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Abstract

Only antibodies of the IgM class support the lytic effect of com-
plement on Giardia lamblia (GL). We sensitized GL trophozoites
(SGL) at 4°C with serum containing anti-GL antibodies or IgM
purified from this serum, and either normal human serum (NHS),
complement 2—deficient human serum (C2d-HS), or C4-deficient
guinea pig serum was used as source of complement. SGL were
killed by NHS (86%) and by the deficient sera (50 and 40%,
respectively), suggesting activation of the alternative pathway.
However, the reaction was inhibited by Mg-EGTA. These ob-
servations led to studies of the role of C1. The lytic effect of
NHS and C2d-HS on SGL was abolished by immunochemically
depleting C1 from these sera, and reconstituted by adding purified
Clq plus Cir and Cl1s. Factor B-depleted C2d-HS also lost its
capacity to mediate killing, but reconstitution with factor B led
to a dose-dependent increase in the killing of SGL. We next
investigated the participation of the membrane attack complex
in this system. SGL carrying C5b to C7 were lysed when incu-
bated with C8 alone (56%); the addition of C9 further increased
killing (98%), while C9 in the absence of C8 had no effect. We
concluded that although activation of the classical pathway pro-
duces lysis of SGL, lysis may also proceed through a unique
pathway of complement activation that requires C1 and factor
B, but is independent of C4 and C2. Lysis of SGL can be ac-
complished by C5b to C8 in the absence of C9.

Introduction

Giardia lamblia (GL)' is an important cause of gastrointestinal
symptoms and malabsorption in the world population (1). Both
severity and duration of giardiasis are extremely variable. Nev-
ertheless, the mechanism(s) of host defense against this intestinal
protozoan parasite are still unclear. Although both human cel-
lular (2, 3) and humoral (1, 4-7) host response(s) to GL have
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been reported, the high incidence of giardiasis observed in im-
munoglobulin-deficient patients (8) suggested that the humoral
immune response may play an important role in resistance to
infection with this parasite.

It has recently been reported that the trophozoite stage of
GL is susceptible to lysis by human complement in a reaction
that involves the activation of the classical pathway of comple-
ment and factor(s) specifically absorbable by GL, presumably
antibodies (9, 10). Moreover, the giardiacidal activity of different
sera correlated with the titer of serum IgG antibodies to fixed
trophozoites demonstrated by indirect immunofluorescence (10).
The present study demonstrates that GL trophozoites sensitized
with purified antibodies of the IgM class against GL surface
antigens (Deguchi, M., F. D. Gillin, and I. Gigli, manuscript in
preparation) are killed by proteins of the complement system.
Although activation of the classical pathway is readily demon-
strated, we have identified a unique pathway of complement
activation in this system that requires Ca** and the complement
components C1 and factor B, but is independent of C2 and C4.
In addition, lysis of GL trophozoites can be accomplished in the
absence of C9.

Methods

Sera. Human sera were obtained from patients with symptomatic giar-
diasis, individuals from endemic areas, and from healthy adult donors.
Complement-deficient sera were obtained from a homozygous C2-de-
ficient individual (C2d-HS) and from a patient with a congenital defi-
ciency of C8 S-chain (C8d-HS).

C4-deficient guinea pig serum (C4d-GPS) was obtained from a colony
of guinea pigs genetically deficient in C4. All sera were aliquoted and
stored at —70°C until used.

Parasites. GL trophozoites, WB strain (American Type Culture Col-
lection No. 30957) were used for all studies. They were grown at 37°C
for 24 h in filter-sterilized-Diamond TYI-S-33 medium (11) with 10%
heat-inactivated adult bovine serum and 1% fetal calf serum, then mod-
ified by adding bovine bile (500 ug/ml, bacteriological use; Sigma Chem-
ical Co., St. Louis, MO), doubling the cysteine concentration (12), and
omitting the ferric ammonium citrate, vitamin mixture, and antibiotics.
The trophozoites were enumerated by counting in a hemocytometer.

