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At present no completely effective treatments are available for Cryptosporidium parvum infections in humans
and livestock. Based on previous data showing the neutralizing potential of a panel of monoclonal antibodies
developed against C. parvum, and based on the fact that innate immune peptides and enzymes have anticryp-
tosporidial activity, we engineered several of these antibodies into antibody-biocide fusion proteins. We
hypothesized that the combination of high-affinity antibody targeting with innate immune molecule-mediated
killing would result in a highly effective new antiprotozoal agent. To test this hypothesis, we expressed
antibody-biocide fusion proteins in a mammalian cell culture system and used the resulting products for in
vitro and in vivo efficacy experiments. Antibody-biocide fusion proteins efficiently bound to, and destroyed, C.
parvum sporozoites in vitro through a membrane-disruptive mechanism. When antibody-biocide fusion proteins
were administered orally to neonatal mice in a prophylactic model of cryptosporidiosis, the induction of
infection was reduced by as much as 81% in the mucosal epithelium of the gut, as determined on the basis of
histopathological scoring of infectious stages. Several versions of antibody fusion proteins that differed in
antigen specificity and in the biocide used had strong inhibitory effects on the initiation of infection. The results

lay the groundwork for the development of a new class of antimicrobials effective against Cryptosporidium.

Cryptosporidium parvum is a zoonotic apicomplexan parasite
that primarily infects cattle (10). C. parvum causes an econom-
ically important diarrheal disease in calves and other livestock,
especially in the first few weeks of life (8). At least two species
of Cryptosporidium commonly infect humans: C. parvum (pre-
viously known as C. parvum type 2) and the human-specific
species Cryptosporidium hominis (previously known as C. par-
vum type 1) (34). In otherwise healthy human hosts, the diar-
rhea produced by cryptosporidiosis is rarely fatal, but deaths
may occur in immunocompromised individuals (6, 13, 17, 29).
In tropical countries, diarrhea resulting from infection with
Cryptosporidium spp. may result in chronically impaired child-
hood development (9, 14).

No consistently or completely effective therapeutic drugs
exist for cryptosporidiosis in humans or livestock. Currently,
management depends on supportive therapy and good hygiene
(28). Nitazoxanide has been approved for use in humans, but
Cryptosporidium lacks the specific enzyme target for this drug,
and results are mixed (36). Recent trials of nitazoxanide in
calves for the prevention or treatment of cryptosporidiosis
have likewise proved disappointing, with no clinical or parasi-
tologic efficacy observed (26). New approaches to therapy for
cryptosporidiosis are therefore urgently needed (32).

Riggs et al. developed monoclonal antibody (MAb) 3E2,
which binds to the circumsporozoite-like antigen (CSL), and
showed that it could partially neutralize Cryptosporidium par-
vum in mice (24) and calves (19), albeit at pharmacologically
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high dosages. Nevertheless, the high cost of production of this
antibody from the hybridoma renders its use in the field im-
practicable. Schaefer et al. then developed a library of mono-
clonal antibodies against functionally defined C. parvum sporo-
zoite antigens and showed some to be effective at reducing
infection in mice (25). A formulation of MAbs targeting three
different neutralization-sensitive antigens provided significant
additive efficacy over those of the individual MAbs, or combi-
nations of two MAbs, when administered orally to mice.

Several workers have shown that antimicrobial peptides and
certain enzymes are active against apicomplexan parasites (1,
11, 16, 30, 31, 35). In general, high doses were needed to effect
neutralization. In a prior study, we explored the effects of a
number of antimicrobial peptides and enzymes on the viability
of C. parvum in vitro (7).

Based on these demonstrated effects of peptides and anti-
bodies against parasites, we hypothesized that by using the
high-affinity binding of antibodies, we could target antimicro-
bial peptides and enzymes (collectively termed “biocides” be-
low) for delivery at the protozoal surface. We reasoned that
this precision targeting would reduce the dosage needed and
therefore would also reduce cost and potential host toxicity.

To do this, we needed to construct fusion proteins, compris-
ing the variable and constant regions of antibodies that specif-
ically bind to C. parvum fused to selected peptide biocides, in
such a way that the functions of both parts were retained. We
used the previously developed library of hybridomas as a
source of immunoglobulin variable regions directed to a vari-
ety of epitopes on C. parvum sporozoites, and we selected
antimicrobial peptides/enzymes as sources of biocides (7). By
using genetic engineering to combine these elements, and a
retrovector gene transfer system, we were able to express func-
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TABLE 1. Characteristics of monoclonal antibodies and derived recombinant fusion proteins specific
for three different epitopes on C. parvum®

Antibody Epitope specificity

Hybridoma isotype

Fusion protein component
Molecular mass

MAb . kDa)”
(recombinant isotype) Peptide Enzyme (Kb2)
4H9 C. parvum sporozoites, GP25-500 IeG1 IgG1 LL37 158
1gG1 sPLA2 Ila 177
1gG1 147
1gG2b LL37 160
3E2 C. parvum sporozoites, CSL IeM IgM monomer LL37 190
IgM halfmer LL37 95
1gG1 147
IgG1 LL37 158
N/A® 970
18.44 C. parvum sporozoites, CPS-500 1gG3 I1gG1 LL37 158
1gG1 sPLA2 Ila 177
N/A 147
166 L. monocytogenes cell wall 1gG2b 1gG2b LL37 159
1gG2b sPLA2 Ila 178
1gG2b 148

“ All light chains are of the kappa isotype.

