cultured in
RPMI 1640 medium supplemented with L-glutamine (0.2 mM), nonessential
amino acids (0.01 mM), penicillin (100 U/ml), streptomycin (100 pg/ml), and
fetal bovine serum (FBS; 10%). Cells were cultured with the appropriate con-
centration of concanavalin A (CoA) (5 wg/ml) or GK-1 or T. crassiceps antigens
(10 wg/ml) and incubated at 37°C in a 5% CO, humidified atmosphere, in
flat-bottomed microtiter plates, at a cell concentration of 2 X 10° per 200 ul of
final volume. Considering previous results in which higher levels of proliferation
were obtained when peritoneal cells were included in the assay (data not shown),
10* peritoneal cells recovered from the same mice were added to each well at a
volume of 50 pl. Peritoneal cells were obtained by ex vivo lavage with 5 ml of
RPMI 1640. The cells were sedimented by centrifugation at 800 X g for 10 min.
The pellets were resuspended in an additional 3 ml of supplemented RPMI 1640
medium and adjusted in volume to contain 2 X 10° cells/ml. After 72 h, the
cultured cells were pulsed (1 wCi per well) for a further 18 h with [methyl->H]
thymidine (Amersham Life Science, Little Chalfont, England). Then all cells
were harvested, and the amount of incorporated label was measured by counting
in a model 1205 B-plate spectrometer (Wallac). All assays were performed in
triplicate with at least four individual mice.

Spleen cell phenotype analysis. After 3 days of in vitro culture with different
doses of mitogen, antigen, or peptide, splenocytes were harvested and CD8/
CD25 and CD4/CD25 expression was determined by staining with two-color
cytometry using fluorescein isothiocyanate (FITC)-conjugated anti-CD8 (Phar-
mingen, San Diego, Calif.), FITC-conjugated anti-CD4 (Pharmingen), and phy-
coerythrin (PE)-conjugated anti-CD25. The percentage of CD3™ cells was deter-
mined by single-color cytometry using FITC-conjugated anti-CD3 (Boehringer,
Mannheim, Germany) as previously described (6). Parallel samples of the cells
were stained with the corresponding isotype control to account for nonspecific
staining of the cells. Briefly, cells were washed with PBS containing 10% of gam-
ma globulin-depleted FBS plus 0.02% NaN; and incubated with the indicated
antibodies at 4°C for 30 min. After washing, splenocytes were resuspended in
cold 3% formaldehyde in isotonic solution and analyzed by FACScan (Becton
Dickinson, Palo Alto, Calif.). Results were expressed as percentage of positive
cells.

Cytokine measurements. Supernatant from spleen cells described above were
harvested after 72 h. The solid-phase ELISAs for measurement of interleukin-4
(IL-4) and gamma interferon (IFN-y) were used as previously described (27) and
as instructed by the manufacturer (Pharmingen). The pairs of cytokine-specific
monoclonal antibodies and recombinant cytokines were all obtained from Phar-
mingen.

For the detection of intracellular cytokines in spleen cells treated with me-
dium, GK-1 or T. crassiceps antigens were cultured for 60 h. To inhibit cytokine
secretion, brefeldin A (2 M) was added to cell cultures 10 h before the assay.
At harvest, the cells were centrifuged at 500 X g for 10 min and washed twice in
ice-cold PBS containing 10% globulin-depleted FBS plus 0.02% NaN,. CD3 and
interleukin expression was determined by two-color fluorescence-activated cell
sorting (FACS) as previously described (4). Briefly, cells were stained with the
FITC-conjugated anti-CD3 monoclonal antibody (Pharmingen). Intracellular
cytokines were assayed by using a cytoStain TM kit (Pharmingen) to fix and
permeabilize the cells. To stain intracellular cytokines, fixed and permeabilized
cells were incubated with monoclonal rat anti-IL-2-PE, anti-IL-4-PE, anti-IL-
10-PE, or anti-IFN-y-PE (all from Pharmingen). Parallel samples of the cells
were stained with an isotype control to account for nonspecific staining of the
cells. Ten thousand cells were analyzed with a CD3™ lymphocyte gate as defined
by light scatter in a FACScan (Becton Dickinson). The percentage of cells in
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TABLE 2. Protective immunity against murine 7. crassiceps cysticercosis by immunization with
cysticercal antigens and different forms of GK-1

