Immunology

The Journal of cells, molecules, systems and technologies

« British Society for

mmunologﬂ

WA [OINOXeA @ ORIGINAL ARTICLE

Spontaneous complement activation on human B cells results in
localized membrane depolarization and the clustering of
complement receptor type 2 and C3 fragments

Morten Lobner,' Robert G. Q.
Leslie?, Wolfgang M. Prodinger’
and Claus H. Nielsen'

'Department of Rheumatology, Institute for
Inflammation Research, Copenhagen Univer-
sity Hospital, Rigshospitalet, Copenhagen,
*Department of Medical Microbiology and
Immunology, Institute of Medical Biology,
University of Southern Denmark, Odense,
Denmark, and >Department of Hygiene,
Microbiology and Social Medicine, Medical
University of Innsbruck, Innsbruck, Tyrol,
Austria

doi:10.1111/j.1365-2567.2009.03056.x
Received 21 October 2008; revised 5 January
2009; accepted 7 January 2009.
Correspondence: R. G. Q. Leslie, Department
of Medical Microbiology and Immunology,
Institute of Medical Biology, University of
Southern Denmark, Winslgwparken 21-I,
DK-5000 Odense C, Denmark.

Email: gleslie@health.sdu.dk

Senior author: Robert G. Q. Leslie,

Introduction

Summary

While our previous studies have demonstrated that complement activa-
tion induced by complement receptors type 2 (CR2/CD21) and 1 (CR1/
CD35) results in C3-fragment deposition and membrane attack complex
(MAC) formation in human B cells, the consequences of these events for
B-cell functions remain unknown. In the present study, we show that
CR2-induced complement activation results in membrane depolarization,
as indicated by annexin V binding, with kinetics similar to those of C3-
fragment deposition and different from those of MAC formation. On the
other hand, like MAC formation, depolarization requires activation of
complement via the alternative pathway, as indicated by total inhibition
upon neutralization of factor D, and is abrogated by combined blockade
of CR1 and CR2, but not of either receptor alone. The membrane depo-
larization is not associated with the apoptosis of B cells, as examined by
co-staining with APO-2.7 or by the TdT-mediated biotin-dUTP nick-end
labelling (TUNEL) assay. Confocal microscopy revealed that depolariza-
tion and C3 deposition, unlike MAC deposition, are limited to restricted
areas on the B-cell surface. Double staining revealed a close association
between the C3-fragment patches and membrane depolarization, as well
as redistribution of lipid rafts to these areas. We propose that these events
may play a role in the regulation of B-cell signalling and cross-talk with T
cells.

Keywords: B cells; C3 deposition; CD21; lipid rafts; membrane depolariza-
tion

CD35) assists in this process, first, by binding C3i, gener-
ated in the fluid phase, for presentation to CR2 and,

Normal human B lymphocytes (B cells) activate the com-
plement cascade,' resulting in covalent attachment of C3b
fragments to complement receptor 2 (CR2/CD21) itself
and possibly also to other acceptor sites on the cell sur-
face.>™ This activation also results in the formation of
membrane attack complexes (MAC) in the cell mem-
brane.” Activation occurs both via the classical pathway
(CP) and the alternative pathway (AP), where the latter
plays the predominant role.’® AP activation has been
shown to be mediated primarily by CR2/CD21"° as a
result of the receptor’s ability to bind the hydrolysed
form of C3 (C3i), which then generates a C3 convertase
by binding factor B.* Complement receptor 1 (CRI1/
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second, by stabilizing the C3i—CR2 interaction through
forming a ternary complex with both molecules.*” Many
of the C3b fragments deposited on the B cells are sub-
sequently degraded via iC3b to C3dg, in a process involv-
ing CR1 as a cofactor in the factor I-mediated cleavage of
iC3b.%° Other C3b fragments, by attaching to the AP C3
convertases, convert these to C5 convertases and thereby
initiate MAC formation.

