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The coccidian parasite Cryptosporidium parvum causes diarrhea in humans, calves, and other mammals.
Neither immunization nor parasite-specific pharmaceuticals that are consistently effective against this organ-
ism are available. While polyclonal antibodies against whole C. parvum reduce infection, their efficacy and
predictability are suboptimal. We hypothesized that passive immunization against cryptosporidiosis could be
improved by using neutralizing monoclonal antibodies (MAbs) targeting functionally defined antigens on the
infective stages. We previously reported that the apical complex and surface-exposed zoite antigens CSL,
GP25-200, and P23 are critical in the infection process and are therefore rational targets. In the present study,
a panel of 126 MAbs generated against affinity-purified CSL, GP25-200, and P23 was characterized to identify
the most efficacious neutralizing MAb formulation targeting each antigen. To identify neutralizing MAbs,
sporozoite infectivity following exposure to individual MAbs was assessed by enzyme-linked immunosorbent
assay. Of 126 MAbs evaluated, 47 had neutralizing activity. These were then evaluated individually in oocyst-
challenged neonatal mice, and 14 MAbs having highly significant efficacy were identified for further testing in
formulations. Epitope specificity assays were performed to determine if candidate MAbs recognized the same
or different epitopes. Formulations of two or three neutralizing MAbs, each recognizing distinct epitopes, were
then evaluated. A formulation of MAbs 3E2 (anti-CSL [aCSL]), 3H2 (aGP25-200), and 1E10 (aP23) provided
highly significant additive efficacy over that of either individual MAbs or combinations of two MAbs and
reduced intestinal infection by 86 to 93%. These findings indicate that polyvalent neutralizing MAb formula-
tions targeting epitopes on defined antigens may provide optimal passive immunization against cryptospori-
diosis.

Cryptosporidium parvum is a coccidian parasite that infects
intestinal epithelium and causes diarrheal disease in humans
and in calves and other agriculturally important food animals
worldwide (13). Cryptosporidiosis is self-limiting in hosts with
normal immune systems; however, in neonates, the elderly,
and hosts having congenital or acquired immunodeficiency dis-
eases or chemotherapy-induced immunosuppression, crypto-
sporidial enterocolitis may become chronic and have severe
consequences (13, 35). The role of C. parvum in diarrhea-
related morbidity in AIDS patients and its economic impact on
livestock production are now well recognized (13). No ap-
proved parasite-specific drugs, vaccines, or immunotherapies
for C. parvum are presently available, although recent ad-
vances have been reported (4, 8, 15, 17, 30, 32, 35, 41, 50, 57).

Because specific immune responses prevent or terminate
cryptosporidiosis, passive immunization strategies for control
of the disease in neonatal and immunodeficient hosts have
been investigated (reviewed in references 8 and 35). In such
hosts, suboptimal active immune responses increase suscepti-
bility to primary infection and delay or prevent termination of
established infection. In previous studies, bovine colostral an-
tibody preparations produced against whole C. parvum organ-
isms have demonstrated specific neutralizing activity in vitro
and highly significant efficacy against infection in animal mod-
els when evaluated under controlled conditions (11, 12, 33, 34,

36, 51). The efficacy of such preparations in persistently in-
fected immunodeficient humans has been demonstrated but
has been inconsistent in a limited number of studies, due in
part to confounding patient and treatment variables (8, 27, 29,
35, 52, 53). While these early observations provided the ratio-
nale to investigate passive antibody-based immunization for
cryptosporidiosis, possible limitations to the use of polyclonal
antibodies produced against uncharacterized whole C. parvum
preparations include the relatively low content of specific neu-
tralizing antibodies in the immunoglobulin fraction, logistical
restraints on production in quantity, and lot-to-lot heteroge-
neity in therapeutic predictability (6, 35, 59). Alternatively, the
use of neutralizing monoclonal antibodies (MAbs) prepared
against functionally defined C. parvum antigens may circum-
vent each of these factors (6, 35, 59).

We hypothesize that the efficacy of passive immunization
against cryptosporidiosis can be optimized through use of a
polyvalent neutralizing MAb formulation recognizing zoite an-
tigens known to have a critical role in the infection process. We
reasoned that specific and selective targeting of distinct func-
tional epitopes would result in an additive neutralizing effect
with high specific activity. The rationale for this approach is
that control of C. parvum infection will likely require targeting
of multiple neutralization-sensitive epitopes on the infective
zoite stages (8, 35, 57). An optimal formulation of neutralizing
MAbs would be expected to control infection by binding to
zoites within the intestinal lumen and preventing their attach-
ment and invasion (22, 28, 35). Alternatively, zoites bound by
MAbs while extracellular, but which retain the ability to in-
vade, might undergo MAb-mediated arrest of intracellular de-
velopment (22, 24, 28, 35). Therefore, effective neutralization
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of the infective stages could prevent initiation of the life cycle
or interrupt and terminate the cycle in an existing infection.
The C. parvum antigens GP25-200 (1, 39), CSL (39, 40), and
P23 (1, 23) were selected as targets for the present study. Each
antigen is involved in the pathogenesis of infection, expressed
on the surface of both infective zoite stages, and conserved on
diverse C. parvum isolates (1, 23, 31, 39, 40). GP25-200 was
originally defined by MAb C4A1 as a sporozoite apical and
surface pellicle glycoprotein complex comprised of multiple
25- to 200-kDa species identified in reducing sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (1).
P23, a 23-kDa sporozoite surface pellicle protein, was origi-
nally identified by MAb C6B6 (1, 23). Passive immunization
with MAbs C4A1 and C6B6 demonstrated that GP25-200 and
P23 each expressed a neutralization-sensitive epitope; how-
ever, the efficacy observed was suboptimal (1, 42). Therefore,
a panel of second-generation MAbs was produced against im-
munoaffinity-purified GP25-200 (39) and P23 (42) to deter-
mine whether the antigens contain additional neutralization-
sensitive epitopes that could be targeted to enhance efficacy.
We recently reported that one of the resulting MAbs produced
from GP25-200-immunized mice, designated 3E2, elicited the
circumsporozoite precipitate (CSP)-like reaction (36, 39). This
reaction, named after the malarial CSP reaction (7), is char-
acterized by the progressive posterior formation and release of
membranous antigen-MAb complexes, after which zoites are
rendered noninfective (36, 39). MAb 3E2 recognizes multiple
apical complex and surface pellicle glycoproteins ranging from
46 to 770 kDa and an ;1,300-kDa glycoprotein designated
CSL (39). Of the multiple antigens recognized by 3E2, CSL
was shown to be the critical surface-exposed species mechanis-
tically bound by MAb to elicit the CSP-like reaction (39). The
neutralizing activity of MAb 3E2 in vitro and its ability to
passively protect against infection in vivo (19, 39) are pro-
foundly greater than those of other MAbs we have produced
against C. parvum (31, 33, 37, 38, 42). Therefore, MAb 3E2 was
deemed an essential formulation candidate in the present
study.

