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We have previously determined that complement receptors on human mononuclear phagocytes and
complement component C3 in nonimmune serum mediate phagocytosis of the intracellular bacterial pathogen
Mycobacterium leprae, the agent of leprosy. We have also determined that C3 fixes selectively to the major
surface glycolipid of M. Ieprae, phenolic glycolipid 1 (PGL-1). In this study, we have explored the role of
natural antibody in nonimmune serum in C3 fixation and Clq binding to M. Ieprae and PGL-1. At serum

concentrations within the range at which phagocytosis of M. Ieprae is maximal, C3 fixation was mediated by
both the classical and the alternative complement pathways. At the low end of this serum concentration range
(2.5%), C3 fixation was mediated predominantly by the classical pathway. Consistent with a role for both
pathways, C3 fixation to M. leprae was enhanced by the addition of either pure Clq to Clq-depleted serum or

pure factor B to factor B-depleted serum. C3 fixation to M. leprae was strictly antibody dependent regardless
of the serum concentration used. C3 fixation to M. Ieprae occurred in nonimmune serum but not in
agammaglobulinemic serum unless heat-inactivated nonimmune serum or small amounts of pure immunoglob-
ulin G (IgG) or IgM were added. C3 fixation by both the alternative and the classical complement pathways was
mediated by antibody, and the antigen-binding portion of the antibody molecule was required. C3, IgG, IgM,
and Clq were readily detected on the surface of M. Ieprae. Consistent with the previously demonstrated
exclusive role of the classical complement pathway in C3 fixation to PGL-1, Clq bound to PGL-1 in a

dose-dependent fashion; Clq binding was evident in >1.25% nonimmune serum. Clq binding to PGL-1 was

strictly antibody dependent. When PGL-1 was incubated with pure Clq, little or no Clq bound to PGL-1
unless heat-inactivated nonimmune serum or pure IgG or IgM was added. When PGL-1 was incubated in
nonimmune serum, C3 bound directly to PGL-1 and not to anti-PGL-1 antibody, since the amount of C3 bound
to PGL-1 was not reduced by acid elution of the antibody. However, the amount of C3 bound to PGL-1 was

markedly reduced by hydroxylamine treatment, providing evidence for C3 fixation via a covalent ester bond.
Nonimmune serum contained antibody to all four major M. Ieprae surface carbohydrates. Relative to PGL-1,
nonimmune serum contained more antibody to the other surface carbohydrates. This study demonstrates that
natural antibody in the serum of nonimmune hosts mediates C3 fixation to M. keprae and Clq binding to
PGL-1. Taken together with previous findings, this study indicates that natural antibody mediates complement
receptor-dependent phagocytosis ofM. Ieprae by host cells and therefore potentially plays an important role in
the pathogenesis of leprosy.

Mycobactertium leprae, the causative agent of leprosy, is
an intracellular bacterial pathogen that invades host mono-
nuclear phagocytes. We have previously determined that
complement receptors (CR1, CR3, and CR4) on human
mononuclear phagocytes, fragments of complement compo-
nent C3 in nonimmune serum, which bind to the surface of
M. leprae, and PGL-1, the major surface glycolipid of M.
leprae, form a three-component receptor-ligand-acceptor
molecule system for mediating phagocytosis of M. leprae
(13-15). In contrast to PGL-1, other M. leprae surface
carbohydrates, including LM, LAM, and arabinogalactan,
do not fix appreciable amounts of C3 (15).
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Small amounts of natural antibody (antibody in nonim-
mune serum) to several species of mycobacteria, both im-
munoglobulin G (IgG) and IgM, have been found in normal
healthy persons and may represent cross-reactive antibody
to shared antigenic components between mycobacteria and
other microbial species (1, 16). This antibody in normal
serum may account for the background activity observed in
ELISA systems that detect immunoglobulin to whole M.
leprae (16). The role of natural antibody in the pathogenesis
of leprosy and other mycobacterial diseases is not known.

In the present study, we have identified natural antibody
to M. leprae in nonimmune serum and studied its role in C3
fixation and hence phagocytosis of M. leprae by human
mononuclear phagocytes. We report that very low levels of
immunoglobulin (IgG and IgM) in nonimmune serum are
required for C3 fixation to M. leprae, which fixes C3 by both
the classical and the alternative complement pathways. Such
antibody is also required for Clq binding to purified PGL-1,
which fixes C3 exclusively by the classical complement
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pathway. By allowing for C3 deposition, natural antibody
mediates phagocytosis of M. leprae, thus enabling this
intracellular pathogen to gain access to its intracellular niche
in mononuclear phagocytes.