No. of cysticerci in each mouse in group

Antigen(s) Group
1st trial 2nd trial
Linear GK-1 Control 4,5,5,6,7,7,9, 12 (0/8%) 27, 24, 20, 21, 29, 20, 24, 27, 34 (0/9)
Immunized 0,0,0,0,1,2,2°4/7) 0,0,0,0,0,0,0, 2,5, 65 (7/10)
MAP-GK-1 Control 15, 19, 24, 28, 51 (0/5) 10, 12, 21, 26, 64 (0/5)
Immunized 0, 0, 25, 40, 60, 62, 65, 75, 75, 79 (2/10) 0,0,0,0,2, 17, 24, 27, 62, 81 (4/10)
BSA-GK-1 Control 42,50, 55, 57, 62 (0/5) 7,13, 17, 48, 53 (0/5)
Immunized 9, 12, 14, 15, 36 (0/5) 0,0,0,0,0,0,0, 0, 4, 23 (8/10)
All T. crassiceps Control 13, 15, 16, 21, 23 (0/5) 9, 14, 17, 19, 25 (0/5)
Immunized 0,0, 0,0, 3, 5 (4/6) 0,0,0,0,0,2,9°(5/7)

“ Mice were immunized twice with soluble T. crassiceps cysticercal antigens (100 wg per mouce), GK-1 free of carrier (10 pg per mouce), or BSA-GK-1 orMAP-GK-1
(each at 50 g per mouce) in saponin. Control mice were injected twice with saponin in saline. Mice were challenged 15 days after the booster and sacrificed 30 days

later. The parasite intensity in each mouse was determined. Data shown are from two independent experiments.

> Number of mice without a single parasite of the total tested in each group.

¢ Statistically significant difference between control and immunized mice at the 95% confidence interval.

each quadrant is indicated in the dot plot. Quadrant statistics were set on the
basis of the corresponding isotype controls.

Experimental challenge. Metacestodes used in challenge infections were har-
vested from BALB/cAnN female mice carrying the OREF strain of 7. crassiceps
cysticerci. Ten small (diameter of ca. 2 mm), nonbudding larvae were suspended
in 0.5 M NaCl-0.01 M sodium phosphate buffer (pH 7.2) and injected intraperi-
toneally into each mouse, using a 27-gauge needle. Mice were killed 30 days after
infection, and the cysts found inside the peritoneal cavity were counted. In this
form of infection, the parasites do not migrate to another location in the host.
We attribute variation in individual parasite intensities within groups to differ-
ences in the infectivity of each parasite inoculum, which also varies between the
different parasite harvests used in challenge infection. In consequence, experi-
mental designs measuring levels of immunity by parasite intensity must include
in each vaccination session a session-specific measurement of each inoculum
infectivity in nonvaccinated control mice.

Immunolocalization of GK-1 protein. 7. crassiceps cysticerci and T. solium
specimens (cysticerci, eggs, and tapeworm segments) were placed on ice into a
50-ml conical plastic-bottom centrifuge tube with ice-cold PBS. The vesicular
fluid was removed from cysticerci by slicing the cyst walls and letting the fluid
drain into a sterile centrifuge tube and stored in the cold (4°C) until use. The
tissues were then incubated for 30 s with glycine-chloride buffer (50 mM glycine-
HCI [pH 2.5], 0.1% Triton X-100, 0.15 mM NaCl) to reduce contamination of
host protein, and the pH was restored by adding Tris-HCI (pH 9). After further
washing, tissues were included in Tissue-Tek O.C.T. compound (Miles, Inc.),
frozen at —70°C, and sectioned 6 pm thick. Sections were placed on poly-L-
lysine-treated microslides, air dried for 30 min, fixed in acetone for 10 min, and
dried for 15 min at room temperature. The slides were rehydrated and blocked
with 1% BSA in PBS plus 0.1% Triton X-100 (pH 7.2) for 1 h. In cysticercal
tissue sections, a second blocking was performed with sheep anti-mouse IgG
(whole antibody; Amersham) diluted 1:100 in PBS plus 0.1% BSA and incubated
for 1 h at 4°C. Slides of T. solium tapeworms and eggs were incubated for 1 h at
4°C with horse serum diluted 1:100 in PBS plus 0.1% BSA as a second blocking
agent. Solutions were removed, and the slides were overlaid with the appropriate
sera (diluted 1:10,000 in PBS-0.1% BSA) from noninfected (negative control),
T. crassiceps-infected (positive control), or anti-GK1-immunized mice, incubated