Because the large number of candidate MAbs requiring
characterization added logistical complexities to the experi-
mental design, a strategy was used to systematically determine
the minimum number and specificity of MAbs required for
protection. Following identification and ranking of individual
MAbs having sporozoite neutralizing activity in vitro and the
ability to reduce infection in vivo, epitope specificity assays
were performed to select combinations of MAbs for further
testing in multiple epitope-specific formulations with 3E2. The
optimal formulation identified, comprised of MAbs 3E2 (anti-
CSL [aCSL]), 3H2 (aGP25-200), and 1E10 (aP23), conferred
highly significant additive protection over that of the individual
component MAbs or combinations of two component MAbs.
Further, this formulation provided complete protection in up
to 40% of the treated mice, resulting in an overall 93% reduc-
tion of intestinal infection after oocyst challenge. The results
indicate that polyvalent neutralizing MAb formulations selec-
tively targeting epitopes on defined antigens may provide op-
timal passive immunization against cryptosporidiosis.

MATERIALS AND METHODS

Oocyst and sporozoite isolation. The Iowa C. parvum isolate (16) used in all
experiments was maintained by passage in newborn Cryptosporidium-free Hol-
stein bull calves (37). Oocysts were isolated from calf feces by sucrose density
gradient centrifugation (2), stored in 2.5% (wt/vol) KCr2O7 (4°C), and hypo-
chlorite treated immediately prior to excystation in WRC medium (Gibco Life
Technologies, Grand Island, N.Y.) containing 0.75% (wt/vol) taurocholic acid
(37). Sporozoites were isolated by passage through a sterile polycarbonate filter
(2.0-mm pore size) (19). For mouse challenge experiments, oocysts were used

within 30 days of isolation and disinfected with 1% (vol/vol) peracetic acid
instead of hypochlorite (36).

MAb production. Immunoaffinity chromatography purification of GP25-200
and CSL from C. parvum sporozoites and their use for production of a mouse
MAb panel against these antigens have been previously described (39). P23 was
purified from sporozoites by MAb C6B6 affinity chromatography for production
of a panel of second-generation aP23 MAbs. MAb C6B6 was isolated by protein
A affinity chromatography and then coupled to protein A matrix according to the
protocol of the manufacturer (Bio-Rad, Hercules, Calif.). After conditions for
P23 binding and elution were optimized, preparative purification was performed
(4°C for all steps). Sporozoites were solubilized in binding buffer (phosphate-
buffered saline [PBS] containing 5 mM EDTA, 5 mM iodoacetamide, 0.1 mM
N-a-p-tosyl-L-lysine chloromethyl ketone [TLCK], 1 mM phenylmethylsulfonyl
fluoride, and 1% [wt/vol] octyl glucoside), ultracentrifuged to remove insoluble
material, and then bound to C6B6-coupled matrix. The matrix was washed with
binding buffer (40 column volumes), after which specifically bound antigen was
eluted (0.1 M glycine, pH 10), immediately neutralized (0.1 M Tris-HCl, pH 6.8),
and then dialyzed (12- to 14-kDa exclusion limit) against PBS and stored at
280°C until used. The identity, purity, and reactivity of purified P23 were de-
termined by SDS-PAGE with silver staining and Western blotting (39) using
MAb C6B6. The protein concentration in the purified P23 preparation was
determined by bicinchoninic acid assay (Pierce, Rockford, Ill.).

Adult female BALB/c mice (Harlan-Sprague-Dawley, Indianapolis, Ind.) were
immunized by the intraperitoneal and subcutaneous routes with purified P23 (2
mg/mouse) emulsified in monophosphoryl A-trehalose dimycolate adjuvant
(Ribi, Hamilton, Mont.). Mice were boosted (1 mg of P23 in adjuvant per mouse)
at 7 and 11 weeks following the initial immunization. Five weeks after the last
boost, mice received a final immunization by tail vein injection (1.5 mg of P23 in
PBS/mouse). Three days later, spleen cells were harvested and fused with SP2/0
myeloma cells (37). Supernatants were screened for sporozoite- and merozoite-
reactive antibodies by immunofluorescence assay (IFA) to identify positive hy-
bridomas (1, 37). Commercially available kits were used to determine MAb
isotypes (Isostrip; Roche Molecular Biochemicals, Indianapolis, Ind.) and con-
centrations (Binding Site, San Diego, Calif.).

Immunoblot analysis of antigen specificities of MAbs. Excysted sporozoites
were solubilized (4°C) in lysis buffer [50 mM Tris (pH 8.0), 5 mM EDTA, 5 mM
4-(2-aminoethyl)-benzene-sulfonylfluoride hydrochloride (AEBSF), 0.3 mM
aprotinin, 10 mM E-64, 0.01 mM leupeptin, 30 mM bestatin, and 1% (wt/vol)
octyl glucoside], boiled in reducing SDS-PAGE sample buffer, resolved in 4 to
20% and 2 to 12% gradient SDS-PAGE reducing gels, and Western blotted as
previously described (36, 39). Blots were probed with culture supernatants con-
taining MAbs generated against C. parvum antigens or isotype-matched control
MAbs of irrelevant specificity (4 mg/ml for immunoglobulin M [IgM] and 10
mg/ml for IgG). Bound MAb was detected with affinity-purified phosphatase-
conjugated goat anti-mouse IgG, IgA, and IgM (Kirkegaard and Perry, Gaith-
ersburg, Md.) and phosphatase substrate. Selected MAbs generated against P23
were also evaluated by dot blot assay for reactivity with the recombinant P23
protein rC7 (31, 32). In brief, a nitrocellulose membrane was dotted with rC7 (15
mg/well) and probed with aP23 MAb, MAbs C6B6 and 7D10 reactive with
distinct rC7 epitopes (31), or isotype-matched control MAb (11 mg/ml for IgM
and 25 mg/ml for IgG). Specifically bound MAb was detected as described above.