(This work was presented in part at the 1991 National
Meeting of the American Society for Clinical Investigation,
American Federation for Clinical Research, and the Associ-
ation of American Physicians in Seattle, Wash., 3 to 6 May
1991.)

MATERIALS AND METHODS

Abbreviations used in this paper. ELISA, enzyme-linked
immunosorbent assay; EGTA, ethylene glycol-bis(3-amino-
ethyl ether)-N,N,N',N'-tetraacetic acid; HI serum, heat-
inactivated serum; HSA, human serum albumin; LAM,
lipoarabinomannan; LM, lipomannan; MgCl2, magnesium
chloride; N2, nitrogen; PBS, Dulbecco's phosphate-buffered
saline with Ca2' and Mg2+ ions; PGL-1, phenolic glycolipid
1; HRP, horseradish peroxidase; MAb, monoclonal anti-
body; SDS, sodium dodecyl sulfate; SD, standard deviation;
SEM, standard error of the mean; BSA, bovine serum
albumin.
M. leprae and M. kprae components. Armadillo-derived M.

leprae was purified and handled as previously described (13).
Two different preparations of M. leprae were used in these
studies. M. leprae and purified M. leprae surface carbohy-
drates PGL-1 (4), LAM (5), LM (5), and arabinogalactan (7)
were kindly provided by Patrick Brennan (Colorado State
University, Fort Collins) through contract NO1-AI-05074
from the National Institute of Allergy and Infectious Dis-
eases.

Sera. Serum from four healthy adult volunteers who were
purified protein derivative (PPD) negative and had no known
exposure to patients with leprosy or travel to leprosy-
endemic areas (nonimmune serum) was obtained as previ-
ously described (13). Each experiment was performed by
using serum from a single donor and repeated at least once
with a different donor. Sera from different donors yielded
similar results. M. leprae-adsorbed serum was prepared by
incubating 1 ml of 10% nonimmune serum three times with
109 irradiated M. leprae for 1 h at 4°C and pelleting the
organisms by centrifugation (14,000 x g for 5 min at 4°C).
The adsorbed serum was filtered through a 0.2-,um-pore-size
filter. Factor B-depleted serum and HI serum were prepared
from nonimmune serum as previously described (13). Agam-
maglobulinemic serum was kindly provided by Richard
Steihm, Department of Pediatrics, UCLA Medical Center.
IgG and IgM in this serum were not detected by a radial
immunodiffusion assay. Clq-depleted serum (Clq removed
by affinity chromatography) was purchased from Quidel (San
Diego, Calif.) and was functional in a standard hemolytic
activity assay performed by the company.
Complement proteins, immunoglobulins, and antibodies.

Clq (250,000 Clq H50 U/mg in a standard hemolytic activity
assay) and factor B (1 U/,ul restores full hemolytic activity in
a standard hemolytic activity assay) were purchased from
Quidel. C3 was purchased from Diamedix, Miami, Fla.
Purified IgM, IgG, and IgG Fc fragments containing the Clq
binding site were purchased from Cappel Research Prod-
ucts, Durham, N.C. For 125I-IgG binding studies, unlabelled
IgG was purchased from Zymed Laboratories, Inc., South
San Francisco, Calif. 1251-human IgG was purchased from
New England Nuclear, Boston, Mass. Specific activities of
the preparations of 125I-IgG used ranged from 3.4 to 4.2
,uCi/,ug. Chicken anti-human C3 (Accurate Chemical and

Scientific Co., Westbury, N.Y.) diluted 1:10,000; HRP-
conjugated human absorbed goat anti-chicken IgG (Bethyl
Laboratories, Inc., Montgomery, Tex.) diluted 1:5,000; af-
finity-purified HRP-conjugated goat anti-human IgG and
affinity purified HRP-conjugated goat anti-human IgM (Cap-
pel) diluted 1:1,000; mouse MAb to Clq (Quidel) diluted
1:3,000; and HRP-conjugated goat anti-mouse IgG (Bio-Rad,
Richmond, Calif.) diluted 1:3,000 were used in ELISA
studies. Mouse MAb against PGL-1 (ML8B2) (8) was kindly
provided by P. Brennan.
ELISA to detect complement components and immunoglob-

