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In high concentrations of fresh nonimmune human serum, Mycobacterium tuberculosis activates the alter-
native pathway of complement and binds C3 protein, resulting in enhanced phagocytosis by complement
receptors on human alveolar macrophages. Yet in the lung, the alternative pathway of complement is relatively
inactive compared to the classical pathway. To begin to determine whether C3 opsonophagocytosis of M.
tuberculosis by alveolar macrophages can occur in the lung of the immunologically naive host, we characterized
the binding of C3 to M. tuberculosis in different concentrations of fresh nonimmune human serum and
concentrated human bronchoalveolar lavage fluid. Here we show that in human serum, C3 binding to M.
tuberculosis is rapid, initiated by either the alternative pathway or the classical pathway, depending on the
concentration of serum, and occurs by covalent linkages between the bacterial surface and the C3 cleavage
products, C3b or C3bi. Human bronchoalveolar lavage fluid contains C3 protein and functional classical
pathway activity that mediates the binding of C3 to the surface of M. tuberculosis. These studies provide
evidence that when M. tuberculosis is first inhaled into the lungs of the human host, the bacterium is opsonized
by C3 cleavage via classical pathway activation within the alveolus, providing a C3-dependent entry pathway

2

into resident alveolar macrophages.

Mycobacterium tuberculosis is an obligate human pathogen
that is inhaled on droplet nuclei into the lungs and deposits in
the terminal bronchioles and distal alveoli. These host-adapted
bacteria have evolved the ability to survive in mononuclear
phagocytes, and it is felt that entry into the alveolar macro-
phage is important for a successful initial infection (25).

Prior studies have established that M. tuberculosis is phago-
cytosed by the macrophage complement receptors (CR) CR1,
CR3, and CR4 and the mannose receptor (16, 40, 41). Addi-
tional receptors for M. tuberculosis likely exist, but their precise
role in the phagocytosis of M. tuberculosis is not clear (for a
review, see reference 10). M. tuberculosis phagocytosis is en-
hanced in the presence of low concentrations of nonimmune
serum as a result of binding of complement protein C3 to the
surface of the bacteria and increased ligation of CR, although
nonopsonic binding of M. tuberculosis to CR3 is also important
in phagocytosis (8, 41, 45, 46).

In contrast to blood monocytes, human alveolar macro-
phages are reported to have more CR4 than CR1 or CR3 (31).
Consistent with these data, antibodies to CR4 blocked phago-
cytosis of M. tuberculosis to a greater extent in human alveolar
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macrophages than did antibodies to CR1 and CR3, whereas
the opposite was true for phagocytosis by blood monocytes
(16). Just as the expression of CR differ with respect to cell
type, the ligands that bind CR also differ. For example, CR1
binds complement components Clq, C4b, and C3b, and CR3
and CR4 bind primarily C3bi, as well as other noncomplement
microbial ligands (22, 38). Therefore, it is likely that specific
proteins of the complement system as well as their proteolytic
forms that are bound to M. tuberculosis may affect the subse-
quent fate of the organism by directing the pathogen to par-
ticular receptors and altering phagocytosis.

Proteolytic cleavage forms of the complement proteins are
generated upon activation of the complement cascade. Three
activation pathways have been described: the classical pathway,
the alternative pathway, and the lectin pathway. Each of these
pathways is initiated by specific stimuli and serves distinct but
not exclusive roles in innate immunity (27, 33, 34, 53, 54).
Although CR and the complement system have been studied in
some detail, less is known about the mechanisms of comple-
ment protein binding to M. fuberculosis or its role in the initial
pathogenesis of the disease. The first encounter of M. tubercu-
losis with its human host is in the airspaces of the lung, where
interactions between the bacteria and airway surface compo-
nents may affect the initial pathogenesis of the disease. Alve-
olar cells (macrophages and epithelial cells) produce several
proteins of the classical and alternative pathways of comple-
ment (6, 47), and complement proteins have been detected in
the bronchoalveolar lavage (BAL) fluid from several different
mammalian species including humans (7, 13, 23, 50). Prior
studies indicate that functional complement activity is present
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in the lung, although C3 activation is reduced when compared
to the level of activity in serum, possibly due to the presence of
an inhibitor (13). Additionally, classical pathway activity is
more readily detected than alternative pathway activity, possi-
bly due to very low levels of alternative pathway components in
lavage fluid (50). Surfactant protein A, a lung collectin with a
structure similar to that of Clq, is reported to regulate com-
plement activity in the alveolus (51).

It is believed that C3 opsonization of M. tuberculosis in the
lung is important for the pathogenesis of tuberculosis during
the initial interaction of the bacteria with the human host.
Since M. tuberculosis is phagocytosed by CR that are expressed
on human alveolar macrophages and since the classical path-
way of complement appears to be more active than the alter-
native pathway in the lung, we hypothesized that M. tubercu-
losis can activate the classical complement pathway in the lung
and fix C3 protein for opsonophagocytosis. To begin to address
this hypothesis, here we characterize C3 binding to M. tuber-
culosis in different concentrations of fresh nonimmune human
serum (NHS) and determine if BAL fluid from healthy humans
contains functional C3 protein that binds to M. tuberculosis. In
these studies we show that the binding of C3 to M. tuberculosis
occurs rapidly, is mediated by covalent bonds between C3
cleavage proteins and M. tuberculosis surface molecules, and
occurs by both the alternative pathway and the Clq-dependent
classical pathway, depending on the concentration of serum.
We further show that BAL fluid from healthy humans contains
classical complement activity that can lead to C3 deposition on
the surface of M. tuberculosis.