ELISA identification of sporozoite-neutralizing MAbs. To identify neutraliz-
ing MAbs and quantitate their specific activities, the infectivity of sporozoites
following exposure to individual MAbs was assessed by enzyme-linked immu-
nosorbent assay (ELISA). Purified sporozoites (1.2 3 105) were incubated (15
min, 37°C) with C. parvum-specific MAb or isotype-matched control MAb (11
mg/ml, final concentration) and then inoculated onto individual MDBK cell
monolayers (CCL 22; American Type Culture Collection, Manassas, Va.) (10
replicates/treatment). Prior to inoculation, monolayers had been grown to ;90%
confluency in 96-well plates using fortified maintenance medium (55). Control
monolayers were inoculated either with fortified maintenance medium or with
sporozoites treated with (i) known neutralizing aGP25-200 MAb 4E11 or (ii)
known nonneutralizing a-C. parvum CPS-500 MAb G10F5. After incubation (1.5
h, 37°C), the inoculation medium was aspirated and replaced with fortified
maintenance medium. At 48 h postinoculation (p.i.), ELISA plates were centri-
fuged (1,310 3 g, 6 min, 4°C), after which monolayers were methanol fixed,
washed, blocked (Tris-buffered saline containing 3.2% [vol/vol] fish gelatin and
0.5% [wt/vol] bovine serum albumin [BSA]), and probed with MAb 3E2 (15
mg/ml in Tris-buffered saline). MAb 3E2 recognizes C. parvum stages in MDBK
cells through at least 72 h p.i. (19, 42). After additional washing, plates were
incubated with affinity-purified alkaline phosphatase-conjugated goat anti-mouse
IgM (m-chain specific; Cappel-Organon Teknika, Durham, N.C.), washed, and
developed by addition of substrate. The optical density (OD) at 405 nm was
determined with an ELISA plate reader to quantitate infection levels. Mean ODs
for each treatment and control group were examined for significant differences
by Student’s one-tailed t test. Each experiment was performed a minimum of two
times.

Evaluation of sporozoite-neutralizing MAbs for efficacy in vivo. MAbs having
in vitro neutralizing activity were produced in ascites fluid and evaluated indi-
vidually for efficacy against oocyst challenge in neonatal mice (described below)
to identify and rank MAbs for subsequent formulation testing. The most effica-
cious MAbs were then produced by growing hybridomas in bioreactors (CellMax

VOL. 68, 2000 PASSIVE IMMUNIZATION AGAINST CRYPTOSPORIDIUM PARVUM 2609



Artificial Capillary Cell Culture System; Cellco, Germantown, Md.) using serum-
free medium (Gibco Life Technologies). Bioreactor-derived MAbs were dialyzed
(12- to 14-kDa exclusion limit) against PBS (4°C) and stored at 220°C until
tested in mice. To assess efficacy in vivo, groups of 10 to 15 8-day-old specific-
pathogen-free ICR mice (Harlan Sprague-Dawley) were administered, by gastric
intubation, 3 3 104 oocysts (30 times the 50% mouse infective dose [MID50])
concurrently with individual MAbs in ascites fluid (1 mg of MAb/ml, 75 ml) or
5 3 104 oocysts (50 times the MID50) concurrently with individual or combined
MAbs from bioreactor supernatants (1.5 to 4 mg of each MAb/ml, 75 ml) (37). At
3 h and every 12 h thereafter, mice received additional ascites fluid (1 mg of
MAb/ml, 100 ml) or bioreactor-derived MAb (1.5 to 4 mg of each MAb/ml, 100
ml) by gastric intubation for a total of nine treatments. Cimetidine (10 mg/kg)
was included with all treatments. Groups of 10 to 15 8-day-old control mice were
treated identically with ascites fluid or processed bioreactor supernatant con-
taining isotype- and concentration-matched control MAbs. After euthanasia at
92 to 94 h p.i., the jejunum, ileum, cecum, and colon were collected, coded, and
examined histologically by the same investigator, without knowledge of treat-
ment group, for C. parvum stages in mucosal epithelium. Scores of 0, 1, 2, or 3
(0, no infection; 1, , 33% of mucosa infected; 2, 33 to 66% of mucosa infected;
and 3, . 66% of mucosa infected) were assigned to longitudinal sections rep-
resenting the entire length of the (i) terminal jejunum, (ii) ileum, (iii) cecum, and
(iv) colon and then summed to obtain an infection score (0 to 12) for each mouse
(37, 39). Mean infection scores within each experiment were analyzed by Stu-
dent’s one-tailed t test for significant differences. Infection scores between ex-
periments were analyzed for significant differences by one-way analysis of vari-
ance stratified by treatment group (Stata Program; Stata Corporation, College
Station, Tex.). To control for computing multiple one-way analyses of variance,
a Bonferonii adjusted level of significance (P # 0.002) was used.

In parallel experiments, sporozoites (2 3 108/ml) were incubated (1 to 20 min,
37°C) with bioreactor-derived individual or combined MAbs (each at 1 mg of
MAb/ml in PBS containing 0.5% [wt/vol] BSA) and then examined by phase-
contrast microscopy to determine the effect on sporozoite morphology (36).

Epitope characterization. To determine if neutralizing MAbs recognized the
same (similar or overlapping) or different epitopes, epitope composition analyses
and binding inhibition assays were performed. The ability of MAbs to bind C.
parvum antigen after treatment with sodium periodate or proteinase K was
determined by immunoblot assay. Solubilized sporozoite antigen was resolved in
4 to 20% and 2 to 12% gradient SDS-PAGE gels, transferred to nitrocellulose,
and then treated (1 h, 21°C) with sodium periodate (2, 5, and 7.5 mM) or control
buffer (58). For protease treatment, antigen was incubated (1 h, 37°C) with or
without proteinase K (5 3 1023 U per 107 excysted oocysts) and dotted onto
nitrocellulose after addition of protease inhibitors (38). Replicate blots from
each treatment group were then incubated with MAbs generated against GP25-
200, CSL, or P23; C. parvum peptide-reactive control MAb 4D10 (19); C. parvum
carbohydrate-reactive control MAb 3E2 (39); or isotype-matched control MAb
and then processed as described above to detect bound MAb.

The ability of MAbs to inhibit binding of each other to C. parvum was deter-
mined by ELISA using biotin-labeled and unlabeled MAbs (43). For biotinyla-
tion, bioreactor-derived MAb (2 mg/ml in PBS) was incubated with Sulfo-NHS-
biotin (Pierce) according to the manufacturer’s protocol. For use in ELISA plate
preparation, sporozoites were solubilized in PBS containing 1% (wt/vol) octyl
glucoside, 0.01% (wt/vol) thimerosal, and protease inhibitors (Sigma) by sonica-
tion (4°C) and freeze-thawing, ultracentrifuged to remove insoluble material,
and dialyzed (3.5-kDa exclusion limit) against PBS (4°C). Immulon-4 96-well
ELISA plates (Dynex, Chantilly, Va.) were coated (3 h, 37°C) with solubilized
sporozoite antigen (5 3 105 sporozoites/well), washed, and blocked (in PBS
containing 3.5% [vol/vol] fish gelatin and 0.5% [vol/vol] Tween 20). For binding
inhibition assays, plates were incubated (2 h, 37°C) with individual unlabeled
a-C. parvum MAbs (designated MAb-1; 1.5 mg in 100 ml of PBS per well) or
isotype-matched control MAbs. Biotinylated a-C. parvum competitor MAb (des-
ignated MAb-2; 0.125 mg in 25 ml of PBS per well) was then added, and after
incubation (2 h, 37°C) plates were washed, incubated with peroxidase-labeled
streptavidin (Kirkegaard and Perry), and exposed to substrate. Mean ODs (405
nm) of six replicate wells for each treatment and control group were analyzed by
Student’s one-tailed t test for significant differences. Significance conclusions
were verified in a replicate experiment.