Functional assays for complement proteins. Sheep erythrocytes were
sensitized with rabbit anti-sheep hemolysin (EA). EACI,4b cells were
generated by incubating EA cells with human serum treated with 100
mg/ml of methylprednisolone at 0°C for 30 min (13). EAC4b cells were
prepared by treating EACT,4b twice at 37°C for 30 min with veronal-
buffered saline (VBS) containing 0.04 M EDTA and 0.1% gelatin. Sen-
sitized sheep erythrocytes carrying C1 to C7 (EAC1-7) were prepared by
incubating EA cells with C8-depleted human serum (see below) at a
dilution of 1:30.

The total hemolytic activity of human serum (CH50) was determined
by incubating EA cells with dilutions of the serum. The samples were
incubated 60 min at 37°C, the unlysed erythrocytes were removed by
centrifugation, and the hemoglobin in the supernatant was measured
spectrophotometrically at ODy,4 (14).

Cl1 titration was performed by incubating EAC4b cells with dilutions
of the samples to be tested at 30°C for 30 min. The extent of EACI,4b



intermediate formation was measured by incubating the mixture with
C20xy (50 U/ml) for 15 min at 30°C; guinea pig serum diluted 1:15 in
VBS containing 0.01 M EDTA and 0.1% gelatin was then added and
the mixture further incubated at 37°C for 60 min (15).

The titers of C1 subcomponents Clq, Clr, and Cls were determined
by incubating EAC4b cells with dilutions of the individual sample to be
tested in the presence of excess amounts of the other two subcomponents:
Clr and Cls for Clq, Clq and Cls for Clr, and Clq and Clr for Cls.
The extent of EACT,4b intermediate formation was measured as described
above (16).

C8 was titrated by incubating EACT-7 cells with dilutions of samples
at 37°C for 60 min in the presence of 200 CH50 U/ml of C9 (Cordis
Laboratories, Inc., Miami, FL). The unlysed cells were removed by cen-
trifugation, and the extent of lysis was measured spectrophotometrically
at 0D4|4.

The total alternative pathway hemolytic activity (ACH50) was de-
termined by incubating rabbit erythrocytes with dilutions of serum sam-
plesin VBS containing 0.01 M EGTA, 0.004 M MgCl,, and 0.1% gelatin
at 37°C for 30 min. The reaction was stopped with cold 0.01 M EDTA-
VBS, unlysed erythrocytes were removed by centrifugation, and the
hemoglobin in the supernatant was measured (17). Factor B was titrated
using rabbit erythrocytes and human serum depleted of factor B activity
by heating at 50°C for 20 min (18).

Complement and complement components. Human serum was de-
pleted of a specific complement component protein by immunoabsorp-
tion using the IgG fraction of anti-sera prepared against that component
(Atlantic Antibodies, Scarborough, ME) coupled to cyanogen bromide-
activated Sepharose 4B (Sigma Chemical Co.).

Serum depleted of Clq was prepared from either normal human
serum (NHS) or C2d-HS containing 5 mM EDTA by one passage over
an anti-Clq Sepharose 4B column. The effluent was collected, concen-
trated to the original volume, and brought to 10 mM CaCl, and 5 mM
MgCl,. Measured by quantitative hemolytic assay, the resulting serum
contained < 0.01% of the C1 activity of the original material. Full he-
molytic activity was restored by adding 200 ug/ml of purified C1q. One
passage of the C1q depleted serum over an anti-C1r-Cls Sepharose 4B
column removed > 99.9% of Clr and Cls activity from the original
serum as measured by quantitative hemolytic assay. Full hemolytic ac-
tivity was reconstituted by adding either purified C1 or purified subcom-
ponents: 200 pg/ml of Clq, 70 ug/ml of Clr, and 70 ug/ml of Cls. The
alternative pathway activity in C2d-HS depleted of C1 was the same as
that of C2d-HS. Factor B activity of both the C2d-HS and Cl-depleted
C2d-HS was 75% of that found in NHS.