Evidence that CR2-mediated complement activation
occurs in vivo is provided by the observation that B cells
freshly isolated from blood bear small, but significant,
amounts of C3dg on their surface (approximately 10% of
that observed after in vitro activation). The low level of

e661

Please cite this article in press as: Labner M. et al. Spontaneous complement activation on human B cells results in localized membrane depo-
larization and the clustering of complement receptor type 2 and C3 fragments, Immunology (2009) doi: 10.1111/j.1365-2567.2009.03056.x



M. Labner et al.

complement deposition on circulating B cells can be
accounted for by the inhibitory action of the CR1-bearing
erythrocytes, which compete for the C3i spontaneously
generated in the plasma."®

MAC formation causes the death, through lysis, of a
wide variety of infectious micro-organisms, and has
been implicated as a destructive factor in a range of
neurodegenerative disorders,'®'* in renal disease'>"*
and in atherosclerosis.'"> Conversely, MAC, at sublytic
doses, may exert protection against apoptotic stim-
uli'®'” and promote a wide variety of cellular activi-
ties,"®! including cell proliferation.”* The consequences
of spontaneous C3b deposition and MAC formation on
normal human B cells remain unclear. To address this
question, we first examined the «cells for signs of
destruction and then, in the absence of such evidence,
we examined more closely the kinetics and distribution
patterns of C3-fragment deposition, MAC formation
and complement-induced membrane depolarization
detected as enhanced annexin V binding. In addition,
the relationship between these parameters and the dis-
position of lipid raft signal complexes was investigated.
Our findings indicate that depolarization occurs con-
comitantly with C3-fragment deposition and re-arrange-
ment into larger aggregates, and that these aggregates
may act as focal points for lipid raft migration. The
implications of these findings for B-cell function are
discussed.

Materials and methods

Cells and serum

Mononuclear cells (MNC) were isolated by centrifugation,
over Lymphoprep (Nycomed, Oslo, Norway), of blood
drawn from healthy consenting donors into evacuated
citrate—phosphate—dextrose =~ (CPD)-containing  tubes
(Terumo, Leuvan, Belgium). Serum was harvested from
the same donors, by collecting blood in anticoagulant-free
tubes, which were held for 1 hr at 20° before centrifuga-
tion for 5 min at 400 g. Whole blood cells were freed of
plasma by washing three times with veronal buffer (VB).

Complement activation by B cells and blockade of the
complement pathways

MNC were washed three times in 10 ml of VB or RPMI-
1640 supplemented with glutamine and streptavidin, and
suspended in low absorbing polypropylene tubes (Life
Technologies, Paisley, UK), at a density of 10° cells/ml, in
RPMI-1640 containing 30% (v/v) autologous serum (as a
complement source). The cells were then incubated at 37°
for the indicated times. To achieve total blockade of com-
plement activation, 20 mm EDTA was added to the serum
prior to incubation with the MNC. Similarly, 4 mmol/l
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MgCl,/20 mm  O,0'-bis(2-aminoethyl)ethyleneglycol-N,N,
N/,N'-tetraacetic acid (Mg/EGTA) or 5 pg/ml sheep anti-
human factor D (The Binding Site, Birmingham, AL, UK)
was used to block the CP or the AP, respectively. Follow-
ing incubation the reaction was stopped by transfer of the
samples to an ice bath and addition of EDTA to a final
concentration of 20 mm. The cells were then washed three
times in phosphate-buffered saline (PBS) containing 0-5%
bovine serum albumin (BSA) at 4°.

