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CD20 monoclonal antibody therapies have significantly improved
the outlook for patients with B-cell malignancies. However, many
patients acquire resistance, demonstrating the need for new and

improved drugs. We previously demonstrated that the natural process of
antibody hexamer formation on targeted cells allows for optimal induc-
tion of complement-dependent cytotoxicity. Complement-dependent
cytotoxicity can be potentiated by introducing a single point mutation
such as E430G in the IgG Fc domain that enhances intermolecular Fc-Fc
interactions between cell-bound IgG molecules, thereby facilitating IgG
hexamer formation. Antibodies specific for CD37, a target that is abun-
dantly expressed on healthy and malignant B cells, are generally poor
inducers of complement-dependent cytotoxicity. Here we demonstrate
that introduction of the hexamerization-enhancing mutation E430G in
CD37-specific antibodies facilitates highly potent complement-depen-
dent cytotoxicity in chronic lymphocytic leukemia cells ex vivo. Strikingly,
we observed that combinations of hexamerization-enhanced CD20 and
CD37 antibodies cooperated in C1q binding and induced superior and
synergistic complement-dependent cytotoxicity in patient-derived cancer
cells compared to the single agents. Furthermore, CD20 and CD37 anti-
bodies colocalized on the cell membrane, an effect that was potentiated
by the hexamerization-enhancing mutation. Moreover, upon cell surface
binding, CD20 and CD37 antibodies were shown to form mixed hexam-
eric antibody complexes consisting of both antibodies each bound to
their own cognate target, so-called hetero-hexamers. These findings pro-
vide novel insights into the mechanisms of synergy in antibody-mediated
complement-dependent cytotoxicity and provide a rationale to explore
Fc-engineering and antibody hetero-hexamerization as a tool to enhance
the cooperativity and therapeutic efficacy of antibody combinations. 
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ABSTRACT

Introduction

Monoclonal antibodies (mAbS) have become the backbone of treatment regimens
for several cancer indications. The chimeric immunoglobulin (Ig)G1 CD20 mAb rit-
uximab was the first mAb approved for clinical use in cancer therapy. CD20 is
expressed on more than 90% of mature B cells and rituximab is widely used to treat
B-cell malignancies.1-3 However, many patients do not experience complete remis-
sion or acquire resistance to rituximab treatment, thereby demonstrating the need
for improved mAb therapeutics or alternative tumor-targeting strategies.4-6 
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mAbs employ various mechanisms to eliminate cancer
cells, such as induction of programmed cell death or Fc-
mediated effector functions, including antibody-depen-
dent cell-mediated cytotoxicity (ADCC), antibody-depen-
dent cellular phagocytosis (ADCP), and complement-
dependent cytotoxicity (CDC), which can be increased by
Fc engineering.7 ADCC and ADCP, for example, can be
enhanced by improving FcγR binding through Fc glyco-
engineering or amino acid modifications.8-11 Likewise, C1q
binding and CDC can be increased by amino acid substi-
tutions in Fc domains.12,13 CDC is initiated when mem-
brane-bound antibodies bind the hexavalent C1q mole-
cule, which together with C1r and C1s forms the C1 com-
plex, the first component of the classical complement
pathway. C1 activation triggers an enzymatic cascade that
leads to covalent attachment of opsonins to target cells,
and the generation of potent chemoattractants, anaphyla-
toxins and membrane attack complexes (MAC).14 IgG
antibodies bound to cell surface antigens assemble into
ordered hexamers, providing high avidity docking sites to
which C1 binds and is activated.15 IgG hexamer formation
and complement activation can be enhanced by single
point mutations in IgG Fc domains, such as E430G, which
increase interactions between Fc domains of cell-bound
IgG.16 The hexamerization-enhanced (Hx) CD20-targeting
mAb 7D8 displayed strongly enhanced CDC of B cells
from patients with chronic lymphocytic leukemia (CLL),
which often demonstrate complement resistance due to
low CD20 and high membrane complement regulatory
protein (mCRP) expression.16-18 
In polyclonal antibody responses, antibodies against dis-

tinct epitopes or antigens are thought to cooperate result-
ing in increased effector functions against target cells. This
increase can be mimicked in mAb combinations or cock-
tails. For example, mAbs targeting epidermal growth fac-
tor receptor (EGFR) do not induce CDC in vitro, but com-
binations of mAbs against multiple EGFR epitopes 
induced potent CDC.19,20 
CD37, which is abundantly expressed on B cells, repre-

sents a promising therapeutic target for the treatment of B-
cell malignancies.21,22 Currently known CD37 mAbs in clin-
ical development, however, are generally poor inducers of
CDC.23-27 Here we show that introducing Hx mutations into
CD37 mAbs strongly potentiated CDC of CLL cells, and
that combinations of CD20 and CD37 targeting mAbs
could further enhance CDC of tumor cell lines and primary
patient cells. We investigated the mechanism behind the
synergistic CDC activity of CD20 and CD37 mAbs, and
found that the mAb combinations activate complement
cooperatively. The two mAbs formed mixed hexameric
antibody complexes consisting of both antibodies each
bound to their cognate targets, which we termed hetero-
hexamers. The concept of hetero-hexamer formation and
the use of Fc-Fc interaction enhancing mutations could
serve as a tool to enhance cooperativity, and thereby the
tumor killing capacity, of mAb combinations. 