MATERIALS AND METHODS

Sera, complement proteins, buffers, and antibodies. NHS was collected from
healthy tuberculin-negative human volunteers who had no known exposure to
tuberculosis, according to a protocol that has been approved by the Internal
Review Board, College of Medicine, University of Iowa. The serum was sepa-
rated, filtered, stored, and handled so as to preserve complement activity (18).
Pooled human serum, Clg-depleted serum (ClgD), factor B-depleted serum
(FBD), purified Clq protein, and purified factor B protein (FB) were purchased
from Advanced Research Technologies (San Diego, Calif.), stored, and handled
per the manufacturer’s instructions. Veronal-buffered saline containing gelatin
(GVBS) and GVBS containing calcium and magnesium ions (GVBS™ ™) were
purchased from Advanced Research Technologies. Goat anti-human C3 immu-
noglobulin G (IgG) conjugated to horseradish peroxidase (HRP) and goat anti-
human IgG plus IgA plus IgM (anti-IgGAM) conjugated to HRP were pur-
chased from Cappel Research products (Durham, N.C.). Mouse anti-human
C3bi neoantigen monoclonal antibody (MAb) was purchased from Quidel (San
Diego, Calif.). Goat anti-mouse IgG conjugated to HRP was purchased from
Bio-Rad (Hercules, Calif.). Rabbit anti-acetone-dried Erdman M. tuberculosis
serum was produced by immunizing a New Zealand White rabbit with 50 mg of
an acetone-dried Erdman M. tuberculosis preparation in incomplete Freund’s
adjuvant two times at an interval of 1 month, followed by two boosts with 25 mg
of the preparation 3 and 5 months after the first injection.

BAL. Tuberculin-negative healthy human volunteers with no known exposure
to tuberculosis and no smoking history underwent BAL with approximately 200
ml of saline according to a previously described procedure (20) that has been
approved by the Internal Review Board, College of Medicine, University of
Towa. After cellular material was removed, EDTA was added to the lavage fluid
to a final concentration of 2 mM, and the mixture kept at <4°C during manip-
ulations to prevent complement activation. The BAL fluid was passed through a
0.22-wm-pore-size filter and then was concentrated (cBAL fluid) 20- to 30-fold
by using a Centriprep 10 concentrator (Millipore, Bedford, Mass). BAL and
cBAL fluids were stored at —70°C until the day of use. Prior to experimentation,
the BAL and cBAL fluids were dialyzed at 4°C by using a membrane with a
10,000-molecular-weight cutoff for 2 h against Dulbecos phosphate-buffered sa-
line (PBS) containing calcium and magnesium ions (PBS™ ™) at a 4,000/1 (vol/
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vol) ratio. The protein concentration was determined by using a bicinchoninic
acid assay against bovine serum albumin standards (Pierce, Rockford, IIL.).

Bacteria preparation and treatments. Lyophilized M. tuberculosis strain Erd-
man (ATCC 35801) was obtained from the American Tissue Culture Collection
(Rockville, Md.), reconstituted, grown on 7H11 agar, and harvested as described
previously (41). The stock concentration of bacteria (1 X 10% to 2 X 10® bacteria/
ml) and the degree of clumping (=10%) were determined by counting in a
Petroff-Hausser chamber (11).

To examine C3 binding to bacteria, approximately 2.5 X 107 M. tuberculosis
bacilli in PBS™" were combined with 2.5 or 25% sera in the presence and
absence of 10 mM EDTA, 10 mM EGTA with 7 mM MgCl, (EGTA-Mg), or
purified complement proteins as described in the text, and incubated at 37°C for
5 to 60 min. The samples were then placed on ice for 2 min and pelleted by
centrifugation at 10,000 X g. The supernatant was removed, and then the pellets
were washed three times in ice-cold PBS containing protease inhibitors (1 pg of
pepstatin/ml, 10 pg of leupeptin/ml, 10 g of soybean trypsin inhibitor/ml, 1 mM
phenylmethylsulfonylfluoride, and 1 pg of aprotinin/ml). The bacterial pellets
were then resuspended in PBS and prepared for enzyme-linked immunosorbent
assay (ELISA), Western blotting, or hydroxylamine treatment as described be-
low. In some experiments, M. tuberculosis bacilli were incubated with cBAL fluid
as described above and prepared for Western blotting or ELISA.

Hydroxylamine treatment. M. tuberculosis bacilli were incubated with sera as
described above and then were treated with 1 M hydroxylamine in 0.05% sodium
dodecyl sulfate [SDS]-20 mM Tris (pH 10.5) for 1 h at 37°C to cleave ester bonds
(4). The bacteria were then pelleted by centrifugation at 10,000 X ga,., and the
pellets were separated from the supernatants. The bacterial pellets were then
washed three times in ice-cold PBS containing protease inhibitors, and the
pellets and supernatants were prepared for Western blotting.