? Molecular mass of the immunoglobulin alone or of the fusion protein compromising the immunoglobulin plus the peptide or enzyme.
¢ N/A, the monoclonal antibody was used in its native hybridoma-derived form as a control.

tional fusion proteins at high yields in mammalian cell culture.
In addition, we modified the isotype and configuration of se-
lected immunoglobulin molecules so as to change size and
functionality. We then tested these fusion proteins for their
efficacies in killing C. parvum in vitro and in reducing infection
in neonatal mice that were concurrently challenged with C.
parvum oocysts. Using a mouse model, this study demonstrates
that significantly greater neutralization of C. parvum can be
obtained by use of the fusion proteins than by use of an anti-
body or a biocide alone, thus offering a promising alternative
approach to the control of C. parvum.

MATERIALS AND METHODS

Hybridomas. Three hybridomas producing antibodies directed to different
neutralization-sensitive antigens on Cryptosporidium parvum have been created
previously (21, 22, 24, 25) (Table 1).

Since MAb 3E2 has been shown previously to have significant neutralizing
efficacy against C. parvum infection in neonatal mice (24) and calves (19), we
included it here as a positive control. As an isotype control antibody, we used
MADb 166 (a kind gift from K. Ziegler, Emory University, Atlanta, GA), directed
to Listeria monocytogenes (37). Hybridoma-derived MAb 166 and recombinant
MAD 166 do not bind to C. parvum sporozoites, as determined by an immuno-
fluorescence assay (IFA) (data not shown).

Assembly of genetic constructs. Total RNA was isolated from hybridoma cells
(RNeasy kit; Qiagen, Inc., Valencia, CA) and reverse transcribed into cDNA
using oligo(dT) primers (AffinityScript cDNA synthesis kit; Stratagene, La Jolla,
CA). Immunoglobulin variable-region genes were amplified from cDNA using
degenerate upper primers semispecific for the signal peptide region combined
with lower primers specific for the constant region (Novagen Ig-primer set; EMD
Biosciences, San Diego, CA), and the PCR products obtained were cloned
(Strataclone PCR cloning kit; Stratagene, La Jolla, CA). Multiple clones derived
from the same PCR product were sequenced to test for PCR-derived mutations
and the correct reading frame using Lasergene (DNAStar, Inc., Madison, WI)
and were compared with sequences in GenBank to confirm that they were of
mouse immunoglobulin origin. Immunoglobulin gene constant regions were ex-
tracted from hybridoma cDNA using primers (oligonucleotides obtained from
Integrated DNA Technologies, Coralville, IA) to the known constant sequence
of the murine IgG1 or IgG2b isotype. The (G,S); linker, including flanking
regions compatible with the heavy-chain sequence at the 5’ end and with the
biocide sequence at the 3’ end, was synthesized by Blue Heron Biotechnology
(Bothell, WA). The gene for human phospholipase A2 (PLA2) group IIA was
obtained from the ATCC gene collection (MGC-14516). The coding region for

LL37, the active portion of human cathelicidin hCAP-18, was assembled by PCR
amplification of three long overlapping oligomers that were based on GenBank
accession no. NM_004345. The RNA export and stabilization element (RESE) is
based on the woodchuck hepatitis virus RNA export element and enhances RNA
export from the nucleus in the absence of RNA splicing (38).

To engineer the various IgM-based constructs, we first isolated the variable
and constant regions from the 3E2 hybridoma cell line as described above and
constructed a full-size IgM molecule for testing purposes. In the absence of the
J chain, IgM spontaneously forms hexamers, which we confirmed by size analysis
using polyacrylamide gel electrophoresis (PAGE). Once we confirmed the bind-
ing of the 3E2 hexamer to sporozoites by an IFA (described below), the 3E2
sequences were used to construct monomeric and halfmeric fusion proteins. The
fusion proteins were constructed by eliminating two or three of the interchain
disulfide bonds in the IgM heavy-chain genes. This was done as described by
Wiersma and Shulman (33), by using site-directed mutagenesis PCR to introduce
the requisite cysteine-to-serine codon changes into the nucleotide sequence:
C337S, C414S, and C575S to make halfmers and C414S and C475S to make
monomers.

