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At Critically Low Antigen Densities, IgM Hexamers Outcompete
Both IgM Pentamers and IgG1 for Human Complement
Deposition and Complement-Dependent Cytotoxicity

Nienke Oskam,* Pleuni Qoijevaar-de Heer,* Ninotska I. L. Derksen,* Simone Kruithof,*
Steven W. de Taeye,T Gestur Vidarsson,Jr Sanne Reijm,le Theresa Kissel,ic René E. M. Toes,i
and Theo Rispens*

IgM is secreted as a pentameric polymer containing a peptide called the joining chain (J chain). However, integration of the
J chain is not required for IgM assembly and in its absence IgM predominantly forms hexamers. The conformations of
pentameric and hexameric IgM are remarkably similar with a hexagonal arrangement in solution. Despite these similarities,
hexameric IgM has been reported to be a more potent complement activator than pentameric IgM, but reported relative potencies
vary across different studies. Because of these discrepancies, we systematically investigated human IgM-mediated complement
activation. We recombinantly generated pentameric and hexameric human IgM (IgM+J and IgM—J, respectively) mAbs and
measured their ability to induce complement deposition and complement-dependent cytotoxicity when bound to several Ags at
varying densities. At high Ag densities, hexameric and pentameric IgM activate complement to a similar extent as IgG1. However,
at low densities, hexameric IgM outcompeted pentameric IgM and even more so IgG1. These differences became progressively
more pronounced as antigenic density became critically low. Our findings highlight that the differential potency of hexameric and
pentameric IgM for complement activation is profoundly dependent on the nature of its interactions with Ag. Furthermore, it

underscores the importance of IgM in immunity because it is a more potent complement activator than IgG1 at low Ag densities. The

Journal of Immunology, 2022, 209: 16-25.

mmunoglobulin M is the first Ab to be expressed both in ontogeny

and in the immune response. It is initially expressed on immature

B cells as a monomeric membrane-bound receptor anchored by its
C-terminal transmembrane domain. Secreted IgM is instead produced
with a hydrophilic tailpiece that induces polymerization of the Ab and
drives association with a small, 15-kDa protein called the joining chain
(J chain). In the presence of this J chain, polymeric IgM assembles as a
pentamer consisting of five IgM protomers (H2L2) linked by a single
J chain (1-3).

Regardless, integration of J chain is not required for polymerization
or secretion of IgM. When IgM is expressed in the absence of J chain,
it can instead be replaced by an additional IgM protomer so the poly-
meric IgM assembles as a hexamer (Fig. 1A). J chain—negative IgM
is not exclusively assembled as a hexamer, and varying amounts of
smaller polymers, most commonly pentamers, have been reported to
be secreted as well (4-9).

Functionally, IgM, as well as IgG, can activate the classical path-
way of the complement system by interacting with Clq, which leads
to activation of the complement cascade and downstream assembly
of the membrane attack complex and eventually cell lysis (Fig. 1B).
IgM can bind its Ag with both Fab arms and takes on a dome-
shaped conformation (10, 11), after which Clq interacts with resi-
dues exposed in the Fc region. Recent studies demonstrate that the

structures of pentameric and hexameric IgM are remarkably similar,
also when bound to Ag, with the pentamer adopting a conformation
resembling a hexamer with one “leg” missing (10, 12—-14). A hex-
americ conformation also plays an important role for complement
activation by IgG1, which on Ag binding preferably forms hexamers
via Fc—Fc interactions to interact with Clq (15, 16).

Despite the similarities through which these Abs interact with Clg,
they do not always activate complement to the same extent; generally,
IgM is considered a more potent complement activator than IgGl
(17-19). Polymerization of IgM has been shown to be a requirement
for complement activation because [gM monomers are not able to do
80 (20). It is therefore also conceivable that the polymerization state of
IgM also influences its activating potency. Indeed, multiple studies
reported that hexameric IgM activates complement at least three times,
but sometimes up to 100 times more efficiently than pentameric IgM
(4, 21-25). However, it should be noted that these large differences
are found when using guinea pig serum rather than human serum, for
which the differences are reported to be much smaller and variable
(4, 6, 24). Overall, the role of the degree of IgM polymerization
(i.e., hexamer versus pentamer) in Clq binding and complement acti-
vation remains uncertain.

