INFECTION AND IMMUNITY, June 1998, p. 2460-2465
0019-9567/98/$04.00+0
Copyright © 1998, American Society for Microbiology

Vol. 66, No. 6

Stable Transfection of Trypanosoma cruzi Epimastigotes with
the Trypomastigote-Specific Complement Regulatory
Protein cDNA Confers Complement Resistance

KAREN A. NORRIS

Department of Molecular Genetics and Biochemistry, University of Pittsburgh
School of Medicine, Pittsburgh, Pennsylvania 15261

Received 8 January 1998/Returned for modification 19 February 1998/Accepted 24 March 1998

Trypanosoma cruzi blood stage trypomastigotes are highly resistant to complement-mediated killing in nor-
mal serum. A previously described trypomastigote surface glycoprotein was shown to have binding affinity for
human complement components C3b and C4b and restrict activation of the complement cascade, thus pre-
venting lysis of the parasites. Insect stage epimastigotes do not produce detectable levels of this 160-kDa
complement regulatory protein (CRP) and are highly sensitive to the lytic effects of complement. Epimastigotes
were stably transfected with a T. cruzi expression vector carrying the trypomastigote CRP ¢cDNA and produced
fully functional recombinant CRP. The recombinant CRP had binding affinity for C3b, and the transfected
epimastigotes were protected from complement-mediated lysis. These results demonstrate for the first time
that a developmentally regulated gene of 7. cruzi trypomastigotes can be expressed in noninfectious epimasti-
gotes and that production of CRP by epimastigotes is sufficient to confer a virulence-associated trait. Further-
more, these studies demonstrate the critical role that trypomastigote CRP plays in the protection of parasites
from the deleterious effects of complement, thus establishing the protein as a virulence factor of 7. cruzi.

To establish infection and persist in a mammalian host,
agents of chronic infections are particularly adept at avoiding
intrinsic and acquired host immune effector mechanisms. One
of the early lines of host defense is activation of the comple-
ment system, which can result in direct killing of micro-
organisms and their enhanced clearance by phagocytes. As a
countermeasure, many pathogens, especially blood-dwelling
organisms and those that disseminate from the initial site of
infection, have evolved elaborate means to avoid the deleteri-
ous effects of complement activation.

Trypanosoma cruzi is a protozoan parasite and the causative
agent of Chagas’ disease, a major public health concern in
Latin America. During its life cycle, the parasite undergoes a
series of developmentally regulated morphologic and physio-
logic changes to survive within insect and mammalian hosts.
When the insect vector takes a bloodmeal on a parasitemic
host, blood stage trypomastigotes are taken up and convert to
epimastigotes in the insect digestive tract. Epimastigotes divide
within the midgut of the insect and eventually convert to meta-
cyclic trypomastigotes, which are passed in the feces. Metacy-
clic trypomastigotes enter the mammalian host at the bite
wound site or through mucous membranes. Trypomastigotes
enter cells and convert to the dividing amastigote stage. Shortly
before the infected cell ruptures and releases parasites, amas-
tigotes convert to trypomastigotes, which survive extracellu-
larly in the bloodstream and disseminate to target tissues.
People with untreated 7. cruzi infections, which are lifelong,
have low-level parasitemias and easily detectable antibodies to
parasite antigens. Approximately 20 to 30% of chronically in-
fected persons eventually develop severe sequelae, such as
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cardiac conduction defects and cardiomyopathy, or gastroin-
testinal dysfunction.

The extracellular survival and dissemination of blood stage
trypomastigotes in a vertebrate host is likely enhanced by the
capacity of trypomastigotes to resist complement-mediated
killing (1, 10, 11). Trypomastigotes avoid lysis and clearance
through the production of surface glycoproteins that interfere
with complement activation (2, 3, 12). One such glycoprotein,
the 160-kDa complement regulatory protein (CRP), functions
to restrict activation of the alternative and classical comple-
ment pathways by binding complement components C3b and
C4b, thus preventing assembly of proteolytically active C3 con-
vertase (12). In contrast to blood stage trypomastigotes, insect
stage epimastigotes are sensitive to the lytic effects of comple-
ment and do not produce detectable amounts of CRP (11-13).
Conversion of epimastigotes to trypomastigotes is coincident
with the expression of CRP on the cell surface and the acqui-
sition of complement resistance.