Methods

Cells
Daudi, Raji and WIL2-S B-lymphoma cell lines were obtained

from the American Type Culture Collection (ATCC n. CCL-213,
CCL-86 and CRL-8885, respectively). All primary patient cells used
in this study were obtained after written and informed consent

and stored using protocols approved by the institutional review
boards in accordance with the Declaration of Helsinki (Online
Supplementary Methods).

Antibodies and reagents
mAb IgG1-CD20-7D8, IgG1-CD20-11B8, IgG1-CD37 clone

37.3 and IgG1-gp120 were recombinantly produced at
Genmab.18,28-30 The HIV-1 gp120 mAb b12 was used to determine
assay background signal. Mutations to enhance or inhibit Fc-Fc
interactions were introduced in expression vectors encoding the
antibody heavy chain by gene synthesis (GeneArt). Rituximab
(MabThera®), ofatumumab (Arzerra®), and obinutuzumab
(Gazyvaro®) were obtained from the institutional pharmacy
(UMC Utrecht). See Online Supplementary Methods for details on
reagents used.

CDC assays
CDC assays with CLL patient cells were performed with human

complement as described.31 CDC assays with B-lymphoma cell
lines and patient-derived B-lymphoma cells were per-formed using
100,000 target cells incubated [45 minutes (min) at 37˚C] with a
mAb concentration series and pooled normal human serum (NHS,
20% final concentration) as a complement source. Killing was cal-
culated as the percentage of propidium idodide (PI) or 7-AAD pos-
itive cells determined by flow cytometry. See Online Supplementary
Methods for details on cell markers used to define cell populations. 

Expression analysis
Expression levels of cellular markers were determined using an

indirect immunofluorescence assay (QIFIKIT®, BioCytex) accord-
ing to the manufacturer‘s instructions (Online Supplementary
Methods). 

C1q binding and CDC efficacy
Daudi cells (3x106 cells/mL) were incubated with 10 μg/mL

mAb and a concentration series of purified human C1q for 45 min
at 37˚C. After washing, cells were incubated with FITC-labeled
rabbit anti-human C1q antibody for 30 min at 4˚C and analyzed
on a FACS Canto II flow cytometer (BD Biosciences, CA, USA).
The efficiency of C1q binding and subsequent CDC was assessed
as described above using fixed mAb concentrations, a concentra-
tion series of purified C1q and 20% C1q depleted serum. 

Confocal microscopy 
Raji cells were opsonized with A488 labeled Hx-CD20-7D8 and

A594 labeled Hx-CD37 mAbs (2.5 µg/mL final concentrations),
and incubated for 15 min at room temperature. After washing,
cells were placed on a poly-D lysine-coated slide and images were
captured with a Zeiss AxioObserver LSM 700 microscope using
plan-Apochromat 63X/1.40 Oil DIC M27 objective lenses and
acquired/processed using Zen software. 

Förster resonance energy transfer analysis
Proximity-induced Förster resonance energy transfer (FRET)

analysis was determined by measuring energy transfer between
cells incubated with A555-conjugated donor and A647-conjugat-
ed acceptor mAbs using flow cytometry (Online Supplementary
Methods). The dynamic range of FRET analysis by flow cytome-
try was determined using control mAbs (Online Supplementary
Figure S1). 

Data processing and statistical analyses
All values are expressed as the mean±Standard Deviation of at

least two independent experiments. Graphs were generated and
analyzed using GraphPad Prism 7.0 (CA, USA). Differences
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between two groups were analyzed using paired Student t-test
with two-tailed 95% Confidence Intervals and between more
groups by paired or unpaired one-way ANOVA followed by a
Tukey’s post-hoc multiple comparisons test. See Online
Supplementary Methods for details on synergy and colocalization
analysis.

Results

Hexamerization-enhancing mutations in CD20 
and CD37 mAbs substantially enhance 
complement-dependent cytotoxicity of chronic
lymphocytic leukemia B cells
We previously reported increased CDC with engineered

mAbs containing Hx mutations in the Fc domain.15,16 We
therefore investigated whether introducing the Hx 
mutation E430G into the CD37 chimeric IgG1 mAb 37.3
could potentiate CDC in B cells isolated from chronic 
lymphocytic leukemia (CLL) patients and compared this
to the CD20 mAb IgG1-CD20-7D8 with and without a
Hx mutation. Wild-type (WT) IgG1-CD20-7D8 promoted
considerable CDC of CLL B cells and CDC was increased
by the E430G mutation (Figure 1A). While WT 
IgG1-CD37 efficiently binds to CLL B cells, it was ineffec-
tive at inducing CDC (Figure 1B and Online Supplementary
Figure S2), in contrast to Hx-CD37 (Figure 1B). For both
Hx-CD20-7D8 and Hx-CD37, high levels of cell killing
largely required active complement, since CDC was
almost absent in heat-inactivated NHS, NHS supplement-
ed with EDTA or medium alone (Figure 1A and B).
Background killing of cells from patient A mediated by
Hx-CD37 in the absence of complement, was slightly
higher than expected. However, in C1q-depleted serum,
background killing was 16%, compared to 6% for cells
reacted with Hx-CD20-7D8. Background killing in C1q-
depleted serum for six other CLL patient samples aver-
aged 13% and 14% for cells reacted with Hx-CD20-7D8
and Hx-CD37, respectively. Reaction in NHS increased
CDC to averages of 91% and 95%, respectively.
Introduction of the Hx mutation E430G into CD20 and
CD37 mAbs did not affect pharmacokinetic profiles and
binding to FcRn (data not shown).16 At the highest concen-
tration (16 μg/mL) Hx-CD37 induced ≥95% CDC of
tumor B cells for 9 of 12 patients (Figure 1C). At concen-
trations of 0.25 and 2 μg/mL, Hx-CD37 generally demon-
strated higher potency than Hx-CD20-7D8 (Figure 1D and
E), which may be explained by higher expression levels of
CD37 (approximately 2-fold) in the majority of CLL sam-
ples (Online Supplementary Figure S3A and B).