ulin on the surface of M. leprae. M. leprae (108 bacteria per
ml) was incubated with various serum preparations at 37°C
for 30 min, harvested by centrifugation at 12,000 x g for 10
min at 4°C, washed vigorously, and resuspended in PBS.
Bacteria (107) were dispensed into triplicate wells of a
96-well tissue culture plate and allowed to evaporate to
dryness under a laminar flow hood (24 to 36 h) (13). Wells
were blocked with 3% ovalbumin in PBS for 12 to 18 h and
washed. For detection of C3 or Clq, wells were incubated
with the appropriate primary antibody (chicken anti-human
C3 or MAb to Clq) in 0.3% ovalbumin in PBS at 24°C for 3
h, washed again, and then incubated with the appropriate
secondary antibody in 0.3% ovalbumin in PBS for 2 h. For
detection of immunoglobulin, wells were incubated only
with HRP-conjugated anti-human immunoglobulin. The
wells were washed and incubated with HRP substrate (Bio-
Rad) for 10 min, and the reaction was terminated by the
addition of oxalic acid (1% final concentration). The A405
was measured. The absorbance values of control wells
devoid of antigen (optical density, typically s0.10) were
subtracted out in each case.
Standard curves for IgG, IgM, Clq, and C3 were gener-

ated by drying known quantities of these proteins (diluted in
PBS) in triplicate wells of a 96-well tissue culture plate,
blocking the wells with 3% ovalbumin in PBS for 12 to 18 h,
washing the wells, and detecting the proteins with the
appropriate antibodies exactly as described above. Detec-
tion was linear for protein quantities of .10 ng.
Each type of ELISA was performed a minimum of two

times. The mean (+ SD) absorbance for triplicate wells was
calculated. In Results, representative figures are shown.
ELISA to detect complement components or immunoglobu-

lin bound to PGL-1 and other M. Ieprae carbohydrates.
Duplicate wells were coated with 4.5 ptg of PGL-1, LM,
LAM, or arabinogalactan as previously described (15). Wells
were blocked with 5.0% HSA (catalog number 126658;
Calbiochem Corp., La Jolla, Calif.) in PBS for 2 h at 37°C;
washed; incubated with various serum preparations, anti-
body preparations, purified Clq, or 0.5% HSA (control
buffer) for 30 min at 37°C; and washed again. For detection
of C3 or Clq, wells were incubated with the appropriate
primary antibody (chicken anti-human C3 or MAb to Clq) in
0.5% HSA in PBS (overnight at 4°C), washed, incubated
with the appropriate HRP-conjugated secondary antibody in
0.5% HSA in PBS (2 h at 24°C), washed, and incubated with
HRP substrate (Bio-Rad) for 10 min. For detection of
immunoglobulin, wells were incubated overnight with only
HRP-conjugated anti-human immunoglobulin. The reaction
was terminated by oxalic acid, and absorbances were mea-
sured and analyzed as described above. The optical densities
of control wells (all <0.10), devoid of antigen and/or serum,
were subtracted out in each case.

In certain experiments, after incubation with serum, the
wells were treated with glycine-HCl containing 0.3 M NaCl,
pH 2.5 (four washes, 5 min each, at 4°C) to elute antibody
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FIG. 1. M. leprae fixes complement component C3 by the alter-

native and classical complement pathways in low serum concentra-
tions. M. leprae were incubated in 2.5% fresh nonimmune serum, in
2.5% nonimmune serum containing 10 mM EGTA and 7 mM MgCl2,
or in 2.5% nonimmune serum containing 10 mM EDTA. The
bacteria were washed and assayed for associated human C3 by
ELISA. In this and subsequent figures, results of one representative
experiment are shown.

from the wells. Control experiments demonstrated that
antibody was efficiently eluted from antigen-antibody com-
plexes under the conditions of the acid wash. In other
experiments, after incubation with serum, the wells were
treated with 1 M hydroxylamine in 0.02% SDS (pH 10.0; 60
min at 37°C) to disrupt ester bonds and elute any C3 bound
via ester linkage (6). The wells were then incubated with
primary and secondary antibodies as described above.
Each type of ELISA was performed a minimum of two

times. The mean (+ SD) absorbance for duplicate wells was
calculated.

125I-IgG binding to M. Ieprae. Polypropylene tubes (1.8 ml)
containing 1 ml of 10% nonimmune serum were rotated
overnight at 4°C to block nonspecific protein binding sites.
IgG binding to M. leprae was then assessed by two types of
experiments. In the first type, 6.5 x 107 M. leprae cells were
suspended in increasing amounts of 1251I-IgG, ranging from 4
to 500 ng diluted in 0.01% HSA to a final volume of 100 pl in
duplicate tubes. Control tubes contained 125I-IgG only. The
tubes were placed on a Adams nutator (Clay Adams, Par-
sippany, N.J.) overnight at 4°C. The bacteria were pelleted
by centrifugation, washed six times with 0.01% HSA, resus-
pended in 100 ,ul of 0.01% HSA, and transferred to polysty-
rene tubes (12 by 75 mm; Falcon 2054; Becton Dickinson
Immunocytometry Systems, Mountain View, Calif.). Con-
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FIG. 2. C3 fixation to M. leprae is antibody dependent. M.
leprae cells were incubated in 10% fresh or HI nonimmune serum, in
10% fresh or HI agammaglobulinemic (AGAMMA) serum, or in 10%
fresh agammaglobulinemic serum plus 10% HI serum (source of
antibody) with or without EGTA-MgCl2. The bacteria were then
washed and assayed for associated human C3 by ELISA.