The role of CRP as a virulence factor has been previously
studied in vitro by using antibodies that block the CRP-C3b
interaction. In these studies, anti-CRP antibodies which inhib-
ited CRP-C3b binding were capable of supporting high levels
of complement-mediated lysis of trypomastigotes (12, 13) and
were protective when adoptively transferred to mice prior to a
lethal T. cruzi challenge (2a). To further study the function of
this protein and determine its role in the survival and persis-
tence of the parasites in mammalian hosts, we recently isolated
a ¢cDNA encoding the full-length CRP (17). Recent advances
in genetic manipulation of trypanosomes have made these or-
ganisms more amenable to genetic studies of virulence traits.
In the present studies, insect stage epimastigotes were stably
transfected with a plasmid encoding the trypomastigote-spe-
cific CRP. Transfected epimastigotes expressed the CRP trans-
gene, and production of recombinant CRP was sufficient to
convert epimastigotes from a complement-sensitive to a com-
plement-resistant state. The results of these studies demon-
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strate for the first time that a trypomastigote-specific virulence
trait can be produced by noninfectious epimastigotes and that
expression of the CRP ¢cDNA is sufficient to confer a comple-
ment-resistant phenotype.

MATERIALS AND METHODS

Media, buffers, and reagents. All of the chemicals and reagents used were of
molecular biology grade and were obtained from Sigma Chemical Co. (St. Louis,
Mo.) or Boehringer Mannheim (Indianapolis, Ind.), unless otherwise indicated.
Dulbecco’s minimal essential medium (GIBCO BRL, Gaithersburg, Md.) was
supplemented as previously described (16). Guinea pig complement and rabbit
complement were obtained from Accurate Chemical and Scientific Corp., West-
bury, N.Y., and heat-inactivated complement (HIC) was prepared by incubation
of complement at 56°C for 30 min. Lysis buffer contained 2% Triton X-114
(Pierce Chemicals, Rockford, Ill.) in 50 mM Tris (pH 7.4)-150 mM NaCl.
Labeling medium was Dulbecco’s minimal essential medium, without cysteine
and methionine (ICN Biochemicals, Costa Mesa, Calif.), buffered with 10 mM
HEPES (pH 7.4) and supplemented with 10 pg of ovalbumin per ml and 2 mM
glutamine. Tris-buffered saline (TBS) consisted of 50 mM Tris base (pH 7.5) and
150 mM NaCl. Blocking buffer was TBS containing 5% nonfat powdered milk.
Transfer buffer was 50 mM Tris (pH 8.3)-380 mM glycine-0.1% sodium dodecyl
sulfate [SDS]-20% methanol). Protease inhibitors (leupeptin, aprotinin, and
E-64, all from Sigma Chemical Co.) were each added as indicated at a final
concentration of 1 pg/ml.

Bacterial strains and plasmid preparation. Escherichia coli SURE cells were
used in transformations as recommended by the supplier (Stratagene, La Jolla,
Calif.). Small-scale plasmid preparations were obtained by using Wizard mini-
preparation kits (Promega, Madison, Wis.). DNA was prepared for electropo-
ration and automated sequencing by using Qiagen maxipreparation kits (Qiagen,
Inc., Chatsworth, Calif.).

Parasites. 7. cruzi Y was used throughout these experiments (18). Epimasti-
gotes were maintained in logarithmic growth phase at 28°C in supplemented
LDNT as previously described (5). Tissue culture-derived trypomastigotes were
recovered from the supernatant of infected monolayers of NIH 3T3 cells as
previously described (20).