RESULTS

Immunoaffinity-purified P23, GP25-200, and CSL contain
multiple distinct epitopes defined by second-generation MAbs.
Antigen isolated by MAb C6B6 affinity chromatography comi-
grated with a 23-kDa antigen in sporozoites as demonstrated
by SDS-PAGE and silver staining and was relatively free of
contamination with other proteins (Fig. 1A). In Western blots,
the purified antigen retained reactivity with MAb C6B6 and
comigrated with the 23-kDa antigen in sporozoites recognized
by C6B6 (Fig. 1B). Forty second-generation hybridomas were
produced from P23-immunized mice in three fusions. Twenty-

four resulting MAbs were selected for further study. Of these,
14 recognized a single 23-kDa sporozoite antigen in Western
blots, which comigrated with that recognized by MAb C6B6
(Fig. 2, lanes 1 and 3), and 10 were unreactive in Western blots.
aP23 MAb 1E10 and aP23 control MAbs C6B6 and 7D10 each
reacted with rC7 in dot immunoblots, while aP23 MAbs 5B9,
4C11, and 2G6 did not (data not shown). In IFA, aP23 MAbs
bound to the surface pellicle of zoites and also detected prom-
inent antigen deposits demarcating the path traveled by motile
zoites. Based on susceptibility to proteinase K and periodate,
all 14 MAbs reactive with P23 in Western blots recognized
peptide epitopes; 10 MAbs recognized epitopes of undeter-
mined composition.

One hundred twelve second-generation hybridomas were
produced against GP25-200 and CSL (39). One hundred two
resulting MAbs which bound to the apical region and pellicle
of zoites with heterogeneous IFA patterns were selected for
further study. These MAbs also had heterogeneous reactivities
in Western blots, represented by 12 distinct antigen recogni-
tion patterns into which MAbs could be grouped (Fig. 2). One
group had a reactivity pattern indistinguishable from that of
C4A1 (Fig. 2, lanes 2 and 4). Eleven additional groups recog-
nized distinct subpopulations of antigens, most of which com-
prised the GP25-200 complex (Fig. 2, lanes 5 to 15). Of these,
eight groups also recognized an ;1,300-kDa antigen comigrat-
ing with CSL (Fig. 2A, lanes 4, 5, 6, 7, 10, 11, 13, and 14), and
seven groups recognized antigens migrating between 200 and
;1,300 kDa (Fig. 2A, lanes 5, 6, 7, 10, 13, 14, and 15). Five
MAbs, designated aCSL, had Western blot reactivity patterns
identical to that of 3E2 (Fig. 2, lane 6). All six aCSL MAbs
recognized the same epitope and elicited the CSP-like reaction
as previously described (39, 40). Based on susceptibility to
proteinase K and periodate, 35 aGP25-200 MAbs and all 6
aCSL MAbs recognized carbohydrate or carbohydrate-depen-
dent epitopes, 49 recognized peptide epitopes, and 12 recog-
nized epitopes of undetermined composition.

FIG. 1. (A) Silver stained 10 to 20% gradient SDS-PAGE gel of solubilized
sporozoites (107) before (lane 3), and after (lane 2) MAb C6B6 affinity chroma-
tography purification of P23 (1 mg). Lane 4 contains solubilized oocysts (2.5 3
106) for comparison. Lane 1 was loaded with sample buffer to identify silver stain
artifacts. Molecular mass standards (Bio-Rad) are indicated on the left (phos-
phorylase B, 97.4 kDa; BSA, 66.2 kDa; ovalbumin, 45 kDa; carbonic anhydrase,
31 kDa; and soybean trypsin inhibitor, 21.5 kDa). (B) Western blot recognition
of affinity-purified P23 (lane 1) (1 mg) and a comigrating 23-kDa antigen in whole
sporozoites (lane 2) (4 3 106) by MAb C6B6. Lane 3 (1 mg of P23) and lane 4
(4 3 106 sporozoites) were probed with isotype control MAb. Molecular mass
standards (Amersham Pharmacia Biotech, Arlington Heights, Ill.) are indicated
on the left (myosin, 200 kDa; b-galactosidase, 97.4 kDa; BSA, 69 kDa; carbonic
anhydrase, 46 kDa; soybean trypsin inhibitor, 30 kDa; lysozyme, 21.5 kDa; and
aprotinin, 14.3 kDa).
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A subset of individual second-generation MAbs neutralizes
sporozoite infectivity in vitro and passively protects against
oocyst challenge in vivo. Initial screening of MAbs was per-
formed by ELISA. MDBK host cells were used for this assay
based on their epithelial origin, permissiveness to C. parvum,
and widespread use in studies to assess infectivity of C. parvum
(15, 25, 50, 54, 56). The ELISA allowed rapid identification of
33 aGP25-200 MAbs (Fig. 2, lanes 4, 5, 7, 10, 11, 12, 13, and
15) and 14 aP23 MAbs (Fig. 2, lane 3) which significantly
reduced infection, and quantitation of their neutralizing activ-

ity against sporozoites, the first infective stage of C. parvum
(Table 1) [representative MAbs are shown]). Sporozoite-neu-
tralizing activity of aCSL MAbs has been reported previously
(19, 39, 40).

Individual aGP25-200 and aP23 neutralizing MAbs were
next tested in vivo to identify the most efficacious candidates
for formulation. While all six aCSL neutralizing MAbs recog-
nized the same epitope, the in vivo efficacy of each was also
determined because possible differences in their affinities
could significantly influence neutralizing activity (26, 33, 59).
Nine of 33 aGP25-200 MAbs (Fig. 2, lanes 4, 5, 10, 11, and 13),
4 of 14 aP23 MAbs (Fig. 2, lane 3, MAb 1E10; the remaining
3 MAbs were unreactive in Western blotting), and all 6 aCSL
MAbs (Fig. 2, lane 6) significantly reduced intestinal infection
when administered to oocyst-challenged neonatal mice (Table
2). Of the aCSL MAbs, 3E2 had the greatest efficacy in rep-
licate experiments, confirming its selection as a requisite for-
mulation component.

