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Enzymatic treatment transforms trypomastigotes of Trypanosoma
cruzi into activators of alternative complement pathway and
potentiates their uptake by macrophages
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ABSTRACT In the absence of bound antibody, trypomasti-
gote bloodstream forms of Trypanosoma cruzi fail to activate the
alternative complement pathway. We now demonstrate that treat-
ment with trypsin and, to a lesser extent, with sialidase converts
these protozoa into activators of the pathway, as judged by their
lysis in normal sera or sera genetically deficientin fourth or second
component of complement (C4 or C2) and their Mg2+-dependent
consumption of C3 as measured by crossed immunoelectropho-
resis. In addition, after pretreatment with enzyme and incubation
in C5-deficient serum, trypomastigotes were shown to possess
both C3 and properdin factor B (B) on their surface as judged by
immunofluorescence. Requirement for the late components
C5-C9 was suggested by the failure of C5-deficient sera to lyse
trypsin-treated parasiteL The inability to activate the alternative
complement pathway was regained by these organisms after in-
cubation in vitro. This restoration of insusceptibility was inhibited
when puromycin was included in the culture medium. Treatment
of the trypomastigotes with trypsin also potentiated their uptake
by mouse peritoneal macrophages without apparent interference
with their capacity to differentiate and multiply inside the cell.
These findings suggest that untreated trypomastigotes normally
escape recognition by the alternative pathway in vivo because of
the presence on their surface of trypsin- and sialidase-sensitive
regulatory molecules, the expression of which is dependent on
protein synthesis.

Infection with Trypanosoma cruzi is initiated by trypomasti-
gotes which differentiate from epimastigotes in the gut of the
insect vector (1). Epimastigotes are lysed by normal serum (2)
through the activation of the alternative complement pathway
(ACP) (3). In contrast, trypomastigotes obtained from cultures
(3) or from the blood of irradiated mice (4) are resistant to ACP
lysis in the absence of antibody. Therefore, the differentiation
of epimastigotes into trypomastigotes is apparently accom-
panied by a modification of the parasite surface that renders it
resistant to ACP lysis.

It has been demonstrated that cells activating ACP have
membrane components that protect the activated form of third
component of complement (C3b) deposited on their surface
from inactivation by C3b inactivator (C3bINA) and f31H and
that stabilize C3 convertase (C3bBb) from dissociation by /31H
(5). Removal ofmembrane sialic acid residues from sheep eryth-
rocytes by sialidase enables these cells to activate ACP (6, 7)
and makes them susceptible to phagocytosis by human mono-
cytes (8). In addition, coupling with heparin glycosaminoglycan
impairs the ability of zymosan to activate the ACP (9).
We have studied whether regulatory mechanisms similar to

those described above explain the inability of T. cruzi trypo-
mastigotes to activate the ACP. Our results demonstrate that

trypomastigotes treated with trypsin or sialidase become able
to activate ACP and are lysed. The trypsin-treated trypomas-
tigotes recover resistance to ACP lysis within 6 hr. This recov-
ery is inhibited, however, when puromycin is added to the cul-
ture medium. Treating the trypomastigotes with trypsin also
results in an increase in their uptake by macrophages but does
not affect their intracellular survival and multiplication.

MATERIALS AND METHODS
Parasites. Bloodstream trypomastigotes were obtained from

y-irradiated [650 R (0.17 coulomb/kg)] A/J mice (The Jackson
Laboratory, Bar Harbor, ME) infected with the CL strain of T.
cruzi. Trypomastigotes were isolated from heparinized blood
by differential centrifugation (10) and suspended at 1-2 x 106
organisms per ml in minimal essential medium (GIBCO) con-
taining 100 units of penicillin, 100 ttg of streptomycin, and-5
units ofheparin per ml. Where indicated, the medium was sup-
plemented with 10% fetal calf serum.
Complement (C) Reagents. Normal human serum was ob-

tained from healthy donors living in areas not endemic for Cha-
gas disease. Normal guinea pig serum and normal rat serum
were obtained from noninfected laboratory animals. Sera were
obtained from patients genetically deficient in C2, C3, and C5.
Guinea pig serum genetically deficient in C4 and purified hu-
man C4 and C5 were provided by H. Colten (Children's Hos-
pital Medical Center, Boston, MA). Human C2, C3, and pro-
perdin factor B (B) were purified by described methods (11-13).