Western blotting. Protein and bacterial samples were combined with sample
buffer (0.6 M Tris-HCI [pH 6.8] containing 2% SDS, 10% glycerol, 0.025%
bromphenol blue, and 5% 2-ME), heated to 100°C for 10 min, resolved by
SDS-7.5% polyacrylamide gel electrophoresis (PAGE), and then transferred to
nitrocellulose. The nitrocellulose membranes were blocked in PBS containing
5% nonfat dry milk and 0.05% Tween-20 for at least 1 h at room temperature or
overnight at 4°C. The membranes were then incubated with HRP-conjugated
primary antibody in blocking buffer for 5 h at room temperature or overnight at
4°C, washed three to five times in PBS, and developed by using enhanced
chemiluminescence (Amersham, Buckinghamshire, England). For Western blot-
ting with the MAb to human C3bi neoantigen or polyclonal antiserum to M.
tuberculosis, samples were prepared as follows: after incubation with the primary
antibody and washing, the membranes were incubated with the appropriate
secondary antibody for 2 h at room temperature, washed, and developed as
above.

ELISA. The washed bacterial pellets were suspended in 320 wl of PBS and
dispensed into triplicate wells (100 pl/well) of a 96-well tissue culture plate. The
wells were allowed to evaporate to dryness and then were exposed to UV light for
2 h to kill viable bacteria (11). The wells were then blocked with 3% ovalbumin
in PBS overnight at 4°C and incubated with a 1:10,000 dilution of an HRP-
conjugated goat anti-human C3 antibody or HRP-anti-human IgGAM for 2 h at
room temperature. The wells were then washed three times in PBS and devel-
oped with substrate (Bio-Rad). The reaction was stopped with 1% oxalic acid,
and the absorbance units for each well were determined in a plate reader at 405
nm (A49s). The background was defined as the A,,s of wells that did not contain
bacterial samples and was subtracted out in each case. The background as
defined above was =0.1 A,ys in all experiments.

Hemolytic assays. Standard hemolytic assays were used to determine the
activity of complement in serum and BAL fluid samples, where one unit of
hemolytic activity is the amount of undiluted serum or ¢cBAL fluid required to
cause lysis of 50% of the red blood cells (RBCs) for the classical pathway (CH50)
or the alternative pathway (AP50) (23, 50, 52). The results are reported as the
hemolytic units contained in 1 ml of undiluted serum or cBAL fluid. For the
CHS50 assay, serial dilutions of serum or cBAL fluid in GVBS™* were mixed with
2 X 107 antibody-sensitized sheep RBCs in a total volume of 500 wl. The samples
were then incubated for 30 min at 37°C and placed on ice. One milliliter of
ice-cold saline was added to each tube, the RBCs were pelleted, and the super-
natants were then assayed for hemoglobin at 412 nm. For the AP50 assays, serial
dilutions of serum or cBAL fluid were mixed in a solution of 3 parts 5% dextrose
in water and 1 part GVBS containing EGTA-Mg. The samples were mixed with
107 rabbit RBCs (200 wl), incubated at 37°C for 60 min, and then placed on ice.
Two milliliters of ice-cold saline was added to each sample, the RBCs were
pelleted, and the supernatants were assayed for hemoglobin at 412 nm. Controls
to determine the levels of 0 and 100% lysis were included in all CH50 and AP50
experiments.
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FIG. 1. C3 binds to M. tuberculosis. M. tuberculosis bacilli (approx-
imately 2.5 X 107) were incubated in NHS for 5 to 60 min, cooled on
ice, and then washed three times in ice-cold PBS containing protease
inhibitors. Sample buffer was added to the washed bacterial pellets or
purified C3 protein, the samples were heated to 100°C, resolved by
SDS-7.5% PAGE, and transferred to nitrocellulose. Western blotting
was performed with a polyclonal antibody to human C3 protein. Lane
1, 200 ng of purified C3 protein; lanes 2 to 6, M. tuberculosis bacilli
incubated in NHS for 5, 10, 15, 30, and 60 min, respectively. The
positions of C3a and C33 are shown on the left. The molecular mass
markers are shown on the right. The results shown are representative
of three independent experiments.

Statistics. For some experiments, a two-tailed Student’s ¢ test was used to
analyze the differences between test groups and control groups.

RESULTS

Human complement protein C3 binds to M. tuberculosis.
Prior studies have established that BCG activates the alterna-
tive complement pathway and that the virulent Erdman strain
of M. tuberculosis activates complement and fixes C3 protein
(36, 41). To better understand this process, we incubated M.
tuberculosis in 25% NHS for increasing times at 37°C, followed
by washing in protease inhibitors to prevent subsequent deg-
radation of C3 protein, and then resolved the bacterial pellets
by SDS-PAGE and Western blotting (Fig. 1). Multiple C3
immunoreactive species are visualized by Western blotting
(lanes 2 to 6) under reducing conditions. The 75-kDa species
seen in all lanes corresponds to the B-chain of C3 (C3p). C3p3
is not cleaved during activation of complement and is linked to
the a-chain (C3«) via a disulfide bond. C3« is 120 kDa under
reducing conditions (lane 1) and contains an internal reactive
thiolester. Upon activation, a small fragment of the a-chain is
cleaved and released, resulting in the reactive 110-kDa (re-
duced) protein, C3b. This activation results in the exposure of
the reactive thiolester, which can then bind to targets via a
covalent ester or amide linkage. Therefore, the apparent mo-
lecular mass of C3b bound to a molecule from M. tuberculosis
would be expected to be greater than 110 kDa. The immuno-
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FIG. 2. C3 binds to M. tuberculosis via the alternative pathway in
25% NHS. M. tuberculosis bacilli (2.5 X 107) were incubated in NHS in
the presence or absence of 10 mM EDTA or EGTA-Mg for 30 min at
37°C. The bacterial pellets were then washed and processed for West-
ern blotting as described in the legend of Fig. 1. Lane 1, control
condition in the presence of NHS without EDTA or EGTA; lane 2,
EDTA; lane 3, EGTA-Mg. The molecular mass indicators are shown
on the left. The results shown are representative of three independent
experiments.

