The Journal of Immunology
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Human mannose-binding lectin (MBL) is a serum protein of the innate immune system that circulates as a complex with a group
of so-called MBL-associated serine proteases (MASP-1, MASP-2, and MASP-3). Complexes of MBL-MASP2 are able to activate
the complement system in an Ab and C1l-independent fashion after binding of the lectin to appropriate microbial sugar arrays.
We have evaluated the additive effect of the lectin pathway relative to other complement activation pathways and the subsequent
effect on neutrophil phagocytosis. Complement activation in the sera of MBL-deficient individuals was studied with and without
the addition of exogenous MBL-MASP. Flow cytometry was used to measure the deposition of C4, factor B, C3b, and iC3b on
Staphylococcus aureus. Deposition of the first cleavage product of the lectin pathway, C4b, was increased using the sera of three
different MBL-deficient individuals when exogenous MBL-MASP was added. Factor B was deposited in association with C4, but
there was no evidence of independent alternative pathway activation. Similar enhancement of C3b deposition was also observed,
with evidence of elevated amounts of C3b processed to iC3b. The increase in opsonic C3 fragments mediated by MBL was
associated with a significant increase in the uptake of organisms by neutrophils. We also observed significant increases in phago-
cytosis with MBL-MASPs that were independent of complement activation. We conclude that MBL-MASP makes a major con-
tribution to complement-mediated host defense mechanisms.The Journal of Immunology, 2002, 169: 4430—-4436.

of Ca®"-dependent collagenous proteins called theiC3b fragments.

collectins now recognized as playing an importantrole  In man, the single MBL gene encoding the protein is found on
in innate immunity (1-3). It is an acute phase protein of hepaticchromosome 10 (8, 9). Several polymorphisms in thprémoter
origin that is able to bind through multiple lectin domains to re- region and exon 1 of the gene have been described and act together
peating sugar arrays on microbial surfaces and subsequently actis give a wide range of serum concentrations (10, 11). Three sin-
vate the complement system (4). This activation is Ab and Clegle-point mutations in codons 52, 54, and 57 of exon 1 (also called
independent and requires MBL-associated serine proteasemriants D, B, and C) encode for amino acid substitutions that
(MASP-1, MASP-2, and MASP-3) (5-7), which are believed to beinterfere with the correct oligomeric assembly and/or secretion of
activated after binding of an MBL-MASP complex to a sugar-rich the protein (12-14). Each of these mutations is associated with a
microbial surface. The activated serine protease is then able tprofound defect in the expression of biological effector functions
cleave sequentially C4 and C2 in a manner analogous to that of theuch as complement activation.
Cl-esterase of the classical pathway. Such cleavage results in theThe frequency of the variant structural gene alleles and of the
generation of covalently bound C4b2a complexes, which are ablgnree other polymorphic sites called H/L, X/Y, and P/Q differ be-
to function as C3 convertase enzymes. The direct consequence gfeen various population groups (10-12, 15, 16). Seven different
haplotypes have been described to date, and four of these (LYPB,
LYQC, HYPD, and LXPA) are associated with low levels of the
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incubation of the organismsin serum with and without the addition
of exogenous MBL-MASP.

Materials and Methods
Preparation of MBL-MASP

MBL-MASP was prepared as previously described by Kilpatrick (20).
Briefly, ammonium sulfate was added to 500 g of frozen ethanol-fraction-
ated human plasma paste (fraction B+1, equivalent to Cohn fraction | +111;
donated by C. Dash, Blood Products Laboratory, Elstree, U.K.) to give
42% saturation. After dialysis, the solution was applied to a mannan-aga-
rose (Sigma-Aldrich, Poole, U.K.) column (5 ml packed volume; Pharma-
cia Biotech, Uppsala, Sweden), and the calcium-dependent proteins were
eluted with 0.01 M EDTA. The first EDTA eluate was recalcified to 0.05
M CaCl,, and was applied to a second mannan-agarose column and eluted
with 0.1 M mannose. The concentration of MBL was determined by
ELISA and sample homogeneity was verified by nonreducing SDS-PAGE
using a 3-10% polyacrylamide gradient gel and silver staining. Bands ob-
served on silver staining were confirmed to be higher order oligomers of
MBL by immunoblotting and ECL detection according to the method of
Lipscombe et a. (21). MBL prepared in this manner is known to be non-
covalently associated with MASP (6).

Because ficolins have been shown to bind MASP and activate comple-
ment (22), the possibility of ficolin contamination of the MBL preparation
was a concern. This was addressed by dot blot analysis of both the MBL
preparation and purified p35 ficolin (kindly provided by T. Fujita, Fuku-
shima Medical University, Fukushima, Japan). MBL (at 830 wg/ml) and
p35 ficolin (at 100 wg/ml) were separately blotted on Hybond P mem-
branes (Amersham Pharmacia Biotech, Little Chalfont, U.K.), and unoc-
cupied sites on the membrane were blocked by incubation for 2 h with
SuperBlock (Pierce Chemical, Perbio Science, Tattenhall, U.K.). The
membranes were then washed three times with TBS containing 0.001%
Tween before probing with either monoclonal anti-p35 (clone GN-4 at 1
wng/ml; courtesy of T. Fujita) or monoclonal anti-MBL (clone 131-1 at 1
ng/ml; State Serum Institut, Copenhagen, Denmark). After incubation for
2 h at room temperature on a shaking table, the membranes were washed
three times with TBS containing 0.001% Tween. The membranes were
then incubated (2 h at room temperature) with goat anti-mouse Ig-HRP
conjugate (Sigma-Aldrich) diluted 1/1000 in TBST. The membranes were
again washed three times with TBS containing 0.001% Tween and devel-
oped with the ECL reagent (Amersham Pharmacia Biotech). These anal-
yses revealed no traces of ficolin in the membrane-bound MBL-MASP
preparation when purified ficolin clearly bound to the membrane under the
same conditions, as detected by a strong signal with the specific anti-ficolin
Ab (data not shown).