Multiple epitope-specific neutralizing MAb combinations
demonstrate additive passive protection against oocyst chal-
lenge in vivo. Based on their quantitative in vivo efficacy when
evaluated individually (Table 2), aGP25-200 and aP23 MAbs
were ranked for preliminary testing in combination with aCSL
MAb 3E2. Because 3E2 was considered an essential formula-
tion component, binding inhibition assays were performed to
determine whether candidate MAbs inhibited its binding to
antigen. Inhibition of 3E2 binding by candidate MAbs was not
observed based on comparison of test OD values to that of
control 3E2 competed against itself (Table 3) (43). At the
completion of preliminary testing in mice, aGP25-200 MAb
3H2, aP23 MAb 1E10, and aCSL MAb 3E2 had consistently
demonstrated the greatest efficacy, individually and combined,
and were selected for further study. To confirm that the three
MAbs recognized distinct epitopes or did not otherwise inter-

FIG. 2. Western blot recognition of antigens from solubilized sporozoites
(6 3 106/lane) resolved in 2 to 12% (A) or 4 to 20% (B) gradient SDS-PAGE by
MAbs generated against immunoaffinity-purified P23 and GP25-200. Lane 1 was
probed with MAb C6B6, originally used to define P23. A representative reactivity
pattern of 14 second-generation aP23 MAbs is depicted in lane 3, probed with
MAb 1E10. Lane 2 was probed with MAb C4A1, originally used to define
GP25-200. Lanes 4 to 15 were probed with second-generation MAbs produced
against GP25-200 and represent each of the 12 antigen recognition patterns into
which MAbs were grouped. Depicted are reactivity patterns representative of
MAbs 3H2 (lane 4; 22 MAbs), 4D10 (lane 5; 37 MAbs), 3E2 (lane 6; 6 MAbs),
1G2 (lane 7; 1 MAb), 3G7 (lane 8; 2 MAbs), 3D1 (lane 9; 4 MAbs), 4E11 (lane
10; 2 MAbs), 1C5 (lane 11; 4 MAbs), 3E8 (lane 12; 2 MAbs), 2F6 (lane 13; 19
MAbs), 4E12 (lane 14; 1 MAb), and 4F6 (lane 15; 2 MAbs). Note recognition of
an ;1,300-kDa antigen (arrow) comigrating with CSL (lane 6) by MAbs in lanes
2, 4, 5, 7, 10, 11, 13, and 14. Isotype-matched control MAbs were used to probe
lanes 16 (IgM), 17 (IgG1), and 18 (IgG2a). Molecular mass standards are indi-
cated on the left (myosin, 208 kDa; b-galactosidase, 144 kDa; BSA, 87 kDa;
carbonic anhydrase, 44.1 kDa; soybean trypsin inhibitor, 32.7 kDa; lysozyme, 17.7
kDa; aprotinin, 7.1 kDa [Bio-Rad]; titin, 2,450 kDa, and nebulin, 770 kDa
[obtained from K. Wang and G. Gutierrez, University of Texas, Austin]).

TABLE 1. Sporozoite neutralization by individual aGP25-200 and
aP23 MAbs

MAb Antigen
specificity

ELISA OD, mean 6 SD
(A405) %

Reduction
in infectiona

P

Test MAb Isotype control
MAb

3H2 GP25-200 1.15 6 0.10 1.25 6 0.05 8 ,0.05
1B3 GP25-200 0.73 6 0.03 1.26 6 0.07 42 ,0.0001
1C5 GP25-200 0.57 6 0.06 0.81 6 0.09 30 ,0.001
1G2 GP25-200 0.81 6 0.14 1.04 6 0.16 22 ,0.001
2F6 GP25-200 0.77 6 0.04 0.93 6 0.06 17 ,0.001
3D9 GP25-200 0.45 6 0.03 0.92 6 0.08 51 ,0.0001
3D11 GP25-200 0.57 6 0.19 0.77 6 0.08 26 ,0.01
3E8 GP25-200 0.39 6 0.02 0.71 6 0.03 45 ,0.0001
3F7 GP25-200 0.56 6 0.19 0.84 6 0.07 33 ,0.001
4D10 GP25-200 0.76 6 0.07 0.84 6 0.06 10 ,0.05
4E11 GP25-200 0.69 6 0.05 1.04 6 0.07 34 ,0.0001
4F6 GP25-200 1.09 6 0.03 1.19 6 0.07 8 ,0.005
4H7 GP25-200 1.15 6 0.10 1.28 6 0.11 10 ,0.01
4H9 GP25-200 0.61 6 0.06 0.93 6 0.08 34 ,0.0001

1A9 P23 0.79 6 0.06 0.87 6 0.07 9 ,0.025
2G6 P23 0.72 6 0.05 1.26 6 0.07 43 ,0.0001
3C10 P23 0.68 6 0.03 0.84 6 0.06 19 ,0.0001
3D1 P23 0.61 6 0.05 0.70 6 0.04 13 ,0.0025
4C11 P23 0.81 6 0.06 0.97 6 0.03 16 ,0.0025
4E4 P23 0.94 6 0.08 1.29 6 0.14 27 ,0.0025
5B9 P23 0.68 6 0.04 0.78 6 0.06 13 ,0.001

a [(Isotype control MAb OD 2 test MAb OD) 4 isotype control MAb OD] 3
100.
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fere with binding of each other, additional binding inhibition
assays were performed. MAbs C4A1, C6B6, and 7D10 were
included for comparison. Significant inhibition was not ob-
served when 3E2, 3H2, and 1E10 were competed against each
other in all possible combinations of two based on comparison
of test OD values to that of each MAb competed against itself
(Table 4). These findings, together with different reactivity
patterns in Western blots (Fig. 2), are consistent with recog-
nition of a distinct epitope by each MAb. Binding inhibition
data for 3E2 and 3H2 are also consistent with the observation
that while both MAbs recognize a carbohydrate-dependent
epitope on CSL, only 3E2 elicited the CSP-like reaction. The
reaction was also observed after sporozoite incubation with all
formulations of two or three MAbs containing 3E2 and was
qualitatively augmented by the combination of MAbs 3E2 and
3H2. While C4A1 and 3H2 both bound to carbohydrate-de-
pendent epitopes and were indistinguishable in Western blots,
binding inhibition data indicated that the MAbs recognize dis-
tinct epitopes (Table 4). Partial inhibition of 1E10 binding by
C6B6 and 7D10 was observed (Table 4). Because 1E10, C6B6,
and 7D10 each recognize a peptide epitope and react with P23
and rC7 in immunoblots, binding inhibition data are consistent
with the possibility that 1E10 may recognize an epitope which
has similarities to or overlaps the distinct epitopes (31) recog-
nized by 7D10 and C6B6.