reactive species that are =110 kDa visualized in lanes 2 to 6
and the virtual absence of the 120-kDa species in these lanes
indicate that C3 cleavage fragments (C3b and possibly others)
are bound to acceptor molecules on the surface of the bacteria.

Densitometry (data not shown) of the stable C3B species
indicates that C3 binding to M. tuberculosis is maximal within 5
min. Further analysis of the results shown in Fig. 1 reveals that
with increases in the time of incubation in NHS, there is in-
creased abundance of species of lower molecular mass (<75
kDa) and the relative intensity of the 150-kDa species in-
creases. These data suggest that bound C3b is progressively
cleaved into smaller forms and that the 150-kDa species is
dependent upon progressive cleavage of the originally bound
protein.

To determine whether C3 binding to M. tuberculosis is de-
pendent on activation of the complement cascade (classical
and/or alternative pathways), we performed Western blotting
of bacteria after incubation in 25% serum in the presence and
absence of either EDTA or EGTA-Mg (Fig. 2). The complete
absence of binding in the presence of Ca** and Mg®" chela-
tion by EDTA (lane 2) indicates that the binding of C3 to the
bacteria occurs through the activation of complement, which is
dependent on divalent cations. In the presence of selective
calcium chelation by EGTA-Mg (lane 3), which abolishes the
classical pathway, no decrease in C3 binding is observed, indi-
cating that the alternative pathway of complement activation is
sufficient to fix C3 on the surface of the bacteria in 25% serum.

C3b binds to acceptor molecules via covalent linkages be-
tween the reactive thiolester and an acceptable target contain-
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FIG. 3. Hydroxylamine releases bound C3 from M. tuberculosis ba-
cilli. M. tuberculosis bacilli (2.5 X 107) were incubated in NHS at 37°C
for 30 min and then washed three times in ice-cold PBS containing
protease inhibitors. M. tuberculosis pellets were then treated with hy-
droxylamine as described in Materials and Methods. The bacterial
pellets and hydroxylamine supernatants were then resolved by SDS—
7.5% PAGE under reducing conditions and subjected to Western
blotting with an anti-human C3 antibody. Lane 1, 200 ng of purified C3
protein; lane 2, NHS-incubated M. tuberculosis bacilli without hydrox-
ylamine treatment; lane 3, M. tuberculosis pellet after hydroxylamine
treatment; lane 4, hydroxylamine supernatant from the M. tuberculosis
pellet in lane 3. The molecular mass indicators are shown on the left.
The positions of C3b (arrowhead) and C3bi (arrow) are shown on the
right. The results shown are representative of four independent exper-
iments.

ing a hydroxyl or amine group. To investigate for the presence
of a covalent bond mediating the interaction between C3 and
the surface of the bacteria and to determine the forms of
bound C3 protein, we used a hydroxylamine treatment to re-
lease bound C3, followed by Western blotting (Fig. 3). Hydrox-
ylamine cleaves ester bonds but leaves amide bonds intact (4).
Hydroxylamine treatment markedly reduces the amount of C3
immunoreactive species associated with the bacterial pellet
(lane 3). However, in the hydroxylamine treatment superna-
tant, immunoreactive species are readily apparent at 110 and
68 kDa, indicating C3b and C3bi, respectively, that have been
released from the bacteria (lane 4). These experiments dem-
onstrate that C3 binds covalently to its acceptor primarily via
ester bonds, although amide bonds are also likely to be
present. To confirm the presence of C3bi, Western blotting of
bacterial lysates was also performed with a MAb specific for
C3bi (Fig. 4, lane 3). Multiple immunoreactive species are
observed, including a band that colocalizes with the 150-kDa
species seen in association with M. tuberculosis. Taken to-
gether, these data indicate that the C3 protein binds covalently
to M. tuberculosis primarily via ester bonds and is bound in the
forms of C3b and C3bi; the data also suggest that the promi-
nent 150-kDa species is C3bi bound to an acceptor molecule
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FIG. 4. C3 binds multiple targets on M. tuberculosis. Purified C3
protein (200 ng; lane 1), washed NHS-incubated M. tuberculosis pellets
(lanes 2 to 4), or 20 pl of NHS diluted 1/1,000 (lane 5), was resolved
by SDS-7.5% PAGE under reducing conditions and then transferred
to nitrocellulose. The lanes were divided, incubated in anti-C3 anti-
body (lanes 1 to 2), monoclonal anti-C3bi (lane 3), or anti-IgGAM
antibody (lanes 4 to 5) and then the appropriate secondary antibody.
The molecular mass markers are shown on the left. The positions of
IgM, IgA, IgG, and light (L) chain are shown on the right. The results
shown are representative of three independent experiments.

from M. tuberculosis. 1t is likely that other M. tuberculosis
acceptor molecules also exist.