Human sera

Serum was available for study from three MBL-deficient donors (RC, NS,
and DM). The MBL haplotypes and serum MBL levels of these individuals
were as follows: donor RC, HYPD/LY PA (150 ng/ml); donor NS, LY PB/
LXPA (150 ng/ml); and donor DM, LY PB/LY PB (<150 ng/ml). The me-
dian level in the U.K. population is 1600 ng/ml (12). Levels of MBL were
determined using a commercialy available ELISA kit (State Serum
Institute).

Bacterial strains

S aureus strain 6571 was obtained from the National Collection of Type
Cultures (Colindale, U.K.) and was stored on beads at —70°C. Organisms
from beads were cultured overnight at 37°C in 6% CO, on blood agar and
subcultured once before use. Immediately before each experiment, organ-
isms were suspended in HBSS containing 0.05 M CaCl, and 0.05 M MgCl,
(Life Technologies, Paisley, U.K.) at 1-3 X 10° organisms/ml (measured
as an absorbance of 0.5 at 540 nm). We have previously shown that this
organism hinds a high level of MBL (23).

C4 and Bb deposition on S. aureus

The binding of C4 was performed by a modification of our previous
method (23, 24). Briefly, 50-ul aliquots of organisms at a concentration of
1-3 X 10° organisms/ml were spun in Eppendorf tubes at 9470 X g for 2
min. In the initial experiments, supernatants were removed and the pellets
were resuspended in 25 ul of MBL-deficient serum diluted to 10% with
HBSS containing 0.05 M CaCl, and 0.05 M MgCl,, to which were added
different amounts of purified human MBL (to give 0.3, 0.6, 1.2, 2.5, 5, and
10 pg/ml final concentration). The mixtures were then incubated for 5 min
at 37°C. The reaction in each tube was stopped by adding 1 ml of ice-cold
calcium- and magnesium-free HBSS (HBSS(cmf)) containing 1% parafor-
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maldehyde, and pelletted organisms were washed twicein 200 ul of HBSS.
A mixture of FITC-conjugated anti-MBL (clone 131-1; State Serum Insti-
tute; conjugated as described by Johnson and Holborow (25)) and biotin-
ylated anti-C4d (Quidel, San Diego, CA; supplied by Technoclone, Dork-
ing, U.K.) was added to give afina concentration of 4 wg/ml for each, and
the mixture was incubated for 45 min on ice. Biotin conjugation of anti-
C4d was conducted using biotinamidocaproate N-hydroxysuccinimide es-
ter (Sigma-Aldrich) at aratio of ester to Ab of 7.5:1. Streptavidin PE-Cy
5 (BD PharMingen, Cowley, U.K.) at a concentration of 0.66 wg/ml was
added, and the organisms were incubated as before. Suspensions were spun
at 9470 X g for 2 min. The supernatants were removed and the pellets were
washed with 200 ul of HBSS(cmf). The samples were then fixed using
equal volumes of PBS/Facsfix. Flow cytometry was performed on a
FACSCadliber at low flow rates using CellQuest software (BD Biosciences,
Cowley, U.K.). Organisms were selected on the basis of size and granu-
larity and were analyzed by two-color flow cytometry. Binding of C4 was
evaluated on at least three occasions for each donor. A negative control
comprising organisms processed in the same way but in the absence of
serum and MBL-MASP was included in every assay.

In subsequent experiments, after the initial centrifugation of organisms
the supernatants were removed and the pellets were resuspended in 25 ul
of either 10% MBL-deficient serum or 10% MBL-deficient serum supple-
mented with 5 pg/ml purified MBL-MASP. The mixtures were then incu-
bated for 30 sor 1, 2, 3, 5, or 10 min at 37°C. Thereafter the reaction was
stopped in each tube and the assay completed as above.

In certain experiments the binding of Bb was determined at the same
time as C4b binding. Sample mixtures were incubated as described above
for up to 10 min at 37°C in the presence or absence of 5 ug/ml of purified
MBL-MASP. The reaction was stopped as before by ice-cold HBSS(cmf)
1% paraformaldehyde, and the preparations were washed twice in 200 ul
of HBSS(cmf). A mixture of FITC-conjugated anti-Bb (Quidel; conjugated
as described by Johnson and Holborow (25)) and biotinylated anti-C4d
(Quidel) was added at a final concentration of 4 wg/ml for each, and in-
cubation was allowed to proceed for 45 min on ice. Streptavidin PE-Cy 5
(BD PharMingen) at a concentration of 0.66 wg/ml was added and the
organisms were incubated as before. Suspensions were spun at 9470 X g
for 2 min, and the pellets were washed as described above. Samples were
fixed and analyzed by flow cytometry as described above.

iC3b/C3b deposition on S. aureus

iC3b and C3b fragments were bound to organisms when sample mixtures
were incubated as described above for up to 20 min at 37°C. The reaction
was stopped as before using ice-cold HBSS(cmf) containing 1% parafor-
maldehyde, and the organisms were washed twicein 200 l of HBSS(cmf).
Into separate tubes corresponding to each time point were added 25 ul of
mouse anti-human iC3b (tissue culture supernatant used at 1/20 dilution) or
25 pl of mouse anti-human C3b (tissue culture supernatant used at 1/50
dilution) (both reagents (26) were kindly supplied by Sunita Gulati, Max-
well Finland Laboratory for Infectious Diseases, Boston, MA). The mix-
tures were then incubated for 45 min on ice. A preparation of FITC-con-
jugated F(ab'), of goat anti-mouse immunoglobulins (DAKO, High
Wycombe, U.K.) was added at a final concentration of 25 pg/ml to each
sample, and the mixture was incubated for 40 min at 4°C. Samples were
then fixed and analyzed by flow cytometry as described above.

Opsonophagocytosis of S. aureus

S aureus was FITC labeled as previously described (27). FITC-labeled S,
aureus was stored in 10% glycerol broth in 50-ul aiquots at —70°C, and
before use the concentration was evaluated using the Miles and Misra
technique (28). Neutrophils were purified on a Ficoll/Histopaque gradient
as described previously (29) using 10 ml of heparinized whole blood from
asingle donor. Phagocytosis was evaluated using amultiplicity of infection
(MQI) of 5 organisms:1 neutrophil.