Antibodies against complement receptors

The binding site blocking the anti-CR2 monoclonal anti-
body (mAb) FE8 (IgGl) was prepared as described pre-
viously”> and used for receptor blockade at a
concentration of 1 pg/ml. The 3D9 mAb (IgG1), which
blocks the C3b-binding site of CR1,>* was a gift from
Dr J. O'Shea (Frederick Cancer Research and Develop-
ment Centre, Frederick, USA), and was used either sin-
gly or in combination with FE8 at a final concentration
of 1 pg/ml. HB135 (IgG2a, anti-CR2, non-blocking,
1 pg/ml) and HB8592 (IgGl, anti-CR1, non-blocking,
1 pg/ml) were purchased from the American Type Cul-
ture Collection (Manassas, VA) and served as controls.
The antibodies were added to the cell samples prior to
mixture with serum, and were present during the entire
incubation period.

Flow cytometric detection of C3 fragment- and C9-
deposition, annexin V binding and lipid rafts

After incubation with serum, the cells were incubated for
2 hr at 4° with: (i) fluorescein isothiocyanate (FITC)-con-
jugated polyclonal rabbit anti-human C3d (Dako, Copen-
hagen, Denmark) at a final concentration of 1 pg/ml; (ii)
the anti-human C9 mAb E11, directed against a neo-epi-
tope only exposed on MAC-associated C9 (kindly donated
by Dr T. E. Mollnes, Nordland Central Hospital, Bode,
Norway), conjugated to FITC to an FITC : antibody ratio
of 4-3:1 (specific activity = 1-79 soluble fluorescence
equivalents/mAb) in this laboratory, at a final concen-
tration of 2 pg/ml; (iii) FITC-conjugated annexin V
(Clontech, Palo Alto, CA); or (iv) the FITC-conjugated f
subunit of cholera toxin (FITC-CTB; List Biological
Laboratories, Campbell, CA) at a final concentration of
1 pg/ml. B cells, in the MNC preparations, were labelled
concurrently by inclusion of phycoerythrin (PE)-conju-
gated anti-CD19 (Dako) in the incubation mix.

After one further wash, the cells were suspended in
FACSFlow (BD Biosciences, Glostrup, Denmark) and ana-
lyzed by flow cytometry, using a FACScalibur cytometer
(BD Biosciences) and the CELLQUEST software. B cells were
identified by a combination of morphological (forward-
light and side-light scatter) and fluorescence gating.
Specific C3-fragment deposition, C9 incorporation into
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MAC and annexin V binding on B cells were measured as
median fluorescence.

Confocal microscopy

MNC were incubated for 30 min at 4° with: (i) FITC-
conjugated polyclonal rabbit anti-human C3d (Dako), (ii)
FITC-CTB, (iii) Alexa Fluor 647—Annexin V (Invitrogen,
Taastrup, Denmark), or (iv) tetramethyl rhodamine iso-
thiocyanate (TRITC)-CTB (List Biological Laboratories),
singly or in combination. After staining, the B cells were
negatively selected using the Human B cell enrichment kit
(StemCell Technologies, Grenoble, France) using the pro-
cedure recommended by the manufacturer. The B cells
were then fixed for 30 min at 20° in 2% paraformalde-
hyde solution, centrifuged and washed twice, and then
placed in Nunc® Lab-Tek® Chamber Slides (Sigma-
Aldrich, Brendby, Denmark) for analysis on a scanning
confocal microscope system (model LSM 510; Carl Zeiss,
Jena, Germany).

Measurement of apoptosis

TUNEL assay (APO-DIRECT™ kit). MNC were incu-
bated at 37° for 4 or 20 hr in RPMI-1640 containing 30%
autologous serum and the relevant inhibitors. After incu-
bation, 1 x 10° cells were suspended in 1% (v/v) parafor-
maldehyde in PBS and placed on ice. After 30 min, the
cells were washed twice in PBS, resuspended in 70% (v/v)
ice-cold ethanol and stored overnight at —20° in a freezer.
Staining and analyses were performed using the protocol
in the APO-DIRECT™ kit (Pharmingen, San Diego, CA).

