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Calcium-independent haemolysis via the lectin pathway of complement activation in

the guinea-pig and other species™

Y.ZHANG, C. SUANKRATAY, X.-H. ZHANG, D. R. JONES, T. F. LINT & H. GEWURZ Department of Immunology/

Microbiology, Rush Medical College, Chicago, IL, USA

SUMMARY

We previously reported that complement-dependent haemolysis of sheep erythrocytes (E) coated
with mannan (M) and sensitized with human mannan-binding lectin (MBL) via the lectin pathway
in man occurs in Mg-EGTA and requires alternative pathway amplification. Calcium was required
for MBL binding to E-M, but once the E-M-MBL intermediate was formed, MBL was retained
and haemolysis occurred in the absence of calcium. Comparable or greater lectin pathway
haemolysis in the absence of calcium was observed upon incubation of E-M-MBL in guinea-pig,
rat, dog and pig sera, and was further investigated in the guinea-pig, in which titres were much
higher (~14-fold) than in man, and in contrast to humans, greater than classical pathway
haemolytic activity. As in human serum, no lysis was observed in C4- or C2-deficient guinea-pig
serum until purified C4 or C2, respectively, were restored. However, lectin pathway haemolytic
activity in the guinea-pig did not require the alternative pathway. Removal (>98%) of factor D
activity by three sequential passages through Sephadex G-75, resulting in serum which retained
a normal classical pathway but no alternative pathway haemolytic activity, did not reduce
the ability of guinea-pig serum to mediate haemolysis via the lectin pathway. Further, the
C3-convertase formed via the lectin pathway (E-M-MBL-C4,2) lysed in C2-deficient guinea-pig
but not human serum chelated with EDTA, a condition which precludes alternative pathway
amplification. Thus, lectin pathway haemolysis occurs efficiently in guinea-pig serum, in the
absence of calcium and without requirement for alternative pathway amplification. The guinea-
pig provides a model for studying the assembly and haemolytic function of a lectin pathway
which contrasts with the lectin pathway of man, and allows for comparisons that may help clarify
the role of this pathway in complement biology.

INTRODUCTION

Mannan-binding lectin (MBL) is an acute phase reactant?
which plays an important role in innate immunity.” MBL
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saline, pH 7-4.

Correspondence: Dr H. Gewurz, Department of Immunology/
Microbiology, Rush Medical College, Chicago, IL 60612, USA.

deficiency results in impaired host defence and severe infec-
tions.* MBL has been characterized in many species, including
the rabbit,’ rat,” human,® cow,’ chicken,'® mouse,!! pig!?
and guinea-pig,'>'* and MBL-related serine proteases have
been traced back to the invertebrates.!>'” MBL binds to a
number of pathogenic micro-organisms, and thus can initiate
neutralization, opsonization and cytotoxic reactions;!*18:19
these functions require, or are enhanced by, complement.
MBL activates complement through two new serum serine
proteases designated MASP-1 and MASP-2.2%2! This lectin
pathway requires C4 and C2 for activation of C3 and the
terminal components,?* although direct activation of C3 by
MASP-1 has been reported,” and occurs in Mg-EGTA. In
humans, alternative pathway amplification also is required for
haemolysis via the lectin pathway.?*?> We report here that
lectin pathway haemolytic activity can be measured in four
other species (guinea-pig, rat, dog and pig) by haemolysis in
Mg-EGTA using mannan-coated sheep E sensitized with
human MBL, and because of a high titre in the guinea-pig,
further characterized in this species.
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MATERIALS AND METHODS

Buffers

Veronal-buffered saline, pH 7-4 (VBS), VBS containing 0-1%
gelatin, 5 mM Mg?* and 10 mm Ca?* (GVB?*), GVB contain-
ing 10 mm EDTA (EDTA-GVB), and GVB containing 5 mMm
Mg?* and 10mmM EGTA (Mg-EGTA) were prepared as
described.?® VBS with 10 mm Ca?* was used as ‘binding
buffer’, and VBS with 20 mm EDTA was used as ‘elution
buffer’, in the preparation of MBL.