All elements were assembled in a series of overlap PCRs, and the final product
containing flanking restriction endonuclease sites was cloned into a murine
leukemia virus (MLV)-based replication-incompetent retroviral expression sys-
tem (Pantropic retroviral vector system; Clontech, Mountain View, CA) modi-
fied to include the simian cytomegalovirus (CMV) promoter (GenBank acces-
sion no. U38308) (Fig. 1). Due to the very high rates of gene transfer into
mammalian host cells achieved with the retroviral system, the Neo" gene, used
for selection, is not essential and was removed from the retrovector backbone.

To confirm the production of correctly assembled recombinant antibody-bio-
cide fusion products, PAGE was performed under both reducing and nonreduc-
ing conditions, followed by Western blotting using an affinity-purified goat anti-
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FIG. 1. Genetic constructs for making antibody fusions using the
MLV-based retroviral vector. (A) Retroviral construct used to encode
the antibody heavy chain fused to an antimicrobial. (B) Retroviral
construct used to encode the antibody light chain. LTR, long terminal
repeat; EPR, extended packaging region; sCMV, simian cytomegalo-
virus promoter; SP, signal peptide; Vy, heavy-chain variable region;
V,, light-chain variable region; Cy, heavy-chain constant region; C;,
light-chain constant region; RESE, RNA export and stabilization ele-
ment; (G4S);, glycine-serine linker; Bioc, biocide.
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mouse IgG antibody or an anti-mouse IgM antibody (Bethyl Laboratories,
Montgomery, TX).

Expression in cell culture. The retroviral construct containing the gene of
interest was cotransfected with a plasmid containing the gene for vesicular
stomatitis virus glycoprotein into GP2-293 packaging cells (Pantropic retroviral
expression system; Clontech, Mountain View, CA) to produce infectious repli-
cation-incompetent pseudotyped retrovector particles. These were harvested by
centrifugation (75,000 X g) and resuspended for 2 h; then they were used to
transduce CHO cells. The vector was removed and replaced with fresh SFM4
medium (HyClone, Logan, UT) after 16 h. Ten to 12 days after transduction, cell
pools were analyzed by an enzyme-linked immunosorbent assay (ELISA) for the
detection of recombinant products using heavy-chain capture and light-chain
signal generation (Bethyl Laboratories, Montgomery, TX). Upon confirmation
of the presence of correctly assembled immunoglobulins, individual cells were
isolated in 96-well plates by limiting dilution. After 12 days, supernatants were
reanalyzed, and the highest-producing clones were selected and expanded. Re-
combinant products were produced in standard tissue culture flasks or 500-ml
Erlenmeyer flasks with agitation. Typically, cultures were harvested after 8 to 10
days of incubation; cells were removed by double centrifugation (400 X g for 10
min; 6,000 X g for 10 min); and supernatants were analyzed to determine the
product concentration using ELISA codetection of immunoglobulin heavy and
light chains. The recombinant products or hybridoma-derived MAbs used for
these studies were prepared either from unprocessed cell culture supernatants or
from supernatants concentrated as much as 3-fold using Amicon Centricon
Plus-20 centrifugal filtration devices (Millipore, Billerica, MA) to provide equal
protein concentrations.

The recombinant products expressed are referred to in this paper by the
variable-region source-recombinant isotype-biocide (for instance, 4H9-G1-
LL37 [where G1 stands for IgG1]). Recombinant products lacking a fused bio-
cide are referred to by the variable-region source-recombinant isotype (for
instance, 4H9-G1). Hybridoma-derived MAbs are referred to by the hybridoma
name followed by “MADb” (for instance, the 3E2 MADb).

Cryptosporidium parvum oocyst source. The C. parvum Iowa isolate (12) has
been maintained since 1988 by propagation in newborn Cryptosporidium-free
Holstein bull calves (21, 23), which were the source of oocysts for all experi-
ments. Oocysts were isolated from calf feces by sucrose density gradient centri-
fugation and were stored in 2.5% KCr,0 (4°C) (2, 23). For challenge of neo-
natal mice, oocysts were used within 30 days of isolation and were disinfected
with 1% peracetic acid immediately prior to administration (20). To obtain
isolated sporozoites for use in vitro, oocysts were first treated with hypochlorite
prior to excystation (37°C, 0.15% [wt/vol] taurocholate, 1 h); then they were
passed through a sterile polycarbonate filter (pore size, 2.0 wm; Poretics, Liver-
more, CA), and used immediately (23, 25). Oocyst excystation was determined
immediately prior to mouse administration, or was determined in order to obtain
isolated sporozoites, and always exceeded 90%.

Assays for binding of recombinant products to sporozoites and in vitro as-
sessment of viability. For inmunofluorescence assays to assess binding, excysted
sporozoites were aliquoted onto Teflon-coated multiwell glass slides, air dried,
and gently heat fixed. Individual wells were incubated (30 min, 37°C) with either
concentration-matched recombinant fusion products, a recombinant antibody,
an isotype-matched control MAD of irrelevant specificity, or a CHO cell super-
natant control; then they were washed with phosphate-buffered saline (PBS),
incubated with fluorescein-conjugated, affinity-purified goat anti-mouse IgM/
IgG/IgA (Kirkegaard & Perry, Gaithersburg, MD), washed, and finally examined
by epifluorescence microscopy.