To examine the possibility that a fragment of C3 could be
covalently bound to Ig associated with the M. tuberculosis pel-
let, we performed Western blotting with a polyclonal antibody
that recognizes human IgG, IgA, and IgM (Fig. 4). Anti-Ig-
GAM readily detects heavy and light chain Ig molecules from
NHS (lane 5) and recognizes Ig that is associated with M.
tuberculosis bacilli (lane 4). An additional faint band at ~104
kDa is observed that is either a nonreduced Ig complex or an
Ig-serum protein complex. However, clear colocalization is not
observed with C3 bands from the M. tuberculosis pellets. These
data suggest that IgM and IgG bind to M. tuberculosis bacilli,
but there appears to be no clear Ig-C3 complex associated with
M. tuberculosis.

Since the majority of C3 protein bound to the M. tuberculosis
pellet is in the form of C3bi and C3b, we next used a polyclonal
anti-M. tuberculosis antiserum to determine whether there are
C3-M. tuberculosis colocalizing bands above 68 kDa, the mo-
lecular mass of C3bi (Fig. 5). Colocalization of C3 and the M.
tuberculosis protein(s) is suggested at an approximate molecu-
lar weight of 200. In addition, there are M. tuberculosis-immu-
noreactive bands observed in the presence of serum (lane 3)
but not in the presence of serum and EDTA (lane 4), suggest-
ing that complement activation and binding results in a mo-
lecular weight shift of M. tuberculosis molecules. These data
provide further evidence that C3 binds to acceptor sites on the
surface of M. tuberculosis.

C3 protein binds to M. tuberculosis via the alternative and
classical pathways. The studies above and a prior study have
determined that M. tuberculosis activates the alternative path-
way of complement in relatively high concentrations of serum
(41). However, the first exposure of this pathogen to its human
host is in the lung, where the concentration of complement
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FIG. 5. C3 binds to M. tuberculosis proteins. M. tuberculosis bacilli
(2.5 X 107) were incubated with NHS in the absence (lanes 1 and 3) or
presence (lanes 2 and 4) of 10 mM EDTA, washed, resolved by SDS-
PAGE under reducing conditions, and transferred to nitrocellulose.
The lanes were divided and then incubated in anti-C3 antibody (lanes
1 and 2), or anti-M. tuberculosis antiserum (lanes 3 and 4). The results
shown are representative of three independent experiments. The mo-
lecular mass markers are shown on the left.

components is believed to be low relative to serum (7, 50). In
low concentrations of complement components, the classical
pathway of activation is expected to predominate, and the
alternative pathway is relatively inactive (12). In order to de-
termine if the complement cascade could serve a role in the
innate immune response to M. tuberculosis in the lung, we
performed a C3 binding ELISA to determine if M. tuberculosis
could activate the classical pathway of complement and fix C3
protein in a low concentration of NHS (2.5%) in the presence
and absence of 10 mM EDTA (chelates Ca*>* and Mg®") or 10
mM EGTA and 7 mM Mg>" (chelates Ca*"). In 25% NHS,
EDTA inhibited C3 binding to the bacterium by 96.4% *+ 2.4%
(mean = standard error of the mean; n = 5, P < 0.05), whereas
EGTA-Mg inhibited C3 binding by only 4.5% * 4.3% (n = 5).
These data indicate that at 25% serum, the alternative pathway
is sufficient for depositing C3 on the bacteria, which is consis-
tent with our Western blotting data. In contrast, in 2.5% se-
rum, the inhibition of C3 binding to M. tuberculosis by EDTA
and EGTA-Mg were equivalent (inhibition by EDTA, 96.0%
+ 4.3% versus inhibition by EGTA-Mg, 93.0% =+ 3.4%;n = 8§,
P < 0.05). Thus, there is a greater contribution of the classical
pathway in C3 binding in low concentrations of complement
components, akin to the concentrations likely to be present in
the lung.

To confirm these findings, we performed experiments to
determine the contribution of both the classical and alternative
pathways by using 2.5% sera that is deficient in either comple-
ment Clq of the classical pathway or FB of the alternative
pathway, respectively (Fig. 6). C3 binding was significantly
reduced in the absence of Clq and was restored to control
values in serum reconstituted with functional Clq. These data
confirm that at low concentrations of serum, the Clg-depen-
dent classical pathway activation of complement occurs and
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FIG. 6. C3 binding to M. tuberculosis is reduced in the absence of
Clq. M. tuberculosis bacilli (2.5 X 107) were incubated in 2.5% pooled
human serum (PHS), 2.5% C1qD, 2.5% C1qD repleted with 200 p.g of
Clq protein per ml of serum (ClqD + Clq), FBD, or FBD repleted
with 200 pg of FB per ml of serum (FBD + FB), for 30 min at 37°C.
The bacterial pellets were washed, and C3 binding was detected by
ELISA. Shown are the means * standard errors of the means of
triplicate determinations of four to seven independent experiments. *,
P < 0.05.

results in the binding of C3 protein to M. tuberculosis. C3
binding to M. tuberculosis in the absence of FB was also re-
duced, but the data did not reach statistical significance. These
data support the hypothesis that M. tuberculosis activates the
classical and alternative pathways of complement, although at
low concentrations of complement proteins, the classical path-
way appears to have a greater role in the deposition of C3
protein on the bacterial surface.

