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Over the last decades, several surface antigens have been 
identified and validated for treatment of B-cell malig-
nancies. CD20-targeting antibodies have emerged as 
an effective therapy for patients with B-cell malignan-

cies and are now broadly used in clinical practice. Nonetheless, 
many patients develop resistance against CD20-targeting thera-
pies, with little or no further treatment options.1 Tetraspanin CD37 
is expressed almost exclusively on hematopoietic cells with high 
expression on mature B-cells, including their malignant counter-
parts,2,3 and is a well described and validated target for B-cell malig-
nancies. A number of CD37 targeting agents are in (pre)clinical 
development, including antibody-drug conjugates (IMGN529 and 
AGS67E), an Fc-engineered antibody (BI836826), a homodimeric 
therapeutic protein (otlertuzumab/TRU-016), a radioimmunocon-
jugate (177Lu-lilotomab), and chimeric antigen receptor T-cells.4-6 
We recently reported on the development of DuoHexaBody-CD37, 
a novel biparatopic CD37-bispecific immunoglobulin G1 (IgG1) 
antibody with an E430G hexamerization-enhancing single point 
mutation in the Fc-domain.7 In contrast to all other newly devel-
oped CD37 targeting agents, DuoHexaBody-CD37 mediates 
potent complement-dependent cytotoxicity (CDC), a powerful 
anti-tumor effector mechanism,8,9 in addition to its Fc gamma 
receptor (FcγR)-mediated tumor cell kill mechanisms including 
antibody-dependent cellular cytotoxicity and cellular phagocyto-
sis. DuoHexaBody-CD37 was designed based on recent discoveries 
that (1) initiation of CDC is dependent on Fc-mediated hexam-
er-formation of IgG1 antibodies after target engagement on the cell 

surface,10 (2) antibody Fc–Fc interactions and hexamer formation 
can significantly be improved by introducing an E430G single 
point mutation in the Fc domain,10,11 and (3) dual-epitope targeting 
of CD37 can potentiate or further enhance CDC.7

Here, we investigated the ex vivo therapeutic potential of 
DuoHexaBody-CD37 by evaluating its unique CDC-inducing 
capacity in primary tumor cell samples from a large cohort of 
newly diagnosed (ND) and relapsed/refractory (RR) patients 
with a broad range of B-cell malignancies, including chronic lym-
phocytic leukemia (CLL) and B-cell non–Hodgkin lymphoma, 
including diffuse large B-cell lymphoma (DLBCL), follicular 
lymphoma (FL), mantle cell lymphoma, and marginal zone lym-
phoma (Supplementary Material and Methods, http://links.lww.
com/HS/A121). DuoHexaBody-CD37 induced potent, dose-de-
pendent CDC of malignant primary B-cells in 45-minute comple-
ment assays with a median maximal lysis of 86% (n = 51, range: 
0%-99%) and a median half maximal effective concentration 
(EC50) of 0.10 μg/mL (range, 0.004-15.21 μg/mL) (Figure 1A). 
Strikingly, sensitivity of the patient samples to DuoHexaBody-
CD37-induced CDC was highly homogeneous. Only in 8 of 51 
patient samples maximal lysis was lower than 60%, of which 
3 samples demonstrated responses below 20% lysis. The CDC 
activity of DuoHexaBody-CD37 was comparable in samples 
from ND patients (n = 33; median maximal lysis of 85%; range 
CDC 0%-98%) and RR patients (n = 18; median maximal lysis of 
89%; range CDC 5%-99%). Furthermore, DuoHexaBody-CD37 
was significantly more potent than the CD20-targeting antibody 
rituximab in samples from ND patients, that is, CD20 antibody 
treatment naive patients (Figure 1B), even though CD37 expres-
sion was generally lower than expression of CD20 (Supplementary 
Figure 1, http://links.lww.com/HS/A121).