Reagents

Sheep erythrocytes (E), rabbit erythrocytes (RaE) and rabbit
anti-E anti-serum were purchased from Colorado Serum Inc
(Denver, CO). Yeast mannan and CrCl; were purchased from
Sigma Chemical Co. (St Louis, MO). Normal guinea-pig sera
were purchased from Harlan Inc. (Indianapolis, IN); Sigma
Chemical Co. and Colorado Serum Inc. C4- and C2-deficient,
as well as normal, guinea-pig sera were generous gifts from
Dr Michael M. Frank (Duke University, Durham, NC).
Purified human C4 and cobra venom factor (CoVF) were
purchased from Calbiochem Inc. (La Jolla, CA). Guinea-pig
C2 was purified as previously described.?* Normal rat and dog
sera were kindly provided by Dr Thomas Welsh (Rush Medical
College), and normal pig sera were a generous gift from Dr
Yoon Berm Kim (Chicago Medical School). Normal human
sera were donated by healthy laboratory personnel. Outdated
human plasma was obtained from the Blood Bank of Rush-
Presbyterian-St Luke’s Medical Center.

Purification of human serum mannan-binding lectin

MBL was purified as described,?* with minor modifications.
One litre of outdated normal human plasma was recalcified
and clotted overnight at 4°. Serum was collected, dialysed in
5 volumes of ‘binding buffer’ at 4° overnight and centrifuged
at 10000 g for 30 min. The supernatant was passed through a
200-ml mannan—Sepharose 4B column equilibrated with bind-
ing buffer, and MBL was recovered with elution buffer. The
calcium concentration in the eluate was adjusted to 10 mm
and this step was repeated on a smaller (25 ml) mannan—
Sepharose 4B column. The MBL preparation was further
purified by sequential passage through protein A-Sepharose
4B (10 ml) and anti-human IgM (15 ml) affinity columns. The
eluate was concentrated and dialysed against the binding
buffer.

Assay of classical pathway haemolytic activity
Antibody-sensitized sheep E (EA) were prepared as
described.?* Serum dilutions (100 pl) and 100 pl EA (10%/ml)
in GVB?>* were mixed and incubated at 37° for 60 min,
EDTA"GVB (1 ml) was added and, after centrifugation at
3500 g for 5 min, absorbance of supernatant at 414 nm was
determined. Classical pathway activity (CHs,) was calculated
as the dilution that gave 50% lysis.?*

Assay of lectin pathway haemolytic activity

Lectin pathway haemolytic activity was assayed as previously
described.?* Briefly, equal volumes of 10° E/ml in GVB?*,
100 pg/ml mannan in 0-9% NaCl and 0-5 mg/ml CrCl; in 0-9%
NaCl were mixed and incubated at room temperature for
Smin to prepare E-mannan (E-M). The E-M were washed
three times with GVB?* and sensitized with purified human
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MBL (10 pg MBL per 10° E-M) and incubated at 37° for
30 min. The E-M-MBL were washed three times with
Mg-EGTA and resuspended to 108 cells/ml. Test sera (100 pl)
were serially diluted in Mg-EGTA, E-M-MBL (100 pl) were
added and the mixture was incubated at 37° for 60 min.
Mg-EGTA (1 ml) was added, and after centrifugation,
absorbance of the supernatant at 414 nm was measured, and
lectin pathway activity (LHs,) was calculated as the dilution
that gave 50% lysis.

Requirement of C4 for lectin pathway haemolysis in guinea-pig
serum

C4-deficient guinea-pig serum (100 pl) was serially diluted in
Mg-EGTA. Human C4 (100 pl) and E-M-MBL (100 pl) at
108 cells/ml in Mg-EGTA were added and incubated at 37°
for 60 min, and the reconstituted LH, activity was determined.