Antisera. Monospecific goat antisera against human C3 and
fluorescein conjugates ofrabbit anti-human C4, B, C3, and fOlH
were from Atlantic Antibodies (Scarborough, ME).

Enzymes, Enzyme Inhibitors, and Reagents. Trypsin type
III (twice crystallized, from bovine pancreas), elastase, a-chy-
motrypsin type VII (TLCK treated), soybean trypsin inhibitor
(SBTI), Na-p-tosyl-L-lysyl chloromethyl ketone (TLCK), a1-
trypsin inhibitor, and puromycin were obtained from Sigma.
Purified thrombin (2.1 x 104 units/mg) was a gift from D. H.
Bing (Center for Blood Research, Boston, MA); Clostridium
perfringens sialidase (acylneuraminyl hydrolase, EC 3.2.1.18;
16 units/mg) was a gift from D. T. Fearon (Brigham and
Women's Hospital, Boston, MA). The proteolytic enzymes
were dissolved in minimal essential medium at 1 mg/ml; sial-
idase was dissolved in the same medium at pH 6.5 at 5 units/
ml. EDTA and ethylene glycol bis(,6-aminoethyl ether)-
N,NN',N'-tetraacetate were obtained from Fisher.

Abbreviations: ACP, alternative complement pathway; C, complement
system; C3, third component ofC; C3b, activated form ofC3; CMbINA,
C3b inactivator; B, properdin factor B; C3bBb, C3 convertase; TLCK,.
Ne-tosyllysine chloromethyl ketone; SBTI, soybean trypsin inhibitor.
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Immunologic Techniques. C3 cleavage was measured by
crossed immunoelectrophoresis in 0.8% agarose/barbital-buf-
fered saline (pH 8.6; ionic strength, 0.056) and containing 1 mM
EDTA (VBS-EDTA) (14). Deposition of C components on try-
panosome cell surfaces was assayed by immunofluorescence.
In the assay, 100 ,ul oftrypomastigote suspension was incubated
with an equal volume of C5-deficient human serum for 30 min
at 37°C. The parasites were then washed twice with minimal
essential medium and reincubated with 100 ,ul ofa 1:40 dilution
offluorescein conjugated rabbit-anti human C4, B, C3, C5, and
(31H for 30 min at room temperature. After an additional series
of washings, the parasites were examined at x1000 magnifi-
cation with a Leitz fluorescence microscope.

Treatment of Bloodstream Trypomastigotes with Enzymes.
To 900 ul of trypanosome suspension in minimal essential me-
dium was added 100 1,u of enzyme solutions at pH 7.6 for the
proteolytic enzymes and at pH 6.5 for sialidase. The mixtures
were incubated for 30 min at 37°C; then 100 ,ul of SBTI (1 mg/
ml) or minimal essential medium/fetal calf serum was added,
and the mixtures were reincubated for an additional 10 min at
37°C. After washing with minimal essential medium/fetal calf
serum, the enzyme-treated trypanosomes were adjusted to 1-2
X 106/ml.

Lytic Assay. To measure lysis by C, 100 ,ul of control or en-
zyme-treated parasites was mixed with 100 ,ul of normal serum
and incubated for 30 min at 37°C. Aliquots were examined in
a hemocytometer before and after the incubation with C. The
number of viable trypomastigotes was expressed as the mean
+ SD of replicated tubes. C3 conversion was measured in cen-
trifuged supernatant medium from the cultures.
Mouse Peritonal Macrophage Cultures. Peritoneal macro-

phages were induced in mice by intraperitoneal injections of
1.5 ml of sterile 10% Bacto Proteose peptone no. 3 (Difco).
These cells were used to form monolayers on 15-mm round
coverslips in 24-well tissue culture plates (Costar, Cambridge,
MA). After 24 hr of incubation the monolayers were overlaid
with 300 tid of a trypanosome suspension, incubated for 1 hr at
37°C in an atmosphere of 5% C02/95% air, and then rinsed
twice in minimal essential medium to remove the extracellular
parasites. After washing, the macrophages were overlaid with
fresh minimal essential medium/fetal calf serum and reincu-
bated for an additional 48 hr. To evaluate intracellular infection,
the macrophage cultures were washed twice with phosphate-
buffered saline, fixed in methanol, and stained with Giemsa
solution (Fisher). After drying, the coverslips were mounted
on microscope slides. Macrophages in 10 random x400 micro-
scopic fields were examined, and the percentage of infected
cells and the mean number of intracellular T. cruzi per 100
macrophages were calculated.