overnight at 4°C, and then washed twice in PBS (pH 7.2). Finally, sections were
incubated with FITC-labeled goat anti-mouse IgG (Zymed, San Francisco, Cal-
if.) diluted 1:50 for 1 h at room temperature. Slides were washed twice and
mounted with Aquatek polyvinyl alcohol (Merck, Darmstadt, Germany). Prep-
arations were observed with an Olympus BH2-RFCA epifluorescence micro-
scope.

Statistical analysis. Statistical comparison of individual parasite intensities
between groups was performed by the Wilcoxon ranked sum test, because many
mice in the immunized groups bore no parasites and because parasite intensity
is a discontinuous variable (i.e., 0, 1, 2, ...n parasites). Data were considered
statistically significant at P < 0.05. Statistical analysis of the difference between
mean values of binding activity in ELISA, flow cytometry, and proliferation
assays was carried out by Welch’s unpaired ¢ test (alternative ¢ test). All statistical
analyses were performed by the Instat software program (GraphPad, San Diego,
Calif.).

Computational methods in peptide structural analysis. Theoretical chemistry
calculations of GK-1 started with optimization of its geometry by methods based
on molecular mechanics (1). Subsequently, the peptide was submitted to a
single-point calculation with the Austin model 1 semiempirical quantum chem-
istry method (2). In this way, the electrostatic charges, electron density, electro-
static potentials, and dipole moment of the molecule were obtained. Addition-
ally, the log octanol/water partition coefficient and distributed hydrophobicity of
GK-1 were calculated. The software used consisted of SPARTAN 4.0 (Wave
Function Inc., Irvine, Calif.), Insight I (Biosym/MSI, San Diego, Calif.), and
Chem Plus (Hypercube, Inc., Ontario, Canada).

RESULTS

Protective effect of peptide immunization against 7. crassi-
ceps cysticercosis. The effects of peptide immunization on the
number of cysticerci recovered from mice immunized with
GK-1, GK-2, and GK-3 at different doses (0.5, 10, and 50 ng
per mice) in FCA are shown in Table 1. Immunization with the

TABLE 3. Level of antibodies measured by ELISA during the immunization protocol”

Mean antibody level (OD,os5) = SD

Injected with:

Antibody against:

Nonimmunized Saponin (control) Saponin + GK-1
1st dose 2nd dose 1st dose 2nd dose
GK-1 0.129 = 0.007 0.146 + 0.005 0.164 = 0.010 0.164 = 0.020° 0.190 = 0.020
T. crassiceps antigens 0.150 = 0.01 0.189 = 0.006 0.230 = 0.027 0.247 = 0.105° 0.431 = 0.131°

“ Groups of 10 mice each immunized and tested 2 weeks after each immunization The serum antibody levels against GK-1 and 7. crassiceps cysticercal antigens were
determined by ELISA in GK-1-immunized, nonimmunized, and saponin-injected mice. Levels of murine antibodies raised during the course of immunization with GK-1

peptide are shown.
b Considered statistically significant at P < 0.05.
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FIG. 1. Immunofluorescence staining of 7. crassiceps (A) and T. solium (B and C) cysticerci and of eggs (D) and adult tegument (E) of T. solium, incubated with
sera from normal mice (a), 30-day 7. crassiceps-infected mice (b), and pooled sera obtained 15 days after the booster of GK-1 (c). The labeled epitope is clearly evident
in structures accessible to the immune system. It is intensively expressed in the tegument (T) of T. crassiceps cysticerci (A, panel ¢) and weakly in the T. solium cysticerci
(B, panel c). It is strongly expressed in the cuticular folds of the spiral canal (SC) (C, panel c), in the oncosphere (O) (D, panel ¢), and in the distal tegument (T) of
the tapeworm (E, panel c). The arrowheads (C, panel c) indicate the protonehridia. Bars = 40 wm.
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FIG. 2. T-cell proliferative response of spleen cells from nonimmunized (injected with saponin alone) and immunized mice determined by [*H]thymidine
incorporation on day 3 of culture. Data presented are means * standard deviations for four individual mice separately assayed. Cytokine (IFN-y and IL-4) production
was determined in collected cultured supernatant obtained 72 h poststimulation. Data are the means for four mice and are representative of two experiments performed
in duplicate. Significantly increased proliferative response and IFN-vy levels were achieved when cells from immunized mice were stimulated both with T. crassiceps

antigens and GK-1 peptide.

