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The classical and alternative pathways of complement activation play distinct
roles in spontaneous C3 fragment deposition and membrane attack complex
(MAC) formation on human B lymphocytes
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SUMMARY

The contributions of the classical (CP) and alternative (AP) pathways of complement
activation to the spontaneous deposition of C3 fragments and the formation of membrane
attack complexes (MAC) on human B lymphocytes, were assessed by incubating peripheral
blood mononuclear cells with autologous serum in the absence and presence of selective
inhibitors of the AP and CP, respectively. While the total amount of C3 fragments deposited
was relatively unaffected by blocking either pathway individually, deposition was virtually
abrogated by their combined blockade. A marked difference was observed, however, in the
nature of the fragments deposited as a result of CP and AP activation: C3b fragments
deposited via the CP were extensively (~ 90%) converted to the terminal degradation
product, C3dg, whereas about 50% of those deposited by the AP persisted as C3b/iC3b
fragments. The extent of MAC formation was also found to be highly pathway dependent, with
the AP being about 15-fold more efficient at initiating this process than the CP. A model
accounting for the effectiveness of the AP in both preserving C3 fragment integrity and

initiating MAC is presented.

Human B lymphocytes, by virtue of their expression of the
complement receptors CR1 (CD35) and CR2 (CD21), are
capable of activating the complement cascade, resulting in
deposition of C3 fragments and membrane attack complex
(MAC) formation at the cell surface.'> Activation occurs both
via calcium-dependent (classical/lectin, CP/LP) and calcium-
independent (alternative, AP) pathways, where the latter
appears to play a predominant role.> AP activation has been
shown to be mediated primarily by CR2"* as a result of the
receptor’s ability to bind the hydrolysed form of C3 (C3i).
While CR2 is capable of initiating the AP in its own right>® CR1
assists this process (1) by rapidly binding C3i, generated in the
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fluid phase, for presentation to CR2, and (2) by stabilizing the
C3i—CR?2 interaction through forming a ternary complex with
both molecules.” The bound C3i captures factor B (B) from the
fluid phase to generate the alternative C3 convertase, upon
factor D cleavage of B.> C3b fragments generated by the
convertase then become covalently attached to CR2 itself
and possibly to other acceptor molecules in the locality.*>®
Many of the deposited C3b fragments are subsequently
degraded via iC3b to C3dg, in a process dependent on CR1’s
unique role as cofactor in the factor I-mediated cleavage of
iC3b®? whilst others, by attaching to C3 convertases generated
via CP/LP and/or AP, convert these to C5 convertases and
thereby initiate MAC formation. Thus, CR1 appears to play
a dual role at the B-lymphocyte surface: as a member of the
ternary complex it supports complement activation while, as a
free entity, it exerts a regulatory effect as cofactor in C3
fragment degradation.

The contribution of the CP/LP to complement activation on
B lymphocytes has hitherto been established only by inference,
i.e. from the observation that calcium chelation reduces slightly
the extent of the activation seen, compared to that with untreated
serum. The purpose of the present study therefore was to
establish unequivocally, which calcium-dependent pathway(s)
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(CP and/or LP) is(are) involved in the activation of complement
on human B lymphocytes, and to examine directly their con-
tribution to both C3-fragment deposition and MAC formation.

In order to assess the contribution of the LP to complement
activation on human B lymphocytes, peripheral blood mono-
nuclear cells (PBMC) from healthy volunteers were incubated
with 30% autologous serum in the presence or absence of
50 mM mannose or 50 mM N-acetyl-glucosamine (GlcNAc), to
block the activation of mannan-binding lectin and the L-/H-
ficolins, respectively,'™'" and 5 jg/ml rabbit anti-human factor
D (either alone or combined), or 20 mM ethylenediaminete-
traacetic acid (EDTA). The cells were then probed with fluor-
escein isothiocyanate (FITC)-conjugated rabbit anti-human C3c
or anti-human C3d antibody, or FITC-labelled mAb E11, which
recognizes a neoepitope expressed by C9 incorporated in
MAC."?* B lymphocytes in the preparation were identified by
inclusion of phycoerythrin (PE) -conjugated anti-CD19. Man-

Table 1. The effect of blocking the lectin/ficolin pathways of
complement activation on the deposition of C3 fragments and
MAC formation on B lymphocytes

Total C3 C3b/iC3b

fragment fragment MAC
% of control for deposition*  deposition*  formationf
NHS (control) 100 100 100
-+ mannose (M) 984 £ 147 101 £ 309 92-1 + 304
+ GleNAc (G) 959 £76 992 £1253 103 £203
+G+M 96-7 £ 22-1 923 £30-8 98-1 £ 310
NHS + anti-FD (control) 100 100 100
+M 102 £ 12-1 110 + 842 119 + 320
+G 106 = 148 115 £ 83 102 £ 449
+M+G 101 £ 133 119 £ 11-0 962 £ 392

*Mean £ SD for four estimates.

tMean + SD for three estimates.