M. tuberculosis activates the classical pathway and fixes C3
protein in BAL fluid. To provide more direct evidence that
complement activation and C3 deposition on M. tuberculosis
could occur in the lung, we performed Western blotting to
determine if BAL fluid from healthy humans contains C3 pro-
tein (Fig. 7). As previously demonstrated by Watford et al.
(50), C3 protein is readily detected in lavage fluids, particularly
in cBAL fluid. Experiments to determine if cBAL fluid con-
tains functional complement activity demonstrate that the clas-
sical pathway is active in ¢cBAL fluid (Table 1). Alternative
pathway activity in cBAL fluid was detected but at a very low
level. Even when undiluted cBAL fluid was used, the lysis of
the rabbit RBCs did not reach 50%.

Since cBAL fluid contains easily detectable amounts of C3
protein and functional hemolytic activity, we hypothesized that
C3 protein in lung lining fluid could bind to M. tuberculosis.
The ELISA results shown in Fig. 8 demonstrate that C3 pro-
tein from cBAL fluid binds to M. tuberculosis. This binding is
nearly abolished in the presence of EGTA-Mg, providing evi-
dence that C3 binding results from complement activation and
that this is due to the classical pathway.

Classical pathway activation can be initiated by Ig binding
followed by formation of functional C1 or may be independent
of Ig (28). To determine if Ig in normal BAL fluid and NHS
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FIG. 7. C3 protein is detected in BAL fluid. Purified C3 protein
(200, 100, 50, or 25 ng in lanes 1 to 4, respectively), 20 pl of BAL fluid
(lane 5), or 20 pl of twofold serial dilutions of cBAL fluid (lanes 6 to
8) was resolved by SDS-PAGE under reducing conditions and sub-
jected to Western blotting as described in the legend of Fig. 1. The
molecular mass indicators are shown on the right. The positions of C3a
and C3B are shown on the left. The results shown are representative of
three independent experiments.

could bind M. tuberculosis, we incubated M. tuberculosis in
cBAL fluid or NHS. We then detected Ig binding by ELISA.
The results shown in Fig. 9 demonstrate that in both cBAL
fluid and NHS from healthy donors, Ig binds to M. tuberculosis
bacilli in a concentration-dependent manner. Taken together
with our Western blotting data (Fig. 4), these results provide
evidence that Ig in the alveolar surface material from healthy
humans has the capacity to bind to M. tuberculosis bacilli.
Whether Ig binding in the airspace modulates complement
opsonization of the bacilli in this location is currently not
known.

DISCUSSION

M. tuberculosis is an obligate human pathogen that has
evolved the ability to avoid some host defense mechanisms that
typically kill other pathogens. For example, the phagocytosis of
M. tuberculosis by human mononuclear phagocytes occurs
without stimulating an oxidant burst, and the subsequent in-
tracellular trafficking of the bacteria leads to limited fusion of
the phagosome with lysosomes (2, 9). In some cases M. tuber-
culosis is able to use host defense mechanisms to its advantage.
Interactions between M. tuberculosis and C3 appear to be ad-
vantageous to the bacteria, since C3 opsonization results in
enhanced phagocytosis of the bacteria by human alveolar and
monocyte-derived macrophages that are known to allow for
growth of M. tuberculosis in vitro (9, 16, 41). In order for
complement to play a role in the phagocytosis of M. tubercu-
losis in vivo, the tissue site where M. tuberculosis resides must
support opsonization of the bacterium with C3.

Studies performed with human serum have shown that M.
tuberculosis and M. bovis BCG can activate the alternative
pathway of complement and fix C3 to its surface (36, 41). In
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addition, the complement component C2a can interact with
the surface of pathogenic mycobacteria and form a classic-like
C3 convertase, which participates in C3b opsonization of the
bacteria (43). Recently, the heparin-binding hemagglutinin
from the surface of M. tuberculosis has been reported as a C3
acceptor molecule (29). Apart from these studies, our knowl-
edge regarding the requirements for and regulation of C3
binding to M. tuberculosis, particularly in the lung of the naive
host, is limited.

In the present studies, we demonstrate for the first time that
in serum C3 binding to M. tuberculosis is rapid, initiated by
activation of the classical as well as the alternative pathways,
and occurs via covalent linkages to multiple bacterial surface
targets in the forms of C3b and C3bi. In addition, our studies
indicate that the classical pathway mediates C3 binding to M.
tuberculosis from lavage fluid. Thus, these studies provide ev-
idence that M. tuberculosis can activate complement and bind
C3 protein in the airspace of the naive host.