Requirement of C2 for lectin pathway haemolysis in guinea-pig
serum

C2-deficient guinea-pig serum (100 pl) was serially diluted in
Mg-EGTA. C2-deficient guinea-pig serum (100 pl), purified
guinea-pig C2 (100 pl) at 20 U/ml and E-M-MBL (100 pl at
108 cells/ml) in Mg-EGTA were added and incubated at 37°
for 60 min to determine the reconstituted LHs,. Lysis was
measured by absorbance at 414 nm.

Preparation of factor D-depleted guinea-pig serum and assay

of factor D requirement for lectin pathway haemolysis in
guinea-pig serum

Factor D was removed from guinea-pig serum by gel fil-
tration.?” Briefly, serum (2 ml) containing 2 mm EDTA was
passed through a Sephadex G-75 column (100 ml) and frac-
tions (2ml) were collected. Classical pathway and lectin
pathway were assayed for each fraction as described above.
For assay of factor D activity, aliquots of each fraction (20 pl)
were mixed with 50 ul factor D-depleted human serum,?®
Mg-EGTA (100 pl) and rabbit E (100 ul at 10® cells/ml), and
incubated at 37° for 60 min; Mg-EGTA (1 ml) was added,
and after centrifugation the absorbance at 414 nm (A,;,) was
measured and the percent lysis was determined.

Alternative pathway assay in guinea-pig by indirect lysis

Sheep E (100 pl at 108 cells/ml in Mg-EGTA) and serially
diluted serum (100 pul) were incubated with 0-1 pg CoVF
(100 pl at 1 pg/ml) at 37° for 90 min. EDTA-GVB (1 ml) was
added, and after centrifugation, the Ay, and the serum
dilution yielding 50% lysis (AHs,) was determined.

Assay for alternative pathway requirement using the E-M-
MBL-C4,2 intermediate

E-M-MBL-C4 were prepared by incubating E-M-MBL
(108 cells/ml) with an equal volume of C2D guinea-pig serum
(1:50) in Mg-EGTA at 37° for 5 min. The cells were washed
three times with Mg-EGTA and incubated with guinea-pig C2
(1:5) at 30° for 5min. Unbound C2 was removed by two
brief washes with Mg-EGTA, and the E-M-MBL-C4,2 were
reacted with C2-deficient guinea-pig or human sera in
Mg-EGTA or EDTA. The percentage lysis was determined as
described above.
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Statistical analysis

All experiments were performed in duplicate a minimum of
three times; standard deviations are shown in Fig. 1, and
representative experiments are shown in Figs. 2-6.

RESULTS

MBL-initiated haemolysis via the lectin pathway in guinea-pig,
rat, dog and pig as well as human sera

The ability of guinea-pig, rat, dog and pig sera to lyse E-M
sensitized with human MBL in Mg-EGTA was compared with
human serum (Fig. 1). Guinea-pig serum had much higher
haemolytic activity (LHs, 2834118 units/ml; range 122-
487 units/ml), about 14-fold greater than that of human serum
(LHs, 20+4 units/ml; range 13-27 units/ml). The rat and
dog LH;, were comparable to that of the guinea-pig (227 + 62
and 289 + 55, respectively), while the pig LHs, was comparable
to that of man (18 +5 units/ml). Whereas the LHs, was less
than the CHs, [20 compared to 46 (P<0-00001) and 18
compared to 104 (P <0-002) units/ml, respectively] in humans
and pigs, the LH;, was much higher than the CHj, in the
guinea-pig (283 compared to 146 units/ml; P<0-0005), rat
(227 compared to 130 units/ml; P<0-00009) and dog (288
compared to 137 units/ml; P<0-0007). The presence of high
titres, along with the historical emphasis upon the guinea-pig
as a model for studies of haemolytic complement activity, led
to further examination of lectin pathway activity in the
guinea-pig.