Therefore, in this study, we sought to systematically investigate
complement activation by IgM hexamers (—J) and pentamers (+J)
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using well-defined, monoclonal preparations of IgM with and with-
out J chain. In particular, the effect of Ag density was investigated
(Fig. 1C, 1D). We show that whereas hexameric and pentameric
IgM have similar potencies at a high Ag density, the relative
potency of hexamers can be vastly larger compared with pentamers
or IgG1 at low densities.

Materials and Methods
Abs

To detect deposition of complement components in ELISA, we used
anti—-C3-19 (26), anti—-C4-10 (27), and anti-Clg-2 (28), which were
HRP labeled using a HRP Conjugation Kit (Abcam). Mouse anti-IgM
(MH-15; Sanquin), a J chain (MCA693; Bio-Rad), and goat anti-mouse
IgG-HRP (GM-17; Sanquin) were used to visualize IgM on Western blot.

Production of recombinant Abs

Synthetic constructs coding the constant domains of human IgM and k with
different variable domains, as well as J chain, were cloned into pcDNA3.1
expression vectors (GeneArt; Invitrogen). The Abs produced were specific
for biotin (bt) (29, 30), citrullinated proteins (anti-citrullinated protein Ab
[ACPA] clones 2D5 and 1G8) (31), Glm(a) (anti-a) (32), and IgG-Fc (rheu-
matoid factors RF-61 [33] and RF-AN [34, 35]). The anti-bt Ab was also
produced as human IgG1. Only the rheumatoid factors and the ACPAs were
originally human IgM.

Abs were produced analogously as described previously (36) under serum-
free conditions (FreeStyle 293 expression medium; Invitrogen) by cotransfecting
relevant H chain—, L chain—, and J chain—expressing vectors in HEK293F cells
using PEI-MAX according to the manufacturer’s instructions (Invitrogen). The
cells were cultured at 37°C, 8% CO,, while shaking at 125 rpm. At day 5 of
transfection, the cultures were centrifuged, and supernatant was harvested and
filtered over a syringe filter with a pore size of 0.20 pm (Whatman Puradisc 30;
Sigma-Aldrich). IgG1 was loaded on a HiTrap protG column (GE Healthcare)
and eluted with 0.1 M glycine (pH 2.5-3). The eluate was immediately neutral-
ized with 2 M Tris—HCI (pH 9).

For the purification of IgM, 3 mg RPLGall (Glycoselect) was coupled to
100 mg CNBr-activated Sepharose 4B (GE Healthcare) according to the
manufacturer’s protocol. Before purification the column was activated with
Ix TBS (10 mM Tris, 140 mM NaCl, 0. mM CaCl, [pH 7.4]) supple-
mented with 1 mM CaCl,, MgCl,, and MnCl,. The culture supermatant, also
supplemented with 1 mM CaCl,, MgCl,, and MnCl,, was loaded onto the
column and eluted with 0.5 M galactose in 1x TBS. The eluates were dia-
lyzed against 5 mM NaAc (pH 4.5) for IgG1 and 20 mM NaAc, 300 mM
NaCl (pH 5.5) for IgM, and concentrated by multiple rounds of centrifuga-
tion using a 10-kDa spin column (Amicon Utra-4 Centrifugal Filter Unit;
Merck). The concentration of the purified Igs was determined by measuring
absorbance at 280 nm (NanoDrop One; Thermo Fischer Scientific), and the
samples were aliquoted and stored at —20°C.

Characterization of IgM

To assess quality and purity of the produced monoclonal IgMs, 50 pg of each
monoclonal was fractionated using HP-SEC Agilent 1260 Infinity IT (Agilent
Technologies) with a Superose 6 Increase 10/300 GL Column (GE Health-
care). Elution was monitored by measuring the absorption at 280 nm. The
anti-bt clone was run in PBS with added 0.3M NaCl to prevent it from stick-
ing to the column. The m.w. of peaks was determined from monitoring multi-
angle laser light scattering (MALS) using a mini-DAWN (Wyatt Technology
Europe) and refractive index using an Optilab (Wyatt Technology Europe),
and calculated using a refractive index increment of 0.185 (ml/g), and a sec-
ond virial coefficient of 0 using the Astra software (version 7.3.2; Wyatt Tech-
nology Europe). The calculation of the m.w. was based on the Zimm equation
(37, 38).