Construction of pTEX-CRP. Plasmid pCRII containing the CRP-10 gene (17)
was digested with BamHI and Xhol, and the 3,072-bp fragment containing the
entire coding region and 53 bp of the upstream sequence was isolated by gel
electrophoresis, purified by using Geneclean II (Bio 101, Inc., La Jolla, Calif.),
and cloned into the BamHI- and Xhol-digested pTEX vector (gift of John Kelly,
London School of Hygiene and Tropical Medicine, London, England) to yield
pTEX-BX23 (see Fig. 1). A derivative of pTEX-BX23 lacking the 53-bp up-
stream, noncoding sequence was cloned and found to be unstable in E. coli, most
likely due to readthrough from a prokaryotic promoter in the vector 5 to the
multiple cloning site. pTEX-BX23 was therefore modified such that the entire
expression cassette from the Sacll site to the Kpnl site was flipped in orientation
as follows. The plasmid was digested with Sacll and Kpnl, restriction overhangs
were filled by treatment with T4 DNA polymerase and deoxynucleotides (19),
and the DNA fragments were separated by gel electrophoresis and purified by
Geneclean II. The purified vector was treated with calf intestine phosphatase as
previously described (19) and ligated to the purified insert containing the ex-
pression cassette. Clones in the proper orientation were isolated. One clone,
pTEX-BX24, was used to derive the final construct, pTEX-CRP, which is devoid
of the 53-bp upstream sequence. The pTEX-CRP construct was obtained by
amplification of the 5" end of the CRP-10 gene with a 5" primer starting at the
putative translation initiation codon of CRP-10 (nucleotide 235) and incorpo-
rating a BamHI recognition sequence at the 5" end (160-31; 5'-GAATTCGGA
TCCATGTCCCGTCATGTGTTTG-3'). The antisense primer (160-30; 5'-GG
CGACGTTCTCACCCACAG-3") covered an EcoRV recognition sequence at
nucleotide 1377 in CRP-10. PCR was carried out for 30 cycles of 94°C for 1 min,
52°C for 2 min, and 72°C for 3 min and a 10-min extension at 72°C at the end of
cycling. The 1.1-kb PCR product was gel purified and digested with BamHI and
EcoRV. pTEX-BX24 was digested with BamHI and EcoRV, and the vector
containing the 3’ end of the CRP gene was isolated and purified. This fragment
was ligated to the BamHI- and EcoRV-digested PCR product to produce the
final construct, pTEX-CRP. The CRP insert of the final construct was sequenced
on both strands as previously described (17) to verify that no errors were intro-
duced during the PCR amplification.

Transfection of T. cruzi epimastigotes. Plasmid DNA was isolated as described
above and resuspended in buffer containing 10 mM Tris base (pH 7.5), and 1 mM
EDTA. Epimastigotes were grown to a density of 1.5 X 107/ml in supplemented
LDNT, washed once at room temperature in phosphate-buffer saline (PBS) (132
mM NaCl, 8 mM KCI, 8§ mM Na,HPO,, 1.5 mM KH,PO, [pH 7.0]), and
resuspended at 10%/ml in electroporation buffer (PBS, 0.5 mM magnesium ace-
tate, 0.1 mM CaCl,). Cells (0.4 ml) were dispensed into disposable 0.2-mm gap
cuvettes (Bio-Rad Laboratories, Richmond, Calif.), and 50 wl (150 pg) of plas-
mid DNA was added. The cells were electroporated by using a Bio-Rad Gene
Pulser set at 300 V and 500 wF with four pulses in close succession. Samples were
placed on ice for 10 min, and the contents were transferred to a flask containing
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5 ml of supplemented LDNT. The parasites were incubated at 28°C, and after
48 h in culture, G418 was added to a final concentration of 50 pg/ml.

RT-PCR and Southern blotting of CRP in transfected epimastigotes. Total
cellular RNA was prepared from transfected epimastigotes by using Trizol re-
agent (GIBCO BRL) in accordance with the supplier’s direction. For cDNA
synthesis, 5 ug of RNA was reverse transcribed by using the GIBCO BRL
Superscript Preamplification System as directed by the manufacturer. The re-
verse transcription (RT) primer (160-18; 5'-TGTCTCGAGCACGTCAATCCA
CCATCAGG-3") was used at a concentration of 0.5 wM and is the antisense
sequence of CRP-10 at nucleotide 1767 (17). PCR amplification was carried out
with 1/10 of the final volume of the cDNA reaction mixture, a 0.2 wM concen-
tration of a sense oligomer derived from the last 25 nucleotides of the 7. cruzi
miniexon sequence (ME-2; 5'-ATCTGCAAGTTAACGCTATTATTGATACA
GTTTCTGTA-3"), and a 0.2 M concentration of an antisense oligomer begin-
ning at nucleotide 1337 in CRP-10 (17) (160-20; 5'-AATTCGCTGCATGTCC
GTCA-3"). The cycling conditions used were the same as those described above,
except that annealing was carried out at 55°C. Products were electrophoresed in
1% agarose gels and visualized by ethidium bromide staining and UV illumina-
tion. DNA was transferred to a Nytran blotting membrane (Schleicher &
Schuell), and the membrane was hybridized with a CRP-specific oligomer (160-9;
5'-CCTGCAGCAGTGAAGCCACT-3"). The probe (30 pmol) was labeled with
digoxigenin-11-dUTP (Boehringer Mannheim) by incubation with 20 U of ter-
minal transferase (United States Biochemical, Cleveland, Ohio) as directed by
the supplier. The labeled probe was added to the membranes, and hybridization
was carried out overnight at 60°C in 6X SSC (1X SSC is 0.15 M NaCl plus 0.015
M sodium citrate) (19)-0.1% SDS-0.5% nonfat powdered milk. Membranes
were washed, developed by using the Genius chemiluminescence system (Boehr-
inger Mannheim), and exposed to Kodak X-Omat AR film for 10 min at room
temperature.