Fifty-microliter aliquots of FITC-labeled organisms at a concentration
of 1 X 107 organisms/ml were transferred to sterile 96-well plates (Immu-
lon 2; Dynex Technologies, Chantilly, VA). Twenty-five-microliter vol-
umes of HBSS containing 0.05 M CaCl,, and 0.05 M MgCl,, 10% MBL-
deficient serum, or 10% MBL-deficient serum supplemented with 5 pg/ml
MBL-MASP were added to separate wells and the mixture was incubated
for 1, 3, or 5 min at 37°C on a shaking table. In every experiment, serum
was aways diluted with HBSS containing 0.05 M CaCl, and 0.05 M
MgCl,. The reaction was stopped at each time point by adding 200 ul of
ice-cold HBSS(cmf), and the mixtures were spun for 10 min at 1500 X g.
The supernatants were discarded and the pellets resuspended in 50 ul of
ice-cold HBSS(cmf). Neutrophils (2 X 10%ml) in 50-ul aliquots were
added and the mixtures were incubated for 10 min at 37°C on a shaking
table. After the addition of 100 ul of ice-cold HBSS(cmf), the samples



4432

were spun for 10 min (1500 X g). The pellets were resuspended in 100 wl
of PBS and fixed using 100 ul of Cell-fix (BD Biosciences) diluted 1/10 in
PBS before analysis by flow cytometry. Uptake of the FITC-labeled S
aureus was evaluated by determining the median fluorescence intensity
(MFI) of the entire neutrophil population. To estimate the proportion of
internalized as opposed to adherent bacteria, extracellular fluorescence was
quenched by adding trypan blue (2 mg/ml) for 10 min. The samples were
then reanalyzed by flow cytometry, and MFI values were determined (30).
In one series of experiments, neutrophils were purified from four different
healthy adult donors to minimize any donor-specific effect. In another se-
ries of experiments, heat-inactivated serum (56°C for 30 min) was used in
addition to unheated serum, and the organisms were analyzed for evidence
of deposition of MBL-MASP, C4b, and iC3b using methodology previ-
ously described (24) and appropriate specific Abs as outlined above.

Satistical analysis

The MFI data for C4, Bb, C3b, and iC3b were handled in the following
manner to alow comparisons across multiple experiments. The maximum
MFI obtained within an experiment was assigned a value of 100%, with all
other MFIs within the same experiment expressed as a percentage of this
maximum. To compare the binding of C4, factor B, C3b, and iC3b and
phagocytosis of organisms over time, the area under the curves for each
experiment were calculated using Sigmaplot 2001 software (SPPS, Chi-
cago, IL). The mean curve areas were compared by paired t test using SPSS
10 software. To obtain “threshold” information on the response of C4
binding and phagocytosisin relation to MBL concentration, individual data
points (with and without MBL) were compared by nonpaired t tests using
SPSS 10 software.

Results
Early complement component activation on S. aureus

We investigated the influence of bound MBL-MASP complexes
on the activation of complement on S aureus by measuring the
binding of complement components C4 and factor B over time.
Organisms were incubated with 10% serum from three different
MBL-deficient donors, to which were added purified MBL-MASP
complexes (5 png/ml).

As shown in Fig. 1, C4 deposition was detected by 0.5-min
incubation in serum. The amount of C4 appeared to be enhanced
by MBL-MASP at this time point and all subsequent time points
up to 10 min. C4 deposition was maximal at 5 min in both the
presence or absence of MBL-MASP, &fter an initial peak at 1 min.
After 5 min, the amount of C4 declined, this process being more
marked in the presence of MBL-MASP. To compare the amount of
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FIGURE 1. Time courseof C4 depositionon S. aureus. MBL-MASP (5
wrg/ml) was added to MBL-deficient serum from three different donors and
the C4 deposition was determined by flow cytometry at different time
points. Binding of C4 is expressed as relative MFI based on the maximum
MFI obtained in each experiment. MBL-MASP significantly increased the
deposition of C4 over the course of 10 min (p = 0.002, paired t test of
curve areas, n = 12). @, 10% MBL-deficient serum; A, 10% MBL-defi-
cient serum supplemented with 5 ug/ml MBL-MASP. Error bars indicate
+ SEM.
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C4 deposited over the course of the experiment, the area under the
curve for each separate experiment with and without MBL-MASP
was calculated and compared by paired t tests. MBL-MASP sig-
nificantly enhanced the total amount of C4 deposited over 10-min
incubation in serum (p = 0.002; Fig. 1).

To determine the dosage effect of MBL-MASP on C4 activa
tion, organisms were incubated for 5 min in MBL-deficient serum,
to which were added differing concentrations of the MBL-MASP
preparation (0—10 ug/ml). To highlight differences in C4 deposi-
tion at different MBL-MASP concentrations, we calculated the
percentage of organisms positive for C4. We found that using
MBL-MASP at a concentration of 0.6 wg/ml or above resulted in
a significant enhancement of C4 deposition (p < 0.05, unpaired t
test). C4 deposition appeared to be maximal a 5 pwg/ml MBL-
MASP (data not shown).

C4 deposition precedes the generation of the classical pathway
C3 convertase C4b2a. This enzyme cleaves C3 to generate C3a
and C3b fragments. In addition to their opsonic role, the latter are
also an integral part of the amplification loop of the alternative
pathway in which they form a complex with factor B. This leads
to the generation of C3bBb complexes, which also when surface
bound express C3 convertase activity. The relationship between
C4 and Bb deposition was analyzed at three time points by flow
cytometry using 10% serum from an MBL-deficient donor (RC) or
the same serum to which was added exogenous MBL-MASP (final
concentration 5 pg/ml).

In the absence of MBL-MASP, ~35% of the organisms showed
evidence of C4 binding after 30 s, and the addition of exogenous
MBL-MASP increased this to >60% (Fig. 2). At this time, there
was negligible Bb deposition on the organism. When samples were
analyzed after 1 min, the data were similar.

When samples were removed and analyzed after incubation for
3 min, ~25% of the organisms showed evidence of both C4 and
Bb binding in the absence of MBL-MASP. However, when the
MBL-deficient serum was supplemented with MBL-MASP,
>50% of organisms stained positively for both ligands (Fig. 2).
We did not observe factor B deposition on organisms that had not
already bound C4.