trol tubes were washed similarly, 100 ,ul of 0.01% HSA was
added to them, and the medium was transferred to polysty-
rene tubes (12 by 75 mm). 125I-IgG was counted on a gamma
counter with a counting efficiency of 50% for 21I-IgG
(Beckman Biogamma II; Beckman Instruments, Inc., Ful-
lerton, Calif.). Each tube was counted for 2 min. The counts
in control tubes were c10% of the counts in tubes containing
bacteria. The amount of IgG bound to bacteria was calcu-
lated by using the specific activity for the preparation of
125I-IgG used.

In the second type of experiment, 6.5 x 07 M. leprae cells
were mixed with a fixed amount of 125I-IgG (500 ng) and
increasing amounts of unlabeled IgG (2- to 250-fold excess)
diluted in 0.01% HSA to a final volume of 200 ,ul in duplicate
tubes. The tubes were processed and analyzed as described
above. In all binding experiments utilizing radiolabelled IgG,
125I-IgG and unlabelled IgG were precleared (50,000 x g for
25 min, repeated once) to remove aggregates.

RESULTS

Both the classical and the alternative complement pathways
mediate C3 fixation to M. leprae in nonimmune serum; in
2.5% serum, the classical pathway is dominant. In a previous
study, we determined that phagocytosis of M. leprae by
human mononuclear phagocytes is serum dependent and
maximal at serum concentrations of .2.5% (13). In that
study, we assayed C3 fixation to M. leprae at a high serum
concentration within that range, 50%, and found that it was
mediated almost entirely by the alternative complement
pathway. Since the function of the alternative pathway is
diminished at low serum concentrations (9), in this study we
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FIG. 3. C3 fixation to M. leprae is mediated by very small
amounts of IgG or IgM. M. leprae cells were incubated in 10% fresh
nonimmune serum or in 10% fresh agammaglobulinemic (A-
GAMMA) serum with or without pure IgG or pure IgM in an amount
equivalent to that in 10% serum (A) or in the amounts indicated (B).
The approximate concentration of serum containing the indicated
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bacteria were then assayed for associated human C3 by ELISA.
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FIG. 4. C3 fixation to M. leprae is dependent on the presence of
the antigen-binding portion of the antibody molecule. M. leprae cells
were incubated in 5% fresh nonimmune serum or in 5% fresh
agammaglobulinemic (AGAMMA) serum with or without pure IgG
(300 ,ug) or pure Fc fragments of IgG (100 p,g, molar equivalent). The
bacteria were then assayed for associated human C3.

reanalyzed the relative roles of the classical and alternative
complement pathways in C3 fixation to M. leprae at serum
concentrations that were (2.5 to 10%) but that were still
within the range yielding maximal phagocytosis. At these
concentrations, we found that both the classical and the
alternative complement pathways play a major role in C3
fixation, and at the lower end of this serum concentration
range, 2.5%, the classical pathway is dominant (Fig. 1).
Thus, in 2.5% serum, C3 fixation is markedly reduced by
selective inactivation of the classical pathway with EGTA

TABLE 1. C3 fixation to M. leprae is decreased in
adsorbed seruma

Expt and condition C3 bound (OD units
[mean ± SD])

A
Fresh serum................................... 0.28 ± 0.02
Adsorbed serum ................................... 0.18 t 0.001
Adsorbed serum + IgM .............................. 0.29 t 0.008

B
Fresh serum................................... 0.38 ± 0.005
Adsorbed serum ................................... 0.23 t 0.01
Adsorbed serum + IgM .............................. 0.44 ± 0.02

a In two independent experiments, M. leprae cells were incubated in 5%
fresh nonimmune serum, in 5% fresh nonimmune serum that had been
adsorbed with irradiated M. leprae, or in 5% adsorbed serum to which 169 ,ug
of IgM (amount equivalent to that in 5% serum) per ml was added. The
bacteria were then washed and assayed for associated human C3. OD, optical
density.