To quantify the parasiticidal activities of recombinant products, sporozoite
viability after in vitro incubation with individual products was assessed using
fluorescein diacetate (FDA) and propidium iodide (PT) as previously described
(3, 7). In brief, freshly excysted sporozoites were incubated (15 min, 37°C) in
CHO medium containing individual recombinant products (50 pwg/ml) or in spent
CHO cell medium. Heat-killed (20 s, 100°C) sporozoites were used as an internal
control. FDA (final concentration, 8 wg/ml) and PI (final concentration, 3 pg/ml)
were added to the sporozoite preparations, which were incubated further (30
min, 21°C) and then examined in fluid-phase wet mounts by epifluorescence
microscopy. A minimum of 100 sporozoites were counted for each preparation to
determine the percentage of reduction in viability, calculated as [(mean viability
of CHO medium-treated sporozoites — mean viability of recombinant-product-
treated sporozoites)/mean viability of CHO medium-treated sporozoites] X 100.
The mean values for test and control preparations were examined for significant
differences using JMP software and analysis of variance (ANOVA) (SAS, Cary,
NO).

Evaluation of recombinant products for efficacy in vivo. Groups of 10 8-day-
old specific-pathogen-free (SPF) ICR mice were administered, by gastric intu-
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bation, 5 X 10* oocysts (50 times the 50% mouse infective dose [MIDs]) (23)
concurrently with recombinant antibody fusion proteins or combinations of in-
dividual MAbs and biocides (100 pl; concentration range, 10 to 100 pg/ml). At
3 h and every 12 h thereafter, mice received additional treatments (100 pl;
concentration range, 10 to 100 pg/ml) by gastric intubation for a total of nine
treatments. Cimetidine (10 mg/kg of body weight) was included with all treat-
ments. Groups of 10 8-day-old control mice were treated identically with a CHO
cell culture supernatant or the recombinant antibody alone. After euthanasia at
92 to 94 h postinfection (p.i.), the jejunum, ileum, cecum, and colon were
collected, coded, and examined histologically by the same investigator, without
knowledge of the treatment group, for C. parvum stages in the mucosal epithe-
lium. Scores of 0 (no infection), 1 (<33% of the mucosa infected), 2 (33 to 66%
of the mucosa infected), or 3 (>66% of the mucosa infected) were assigned to
longitudinal sections representing the entire length of (i) the terminal jejunum,
(ii) the ileum, (iii) the cecum, and (iv) the colon; then these scores were summed
to obtain an infection score (0 to 12) for each mouse (21, 24). The percentage of
reduction of infection was calculated as (mean infection score with the control —
mean infection score with the product)/mean infection score with the control X
100. The control treatment in all in vivo experiments was the CHO cell culture
supernatant.

Experimental results were analyzed in JMP, version 8 (SAS Institute, Cary,
NC), by ANOVA. Differences between means were tested with a Tukey-Kramer
honestly significant difference (HSD) test, with an alpha value of 0.05 indicating
significance.

All mice were maintained in biosafety level 2 (BSL-2) biocontainment at the
University of Arizona and in accordance with the PHS Guide for the Care and Use
of Laboratory Animals (14a).

Nucleotide sequence accession numbers. Sequences coding for the variable
regions of MAbs 18.44, 4H9, and 3E2 have been deposited in GenBank under
accession numbers GU126674 to GU126679.

RESULTS

Production of recombinant antibodies and antibody-biocide
fusions. Recombinant fusion proteins comprising monoclonal
antibodies and biocides were assembled using the basic retro-
viral constructs shown in Fig. 1. The use of the retroviral
system allowed us to generate stable cell lines for all the re-
combinant products shown in Table 1 in a short time. Cell
supernatant-containing products were tested in the in vitro
assay and the neonatal mouse model. All products showed the
expected sizes on Western blots for either heavy chains
alone, heavy-chain-biocide fusion proteins, or kappa light
chains (data not shown). The binding specificities of the
recombinant 4H9-, 3E2-, and 18.44-derived products for C.
parvum sporozoites, and the lack of binding of recombinant
166-derived products, were confirmed by immunofluores-
cence assays (data not shown). Table 1 shows the recombi-
nant products and control antibodies tested in this study.
These products were generated consecutively. To conserve
resources and prevent redundancy, not every possible com-
bination of isotype and biocide was produced a priori;
rather, the decisions as to which combinations to produce
were based on data obtained from prior fusions.