Interestingly, although MBL-MASP increased the percentage
of organisms with Bb attached, the total amount of Bb deposited
on S aureus by 10 min, calculated as the area under the Bb
deposition curves, showed that overall, MBL-MASP did not
significantly increase factor B deposition (p > 0.05, paired t
test of curve areas, n = 5).

C3b/iC3b deposition

Because the conversion of opsonic C3b to iC3b may be relevant to
the biological response to an organism, we studied this transition
by flow cytometry. S. aureus was incubated with 10% serum from
an MBL-deficient donor (RC) or with the same serum supple-
mented with 5 ug/ml MBL-MASP. C3b deposition was detected
after 1-min incubation with serum (Fig. 3A), and as for C4, there
was an enhancement of deposition in the presence of MBL-MASP
that was maintained over the course of 20 min. C3b deposition was
maximal at 3 min, followed by a reduction in the amount bound.

In contrast, iC3b deposition was delayed compared with C3b
deposition, with little detectable binding up to 3 min of incubation
in serum (Fig. 3B). After this time point, iC3b was detectable and
appeared to be enhanced in the presence of MBL-MASP. To com-
pare the total amounts of C3b and iC3b deposited over the time
course, curve areas were calculated and compared by paired t test.
MBL-MASP significantly enhanced the deposition of both C3b
and iC3b (p < 0.05). However, theratio of C3b to iC3b did not differ
significantly in the presence or absence of MBL-MASP (p > 0.05).
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FIGURE 2. Deposition of C4 and factor B on S
aureus by flow cytometry. Organisms were incu- o
bated with 10% MBL-deficient serum (donor RC) or
MBL-deficient serum supplemented with MBL-
MASP (5 png/ml). Reactions were stopped at 0.5, 1,
and 3 min with ice-cold buffer, and the deposition of
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C4 and factor B was determined by dual-color flow
cytometry. The plots shown are representative den- BT
sity plots of C4 against factor B at the different time
points from 10 different experiments.

Uptake of organisms by phagocytes

To investigate the influence of MBL-MASP on opsonophagocy-
tosis, FITC-labeled S aureus preparations were incubated for 1
min with 10% MBL-deficient serum (RC) supplemented with
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FIGURE 3. The deposition of C3b and iC3b on S aureus NCTC657
using 10% serum from an MBL-deficient donor (RC). Exogenous MBL-
MASP was added to give a final concentration of 5 wg/ml, and the reac-
tions were stopped at 0, 1, 3, 5, 10, and 20 min with ice-cold buffer. The
binding of C3b (A) and iC3b (B) was determined separately by flow cy-
tometry. Binding of both moietiesis expressed as relative MFI based on the
maximum MFI obtained in each experiment. MBL-MASP significantly
increased the deposition of C3b and iC3b over the 20-min time course (p =
0.019 (C3b) and 0.033 (iC3b), paired t test of curve areas, n = 4). ®, 10%
MBL-deficient serum; A, 10% MBL-deficient serum supplemented with 5
ng/ml MBL-MASP. Error bars indicate = SEM.
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MBL-MASP over arange of concentrations (0-5 ng/ml). After the
addition of neutrophils, opsonophagocytosis was measured by
flow cytometry.

As shown in Fig. 4, the addition of increasing MBL-MASP
concentrations resulted in an enhancement of opsonophagocytosis
compared with that observed using MBL-deficient serum aone
(unpaired t test, p < 0.05 for al concentrations tested). The dif-
ferences were greatest when MBL-MASP was used at concentra-
tions between 1.25 and 2.5 ug/ml, values close to the median
concentration of the protein (1.63 wg/ml) found in British Cauca-
sians lacking MBL mutations (12).

When FITC-labeled bacteria were incubated with 10% MBL-
deficient serum (RC) and 10% heat-inactivated MBL-deficient se-
rum for different periods of time (0—3 min), it was found that the
addition of MBL-MASP (5 ug/ml) resulted in an increase of op-
sonization in both unheated and heat-inactivated serum, with major
differences apparent within 1 min (Fig. 5). The maximum level of
phagocytosis coincided with the opsonization time that gave the
maximum amount of C3b deposition.

The addition of exogenous MBL-MASP to the MBL-deficient
serum significantly increased opsonophagocytosis as evaluated by
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FIGURE 4. The influence of MBL-MASP concentration on opsonoph-
agocytosis of S aureus. Organisms were incubated for 5 min with 10%
MBL-deficient serum (donor RC), to which exogenous MBL-MASP had
been added at differing concentrations. After washing, the organisms were
added to suspensions of neutrophils at an MOI of 5:1. Phagocytosis was
quantified by flow cytometry and expressed as the relative MFI of the
neutrophil population. Histogram bars are shown as mean MFI = SEM
(n = 3). The bars marked with an asterisk indicate the concentrations of
MBL-MASP giving a significant enhancement of phagocytosis (p < 0.05,
nonpaired t test).
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FIGURE 5. Opsonophagocytosis of S. aureus. FITC-labeled S aureus
was incubated with MBL-deficient serum supplemented or not with MBL-
MASP (5 ng/ml) for different time periods. After washing, organisms were
added to a suspension of neutrophils at an MOI of 5:1 and phagocytosis
was stopped after 10 min. The uptake of organisms by neutrophils was
analyzed by flow cytometry and expressed as relative MFI. Continuous
lines show experiments using MBL-deficient serum, with the dashed lines
showing experiments using the same serum heat inactivated at 56°C. @,
10% serum from MBL-deficient donor; A, 10% serum from MBL-deficient
donor supplemented with MBL-MASP (5 ng/ml). Data plotted as mean
MFI = SEM (n = 3).

comparing the curve areas by paired t test (p = 0.015 and 0.003
for unheated serum and heat-inactivated serum, respectively).
Whereas there was the expected deposition of both C4b and iC3b
on organisms incubated with unheated serum, there was no evi-
dence of either moiety on the surface of organisms incubated with
heated serum (data not shown).

The patterns of opsonophagocytosis observed after the addition
of trypan blue, though variable between different donors, sug-
gested that the MBL-MASP complex both enhanced the attach-
ment of organisms to neutrophils and promoted internalization
(data not shown).