GK-2 and GK-3 peptides did not confer protection, whereas
three of five mice immunized with GK-1 were completely pro-
tected at a dose of 50 g per mice. To further evaluate this pro-
tective capacity, free GK-1 as well as BSA-GK-1 and MAP-
GK-1 emulsified in saponin were used for immunization in
several repeated experiments. Table 2 confirms, in several in-
stances, the high level of protection induced by GK-1 when
used as an immunogen either free of carrier or conjugated to
BSA. Mice immunized with MAP-GK-1 did not show reduced
mean parasite intensity, although some mice were totally pro-
tected.

Determination of B-cell epitope(s) on GK-1. To test for the
presence of a B-cell epitope(s) on the GK-1 peptide, we stud-
ied whether GK-1 immunization induced antibodies against
the peptide and against whole 7. crassiceps antigen by ELISA.
Mice immunized with the monomeric nonconjugated form of
GK-1 produced low but detectable levels of serum antibodies
that reacted with GK-1 as well as with 7. crassiceps in ELISA
(Table 3). The examination of anti-GK-1 antiserum reactivity
against histological sections of T. crassiceps revealed that these
antibodies specifically react with T. crassiceps cysticerci at the
tegument of the parasite. Furthermore, the anti-GK-1 antisera
also reacted with all developmental stages of T. solium (Fig. 1).
A clear reaction was detected in the oncosphere contained
inside the eggs and also in the egg wall. In T. solium cysticerci

the reacting protein is concentrated in the spiral canal, while in
the tapeworm it is located throughout the distal tegument. The
specificity of all of these antibody reactions in ELISA and
immunofluorescence was demonstrated by specific preabsorp-
tion of antisera with free GK-1 and lack of reactivity of normal
mouse serum.

Assessment of T-cell epitopes on the GK-1 peptide. To iden-
tify the presence of a T-cell epitope(s) on the GK-1 peptide, we
studied the proliferative response of spleen cells from mice
treated with GK-1 or saponin alone. Spleen cells from mice
injected in vivo with free peptide or saponin were stimulated in
vitro with the same peptide (10 pg/ml), with T. crassiceps whole
antigen (10 pg/ml), or with ConA (5 pg/ml) as a positive con-
trol. Results show that in vitro stimulation with GK-1 as well
as with cysticercal antigens induced a strong proliferative
response in cells from GK-1 immunized mice (Fig. 2). Cells
from mice injected with saponin (nonimmunized mice) showed
no proliferative response above background levels. These re-
sults confirm the presence in GK-1 of T-cell epitope(s).

As Table 4 shows, the proportion of CD3" T cells from
GK-1-immunized mice increased from 39.9 to 58.7 or 54.7%
and the proportion of CD8" cells increased from 12.2 to 19.3
or 20.4% when cells were activated with GK-1 or antigen, re-
spectively. The proportion of CD4™" cells increased only from

TABLE 4. Flow cytometer analysis of spleen cells from nonimmunized and GK-1-immunized mice”

Mean % positive cells”

Incubation with: Controls Immunized mice
CD3* CD4™* CD8* CD3" CD4* CD8™"
Medium 38.8 £2.7 26.4 = 0.8 (5.7) 10.9 = 0.8 (5.1) 399 = 4.0 283 +1.2(5.8) 122 + 1.2 (4.5)
GK-1 385 £2.2 26.6 = 2.08 (4.9) 11.7 = 1.0 (4.3) 58.7 + 4.9° 32.6 = 2.6° (91.1) 193 +2.3° (93.9)
Cysticercal antigens 35221 243 =09 (4.7) 10.5 = 0.6 (3.9) 54.7 * 6.5° 327 £2.9° (86.6) 20.4 = 3.7° (89.5)

“ Flow cytometer analysis was performed on spleen cells of nonimmunized and GK-1-immunized mice after 3 days of culture without or with GK-1 or T. crassiceps
cysticercal antigens. Each value represents the percentage of positive cells from four individual mice and is representative of two experiments performed in duplicate.
The percentage of CD4™ or CD8™ cells that also expressed CD25™ is given in parentheses.