APO-2.7 expression assay. MNC were incubated at 37°
overnight in RPMI-1640 containing 30% (v/v) autologous
serum and the relevant inhibitors. After incubation, the
cells were washed twice in PBS. The cells (2:5 x 10°) were
incubated at 4° for 20 min with FITC-conjugated APO-
2.7 mAb (Immunotech, Marseilles, France), PE-CD4 (BD
Biosciences) and peridinin—chlorophyll-protein (PerCP)-
conjugated CD19 (BD Biosciences) in PBS and then
washed and fixed in PBS containing 1% formaldehyde.

Statistics

Unpaired t-tests were used for comparisons between
groups, and the one-sample t-test was used to evaluate
whether inhibitions differed from 0%, or if fluorescence
values differed from those to which they were normalized
(set as 100). Mean + standard deviation values are shown
unless stated otherwise. Two-sided P-values of < 0-05
were considered significant. All calculations were per-
formed wusing GrapHPAD PRISM for Windows, v. 4.00
(GraphPad, San Diego, CA).
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Results

Spontaneous complement activation leads to exposure
of phosphatidylserine on the surface of B cells

Following incubation of MNC with serum under circum-
stances known to elicit spontaneous C3 deposition and
subsequent MAC deposition,™ B cells were examined for
signs of apoptosis or necrosis on the basis of annexin V
binding, DNA fragmentation and APO-2.7 expression. A
moderate increase in annexin V binding to exposed phos-
phatidyl serine (PS) on the B cells was observed after
incubation of MNC with autologous serum for 30 min
(Fig. 1a), and the binding displayed a dependence on
CR1/CD35 and CR2/CD21 activity that was similar to
those for C3-fragment deposition and MAC formation, in
that it was moderately inhibited by blockade of either
receptor alone, whilst combined blockade resulted in its
abrogation (Fig. 1b—d). By contrast, the low level of
apoptosis observed under the incubation conditions (Fig.
S1) was not altered through complement receptor block-
ade (Table 1 and Fig. 1b). Thus, it may be concluded that
the PS exposure on the surface of B cells, following spon-
taneous complement activation, is not a consequence of
apoptosis but, rather, of membrane depolarization arising
directly from the complement-activation process.

Membrane depolarization shows kinetic similarities to
that of C3-fragment deposition

The rise in annexin V binding upon complement activa-
tion, and its dependency on CR1/CD35 and CR2/CD2I,
suggests a connection between PS exposure and C3-frag-
ment deposition or MAC formation. We therefore inves-
tigated the kinetics of the three processes to establish
whether any correlation existed among them.

C3-fragment deposition and annexin V binding dis-
played the same biphasic kinetics, rising rapidly to an ini-
tial peak value after 20 min followed by a more gradual
increase up to 90 min, indicating a relationship between
C3-fragment deposition and membrane depolarization.
The rate of C9 incorporation was somewhat slower, in
keeping with the dependence of this process on C3 activa-
tion, and did not display the same biphasic pattern
(Fig. 2).

Membrane depolarization is primarily dependent on
AP activation of complement

Our previous studies have shown that spontaneous com-
plement activation on B cells occurs via both the AP and
the CP, and that the activation pathway involved has a
major influence both on the nature of the C3 fragments
deposited (i.e. C3b/iC3b versus C3dg) and on the effi-
ciency of MAC formation.” Thus, activation via the AP
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Figure 1. Spontaneous, complement receptor-dependent B-cell membrane depolarization and deposition of complement fragments. (a) A flow
cytometric histogram showing membrane depolarization, as assessed by the binding of fluorescein isothiocyanate (FITC)-labelled annexin V to
normal CD19" B cells before (grey line) and after (black line) incubation with autologous serum (30%, v/v) for 30 min. (b) The effect of CR1
blockade on membrane depolarization, C3-fragment deposition and membrane attack complex (MAC) formation. Mononuclear cells (MNC)
were pre-incubated with a CR1-binding site-blocking monoclonal antibody (mAb), 3D9, prior to incubation with autologous serum. The effect
of receptor blockade on membrane depolarization (as assessed by the binding of annexin V), C3-fragent deposition (as assessed by the binding of
anti-C3d) and MAC formation (as assessed by the binding of anti-C9) is shown. The data shown are normalized to the values obtained with a
non-function blocking mAb, HB8592, used as the negative control. (c) The corresponding effect of neutralization of CR2 with a binding site-
blocking mADb, FE8, is shown. The control here was the non-function blocking mAb, Hb135. (d) The effect of combined blockade of CR1 and
CR2 with 3D9 and FE8 is shown. The control was incubation with the combination of H8592 and HB135. The data shown are mean + standard
error of the mean (SEM) of five experiments. *, **, ***: P < 0-05, 0-01 and 0-005, respectively, for significance of difference from 100% or