Optimization of lectin pathway haemolytic activity in the
guinea-pig

E-M-MBL were prepared with increasing amounts of mannan
(up to 50 pug per 108 cells) and MBL (up to 1000 ng per
10° cells), and tested for lysis in guinea-pig serum in
Mg-EGTA. The optimal amount of mannan was 20 pug per
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Figure 1. Lectin and classical pathway haemolytic activity in five
species. Sera from guinea-pigs (14 samples), rats (nine samples), dogs
(seven samples), pigs (six samples) and humans (14 samples) were
assayed for lectin (LHsy) and classical (CHs,) pathway activity, by
lysis of E-M-MBL in Mg-EGTA and EA in GVB?*, respectively; lysis
of E-M not presensitized with MBL, and of E not presensitized with
A, are shown for comparison; each sample was assayed three times.
The data shown are the means+ 1SD. Lectin pathway haemolytic
activity was greater than classical pathway activity in the three species,
and greatest in the guinea-pig, in which titers were ~ 14-fold greater
than in humans.

108 cells; higher doses were inhibitory (Fig.2). MBL was
optimal at 500 ng MBL per 10° cells. No haemolysis of E-M
was seen unless the cells were sensitized with MBL. Lysis was
optimal at neutral pH and at 37°

Requirement of C4 for lectin pathway haemolytic activity in the
guinea-pig

Guinea-pig serum deficient in C4 was tested for the ability to
lyse E-M-MBL in the presence and absence of purified human
C4. No LH;, activity was observed in C4D guinea-pig serum
in the absence of human C4 (Fig. 3a), with haemolytic activity
restored when purified human C4 was added. The restored
LHs, was higher than the restored CHs,. (129 compared to
109 units/ml). The ability of C4D guinea-pig serum to lyse
EA and E-M-MBL, respectively, was strictly proportional to
the amount C4 added (Fig. 3b).

Requirement of C2 for lectin pathway haemolytic activity in the
guinea-pig

C2D guinea-pig serum was tested for the ability to lyse E-M-
MBL in the presence and absence of purified guinea-pig C2.
Neither lectin nor classical pathway haemolytic activity was
observed in C2D guinea-pig serum in absence of guinea-pig
C2 (Fig. 4a), but both were restored to the normal range when
guinea-pig C2 was added. The restored LH5, was higher than
the restored CHs,. Again, the ability of C2D guinea-pig serum
to lyse EA and E-M-MBL, respectively, was strictly pro-
portional to the amount of C2 added (Fig. 4b).

Absence of factor D requirement for lectin pathway haemolytic
activity in the guinea-pig

To remove selectively the 22000 MW factor D, guinea-pig
serum was passed through a 100-ml Sephadex G-75 column
three times. Total protein and lectin pathway, classical pathway
and factor D haemolytic activities were assayed in each
fraction, with the major protein peaks eluting with markers
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Figure 2. Optimization of lectin pathway haemolytic activity in guinea-
pig serum. Sheep E coated with increasing amounts of mannan (up
to 50 ug/10% cells) and were sensitized with increasing amounts of
human MBL (up to 1000 ng/108 cells) and lysed in 1:80 guinea-pig
serum-Mg-EGTA. Maximal lysis was obtained with 20 pg mannan
and 200 ng MBL per 108 cells.
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Figure 3. Requirement of C4 for lectin pathway haemolysis in the
guinea-pig. E-M-MBL were incubated with C4-deficient guinea-pig
serum (GPC4D) in Mg-EGTA in the presence and absence of human
C4 to quantify LHs, (a) or with GPC4D and increasing amounts of
human C4 (b); lysis of EA via the classical pathway is shown for
comparison. No LHs, was observed in GPC4D in the absence of
added human C4. Smaller amounts of C4 were required to restore
lectin pathway compared to classical pathway haemolytic activity.