CD20 and CD37 mAbs synergistically induce 
complement-dependent cytotoxicity of malignant 
B cells
We investigated the CDC activity of combinations of

WT CD20 and WT CD37 mAbs using two different CD20
mAbs. The ability to activate complement represents a
key distinction between type I CD20 mAbs, which medi-
ate strong CDC, and type II CD20 mAbs, which only
mediate weak CDC.32 The effect of combining WT type I
CD20 mAb 7D8 or WT type II CD20 mAb 11B8 with WT
CD37 mAbs on CDC was assessed using Daudi cells. As
expected, WT IgG1-CD20-7D8 showed potent CDC
activity (96.6% cell lysis), whereas WT IgG1-CD37 did
not induce CDC (Figure 2A). The combination of WT

IgG1-CD20-7D8 and WT IgG1-CD37 did not demon-
strate enhanced CDC. However, while neither WT IgG1-
CD20-11B8 nor WT IgG1-CD37 induced CDC as single
agents, the combination promoted strong lysis of approx-
imately 60% (Figure 2B). Minimal cell lysis was observed
in experiments with heat-inactivated serum, indicating
that that cell killing was largely dependent on complement
(Online Supplementary Figure S4).
We also examined whether combinations of CD20 and

CD37 mAbs with Hx mutations also showed 
cooperativity in CDC by testing mAb combinations using
a full dose-response matrix (8x8 serial dilution grid) based
on the EC50 values of the different mAbs. Surprisingly,
both Hx-CD20-7D8 and Hx-CD20-11B8 in combination
with Hx-CD37 showed enhanced CDC of Daudi cells
compared to the single agents (Figure 2C and Online
Supplementary Figure S5A). We next assessed whether the
observed combination effect was synergistic using the
Loewe additivity-based combination index (CI) score cal-
culated by CompuSyn, whereby effects were categorized
as synergistic (CI<1), additive (CI=1), or antagonistic
(CI>1).33 The Loewe additivity-based model assumes syn-
ergy when the effect of a drug combination is higher than
the effect of a drug combined with itself, and takes into
account both the potency and the shape of the dose-effect
curve of each drug in the dose-response matrix. Synergy
was observed for both Hx-CD20-7D8 and Hx-CD20-11B8
when combined with Hx-CD37, with average CI values
of 0.37 and 0.31 (effective dose - ED95), respectively
(Figure 2D, Online Supplementary Table S1 and Online
Supplementary Figure S5B). At the lower tested mAb con-
centrations, synergy was more profound (lower CI values)
for combinations of Hx-CD37 with type II CD20 mAb-
derived Hx-CD20-11B8 than with type I CD20 mAb-
derived Hx-CD20-7D8. 
In addition to Daudi cells, we used two other B-cell lines

expressing various levels of CD20 and CD37 to further
examine the cooperativity in CDC between combinations
of Hx-CD37 with Hx-CD20 mAbs or with clinically vali-
dated CD20 mAbs. Across all B-cell lines tested, enhanced
CDC activity was observed for combinations of Hx-CD37
with Hx-CD20 mAbs, as well as for combinations of Hx-
CD37 with ofatumumab, rituximab and obinutuzumab
(Figure 2E). Even in WIL2-S cells expressing low levels of
CD37, a combination of Hx-CD37 with obinutuzumab
induced 72% lysis, whereas the single agents induced only
5% and 10% lysis respectively. Despite high single agent
activity of Hx-CD37 and Hx-CD20 mAbs at 10 μg/mL
(per mAb) in Daudi cells, the cooperativity between Hx-
CD37 and Hx-CD20 mAbs became apparent at the lower
mAb concentrations. 

Enhanced binding and use of C1q by combinations of
hexamerization-enhanced CD20 and CD37 mAbs
We hypothesized that the observed synergy in CDC

between Hx-CD20 and Hx-CD37 mAbs resulted from
more efficient use of complement proteins, starting with
binding of C1q. Therefore, we determined whether com-
binations of Hx-CD20 and Hx-CD37 differed in their C1q
binding capacity. We incubated Daudi cells with fixed
mAb concentrations and titrated C1q, and measured C1q
binding and the concentration of C1q required to induce
CDC, referred to here as CDC efficacy. Hx-CD20-7D8
already induced efficient C1q binding as a single agent,
while Hx-CD37 showed limited C1q binding (Figure 3A).