Human PBMC from healthy donors were prepared by centrifugation of their
citrated blood over Lymphoprep (Nycomed, Oslo, Norway) and their sera were
harvested by holding blood collected in anticoagulant-free tubes at room
temperature for 1 hr, before centrifugation at 400 g for 5 min. The cells were
washed twice in 10 ml VBS (4 mM sodium barbiturate, 145 mm NaCl, pH 7-4,
supplemented with 0-8 mM MgCl,) and suspended at a density of 10° cells per
ml, in low-absorbing polypropylene tubes (Life Technologies, Paisley, UK)
containing 30% v/v autologous serum with or without 5 pg/ml rabbit anti-
human factor D in VB. Mannose (Man) and/or N-acetylglucosamine (Glc-NAc),
both at a final concentration of 50 mMm, were added to some of the samples and
complement activation was effectuated by incubating the cells at 37° for 30 min
The reaction was stopped by adding 2 ml of cold EDTA (20 mMm) in phosphate-
buffered saline (PBS). After three washes with PBS containing 0-05% NaNj,
0-5% bovine serum albumin (BSA) and 10 mM EDTA (PBS/BSA), the cells
were incubated for 2 hr on ice with FITC-conjugated rabbit anti-human C3c or
-C3d (Dako A/S, Glostrup, Denmark), or FITC-Ell (murine monoclonal
antibody recognizing a C9 neoepitope in MAC)'? in 400 w1 PBS/BSA containing
5 mg/ml human immunoglobulin G (Biovitrum, Stockholm, Sweden); 5 pnl PE
anti-human CD19 (BDBiosciences, Brgndby, Denmark) was included in the
mixture to identify the B lymphocytes.

Analyses were performed with a FACSCalibur flow cytometer (Becton
Dickinson, San Jose, CA) using CELL QUEST software. Data were acquired on
3000 B lymphocytes by combined live gating on the Forward Scatter versus. Side
Scatter dot plot and the PE histogram. Complement activation was measured as
the difference in mean Fl1 signal (net MFI) between cells incubated in NHS
under the various conditions, and cells incubated in VBS alone. Activation in the
presence of Man and Glc-NAc and expressed as a percentage of the signals
obtained in NHS (& anti-FD) without the sugars is given. The results are given
as means £ 1 SD.
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Table 2. The influence of AP and CP activation on the nature of the
deposited C3 fragments and on MAC formation (mean + SD)

Total C3 C3b/iC3b MAC
deposition* depositionf formation
(n = 10) (n=5) (n=23)
Response in NHS
Alone 100 100 100
+ anti-FD 105 + 323 47-6 £ 12-1 13:6 £ 65
+ Mg/EGTA 117 + 52-1 165 + 24-1 200 + 66-0
+ anti-FD + 6-0 £ 39 0 65+ 56
Mg/EGTA
+ EDTA 1-8 £ 37 05+ 03 244+ 69

*Probing with FITC-rabbit anti-human C3d.

tProbing with FITC-rabbit anti-human C3c.

{Probing with FITC-E11.

Human PBMC from healthy donors were isolated and incubated in 30% v/v
autologous serum, with or without 20 mM EGTA/4-4 mM MgCl, (Mg/EGTA),
20 mM EDTA (EDTA) and 5 pg/ml rabbit anti-human factor D (anti-FD) as
described in Table 1. Complement activation was measured as the difference in
mean FII signal (net MFI) between cells incubated in NHS under the various
conditions, and cells incubated in VBS alone, and expressed as a percentage of
the signal obtained in NHS alone. The results are given as means £+ 1 SD.

nose and GlcNAc, whether employed alone or in combination
with the AP-blocking anti-factor D, were completely without
effect on either the deposition of C3 fragments or the formation
of MAC (see Table 1), thereby precluding the LP as a con-
tributor to the activation process.