IgM was further visualized on 3—-8% Tris-Acetate Protein Gels and pH 3-10
IEF Gels (NuPAGE; Invitrogen) according to the manufacturer’s protocol.
Gels were stained with Coomassie (InstantBlue; Expedeon) for at least
30 min. For Western blot analysis, samples were run on 4—12% Bis-Tris
Protein Gels (NuPAGE; Invitrogen) according to the manufacturer’s proto-
col under reducing conditions. Proteins were transferred to a nitrocellulose
membrane (iBlot transfer system; Thermo Fischer) and detected with
mouse anti-IgM-HRP or mouse anti—J chain and goat anti-mouse Ig-HRP.
The blot was developed with Pierce ECL Western blotting Substrate
(Thermo Fisher Scientific) according to the manufacturer’s protocol.
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Biotinylation of human serum albumin

Human serum albumin (HSA; Albuman; Sanquin) was first depleted of
IgG by incubation with protG Sepharose. IgG-depleted HSA was then
biotinylated. We used a biotinylation reagent without a linker (EZ-
Link Sulfo-NHS-bt; Thermo Fischer Scientific), with a short linker
(EZ-Link Sulfo-NHS-LC-bt; Thermo Fischer Scientific), and with a
long linker (EZ-Link Sulfo-NHS-LC-LC-bt; Thermo Fischer Scien-
tific). HSA (1 mg/ml) was incubated with different concentrations of
these biotinylation reagents for 2 h at room temperature in PBS and
subsequently dialyzed to PBS overnight with a 10-kDa cassette to
remove any unbound reagent. The amount of bt per HSA molecule, the
biotinylation degree, was determined for each batch as described previ-
ously (39).

Complement deposition ELISAs

The ability of the monoclonal Igs to activate complement was determined in
ELISAs as described previously (40), but with some modifications. To study
activation by ACPA IgMs, fibrinogen (IgG and C4 depleted) was citrullinated
using rabbit skeletal muscle protein arginine deiminase (Sigma) and coated at
10 pg/ml in PBS. Altematively, varying concentrations of cfib2-bt peptide [bt-
SGSGCCitPAPPPISGGGYCitACit] (41) or CCP4-bt peptide [bt-
HQFRFCitGNIeSRAACZO] (42) were incubated for an hour on streptavidin-
coated plates (Thermo Fischer Scientific) at room temperature. For the anti-bt
Abs, biotinylated HSA (HSA-bt) was used as a coat. HSA-bt was diluted to 5
rg/ml in PBS and coated overnight at 4°C on MaxiSorp plates (Thermo Fisher
Scientific). Abs were diluted in PBS with 0.1% Tween 20 and 0.002% w/v gel-
atin (PTG). Veronal buffer (3 mM Barbital, 1.8 mM sodium-Barbital, 0.146
M NaCl) was supplemented with 2.5-50% of a normal human serum pool
and 1 mM CaCl, and 0.5 mM MgCl,. The deposited Clq, C3b, or C4b was
detected with the respective mouse HRP-conjugated Abs. Detection was
visualized with 3,3',5,5'-tetramethylbenzidine (100 pg/ml) in 0.11 M ace-
tate buffer (pH 5.5) containing 0.003% H,0, (Merck), and the reaction was
stopped with 0.2 M H,SO,4. The OD was read at 450 and 540 nm for back-
ground correction using a BioTek microtiter plate reader.