We found that M. tuberculosis activates the classical path-
way, in addition to the alternative pathway, in human serum.
When the concentration of serum was 25%, the alternative
pathway was sufficient for binding C3 since inhibition of the
classical pathway by selective calcium chelation (EGTA-Mg)
had no effect on the amount of C3 binding. However, when the
concentration of serum was reduced to 2.5%, inhibition of the
classical pathway by selective calcium chelation reduced total
C3 binding by 88.7%. In low concentrations of serum, involve-
ment of the classical pathway was confirmed by experiments
showing that depletion of Clq from serum significantly re-
duced C3 binding and that addition of purified Clq to the
depleted serum returned C3 binding to the control values.
These findings are of interest, since the classical Cl1q-depen-
dent mechanism is dependent on specific Ig bound to the
target. In this regard, sera from patients with active tubercu-
losis disease contain circulating immune complexes (39) and
mediate classical pathway activation and C3 binding by BCG
(15). Complement activation correlates with the amount of
anti-lipoarabinomannan antibody in sera from tuberculosis pa-

TABLE 1. Classical and alternative pathway activity in cBAL fluid

and NHS“

Donor and Total protein CH50/mg of AP50/mg of

sample type (mg/ml) total protein total protein
Donor 1

NHS 67.0 7.5 4.8

cBAL fluid 4.1 10.7 24
Donor 2

NHS 68.0 7.6 8.7

cBAL fluid 2.8 9.2 0.3
Donor 3

NHS 62.0 8.6 8.4

cBAL fluid 2.1 59 ND?

“ Total protein, CH50/ml of sample, and AP50/ml of sample were determined
for matched ¢cBAL fluid and NHS samples as described in Materials and Meth-
ods. The values for CH50/ml and AP50/ml were then normalized to the total
protein concentration for each donor. Results are given as the mean hemolytic
units contained in 1 ml of sample = SEM. CHS50 is 516.4 + 9.6 per ml of serum
and 27.3 = 9.1 per ml of ¢cBAL (n = 3). AP50 is 478.7 = 82.2 per ml of serum
and 3.6 = 3.2 per ml of cBAL (n = 3).

> ND, not detected.
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FIG. 8. M. tuberculosis fixes C3 protein in BAL fluid. M. tubercu-
losis bacilli (2.5 X 107) were incubated with 220 pl of cBAL fluid in the
presence and absence of 10 mM EDTA or 10 mM EGTA-Mg for 30
min at 37°C, washed in ice-cold PBS containing protease inhibitors,
and dispensed into triplicate wells of a 96-well microtiter plate. C3
binding was then determined by ELISA. The background (<0.05 4 ,s)
was equal to the results obtained in the presence of EDTA and was
subtracted from the results shown. Shown are the means * standard
deviations of triplicate determinations from the three different donor
cBAL fluid samples reported in Table 1 (where A is donor 1, B is
donor 2, and C is donor 3). *, P < 0.05.

tients compared to healthy controls (15). In contrast to these
studies, our experiments were performed in sera that came
from healthy donors. At least two possible mechanisms may
explain our findings. First, naturally occurring, low-titer, spe-
cific antibody to several mycobacteria is present in nonimmune
serum (3). This low-titer antibody can participate in the clas-
sical pathway cascade (42). Second, antibody-independent Clq
binding to microorganisms has been described that also has the
capacity to activate the classical pathway (26, 28). Our present
studies indicate that Ig from nonimmune serum and BAL fluid
binds to M. tuberculosis (Fig. 4 and 9), although we have not
determined if Ig binding to M. tuberculosis is necessary for
activation of the classical pathway.

INFECT. IMMUN.

Based on our experiments where selective calcium chelation
nearly abolished C3 binding to M. tuberculosis, we expected to
observe little to no binding of C3 in 2.5% Clqg-depleted serum.
However, low-level C3 binding activity remains (Fig. 6). These
data suggest that there is a Clg-independent pathway that is
further reduced in the absence of calcium. Calcium chelation
does not affect the alternative pathway. However, we have not
ruled out the possibility that the lectin pathway may play a role
in the deposition of C3 to the bacterial surface. The lectin
pathway is not dependent on Clq or calcium per se, but bind-
ing of mannose-binding lectin (MBL) to microbial surfaces is
calcium dependent, and this binding activates complement
through the actions of two MBL-associated serine proteases,
MASP-1 and MASP-2 (32, 48, 49, 54). Thus, calcium chelation
would reduce MBL binding and consequently lectin pathway
activation. We have not determined whether MBL interacts
with M. tuberculosis, but binding of MBL to Mycobacterium
avium has been reported (35), and certain allelic differences in
the MBL gene are associated with protection against tubercu-
losis meningitis in children (17). Likewise, the C2a pathway for
virulent mycobacteria is not dependent on Clq, although C2a
is not known to exist in human serum in the absence of the
activation of C2 (43). However, C2a is generated by activation
of the classical pathway (30) and may be present at sites of
inflammation including the lung (7, 14). Therefore, it remains
possible that the C2a pathway may amplify classical-pathway-
mediated C3 binding to M. tuberculosis.

Taken together, our data demonstrate that the alternative
pathway is sufficient for depositing C3 on the surface of M.
tuberculosis in high concentrations of complement compo-
nents, but as the concentration of complement decreases, the
classical pathway plays a relatively greater role. This situation
may more closely resemble that present in the lung, particu-
larly during primary infection.

Our data show that C3 binds via ester and amide linkages to
M. tuberculosis. The internal reactive thiolester of C3 becomes
available for covalent binding to hydroxyl or amine groups
after the protein is activated by proteases (24, 44). The pref-
erence for ester versus amide bond formation is dependent on
the protein and the available target. As opposed to C4, C3
preferentially forms ester bonds if the appropriate hydroxyl
group is available (24). Our data indicate that C3 binds co-
valently to M. tuberculosis primarily via ester bonds, although
amine-containing epitopes on the surface of M. tuberculosis
may also play a role.