and Mg2" under conditions that we have previously deter-
mined essentially abolish C3 fixation to IgG-coated sheep
erythrocytes (12). However, C3 fixation in 2.5% serum is not
reduced to the background levels obtained by inactivation of
both the classical and the alternative pathways with EDTA
(Fig. 1). Consistent with a role for the classical pathway in
C3 fixation in 2.5% serum, the addition of pure classical
pathway component Clq to Clq-depleted serum significantly
increased the level of C3 fixed to M. leprae (3.8- ± 0.9-fold
increase [mean ± SEM], n = 3). Consistent with a role for
the alternative pathway in C3 fixation in 2.5% serum, the
addition of pure factor B to factor B-depleted serum signif-
icantly increased the level of C3 fixed to M. leprae (3.2- +
0.2-fold increase [mean ± SEM], n = 2).
Thus, within the range of serum concentrations that yield

maximal phagocytosis of M. leprae, components of both the
classical and the alternative complement pathways mediate
C3 fixation to M. leprae. At the high end of this range, the
alternative pathway predominates, whereas at the low end of
this range, the classical pathway predominates.
C3 fixation to M. leprae is strictly antibody dependent. To

determine the role of natural antibody in C3 fixation to M.
leprae, we studied C3 fixation in normal and agammaglobu-
linemic nonimmune serum. We chose to use 10% serum for
these studies, since at this concentration both the classical
and the alternative complement pathways are functionally
active and play significant roles in C3 fixation to M. leprae
(Fig. 2). M. leprae fixed C3 in nonimmune serum but not in
agammaglobulinemic serum, unless HI nonimmune serum as
a source of antibody (Fig. 2) or pure IgG or IgM (Fig. 3) was
added. Antibody mediated C3 fixation by both the alterna-
tive and the classical complement pathways since, in the
presence of a source of antibody, a substantial amount of C3
fixed to M. leprae under conditions in which only the
alternative pathway was functional (EGTA-Mg2+), but not
as much as when both pathways were functional (Fig. 2). C3
fixation required very small amounts of antibody, since IgG
in an amount equivalent to that in 0.2% serum or IgM in an
amount equivalent to that in 0.1% serum mediated detect-
able C3 fixation to M. leprae (Fig. 3B). C3 fixation required
the antigen-binding portion of the antibody molecule, since
an equivalent amount of pure Fc fragments of immunoglob-
ulin did not mediate C3 fixation to M. leprae in agammaglob-
ulinemic serum (Fig. 4). Adsorption of nonimmune serum
with M. leprae led to a consistent decrease in subsequent C3
fixation to M. leprae that returned to baseline with the
addition of IgM (Table 1).
The requirement for antibody for C3 fixation to M. leprae

by both the alternative and the classical complement path-
ways prompted us to assay the levels of antibody and
selected complement components on the surface of M.
leprae after incubation in nonimmune serum. IgG, IgM, and
Clq in nonimmune serum bound to the surface of M. leprae
in a linear fashion over a serum concentration range of 2.5 to
40% (Fig. 5). By using standard curves for IgG, IgM, and
Clq generated by plotting absorbance against known quan-
tities of these proteins bound to ELISA wells, we calculated
that 271 IgG, 4 IgM, and 11 Clq molecules were bound per
bacillus on average in 2.5% serum. In contrast to IgG, IgM,
and Clq binding, C3 binding was near maximal in 2.5%
serum (Fig. 5). Using a standard curve for C3, we calculated
that approximately 1,000 C3 molecules were bound per
bacillus on average in 2.5% serum. To evaluate further the
above results for IgG, the most abundant immunoglobulin
bound, we measured the binding of 125I-IgG to M. leprae in
solution over 24 h (steady-state conditions). These studies
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FIG. 5. C3, Clq, IgG, and IgM in nonimmune serum bind to the surface of M. leprae. M. leprae cells were incubated in fresh nonimmune
serum at the concentrations indicated. The bacteria were then assayed for bound C3, Clq, IgG, or IgM.

yielded results of the same order of magnitude as the ELISA
results in which IgG binding was measured over 30 min. We
calculated 990 146 (SEM, n = 3) IgG molecules were
bound per bacillus on average at an IgG concentration of 440
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FIG. 6. Clq in nonimmune serum binds to PGL-1 in a serum

concentration-dependent manner. PGL-1 was adhered to ELISA
plate wells and incubated in fresh nonimmune serum at the concen-
trations indicated. The wells were washed and assayed for associ-
ated human Clq.

,ug/ml, a concentration roughly equivalent to that in 2.5%
serum. Both types of 1251I-IgG labelling experiments de-
scribed in Materials and Methods yielded similar results.