Discussion

Over the last decade it has become clear that there is a third path-
way of complement activation known variously as the MBLectin
pathway, the MBL pathway, the lectin pathway, or the MBL/
MASP pathway. The details of this pathway continue to emerge
but essentially involve a circulating complex of the serum lectin
MBL and at least three MASP enzymes together with a related
truncated protein (mAp19) (31, 32). The mgjor pathway involves
MBL binding to repeating sugar arrays and activated MASP-2
cleaving its substrates, C4 and C2, to generate the C4b2a complex.
Thus, the C3 convertase of the lectin pathway is generated by a
mechanism that is both Ab and C1 independent.

The precise relationship of the MBL pathway to the classica
and alternative pathways remains unclear, but both aMASP analog
and a circulating lectin (but lacking an associated collagenous re-
gion) have been described in the Japanese ascidian Halocynthia
roretzi (33). Thereis aso evidence for C3-like sequences in a sea
urchin cDNA library (34), suggesting that some invertebrates have
a primitive complement system. A primitive MBL/MA SP-acti-
vated complement system may have arisen in organisms ancestral
to both chordates and modern tunicates (35). This system has been
retained and refined over 400 million years of vertebrate evolution
and, in mammals, MBL appears to be ubiquitous.

Two general hypotheses have been proposed for the role of hu-
man MBL. One of these envisages a mgjor role for the protein
during early life after the decay of materna Ab but before the
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development of a protective Ab repertoire in the host. The pres-
ence of an effective MBL/MASP system would help to fill this
“window of vulnerability” as proposed by Super et al. (36). An
alternative hypothesisis that MBL/MASP is important on primary
contact with an organism by providing humoral defensein the days
before Ab appears—so-called “ante-Ab” (19).

There are clearly common aspects to al three complement ac-
tivation pathways, and a dissection of their relative contributionsin
any one individual would be of interest. For the present investi-
gations, we elected to use S aureus, a microorganism frequently
isolated in the context of disease but also commonly found in
healthy individuals. Several studies have shown that the humoral
response to this organism is complex (37—42). A wide spectrum of
Abs are generated against multiple epitopes, and a proportion of
these, probably differing from individua to individual, could be
expected to activate the classical pathway of complement. In this
report we have attempted to evaluate the “added value” of the
MBL-MASP system by studying complement function in the se-
rum of three MBL-deficient (but generally healthy) individuals, to
which exogenous MBL-MASP was added. Thus, each individual,
whatever their background levels of complement fixing Abs to the
organism, acted as their own control.

Thefirst cleavage product of MBL-MASP activation is C4b and
the covalent binding of this fragment to nearby surfaces can be
readily quantified. In the present study, MBL significantly en-
hanced the binding of C4 to S aureus over the course of 10 min
in serafrom MBL-deficient donors. The observation of an increase
in three different donors suggests that this phenomenon is inde-
pendent of the individual Ab titers against S. aureus Ags. The
increase in C4 deposition was detectable when the lectin was
present at concentrations above 0.6 wg/ml. Recently, it has been
suggested that susceptibility to infection in immunosuppressed pa-
tients would occur in those with serum levels below 0.5 pg/ml
(43), and we were unable to detect significant increases in C4
deposition below this concentration.

Activation of the lectin pathway will generate a C3 convertase
that will produce C3b fragments, which can combine with factor B
to generate the C3 convertase of the alternative pathway. We used
dual-color flow cytometry to investigate the relationship between
classical or lectin pathway activation (C4 binding) and the binding
of factor B. The study illustrated in Fig. 2 again used the MBL-
deficient donor serum to control for background deposition of C4
and factor B via the classical and aternative pathways. The addi-
tion of MBL-MASP markedly increased the proportion of organ-
isms positive for C4 after only 1 min (79%, compared with 53%in
the absence of MBL-MASP). At this time point, there was a sim-
ilar proportion of organisms staining positive for factor B in the
presence or absence of MBL-MASP. At 3 min, the total proportion
of organisms positive for C4 in the absence of MBL had declined,
but there was an increased association with factor B. In contrast, in
the presence of MBL-MASP, C4 association had not decreased at
3 min and factor B association was approximately doubled. This
effect of MBL-MASP on the kinetics of complement activation
and the apparent loss of C4 are similar to our previous results with
Neisseria meningitidis, in which amore rapid deposition of C4 and
C5b-9 was associated with increased killing of these Gram-nega-
tive organisms in serum (24).

Despite the observation of an increased proportion of organisms
that had factor B attached to them in the presence of MBL-MASP,
we were unable to demonstrate an overal increase in the total
amount of factor B deposited. We did not observe any association
of factor B with organisms in the absence of C4, indicating that
alternative pathway activation was not occurring independently of
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the classical or lectin pathways, which has been observed else-
where for S aureus at this serum concentration within the time
scale studied (44). Our results suggest that factor B was probably
bound through the generation of C3b by the classical/lectin C3
convertase, but this did not occur at the levels or speeds required
to start the amplification loop within 10 min. A limitation of the Ab
system that we used to detect factor B is that we could not dis-
criminate between factor B and Bb resulting from factor D cleav-
age. At the serum concentration used, the concentration of D may
belimiting, such that C3bB complexes formed might not be stable,
explaining why there was no difference in factor B deposition even
with more C3b in the presence of MBL-MASP. In addition, pro-
perdin concentrations may also be limiting in the system that we
used. Properdin would normally inhibit the cleavage of C3b to
iC3b and stahilize C3bBb complexes, but there is evidence that
C3b is being efficiently cleaved to iC3b on these organisms. This
may also contribute to the lack of increased B deposition in the
presence of MBL-MASP. Our observation that factor B was de-
tected on organisms that had bound C4 suggests that MBL-initi-
ated complement activation will ultimately recruit the alternative
pathway amplification loop given more time at this concentration
or at higher serum concentrations. Indeed, the lectin pathway may
contribute substantially to the formation of the alternative pathway
C3 convertase as has been proposed elsewhere (45). Further stud-
ies will be required to resolve this issue.

C3b covalently bound to microbial surfacesis converted to iC3b
as a result of enzymic cleavage by factor | at two sites in the
a-chain. Although there are distinct receptors for C3b and iC3b
(CR1 (CD35) hinds C3b, whereas CR3 (CD18/CD11b) and CR4
(CD18/CD11c) bind iC3b), the wide distribution of these receptors
ensures effective opsonophagocytosis through both the C3b and
iC3b routes.