Complement-dependent cytotoxicity assay

The hemolytic activity of the anti-bt recombinant Abs was determined in a
complement-dependent cytotoxicity (CDC) assay as described previously
(40), but with some minor alterations. Healthy donor EDTA blood with
blood group O was used for all experiments. After three rounds of washing
with PBS, 100 pl of packed RBCs was resuspended in 700 ! PBS contain-
ing varying amounts of biotinylation reagent and incubated in the dark at
room temperature for at least 60 min. After three washes, RBCs were diluted
to ~6 ml in veronal buffer supplemented with 0.05% w/v gelatin. A total of
35 ul RBC suspension was added to 65 pl veronal buffer supplemented with
0.05% w/v gelatin, | mM CaCl,, 0.5 mM MgCl,, 10% of a normal human
serum pool, and anti-bt Abs. The suspension was incubated at 37° while
shaking for at least 90 min. For the 100% lysis control, 65 pl water was
added to the 35 pl cell suspension. After incubation, 50 pl PBS was added
to each well to increase the volume slightly, plates were centrifuged for 2
min at 1800 rpm, and 100 pl supernatant was transferred to
flat-bottom MaxiSorp plates. The OD was read at 412 and 690 nm for back-
ground correction. The percentage of lysis was calculated as (OD sample/
OD 100% lysis) x 100.

Results

Production of recombinant IgM with and without J chain

To study complement activation by polymeric IgM in more detail and
in a controlled system, we produced recombinant human IgM with
three different specificities, two ACPAs (clones 2D5 and 1G8) and an
anti-bt Ab (of mouse origin but with human constant domains). IgM
was purified from culture supernatants with a lectin column that binds
to glycans on IgM and was mildly eluted with galactose (Fig. 1). We
found this allowed efficient purification with minimal degradation and
aggregation of the Abs.

These clones, as well as three control IgM clones, were analyzed
with size-exclusion chromatography combined with MALS (Fig. 2A,
Supplemental Fig. 1) and on native protein gel (Fig. 2B). Not all
clones entered the gel, however; because analysis by HP-SEC showed
that these clones eluded in single peaks, we can conclude that this is
not due to aggregation. The estimated m.w. as determined by MALS
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IgM polymerization and complement activation. (A) Schematic representation of polymeric IgM. In the presence of J chain, IgM is assembled

as a pentamer, which takes on a hexagonal arrangement, with J chain taking the position of the last missing arm (as depicted on the right). In absence, how-
ever, IgM will predominantly form hexamers, but smaller oligomers also occur (as depicted on the left). (B) Classical pathway activation by IgM is initiated
by Ag binding and subsequent recognition of IgM by Clq. An activated C1 complex will cleave C4 and C2, to form the C3 convertase C4bC2a, which in
turn cleaves C3 and causes C3b deposition on the cell surface. The C5 convertase (C4bC2aC3b) is formed, and the terminal pathway is activated through
cleavage of CS, followed by the recruitment of C6-9, the formation of the membrane attack complex, and eventual cell lysis. (C) To determine deposition of
classical pathway components by IgM in ELISA, a matched set of anti-bt antibodies was allowed to bind to biotinylated albumin-coated plates (C1) and
subsequently incubated with 2.5% of human serum (C2) to activate the classical pathway. Bound Clq, C4b, and C3b were detected with specific HRP-
conjugated antibodies (C3). (D) Terminal pathway activation by IgM antibodies was studied in a CDC assay. Healthy O-donor RBCs were biotinylated and
incubated with anti-bt antibodies and 10% of human serum (D1). Sufficient opsonization of cells leads to cell lysis (D2), which is then measured as the absor-

bance of hemoglobin in the suspension supernatant.

analysis indicates that [gM—J assembles as a larger multimer than
IgM—+1] for every clone and correlates to expected molecular weights
of hexameric and pentameric IgM, respectively. Taken together, this
confirms that J chain—containing IgM adapts a pentameric configura-
tion, whereas in the absence of J chain, IgM predominantly forms hex-
amers. These results were further supported by visualization of IgM
preparations on an isoelectric focusing gel (Supplemental Fig.
1A). Western blot confirmed the presence and absence of the J
chain for IgM+]J and IgM-J, respectively (Supplemental Fig.
1B).

Later we will refer to IgM+1J as pentameric IgM and to IgM—J
as hexameric IgM.