C2d-HS was depleted of factor B by passing the serum containing 5
mM EDTA once over an anti-factor B Sepharose 4B column. C8-depleted
NHS was prepared in the same manner using an anti-C8 Sepharose 4B
column. The effluents were concentrated to the original volume and
reconstituted to 10 mM CaCl, and 5 mM MgCl,. The resulting depleted
sera contained < 0.01% activity of the depleted protein compared with
the original sera. Full hemolytic activity was restored by adding the pu-
rified corresponding components (300 ug/ml of factor B and 100 ug/ml
of C8).

Human Clq, proenzyme Clr, and Cls were gifts from Dr. R. J.
Ziccardi (Scripps Clinic and Research Foundation, La Jolla, CA), and
human C8 was a gift from Dr. H. J. Miiller-Eberhard (Scripps Clinic
and Research Foundation). These reagents were biochemically pure as
assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
analysis. Human C2 and C9 were purchased from Cordis Laboratories
and factor B from Cytotech, San Diego, CA.

Labeling of C8. Purified C8 was radiolabeled with '2°I using iodogen
(Pierce Chemical Co., Rockford, IL) according to the method of Fraker
and Speck (19). The labeled protein contained 2 X 10 cpm/ug of protein
and retained 50% of its initial hemolytic activity.

Serum-killing assay. The growth medium and nonattached parasites
of actively growing GL cultures were discarded, and the parasites were
dislodged from the walls of culture tubes by immersion for 10 min in
ice-cold VBS (145 mM NaCl/5 mM sodium barbitol) containing 0.1%
bovine serum albumin (BSA), 0.15 mM CaCl,, and 1 mM MgCl, (VBS**-
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0.1% BSA), pH 7.4. The GL were washed in VBS**-0.1% BSA, resus-
pended in the same buffer, and counted. The killing activity of fresh
whole human serum, presumably containing antibodies and complement,
was assayed as follows: Aliquots containing 5 X 10° parasites were cen-
trifuged, and the pellets were resuspended and incubated at 37°C for 30
min with 125 ul of the serum to be tested diluted 1:5 in VBS**-0.1%
BSA. Viability was determined by the exclusion of trypan blue or acridine
orange-ethidium bromide. The percent of lysed parasites was calculated
by counting more than 200 GL. Evaluation of the participation of an-
tibodies and complement in the reaction was performed in a two-step
procedure: GL were sensitized by incubation at 0°C for 1 h with either
125 ul of a 1:5 dilution of patient serum in VBS containing 10 mM
EDTA (EDTA-VBS) or with purified IgM (50 ug in VBS**-0.1% BSA)
from this serum. The sensitized GL were washed twice with VBS**-0.1%
BSA, and 125 ul of either 1:5 dilution of NHS or serum deficient in a
given complement protein was added. The mixtures were further incu-
bated at 37°C for 30 min and the percent of dead GL was determined.

Purification of anti-GL antibodies. 20 ml of human serum with high
GL-killing activity was dialyzed for 24 h against 2 liters of 0.01 M Tris
buffer containing 0.1 M NaCl and 0.005 M EDTA, pH 8.6, and applied
to a DEAE Sephadex A50 column (2.6 X 40 cm) equilibrated with the
same buffer. The column was washed and the protein was eluted with a
NaCl gradient containing 500 ml of wash buffer and 500 mi of the same
buffer with 0.25 M NaCl. The eluted fractions were analyzed for killing
activity in the presence of NHS as complement source. The active frac-
tions were pooled, concentrated to 2 ml by ultrafiltration (Amicon Corp.,
Scientific Sys. Div., Danvers, MA), dialyzed against VBS containing 5
mM EDTA, pH 7.4, and chromatographed on a Sepharose 6B column
(1.5 X 100 cm) equilibrated with the same buffer. The fractions with
killing activity were pooled and used as the source of antibodies against
GL. This pool contained primarily immunoglobulin of the IgM class,
but traces of IgA, a2-macroglobulin, and C4 binding protein were detected
using the corresponding monospecific antibodies.