After identification of lead MAbs 3E2, 3H2, and 1E10, and
determination that they did not significantly inhibit binding of

each other to sporozoite antigen, three experiments were per-
formed for definitive efficacy evaluation (Table 5). Bioreactors
were used to scale up production of the MAbs for these ex-
periments and provided the means for efficiently obtaining
concentrated MAb in a relatively pure form. In experiment
one, MAbs were tested at a final concentration of 1.5 mg/ml
each, individually and in combinations. In this experiment, an
orally administered formulation containing MAbs 3E2, 3H2,
and 1E10 conferred highly significant additive efficacy over
that of individual component MAbs or of combinations of two
component MAbs 3E2 and 3H2 or 3E2 and 1E10 (Table 5).
Further, this formulation reduced intestinal infection levels by
86% in oocyst-challenged mice. While the level of protection
observed was highly significant (P , 0.0001), all mice in each
treatment group remained infected. Because antibody concen-
tration influences neutralization (33), the MAbs were tested at
higher concentrations in experiments two and three. In these
experiments MAbs were used at final concentrations (individ-
ually or in combinations) of 4.0 mg/ml for 3E2, 3.6 mg/ml for
3H2, and 3.3 mg/ml for 1E10. Based on the analysis of variance
of infection scores, there was a significant increase in efficacy of
individual MAbs 3E2 (P , 0.0001) and 3H2 (P , 0.0001) and
of combinations of two MAbs 3E2 and 3H2 (P , 0.0001) or
3E2 and 1E10 (P , 0.0001) when administered at higher con-
centrations (Table 5). Efficacy was also increased (P , 0.003)
in mice receiving the combination of all three MAbs in higher
concentrations in one experiment (experiment 2). In addition,
complete protection against infection was observed in 5 of 15
mice receiving individual MAb 3E2 (experiment 2), 4 (exper-
iment 2) to 6 (experiment 3) of 15 mice receiving MAbs 3E2
and 3H2 combined, 6 of 15 mice receiving MAbs 3E2 and 1E10
combined (experiment 2), and 6 of 15 mice receiving MAbs
3E2, 3H2, and 1E10 combined (experiment 2) at higher con-
centrations. Based on mean infection score comparisons, the
additive efficacy of the higher-concentration formulation of all
three MAbs over that of individual component MAb 1E10 or
3H2 (experiments 2 and 3) or combinations of two component
MAbs 3H2 and 1E10 (experiments 2 and 3) or 3E2 and 1E10

TABLE 3. Evaluation of aGP25-200 and aP23 formulation
candidate MAbs for inhibition of MAb 3E2 binding

MAb-1 Antigen
specificity

Epitope
compositiona

Binding of biotinylated
3E2 (MAb-2) (A405)b

3E2 CSL C 0.07 6 0.01

3H2 GP25-200 C 1.04 6 0.04
1B3 GP25-200 C 1.01 6 0.03
1C5 GP25-200 C 1.14 6 0.09
2F6 GP25-200 P 1.03 6 0.11
3D9 GP25-200 C 1.06 6 0.05
4D10 GP25-200 P 1.19 6 0.02
4E11 GP25-200 C 1.09 6 0.06
4H7 GP25-200 P 1.08 6 0.07
4H9 GP25-200 C 1.16 6 0.05

1E10 P23 P 1.00 6 0.02
4C11 P23 NDc 0.97 6 0.06
5B9 P23 ND 1.08 6 0.03

IgM isotype control 1.31 6 0.04
IgG1 isotype control 1.11 6 0.08

a P, peptide; C, carbohydrate or carbohydrate-dependent (based on suscepti-
bility to periodate and proteinase K).

b Means and standard deviations from six replicates.
c ND, not determined.

TABLE 2. Quantitative in vivo efficacy of individual aGP25-200,
aP23, and aCSL sporozoite-neutralizing MAbs against oocyst

challenge (30 times the MID50)

MAb/isotype Antigen
specificity

Infection score (mean
6 SD) %

Reduction
in infection

Pa

Test MAb
Isotype
control
MAb

3H2/IgM GP25-200 3.1 6 0.9 9.2 6 1.5 66 ,0.0001
1B3/IgG1 GP25-200 6.4 6 0.8 10.0 6 0.0 36 ,0.0001
1C5/IgM GP25-200 4.7 6 0.9 9.2 6 1.5 49 ,0.0001
2F6/IgG1 GP25-200 4.6 6 1.1 7.6 6 0.6 39 ,0.0001
3D9/IgG1 GP25-200 6.3 6 0.9 10.0 6 0.0 37 ,0.0001
3D11/IgG1 GP25-200 6.4 6 1.0 6.0 6 1.3 None NSDb

3F7/IgG1 GP25-200 6.3 6 1.4 6.0 6 1.3 None NSD
4D10/IgG1 GP25-200 5.5 6 1.3 7.6 6 0.6 28 ,0.0025
4E11/IgM GP25-200 5.8 6 1.1 8.1 6 0.9 28 ,0.0001
4H7/IgM GP25-200 4.8 6 1.0 7.6 6 0.6 37 ,0.0001
4H9/IgG1 GP25-200 4.7 6 1.6 10.0 6 0.0 53 ,0.0001

1E10/IgG1 P23 4.7 6 0.8 6.0 6 1.3 22 ,0.025
1A9/IgG3 P23 7.5 6 0.8 6.0 6 1.3 None NSD
2G6/IgMc P23 5.8 6 1.3 9.2 6 1.5 37 ,0.001
3C10/IgM P23 6.6 6 0.9 6.9 6 1.2 4 NSD
3D1/IgM P23 7.5 6 1.4 7.8 6 1.2 4 NSD
4C11/IgM P23 5.6 6 0.9 6.9 6 1.2 19 ,0.025
4E4/IgG1 P23 5.8 6 1.3 6.0 6 1.3 3 NSD
5B9/IgM P23 5.7 6 0.8 6.9 6 1.2 17 ,0.05

3E2/IgM CSL 3.4 6 1.9 7.7 6 1.4 56 ,0.0001
2B4/IgM CSL 4.1 6 1.0 7.7 6 1.4 47 ,0.0001
3A11/IgM CSL 4.8 6 1.2 7.7 6 1.4 38 ,0.0001
3A12/IgM CSL 4.3 6 0.9 7.7 6 1.4 44 ,0.0001
3B12/IgM CSL 4.9 6 1.2 7.7 6 1.4 36 ,0.0001
3E6/IgM CSL 3.7 6 1.1 7.7 6 1.4 52 ,0.0001

a Significance conclusions were verified in replicate experiments.
b NSD, no significant difference.
c The hybridoma cell line was lost to instability.

2612 SCHAEFER ET AL. INFECT. IMMUN.



(experiment 3) was similar to that observed when the MAbs
were used at lower concentrations (experiment 1). However, in
experiment two there was no statistically significant difference
in the efficacy of the higher-concentration formulation contain-
ing all three MAbs over that of the combinations of MAbs 3H2
and 3E2 or 3E2 and 1E10, and in experiment three the efficacy
of the combination of MAbs 3H2 and 3E2 was significantly
greater than that of the combination of all three MAbs. Con-
sistently, only widely scattered C. parvum stages, generally lim-
ited to the ileum and colon, were observed in mice which
remained infected after treatment with higher-concentration
formulations of MAbs 3E2 and 3H2 or all three MAbs (exper-
iments 2 and 3). Similarly, only widely scattered C. parvum
stages, generally limited to the ileum, cecum, and colon, were
observed in mice which remained infected after treatment with
the higher-concentration formulation of MAbs 3E2 and 1E10
(experiments 2 and 3). In contrast, C. parvum stages were more
diffusely distributed in the jejunum, ileum, cecum, and colon in
infected mice treated with higher-concentration individual
MAbs or the combination of MAbs 3H2 and 1E10 (experi-
ments 2 and 3).