Complement activation by IgM autoantibodies is driven by Ag density

Our initial experiments focused on complement activation by a
monoclonal IgM autoantibody based on BCR sequences isolated
from a rheumatoid arthritis patient, i.e., an ACPA. Although we are
not aware of any data on the polymerization state of these Abs

in vivo, we chose to produce the IgM ACPA (2D5) both with and
without J chain and tested their ability to activate complement when
bound to citrullinated fibrinogen as an Ag.

For both IgM isomers, we could measure only very little to no
Clq binding (Fig. 3A). Surprisingly, we found that hexameric IgM
is capable of activating complement in this setting, while we found
almost no complement activation for pentameric IgM, as assessed
by measuring C4b/C3b deposition (Fig. 3A). We hypothesized that
this was due to the nature of the Ag used, and therefore we decided
to switch to Ags that would allow us better control of the density.
To this end, we repeated the assay with two synthetic citrullinated
peptides: cfib2, a 20-aa citrullinated fibrinogen peptide; and CCP4, a
15-aa cyclic citrullinated peptide (Fig. 3B).

Interestingly, with these synthetic peptides as Ags, we observed
a pronounced effect of Ag density for ACPA 2DS5 pentameric ver-
sus hexameric IgM to activate complement. In the case of cfib2,
we even found that with higher Ag densities, the pentamer and
hexamer activate complement similarly, while the differences
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FIGURE 2. Characterization of monoclonal IgM with and without J chain. Monoclonal IgM antibodies were produced in the presence (IgM+1J) and
absence (IgM—J) of J chain and characterized with HP-SEC combined with MALS (A) and native PAGE (B). (A) Elution profiles (right y-axis) and estimated
molecular mass (left y-axis) of [gM ACPA 2DS5 and anti-bt. The mean molecular mass of each peak is stated below each graph. The earlier a protein elutes,
the higher its molecular mass. Shown are representative runs (n = 2). (B) Native PAGE (3—-8% Tris-acetate) gel of different IgM monoclonals with and with-
out J chain. Additional characterization can be found in Supplemental Fig. 1.

between the two isoforms remain more pronounced when tested more than the pentamer, so much so that at the lowest densities
on the CCP4 coat. For both Ags, we found that at lower Ag densi- tested, activation was observed only for hexameric, but not for
ties the hexameric isoform progressively activates complement pentameric, IgM.
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FIGURE 3. Complement activation by RA-specific IgM autoantibodies bound to different Ags. (A) Deposition of Clq, C4b, and C3b by IgM APCA 2D5
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We also extended our observations to a second clone,
ACPA 1G8, which could activate complement on the syn-
thetic CCP4 coat, whereas it was unable to do so when
bound to citrullinated fibrinogen. In general, this clone is

less potent than the ACPA 2DS5. Again, the differences
between the hexameric and pentameric IgM are more pro-
nounced at lower Ag densities. Overall, this emphasizes that
Ag density, but also the nature of the Ag, is an important
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driver of complement activation by IgM. Sufficient Ag lev-
els are especially important for pentameric IgM, which at
high levels can activate complement to a similar extent as
hexameric IgM.

Complement activation by IgG1 and pentameric IgM, but not
hexameric, is strongly dependent on Ag density

We were surprised by the strong dependency of pentameric IgM on
Ag density, and we set out to study this effect in more detail in a
controlled system using Abs specific to bt. To control the Ag densi-
ties in this assay, we biotinylated HSA at different concentrations.
We chose conditions mimicking low to relatively high Ag densities
by biotinylating HSA at concentrations ranging from 15 to 120 puM,
which we determined resulted in HSA with, respectively, 1-14 bts
per molecule. The HSA-bt was used in a deposition ELISA to mea-
sure binding or deposition of Clq, C4b, and C3b (Fig. 1C).

As with the IgM ACPAs, we found almost no Clq binding to
any of the Abs at the lowest Ag density (15 pM bt) we tested. With
these conditions, however, pentameric IgM is able to activate com-
plement sufficiently to cause C4b and C3b deposition, albeit less
than IgM—J, despite equal binding of both isoforms to the coat
(Supplemental Fig. 2A). As we increase the density of bt, the differ-
ences between pentameric and hexameric IgM become smaller
(Fig. 4A). Although no Clq binding could be demonstrated, C3b
deposition could be blocked to undetectable levels by inhibiting
Clgq, indicating the classical pathway as main driver for the C3b
deposition. No C3b deposition was observed in the control condi-
tion, i.e., HSA without bt (Supplemental Fig. 3A, 3B).