Preparation of sensitized GL (SGL) carrying C5b to C7 (SGLC5b-
7). SGLCS5b-7 were prepared as follows: 5 X 10° GL were incubated for
1 h at 0°C with 50 ug of IgM purified from a patient’s serum in a volume
of 100 ul with VBS**-0.1% BSA. After washing at 0°C with the same
buffer, the SGL were further incubated at 37°C for 30 min with 150 ul
of C8-depleted serum diluted 1:10. The plasma membrane of the parasites
at this step of complement activation was intact as shown by its capacity
to exclude trypan blue.

C5 to C8 were detected on SGLC5b-7 or SGL using the following
immunofluorescence techniques: 5 X 10° of SGLCS5b-7 prepared as above
or SGL were incubated at 0°C for 30 min with 50 ul of fluorescein
isothiocyanate-conjugated goat IgG anti—-human C5 or C8 (Atlantic An-
tibodies) diluted 1:5 in VBS**-0.1% BSA. The presence of C6 and C7
on SGLCS5b-7 or SGL was demonstrated by incubating the parasites at
0°C for 30 min with 50 ul of goat antisera monospecific for human C6
or C7 (Miles Laboratories, Inc., Elkhart, IN) diluted 1:10 in VBS**-0.1%
BSA. After washing the parasites were further incubated at 0°C for 30
min with 50 ul of fluorescein isothiocyanate-conjugated rabbit anti-
goat immunoglobulin (Atlantic Antibodies) diluted 1:5 in VBS**-0.1%
BSA. The parasites were observed under fluorescence microscopy after
washing. Throughout these procedures the GL remained viable.

Results

Participation of C1 and factor B in the killing of SGL. When the
parasites were incubated with NHS or C2d-HS without sensi-
tizing antibody, only 2-6% of the GL in the reaction mixture
were killed, in agreement with the observation of Hill et al. (9).
In contrast, 86% of GL sensitized with the IgM-containing pool
isolated from patient serum were killed by NHS. Incubation of
SGL with C2d-HS produced 50% killing, and addition of C2 to
this reaction mixture increased killing to the same value as that
seen with NHS. Neither NHS nor C2d-HS in the presence of
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Table I. Killing of GL Trophozoites by NHS, C2d-HS,
or Serum Chelated with EDTA or Mg-EGTA

Table II1. Participation of Clq in Killing of SGL by Human
Serum

GL killed

GL killed

% %
GL + NHS 6 SGL + NHS 77
SGL + buffer 5 SGL + NHS/C1q depleted 9
SGL + NHS 86 SGL + NHS/Clq depleted + Clq 70
SGL + NHS-EDTA 1 SGL + C2d-HS 35
SGL + NHS-Mg EGTA 4 SGL + C2d-HS/C1q depleted 5
GL + C2d-HS 2 SGL + C2d-HS/Clq depleted + Clq 35
SGL + C2d-HS 50
SGL + C2d-HS + C2 85 5 X 10° SGL were incubated at 37°C for 30 min with 125 ul of NHS,
SGL + C2d-HS-Mg EGTA 4 NHS depleted of Clq, C2d-HS, or C2d-HS depleted of Clq at a 1:5
SGL + C2d-HS-Mg EGTA + C2 4 dilution in VBS**—0.1% BSA. NHS or C2d-HS depleted of Clq was

SGL were prepared by incubation of GL (5 X 10%) with 50 ug of puri-
fied IgM at 0°C for 1 h. GL or SGL were reacted at 37°C for 30 min
with a source of complement. The percent killing was calculated by
counting dye exclusion in a total of 200 parasites.

EDTA- or Mg-EGTA supported killing of SGL above the basal
level observed with buffer alone (Table I).

Both normal guinea pig serum and C4d-GPS at a 1:5 dilution
killed 15-18% of GL independently of the presence of sensitizing
antibodies. Sensitization of GL before the addition of normal
guinea pig serum or C4d-GPS produced 70 and 40% killing,
respectively, while chelation with Mg-EGTA prevented the cy-
tolysis of sensitized GL (Table II).