DISCUSSION

Passive oral immunization with specific antibody has been
validated as a means for protection against and treatment of a
variety of enteropathogens (6, 14, 18, 46, 47, 59). In the present
study, we hypothesized that the efficacy of passive antibody-
mediated immunization against cryptosporidiosis could be im-
proved by targeting distinct epitopes on defined zoite antigens
known to have a role in the infection process. Surface-exposed
pellicle antigens and internal apical complex antigens which
are exocytosed during attachment and invasion are accessible
to antibody, making such molecules viable targets for passive
immunization against Apicomplexan parasites (5, 9, 24, 28).
Therefore, affinity-purified CSL, GP25-200, and P23 were used
to produce an expanded panel of MAbs. The rationale for this
approach was to direct the immune response to biologically
relevant antigens and increase the probability of obtaining
neutralizing MAbs against multiple, distinct epitopes.

The heterogeneous, multiple-band reactivity patterns of
MAbs generated against GP25-200 can be best explained by
repetitive occurrence of a carbohydrate-dependent epitope or

TABLE 4. Recognition of distinct epitopes and lack of binding inhibition by lead formulation MAbs

MAb-1 Antigen
specificity

Epitope
compositiona

Binding of biotinylated MAb-2 (A405)b

3E2 1E10 3H2

3E2 CSL C 0.08 6 0.01 0.96 6 0.03 0.63 6 0.03
3H2 GP25-200 C 0.95 6 0.11 1.06 6 0.09 0.21 6 0.02
1E10 P23 P 0.96 6 0.06 0.31 6 0.08 0.94 6 0.05

C4A1 GP25-200 C 0.99 6 0.07 0.96 6 0.06 0.90 6 0.10
C6B6 P23 P 1.05 6 0.06 0.62 6 0.03 1.06 6 0.10
7D10 P23 P 0.96 6 0.06 0.43 6 0.02 1.01 6 0.05

IgM isotype control 1.04 6 0.12 1.01 6 0.02
IgG1 isotype control 1.13 6 0.14

a P, peptide; C, carbohydrate or carbohydrate-dependent (based on susceptibility to periodate and proteinase K).
b Means and standard deviations from six replicates.

TABLE 5. Additive in vivo efficacy of neutralizing MAb formulations against oocyst challenge (50 times the MID50)

MAb

Expt 1a Expt 2b Expt 3b

Infection score
(mean 6 SD)

No. infected/
no. inoculated

%
Reduction
in infection

Infection
score (mean

6 SD)

No. infected/
no. inoculated

%
Reduction
in infection

Infection score
(mean 6 SD)

No. infected/
no. inoculated

%
Reduction
in infection

Isotype controls 7.6 6 0.7 10/10 9.0 6 0.7 15/15 9.0 6 0.8 15/15

3E2 2.9 6 0.8c 11/11 62 0.7 6 0.5c 10/15 92 1.3 6 0.9c 15/15 85
3H2 5.6 6 0.9c 11/11 27 3.0 6 1.2c 15/15 66 2.2 6 0.9c 15/15 76
1E10 5.3 6 0.7c 11/11 31 4.5 6 0.6c 15/15 49 5.1 6 0.7c 15/15 43

3E2 1 3H2 2.0 6 0.9c,d 11/11 74 0.8 6 0.6c,e,f,g 11/15 91 0.6 6 0.5c,d,h,i 9/15 93
3E2 1 1E10 4.0 6 0.6c 11/11 47 0.7 6 0.6c,e,f,g 9/15 92 1.3 6 0.6c,e 15/15 85
3H2 1 1E10 NDj ND ND 4.0 6 0.9c,e 15/15 55 3.9 6 1.1c,e,f 15/15 57

3E2 1 3H2 1 1E10 1.1 6 0.3c,d,h 11/11 86 0.6 6 0.5c,e,f,g 9/15 93 1.0 6 0.0c,e,f,g,k 15/15 89

a MAb concentrations, 1.5 mg/ml each.
b MAb concentrations, 4.0 mg/ml (3E2), 3.6 mg/ml (3H2), 3.3 mg/ml (1E10), and 4.0 mg/ml each (isotype control MAbs).
c P , 0.0001 compared to isotype control MAb-treated group.
d P , 0.005 compared to all individual MAbs.
e P , 0.0001 compared to individual MAb 1E10.
f P , 0.001 compared to individual MAb 3H2.
g P , 0.0001 compared to formulation of MAbs 3H2 and 1E10.
h P , 0.005 compared to formulations of two MAbs.
i P , 0.0025 compared to formulation of three MAbs.
j ND, not determined.
k P , 0.025 compared to formulation of MAbs 3E2 and 1E10.
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conserved peptide epitope on multiple glycoprotein species.
While the lower-Mr antigens recognized by these MAbs could
be proteolytic degradation fragments of higher-Mr antigens,
this is unlikely because antigen was prepared at 4°C in the
presence of broad-spectrum protease inhibitors. Alternatively,
the higher-Mr antigens could be precursors of the lower-Mr
antigens, or the lower-Mr antigens could be subunits of a
high-Mr multimeric protein. Results of nonreducing SDS-
PAGE and Western blotting suggest that the latter explanation
accounts, in part, for the reactivity pattern of MAb C4A1 (42).
Additional studies will be required to further define the rela-
tionship between the antigens comprising GP25-200 and CSL.
Recognition of carbohydrate-dependent epitopes by many
aGP25-200 MAbs was not unexpected, based on the glycosy-
lated state reported for C. parvum sporozoite apical and sur-
face proteins (20, 35, 48, 49) and observations that glycocon-
jugates are important targets of the humoral immune response
against C. parvum (17, 19, 34, 35, 37, 38, 39, 49, 57). Recogni-
tion of peptide epitopes by all 14 Western blot-reactive aP23
MAbs is consistent with the reported presence of a single
N-glycosylation site in P23 (31). The nonreactivity of 10 MAbs
generated against P23 in Western blots suggests recognition of
conformation-dependent epitopes.