In this study, we have shown that MBL-MASP enhanced the
generation of C3b and iC3b on the surface of staphylococci. The
appearance of C3b fragments was detectable after 1-min incuba-
tion in serum, as has been described elsewhere (44, 46), with the
delay of detectable iC3b to 3-5 min. It has been shown that there
are differences between bacteriain the rate of conversion of C3b to
iC3b. Gordon et a. (46) found that when bacteria were opsonised
in 50% pooled human serum, C3b deposition and cleavage to iC3b
occurred rapidly, and that the proportions of C3b, iC3b, and C3d
on S aureus were 17, 64, and 19%, respectively, whereas in the
case of Escherichia coli the proportions were 53, 44, and 2%.
However, in 10% serum, a smaller fraction of the C3b bound was
converted to iC3b and our results would be consistent with this
observation. MBL-MASP apparently did not ater the proportion
of C3b converted to iC3b overal; it simply increased the amount
of C3b deposited, which led to an increased amount of iC3b. There
was some suggestion from our results that this might not be the
case at all time points, and particularly at 10 min there appeared to
be substantially more iC3b in the presence of MBL-MASP, when
the quantities of detectable C3b were quite similar. The conse-
quences of atering the balance between C3b/iC3b are difficult to
predict. However, one possibility is that such changes may alter
the pathways through which microorganisms can interact with
phagocytes. This may influence subsequent inflammatory pathway
activation and thereby influence the onset and progression of in-
fections (24, 47-49).

We determined the effect of increased complement activation on
the phagocytosis of S aureus by neutrophils. We observed that the
binding and internalization of organisms incubated with MBL-de-
ficient serum for short time periods could be enhanced by the ad-
dition of purified MBL-MASP in a dose-dependent manner. This
correlated with the increased deposition of C3 that we observed in
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the presence of MBL-MASP complexes. Interestingly, we also ob-
served an increase in phagocytosis with MBL-MASP when the
serum was heat inactivated and there was no evidence of concom-
itant deposition of either C4b or C3b. This suggests that MBL-
MASP may have an intrinsic effect on phagocytosis that is not
linked to its ability to enhance complement activation. The mech-
anisms by which MBL-MASP complexes may influence phago-
cytosis are controversial. It has been reported to act as a direct
opsonin (50, 51) and as an agent that modifies the efficiency of
other pathways, such as Ig-mediated or CR1-mediated phagocy-
tosis (52, 53). Because our experiments were not performed in the
absence of serum, it is not possible to determine whether the in-
fluence of MBL-MASP complexes was independent of other fac-
tors. However, the use of heat-inactivated serum in which com-
plement activation did not occur suggests the possible involvement
of 1g, as has been suggested by ourselves and others (49, 52-54).
One caveat applicable to all of the findings reported here is
that MBL is not the sole activator of the MASP family.
Matsushita and colleagues have recently shown that both L-
ficolin/p35 (22) and H-ficolin (Hakata Ag) (55), serum lectins
with collagen-like and fibrinogen-like domains, are able to
activate complement through an association with MASP-1,
MASP-2, and MAp19, which functionally parallels the MBL-
MASP system. It seems likely that there is a competition
between MBL and ficolin for the various serum proteases of the
MASP family, and our results would beinvalid if the exogenous
MBL added in the experiments described was contaminated
with ficolin. However, our dot blot analysis found no evidence
to suggest this. Furthermore, the purification procedure used to
isolate MBL involved the use of 1) EDTA and 2) mannose to
displace the lectin from affinity columns, and these character-
istics also argue against ficolin contamination. The binding of
ficolins is apparently not Ca"-dependent, and neither H-ficolin
nor L-ficolin bind to mannose. However, the serum of the
MBL-deficient donor would be expected to contain both ficolins
(median concentration of L-ficolin, 3.7 ug/ml; concentration
range for H-ficolin, 7-23 pg/ml (56)), and therefore the back-
ground activation observed in all MBL-deficient donors studied
would represent a summation of Ab-mediated classical pathway
activation and ficolin-mediated activation. Further clarification
of the functional interactions between the two lectins and the
various MASPs is urgently required if we are to fully under-
stand the complexities of the human complement system.

References

1. Ezekowitz, R. A. B., K. Sastry, and K. B. M. Reid. 1996. Collectins and Innate
Immunity. R. G. Landes and Chapman & Hall, Austin, Texas.

2. Turner, M. W. 1996. Mannose binding lectin: the pluripotent molecule of the
innate immune system. Immunol. Today 17:532.

3. Holmskov, U., R. Mahotra, R. B. Sim, and J. C. Jensenius. 1994. Collectins:
collagenous C-type lectins of the innate immune defence system. Immunol. Today
15:67.

4. Thiel, S, U. Holmskov, L. Hviid, S. B. Laursen, and J. C. Jensenius. 1992. The
concentration of the C-type lectin, mannan-binding protein, in human plasma
increases during an acute phase response. Clin. Exp. Immunol. 90:31.

5. Thiel, S, T. Vorup-Jensen, C. M. Stover, W. Schwaeble, S. B. Laursen,
K. Poulsen, A. C. Willis, P. Eggleton, S. Hansen, U. Holmskov, K. B. M. Reid,
and J. C. Jensenius. 1997. A second serine protease associated with mannan-
binding lectin that activates complement. Nature 386:506.

6. Matsushita, M., and T. Fujita. 1992. Activation of the classical complement path-
way by mannose-binding protein in association with a novel Cls-like serine
protease. J. Exp. Med. 176:1497.

7. Dahl, M. R, S Thiel, A. C. Willis, T. Vorup-Jensen, T. Christensen,
S. V. Petersen, and J. C. Jensenius. 2000. Mannan-binding lectin associated
serine protease 3 (MASP-3): a new component of the lectin pathway of comple-
ment activation. |mmunopharmacology 49:79.

8. Taylor, M. E., P. M. Brickell, R. K. Craig, and J. A. Summerfield. 1989. Structure
and evolutionary origin of the gene encoding a human serum mannose-binding
protein. Biochem. J. 262:763.