The observation that C2- and C4-deficient sera support the
lysis of SGL suggests the participation of the alternative pathway
of complement activation. However, the inhibition observed in
the presence of Mg-EGTA indicates a requirement for a Ca**-
dependent step in this reaction. Therefore, the role of Cl, a
Ca**-dependent component in the complement sequence, was
investigated using either NHS or C2d-HS depleted of Clq (Table
III). SGL were not lysed when they were incubated with either
NHS or C2d-HS depleted of C1q. Addition of purified Clq to
Clg-depleted sera totally restored the killing potential of these
sera.

We then investigated the contribution of each C1 subcom-
ponent in a reaction mixture containing SGL and Cl-depleted
sera (Table IV). While 86 and 58% killing were obtained with
untreated NHS and C2d-HS, respectively, no killing was obtained
with the sera depleted of C1. Although reconstitution was not
accomplished by either Clq alone, Clq and Clr, or Clr and

Table II. Killing of Sensitized or Control
GL Trophozoites by C4d-GPS

GL killed
%
GL + NGPS 15
SGL* + NGPS 70
SGL + NGPS-Mg EGTA 1
GL + C4d-GPS 18
SGL + C4d-GPS 40
SGL + C4d-GPS-Mg EGTA 13

NGPS, Normal guinea pig serum.
* Sensitized with IgM purified from immune human serum.
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reconstituted with 5 ug of purified Clq.

Cls, addition of highly purified Clq, Clr, and Cls reconstituted
the lytic potential of the C1-depleted sera (Table IV). These re-
sults indicate that all the subcomponents of C1 (Clq, r, s) are
required for lysis of SGL by either NHS or C2d-HS.

The observation that the electrophoretic mobility of factor
B in the supernatant of these reactions was altered in intact sera
but not in Cl-depleted sera (not shown) prompted studies to
evaluate the participation of the alternative pathway in this sys-
tem. C2d-HS lost its capacity to mediate killing of SGL when
it was depleted of factor B (Fig. 1). Addition of increasing
amounts of factor B led to a dose-dependent increase in the
killing of SGL. In the same experiment, addition of factor B to
C2d-HS also increased the lysis of SGL from 50 to 75%. As
previously mentioned, the C2d-HS used in this experiment con-
tained 75% of the functional activity of factor B found in NHS.
It can be concluded that while C4 and C2 are not necessary in
the events leading to lysis of SGL, lysis requires both intact C1
and components of the alternative pathway.

PFarticipation of late-acting complement components C8 and

Table 1V. Participation of Cl in Killing of SGL by Human Serum

GL killed
%
SGL + NHS 84
SGL + NHS/C1 depleted 3
+Clq 5
+Clgq, Clr 10
+Clr, Cls 6
+Clq, ClIr, Cls 84
SGL + C2d-HS 58
SGL + C2d-HS/C1 depleted 1
+Clq 3
+Clq, CIr 8
+Clr, Cls 1
+Clq, CIr, Cls 40

5 X 10° SGL were incubated at 37°C for 30 min with 125 gl of NHS,
NHS depleted of C1, C2d-HS, or C2d-HS depleted of C1 at a 1:5 dilu-
tion in VBS**-0.1% BSA. NHS or C2d-HS depleted of C1 was recon-
stituted with purified factors: 5 ug of Clq, 1.7 pg of Clr, and 1.5 ug of
Cls.



100'1

80+

60

Killing (%]

40-

204

T T

] 2 L3
Factor B added [Mg])

o4

Figure 1. Participation of factor B in killing of SGL by C2d-HS. In-
creasing amounts of factor B (2-6 ug) were added to 5 X 10° SGL in
125 ul of 1:5 diluted C2d-HS (solid triangle) or C2d-HS depleted of
factor B (solid circle) in VBS**-0.1% BSA. The reaction mixtures were
incubated at 37°C for 30 min.