Biosynthetic labeling and membrane protein preparation. Epimastigotes were
recovered from culture as described above, washed twice in PBS-1% glucose,
and resuspended at 10%/ml in labeling medium. [>*S]methionine (Trans>>S-label;
ICN) was added at 50 pCi/ml, and the cells were incubated for 1 h at 28°C. After
labeling, the cells were washed twice at 4°C in PBS-1% glucose. Trypomastigotes
were labeled in the same manner, except that the labeling was carried out at
37°C. Membrane extracts were prepared as follows. After biosynthetic labeling,
parasites were frozen and thawed, resuspended at 4 X 10%/ml in deionized water
containing protease inhibitors, and incubated at room temperature for 5 min.
Membrane fragments were pelleted for 5 min at 5,000 X g. The pellet was
solubilized in the original volume of 2% Triton X-114 in TBS with fresh protease
inhibitors and incubated for 30 min on ice. Insoluble material was removed by
microcentrifugation for 10 min at 4°C. To extract the detergent from the solu-
bilized proteins, the supernatant was incubated at 37°C for 3 min and microcen-
trifuged for 3 min at room temperature, and then the aqueous phase was recov-
ered. Nonidet P-40 (Pierce Chemicals) was added to the aqueous-phase proteins
at a final concentration of 0.05% (vol/vol).

C3b preparation and affinity purification of CRP from 7. cruzi trypomasti-
gotes and transfected epimastigotes. A human C3b affinity matrix was prepared
as previously described (16). For C3b affinity chromatography of 7. cruzi CRP,
biosynthetically labeled membrane protein preparations from trypomastigotes
and epimastigotes transfected with either the pTEX vector or pTEX-CRP were
harvested as described above. Triton X-114 membrane protein extracts were
prepared, and protein levels were quantitated by trichloroacetic acid precipita-
tion of radiolabeled material. The same number of radioactive counts from each
membrane preparation was adjusted to a 50-pl volume with TBS-0.05% Nonidet
P-40 and incubated with 50 pl of C3b affinity beads which had been equilibrated
in TBS-0.05% Nonidet P-40. Incubation was carried out for 1 h at room tem-
perature with gentle shaking. The beads were washed three times in the same
buffer, and bound protein was released by incubating the beads in SDS sample
buffer and boiling them for 3 min. Samples were analyzed by SDS-polyacryl-
amide gel electrophoresis (PAGE) through an 8.5% polyacrylamide gel followed
by fluorography.

Western blotting. Parasite membrane extracts were prepared as described
above, and the protein concentration was measured with the Bio-Rad DC assay
as directed by the manufacturer (Bio-Rad Laboratories). A 5-pg total-protein
sample was subjected to SDS-PAGE as previously described (16). Proteins were
transferred to nitrocellulose in transfer buffer at 45 V for 16 h at 4°C. The filter
was blocked and incubated with mouse anti-recombinant CRP serum (17) or
normal mouse serum, diluted 1:400 in blocking buffer, for 1 h. The filter was
washed in TBS and incubated with alkaline phosphatase-conjugated goat anti-
mouse immunoglobulin (Cappel-ICN, Costa Mesa, Calif.) diluted 1:15,000. After
washing, the filter was incubated in 150 mM Tris-base (pH 9.5)-100 mM NaCl-5
mM MgCl, for 5 min and developed with 5-bromo-4-chloro-3-indolylphosphate
and nitroblue tetrazolium substrate (Promega).