CD20 and CD37 antibodies show synergy in CDC
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Combinations of Hx-CD20-7D8 and Hx-CD37 did not
significantly increase C1q binding. However, the combi-
nation showed higher CDC efficacy as demonstrated by
the lower EC50 value in the C1q dose-response curves
compared to the single mAbs (0.03 μg/mL for the combi-
nation vs. 0.12 μg/mL for Hx-CD20-7D8 and 0.34 μg/mL
for Hx-CD20-11B8) (Figure 3B). In contrast to the results
with the type I CD20 mAb-derived variant, combining
type II CD20 mAb-derived Hx-CD20-11B8 with Hx-
CD37 resulted in increased C1q binding compared to the
single mAbs, as well as increased CDC efficacy (Figure 3C
and D). Collectively, these data suggest that combinations
of both type I and type II CD20 mAb-derived Hx-CD20
mAb with Hx-CD37 mAbs activate complement more
effectively. 

CD20 and CD37 mAbs colocalize on B cells
Confocal microscopy was used to determine whether

the CD20- and CD37-specific antibodies associate on the
cell surface upon target binding. Cell-bound Hx variants of
CD20 mAb 7D8 and CD37 mAb 37.3 were detected using
A488 and A594 fluorescent labeling, respectively, and anti-
body colocalization was quantified by calculating spatial
overlap (Manders’ co-efficients) between the two fluores-
cent labels. The merged A488/A594 image showed that
membrane-bound Hx-CD20 and Hx-CD37 mAbs indeed
colocalized on the surface of Raji cells (Figure 4A), which
was confirmed by quantitative analysis, giving Manders'
coefficients of M1=0.805 (fraction of image 1 overlapping
image 2) and M2=0.751 (fraction of image 2 overlapping
image 1).
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Figure 1. Hexamerization-enhancing mutations in CD20 and CD37 mAbs sub-
stantially enhance complement-dependent cytotoxicity (CDC) of chronic lym-
phocytic leukemia (CLL) B cells. (A and B) CDC of B cells obtained from patient
A with CLL. Cells were opsonized with different concentrations of CD20 mAb
7D8 as wild type (IgG1-CD20-7D8) or with a hexamerization-enhancing muta-
tion (Hx-CD20-7D8) (A); or CD37 mAb 37.3 as wild type (IgG1-CD37) or with a
hexamerization-enhancing mutation (Hx-CD37) (B) in the presence of 50%
pooled normal human serum (NHS), heat-inactivated (HI) NHS, NHS + EDTA or
medium. Representative examples of three replicate experiments are shown.
(C-E) CDC of B cells obtained from 12 different CLL patients (patient B-M). CLL
B cells were opsonized with 16 μg/mL (C), 2 μg/mL (D) or 0.25 μg/mL (E) Hx-
CD20-7D8 or Hx-CD37. The dashed line represents 95% cell lysis. CDC induc-
tion is expressed as the percentage lysis determined by the fraction of TO-PRO-
3 positive cells and data shown are mean and Standard Deviation of duplicate
measurements. 
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Figure 2. CD20 and CD37 mAbs synergistically induce complement-dependent cytotoxicity (CDC) of malignant B cells. (A and B) CDC on Daudi cells opsonized with
30 μg/mL wild-type (WT) type I CD20 mAb 7D8 (IgG1-CD20-7D8) (A) or type II CD20 mAb 11B8 (IgG1-CD20-11B8) (B), CD37 mAb 37.3 (IgG1-CD37), or a combination
thereof (15 + 15 μg/mL) in the presence of 20% NHS. CDC induction is expressed as the percentage lysis determined by the fraction of propidium iodide (PI)-positive
cells. Data shown are mean and Standard Deviation of triplicate measurements. (C) 8 x 8 CDC dose response matrix plot for the combination of hexamerization-
enhanced CD37 mAb Hx-CD37 (0-0.8 μg/mL) with hexamerization-enhanced CD20 mAb Hx-CD20-11B8 (0-8 μg/mL), tested on Daudi cells and categorized as a color
gradient from green (0% lysis) to yellow (50% lysis) to red (100% lysis). HIV gp120-specific mAb b12 (IgG1-gp120) was used as a negative control human mAb. (D)
Loewe additivity-based combination index (CI) values calculated by CompuSyn for the CDC dose response matrix as described in (C) and categorized as synergistic
(<1, red), additive (1, white) and antagonistic (>1, blue). Representative examples of two replicate experiments are shown. (E) CDC and CD37 expression analysis on
Daudi, Raji and WIL2-S cells. For the CDC assay, cells were opsonized with Hx-CD37 (10 μg/mL), different CD20 mAb variants (10 μg/mL) or combinations thereof
(10 + 10 μg/mL). Data show the mean of nine replicates collected from three independent experiments. Expression levels were determined using QIFIKIT analysis.
The number of antibody molecules per cell was calculated from the antibody-binding capacity (mean fluorescence intensity, MFI) normalized to a calibration curve,
according to the manufacturer’s guidelines. Expression data show the mean of four replicates collected from two independent experiments. ****P<0.0001.
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Colocalization of cell-bound CD20 and CD37 mAbs was
further examined by directly assessing molecular proximi-
ty using fluorescence resonance energy transfer (FRET)
analysis. We examined FRET on Daudi cells between WT
and Hx variants of CD20 and CD37 mAbs alone and in
combination. Consistent with its CDC activity (Figure 2A),
WT IgG1-CD20-7D8 induced high FRET, which suggests
antibody hexamer formation (Figure 4B). WT IgG1-CD20-
11B8 did not demonstrate proximity-induced FRET (Figure
4C), and WT IgG1-CD37 induced approximately 15%
FRET (Figure 4B and C). Introducing a Hx mutation result-
ed in increased FRET levels for each of the single agents,
indicating that enhancing Fc-Fc interactions increases mAb
colocalization at the cell surface (P<0.0001) (Figure 4D and
E). Introduction of the Hx mutation did not affect target
binding (data not shown), thereby excluding the possibility
that increased FRET would be due to more mAb being
available on the cell surface. Combinations of WT IgG1-
CD20-7D8 and WT IgG1-CD37 induced approximately
30% FRET, which was increased compared to the WT
IgG1-CD37 single mAb (P<0.0001, Figure 4B).
Combinations of WT IgG1-CD20-11B8 and WT IgG1-
CD37 substantially increased FRET compared to each sin-
gle mAb (P<0.0001) (Figure 4C), consistent with the
enhanced CDC induction (Figure 2B). Combinations of
Hx-CD20-7D8 or Hx-CD20-11B8 with Hx-CD37 further
enhanced FRET compared to the FRET levels induced by
the WT mAb combinations (P<0.0001) (Figure 4D and E).
These results confirm that CD20 and CD37 IgG1 mAbs
bind in close proximity on the cell membrane, which can
be enhanced by introducing the E430G mutation.