RESULTS
Lysis by Normal Serum. Trypomastigotes treated with tryp-

sin or sialidase were lysed by complement in normal human
serum, but trypanosomes untreated or treated with thrombin,
elastase, or a-chymotrypsin were resistant to lysis (Table 1). In
other experiments, trypomastigotes treated with trypsin (but
not untreated trypomastigotes) were also lysed by normal
guinea pig serum and normal rat serum. Because trypsin treat-
ment was the most active in promoting C-mediated lysis of try-
panosomes, this enzyme was used in subsequent experiments.

Trypsin cleaves C3 into two major products resembling C3b
and C3a (15). Because binding of trypsin to the trypanosome
surface might activate the membrane attack complex C5b-C9,
we investigated C lysis of trypsin-treated bloodstream forms in
the presence of the inhibitors SBTI, TLCK, and a1-trypsin in-
hibitor. When used at nontoxic concentrations (42.5 jug/ml)

Table 1. Susceptibility of enzyme-treated trypomastigotes of T.
cruzi to lysis by complement

Trypanosomes,
no. x 10-4/mlt

Culture Before After %
Enzyme medium* incubation incubation lysis

MEM/FCS 36.6 ± 4.9 36.6 ± 2.0 0.0
Sialidase MEM/FCS 23.5 ± 0.7 21.5 ± 0.7 8.6

NHS 23.7 ± 3.4 9.8 ± 1.8 68.0
Trypsin MEM/FCS 34.5 ± 0.7 36.0 ± 1.4 0.0

NHS 33.0 ± 1.4 0 100.0
Thrombin MEM/FCS 19.5 ± 0.7 26.0 ± 1.4 0.0

NHS 33.5 ± 0.7 27.5 ± 0.7 18.0
Elastase MEM/FCS 32.0 ± 2.8 35.5 ± 0.7 0.0

NHS 34.0 ± 1.4 36.5 ± 3.5 0.0
a-Chymotrypsin MEM/FCS 45.0 ± 0.7 51.5 ± 3.5 0.0

NHS 45.5 ± 3.5 54.0 ± 5.6 0.0

* MEM/FCS, minimal essential medium/fetal calf serum; NHS, nor-
mal human serum.

t Each value represents the mean ± SD of triplicate samples.

with 1.6-1.9 x 104 trypanosomes, these agents did not alter the
complete lysis of the trypsin-treated trypomastigotes by C.

Regeneration of Resistance to C Lysis After Trypsin Treat-
ment. A suspension of 1 x 106 trypsin-treated trypanosomes
per ml was incubated for 6 hr at 37TC in minimal essential me-
dium/fetal calf serum in either the presence or absence of pu-
romycin at 10 ag/ml. Aliquots (100 pul) were withdrawn after
0, 3, 5, and 6 hr of incubation and added to 100 ,ul of normal
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FIG. 1. Trypomastigotes were treated with trypsin and then in-
cubated in either minimal essential medium/fetal calf serum (M) or
minimal essential medium/fetal calf serum + puromycin (M). Con-
trol cultures consisted ofuntrypsinized parasites incubated in the same
media(El or 5, respectively). Each value is the mean (± SD)% lysis
after incubation for 30 min in C; n = four determinations.
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Table 2. Requirement of C components for lysis of bloodstream trypomastigotes treated with trypsin

Trypanosomes, no. x 10-4/mlt
Reconstituted Before After

Serum* with incubation incubation % lysis
MEM/FCS None 179.0 ± 6.3 184.0 ± 8.4 0.0
NHS None 156.0 ± 1.0 0 100.0
NHS, 560C, 1 hr None 192.0 ± 11.3 206.0 ± 14.1 0.0
NHS, 52-C, 1 hr None 187.0 ± 4.2 204.0 ± 5.6 0.0
NHS, 52-C, 1 hr B 100.0 ± 2.8 38.6 ± 2.0 62.0
NHS, 520C, 1 hr C2 75.3 ± 16.9 72.0 ± 15.1 5.0
NHS, 52-C, 1 hr B + C2 75.5 ± 13.4 22.6 ± 3.7 70.0
C2-deficient human serum None 52.5 ± 3.5 24.5 ± 0.7 52.0
C4-deficient guinea pig serum None 34.6 ± 13.6 8.3 ± 1.5 76.0
C4-deficient guinea pig serum C4 36.0 ± 7.0 13.6 ± 1.5 63.0
C3-deficient human serum None 52.6 ± 1.5 53.3 ± 0.5 0.0
C3-deficient human serum C3 53.6 ± 3.0 3.6 ± 0.5 94.5
C5-deficient human serum None 56.3 ± 3.2 60.0 ± 1.4 0.0
C5-deficient human serum C5 59.0 ± 1.0 44.3 ± 6.1 20.8
NHS/5 mM EGTA/2 mMMe+ None 123.0 ± 11.2 0 100.0
NHS/6 mM EDTA None 171.6 ± 11.6 190.0 ± 9.8 0.0