between barred values.

Table 1. Effect of complement receptor blockade on spontaneous
B-cell apoptosis

Serum + FE8

Serum (%) and 3D9 (%)

TUNEL assay

1004

Percentage of the 90 min value

After 4 hr' 56 + 23 65+ 39 o C3
After 20 hr' 14+6 12 O Co
APO-27 . —— Annexin V
After 20 hr 9:3 £ 44 8:8 + 56
T v T 1
'Shown is the percentage of apoptotic CD19" B cells in a prepara- Ti i o0 8 100
ime (min)

tion of mononuclear cells incubated with 30% serum alone, or with
30% serum containing a combination of blocking antibodies to CR2
(FE8) and CRI (3D9) for the given periods of time. The data are
shown as mean =* standard deviation (SD) of three experiments.
TUNEL, TdT-mediated biotin—dUTP nick-end labeling.

results in only limited C3-fragment degradation and in
more effective MAC initiation. We therefore chose to
investigate whether the AP or the CP is primarily respon-
sible for the increase in annexin V binding.

Blockade of the AP with anti-factor D resulted in total
abrogation of both MAC formation and annexin V
binding, while C3-fragment deposition was virtually
unaffected (Table 2). By contrast, blockade of CP with
Mg/EGTA resulted in more limited and variable diminu-
tion of all three parameters. In experiments where both
CP and AP were blocked, C3-fragment deposition and
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Figure 2. Kinetics of B-cell membrane depolarization and the depo-
sition of complement on B cells. Mononuclear cells (MNC) were
incubated with autologous serum (30%, v/v) for up to 90 min. B
cells were identified by a combination of morphological (forward-
light and side-light scatter) and fluorescence gating. The resulting
membrane depolarization, C3-fragment deposition and membrane
attack complex (MAC) formation was detected by flow cytometry,
by means of fluorescein isothiocyanate (FITC)-conjugated polyclonal
rabbit antibodies to human C3d (circles), and C9 (squares) and
FITC-conjugated annexin V (triangles), respectively. The fluorescence
intensities were normalized to the signal measured after 90 min of
incubation. C3-fragment deposition and annexin V binding display
the same biphasic kinetics, rising rapidly over 20 min, followed by a
more gradual increase. MAC formation, assessed as C9 incorpora-
tion, showed a somewhat slower monophasic increase. The data
shown are mean values and 95% confidence intervals of six experi-
ments. The curves differed significantly [P < 0-0001, as determined
by a repeated-measures analysis of variance (ANovA)].

© 2009 Blackwell Publishing Ltd, Immunology, 128, e661-e669
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Table 2. Inhibition of B-cell membrane depolarization, C3-fragment
deposition and membrane attack complex (MAC) formation medi-
ated by blockade of the alternative and classical pathways of comple-

ment activation

Percentage of inhibition mediated by

aFD Mg/EGTA EDTA

Membrane 83 +7 36 £7 74 £5
depolarization (P < 0-0001) (P < 0-0005) (P < 0-0001)

C3-fragment 10+£3 29+7 96 + 4
deposition (P < 0-0005) (P < 0-0005) (P < 0-0001)

MAC formation 89 +4 22 +5 9+ 1
(P < 0:0001) (P < 0-002) (P < 0-0001)