Hexamerization-enhanced CD20 and CD37 mAbs 
cooperate in complement-dependent cytotoxicity
through Fc-mediated clustering in hetero-hexamers 
Both enhancing Fc-Fc interactions in the CD20 or CD37

mAbs and combining the two B-cell target mAbs resulted
in enhanced mAb colocalization. Together with the
dependency of CDC on the formation of hexameric IgG
complexes on the cell surface,15 this suggests that the CD20
and CD37 mAbs might not only form hexamers composed
of mAbs bound to identical surface targets, but may coop-
erate by also forming mixed hexameric complexes of
mAbs bound to either target, referred to here as hetero-
hexamers. The contribution of Fc-Fc interactions between
Hx-CD20-11B8 and Hx-CD37 to the CDC activity of the
mAb combination was examined by the introduction of
the complementary Fc-Fc interface mutations K439E and
S440K. K439E and S440K suppress Fc-Fc interactions
between antibody molecules containing the same muta-
tion, whereas Fc-Fc interactions are restored in K439K and
S440K antibody mixtures.15 The capacity of Hx-CD20-
11B8 and Hx-CD37 variants with K439E and S440K muta-
tions to induce CDC was tested using Daudi and WIL2-S
cells. The CDC activity of Hx-CD20-11B8 was completely
inhibited by introducing either the K439E or S440K Fc-Fc
inhibiting mutation using Daudi and WIL2-S cells (Figure
5A and B). CDC activity was restored when Fc-Fc inhibi-
tion was neutralized by mixing the two CD20 mAbs.
Similar results were observed for Hx-CD37 on Daudi cells,
while on WIL2-S cells, Hx-CD37 did not induce CDC,
most likely due to low CD37 expression (Figure 5C and D).
Combining Hx-CD20-11B8 and Hx-CD37 mAbs harbor-
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Figure 3. Enhanced binding and use of C1q by combinations of hexamerization-enhanced CD20 and CD37 mAbs. The capacity to bind C1q (A, C) and the efficiency
to bind C1q and promote Complement-dependent cytotoxicity (CDC) (B and D) was assessed using Daudi cells opsonized with 10 μg/mL of hexamerization-enhanced
variants of type I CD20 mAb-derived Hx-CD20-7D8 (A-B) or type II CD20 mAb-derived Hx-CD20-11B8 (C and D), CD37 mAb 37.3-derived Hx-CD37, or a combination
thereof (5 + 5 μg/mL). Binding was detected using a FITC-labeled rabbit anti-human C1q secondary antibody and is expressed as mean fluorescence intensity. CDC
induction was assessed in C1q-depleted serum by calculating the percentage of propidium idodide (PI)-positive cells as determined by flow cytometry. Representative
examples of three replicate experiments are shown.  
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ing the same Fc-Fc inhibiting mutation (K439E or S440K)
strongly reduced CDC activity on Daudi and WIL2-S cells
(Figure 5E and F). However, CDC of both cell lines was
restored by mixing Hx-CD20-11B8 and Hx-CD37, each

carrying one of the complementary mutations K439E or
S440K. These data suggest that Hx-CD20-11B8 and Hx-
CD37 can indeed form hetero-hexameric complexes,
thereby cooperating to activate complement.