Direct effects of antibody-biocide fusion proteins on sporo-
zoite viability. An in vitro viability assay was performed using
different versions of antibody-biocide fusion proteins compris-
ing antibodies with 3E2 (anti-CSL), 4H9 (anti-GP25-200), and
18.44 (anti-CPS-500) specificities plus the LL37 or PLA2 bio-
cide (Fig. 2). This assessment showed that antibody-biocide
fusion proteins targeting any one of these three antigens on the
sporozoite surface mediate significantly higher efficacy at kill-
ing sporozoites in vitro than their stand-alone antibody coun-
terparts. Since the IgM-based fusion protein 3E2-M-LL37,
which adopts a hexamer configuration, presented technical
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FIG. 2. In vitro killing of C. parvum sporozoites by fusion proteins, monoclonal antibodies, and combinations of antibody and biocide.
Sporozoites were excysted and tested for viability (>98%) before being exposed to different compounds for 30 min at 37°C in PBS buffer.
Sporozoite viability or death was determined by fluorescein diacetate or propidium iodide staining, respectively, and data were collected by
epifluorescence microscopy. (A) Each component was used at 50 pg/ml except for 3E2-G1-LL37 (1.5 wg/ml). (B) Each component was used at
25 pg/ml. PLA2 and LL37 were used at equimolar concentrations. CHO SN, spent CHO cell medium; Untreated, untreated sporozoites in PBS.
“MAD” indicates the use of a native hybridoma-derived antibody as a control. Means * standard errors of the means and results of ANOVA for

triplicate wells are shown. Bars not followed by the same letter are significantly different (alpha = 0.05).

difficulties for expression and purification, we designed smaller
versions comprising an IgM monomer (two heavy chains plus
two light chains) or an IgM halfmer (one heavy chain plus one
light chain) fused to LL37. The 3E2-based fusions showed
significantly higher efficacy at killing sporozoites in vitro than
the hybridoma-derived 3E2 MAD (Fig. 2A).

Moreover, we also wanted to test if an isotype switch from
IgM to IgG1 would maintain or enhance the efficacy of the 3E2
fusions. Surprisingly, the 3E2-G1-LL37 fusion showed out-
standing efficacy in vitro. Unfortunately, this construct was not
expressed well as a recombinant molecule, and we were unable
to produce quantities sufficient to perform in vivo testing. We
subjected 4H9-G1-LL37 to long-term storage at 4°C over a
period of 3 months in order to evaluate stability. Storage re-
sulted in only a 2.6% loss of activity, indicating good stability
under refrigeration temperatures. The 4H9-G1-PLA2 fusion
was also tested in this series but did not show any direct effect
on the viability of C. parvum sporozoites in vitro (data not
shown).

Figure 2B shows the effects on sporozoite viability of the
18.44 MAD, alone and in combination with PLA2 or LL37,
compared to the corresponding 18.44 MAb-biocide fusions.
The 18.44-G3 MAD itself exhibited a low rate of sporozoite
killing, which increased slightly by simultaneous application of
the MADb with recombinant PLA?2 as individual, nonfused mol-
ecules. However, when 18.44 was expressed as IgG1 with PLA2
as a C-terminal fusion, the resulting 18.44-G1-PLA2 fusion
protein showed an approximately 3.5-fold increase in activity
over that of 18.44 and PLA2 tested in combination. The 51%
reduction in sporozoite viability achieved by 18.44-G1-PLA2 is
one of the strongest reductions we have detected in the in vitro
assay. The 18.44-G1-LL37 fusion protein exhibited lower ac-
tivity than the 18.44-G1-PLA2 fusion protein, indicating that a
given epitope on the surface of C. parvum may differ in its
suitability for mediating the targeted delivery of different bio-
cides. The outcome of this experiment provided the initial

indication that antibody-biocide fusions have a direct impact
on sporozoite survival in vitro, greater than that of the corre-
sponding stand-alone antibodies.

To evaluate morphological effects, sporozoites were exposed
to various fusion proteins for 30 min and were then analyzed by
immunofluorescence. Figure 3A shows a representative result
for sporozoites exposed to either the CHO cell supernatant,
monoclonal antibodies, or the 4H9-G1-PLA2 fusion protein,
none of which showed any direct killing activity. Figure 3B is
representative of the activities shown by all LL37 fusion pro-
teins tested. The observation of spherical shapes and the in-
creased number of dead cells are indicative of the degenerative
process associated with disturbance of the osmoregulatory sys-
tem in the sporozoite. The rates of killing of sporozoites by the
fusion proteins differed considerably depending on the com-
ponents used.

In anticipation of oral administration of the fusion protein
products, we examined the effect of pH on the stability of
4H9-G1-LL37. After incubation at various pHs (PBS at pH 2,
3, 4,5, or 7) at 37°C for 90 min, the fusion protein samples
were neutralized to pH 7 and tested in vitro for their direct
effects on sporozoite viability. There was no decrease in the
effectiveness of the fusion protein following low-pH treatment
(Fig. 4). Interestingly, the efficacy of 4H9-G1-LL37 almost
doubled after exposure to pH 2. Since our goal in this exper-
iment was simply to determine whether the pH values to which
the fusion proteins would be exposed during gastrointestinal
transit would be deleterious, the chemical mechanism for the
observed enhancement of activity upon exposure to low pHs is
the subject of ongoing studies.