® Significant increase in the percentage of CD8", CD4*, and CD3" cells in specifically stimulated immune mice compared with nonimmunized mice (P < 0.05).
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FIG. 3. Spleen lymphocytes from nonimmunized (injected with saponin alone) and GK-1-immunized mice 60 h poststimulation were analyzed for intracellular
cytokines (IFN-y and IL-4 [A] and IL-2 and IL-10 [B]) and surface CD3* staining by FACS. Cells had been dually stained with FITC (abscissa) and PE (ordinate).
The percentage of cells in each quadrant of the dot plot is indicated. The data are representative of three experiments using different mice.
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FIG. 4. (a) Amino acid arrangement of GK-1 and its optimized geometry. The red arrow shows the dipole moment pointing the vector’s negative end toward
tyrosine. (b) Space-filling model of GK-1, showing different degrees of hydrophobicity (red) or hydrophilicity (blue). (c) The encoded electronic density elicited by the
molecule and its calibration bar at the right, where oxygen atoms display red while negative zones corresponding to lone pairs of electrons in atoms show as yellow.
(d) The bulk of electrostatic potential emerging mostly from the negative zones of the electron density surface.

28.3 to 32.6 or 32.7%. Interestingly, most of the T-stimulated
cells (CD8* and CD4™") from immunized mice were also CD25™.

Next, we determined the level of secreted cytokines in the
supernatant of in vitro-stimulated spleen cells. Splenocytes from
nonimmunized control mice produced a small amount of IL-4
and IFN-vy that increased only after stimulation with ConA.
In contrast, a clearly increased amount of IFN-y and a low
amount of IL-4 were found after stimulation of the splenocytes
of GK-1-immunized mice both with GK-1 and with whole
cysticercal antigens (Fig. 2). The frequency of cells capable of
producing IL-4, IFN-y, IL-2, and IL-10 was also determined by
FACS after intracellular staining for cytokines. The increased

percentage of cells producing IFN-y and IL-4 determined by
FACS was found to be consistent with ELISA analysis of the
supernatants. Figure 3 shows that frequencies of cells produc-
ing IFN-vy and IL-2 were significantly higher among T. crassi-
ceps antigen- or GK-1-stimulated cells from immunized mice
than among cells from nonimmunized mice; levels of IL-4 and
1L-10 were also increased, albeit to lesser extents.

GK-1 physicochemical properties. The dipole moment was
directed toward the tyrosine end of GK-1. The octanol/water
partition coefficient of the peptide was 7.92. However, its hy-
drophobicity was distributed in zones in accordance with the
amino acid composition. Thus, the phenylalanine region was
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the most hydrophobic, while alanine was the most hydrophilic
and the glycine end was more hydrophobic than the tyrosine
end. Planar rings from the tyrosine and phenylalanine showed
high electron density. However, the higher electron density was
observed for the oxygen atoms belonging to the carbonyl and
hydroxy functional groups. Interestingly, the electrostatic po-
tentials were displayed emerging mostly from these functional
groups. Figure 4 shows the physicochemical properties of GK-1.

DISCUSSION

High levels of sterile immunity to experimental 7. crassiceps
cysticercosis were conferred to male mice immunized with a
synthetic 18-amino-acid peptide (GK-1) from the recombinant
protein KETc7 of the parasite (12). The proportion of totally
protected mice varied in experiments performed on different
occasions from 40 to 70%, while the average decrement in the
immunized group’s parasite intensity was 85 to 95% of that
expected from challenged control male mice. Variation in par-
asite intensity within experimental groups and between exper-
imental sessions is a common finding in this form of cysticer-
cosis due to factors not fully identified but that we attribute to
variation in infectivity of each parasite harvest and inoculum.
The statistical validity of the inferences drawn from these ex-
periments is, however, not weakened if each experimental ses-
sion includes its own internal control. Coupling of GK-1 to
BSA or rearranging the peptide in an eight-pointed MAP
construct did not result in an increased immunogenicity of the
peptide and may in fact have reduced it somewhat.