Testing of the MAb panel resulted in the identification of a
subset of nine aGP25-200 and four aP23 MAbs which individ-
ually protected mice from oocyst challenge (30 times the
MID50). The neonatal mouse model is a more stringent assay
for neutralizing activity than the ELISA (35). Therefore, the
inability of some MAbs which neutralized sporozoites in vitro
to reduce infection in vivo was expected. However, for MAbs
which significantly reduced infection in both assays, the obser-
vation that neutralizing activity in ELISA was often lower than
that in mice for a given MAb was unexpected. For example,
aGP25-200 MAb 3H2 reduced infection by only 8% in the
ELISA based on mean OD values. However, 3H2 reduced
infection by up to 76% in neonatal mice based on mean infec-
tion scores. It is possible that exoantigens such as CSL (19, 39)
and P23 (3, 10) which are released from zoites and specifically
attach to host cells could be detected and be indistinguishable
from intracellular stages based on OD values in ELISA. If so,
the apparent in vitro neutralizing activity of MAbs which rec-
ognize such antigens could be less than the actual neutralizing
activity. It is also possible that differences in neutralizing ac-
tivity for a given MAb in ELISA and in mice are related to the
different end points for each assay. Infection levels were eval-
uated at 48 h p.i. in the ELISA, prior to exponential amplifi-
cation of parasite stages and completion of the life cycle that
would occur in the absence of treatment (13). Infection levels
were evaluated at 92 to 94 h p.i. in mice, a time point which is
approximately 24 h beyond that required for completion of the
life cycle (13). Therefore, the relative percent reduction of
infection by neutralizing MAb might be lower at 48 h p.i. in vitro
than at 92 to 94 h p.i. in vivo because infection levels are lower
at 48 h p.i. in the absence of treatment. Studies to investigate
these and other possible explanations are in progress.

Quantitative in vivo efficacy data for individual aGP25-200
and aP23 MAbs allowed them to be ranked for definitive
testing with aCSL MAb 3E2. A formulation targeting distinct
epitopes on CSL, GP25-200, and P23, and providing the great-
est efficacy against a substantial oocyst challenge (50 times the
MID50) was then identified. This formulation, consisting of
MAbs 3E2, 3H2, and 1E10, demonstrated additive neutralizing
ability when compared to individual component MAbs or com-
binations of two component MAbs. When the MAbs were used
at higher concentrations, efficacy was significantly increased
based on reduction of infection and the finding that complete

protection was achieved in some mice treated with 3E2 alone
and all formulations containing 3E2. These observations un-
derscore the profound activity of 3E2 and the influence of
MAb concentration on the kinetics of neutralization (33, 39).
Interestingly, at higher concentrations, the combination of
MAbs 3E2 and 3H2 provided protection levels which were
similar (experiment 2) or significantly better (experiment 3)
than that provided by the combination of MAbs 3E2, 3H2, and
1E10. Additional studies will be required to explain these un-
expected observations. In any case, a compelling rationale for
the use of MAb formulations targeting up to three distinct
antigens rather than single MAbs is evident when considering
the extended-course treatment regimens which are likely to be
required for control of infection in immunodeficient hosts (8,
27, 35, 36, 51, 52, 53, 57). If antigenic variation within or
between C. parvum isolates occurs, targeting multiple epitopes
with therapeutic MAbs may reduce the potential for selection
and emergence of variant C. parvum subpopulations. Experi-
ments are in progress to evaluate the efficacy of 3E2, 3H2, and
1E10 in extended-course therapy against persistent infection in
an adult SCID mouse model.

Knowledge of the specific mechanisms by which MAbs me-
diate neutralization would add to the presently limited infor-
mation base on the immunobiology and molecular pathogen-
esis of cryptosporidiosis and might provide insight into novel
control strategies (8, 35, 57). Therefore, we recently deter-
mined that MAb 3E2 neutralizes infectivity by binding to a
sporozoite ligand contained in CSL, after which attachment is
inhibited (19). While the mechanism of neutralization by MAb
3H2 has not yet been defined, its recognition of apical complex
antigens, including CSL, and the surface pellicle of zoites sug-
gests that it may target the attachment and/or invasion pro-
cesses as well. The mechanism of neutralization by aP23 MAb
1E10 may involve interference with zoite locomotion, because
P23 is deposited during gliding motility required in the inva-
sion process (3, 10, 23). This type of sporozoan motility is
characterized by attachment of zoite surface molecules to a
substratum, posterior translocation, and forward locomotion
(44, 45). MAb 1E10 recognized both native P23 and rC7, a
recombinant polypeptide containing the 101 C-terminal amino
acids of P23 (31, 32). While aP23 neutralizing MAbs C6B6 and
7D10 were identified in previous studies and each recognizes a
distinct epitope on rC7 (1, 23, 31, 32), 1E10 was selected in the
present study because of its greater efficacy in vivo. Interest-
ingly, binding inhibition data suggest that 1E10 may recognize
an epitope which is similar to or overlapping the epitopes
recognized by C6B6 and 7D10. It will be of interest to defin-
itively map the epitope recognized by 1E10 and determine its
relationship to the epitopes defined by C6B6 and 7D10. The
biological relevance of P23 and its expression of functional
epitopes is further supported by the observation that immune
bovine colostrum prepared against rC7 reduced oocyst shed-
ding by 99.8% and prevented diarrhea when orally adminis-
tered to oocyst-challenged calves (32).

In summary, neutralizing MAbs against distinct epitopes on
the target antigens CSL, GP25-200, and P23 were produced
and characterized in the present study. Formulations contain-
ing the most efficacious MAbs provided highly significant pro-
tection and validated the concept of additive neutralization
through targeting distinct epitopes expressed by both infective
stages. Further, the results confirmed that MAb-mediated neu-
tralization of C. parvum can occur in the gastrointestinal lumen
during the brief period of time (13, 21) that zoites are extra-
cellular. It is difficult to accurately compare the efficacy data
reported here to those in previous studies for other a-C. par-
vum MAbs (1, 10, 33, 49) or polyclonal antibodies (11, 12, 33)
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in oocyst-inoculated neonatal mice because of differences in
experimental designs. However, some comparisons can be
made with similarly designed studies using a lower challenge
dose of oocysts (104; 10 times the MID50) to evaluate efficacy
of the MAbs originally used to define P23 and GP25-200 (31,
42). In these studies, infection levels in ileum, cecum, and
colon at 92 to 94 h p.i. were reduced 29 to 36% by MAb C6B6
(31), 18 to 33% by MAb 7D10 (31), 27 to 44% by the combi-
nation of MAbs C6B6 and 7D10 (31), and 25% by the combi-
nation of MAbs C6B6 and C4A1 (42). While each treatment
significantly reduced infection, all mice in each group re-
mained infected. Therefore, in the present study, complete
protection in 40% of the treated mice and an overall 93%
reduction in intestinal infection by the combinations of MAbs
3E2 and 3H2 or 3E2, 3H2, and 1E10 after challenge with 5 3
104 oocysts (50 times the MID50) indicate highly substantial
efficacy. The results support the hypothesis that polyvalent
formulations of high-activity neutralizing MAbs targeting func-
tionally defined C. parvum antigens may provide optimal pas-
sive immunization against cryptosporidiosis.
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