Fusion proteins inhibit the initiation of C. parvum infection
in neonatal mice. Cell culture-derived supernatants containing
the recombinant fusion protein 4H9-G1-LL37, 4H9-G2b-
LL37, or 18.44-G1-PLA2 or the 3E2 MADb as a control were
orally administered to neonatal mice concomitantly with the
oocyst challenge. Increasing dosages of fusion proteins led to
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FIG. 3. Fluorescence photomicrographs showing the effects of various
fusion proteins and monoclonal antibody controls. (A) Representative
image of C. parvum sporozoites after a 30-min exposure to either PBS, the
CHO cell supernatant, 4H9-G1, 4H9-G2b, the 18.44 MADb, 4H9-Gl1-
PLA2, 3E2-G1, or the 3E2 MAD. (B) Representative image of C. parvum
sporozoites after a 30-min exposure to either 4H9-G2b-LL37, 4H9-G1-
LL37,3E2-G1-LL37, 3E2-Mhalf-LL37, or 3E2-Mmono-LL37. (C) C. par-
vum sporozoites after exposure to 18.44-G1-PLA2 for 30 min. (D) Heat-
killed sporozoites. Viability or cell death was determined by the addition
of fluorescein diacetate (green) (live cells) and propidium iodide (red)
(dead cells). Each component was used at 25 pg/ml.

greater prophylactic effects on infection, as determined by in-
testinal section scoring to quantify intracellular C. parvum
stages (Fig. 5). The dose-response patterns of 4H9 fusion pro-
teins in both the IgG1l and IgG2b formats were similar. A

CHO-SN pH 7
166-G2b-LL37 pH 7
4H9-G1-LL37 pH7
4H9-G1-LL37 pH5
4H9-G1-LL37 pH4
4H9-G1-LL37 pH3

4H9-G1-LL37 pH2

0 10 20 30 40 50
Killing (%)

FIG. 4. In vitro killing of C. parvum sporozoites with low-pH-treated
4H9-G1-LL37. The 4H9-G1-LL37 fusion protein was exposed to various
pH conditions for 90 min at 37°C before being neutralized to pH 7.
Sporozoites were then exposed to the fusion proteins for 30 min at 37°C,
followed by viability staining and microscopic analysis. Each bar repre-
sents a separate pH treatment for 4H9-G1-LL37. Neutral-pH-treated
fusion protein 166-G2b-LL37 and the CHO cell supernatant (SN) were
used as controls. Data are means = standard errors of the means.
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FIG. 5. Dose-dependent efficacies of different fusion proteins given
orally against C. parvum infection in neonatal mice. Groups of 10
neonatal mice were challenged with C. parvum and were treated twice
a day for 5 days with fusion proteins at either 1.5, 3.8, or 7.7 mg/kg/day.
Intracellular C. parvum stages in the gut epithelium were quantified by
microscopic analysis of gut longitudinal sections. As a positive control,
the hybridoma-derived 3E2 MAD was included at 462 mg/kg/day. Mice
treated with the CHO cell culture supernatant were considered 100%
infected. Data are means = standard errors of the means.

similar dose-response pattern was also observed with the
18.44-G1-PLA2 fusion protein. The efficacies of all three fu-
sion proteins leveled off as the dose was increased to 7.7 mg/
kg/day. The CHO cell supernatant (spent medium) controls
had no significant effect on infection levels (data not shown).
The positive control, the 3E2 MAb IgM pentamer, had to be
used at a dosage of 462 mg/kg/day to induce a 37% reduction
in the initiation of infection (lower dosages resulted in insig-
nificant reductions in the initiation of infection [data not
shown]). No adverse effects of the treatments were observed
based on clinical appearance, growth, and suckling response.
Further, no evidence of host toxicity was observed based on
histopathological evaluation of intestinal sections for morpho-
logical changes.

The data presented above clearly show that multiple recom-
binant fusion proteins differing either in their binding specific-
ity or in their biocide component can be highly efficacious at
reducing C. parvum infection in neonatal mice. Furthermore,
the 4H9 and 18.44 fusions have significantly greater neutraliz-
ing activity than the hybridoma antibody 3E2, which was used
as a comparator, showing efficacy at doses that are 60-fold
lower.