When we compare complement activation by IgM with that by
IgG1, we observed that at the lowest Ag densities 1gG1 is, in con-
trast with IgM, not able to activate complement. For the high Ag
density condition, we found that IgG1 was able to bind the most
Clgq, followed by hexameric and then pentameric IgM. Interestingly,
this does not translate to more C4b or C3b deposition, which takes
place to a similar extent for IgM and IgG1 at this Ag density.

Similar results were obtained at various dilutions of human serum
(Supplemental Fig. 3C).

Next, we wished to confirm that the differences we found in clas-
sical pathway activation and C3b deposition are also reflected in ter-
minal pathway activation and subsequent cell lysis. We measured
the lytic activity of Abs in a CDC assay for which we biotinylated
RBCs at varying concentrations of bt (7-125 uM) (Fig. 1D). Again,
we found that hexameric causes relatively more lysis than pentame-
ric IgM at the lowest Ag densities (7-15 uM bt), while IgG1 does
not cause any lysis at these critical conditions. At higher Ag densi-
ties, we found that the differences between the Abs become smaller,
whereas at the highest densities tested, all three Abs activate com-
plement to a similar extent (Fig. 4B). In line with the data obtained
in ELISA, we found similar results with various dilutions of human
serum (Supplemental Fig. 3C).

Taken together, we show that Ag density is an important driver
of classical and terminal pathway activation (Fig. 4C). Hexameric
IgM is a more potent complement activator than pentameric IgM or
IgG1, especially at low Ag densities. These differences are lost at
higher densities.

Proximity of Ag affects complement activation by IgM+J more than

IgM—J

Complement activation by IgG has been shown to be less efficient
when it recognizes an Ag/epitope more distal from the cell (43).
However, to our knowledge, this has never been shown for IgM.
We therefore investigated the effect of the spatial arrangement of
Ags on complement activation by IgM. We used three biotinylation
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reagents with different spacer arm lengths (Fig. 5A) and compared
them in complement deposition and CDC assays as before.

In general, both IgM and IgG Abs induced less activation with
longer linkers (Fig. 5B, 5C, Supplemental Fig. 2B, 2C). Further-
more, under these conditions, hexameric IgM was a better comple-
ment activator than pentameric IgM or IgGl. Overall, our data
strongly indicate that both Ag density and distance from target sur-
face are critical components determining the efficiency of comple-
ment deposition leading to CDC. In addition, fully hexameric IgM
largely compensates for this, while pentameric IgM and IgG1 are
less capable to do so under suboptimal conditions.

Discussion

Recently, interest has increased with IgM after the discovery that
pentameric IgM takes on a similar, hexagonal conformation to hex-
americ IgM both in solution and when it is in complex with Ag and
C1 (10, 12—14). This appears to be at odds with previous findings
showing that hexameric IgM is a more potent complement activator
than pentameric IgM. Furthermore, reports on relative complement
activating potencies of the two IgM isomers vary considerably
across different studies (6). Together, these findings prompted us to
conduct a more thorough investigation of complement activation by
IgM. Our results clearly demonstrate that at low Ag densities, hex-
americ IgM (IgM—J) is a much more potent activator than pentame-
ric IgM (IgM+1), while at high densities, they activate complement
similarly.

Ag binding by Abs is the first step in the classical pathway and
drives the conformational changes within the Ab necessary to acti-
vate complement. In solution, IgM is in a semiplanar, stellate confor-
mation, and the residues within the IgM Cu3 domain are shielded
from recognition by Clq (11, 44). Several groups have studied the
structure of the pentameric IgM-Fc using (cryo)electron microscopy
and have found that it forms an asymmetric hexagon, in which the
J chain takes up the place of a missing sixth arm resulting in a
50- to 60-degree gap (12—14). In the absence of J chain, IgM forms
stable hexamers or more tightly packed pentamers to compensate for
reduced structural stability (12).