C9 in the killing of SGL. SGLC5b-7 were prepared using purified
IgM from anti-GL patient serum and C8-depleted normal
serum. That this intermediate carried C5b to C7, but not C8,
was confirmed by direct and indirect immunofluorescence using
monospecific antibodies to C5, C6, C7, and C8.

SGLC5b-7 were further incubated with either buffer alone,
C8 or C9, or both C8 and C9 (Table V). The addition of C8
(100 ng) alone increased killing to 56%. The addition of C9 (100
CHS50 U) in the presence of the same amount of C8 further
increased killing to 93%, while C9 alone was without effect. To
exclude the possibility that trace amounts of C9 either in the C8
preparation or bound to the parasite during the formation of
the intermediates could account for the killing observed in the
absence of C9, the C8 preparation was added to the reaction
mixture in the presence of IgG anti-human C9 (Table IV). The
number of parasites killed was the same in the presence and
absence of anti-C9.

To determine whether the increase in lysis of GL noted with
C8 plus C9 was due to an increased uptake of C8 under these
experimental conditions, an experiment was performed using
'%I-labeled C8. Increasing amounts of '>I-C8 (50—400 ng) alone
or with a constant amount of C9 (100 CH50 U) were added to
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Table V. Participation of Late-acting Complement
Components C8 and C9 in Killing of SGL

GL killed
%
GL + C8d-HS 2
SGL + C8d-HS 4
SGL + C8d-HS + C8 90
SGLC1-7 + buffer 9
SGLC1-7+C8 56
SGLC1-7+C9 3
SGLC1-7+C8+C9 93
SGLC1-7 + C8 + anti-C9 58

5 X 10° GL or SGL were incubated with 125 ul of C8d-HS diluted 1:5
in VBS**-0.1% BSA with or without purified C8 (100 ng). SGLC5b-7
intermediate cells were prepared by incubation of 5 X 10° SGL with
125 ul of C8d-HS diluted 1:10 in VBS**-0.1% BSA. 5 X 10° SGLC5b-
7 were incubated with C8 (100 ng) alone, C9 (100 CH50 U) alone, C8
and C9, or C8 and anti-C9 antibody.

SGLC5b-7 (Fig. 2), and bound and free '2°I-C8 were separated
by centrifugation of the reaction mixture. As shown in Fig. 2,
1251.C8 was bound to SGLCSb-7 in proportion to the amounts
of '#1-C8 added. There was no difference in the binding of C8
in the presence and absence of C9.

The relationship between C8 binding to SGLC5b-7 and kill-
ing of the parasites was next investigated (Fig. 3). Several dilutions
of '*I-radiolabeled C8 alone, or C8 and C9 were reacted with
SGLC5b-7, and the amounts of bound C8 counted and related
to percent killing. The killing of SGLC5b-7 increased with the
number of C8 molecules bound in the absence of C9 until it
reached 50%, when 50,000 C8 molecules per cell were bound.
In contrast, in the presence of C9, < 4,000 molecules of bound
C8 caused maximal killing (80%). That percent killing in the
absence of C9 didn’t increase when bound C8 increased more
than twice suggested that the kinetics of killing by C8 alone
differ from those of C8 with C9. This was investigated using
SGLC5b-7 incubated with four increasing concentrations of C8
(Fig. 4). To a duplicate sample with the lowest concentration of
C8, C9 was added. The percent of GL killed was assessed at
time intervals. Maximal killing was observed at 30 min in the
presence of C8 and C9 at a C8 input in the mixture of 90,000
molecules per cell. The same amount of C8 in the absence of
C9 showed < 10% killing even at 120 min. However, by increas-
ing the concentration of added C8, a gradual increase in killing
of SGLC5b-7 was noted. When eight times more C8 was used,
lysis of the parasite comparable to that obtained with the lowest
concentration of C8 in the presence of C9 was obtained in
120 min.

Discussion

The data presented here demonstrate that the lysis of GL tro-
phozoites sensitized with specific antibodies to the parasites re-
quires activation of the complement system.