Antibody-biocide fusion proteins are more effective than the
sum of their parts at reducing the initiation of infection in the
neonatal mouse model. The in vitro data presented in Fig. 2B
showed that selected antibody-biocide fusion proteins are sig-
nificantly more effective at killing sporozoites than an equimo-
lar matched mixture of single antibody and single biocide mol-
ecules. To further extend these observations, we compared the
efficacy of an antibody plus a biocide administered as separate
molecules with that of a fusion protein consisting of the two
molecules against a C. parvum oocyst challenge in neonatal
mice. The effectiveness of the fusion molecules was signifi-
cantly greater than that of individual MAb and biocide com-
ponents given as separate molecules in equimolar amounts
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TABLE 2. Efficacies of fusion proteins compared to those of their components against infection in neonatal mice

Dose (mg/kg/day)

Treatment” No. of mice Mean infection score (SE”) % Infection reduction ANOVA result®
MADb/fusion Biocide
CHO supernatant NA4 NA 10 6.40 (0.34) 0 A,B
(negative control)

4H9-G1-LL37 9.7 9 1.67 (0.36) 74 D

4H9-G2b-LL37 8.0 9 1.22 (0.36) 81 D

4H9-G1-PLA2 13.5 9 1.67 (0.36) 74 D

4H9-G1 + LL37 9.7 0.2 10 4.90 (0.34) 23 B,C

4H9-G1 + rPLA2 13.5 1.0 9 4.44 (0.36) 31 C

3E2 MADb 46.5 9 5.44 (0.36) 15 A,B,C
465.0 10 1.50 (0.34) 77 D

“ Mice were inoculated with 5 X 10* purified oocysts by gastric intubation and were treated orally with recombinant and control products at 3 h and every 12 h
thereafter for a total of 9 treatments. The dose of each biocide given in combination (+) with an antibody was adjusted to be equimolar to that of the antibody.
Differences in treatment doses among different molecules were related to product availability and are of no relevance. rPLA2, recombinant PLA2.

b Using a pooled estimate of error variance.

¢ Treatments not connected by the same letter are significantly different (alpha = 0.05).

4 NA, not applicable.

(Table 2). The 4H9-biocide fusion molecules reduced intesti-
nal infection by 74 to 81%, whereas the reduction achieved
with a combination of 4H9-G1 plus PLA2 was 31%, and that
with 4H9-G1 plus LL37 was 23%. The 4H9-G1-LL37, 4H9-
G2b-LL37, and 4H9-G1-PLA2 fusion proteins were approxi-
mately equivalent in efficacy.

Antibody-biocide fusion proteins directed to different epitopes
have a synergistic effect. Various fusion proteins were created
using the variable region of anti-CSL MAb 3E2 (Table 1). The
effects of fusion proteins consisting of the 3E2 IgM monomer
or the 3E2 IgM halfmer fused with LL37 were compared to
those of the 4HO9-biocide fusion molecules in the neonatal
mouse model. When the 3E2-IgM monomer-LL37 fusion pro-
tein was given to mice at a dose of 7.7 mg/kg/day, a significant
reduction in the initiation of infection over that with the con-
trol treatment was observed, demonstrating that the activity of
antibody fusion proteins in vivo can be mediated through dif-
ferent surface-exposed epitopes. This observation further
broadens the number of potential targets on the sporozoite
surface for fusion protein-mediated neutralization. The most
effective molecule of the series was the 3E2-IgM halfmer-LL37
fusion protein, which reduced infection by 82% at a relatively
low dose. We have previously observed that combinations of
MAbs targeting different neutralization-sensitive antigens can
provide significant additive efficacy over that of the individual
MAbs (25). Therefore, we next evaluated the effect of a com-
bined fusion protein treatment targeting two distinct epitopes.
When 4H9-G1-LL37 and 3E2-Mmono-LL37 were given to-
gether, each at half the dose used individually (3.8 mg/kg/day),
a significant increase in efficacy over that of 3E2-Mmono-LL37
used alone at the 7.7-mg/kg/day dose was observed, indicating
a synergistic effect (Table 3).

DISCUSSION

In an effort to address the urgent need for therapeutics
effective against Cryptosporidium parvum, we created a number
of recombinant antibody-peptide and antibody-enzyme fusion
proteins and evaluated their efficacies by both in vitro and in
vivo assays. These recombinant molecules were constructed
using genes derived from the hybridoma libraries developed by

Riggs et al. and Schaefer et al. (21, 24, 25) and genes for
human secretory phospholipase ITA and human cathelicidin
antimicrobial peptide LL37. By using a retroviral expression
system without the need for selectable markers, CHO produc-
tion cell lines were created for each antibody and antibody-
fusion protein tested. Overall, the expression levels of the
fusion proteins in the CHO system were comparable to those
of the monoclonal antibodies, indicating that these molecules
offer promise as novel therapeutic entities in that they can be
produced effectively in established expression systems. The
recombinant proteins were tested as concentrated cell culture
supernatants for their abilities to kill sporozoites in vitro and to
reduce the initiation of C. parvum infection in a neonatal
mouse model.