>35000 MW collected into pools designated 1, 2 and 3 after
each passage (Fig. 5). Almost all (>98%) of the factor D was
removed after the third passage, while normal classical and
lectin pathway activities were retained (Fig.5; Table 1).
Removal of alternative pathway activity was confirmed by
loss (from 70 to <15 haemolytic units/ml) of the ability of
CoVF to induce lysis of bystander sheep E?° (Table 1); this
proved to be a suitable assay for guinea-pig alternative path-
way activity. Addition of either human or guinea-pig factor
D did not increase LHs, activity in the D-depleted pool 3. In
contrast to guinea-pig serum, removal of D by one passage of
human serum through the Sephadex G-75 column completely
eliminated lectin pathway activity, with the LH, restored to
normal when purified human factor D was added (Fig. 5;
Table 1).

Further evidence for lectin pathway haemolysis in guinea-pig
serum in absence of the alternative pathway

To evaluate further a role for the alternative pathway in lectin
pathway haemolysis, E-M-MBL-C4 were prepared by incu-
bation of E-M-MBL in C2D guinea-pig serum in Mg-EGTA,
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Figure 4. Requirement of C2 for lectin pathway haemolysis in the
guinea-pig. E-M-MBL were incubated with C2-deficient guinea-pig
serum (GPC2D) in Mg-EGTA in the presence and absence of purified
guinea-pig C2 (a), or with GPC2D and increasing amounts of guinea-
pig C2 (b); lysis of EA via the classical pathway is shown for
comparison. No LHy, was observed in GPC2D in the absence of
added guinea-pig C2. Smaller amounts of C2 were required to restore
lectin pathway compared to classical pathway haemolytic activity.

and were converted to E-M-MBL-C4,2 by addition of purified
guinea-pig C2. These cells lysed in C2D guinea-pig serum-
EDTA (in which alternative pathway amplification was
blocked by chelation of magnesium) to the same extent as in
C2D guinea-pig serum in Mg-EGTA (in which alternative
pathway amplification could occur). By contrast, these E-M-
MBL-C4,2 lysed in human C2D serum in Mg-EGTA but not
in EDTA (Fig. 6). These results support the conclusion that
alternative pathway amplification is not required for lectin
pathway haemolysis in guinea-pig, even though it is required
in human.

DISCUSSION

We previously reported that lectin pathway activity can be
quantified in human serum by lysis in Mg-EGTA of mannan
(M)-coated E sensitized with MBL.?*3° Mg-EGTA prevents
both classical pathway activation through C1 and binding of
endogenous MBL to the indicator cells; E-M-MBL lyse in this
buffer in part because MBL added to E-M in the presence of
calcium is retained even in the presence of a calcium chelator,
rendering these cells suitable for assay of the human lectin
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Figure 5. Lectin pathway haemolytic activity in factor D-depleted
guinea-pig serum. Guinea-pig serum in 2mm EDTA was passed
through a G-75 column equilibrated with VBS-EDTA (a). Lectin
pathway, classical pathway, and factor D activities were measured for
each fraction. Fractions with lectin pathway and classical pathway
activities were pooled (pool #1), concentrated and passaged through
the same column (b) to produce pool #2, and the process was repeated
(c) to generate pool #3; this resulted in effective removal of factor D
activity while both lectin and classical pathway haemolytic activities
were retained. For comparison, removal of factor D from human
serum by a single passage through the same column (d), resulted in
loss of lectin pathway haemolytic activity while classical pathway
haemolytic activity was retained.

pathway in Mg-EGTA. The present studies show this is
applicable for assay of lectin pathway activity in other species
as well. Haemolysis in guinea-pig, rat, dog and pig sera in
Mg-EGTA suggests that reactivity in Mg-EGTA is a character-
istic of the lectin pathway generally. It also implies that MASP
association with and activation by the MBL in these species
also is calcium independent, which is consistent with findings
of Tan et al® in man. Lectin pathway haemolysis was
particularly strong in the guinea-pig, and hence was studied
in more detail in this species.