* See Table 1 for abbreviations. EGTA, ethylene glycol bis(3-aminoethyl ether)-NNN',N'-tetraacetic
acid.

t Reconstitution was by adding homologous C components to the C-depleted serum at the following final
concentrations: C4, 100 ;g/ml; B, 10 ,g/ml; C2, 5 jtg/ml; C3, 200 ug/ml; C5, 10 ,g/ml. Each value
represents the mean ± SD of triplicate samples.

human serum to determine susceptibility to ACP lysis. A con-
trol suspension of trypomastigotes was processed in the same
way except that the parasites were not trypsinized. Trypsin-
treated trypanosomes recovered resistance to ACP lysis after
6 hr of incubation. This recovery was blocked by puromycin
(Fig. 1). At the concentration used, puromycin was not toxic
for the parasites and did not promote ACP lysis of the non-
trypsinized trypomastigotes.

Requirement ofC Components for Lysis ofTrypsin-Treated
Trypomastigotes. Lysis of the trypanosomes occurred in sera
depleted or genetically deficient in the classical C components
C2 and C4 (Table 2). However, depletion of B by heating the
serum at 52°C blocked the lysis of trypanosomes; the trypan-
ocidal activity was restored by the addition ofpurified B but not
C2. As predicted, C3-deficient human serum also failed to lyse
trypanosomes, and the activity was restored by the addition of
purified human C3. Crossed immunoelectrophoresis patterns
of the supernatant sera incubated with trypanosomes showed
that C3 was converted by the trypsin-treated organisms. The
results of the experiments with chelators showed that lysis of
trypanosomes by normal human serum requires Mg2e but not
Ca +, thus providing additional evidence for the ACP as the C
pathway involved in lysis of the trypanosomes. C5-deficient
human serum also failed to lyse trypsin-treated trypomasti-
gotes, but the addition of purified human C5 partially restored
the trypanocidal capacity, thus indicating that at least some of
the later-reacting components are necessary for trypanosome
lysis.

Finally, in order to determine which C components were
actually on the cell membrane, trypsin-treated bloodstream
forms were incubated with C5-deficient human serum or with
heat-inactivated C5-deficient human serum for 30 min at 37°C.
After washing, the parasites were treated with fluorescein-con-
jugated specific antiserum to C4, B, C3, C5, or 831H. Try-
panosomes incubated with the heat-inactivated C5-deficient
human serum did not fluoresce. However, more than 80% of
trypomastigotes incubated with unheated serum fluoresced
with anti-C4, -B, and -C3. C5 and f31H were not detected on
the parasites.

Interaction of Trypsin-Treated Trypomastigotes and Mac-

rophages. Trypsin treatment oftrypomastigotes ofthe CL strain
more than doubled their uptake by monolayers of mouse per-
itoneal macrophages when measured after 1 hr of contact (Fig.
2). This enhanced uptake was reflected both in the percentage
of macrophages infected and in the number of intracellular T.
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FIG. 2. Effect of trypsin treatment on the uptake of trypomasti-

gotes by macrophages. Trypomastigotes either untreated (E) or pre-
treated with trypsin (M) were incubated at 37°C with mouse peri-
toneal macrophages in minimal essential medium/fetal calfserum for
1 hr, washed, and then incubated for an additional 48 hr in the same
medium. The values shown represent the mean ± SD of determina-
tions on four replicate cultures in each ofwhich at least 500 cells were
examined.
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cruzi per 100 macrophages. (In data not shown, extending the
period of contact to 4 hr further accentuated the differential
uptake of trypsin-treated parasites compared to nontreated con-
trols.) The eventual intracellular fate of the trypsin-treated try-
panosomes was evaluated after 48 hr of incubation. Treated
bloodstream forms multiplied and differentiated as nontreated
trypomastigotes. The greater number of intracellular parasites
compared to nontreated trypanosomes reflected the greater
uptake of the former.