When sporozoites were exposed directly to recombinant an-
tibodies lacking a fused biocide, only a minimal effect on via-
bility was observed. In contrast, when the same recombinant
antibody was fused to LL37, a strong antisporozoite effect was
seen, leading to a rapid loss, within minutes, of osmotic equi-
librium and sporozoite viability. Similarly, a fusion protein
comprising 18.44-G1 and PLA2 showed significantly enhanced

TABLE 3. Testing of 3E2 IgM variants as single or combinatorial
treatments in the neonatal mouse model

Mean

Treatment® Dose infection % Infec_tion ANOVA
(mg/kg/day) - C (SE) reduction result®

CHO SN NA? 8.65 (0.28) 0 A
3E2-Gl 7.7 5.4 (0.28) 38 B
3E2-Mmono-LL37 7.7 4.5(0.28) 48 B,C, D
4H9-G1-LL37 7.7 3.7(0.28) 57 D, E
4H9-G1-LL37 + 38 +38 29(0.28) 66 E, F

3E2-Mmono-

LL37
3E2-Mhalf-LL37 2.5 1.6 (0.28) 82 F

“ Mice were inoculated with 5 X 10* purified oocysts and were treated orally
with a recombinant monoclonal antibody or antibody fusion protein at the dose
indicated. For combinatorial treatments, each fusion protein was used at half the
dose. SN, supernatant.

b Using a pooled estimate of error variance.

¢ Treatments not connected by same letter are significantly different (alpha =
0.05).

4 NA, not applicable.
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activity over 18.44-G1 and PLA2 used as separate molecules in
vitro.

Exposure of 4H9-G1-LL37 to a low pH did not reduce the
activity of the fusion protein; rather, it increased the antisporo-
zoite activity. A possible explanation may lie in the observation
of Johansson et al. (15), who have shown that at a low pH (pH
2 to 3), the LL37 “'uncoils,” which could potentially release
inhibiting components bound to it. The same workers also
showed that upon neutralization of the pH, the LL37 regains
its «-helical conformation. In other animal studies, now in
progress, we have observed that antibody-LL37 peptide fusion
proteins are resistant to degradation during passage through
the stomach and maintain binding specificity in the absence of
antacid treatment (data not shown), findings consistent with
the data presented in Fig. 4.

When administered orally to neonatal mice, coincident with
a C. parvum oocyst challenge, the fusion proteins showed dose-
dependent responses in their abilities to prophylactically re-
duce infection. The fusion products 4H9-G1-LL37, 4H9-G2b-
LL37, and 4H9-G1-PLA2 each had an effect equivalent to that
of the 3E2 MADb, but when given to mice at a 60-fold-lower
dosage than that of 3E2. Heretofore, the 3E2 MAD has been
considered the neutralizing monoclonal antibody standard for
comparison for passive immunization against C. parvum (24).
When selected antibodies and biocides are administered as
single molecules, each at a concentration equimolar to that of
the corresponding fusion protein, they have a significantly
lower neutralizing effect than the fusion protein. The binding
of the high-affinity antibody allows the delivery of a low, but
effective, dose of the antimicrobial peptide LL37 or the PLA2
enzyme to the parasite surface.

Overall, our in vivo mouse model data show a stronger effect
of antibody-biocide fusion proteins on C. parvum infection (up
to 82% prophylactic reduction of intestinal cell infection) than
the in vitro viability assay (up to 50% Kkilling of sporozoites).
Since this has been seen consistently in a large number of
experiments outside the scope of this paper, it is quite possible
that the measurement of “killing” by the in vitro assay under-
estimates the actual damage that the molecules have done to
the organism. It is possible that neutrophils, monocytes, and
macrophages are stimulated through interaction with the Fc
portion of the immunoglobulin and potentially by the LL37
peptide (5, 27) in immunologically sensitive locations such as
Peyer’s patches. Such interactions could lead to a more gen-
eralized immune stimulation that might beneficially impact the
clearance of sporozoites, thus complementing the direct killing
effect of the fusion proteins.

The most active anticryptosporidial fusion protein we exam-
ined was 3E2-Mhalf-1.1.37, which comprises only one IgM
heavy chain fused to LL37 and one light chain. The smaller size
of this molecule (94.7 kDa) may allow greater access to the
known repetitive CSL epitope recognized by the 3E2 MAD and
may thereby facilitate the interaction of LL37 with the parasite
membrane, ultimately resulting in a higher level of killing. It is
also conceivable that the pair of biocides on the C terminus of
the protein interfere with one another and that a single mol-
ecule can be more effective.

The concept of using antibody targeting to deliver an anti-
microbial payload has been explored for other organisms.
Baral et al. (4) demonstrated the efficacy of nanobody fusion
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targeting of ApoL to trypanosomes, and Fischer and col-
leagues (18) have shown the efficacy of using antibody fusion
proteins targeting Fusarium spp. Our results provide further
evidence that the ability to build and express recombinant
protein molecules combining elements from the innate and
adaptive immune responses offers a novel approach to the
combinatorial design of antimicrobials. For the first time we
have presented an orally delivered recombinant protein immu-
notherapeutic that is effective at reducing Cryptosporidium par-
vum infection. Subsequent studies will examine whether this
approach is also effective in a treatment model and whether it
can bring about reductions in clinical disease in hosts naturally
infected by C. parvum.
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