Sterile immunity is seldom induced in this form of cysticer-
cosis by purified, natural, or recombinant antigens (10, 22, 28);
however, GK-1 induced levels of protection higher than those
observed with the whole KETc7 recombinant protein pub-
lished elsewhere (12). Research into the reasons why this pep-
tide is so effective relative to other forms of antigen prepara-
tion, including the complete recombinant antigen KETc7 from
which the peptide is derived (12), could perhaps reveal general
principles of immunogenicity applicable to this and other vac-
cine preparations. Assuming that the binding properties of
GK-1 to antibodies and cellular receptors relate to its im-
munogenicity, and since these depend on its stereoelectronic
properties, the high dipole moment and the asymmetry in
the electronic distribution of GK-1 are noteworthy. Moreover,
GK-1 showed high hydrophobic areas alternating with hydro-
philic ones (Fig. 4b); this dual hydrophilic-hydrophobic prop-
erty offers interesting possibilities of water and lipid interaction
that may facilitate the peptide’s reaction with B and T mem-
brane-bound receptors. The external distribution of the hy-
droxyl groups favors water or hydrogen bonding, judging from
the rich and complex electrostatic potential of these hydro-
philic groups, while the abundance of aromatic amino acids in
GK-1 defines steric regions with high noncovalent electrostatic
interactions capable of enhancing binding affinity that could
also favor the peptide presentation by antigen-presenting cells
(18). The alteration of peptide immunogenicity by the struc-
tural changes imposed by chemical coupling to BSA and the
MAP construction also points to a strong structure depen-
dence of its biological functions. GK-1’s electronic polarity,
adequately positioned anchor motifs, and similarities to motifs
reactive with class I major histocompatibility complex mole-
cules may explain the peptide’s ability to induce a CD8" pro-
liferative response (18). The involvement of a B-cell response
after immunization is documented by the presence of serum-
specific anti-GK-1 antibodies in immunized mice. Immune re-
activity against the whole-parasite antigens was greater than
that against the GK-1 peptide itself, probably because of loss of
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reactivity of GK-1 once bound to the plate. T-cell involvement
is shown by the in vitro proliferative assays with spleen cells
from GK-1-immunized mice, which strongly responded to both
GK-1 and cysticercal antigens probably favored by the in-
creased percentage of T cells producing IL-2. The composition
of the resultant lymphocyte population was most significantly
enriched in CD8™ cells. Although the direct participation of a
cytotoxic response in the control of the parasite’s reproduction
remains to be thoroughly elucidated, the immune response
elicited by this peptide features a prominent CD8* T-cell re-
sponse. Other factors contributing to parasite damage may be
related to IFN-v, a cytokine that plays a central role in cell-
mediated effector mechanisms in the protection observed in
mice vaccinated against other parasites (5). The large amount
of IFN-y detected by ELISA, as well as the increased percent-
age of CD3™ cells that produced this cytokine, could induced
the inflammatory response and the activation of macrophages
at the parasite’s vicinity (15). All of these data are also consis-
tent with the low levels of antibodies induced by GK-1 immu-
nization, which can be the consequence of low levels of 1L-4
and IL-10. As Table 4 shows, the existence of a specific T-cell
response in GK-1-immunized mice and not in those immu-
nized with saponin alone was also demonstrated by the in-
creased expression of a cell surface activation marker (CD25™)
following antigen- or peptide-specific reactivation in vitro. The
immune protection induced by GK-1 immunization and the
polarized cytokine phenotype induced are in keeping with re-
cent trends in opinion about immune resistance to metaces-
tode diseases, which place Th1 cells in the forefront of protec-
tion (27), and add to well-established views that stress the role
of antibody only in the destruction of early larvae developing
from egg infection (21). These two mechanisms are, of course,
not incompatible, and GK-1’s high protective efficiency may
well result from the synergic action of its capacity to trigger
both B- and T-cell immune responses.

Another feature of GK-1 that deserve mention is that it is
represented in an antigen fraction of 56 kDa in T. crassiceps
cysticerci which induces high levels of protection against 7. so-
lium pig cysticercosis (28). This GK-1 peptide is also recog-
nized by sera from 7. solium-infected humans (8). Further-
more, the identification of GK-1 by immunofluorescence at all
stages of T. solium—infecting egg, hexacanth embryo, meta-
cestode, and tapeworm—make GK-1 a likely effective target
for immune attack and an interesting candidate for a vaccine
against 7. solium cysticercosis.
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