Classical complement pathway activation by PGL-1 leads to
Clq deposition and is antibody dependent. We have previ-
ously determined that PGL-1 is the C3 acceptor molecule on
the surface of M. leprae and that C3 fixation to this glyco-
lipid is mediated by the classical complement pathway (15).
To determine the role of Clq in classical pathway activation
by PGL-1, we studied Clq binding to PGL-1 by ELISA.
Consistent with activation of the classical pathway by
PGL-1, Clq bound to PGL-1 in a serum concentration-
dependent manner (Fig. 6). Significant Clq binding was

evident in 21.25% nonimmune serum.
We next explored the role of natural antibody in Clq

fixation to PGL-1. When PGL-1 was incubated with pure

Clq, little or no Clq bound to PGL-1 unless HI nonimmune
serum, as a source of antibody, or pure IgG and IgM were

added (Fig. 7). These results indicated that PGL-1 binds
antibody in nonimmune serum, and this leads to deposition
of the first component of the classical complement pathway:
Clq.
C3 is covalently bound by ester linkage to PGL-1 and not

appreciably to anti-PGL-1 antibody. The requirement of
antibody for C3 fixation to M. leprae and for Clq binding to
PGL-1 suggested the possibility that anti-PGL-1 antibody
serves as a major acceptor molecule for C3. To explore this
possibility, we allowed PGL-1 to fix C3 in nonimmune
serum, washed the wells with acid buffer under conditions
that completely eluted antibody or with control buffer, and
assayed acid-washed and control wells for C3. C3 fixation to
PGL-1 was not reduced by acid elution of anti-PGL-1
antibody, (mean percent reduction in optical density + SEM
after acid washing, 5 + 2; n = 2), indicating that activated C3
fragments are bound directly to PGL-1 and not to antibody
to any appreciable extent.
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PGL-1 was adhered to ELISA plate wells and incubated with pure
Clq (5 ,ug), 5% HI serum, or both Clq and HI serum (A) or with
pure Clq (5 p,g) with or without IgG (90 ,ug) and IgM (20 ,ug) (B). The
wells were washed and assayed for associated human Clq.

In a previous study (15), we demonstrated that C3 fixation
to PGL-1 is strictly dependent on the terminal trisaccharide
of the molecule. Sequential removal of sugars from PGL-1
(or a surrogate molecule) results in a stepwise reduction in

0O -
CONTROL HYDROXYLAMINE

TREATMENT
FIG. 8. C3 fixation to PGL-1 is significantly reduced by hydrox-

ylamine treatment. PGL-1 was adhered to ELISA plate wells and
incubated with 2.5% fresh nonimmune serum. The wells were then
treated with 1 M hydroxylamine in SDS (pH 10.0) for 60 min or with
SDS alone (control wells) and assayed for associated human C3.

C3 fixation; removal of all three sugar moieties abolishes C3
fixation. These results prompted us to hypothesize that C3 is
covalently bound by ester bonds to hydroxyl groups on the
trisaccharide portion of PGL-1, as these are the only groups
on the molecule available to form a covalent bond with C3.
To test this hypothesis, we assayed the amount of C3 bound
to PGL-1 before and after disruption of ester bonds by
hydroxylamine treatment. Disruption of ester bonds by
hydroxylamine treatment reduced the amount of C3 bound
to PGL-1 by more than 1 log unit (Fig. 8). PGL-1 binding,
assayed with a MAb to PGL-1, was not affected by hydrox-
ylamine treatment (data not shown). These results supported
the hypothesis that C3 binds to hydroxyl groups on the
trisaccharide of PGL-1 via ester bonds.
Nonimmune serum contains natural antibody to PGL-1,

LM, LAM, and arabinogalactan. To determine which major
M. leprae surface carbohydrates are recognized by natural
antibody, we assayed antibody to PGL-1, LM, LAM, and
arabinogalactan in nonimmune serum. Nonimmune serum
contained IgG and IgM antibodies to all four M. leprae
surface molecules (Fig. 9). IgG and IgM antibodies to PGL-1
were barely detected under the stringent conditions of this
assay. Significantly more IgM antibody to LM than to PGL-1
was detected, but the amount was relatively small. Rela-
tively large amounts of both IgG and IgM to LAM and
arabinogalactan were detected.