Mononuclear cells were incubated with 30% autologous serum for
30 min at 37°. Shown is the inhibition of B-cell membrane depolar-
ization (as measured by annexin V binding), C3 deposition and
membrane attack complex (MAC) formation (as measured by the
binding of anti-C3d and anti-C9, respectively) caused by disruption
of the alternative pathway with anti-factor D (aFD), of the classical
pathway with Mg/EGTA, and of both pathways with EDTA. The
data represent the mean + standard deviation (SD) of five experi-
ments. P-values indicate the probability for the null hypothesis that

no inhibition occurs.

MAC formation were totally abrogated, whereas annexin
V binding was inhibited by 74% (Table 2).

Annexin V binds to restricted areas on the surface of
complement-activated B cells

Our results indicate that annexin V binding to B cells, seen
upon complement activation, is not a consequence of
apoptosis but rather a structural change in the B-cell sur-
face membrane, arising in conjunction with C3-fragment
deposition. To examine more closely the nature and extent
of this depolarization, we conducted simultaneous flow
cytometric and confocal microscopy experiments on B cells
both before and after incubation with autologous serum.

Flow cytometric analysis, following complement activa-
tion, showed an increase of approximately 10-fold over
unstimulated B cells in the amount of annexin V bound
to their surface membranes (Fig. 3a). Using confocal
microscopy, annexin V binding to the B cells was barely
visible in the absence of complement activation (Fig. 3b),
indicating that the level of annexin V binding recorded
by flow cytometry in this situation lay below the detec-
tion limit for the confocal microscope. After incubation
with autologous serum for 30 min, however, annexin V
was clearly located in restricted areas on the surface of
the B cells (Fig. 3c).

Dillon et al.>>* have previously shown that annexin V
binds to the signal-transducing lipid rafts on the B cells. To
test whether the restricted regions to which annexin V
binds were lipid rafts, we conducted simultaneous flow
cytometric and confocal microscopic analyses using the
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specific lipid raft marker, CTB, and compared these to the
staining with annexin V. Flow cytometric analysis revealed
that the level of bound CTB was unaffected by 30 min of
complement activation (Fig. 3d), as were the pattern and
intensity of staining as visualized by confocal microscopy
(Fig. 3e,f), leading us to conclude that areas of depolariza-
tion were not necessarily constituents of lipid rafts.

C3 deposition, but not MAC deposition, occurs in
restricted areas

Prior to spontaneous complement activation, no C3 could
be detected on the B-cell surface with either anti-C3d
(Fig. 3h) or anti-C3c (data not shown), by confocal
microscopy, even though the amount of C3d present (79
mean fluorescence intensity units (MFI) per B cell, as
determined by flow cytometry) should have been suffi-
cient for detection, if the fragments were deposited in
clusters. Following complement activation, however, C3
was visible in patches similar to those seen with CTB
(Fig. 3i). In contrast to C3, MAC deposition after com-
plement activation could not be detected using confocal
microscopy (Fig. 3k)1), despite the fact that the MAC flu-
orescence intensity (25 MFI per B cell, Fig. 3j) was similar
in magnitude to that generated by FITC-annexin V or
FITC-CTB (Fig. 3a,d). This could be accounted for by a
uniform distribution of MAC fragments over the B-cell
surface as a result of their rapid diffusion, at 37°, away
from the sites of formation.

CR2/CD21 translocates into restricted areas upon
spontaneous activation of complement

CR2/CD21 contributes to C3b-fragment deposition on B
cells by acting as a privileged site for the assembly of the
C3 convertase of the AP.>™ Because it is well established
that CR2/CD21 translocates with the B-cell antigen recep-
tor (BCR) into lipid rafts upon cross-linking of the BCR
by antigen,”” we next examined whether translocation of
CR2/CD21 also occurred upon complement activation.