Figure 4. CD20 and CD37 mAbs colocalize on B cells. (A) Confocal fluorescence microscopy analysis to detect colocalization of cell-bound CD20 and CD37 mAbs. Raji
cells were opsonized with hexamerization-enhanced A488-conjugated CD20 mAb 7D8-derived Hx-CD20-7D8 (image 1, green) and hexamerization-enhanced A594-con-
jugated CD37 mAb 37.3-derived Hx-CD37 (image 2, red), and incubated for 15 minutes (min) at room temperature. Images were captured in PBS imaging medium at
ambient temperature using a Zeiss Axi-oObserver LSM 700 microscope with Plan-Apochromat 63X/1.40 Oil DIC M27 objective lenses and acquired/processed using
Zen software. Two excitation lasers were used at 488 and 555 nm. In the merged image, overlap of red and green produces orange or yellow. A representative example
of two replicate experiments is shown. (B and C) FRET analysis to detect the molecular proximity of (B) WT type I CD20 mAb 7D8 (IgG1-CD20-7D8) or (C) WT type II CD20
mAb 11B8 (IgG1-CD20-11B8), WT CD37 mAb 37.3 (IgG1-CD37) or a combination thereof on the cell membrane of Daudi cells. (D and E) FRET analysis to detect the
molecular proximity of hexamerization enhanced variants of (D) type I CD20 mAb 7D8-derived Hx-CD20-7D8 or (E) type II CD20 mAb 11B8-derived Hx-CD20-11B8, CD37
mAb 37.3-derived Hx-CD37 or a combination thereof on the cell membrane of Daudi cells. Daudi cells were opsonized with 10 μg/mL A555-conjugated- and 10 μg/mL
A647-conjugated antibody variants for 15 min at 37˚C. FRET was calculated from mean fluorescence intensity values as determined by flow cytometry. Data shown are
mean and Standard Deviation of six replicates collected from three independent experiments. ****P<0.0001.
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Figure 5. Hexamerization-enhanced CD20 and CD37 mAb cooperate in complement-dependent cytotoxicity (CDC) through Fc-mediated clustering in hetero-hexa-
mers. The effect of introducing Fc-Fc inhibiting mutations S440K and K439E on the CDC induction of hexamerization-enhanced type II CD20 mAb 11B8-derived Hx-
CD20-11B8 on Daudi cells (A) and WIL2-S cells (B), hexamerization-enhanced CD37 mAb 37.3-derived Hx-CD37 on Daudi (C) and WIL2-S cells (D) and the mAb com-
binations thereof on Daudi (E) and WIL2-S cells (F). Cells were opsonized with concentration series of Hx-CD20-11B8 and Hx-CD37 variants in the presence of 20%
NHS. CDC induction is expressed as the percentage lysis determined by the fraction of propidium iodide (PI)-positive cells. Representative examples of two (WIL-2S)
and three replicates (Daudi) are shown. (G) The effect of introducing Fc-Fc inhibiting mutations S440K and K439E on the molecular proximity of Hx-CD20-11B8 and
Hx-CD37 variants on the cell membrane of Daudi cells. Daudi cells were incubated with 10 μg/mL A555-conjugated Hx-CD20-11B8 variants and 10 μg/mL A647-
conjugated Hx-CD37 variants for 15 minutes at 37˚C. FRET was calculated from the mean fluorescence intensity values as determined by flow cytometry. Data shown
are mean and Standard Deviation of six replicates collected from three independent experiments. ****P<0.0001.
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Next, the effect of the Fc-Fc interaction-inhibiting muta-
tions on colocalization of Hx-CD20-11B8 and Hx-CD37
mAbs on the cell membrane of Daudi cells was evaluated
using FRET analysis. mAb combinations with Hx-CD20-
11B8 and Hx-CD37 variants, both harboring the same Fc-
Fc inhibiting mutation (K439E or S440K) showed reduced
FRET on Daudi cells (Figure 5G and Online Supplementary
Figure S6). FRET levels were restored when Fc-Fc inhibi-
tion was neutralized by combining Hx-CD20-11B8 and
Hx-CD37 mAbs, each having one of the complementary
mutations K439E or S440K. Thus, donor- and acceptor-
labeled Hx-CD20-11B8 and Hx-CD37 mAb variants come
together in close proximity on the cell membrane of
Daudi cells, which appears to be, at least in part, mediated
by the Fc domain.

Combinations of hexamerization-enhanced CD20 
and CD37 mAbs induce superior ex vivo
complement-dependent cytotoxicity of tumor cells
obtained from patients with B-cell malignancies
We next examined the capacity of combinations of Hx-