DISCUSSION

In previous studies, we have demonstrated that phagocy-
tosis of M. leprae by human mononuclear phagocytes is
mediated by a three-component receptor-ligand-acceptor
molecule system consisting of phagocyte complement recep-
tors, C3 fragments recognized by these receptors, and
PGL-1, the C3 acceptor molecule on the surface of M.
leprae. In the present study, we extend these observations
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FIG. 9. Antibody in nonimmune serum binds to PGL-1, LM, LAM, and arabinogalactan. PGL-1, LM, LAM, or arabinogalactan was
adhered to ELISA plate wells, incubated in 20% fresh nonimmune serum containing 10 mM EDTA, and assayed for associated human IgG
or human IgM.

by showing that antibody in nonimmune serum, so-called
natural antibody, mediates C3 fixation to the bacterial sur-
face. Natural antibody is required for Clq binding to PGL-1
and C3 fixation to M. leprae by the classical complement
pathway and also for C3 fixation to M. leprae by the
alternative complement pathway (Fig. 10). A role for natural
antibody in augmenting C3 fixation through the alternative
pathway has been shown for other microbes, including
mycobacteria (10, 17).
Our study demonstrates that nonimmune serum contains

antibody that binds to the M. leprae surface in an immuno-
logically relevant fashion. Antibodies to PGL-1, LM, LAM,
and arabinogalactan were detected by ELISA. Interestingly,
much less antibody was present in nonimmune serum to
PGL-1 than to the other surface carbohydrates ofM. leprae,
and yet only PGL-1 fixes appreciable amounts of C3 (15).
This underscores the selective role of PGL-1 as a C3
acceptor molecule on the M. leprae surface. Although the
other M. leprae surface carbohydrates do not serve as major
acceptor molecules for C3, these carbohydrates and the
natural antibodies to them may nevertheless play a role in
complement activation by the intact organism. Along these
lines, in preliminary studies, we have found that when
PGL-1 is incubated in 2.5% nonimmune serum in combina-
tion with LAM rather than alone, the alternative pathway
plays a more important role in mediating C3 fixation to
PGL-1 (unpublished data). The precise nature of the anti-

bodies that mediate C3 fixation in the present study, includ-
ing their subtypes and the epitopes they recognize, are
unknown and await further studies.
Our studies indicate that very few immunoglobulin mole-

cules are required for C3 fixation-on the order of 102 to 103
IgG molecules or 100 to 101 IgM molecules-and the antigen-
binding portion of the molecule is essential. While our whole
bacterial cell ELISA was a highly sensitive and quantifiable
technique, we view values for the number of immunoglobu-
lin and C3 molecules bound per bacterium as approxima-
tions. Two sources of inaccuracies bear mention. First, our
calculations assumed that all bacteria that we added to wells
remained adherent throughout the assay. Any losses of
bacteria would have resulted in an underestimation of im-
munoglobulin and C3 molecules bound per bacterium. How-
ever, the very small standard deviations in our data from
triplicate wells argue against any such presumably random
losses of bacteria during the assay. Second, immunoglobulin
and C3 bound on the underside of the bacteria may not have
been accessible to anti-immunoglobulin and anti-C3 antibod-
ies. This too would have resulted in an underestimation of
the number of immunoglobulin and C3 molecules bound.
However, the experiments using 1251I-lgG with bacteria in
solution yielded results for IgG binding that were somewhat
higher but of the same order of magnitude as the ELISA
results, suggesting that the ELISA was reasonably accurate.
The somewhat higher reading for IgG binding per bacterium
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FIG. 10. Phagocytosis of M. leprae is mediated by a three-component phagocytic system consisting of (i) complement receptors on the
surface of mononuclear phagocytes (CR1 and CR3 on human monocytes and CR1, CR3, and CR4 on human macrophages); (ii) fragments of
complement component C3 (C3b and C3bi); and (iii) PGL-1 on the M. leprae surface (13-15). C3 fixation to PGL-1 is mediated by both the
classical and the alternative complement pathways. C3 fixation by both pathways is strictly antibody dependent, and in nonimmune serum,
natural antibody mediates C3 fixation. PGL-1, an abundant surface glycolipid, fixes C3 to its terminal trisaccharide via covalent ester bonds
(15). Gamma interferon activation of human macrophages decreases M. leprae phagocytosis by down-regulating complement receptor number
(CR1) and function (CR3 and CR4) (14). Maximal complement receptor-mediated phagocytosis of M. leprae requires the presence of
fibronectin (14). j, terminal trisaccharide of PGL-1.

obtained in the 125I-IgG assay likely reflected the underesti-
mations of the ELISA just noted and the fact that the assay
measured IgG binding over 24 h (steady-state conditions)
versus over 30 min in the ELISA.
Although natural antibody in very small amounts plays an

essential role in mediating C3 fixation to M. Ieprae and
consequently phagocytosis of the bacterium via complement
receptors, antibody does not appear to play a major role in
mediating phagocytosis of M. Ieprae via Fc receptors. In a

previous study, we found that downmodulation of Fc recep-
tors on monocytes resulted in only a small reduction in
phagocytosis of M. leprae (13).
Our study shows that the classical complement pathway

dominates C3 fixation to M. leprae in serum concentrations
at the low end (2.5%) of the range at which phagocytosis is
maximal. In contrast, the alternative complement pathway
dominates C3 fixation to M. leprae at high serum concentra-
tions. The concentrations of serum proteins including com-

plement that are available to opsonize M. leprae in the
tissues are unknown. Possibly, studies using low concentra-
tions of serum more closely reflect the situation in the tissues
than studies using high concentrations of serum.