Complement-mediated lysis. Transfected epimastigotes were grown to a con-
centration of 5 X 10%ml, washed once in PBS-1% glucose, and resuspended at
107/ml in PBS-1% glucose. To measure complement-mediated lysis, a 100-p.l
volume of cells was mixed with 100 pl of rabbit or guinea pig complement or
HIC. Cells were incubated for 1 h at 28°C, diluted 1:5 in PBS-1% glucose, and
then counted in a hemocytometer. Percent survival after treatment was calcu-
lated as follows: percent survival = 100 X (number of motile parasite after
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FIG. 1. Construction of pTEX-BX23 and pTEX-CRP expression plasmids.
(A) pTEX-BX23 was constructed by ligating a fragment containing the entire crp
coding region and the 53-bp upstream (5’ UT) and 19-bp downstream (3’ UT)
sequences into pTEX at the BamHI and Xhol sites. (B) pTEX-CRP was con-
structed by flipping the orientation of the SacII-Kpnl fragment of pTEX-BX23
containing the crp gene and removing the 5" UT crp sequence. GAPDH, glyc-
eraldehyde 3-phosphate dehydrogenase; NeoR, neomycin phosphotransferase
gene.

treatment with complement/number of motile parasites after treatment with
HIC).

RESULTS

Construction of pTEX-CRP expression vector. The shuttle
vector pTEX, which replicates in E. coli and T. cruzi (4), was
used as a vehicle for expression of the trypomastigote CRP
c¢DNA in epimastigotes. The vector contains a multiple cloning
site flanked by the untranslated (UT) 5" and 3’ regions of the
T. cruzi glyceraldehyde 3-phosphate dehydrogenase gene and
the neomycin phosphotransferase gene (neo) for selection of
transfectants. The full-length CRP-10 cDNA, which had been
previously cloned in pCRII, has three in-frame ATG codons
upstream of the sequence encoding the mature protein (17).
The third ATG, at nucleotide 235, was chosen as the putative
translation initiation site because the predicted translation
from this codon identifies a 24-amino-acid sequence that con-
forms to the eukaryotic signal sequence consensus and is con-
sistent with the amino acid sequence identifying the start of the
mature protein (17). This is not the case with the two upstream
ATGs (17). In addition, the nucleotide sequence surrounding
the ATG at nucleotide 235 is consistent with the Kozak con-
sensus for translation initiation, although it has not been de-
termined whether the Kozak consensus sequence is important
in trypanosome translation initiation. A 3-kb fragment contain-
ing the entire CRP coding region plus 53 bp upstream of the
putative start site was cloned into pTEX at the BamHI and
Xhol sites (Fig. 1A). This construct, pTEX-BX23, when trans-
fected into epimastigotes, produced G418-resistant cell lines;
however, no CRP mRNA or protein could be detected in these
cells (data not shown). This construct was modified so that the
upstream sequence was removed and only the coding sequence
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from nucleotide 234 of CRP was cloned into pTEX at the
BamHI and Xhol sites. Restriction digests of several of the E.
coli transformants revealed gross rearrangements of the insert,
indicating instability, possibly due to a prokaryotic promoter
upstream of the 7. cruzi expression cassette. To test this pos-
sibility and to derive a more stable construct, the entire ex-
pression cassette of pTEX from the Sacll site through the
Kpnl site was inverted and recloned into the pTEX vector
backbone as described in Materials and Methods (Fig. 1B).
The CRP-10 fragment from the putative translational start at
nucleotide 235 through nucleotide 3253 was cloned into this
modified vector, and stable transformants were isolated. One
isolate, pTEX-CRP, was verified by nucleic acid sequencing
and used for epimastigote transfection.

Transfection of T. cruzi epimastigotes. Wild-type epimasti-
gotes were tested for sensitivity to G418, and it was found that
at a concentration of 50 pg/ml, all of the parasites were dead
at approximately 10 days. Control cells electroporated with no
DNA and cultured in the presence of G418 were dead by 10 to
14 days postelectroporation. Parasites transfected with either
the vector alone or pTEX-CRP yielded G418-resistant cell
lines. After stable lines were established (approximately 4
weeks posttransfection), the G418 concentration was increased
at 2-week intervals to 100, 200, and 500 pg/ml. No detectable
differences in the growth rates of parasites were seen during
the antibiotic increases (data not shown). In addition, no de-
tectable differences in growth rates were observed between
epimastigotes transfected with the pTEX vector alone and
those transfected with the pTEX-CRP construct (data not
shown). Two transfected cell lines, CRP 2.3 and CRP 2.14,
were derived from separate transfections and maintained in
supplemented LDNT medium with G418 at 500 wg/ml.