As might be expected, the expression of CR2 by B cells
was unaffected by complement activation, generating a
constant flow-cytometric signal of 17 MFI (Fig. 3m).
Prior to complement activation, however, no fluorescence
was detectable by confocal microscopy, indicating a uni-
form dispersal of CR2 molecules on the B-cell surface
(Fig. 3n). However, after complement activation, CR2/
CD21 was detectable in restricted regions similar to those
revealed with anti-C3, annexin V and CTB (Fig. 30).

The topographical relationship among membrane
depolarization, C3-fragment deposition and lipid rafts

The observation that membrane depolarization (as
detected by annexin V binding) is dependent upon spon-
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taneous complement activation and C3-fragment deposi-
tion at the B-cell surface, while the staining intensity of
lipid rafts with CTB is unaffected by these events, raises
the question as to whether these two phenomena are in
any way related. In order to examine more closely the
topographical relationship among C3-fragment deposi-
tion, membrane depolarization and the distribution of
lipid rafts, double labelling of the B cells, following com-
plement activation, was undertaken using FITC-labelled
anti-C3d and Alexa Fluor 647-conjugated annexin V or
CTB.

Whereas annexin V binding was primarily focussed in
the centres of the C3-fragment aggregates (reflected by
the intense yellow staining of their cores, Fig. 4a), the co-
localization of cholera toxin with the aggregates was more
diffuse and consistent with congregation of lipid rafts
both throughout and around the major clusters of depos-
ited C3 fragments (Fig. 4b).

€666

(©
(®
(0]
0]
(0)

30 min

Figure 3. Visualization of membrane depolar-
ization, lipid rafts, C3-fragment deposition,
membrane attack complex (MAC) deposition
and CR2 redistribution. Mononuclear cells
(MNC) were incubated without (0 min) and
with autologous serum for 30 min to allow
spontaneous complement activation on B cells.
B cells were then purified using magnetic
beads. Using flow cytometry (left panels) and
confocal microscopy (middle and right panels)
the cells were analysed for (a—c) membrane
depolarization, (d—f) lipid rafts, (g-i) C3 frag-
ment deposition, (j-1) MAC deposition, and
(m—o) the expression of CR2. Representative
results of triplicate experiments are shown.
MFI = mean fluorescent intensity units.

Discussion

The purpose of this study was to establish whether spon-
taneous complement activation at the B-cell surface, and
the consequent deposition of C3 fragments and formation
of MAC,' give rise to biochemical or physiological
changes in the B cells that might affect their function in
an immune response. MAC formation on the surface of B
cells could lead to loss of membrane integrity, possibly
resulting in cell death. When we tested this, using the
binding of annexin V as read-out, we observed that incu-
bation of B cells with fresh serum resulted in spontaneous
membrane depolarization as well as MAC deposition, and
that both events were dependent on AP activation and
functional CR1/CD35 and CR2/CD21. As the degradation
of deposited C3b fragments to C3dg is limited when com-
plement activation occurs via the AP, it may be inferred
that depolarization and MAC formation are concomitant

© 2009 Blackwell Publishing Ltd, Immunology, 128, e661-e669
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@ C3-fragment
deposition

Figure 4. Topographical relationship among
membrane depolarization, C3-fragment deposi-
tion and lipid rafts. Purified B cells were incu-
bated with autologous serum for 30 min at
37°. (a) Localization of C3 fragments (left) and
membrane depolarization (middle), as assessed
by staining with fluorescein isothiocyanate
(FITC)-coupled anti-C3d and Alexa fluor
647-coupled annexin V, respectively. Merged
figures (right) show co-localization (yellow
colour). (b) Staining for C3 fragments with
FITC-anti-C3d (left) and for lipid rafts, as
assessed using tetramethyl rhodamine iso-
thiocyanate (TRITC)-coupled cholera toxin
subunit B (middle). Merged figures (right)
show co-localization (greenish yellow).

events dependent on the persistence of C3b (or iC3b) at
the cell surface. On the other hand, the findings that
membrane depolarization displayed much faster kinetics
than MAC formation, and that there was no concordance
in their distribution at the cell surface, appeared to rule
out the possibility of depolarization being an apoptosis-
related event. Confirmation of this conclusion was
obtained from investigations with APO-2.7 mAb and
TUNEL staining, which were negative.