Potent cytotoxicity was also observed in samples from 
patients who relapsed from (Figure  1B, blue symbols; n = 7) 
or were refractory to treatment regimens containing CD20-
targeted antibodies (defined by progression of the disease 
within 6 months post treatment; Figure 1B, red symbols; n = 5),  
with the exception of 1 CD20-refractory FL patient. CD37 
expression analysis (Figure 1C) revealed that this patient lacked 
CD37 expression on tumor B-cells. Since it has been reported 
that anti-CD20 therapy may induce CD20 antigen loss,12 and 
CD20 colocalizes with CD37 on the cell surface,13 we evalu-
ated the possibility that CD37 expression levels were reduced 
on tumor B-cells derived from patients who had been exposed 
to anti-CD20. However, all anti-CD20–treated patient samples 
in our cohort showed high CD37 expression levels and no sig-
nificant differences were observed in CD37 expression levels 
between samples from ND and RR patients (Figure 1C).
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In addition, CD37 was expressed homogeneously in all B-cell 
malignancy subtypes (Figure  1D), which is in alignment with 
several other reports2,6 except for a recent study that suggested 
variable CD37 expression in DLBCL.14 This study-related 
discrepancy could be due to differences in assay-dependent 
detection limits in our study (flow cytometry) versus the other 
(immunohistochemistry) study. DuoHexaBody-CD37 induced 
an effective and homogeneous CDC response in all samples 
from CLL (n = 10; median max lysis 93%; range, 80%-99%), 
mantle cell lymphoma (n = 7; 91%; 69%-98%) and marginal 
zone lymphoma (n=4; 88%; 75%-90%), and 11 of 12 FL 
patient samples (n=12; 86%; 5%-98%), while a more hetero-
geneous response was observed in DLBCL patient samples (n = 
18; 74%; 0%-96%) (Figure 1E) (Kruskal-Wallis one-way anal-
ysis of variance (ANOVA), *P = 0.0321). There were no differ-
ences in sensitivity between activated B-cell and germinal center 
B-cell subtypes of DLBCL (Supplementary Figure 2, http://links.
lww.com/HS/A121). Of note, also samples from ibrutinib-re-
fractory CLL (n = 2) and double-hit DLBCL (n = 3) patients 
with poor prognosis were highly susceptible to DuoHexaBody-
CD37–induced CDC (maximum lysis >60%) (Figure 1E).

Complement activation and CDC-mediated tumor cell lysis 
is not only dependent on antigen density but also on expres-
sion levels of complement regulatory proteins (CRPs) CD46 
and CD55 that inhibit complement convertases, and CD59 

that inhibits the formation of the membrane attack complex.15 
Expression of CRPs was not associated with B-cell malignancy 
subtype (Figure 2A) or treatment status (Supplementary Figure 
3, http://links.lww.com/HS/A121).

Furthermore, no correlation was observed between 
DuoHexaBody-CD37–induced CDC and expression of CD37 or 
CRPs (Supplementary Figure 4, http://links.lww.com/HS/A121). 
A weak, but statistically significant correlation was observed 
between sensitivity to DuoHexaBody-CD37 and the ratio of 
CD37 and CD59 expression levels (Figure  2B). However, in 
DLBCL patient samples, differences in (the ratio of) CD37 and 
CD59 expression could not explain the heterogeneous response 
to DuoHexaBody-CD37 ex vivo (Figure 2B, orange symbols). 
We therefore conclude that there is a limited impact of CRP 
expression on DuoHexaBody-CD37–mediated CDC. This was 
in contrast to rituximab-induced CDC, which already showed a 
strong correlation with CD20 expression but an even stronger 
correlation with the ratio of CD20 and CD55 (Supplementary 
Figure 5, http://links.lww.com/HS/A121).

The first step of complement activation is the binding of C1q 
to membrane-bound antibodies, that together with C1r and 
C1s forms the C1 complex, the first component of the classi-
cal complement pathway. Toward understanding the heteroge-
neity in CDC responses observed in DLBCL patient samples, 
we investigated the C1q binding capacity of membrane-bound 

Figure 1. DuoHexaBody-CD37 induced potent CDC in samples obtained from ND and RR patients with various B-cell malignancies. A: Dose-
dependent CDC induced by DuoHexaBody-CD37 in tumor B-cells (n = 51) derived from patients with various B-cell malignancy subtypes grouped together, in 
the presence of 20% NHS and in comparison to IgG1-ctrl (10 μg/mL). Levels of CDC-mediated tumor cell kill (% CDC) were determined by 7AAD-positive tumor 
cell staining, relative to a no antibody control sample. B: Comparison of CDC activity of 10 μg/mL DuoHexaBody-CD37 in samples from ND (n = 33) and RR  
(n = 18) patients (ns; Mann-Whitney U test), and comparison of rituximab (10 μg/mL) and DuoHexaBody-CD37 in ND patients (****P < 0.0001; Wilcoxon 
matched-pairs signed rank test). RR patients include CD20 therapy-refractory patients (n = 5;   ), defined by progression of the disease within 6 mo post therapy, 
and CD20 therapy-relapse patients (n = 6;   ). C: CD37 expression levels (defined as the number of CD37 molecules on the cell surface, assessed by quantitative 
flow cytometry), on tumor B-cells in ND and RR patient samples (ns; Mann-Whitney U test). D: Quantified CD37 expression levels (antibody molecules per cell) 
on tumor B-cells stratified according to B-cell malignancy subtype (ns, nonparametric Kruskal-Wallis test). All data are shown as the median and interquartile 
range. E: CDC activity of DuoHexaBody-CD37 (10 μg/mL) stratified according to B-cell malignancy subtype, including CLL (n = 10), FL (n = 12), MCL  
(n = 7), DLBCL (n = 18), and MZL (n = 4) (*P = 0.0321, nonparametric Kruskal-Wallis test with Dunn’s multiple comparisons [n])). Green symbols (  ) indicate 
patient samples with poor prognosis: ibrutinib-refractory CLL (n = 2) and double-hit DLBCL (n =3). AAD = xxx, CDC = complement-dependent cytotoxicity, CLL =  
chronic lymphocytic leukemia, DLBCL = diffuse large B-cell lymphoma, FL = follicular lymphoma, IgG1 = xxx, MCL = mantle cell lymphoma, MZL = marginal 
zone lymphoma, ND = newly diagnosed, NHS = normal human serum, NS = not significant, RR = relapsed/refractory.
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DuoHexaBody-CD37 in DLBCL patient samples for which 
DuoHexaBody-CD37–mediated CDC levels were lower than 
60% (N = 6). The C1q binding capacity in low CDC responders 
was comparable to that of 2 patient samples highly susceptible 
to DuoHexaBody-CD37–induced CDC (Figure 2C), indicating 