On Ag binding, IgM changes its conformation to a nonplanar,
dome shape to expose these residues so C1 can bind (11, 44). Sharp
et al. (10) proposed that interactions within the IgM—C1 complex
induce an overall hexagonal arrangement of the entire complex, and
that the concerted compaction of Clq leads to rearrangement of the
proteases within the complex to activate downstream complement
mediators. The resulting C1-IgM complex is symmetric and hexag-
onal in arrangement, regardless of IgM’s polymerization state.
These interactions are strongly reminiscent of IgG—C1 complexes,
for which preferably six IgG monomers interact with one C1q mole-
cule and form hexamers on Ag binding (15, 16, 45). However, as
the multiple IgM-Fc structures show, Ag binding is not a strict
requirement for a hexagonal arrangement of IgM in solution; there-
fore, the differences in complement activation between pentameric
and hexameric IgM cannot simply be explained by differences in
conformation. Further insights into the dynamics of the pentameric
and hexameric core may prove key to completely understanding the
differences in complement activating potency.

With our set of matched humanized anti-bt Abs, we could
further elaborate on the effect of Ag density on complement
activation by hexameric and pentameric IgM, as well as IgG1.
Besides a pronounced difference in activity of hexameric versus
pentameric IgM depending on Ag density, there exists an even
stronger dependency on Ag density for human IgGl. This is in
line with what has been shown previously in several other, non-
human systems (46, 47). To activate complement, IgG forms
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FIGURE 4. The effect of Ag density on complement activation by IgM. Classical and terminal pathway activation (see Fig. 1C and 1D for setup) induced
by a matched set of anti-bt antibodies (IgM+J, IgM—J, and IgG1) with varying Ag densities. (A) Clq, C4b, and C3b deposition induced by anti-bt antibodies
as measured in ELISA on HSA-bt biotinylated at varying concentrations of bt (15, 30, 45, and 120 uM). Representative graphs are shown (n = 3). (B) Com-
plement-mediated lysis by anti-bt antibodies of RBCs that were biotinylated at varying concentrations of bt (7, 15, 31, and 125 uM). All data represent the
mean + SD of two technical duplicates within one experiment. Representative graphs are shown (n = 3). (C) Complement deposition at different Ag densities
for 1.5 and 0.75 pg/ml Ab [data from (A) replotted].

oligomers through reversible Fc—Fc interactions on Ag binding, because at the lowest densities tested, IgG1 does not activate
but only if there is both enough Ag and Ab present for mono- complement. Interestingly, we found more Clq bound to IgGl
mers to interact (48, 49). This is reflected in our experiments, than to IgM at the highest densities, but this did not translate
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lengths. (B) Deposition of C3b by anti-bt antibodies (0.75 pg/ml) on HSA-bt at varying concentrations of NHS-bt, NHS-LC-bt, and NHS-LC-LC-bt (15, 30,
45, and 120 uM). Data are plotted as the mean + SD of two technical duplicates within one experiment. (C) CDC induced by anti-bt antibodies (5 pg/ml) of
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two technical duplicates within two experiments. Representative graphs are shown (C3b deposition: n = 3, CDC: n = 2-5).

into more C4b/C3b deposition and terminal pathway activation. little Clq binding when compared with IgG1 (50). It was found
This phenomenon has recently also been described for complement that the C1-IgG complex can be either stabilized by efficient hex-
activation by IgG2, which is able to induce lysis but shows very amer formation or by interactions between Clq and the proteases
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Cl1r/Cls. Measured Clq is not necessarily complexed with its pro-
teases and therefore does not always correlate with downstream
complement activation.

Next to Ag density, the nature of the Ag (ie., distance from
membrane, membrane fluidity) and of Ag—Ab interactions (i.e.,
affinity, binding epitope) also affect complement activation (51). We
found that the effects of Ag density we observed could be extended
to multiple clones and reactivities. The differences we observed
between the two ACPA clones are likely to stem from their different
binding affinities toward the citrullinated Ags, because the 2D5
clone appears to be able to bind with higher affinity than the 1G8
clone (31). Furthermore, we also showed that hexameric IgM acti-
vates complement better with more distal Ags when compared with
pentameric IgM and even more so when compared with IgGl. It
was previously shown that CDC by IgG becomes less effective the
further an epitope is removed from the cell surface (43), and IgM
complement activation is affected in a similar manner, albeit to a
lesser extent. Interestingly, we find that C3b deposition by hexame-
ric IgM is similar in all conditions tested. However, it is likely that
at least part of this deposition did not occur directly at the cell sur-
face, but rather at structures slightly farther removed, and this depo-
sition would therefore probably not contribute to formation of the
membrane attack complex.