There was ~ 14-fold greater lectin pathway haemolytic
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Figure 6. E-M-MBL-C4,2 were subjected to lysis by guinea-pig and
human C2-deficient serum in either Mg-EGTA (which permits alterna-
tive pathway activity) or EDTA (which does not). Comparable
haemolyis was observed in GPC2D in both Mg-EGTA and EDTA;
by contrast, haemolysis was observed in HuC2D-Mg-EGTA but not
in HuC2D-EDTA, supporting the conclusion that lectin pathway
haemolyis occurs without alternative pathway amplification in guinea-
pig but not in human serum.

activity in the guinea-pig than in man, and guinea-pig lectin
pathway haemolytic activity was greater than classical pathway
haemolytic activity; the reverse was observed in man using
identical indicator cells and assays. As in lectin pathway
haemolysis in human serum, C4 and C2 were required, but
alternative amplification was not. It is likely that the MASPs
responsible for cleavage of guinea-pig C4 and C2 were provided
by the guinea-pig serum, since comparable lysis with recombi-
nant human MBL occurs in human serum (unpublished obser-
vations), but this must be tested directly. In any case, the high
degree of lectin pathway haemolytic activity in the guinea-pig
raises the question of whether this could account in part for
activity previously attributed to the classical pathway.

Since a quantitative assay for guinea-pig alternative path-
way haemolytic activity had not previously been reported,
indirect fallout haemolysis initiated by cobra venom factor®®
was adapted for this purpose. Three passages through G-75
removed 98% of D activity from guinea-pig serum, and
rendered the treated serum devoid of alternative pathway
activity, but there was no reduction at all in haemolysis via
the lectin pathway. There was still residual D activity in the
pooled serum which, because it corresponded to a size much
larger than factor D, most likely was attributable to previously
described surrogate proteases.>*> By contrast, one passage
of human serum through the same column removed 99%
of D activity and reduced the LHs, from 17 to <1 units/ml.
Alternative pathway independence was further proved with
the E-M-MBL-C4,2 intermediate cell bearing the lectin path-
way C3 convertase. Thus, E-M-MBL-C4,2 were lysed in
GPC2D to the same extent in Mg-EGTA (which permits
alternative pathway activity) and EDTA (which does not),
while lysis was seen in Mg-EGTA but not EDTA when HuC2D
was used as the serum source for the terminal complement
components. Whether the lack of requirement for an alterna-
tive pathway for guinea-pig haemolysis via the lectin pathway,
in contrast to its requirement in humans, is attributable to
greater activation or activity of the MASP enzymes, control
at the level of the MASPs or the C3 convertases®® or other

© 1999 Blackwell Science Ltd, Immunology, 97, 686-692



Lectin pathway haemolysis in the absence of calcium 691
Table. 1. Complement pathway activities in guinea-pig and human serum depleted of factor D
OD,4, D units* D titre/
Serum (1:100) (% decr) CHS50 CHs;, AHsot LH;, LH;,/CHs,
Guinea-pig serum 1-554 7692 178 432 71 487 273
Pool 1 0-514 1633 (78-8) 130 12:6 45 488 375
Pool 2 0-507 595 (96:3) 122 49 31 500 4-10
Pool 3 0-303 164 (97-9) 143 11 <15 447 313
Human serum 0-440 247 49 5-0 - 17 0-35
Pool 1 0-240 2(99-2) 35 0-1 - <l <0-03

*Titers were normalized based upon the OD,g, TAH5, was assayed by CoVF-initiated indirect lysis of sheep E

factors awaits further definition of the interactions between
MBL, MASP-1 and MASP-2.

The lectin pathway in the guinea-pig, which as in humans
is haemolytically active in the absence of calcium, contrasts
with that of man by its intensity and ability to lyse MBL-
coated E without alternative pathway amplification. These
characteristics suggest that the guinea-pig can serve as model
for studying the assembly and haemolytic function of the
lectin pathway which may help clarify the role of this pathway
in complement biology.
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