that the first step of complement activation is not impaired. 
Whether other steps in the complement activation pathway, 
such as membrane attack complex assembly and stability, or cell 
intrinsic mechanisms, play a role in resistance to CDC induction 
remains to be elucidated.

Figure 2. Low sensitivity to DuoHexaBody-CD37–mediated CDC is not associated with expression of CD37 and CRPs and can be improved by 
combination with CD20 mAbs. A, Quantified expression levels (antibody molecules per cell) of complement regulatory proteins CD46, CD55, and CD59 on 
tumor B-cells in specific B-cell malignancy subtypes; CLL (n = 10), FL (n = 12), MCL (n = 7), DLBCL (n = 18), and MZL (n = 4) (ns; nonparametric Kruskal-Wallis 
test). Data shown are CDC in individual patient samples, in addition to the median and interquartile range. B, CDC activity of DuoHexaBody-CD37 (10 μg/mL) 
correlated with the ratio of CD37/CD59 expression levels for all B-cell malignancy subtypes grouped together, for DLBCL patient samples specifically (  ) and for 
B-cell malignancy subtypes other than DLBCL (Spearman’s correlation r = 0.4423, **P = 0.0013; r = 0.2843, P = 0.2678; and r = 0.5158, **P = 0.0025, respec-
tively). Data are shown relative to a no antibody control sample. C, Expression levels of CD37 (antibody molecules per cell) correlated with C1q binding (ΔMFI) 
for 6 samples with low CDC response (CDC < 60%) (  ), 1 CD37-negative sample as negative control (  ) and 2 high responding samples as positive control  
(•) (Spearman’s correlation r = 0.7833, *P = 0.0172). D, CDC induced by a combination of DuoHexaBody-CD37 and rituximab or ofatumumab (10 μg/mL + 10 
μg/mL) vs single antibody (10 μg/mL) (n = 10) (*P < 0.05, ***P < 0.001; Friedman test with Dunn multiple comparison test) relative to a no antibody control 
sample. All data are shown as the median and interquartile range. CDC = complement-dependent cytotoxicity, CLL = chronic lymphocytic leukemia, CRP = 
complement regulatory protein, DLBCL = diffuse large B-cell lymphoma, FL = follicular lymphoma, mAbs = monoclonal antibodies, MCL = mantle cell lym-
phoma, MFI = median fluorescence intensity, MZL = marginal zone lymphoma.
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Finally, we also evaluated whether combination with ritux-
imab and/or ofatumumab could further enhance the CDC activ-
ity of DuoHexaBody-CD37, as we have previously reported 
enhanced CDC in CLL and B-cell non–Hodgkin lymphoma 
primary patient cells with combinations of CD20 and CD37 
antibodies.13 Indeed, in 10 patient samples including sam-
ples with intermediate to low sensitivity to DuoHexabody-
CD37–mediated CDC (<80% CDC), the combination of 
DuoHexaBody-CD37 with ofatumumab significantly enhanced 
the tumor cell kill in an additive manner (Figure 2D). In contrast 
to ofatumumab, rituximab as single antibody could generally 
not induce CDC in these samples and the CDC effects of the 
combination with DuoHexaBody-CD37 are less striking.

In conclusion, this preclinical study indicates high therapeu-
tic potential for DuoHexaBody-CD37 in a broad spectrum of 
B-cell malignancies either as single agent or in combination with 
CD20-targeting antibodies, and supports the recently initiated 
first-in-human clinical trial of DuoHexaBody-CD37 for patients 
with relapsed or refractory B-cell NHL (NCT04358458).
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