9. Sastry, K., G. A. Herman, L. Day, E. Deignan, G. Bruns, C. C. Morton, and
R. A. Ezekowitz. 1989. The human mannose-binding protein gene: exon structure



4436

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

. Kilpatrick, D. C. 1997. Isolation of human mannan binding lectin, serum amyloid

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

reveals its evolutionary relationship to a human pulmonary surfactant gene and
localization to chromosome 10. J. Exp. Med. 170:1175.

Madsen, H. O., M. L. Satz, B. Hogh, A. Svejgaard, and P. Garred. 1998. Different
molecular events result in low protein levels of mannan-binding lectin in popu-
lations from southeast Africa and South America. J. Immunol. 161:3169.
Madsen, H. O., P. Garred, S. Thiel, J. A. L. Kurtzhals, L. U. Lamm, L. P. Ryder,
and A. Svejgaard. 1995. Interplay between promoter and structural gene variants
control basal serum level of mannan-binding protein. J. Immunol. 155:3013.
Lipscombe, R. J, M. Sumiya, A. V. Hill, Y. L. Lau, R. J. Levinsky,
J. A. Summerfield, and M. W. Turner. 1992. High frequencies in African and
non-African populations of independent mutations in the mannose binding pro-
tein gene. Hum. Mol. Genet. 1:709.

Madsen, H. O., P. Garred, A. L. Joergen, J. A. Kurtzhals, L. U. Lamm,
L. P. Ryder, S. Thiel, and A. Svejgaard. 1994. A new frequent alele is the
missing link in the structural polymorphism of the human mannan-binding pro-
tein. Immunogenetics 40:37.

Sumiya, M., M. Super, P. Tabona, R. J. Levinsky, T. Arai, M. W. Turner, and
J. A. Summerfield. 1991. Molecular basis of opsonic defect in immunodeficient
children. Lancet 337:1569.

Lipscombe, R. J., D. W. Beatty, M. Ganczakowski, E. A. Goddard, T. Jenkins,
Y.-L. Lau, A. B. Spurdle, M. Sumiya, J. A. Summerfield, and M. W. Turner.
1996. Mutations in the human mannan-binding protein gene: frequencies in sev-
eral population groups. Eur. J. Hum. Genet. 4:13.

Turner, M. W., L. Dinan, S. Heatley, D. L. Jack, B. Boettcher, S. Lester,
J. McCluskey, and D. M. Roberton. 2000. Restricted polymorphism of the man-
nose-binding lectin gene of indigenous Australians. Hum. Mol. Genet. 9:1481.
Turner, M. W. 1998. Mannose-binding lectin (MBL) in health and disease. Im-
munobiology 199:327.

Turner, M. W., and R. M. J. Hamvas. 2000. Mannose-binding lectin: structure,
function, genetics and disease associations. Rev. Immunogenet. 2:305.
Ezekowitz, R. A. B. 1991. Ante-antibody immunity. Curr. Opin. Immunol. 1:60.

P component and related factors from Cohn Fraction I11. Transfus. Med. 7:289.
Lipscombe, R. J, M. Sumiya, J. A. Summerfield, and M. W. Turner. 1995.
Distinct physicochemical characteristics of human mannose binding protein ex-
pressed by individuals of differing genotype. Immunology 85:660.

Matsushita, M., Y. Endo, and T. Fujita. 2000. Complement-activating complex of
ficolin and mannose-binding lectin-associated serine protease. J. Immunol. 164:
2281.

Neth, O., D. L. Jack, A. W. Dodds, H. Holzel, N. J. Klein, and M. W. Turner.
2000. Mannose-binding lectin binds to a range of clinically relevant microorgan-
isms and promotes complement deposition. Infect. Immun. 68:688.

Jack, D. L., G. A. Jarvis, C. L. Booth, M. W. Turner, and N. J. Klein. 2001.
Mannose-binding lectin accelerates complement activation and increases serum
killing of Neisseria meningitidis Serogroup C. J. Infect. Dis. 184:836.

Johnson, G. D., and E. J. Holborow. 1973. Immunofluorescence. In Handbook of
Experimental Immunology, 2nd Ed. D. M. Weir, ed. Blackwell Scientific Publi-
cations, Oxford, UK., p. 18.1.

lida, K., K. Mitomo, T. Fujita, and N. Tamura. 1987. Characterization of three
monoclonal antibodies against C3 with selective specificities. Immunology 62:
413.

Klein, N. J, C. A. Ison, M. Peakman, M. Levin, S. Hammerschmidt, M. Frosch,
and R. S. Heyderman. 1996. The influence of capsulation and lipooligosaccharide
structure on neutrophil adhesion molecule expression and endothelia injury by
Neisseria meningitidis. J. Infect. Dis. 173:172.

Miles, A. A., S. S. Misra, and J. O. Irwin. 1938. The estimation of bactericidal
power of blood. J. Hyg. Camb. 38:732.

Jansen, W. T. M., J. Gootjes, M. Zelle, D. V. Madore, J. Verhoef, H. Snippe, and
A. F. M. Verheul. 1998. Use of highly encapsulated Streptococcus pneumoniae
strains in a flow-cytometry assay for assessment of the phagocytic capacity of
serotype-specific antibodies. Clin. Diag. Lab. Immunol. 5:703.

Heyderman, R. S, N. J. Klein, O. A. Daramola, S. Hammerschmidt, M. Frosch,
B. D. Robertson, M. Levin, and C. A. Ison. 1997. Induction of human endothelial
tissue factor expression by Neisseria meningitidis: the influence of bacterial kill-
ing and adherence to the endothelium. Microb. Pathog. 22:265.

Takahashi, M., Y. Endo, T. Fujita, and M. Matsushita. 1999. A truncated form of
mannose-binding lectin-associated serine protease (MASP)-2 expressed by alter-
native polyadenylation is a component of the lectin complement pathway. Int.
Immunol. 11:859.

Stover, C. M., S. Thiel, M. Thelen, N. J. Lynch, T. Vorup-Jensen, J. C. Jensenius,
and W. Schwaeble. 1999. Two constituents of the initiation complex of the man-
nan-binding lectin activation pathway of complement are encoded by a single
structural gene. J. Immunol. 162:3481.