CD20 and Hx-CD37 mAbs to induce CDC ex vivo in
tumor cells obtained from patients with B-cell malignan-
cies. First, the CDC activity of Hx-CD20-7D8, Hx-CD37
or combinations was evaluated using tumor cells obtained
from 15 patients diagnosed with CLL. Both Hx-CD20-
7D8 and Hx-CD37 induced substantial CDC of CLL
tumor cells from all 15 tested donors (Figure 6A), in accor-
dance with that seen in Figure 1. Hx-CD37 was more
effective in CDC than Hx-CD20-7D8, which may be
explained by higher expression CD37 on CLL cells
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Figure 6. Combinations of hexamerization-enhanced CD20 and CD37 monoclonal antibodies (mAbs)  induce superior ex vivo complement-dependent cytotoxicity
(CDC) of tumor cells obtained from patients with B-cell malignancies. (A) B cells obtained from 15 patients diagnosed with chronic lymphocytic leukemia (CLL) were
opsonized with fixed concentrations of hexamerization-enhanced type I CD20 mAb 7D8-derived Hx-CD20-7D8 or hexamerization-enhanced CD37 mAb 37.3-derived
Hx-CD37 (open symbols: 2.5 μg/mL, closed symbols: 2 μg/mL; each presented as 100%), or 1:1 mixtures thereof (open symbols: 0.625 μg/mL of each mAb, closed
symbols: 0.5 μg/mL of each mAb; each represented as 50%) in the presence of 50% NHS. CDC induction is presented as the percentage lysis determined by the
fraction of TO-PRO-3 positive cells. (B) B cells of a representative CLL patient sample (patient G) were opsonized with different total mAb concentrations of Hx-CD20-
7D8 or Hx-CD37 (single agents indicated as 100%) and combinations thereof at different antibody ratios (indicated as 75%:25%, 50%:50% and 25%:75%) in the
presence of 50% NHS. CDC induction is presented as the percentage lysis determined by the fraction of TO-PRO-3 positive cells. Data shown are mean and Standard
Deviation of duplicate measurements. (C) B cells obtained from ten patients diagnosed with different B-cell malignancies [B-cell non-Hodgkin lymphoma (B-NHL) not
otherwise specified (NOS), follicular lymphoma (FL), marginal zone lymphoma (MZL) and mantle cell lymphoma (MCL)] were opsonized with 10 μg/mL of hexamer-
ization-enhanced type II CD20 mAb 11B8-derived Hx-CD20-11B8 or Hx-CD37, and the combination thereof (5 + 5 μg/mL) in the presence of 20% NHS. CDC induction
is presented as the percentage lysis determined by the fraction of 7-AAD positive B-lymphoma cells. (D) CDC assay with B-cell patient samples representative for B-
NHL (NOS), FL, MZL and MCL as described in (C). Data shown are mean and Standard Deviation of duplicate measurements. *P<0.05; **P<0.01; ****P<0.0001.
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(P<0.05) (Online Supplementary Figure S3A and B).
Importantly, significantly increased CDC levels were
observed in 9 of 15 tested CLL donors upon treatment
with the combination of Hx-CD20-7D8 and Hx-CD37.
Even at modest total concentrations of Hx-CD20-7D8 and
Hx-CD37 (≤1.25 μg/mL for each mAb), >90% CDC of B
cells was induced in 12 of the 15 tested CLL donors (Figure
6A). Enhanced CDC by the mAb combination was
observed over a range of mAb concentrations and at dif-
ferent mAb ratios, and was more apparent at lower mAb
concentrations, as illustrated for one representative donor
(Figure 6B). Next, we evaluated the cytotoxic capacity of
Hx-CD20-11B8, Hx-CD37, and the combination thereof
using tumor cells of ten patients diagnosed with different
B-cell lymphomas, including B-cell non-Hodgkin lym-
phoma (B-NHL) not otherwise specified (NOS), follicular
lymphoma (FL), marginal zone lymphomas (MZL) and
mantle cell lymphoma (MCL). While for the single agents
a large variation in CDC efficacy was observed between
the donors, the combination of Hx-CD20-11B8 and 
Hx-CD37 consistently showed enhanced CDC activity

compared to the individual mAbs (Figure 6C).
Representative figures from each tested lymphoma sub-
type show that combinations of Hx-CD20-11B8 and 
Hx-CD37 at the tested 1:1 ratio may enhance CDC, even
when CDC induced by the individual mAbs was low or
absent (Figure 6D). Furthermore, analysis of CD20 and
CD37 target expression levels on primary B cells from 24
CLL patients and ten patients with different NHL sub-
types illustrated a large diversity in target expression levels
and ratios (Online Supplementary Figure S3A-C). These
results suggest that combinations of Hx-CD20 and Hx-
CD37 mAbs may generally increase the therapeutic
potential of CDC-inducing mAbs in B-cell malignancies
across different target expression levels and ratios.