We found that the preparation of purified IgM is also crucial.
Several previous studies made use of the CH12 murine lymphoma
cell line that produced both hexameric and pentameric IgM in a
50/50 manner and is specific for the hapten trinitrophenyl (24, 25,
52). It coexpresses low amounts of J chain, which causes it to pro-
duce both isoforms, which are technically difficult to separate. It is
likely that these studies were instead performed with mixtures of
isoforms. We also found that harsh elution conditions (i.e., acidic
elution) during IgM purification can lead to aggregation, especially
in the case of hexameric IgM, because in our hands, this polymer is
not as stable as the J chain—containing pentamer and easily aggre-
gates/precipitates. In this study, we used a transient transfection sys-
tem that allowed us full control over J chain coexpression, in
combination with a very mild purification protocol to produce well-
defined, homogeneous IgM preparations.

Lastly, the biological relevance of hexameric IgM remains uncer-
tain. It has mainly been found in different (B cell-driven) patholo-
gies and in cell culture systems. [gMs isolated from patients with
Waldenstrom’s macroglobulinemia (24, 53, 54), reoccurring bacte-
rial unitary tract infections (55), and cold agglutinin disease (24)
have been shown to lack J chain and form hexamers. For the latter,
enhanced hemolytic activity was demonstrated for hexameric versus
pentameric autoantibodies against RBC Ag Ii. In the case of IgM
gammopathies, symptoms related to the monoclonal IgM depend
on the type and specificity of the monoclonal (i.e., cryoglobulin,
anti-RBC autoantibody), but may also be determined by the poly-
merization state of IgM. Furthermore, raised hexameric IgM was
observed after specific immunization in patients with recurrent
lower urinary tract infections, which was associated with nonres-
ponse (55). Regardless, the extent of J chain deficiency within these,
but also other disorders, remains largely unexplored. Additional
studies to map the prevalence of hexameric IgM in IgM-driven
pathologies and diseases that present with IgM autoantibodies such
as rheumatoid arthritis could provide valuable insights to better
understand the pathogenic role of IgM.

In vitro, some EBV-transformed B cells were found to also secrete
IgM without J chain (56). In mice, B cell lymphomas and hybridomas
have been found to secrete both J chain—positive and —negative IgM
(6, 22, 23, 25, 57), and this composition can be altered by stimulation
with LPS or IL-5 (24, 52). These studies overall find that the majority
of IgMs without J chain are secreted as hexamers, but the composition
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of polymers appears to depend strongly on the expression system
used. Furthermore, purification of hexameric IgM from serum has
been reported (58). However, our own attempts to separate serum IgM
from healthy individuals into fractions with and without J chain did
yield J chain—negative IgM, but this appeared to be of similar or
smaller size to pentameric IgM (data not shown). Although this does
not rule out the possibility that hexameric IgM plays a role in normal
immunity, we think it unlikely that it is present in large quantities in
healthy individuals during homeostasis. Because it is such a potent
complement activator, it could also potentially be very dangerous to
have high levels of hexameric IgM in circulation. Possibly, its appear-
ance is restricted to situations in relation to pathology.

Overall, we have shown that the relative differences in comple-
ment activation by hexameric and pentameric IgM are in part subject
to Ag binding. The Ag density, but also the nature of the Ag, i.e., its
distance from the membrane, determine the activating potency of
Abs. This affects hexameric IgM the least, which at critical Ag condi-
tions steadily outcompetes both pentameric IgM and, even more so,
IgG1. This highlights the importance of IgM in complement activa-
tion, because we find that in circumstances with critical Ag condi-
tions, it is a more potent complement activator than IgG.
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