DISCUSSION

Two mechanisms of natural immunity against T. cruzi which
could operate in the unsensitized host are the cytolytic effect
of ACP (16) and the antibody-independent recognition by
phagocytic cells (8). One critical event in the activation of ACP
is the circumvention of the regulation of membrane-bound C3b
by proteins /81H and C3bINA which prevent the formation of
stabilized C3 convertase. It appears that the surface of ACP-
activating particles provides greater protection of C3b-bound
molecules against inactivation by these regulatory proteins than
nonactivating cells (5). Experimental manipulation of the mem-
brane surface of nonactivators of ACP has enabled the begin-
ning of the biochemical characterization of the environment
containing C3b-bound molecules. For example, with sheep
erythrocytes, partial enzymatic removal ofmembrane sialic acid
residues or their chemical conversion to heptulosonic acid de-
rivatives (6, 7) enables these cells to activate the ACP. Con-
versely, zymosan, which is an activator of ACP, can be made
resistant by coupling heparin glycosaminoglycan onto the par-
ticle surface (9). This suggests that surface components, prob-
ably glycoproteins, with a specific structure and conformation
regulate the interaction of bound C3b with P1H.

Similar mechanisms may control the activation of C by T.
cruzi. Thus, sialic acid residues (17) and a lipopeptidophos-
phoglycan have been identified on culture forms of T. cruzi (18).
The activation of the ACP by enzymatically treated trypomas-
tigotes observed in our experiments may be due therefore to
the cleavage, by trypsin or sialidase, of surface components
bearing either of these moieties.

That lysis was indeed dependent on the activation ofthe ACP
was suggested by the experiments using sera genetically defi-
cient in C2, C4, and C3 and sera treated to inactivate B or C2
or to remove Ca2+ (Table 2). In addition, the C3b cleavage prod-
uct ofACP activation was demonstrated in the fluid phase after
incubation of enzyme-treated trypomastigotes with normal
serum. Finally, ACP activation was also indicated by our dem-
onstration of membrane fluorescence with antisera to B and C3
on the surface of trypsin-treated parasites preincubated in CS-
deficient human serum. Although activation of the classical
pathway is not necessary for the lysis of trypsin-treated trypo-
mastigotes, we did observe C4 on the parasite surface. C4 depo-
sition could result from C1 activation by nonspecific binding
of Clq on the parasite surface, a mechanism that has been de-
scribed for the lysis of retroviruses by C (19). C4 deposition is
unlikely to be due to IgG or IgM because no immunoglobulin
was seen on the trypanosomes by immunofluorescence.

The trypsin and sialidase sensitivities of the surface mem-
brane component protecting the trypomastigotes from ACP
activation suggest that it could be a glycoprotein. That the com-
ponent is a protein was also suggested by puromycin inhibition
of recovery of resistance to ACP-mediated lysis (Fig. 1).

Recent studies have demonstrated a trypsin-sensitive recep-
tor on human monocytes that is capable of recognizing surfaces
that activate the ACP (8). Trypomastigotes, particularly from

strains containing predominantly stout forms such as the CL
strain used in this study, are taken up poorly by macrophages
(20, 21). The enhanced uptake of trypsin-treated trypomasti-
gotes by macrophages suggests similarities between the com-
ponents recognized by both humoral (i.e., ACP) and cellular
(i.e., macrophage) defense mechanisms. In this regard, it
should be emphasized that, although treatment of trypomasti-
gotes with trypsin increased their uptake by macrophages, the
intracellular survival of the parasites was not impaired. They
were found to multiply and differentiate as readily as nontreated
trypomastigotes (Fig. 2).

In summary, our findings provide evidence for the existence
of surface molecules modulating the activation of the ACP dur-
ing the life cycle of T. cruzi. In the process of seeking a new host
cell, T. cruzi is extracellular and is thus exposed to C lysis ac-
tivated by the ACP. The infective trypomastigote stage, but not
the noninfective epimastigote stage, has developed membrane
components that do not activate the ACP. In the immune host,
however, antibody-dependent lysis of trypomastigotes occurs
by ACP activation ofC (4, 22). It is possible that antibodies func-
tion in a fashion similar to that of trypsin and sialidase by mod-
ifying membrane components that prevent the organisms from
activating the ACP.
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