The observation that the killing of IgM-sensitized GL was
accomplished with NHS, C4-, and C2-deficient serum, but not
with the above sera in Mg-EGTA or depleted of C1, suggested
that in addition to the classical pathway, the sensitized parasite
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Figure 2. '*1-C8 uptake by SGLC5b-7 in the presence
(open circle) or absence (solid circle) of C9. 5 X 10°
SGLC5b-7 were incubated with '*I-C8 (50-400 ng)
alone or in the presence of constant amounts of C9
(100 CH50 U) in 125 gl of VBS**-0.1% BSA. After
incubation at 0°C for 30 min, the cell suspensions
were layered onto 200 ul of a Kodak dibutylphthalate/
dioctylphthalate mixture (6:4 vol, respectively) in 400-
ul Bio-Rad polypropylene tubes. The tubes were cen-
trifuged for 1 min at 8,000 g in a Beckman microfuge,
cut, and bound and free C8 were measured in the pel-

o 100 200
c8 input [X10 *molecules/cell]

could be lysed by the activation of a unique pathway that required
C1 and Ca** but was independent of the classical pathway com-
ponents C2 and C4.

Further investigation of the participation of Cl in this re-
action showed that the three subcomponents of C1, Clq, Clr,
and Cls, are required for the initial activation of this pathway.
This initial activation of C1 leads into the alternative pathway
as indicated by the observation that there is cleavage of factor
B in this reaction. This was further supported by showing that
depletion of factor B abrogated killing, and reconstitution with
highly purified factor B reestablished the lytic potential of sera
in a dose-response manner. These studies expand the observation
of Hill et al. (9), who found that factor B was not depleted by
GL in Mg-EGTA chelated serum. In addition, these findings
are consistent with the previous reports by May et al. showing
that heavily sensitized sheep erythrocytes were lysed by C4d-
GPS or C2d-HS in a reaction that required C1 or a Cl-like
protein and the alternative pathway (20-22).
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Figure 3. Relationship between killing of SGLC5b-7 and '*I-C8 up-
take. SGLC5b-7 were incubated at 37°C for 30 min with several dilu-
tions of '25I-C8 alone (open circle), or with C8 and C9 (100 CH50 U)
(solid circle). The number of C8 molecules were measured based on
1251 C8 uptake.
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v lets and supernatants. Specific '2I-C8 bound was cal-
300 culated by substracting the nonspecific uptake by the
SGL.

Although the molecular events in this pathway are still un-
clear, our study demonstrates that a nucleated cell can be lysed
by specific antibodies and the alternative pathway utilizing C1
for its initial activation. Our data differ from those of Hill et al.
(9), who did not observe killing of GL by C2d-HS. The difference
may be that the present studies utilized a two-stage procedure
in which GL trophozoites were sensitized with antibodies and
washed before exposure to complement.

The data on the participation of the late-acting complement
components in the killing of SGL showed that C5b-8 complexes
were sufficient to damage the membrane of GL (Table IV). To
confirm that the observed damage of the parasite was caused by
C5b-8 complexes, it was necessary to eliminate the possibility
that the purified C8 used in the experiments was contaminated

100 -

Killing (%]

o 10 30 60 120
Incubation time (minutes]

Figure 4. Kinetics of killing of SGLC5b-7 by C8. SGLC5b-7 were in-
cubated at 37°C with several concentrations of C8 in the reaction
mixtures ([filled star] 9 X 10* molecules/cell; [filled diamond] 18

X 10* molecules/cell; [filled triangle] 35 X 10* molecules/cell; and
[filled circle] 70 X 10* molecules/cell) in 200 ul of VBS**-0.1% BSA.
The lowest concentration of C8 (9 X 10%/cell) was used in the pres-
ence of 100 CH50 U of C9. Killing was assessed at the indicated time
intervals. (filled square) Buffer; (open square) C9.



with C9. The possibility of C9 contamination in the purified C8
was assessed by incubating SGLC1-7 with C8 in the presence
of anti-human C9 antibody. As shown in Table IV, no difference
in percent killing of SGLC1-7 by C8 was observed between GL
samples incubated in the presence or absence of antibody to C9.
An alternative source of contaminating C9 could be the bovine
serum used in the medium in which GL were grown. To elim-
inate this possibility, GL were grown in 10% heat-inactivated
human serum instead of 10% bovine serum plus 1% fetal calf
serum. These GL were treated with anti-human C9 before sen-
sitizing and they were compared with untreated parasites in their
susceptibility to the lytic effect of C8. There were no differences
in percent killing of SGLC1-7 by C8 between the samples that
were pretreated with anti-C9 antibody or with buffer alone (data
not shown).