The next question we chose to address was that of the role
played by the CP and AP individually in the deposition of C3
fragments on the B-lymphocyte surface. To this end we exposed
human leucocytes to in vitro complement activation with 30%
autologous serum in the absence or presence of 4-4 mmol/l
MgCl,/20 mmol/l, 0,0'-Bis(2-aminoethyl)ethyleneglycol-N,N,N’,
N’-tetraacetic acid (Mg/EGTA) or anti-factor D to block selec-
tively the activation via the CP and the AP, respectively. The
extent and nature of C3 fragment deposition under these con-
ditions was determined by probing the cells with both FITC-
anti-human C3c and -C3d antibody, as above. Blockade of
either the AP or CP alone did not significantly reduce the extent
of deposition of anti-C3d-reactive fragments (i.e. C3b, iC3b and
C3dg), whereas combined blockade led to almost complete
inhibition of this deposition (Table 2). Thus it would appear that
the two processes operate essentially independently of each
other, with consumption of complement or saturation of avail-
able acceptor sites as possible limiting factors. On the other
hand, probing with anti-C3c, to detect C3b/iC3b deposition,
revealed marked differences in the nature of the fragments
deposited following AP or CP activation. Thus, blockade of
the AP resulted in a halving of the number of detectable C3b/
iC3b fragments, relative to activation with untreated serum,
whilst the proportion of these fragments was increased by about
65% upon blockade of the CP (Table 2). Based on our previous
observation that the C3 fragments deposited on Raji cells are
predominantly in the form of iC3b and display an anti-C3c to
anti-C3d binding ratio of 1-41 : 1'* and assuming that the
efficiency of binding of anti-C3d was unaffected by the type
of C3 fragment involved, the ratios obtained in the present study
were used to estimate the extent of C3b/iC3b degradation
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Table 3. The degradation of C3 fragments following deposition via the
AP and CP (means + SD)

Estimated %
C3b/iC3b
degradation*

Anti-C3c : Anti-C3d
reactivity ratio (R)

NHS 0-391 4+ 0-061 : 1 722 £ 43
NHS + anti-FD 0-166 £+ 0-033 : 1 882 £ 24
NHS + Mg/EGTA 0-709 &+ 0-021 : 1 496 £ 1.3
Raji cells in NHST 141 £041:1 0

*% degradation of C3b/iC3b = 100 X (1-Rg ces/Rraji celts)-

see ref. 13.

The net MFI signals observed with anti-human C3c and -C3d on B
lymphocytes, following in vitro complement activation of peripheral B
lymphocytes as described in Table 1, were expressed as a C3c : C3d ratio for
each of the five experiments performed with separate donors.

accompanying total complement activation at the B-cell sur-
face, as well as that arising from activation via the AP or CP
alone. In untreated serum, the ratio of anti-C3c to anti-C3d
reactivity (0-391 &+ 0-061 : 1) was consistent with degradation
of 722 + 4-3% of the deposited C3, while the degree of
degradation following AP and CP activation was estimated to
be 49-6 + 1-34 and 88-2 + 2-37%, respectively (Table 3).

The efficiency of the two activation pathways in initiating
MAC formation was then tested by incubating PBMC with 30%
autologous serum under the conditions described above and
probing FITC-conjugated monoclonal antibody E11. MAC
formation was found to be overwhelmingly dependent on the
AP convertase, in that blockade of this pathway resulted in its
reduction to 13:6 £ 6-5% of the level seen in the untreated
serum control, while combined blockade of the AP and CP led
to almost complete inhibition (Table 1). By contrast, blockade
of the CP alone resulted in marked enhancement (200 + 66%
of untreated serum control) of MAC formation (Table 2). Thus
the AP was found to be approximately 15-fold more effective in
inducing MAC formation on B lymphocytes than the CP.

The crucial findings in this study are that B-lymphocyte
activation of the complement cascade via the AP results in the
deposition of C3b fragments at sites where many of them are
protected from total degradation to C3dg, and that MAC for-
mation is primarily initiated via this pathway. By contrast,
activation via the CP results in the deposition of C3 fragments,
which are extensively degraded to C3dg, and gives rise to only
minimal MAC formation. Indeed, the CP appears to play a
regulatory role, in that blockade of this pathway leads to both a
reduction in the CR1-assisted late cleavage of C3 fragments and
an enhancement in the formation of MAC, compared to activa-
tion where both pathways are operational. Given that the total
amount of C3 fragment deposition is apparently unaffected by
blockade of either pathway alone, it would appear that avail-
ability of C3 may be the determining factor for the extent of this
deposition. If the CP were consuming substantial quantities of
C3, and thereby limiting the degree of AP-associated C3 and C5
convertase formation, this would explain the observed inhibi-
tory effect of the CP on MAC formation.

The difference in the degree of C3 fragment degradation to
the terminal product, C3dg, following deposition via the AP and
CP, respectively, presumably reflects differences in the acceptor

sites primarily engaged by the nascent C3b fragments. Given
that CR2 has previously been described as a primary acceptor
site for C3b generated via the AP*® and that AP C3 convertase
formation occurs most efficiently in the context of a ternary
(CR1-C3i-CR2) complex’ we propose that AP-generated C3b
primarily deposit on elements of the complex (e.g. CR1, CR2, or
the C3 convertase) and are thereby protected from cleavage,
because of the inability of CR1, within the complex, to recruit
factor I. On the other hand, C3b fragments generated via the CP
(as well as some of the AP-generated C3b) may deposit on a
variety of other acceptor structures on the B-cell surface, where
they may encounter free CR1 possessing the full cofactor
activity for Factor I and thereby become efficiently degraded.