Natural antibodies to other species of mycobacteria have
frequently been observed. In the case of Mycobacterium
tuberculosis, several early studies demonstrated a high fre-
quency of both IgG and IgM anti-M. tuberculosis antibody in
the sera of normal subjects (purified protein derivative
negative and without a history of M. tuberculosis infection),
suggesting that most persons have been sensitized to M.

tuberculosis antigens during their lifetime (1). Such sensiti-
zation may have resulted from exposure to saprophytic
and/or avirulent mycobacteria or other bacterial species that
share antigenic components with M. tuberculosis (1). Cross-
reactive antibodies often have led to false-positive results in
a variety of systems designed to evaluate antibody responses
to M. tuberculosis antigens.

In our study, adsorption of nonimmune serum resulted in
a consistent decrease in C3 fixation to M. leprae, a decrease
that was restored with purified IgM. However, adsorption of
serum did not reduce C3 fixation to the baseline levels
observed with agammaglobulinemic serum. That adsorption
did not lead to a more complete reduction in C3 fixation
likely reflected incomplete adsorption of antibody, since
even after three adsorptions with 109 organisms, human
immunoglobulin was still present on the organisms used for
adsorption. Adsorption with larger numbers of organisms
may have depleted serum of more antibody, but limitations
in the amount of material available precluded this. Also,
natural antibody is likely of low affinity to M. leprae, and
complete adsorption may not be possible.

Recently, Ramanathan et al. demonstrated that PGL-1
consumed complement through both the alternative and the
classical pathways independently of antibody but that spe-
cific antibody from lepromatous leprosy patients enhanced
C3 fixation (11). Their finding that C3 fixation is independent
of antibody is in contrast to our findings that C3 fixation to
M. leprae and Clq binding to PGL-1 is strictly dependent on

antibody. This apparent discrepancy may in part be due to
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the inability of the assay used by these authors to detect very
low levels of residual antibody left in their adsorbed serum.
Indeed, we have determined that extremely low levels of
antibody (IgG or IgM) can mediate detectable C3 fixation.
Also, BSA was used as a blocking agent in their ELISA. We
have found that BSA fails to inhibit activation and fixation of
C3 by the plastic wells of the ELISA plate. It is possible that
immunoglobulin contaminating BSA is responsible for this
problem. We have overcome the problem by using highly
purified HSA.
Antibody is generally considered in the context of host

defense against pathogenic organisms. However, in the case
of leprosy and other major mycobacterial infections, e.g.,
tuberculosis, the humoral immune system is generally
thought not to play a role in host defense. Instead, cell-
mediated immunity is considered central to host defense
against these infections and others caused by intracellular
pathogens. To our knowledge, a role for natural antibody in
the pathogenesis of major mycobacterial infections has not
been considered.
Our study provides evidence for a role for natural anti-

body in the pathogenesis of leprosy. Our study suggests that
very small amounts of IgG and IgM in the serum of a naive
host can trigger complement activation and deposition of C3
activation products on the M. leprae surface. These activa-
tion products serve as major opsonins for phagocytosis of
the leprosy bacillus by monocytes and macrophages, the
major host cells for M. leprae. The amount of natural
antibody in a given individual may be influenced by prior
exposure to saprophytic mycobacteria or to other pathogens
that results in the production of cross-reactive antibody.
Thus, predisposition to leprosy may in part be determined by
an individual's circulating immunoglobulin repertoire.

Natural antibody may also influence the form of leprosy
(tuberculoid versus lepromatous) in an individual. Factors
predisposing an individual to a particular polar form of
leprosy are not understood. The apparent absence of diver-
sity among M. leprae strains (3) suggests that host factors
are important. The lack of conclusive evidence in support of
a genetic predisposition to a form of leprosy and the fact that
identical twins may have different forms of leprosy suggest
that nongenetic host factors are important (2). One possibil-
ity suggested by this study is that differences in the amount
and type of natural antibody in naive individuals exposed to
M. leprae influence the form of leprosy in these individuals
if they later develop disease.
As complement receptors mediate phagocytosis of a di-

verse group of intracellular pathogens, small amounts of
natural antibody may play a general role in disease patho-
genesis by intracellular pathogens by influencing C3 deposi-
tion and, hence, phagocytosis of these pathogens by appro-
priate host cells.
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