The molecular mass range of the C3 immunoreactive species
observed in our Western blots and the apparent colocalization
of M. tuberculosis-C3 immunoreactive species suggest that C3
binding occurs to multiple acceptor molecules on the surface
of M. tuberculosis. These observations are supported by West-
ern blotting with the MAb to C3bi, which reveals multiple
species at molecular masses greater than 68 kDa. Importantly,
our data fail to demonstrate binding of C3 to an M. tubercu-
losis-Ig complex. The bacterial determinants responsible for
complement activation and C3 binding for M. tuberculosis are
not known. However, the heparin-binding hemagglutinin of M.
tuberculosis has been identified as one C3 acceptor molecule
(29). Based on our data, it is probable that multiple C3 accep-
tor molecules exist on M. tuberculosis.

Our studies demonstrate that the C3 protein bound to M.
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FIG. 9. M. tuberculosis binds Ig in BAL fluid and NHS. M. tuber-
culosis bacilli (2.5 X 107) were incubated with increasing amounts of
cBAL fluid (A) or NHS (B) in a final volume of 500 pl as indicated for
30 min at 37°C, washed in ice-cold PBS containing protease inhibitors,
and dispensed into triplicate wells of a 96-well microtiter plate and
evaporated to dryness. The wells were then blocked, incubated in HRP
anti-human IgGAM antibody, and developed with peroxidase sub-
strate. The A4s was determined for each well, and the background
(wells that did not contain M. tuberculosis; A 45 = 0.05) was subtracted
out in each case. Shown are the means * standard deviations of
triplicate determinations from one experiment representative of three.

=

tuberculosis is in the forms of C3b and C3bi. These data are
important since intact C3b is necessary for the propagation of
the complement cascade toward the terminal components and
membrane attack complex, while C3bi cannot participate in
this reaction. Additionally, C3b is a ligand for CR1, whereas
C3bi is a ligand for CR3 and CR4 (38). C3bi is formed from
C3b when the latter is cleaved by factor I in association with
proteins that serve as cofactors, such as factor H or CR1 (12).
The efficiency of the conversion of C3b to C3bi on the surfaces
of microorganisms depends on a competition for binding C3b
by factors H and B. C3b associated with factor B cannot asso-
ciate with factor I. Conversely, C3b associated with factor H
does not interact with factor D of the alternative pathway (for
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a review, see reference 12). Although the details of these
reactions are not known for M. tuberculosis, conversion of C3b
to C3bi may be important in that most C3bi-coated organisms
would be phagocytosed by CR3 and CR4 rather than CRI1. In
contrast, intact C3b on the surface of M. fuberculosis may allow
continuation of the complement cascade, producing inflamma-
tory mediators that may be important in host defense against
M. tuberculosis infection (1, 21).

To provide evidence that the complement system in the lung
could support C3 opsonization of M. tuberculosis, we concen-
trated human BAL fluid, characterized the CH50 and AP50
activities of this fluid, and studied the ability of the fluid to
support C3 binding to the bacteria. Our data are consistent
with other studies in that the classical pathway appears to be
more active in cBAL fluid than the alternative pathway, since
lysis of rabbit RBCs is minimal under conditions of our assay
(50). Our data also show that when cBAL fluid is used as a
complement source, C3 binds to M. tuberculosis, and this bind-
ing is abolished in the presence of EDTA and EGTA-Mg.
These results provide evidence that C3 binding to M. tubercu-
losis from lavage fluid is mediated by the classical pathway.
Although we have not directly ruled out lectin- or C2a-path-
way-mediated binding of C3, MBL and C2a have not been
described in the lung in the absence of inflammation (14, 37).
Possibly, the existence of the C2a or lectin pathway in the lung
may enhance the activation of C3, functionally replacing the
minimally active alternative pathway.

The lung complement system has long been believed to be
both helpful and detrimental to the host. On the one hand, a
well-regulated highly localized complement response to in-
haled pathogens has the potential to greatly increase host
defense. On the other hand, unregulated complement activa-
tion in the lung could result in tissue damage and significant
toxicity. In vivo data for the role of C3 and CR in the patho-
genesis of tuberculosis are not conclusive. The C37/~ mouse
has been studied to examine the role of C3 in the pathogenesis
of M. avium (5). In the studies reported, 10* or 10° bacteria
were administered via retro-orbital injection, rather than by
low-dose aerosol, making it difficult to draw clear conclusions
concerning the respiratory pathogen M. tuberculosis. Similarly,
2 X10° CFU of M. tuberculosis given by tail vein injection failed
to demonstrate a susceptibility difference between CR3™/~
mice and wild-type mice (19).

The data presented here provide evidence that the comple-
ment system likely plays a role in the pathogenesis of tubercu-
losis during the innate immune response by opsonizing M.
tuberculosis with specific C3 cleavage products for phagocytosis
into the alveolar macrophage through activation of the classi-
cal complement pathway in the lung. We speculate that during
the innate immune response when then initial inoculum of
bacteria is believed to be low, survival of M. tuberculosis bacilli
in the lungs (hence, successful infection) could be enhanced by
a relatively small increase in phagocytosis by the alveolar mac-
rophage. Thus, complement opsonization of M. tuberculosis
likely plays a critically important role during the first encounter
of the microbe with the human host.
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