Matsushita, M., Y. Endo, M. Nonaka, and T. Fujita. 1998. Complement-related
serine proteases in tunicates and vertebrates. Curr. Opin. Immunol. 10:29.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45,

46.

47.

48.

49.

50.

51.

52.

53.

55.

56.

MBL-MASP ENHANCEMENT OF COMPLEMENT ACTIVATION

Smith, L. C., L. Chang, R. J. Britten, and E. H. Davidson. 1996. Sea urchin genes
expressed in activated coelomocytres are identified by expressed sequence tags.
J. Immunol. 156:593.

Fujita, T. 2002. Evolution of the lectin-complement pathway and itsrole in innate
immunity. Nat. Rev. Immunol. 2:346.

Super, M., S. Thiel, J. Lu, R. J. Levinsky, and M. W. Turner. 1989. Association
of low levels of mannan-binding protein with a common defect of opsonisation.
Lancet ii:1236.

Christensson, B., S. A. Hedstrom, and G. Kronval. 1983. Antibody response to
apha- and betahemolysin from Staphylococcus aureus in patients with staphy-
lococcal infections and in normals. Acta Pathol. Microbiol. Immunol. Scand.
91:351.

Christensson, B., S. A. Hedstrom, and G. Kronval. 1982. Detection of Staphy-
lococcus aureus antibodies in patients with S aureus infections and in normal
persons, using solid phase radioimmunoassay. Acta Pathol. Microbiol. Immunol.
Scand. 90:251.

Christensson, B., F. Espersen, S. A. Hedstrom, and G. Kronval. 1983. Solid-
phase radioimmunoassay of immunoglobulin G antibodies to Saphylococcus au-
reus peptidoglycan in patients with staphylococcal infections. Acta Pathol. Mi-
crobiol. Immunol. Scand. 91:401.

Christensson, B., F. J. Fehrenbach, and S. A. Hedstrom. 1985. A new serological
assay for Staphylococcus aureus infections: detection of 1gG antibodies to S.
aureus lipase with an enzyme-linked immunosorbent assay. J. Infect. Dis. 152:
286.

Colque-Navarro, P., M. Pama, B. Soederquist, J.-I. Flock, and R. Moellby. 2000.
Antibody responses in patients with staphyloccocal septicaemia against two
Saphylococcus aureus fibrinogen binding proteins: clumping factor and an ex-
tracellular fibrinogen binding protein. Clin. Diag. Lab. Immunol. 7:14.

Ryding, U., F. Espersen, B. Soderquist, and B. Christensson. 2002. Evaluation of
seven different enzyme-linked immunosorbent assays for serodiagnosis of Saph-
ylococcus aureus bacteremia. Diagn. Microbiol. Infect. Dis. 42:9.

Peterslund, N. A., C. Koch, J. C. Jensenius, and S. Thiel. 2001. Association
between deficiency of mannose-binding lectin and severe infections after che-
motherapy. Lancet 358:637.

. Tofte, R. W., P. K. Peterson, Y. Kim, and P. G. Quie. 1980. Influence of serum

concentration on opsonization by the classical and alternative complement path-
ways. Infect. Immun. 27:693.

Suankratay, C., X.-H. Zhang, Y. Zhang, T. F. Lint, and H. Gewurz. 1998. Re-
quirement for the alternative pathway as well as C4 and C2 in complement-
dependent hemolysis via the lectin pathway. J. Immunol. 160:3006.

Gordon, D. L., J. Rice, J. J. Finlay-Jones, P. J. McDonald, and M. K. Hostetter.
1988. Analysis of C3 deposition and degradation on bacterial surfaces after op-
sonization. J. Infect. Dis. 157:697.

Santos, I. K., C. H. Costa, H. Krieger, M. F. Feitosa, D. Zurakowski, B. Fardin,
R. B. Gomes, D. L. Weiner, D. A. Harn, R. A. Ezekowitz, and J. Epstein. 2001.
Mannan-binding lectin enhances susceptibility to visceral leishmaniasis. Infect.
Immun. 69:5212.

Soell, M., E. Lett, F. Holveck, M. Scholler, D. Wachsmann, and J. P. Klein. 1995.
Activation of human monocytes by streptococcal rhamnose glucose polymers is
mediated by CD14 antigen, and mannan binding protein inhibits TNF-« release.
J. Immunol. 154:851.

Jack, D. L., R. C. Read, A. J. Tenner, M. Frosch, M. W. Turner, and N. J. Klein.
2001. Mannose-binding | ectin regulates the inflammatory response of human pro-
fessional phagocytes to Neisseria meningitidis Serogroup B. J. Infect. Dis. 184:
1152.

Polotsky, V. Y., J. T. Belisle, K. Mikusova, R. A. B. Ezekowitz, and K. A. Joiner.
1997. Interaction of human mannose-binding protein with Mycobacterium avium.
J. Infect. Dis. 175:1159.

Kuhlman, M., K. Joiner, and R. A. Ezekowitz. 1989. The human mannose-bind-
ing protein functions as an opsonin. J. Exp. Med. 169:1733.

Ghiran, 1., S. F. Barbashov, L. B. Klickstein, S. W. Tas, J. C. Jensenius, and
A. Nicholson-Weller. 2000. Complement receptor 1/CD35 is a receptor for man-
nan-binding lectin. J. Exp. Med. 192:1797.

Tenner, A. J,, S. L. Robinson, and R. A. B. Ezekowitz. 1995. Mannose-binding
protein (MBP) enhances mononuclear phagocyte function via a receptor that
contains the 126,000 M, component of the C1q receptor. Immunity 3:485.

. Jack, D. L., N. J. Klein, and M. W. Turner. 2001. Mannose-binding lectin: tar-

geting the microbial world for complement attack and opsonophagocytosis. Im-
munol. Rev. 180:86.

Matsushita, M., M. Kuraya, N. Hamasaki, M. Tsujimura, H. Shiraki, and
T. Fujita. 2002. Activation of the lectin complement pathway by H-ficolin
(Hakata antigen). J. Immunol. 168:3502.

Matsushita, M., and T. Fujita. 2001. Ficolins and the lectin complement pathway.
Immunol. Rev. 180:78.