Discussion

Improving therapeutic efficacy against (heterogeneous)
tumors has been the focus of intense preclinical and clinical
development. We previously showed that the therapeutic
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Figure 7. Model for Fc-mediated clustering of CD20 and CD37 monoclonal antibodies (MAbs) in hetero-hexamers upon binding to the cell surface. (A) mAbs naturally
cluster into hexameric complexes upon antibody binding to a cognate antigen on a target cell, thereby providing a docking site for C1q binding and complement-
dependent cytotoxicity (CDC) induction. (B) Upon binding of mAbs targeting two different coexpressed antigens on the plasma membrane that (are able to) colocalize,
hetero-hexameric antibody complexes are formed consisting of both mAbs, providing a docking site for C1q binding and CDC induction. Introducing hexamerization-
enhancing mutations can increase Fc-mediated clustering of mAbs, both into homo- and hetero-hexameric antibody complexes on the cell surface, thereby increasing
the number of C1q docking sites and further potentiating CDC.
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potential of IgG1 mAbs can be enhanced by introducing
mutations that improve hexamerization by 
Fc-mediated clustering and thereby increase CDC activi-
ty.15,16 In the present study, we introduced a Hx mutation,
E430G, into CD20 and CD37 mAbs and observed an
impressive increase in CDC activity in primary CLL sam-
ples. Moreover, combinations of CD20 and CD37 mAbs
showed enhanced and synergistic CDC activity, including
combinations of Hx-CD37 mAbs with the approved mAbs
rituximab, ofatumumab and obinutuzumab. With several
CD20 and CD37 mAbs approved or in clinical develop-
ment, it is attractive to study the mechanism behind the
cooperativity between mAbs targeting these two
antigens.34,35 It was recently reported that expression levels
of CD20 and CD37 mRNA and protein are correlated on
lymphoma B cells.36 Here, using confocal microscopy and
FRET analysis we show that CD20 and CD37 mAbs colo-
calize on surfaces of B cells and that enhancing Fc-Fc inter-
actions increases mAb colocalization. The observed syner-
gistic CDC activity of CD20 and CD37 mAbs was sup-
ported by increased C1q binding and increased CDC effi-
cacy, as illustrated by enhanced CDC at relatively low C1q
concentrations. Synergy in complement activation was
most evident for CD37 mAbs in combination with type II
CD20 mAbs, than with type I CD20 mAbs which are
already effective at clustering as WT mAbs.
De Winde et al.37 recently suggested that the organiza-

tion of the B-cell plasma membrane is shaped by dynamic
protein-protein interactions and that this organization
might be altered by targeted mAb therapies. It has previ-
ously been described that membrane proteins can cluster
into lipid rafts or tetraspanin-enriched microdomains
(TEM), enabling efficient signal transduction.38,39 We
hypothesized that the synergistic interactions in CDC
between CD20 and CD37 mAbs could be driven by clus-
tering of both target-bound mAbs into oligomeric com-
plexes. By introducing Fc-Fc inhibiting mutations, we
were able to demonstrate that CD20 and CD37 mAbs do
not only permit the formation of homo-hexamers con-
sisting of mAbs bound to either single target separately,
but also allow the formation of hetero-hexamers com-
posed of alternating CD20 and CD37 mAbs, each bound
to their own cognate target, explaining the synergistic
effects. Other hetero-hexamer variants may occur,
although the presence of such alternative variants
remains to be demonstrated (see Figure 7). We therefore
propose a model for Fc-mediated clustering of synergistic
mAb combinations on malignant B cells (Figure 7). Upon
binding of mAbs targeting two different coexpressed
antigens on the plasma membrane that are able to colo-
calize, hetero-hexameric complexes are formed, provid-

ing a docking site for C1q binding and CDC induction.
Introducing hexamerization-enhancing mutations can
increase Fc-mediated clustering of mAbs into both homo-
and hetero-hexameric complexes, thereby increasing the
number of hexamers and further potentiating CDC.
Increasing the therapeutic potency of mAb combinations,
driven by hetero-hexamerization, could be of clinical rel-
evance, as illustrated by a combination of Hx-CD20 and
Hx-CD37 mAbs that showed strong CDC of tumor B
cells obtained from patients with different B-cell malig-
nancies. Hicks et al.40 recently reported that the antitumor
activity of IMGN529, a CD37-targeting antibody-drug
conjugate in clinical development, was potentiated in
combination with rituximab in vivo in B-NHL xenograft
models, which was associated with increased CD37
internalization rates. Other mechanisms of synergy
between CD20 and CD37 have also been reported, such
as upregulation of CD20 expression in Daudi cells after
treatment with the radiolabeled anti-CD37 mAb
177Lu‐lilotomab.41
The concept of antibody hetero-hexamer formation

may hold relevance for a broader range of targets and
effector mechanisms. An emerging therapeutic approach
is the development of designer polyclonals, consisting of
multiple mAbs in one product of which several are in
clinical development, such as MM-151, targeting three
epitopes on EGFR and Sym013, a mixture of six mAbs
targeting all three HER family members (EGFR, HER2 and
HER3).42,43 One could speculate that enhancing Fc-mediat-
ed antibody clustering involving different coexpressing
targets on hematologic or solid tumors may induce syner-
gistic efficacy, providing a rationale for application in
designer polyclonals. Whether effector mechanisms other
than CDC, such as ADCC or ADCP are also enhanced by
combinations of CD20 and CD37 mAbs remains to be
elucidated. One may speculate that the engagement of
two mAbs binding coexpressed targets allows for higher
total antibody binding on the cell surface, allowing more
efficient engagement of FcγRs on effector cells.
In the present work, we have demonstrated that syner-

gy in CDC induced by combinations of CD20 and CD37
mAbs is likely driven by Fc-mediated clustering into het-
ero-hexameric antibody complexes on the cell surface.
Enhancing hetero-hexamerization between mAb combi-
nations using Fc engineering represents a powerful tool to
increase the therapeutic efficacy of mAb combinations
directed against hematologic and other tumor targets.
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