Detection of CRP-10 ¢cDNA expression in 7. cruzi epimas-
tigotes by RT-PCR. Total RNA was isolated from the trans-
fected cell lines, and RT-PCR was performed to determine
whether the CRP gene was being expressed in the transfected
epimastigotes. The expected product of the RT-PCR was a
1,330-bp fragment covering the 5’ end of CRP. This fragment
was detected by agarose gel electrophoresis and ethidium bro-
mide staining of the RT-PCR product from CRP 2.3 and by
Southern blotting using a CRP-specific probe (Fig. 2A). Sim-
ilar results were obtained with RNA derived from the CRP
2.14 epimastigotes (data not shown). To verify that the signal
observed was due to RT and amplification of the CRP trans-
gene and not due to amplification of trace amounts of genomic
CRP DNA in the RNA preparations, a mock RT-PCR was
carried out on CRP 2-3 RNA with no addition of reverse
transcriptase. No band was detected by ethidium bromide
staining or Southern blotting (Fig. 2A), thus confirming that
the transfected epimastigotes were transcribing the trypomas-
tigote-specific CRP ¢cDNA. Likewise, no band corresponding
to CRP was detected in the RT-PCR product of epimastigotes
transfected with the vector alone, again confirming that CRP
expression is developmentally regulated and specific for the
trypomastigote stage.

Western blot analysis of CRP-transfected 7. cruzi epimas-
tigotes. Epimastigotes were grown to log phase and detergent
solubilized, and membrane-enriched protein extracts were
used in Western blots to detect recombinant CRP. Polyclonal
antiserum raised against the full-length recombinant CRP ex-
pressed in E. coli was used to detect CRP (17). A protein
migrating at approximately 100 kDa was detected in the pro-
tein extracts from the CRP 2.3 and CRP 2.14 cell lines but not
in extracts prepared from the pTEX-transfected cell line (Fig.
3). The difference in apparent molecular mass between the
epimastigote-derived recombinant CRP and the native trypo-
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FIG. 2. Ethidium bromide-stained gel and Southern blot of RT-PCR prod-
ucts derived from transfected T. cruzi epimastigote RNA. (A) Lanes 2 to 4
contain the RT-PCR products from the CRP 2.3 cell line without RT in the
reaction mixture (lane 2), the vector-transfected cell line (lane 3), and the CRP
2.3 cell line (lane 4). Lanes 5 to 7 are an autoradiograph of a Southern blot of
RT-PCR samples that are the same as those in lanes 2 to 4 but probed with a
CRP-specific oligomer. Lane 1 contains ethidium bromide-stained DNA size
markers. Sizes in base pairs are indicated at the left. (B) Schematic representa-
tion of the full-length CRP-10 cDNA (approximately 3,300 bp), illustrating the
positions of the oligomers used in the RT-PCR and the Southern blot in panel
A. The RT primer was the antisense sequence of the CRP-10 cDNA at nucle-
otide 1767. PCR amplification was carried out with a sense oligomer derived
from the last 25 nucleotides of the 7. cruzi mini-exon sequence and an antisense
oligomer beginning at nucleotide 1337 of the CRP-10 cDNA (CRP-20), as
described in Materials and Methods.

mastigote protein is approximately 60 kDa and may be the
result of protein degradation in the epimastigote preparations
or differential glycosylation of the CRP protein produced in
the two parasite stages.