Investigation of the relationship between the number of C8
molecules bound to the cell surface and the resulting lysis of
these cells demonstrated that ~ 50,000 C8 molecules per cell
were required to cause 50% lysis of SGLC5b-7 in the absence
of C9, while ~ 4,000 C8 molecules caused the same amount of
killing in the presence of C9. These findings are in close agree-
ment with the results of Morgan et al. (23) using the U937 cell
line. Kinetic studies of killing of SGLC5b-7 by C8 showed that
the percent of parasites killed by C8 increased with both the
concentration of C8 and the time of incubation, and that the
rate of killing by C8 was much lower than that of C8 plus C9.
These results may be due to differences in functional channel
size (24), stability of C5b-8 complexes (25) in the presence and
absence of C9, or capacity of the parasite to repair the damaged
membrane.

It has been demonstrated that in general, nucleated cells are
more resistant to killing by complement than erythrocytes, and
that the C5b-8, which is sufficient to lyse erythrocytes (26, 27),
cannot lyse certain nucleated cells such as guinea pig hepatoma
cells (line 1) or Raji cells (28, 29). On the other hand, recent
studies showed that C5b-8 was able to initiate lysis of certain
bacteria, such as Escherichia coli (30) and Neisseria (31), and
of some mammalian cell lines, U937 (23), and melanoma cells
(32). In all these studies, greater amounts of C8 were required
to lyse nucleated cells than to lyse erythrocytes. These differences
in the sensitivity of nucleated cells to the cytotoxic action of
complement may be due to differences in metabolic properties,
the chemical and physical composition of the cell membrane
(33), and/or the capacity to eliminate complement components
from the plasma membrane (34-36). Our studies show that the
membrane of the GL trophozoite, a flagellated unicellular or-
ganism, does not appear to be capable of resisting the effect of
complement-mediated lysis.

The idea that the sensitizing antibody is of the IgM class is
supported by several lines of evidence (Deguchi, M., F. D. Gillin,
and 1. Gigli, manuscript in preparation): Sensitizing activity co-
purified with IgM on DEAE Sephadex and Sephadex 6B; only
IgM, and not IgG or IgA, was observed on the surface of GL
reacted with human serum while alive using indirect immu-
nofluorescence, and killing was abrogated in the presence of
antibodies to IgM, but not to IgG or IgA. The recent report of
Goka et al. (7) that IgM, but not IgG antibodies to GL correlate
with infection, agrees with our findings. In contrast, using fixed
parasites, Hill et al. (9, 10) reported the presence of IgG antibody
on GL by an immunoperoxidase method.

All the serum samples with killing activity in our study had
anti-Giardia antibodies of the IgM class. However, this sensi-

tizing antibody to GL in immune serum could not be detected
on sensitized and washed parasites after incubation at 37°C for
30 min (37). The disappearance of the immunoglobulin from
the surface of the parasite may be due to dissociation, internal-
ization, or proteolytic degradation of the immunoglobulin. Re-
gardless of the mechanism, it is clear that unless complement
activation has reached the C5b step, incubation at 37°C aborts
the lytic effect of complement (Deguchi, M., F. D. Gillin, and
L. Gigli, manuscript in preparation). These findings are the basis
for our experimental design in which sensitization was performed
at 0°C.

Although GL resides primarily in the lumen of the gut, the
lysis of this parasite mediated by antibody and complement may
play an important role in the prevention of extension of lesions
into the intestinal wall by inducing lysis of any parasites that
may invade to the submucosa.
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