In contrast to MAC formation, membrane depolariza-
tion showed near synchrony with the deposition of C3
fragments on the B-cell membrane, and a close associa-
tion was observed between discrete areas of depolarization
and the primary centres of C3-fragment deposition
(Fig. 4a).

As it has been reported that lipid rafts on viable B cells
bind annexin V,**® we chose to investigate, by confocal
microscopy, whether the distribution of annexin V bind-
ing could be related to the presence of lipid rafts detected
by CTB, which binds to ganglioside GM1,%® a raft compo-
nent quite distinct from PS, which is involved in annexin
V binding. While annexin V binding showed a pattern
similar to that for CTB in single colour staining, it dif-
fered in one notable respect, namely that its binding
required prior complement activation at the cell surface,
whereas staining of the lipid rafts with CTB was comple-
ment-independent. Furthermore, a clear difference was
observed in the distribution patterns of membrane depo-
larization and lipid rafts in that depolarization was inti-
mately associated with the C3-fragment aggregates,
whereas the distribution of lipid rafts in and around the
C3 deposits was more diffuse (Fig. 4b). Given the identi-
cal kinetics for C3-fragment deposition and depolariza-
tion (as shown in Fig. 2), our interpretation of these
findings is that the membrane depolarization is directly
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associated with aggregation of the C3 fragments, rather
than a result of any internalization and processing event
(which would be expected to involve a much larger time-
frame), and is succeeded by migration of lipid rafts to
these aggregates. It remains to be established whether the
membrane depolarization, occurring within the aggre-
gates, has any role in the assembly of lipid rafts.

The confocal studies also revealed a complement-
dependent redistribution of the initiating CR2/CD21 from
a diffuse pattern, invisible by microscopy, to visible
patches similar to those of both the C3 fragments and
annexin V.

Taken together, our observations are consistent with a
model whereby C3 fragments deposited on, or in the
vicinity of, the CR2 molecules responsible for comple-
ment activation aggregate to generate foci for membrane
depolarization. This is succeeded by association of the
aggregates with lipid raft signalling units by an, as yet,
unknown mechanism. The finding of only terminally
degraded C3 fragments (C3dg), in small amounts, on
freshly isolated peripheral B cells, indicates that this pro-
cess may be blocked in the circulation, where erythrocytes
compete via their CR1 for any iC3 generated in the
plasma.® However, the process is likely to occur in
inflamed tissue and in the draining lymph nodes, if com-
plement is available in sufficient quantities. The formation
of such complexes could be of relevance for B-cell activa-
tion and antigen presentation to T cells. To test this
hypothesis, further studies are required to establish
whether other components of the presentation process,
such as BCR, CD19 and major histocompatibility complex
II (MHC 1I), are found in association with the C3-frag-
ment foci.

Elliott et al.”® have previously reported that PS func-
tions as a non-apoptotic signalling mechanism in subpop-
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ulations of T cells, and it remains to be established
whether the same is true for B cells. A possible option is
that the assembly of CR2, C3 fragments and lipid rafts in
depolarized regions on the B-cell surface prepares the B
cells for subsequent uptake and presentation of antigen,
and that the focusing of C3 fragments in these complexes
may serve as a T-cell regulatory event. Relevant in this
regard is the finding that naive T cells are driven to
become regulatory T cells (Tregl) by C3b engagement of
CD46 on their surfaces.”® Given that deposited C3 frag-
ments on the surface on the antigen-presenting B cells are
capable of engaging CD46 on naive T cells, this would
help to explain an earlier observation that primary anti-
gen presentation by B cells to T cells suppresses an

immune response.’’
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