Epimastigote CRP has C3b-binding capacity and restricts
complement activation. To determine whether the epimasti-
gote-derived recombinant CRP was functional, metabolically
labeled membrane proteins from the pTEX-transfected and
CRP 2.3 epimastigote cell lines were subjected to affinity chro-
matography on a human C3b affinity matrix. Radiolabeled
material in the membrane extracts was quantitated by trichlo-
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FIG. 3. Western blot of membrane protein extracts derived from transfected
T. cruzi epimastigotes. Protein extracts were fractionated by SDS-PAGE, blotted
onto nitrocellulose, and probed with mouse anti-CRP serum (1:400) (lanes 1 to
3) or normal mouse serum (NMS; 1:400) (lanes 4 to 6). Lanes contained 5 p.g of
protein derived from epimastigote cell lines transfected with CRP 2.3 (lanes 1
and 4), CRP 2.14 (lanes 2 and 5), or the pTEX vector (lanes 3 and 6). Molecular
mass standards (kilodaltons) are shown on the left.
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FIG. 4. C3b affinity chromatography of membrane protein extracts derived
from transfected 7. cruzi epimastigotes. Epimastigotes were metabolically la-
beled with [3*S]methionine, and detergent-solubilized membrane protein ex-
tracts were subjected to C3b affinity chromatography. Eluted proteins were
fractionated by SDS-PAGE, and the gel was prepared for fluorography and
exposed to X-ray film for 24 h. Lanes: 1, C3b-eluted protein from tissue culture-
derived 7. cruzi trypomastigotes; 2, transfected CRP 2.3 epimastigotes; 3, pTEX-
transfected epimastigotes. Molecular mass standards (kilodaltons) are shown at
the left.

roacetic acid precipitation, and equal amounts of radiolabeled
protein from pTEX-transfected and CRP 2.3 cell membrane
preparations were loaded onto the C3b matrix. Proteins spe-
cifically bound to the C3b matrix were eluted and separated by
SDS-PAGE, which was followed by fluorography (Fig. 4). Sim-
ilar to the Western blot results, epimastigotes transfected with
the pTEX-CRP construct produced a C3b-binding protein
which migrated at approximately 100 kDa and smaller proteins
migrating in the 40- to 60-kDa range, possibly representing
proteolytic degradation. Membrane preparations from CRP
2.14 cells gave similar results (not shown).

To test the functional activity of the recombinant epimastig-
ote CRP in intact cells, parasites were grown to log phase and
treated with normal guinea pig serum (as a source of comple-
ment) or heat-inactivated serum at a final dilution of 1:2. As
shown in Table 1, CRP 2.14 epimastigotes exhibited higher
levels of resistance to complement-mediated lysis than did
epimastigotes transfected with the vector alone. Decreasing
the complement concentration by 50% increased the survival
of CRP-transfected epimastigotes to 100%; however, 35 to
40% of the vector-transfected cells survived this treatment

TABLE 1. Complement-mediated lysis of pTEX-transfected or
CRP 2.14 T. cruzi epimastigotes

Cell line Treatment Mean;;%fo“m Surz/(i;valc
pTEX transfected Complement 1x1
HIC 523*+21 1.9
CRP 2.14 Complement 433+ 45
HIC 66 = 8.1 65.6

“ Parasites were incubated for 60 min at 28°C in either fresh guinea pig
complement or HIC at a final dilution of 1:2.

? Values are the mean numbers of motile parasites counted in a hemocytom-
eter at a magnification of X400. Each value is the mean of quadruplicate sam-
ples. The results shown are representative of multiple experiments.

¢ Percent survival = 100 X number of motile parasites treated with comple-
ment/number of motile parasites treated with HIC. Each treatment was carried
out in duplicate, and duplicate counts were made of each sample. The results
shown are representative of multiple individual experiments.
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(data not shown). Complement-mediated lysis assays with CRP
2.3 cells produced comparable results (not shown).

DISCUSSION

The results reported here demonstrate that protection of
CRP-transfected epimastigotes from complement-mediated ly-
sis is the result of expression of the CRP transgene and CRP
production. This conclusion is most strongly supported by re-
sults of the complement-mediated lysis assays, in which trans-
fection of epimastigotes with a plasmid encoding the CRP
structural gene was sufficient to confer the complement-resis-
tant phenotype. Additionally, it was confirmed that the protein
produced by the transfected epimastigotes was cross-reactive
with anti-CRP antibodies and was also capable of binding
human C3b, demonstrating that the recombinant protein re-
tained its native function. These results were in contrast to
those obtained with vector-transfected epimastigotes, which
remained complement sensitive and did not produce detect-
able levels of CRP.