Although many of the C3b fragments deposited via the AP
may be rapidly converted to iC3b, under the influence of serum
factor H or decay accelerating factor (DAF)/membrane cofactor
protein (MCP) the correlation between the limitation of C3
fragment decay and MAC formation is fully in keeping with
C3b’s role in transforming C3 convertases to C5 convertases by
binding covalently to the former. The above data strongly
suggest that the C3 convertase generated via the AP, rather
than the CP, is the primary target for this transformation.

We and others have previously shown that CR2 is the
primary site for generating an AP C3 convertase, and that
CR1 supports this process by rapidly capturing hydrolysed
C3 (C3i), which is generated in trace amounts in serum, and
by entering into a stable ternary complex with both C3i and
CR2. The capacity of CR1 to perform this role relies on its
ability to engage both C3i and CR2 at independent sites. CR1,
like CR2, is comprised of a linear array of small homologous
domains (short consensus repeats, SCR), with the most common
human allelic form consisting of 30 of these units. Twenty-eight
of the SCR, in this form of CR1, are arranged in four ‘long
homologous regions’ (LHR), each consisting of seven SCR,
where the first three LHR display binding activity with speci-
ficity for C4b (in LHR-A) and/or C3i and C3b (in LHR-A, -B
and -C)."* If CR1 and CR2 line up in a parallel fashion, when
they associate with each other, the LHR-C of CR1 would be
ideally positioned to present a captured C3i molecule to CR2
(Fig. 1). Correspondingly, LHR-B (or LHR-A) would be sui-
tably placed to capture nascent C3b, generated by the resulting
C3 convertase, and thus enhance the probability of C3b frag-
ment incorporation by the C3 convertase. Support for this C3b
capture model, in promoting AP C3 to C5 convertase transfor-
mation, is derived from our earlier studies with the CRI1-
negative Raji cells. Although these cells generate C3 conver-
tases with an efficiency equal to, or greater than, that of B
lymphocytes'? their ability to induce MAC formation is less by
a factor of 2 or more® presumably because they lack the C3b
capture mechanism afforded by CR1. Complement activation
via the CP, by contrast, remains largely uncharacterized,
although the presence of active C1 on the surface of human
peripheral lymphocytes has previously been reported.'> More
precise definition of the structure(s) involved in C1 uptake, as
well as the sites of formation of the CP convertases is required.

In conclusion, it would appear that B lymphocytes, by virtue
of their expression of both CR1 and CR2, are especially well
equipped to capture hydrolysed C3 from the fluid phase and
utilize it in the formation of C3 and C5 convertases, resulting
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Figure 1. The contribution of CR1 to AP activation and MAC formation at the B-lymphocyte surface. CR1 exerts a double influence
on the CR2-mediated complement activation taking place on B lymphocytes. It facilitates the formation of a C3 convertase by rapidly
capturing hydrolysed C3 (C3i) from the fluid phase and participating in a stable complex with C3i and CR2 where all three
macromolecules interact with each other via distinct sites (a). While the capture of C3i may involve any of the multiple ligand-binding
sites on CR1, the optimal site for engagement in a ternary complex, from a steric point of view, would be that lying in the LHR-C region
of CR1. Nascent C3b, generated by a convertase located to the CR1-CR2 complex, may be readily captured by the other binding sites
on CR1 (b). The site in LHR-B would be suitably placed to direct C3b to the Bb—C3i complex (the AP C3 convertase), as a potential
target for nucleophilic attack by the thiolester group in C3b, resulting in its conversion to a C5 convertase and thus ensuring effective

MAC formation (c).

both in the deposition of C3 fragments and the formation of
MAC at the cell surface. While the biological consequences of
these events still remain to be established, our recent studies
have ruled out the possibility that MAC formation exerts a
detrimental effect on B-lymphocyte viability (unpublished
observations). Therefore, the options remain that these events
contribute either to the priming of B lymphocytes for subse-
quent stimulation by antigen, or that they are involved in
enhancing the contact of B lymphocytes, as antigen-presenting
cells, with antigen-specific T lymphocytes.'® With regard to the
latter role, the recent finding that naive T lymphocytes are
driven to become regulatory T cells by C3b engagement of CD46
on their surface'” may be of some interest. Given that deposited
C3 fragments on the antigen-presenting B lymphocytes are
capable of engaging CD46 on the naive T lymphocytes, this
would help to explain an earlier observation that primary
antigen presentation by B lymphocytes to T lymphocytes
suppresses an immune response.'® This possibility is currently
under investigation in our laboratory.
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