The CRP isolated from membrane preparations of trans-
fected epimastigotes differed in apparent molecular mass from
the native trypomastigote-derived CRP (Fig. 3 and 4), and it
has not been determined whether this decrease in size, from
160 to 100 kDa, represents proteolytic degradation of the CRP
in the epimastigote membrane preparations or whether the
protein produced is modified by epimastigotes. It is still clearly
functional, however, based on its conferral of complement
resistance on transfected cells and its binding affinity for C3b.
We have previously found that the native CRP expressed in
trypomastigotes undergoes rapid turnover at the cell surface,
and when live parasites are incubated with C3b, CRP is rapidly
released from the cell surface in a predominantly 100-kDa
form (14). The release of the 100-kDa form by trypomastigotes
is the result of proteolytic cleavage of the CRP fragment after
it binds C3b, and its release may serve to protect the parasite
by removing potentially opsonic C3b (14). It is reasonable to
suspect that the CRP produced in epimastigotes has the same
protease-sensitive site and that solubilization of endogenous
proteases during membrane preparation may generate the ob-
served 100-kDa form. Studies examining the effects of protease
inhibitors on CRP release from transfected epimastigotes are
under way.

Approximately 60 to 70% of the parasites were protected
from lysis by complement under the assay conditions used.
These results suggest that there is some heterogeneity in ex-
pression levels or some genetic rearrangement of the recom-
binant plasmid leading to altered expression of CRP in cells
maintained in continuous culture. Rearrangement of vector
sequences has previously been reported to occur in up to 15%
of pTEX-transfected epimastigotes (4), and this phenomenon
may have contributed to the phenotype nonuniformity ob-
served in this study.

The analysis of potential virulence factors of protozoan
pathogens has been limited by the lack of genetic systems for
manipulation and expression of specific DNA sequences. The
development of shuttle vectors with expression sequences for
trypanosome genes has opened this avenue of investigation.
Evidence is presented here that expression of the trypomastig-
ote-specific CRP gene in insect stage epimastigotes is sufficient
to confer a complement-resistant phenotype on these cells.
The constitutive expression of developmentally regulated CRP
in insect stage epimastigotes and conversion of these cells to a
complement-resistant phenotype strongly argue that CRP
functions to restrict complement activation and thus contrib-
utes to the virulence of trypomastigotes by allowing survival in
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the bloodstream. In this regard, CRP is among the first T. cruzi
proteins to be established as a virulence factor.

The T. cruzi CRP gene family consists of at least 700 copies
per genome (17, 21), and sequence analysis of RT-PCR prod-
ucts reveals that several different members of the gene family
are transcribed in a clonal cell line (11a). The observation that
the parasites maintain several hundred copies of CRP, with an
undetermined number of them transcriptionally active, raises
the question of whether all transcribed copies have the poten-
tial for translation and production of the functional protein.
The ability to isolate multiple full-length CRP cDNAs and
produce the functional protein in transfected epimastigotes
allows us to further explore the extent to which clonal lines of
the parasite express multiple variants of this gene and whether
the variant proteins are functionally and antigenically distin-
guishable. Unfortunately, the large number of gene copies
precludes the construction of 7. cruzi strains deficient in CRP
expression. Thus, expression in epimastigotes is an alternative
means to analyze the function of this protein.

The beneficial role of complement-mediated clearance of
trypomastigotes in 7. cruzi infections has long been recognized
(1, 10). In addition, an association between anti-7. cruzi anti-
bodies that could support complement-mediated lysis of try-
pomastigotes and clearance of parasites in experimental infec-
tions and in human Chagas’ disease has been reported (6-9,
15). Previous studies have demonstrated that purified CRP
interacts with C3b noncovalently such that formation of the C3
convertase is inhibited or the active convertase is destabilized
(12, 16). The present studies demonstrate that CRP, as it is
expressed in epimastigotes, is sufficient to block complement
activation at the parasite surface. These results clearly estab-
lish the role of CRP in protecting the parasites against com-
plement-mediated killing.

It has previously been shown that native CRP does not serve
as a cofactor for the serum protease factor I and thus does not
influence complement activation by degradation of C3b (12,
16). Inasmuch as binding of CRP to C3b appears to be respon-
sible for its complement-inhibitory activity, it is possible that
reagents such as specific immunoglobulins or peptides that
block the CRP-C3b binding interaction may inhibit the com-
plement regulatory activity and lead to more rapid clearance of
trypomastigotes. Exploitation of CRP as a potential vaccine
candidate will be facilitated by functional analysis of CRP and
mutated derivatives expressed in epimastigotes. These studies
will allow the determination of the C3b binding regions of the
protein and the characterization of reagents which block this
activity.
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