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This study presents a valuable finding on the direct cytotoxic effects of DuoHexaBody-
CD37 in diffuse large B-cell lymphoma through antibody clustering, independent of
complement. The central findings are supported by solid evidence, although some
mechanistic details, including the specific Fc receptor requirements for crosslinking-
mediated cytotoxicity, remain unresolved. As the findings are based primarily on in vitro
models, further validation would be required to support broader translational
conclusions. The previous review comments were addressed by the authors and have
improved the work.
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Abstract
Diffuse large B-cell lymphoma (DLBCL) is a common aggressive form of Non-Hodgkin lymphoma.
Tetraspanin CD37 is highly expressed on mature B cells and being studied as a therapeutic target
for NHL, including DLBCL. DuoHexaBody-CD37 is a biparatopic antibody with an E430G
hexamerization-enhancing mutation targeting two non-overlapping CD37 epitopes shown to
promote complement-dependent cytotoxicity. However, the impact of DuoHexaBody-CD37 on
direct cytotoxic signaling has not yet been studied. Here we demonstrate that DuoHexaBody-CD37
induces direct cytotoxicity in DLBCL-derived tumor cell lines independent of the subtype.
DuoHexaBody-CD37 induced significant CD37 clustering and was retained at the cell surface in
contrast to rituximab, which was internalized. Unbiased screening identified the modulation of 26
(phospho)proteins upon DuoHexaBodyCD37 treatment of primary B cells or DLBCL cells. Whereas
DLBCL cells predominantly upregulated p-SHP1(Y564) upon DuoHexaBody-CD37 treatment,
primary B cells showed significantly increased p-AKT(S473) and MAPK signaling which is linked to
cell survival. Studies using CD37-mutants identified the N-terminus to be involved in
DuoHexaBody-CD37-induced signaling. Finally, DuoHexaBody-CD37 treatment inhibited cytokine
pro-survival signaling in DLBCL cells. These findings provide novel insights into the signaling
functions of CD37 upon DuoHexaBody-CD37 treatment, and open up opportunities for developing
CD37-targeted immunotherapy in combination with small molecule inhibitors to maximize tumor
cell death.

Introduction
Diffuse large B-cell lymphoma (DLBCL), an aggressive type of mature B-cell lymphoma, accounts
for approximately one third of Non-Hodgkin lymphoma (NHL) cases. DLBCL arises from mature B
cells in the lymph node, and comprises a heterogenous group of tumors that can be classified
according to cell-of-origin (germinal-center B-cell (GCB) derived and activated B-cell (ABC)
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subtypes). In addition, recent comprehensive molecular profiling has identified five to seven
genetic subtypes that share similar oncogenic pathways (reviewed in 1). A large fraction of DLBCL
patients (up to 40%) do not respond or relapse after first line treatment with chemotherapy
(cyclophosphamide, hydroxydaunorubicin, vincristine sulphate (Oncovin), and prednisone: CHOP)
and immunotherapy (rituximab). Rituximab and also next-generation antibodies (ofatumumab)
target CD20 at the plasma membrane of DLBCL 2, however decreased expression of CD20 is related
to inferior clinical outcome after treatment with R-CHOP 3,4,5. Thus, targeting alternative B-cell
membrane proteins and development of novel immunotherapies are needed to improve clinical
outcomes of patients with relapsed/refractory DLBCL 6,7.

CD37 is a tetraspanin protein with four-transmembrane domains, which is predominantly
expressed by mature B cells 8–10. Tetraspanins interact with immune receptors on the same cell (in
cis) and control membrane organization in lymphocytes 11–13. CD37 is absent on progenitor B cells
and terminally differentiated plasma cells making it an ideal target for mature B cell malignancies
14,15,16. In DLBCL patients, CD37 was reported to be an independent prognostic factor for both GCB
and ABC subtypes 4. In line with these findings, CD37-deficient mice show defects in humoral and
cellular immune responses, and spontaneously develop mature B-cell lymphoma, which is
dependent on IL-6 17. IL-6 signals through the IL-6 receptor complex that activates AKT kinase and
STAT3 signaling stimulating cell survival and proliferation. IL-6 signaling has been reported to be a
critical driver in the tumor microenvironment and a negative prognostic factor in diffuse large B-
cell lymphoma18.

CD37 is under preclinical and clinical investigation as novel therapeutic target for BNHL, including
antibody-based and chimeric antigen receptor (CAR) T-cell therapies 19–23,24. DuoHexaBody-CD37
(GEN3009) is a novel biparatopic immunoglobulin G1 (IgG1) with a point mutation in the Fc-
domain (E430G) that enhances antibody hexamerization upon binding to the cell surface 25. This
facilitates C1q binding and results in potent complement-dependent cytotoxicity (CDC). In addition
DuoHexaBody-CD37 can induce Fc-gamma receptor (FcγR) mediated antibody-dependent cellular
cytotoxicity (ADCC) and phagocytosis (ADCP) by effector cells. DuoHexaBody-CD37 mediates
superior CDC in patient-derived DLBCL cells ex vivo compared to CD20 monoclonal antibodies as
shown in preclinical studies 26.

In B cells, CD37 has been reported to connect to intracellular signaling pathways via its two
intracellular tails 9,27. The N-terminal tail of CD37 contains a potential ‘ITIM-like’ motif that may
induce SHP1 signaling, whereas the C-terminal tail of CD37 bears a predicted ‘ITAM-like’ motif that
may stimulate AKT kinase-dependent survival 27. Here we investigated whether DuoHexaBody-
CD37 is capable of inducing intracellular signaling that induces cell death of malignant B cells. We
report that DuoHexaBody-CD37 mediates direct CD37-mediated signaling and evokes tumor
cytotoxicity in DLBCL-derived tumor cells, independent of the presence of complement.
DuoHexaBody-CD37 modulated the PI3K-AKT and MAPK signaling pathways, with differences
observed between primary B cells and DLBCL tumor cells. Moreover, DuoHexaBody-CD37
inhibited IL-4-dependent p-STAT6 and IL-21-dependent p-STAT3 signaling in DLBCL cells. In
conclusion, this study shows a novel mechanism of action of DuoHexaBody-CD37, and provides
more insight into CD37 as therapeutic target for B cell malignancies.

Results
DuoHexaBody-CD37 mediates direct cytotoxicity in DLBCL cell lines
Induction of apoptosis in B cell leukemia and lymphomas has been reported for therapeutic
antibodies such as obinutuzumab 28, alemtuzumab 29, otlertuzumab 30, and rituximab 31. To
investigate the direct cytotoxic potential of DuoHexaBody-CD37, DLBCL-derived cell lines classified
as GCB (Oci-Ly8 and Oci-Ly7), ABC (HBL-1 and U2932) and Burkitt lymphoma-derived cell lines
(BJAB, Daudi) were treated with DuoHexaBody-CD37 in the absence of complement, and with or
without an Fc-targeting F(ab)2-fragment (a-Fc) to facilitate Fc-mediated crosslinking. Whereas the
viability of Burkitt lymphoma-derived cell lines (BJAB and Daudi) was not significantly affected by
DuoHexaBody-CD37 and Fc-crosslinking treatment, all tested DLBCL-derived cell lines showed
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>25% reduction in viability after DuoHexaBody-CD37 treatment with a-Fc (Figure 1A     ). We
confirmed that apoptosis was the mechanism of cell death by Annexin V and 7-AAD staining in
Oci-Ly7 and HBL1 cell lines upon Fc-crosslinking of DuoHexaBody-CD37 (Supplementary Figure
1A     ). Notably, differences in viability loss after treatment did not correlate with differences in
CD37 membrane expression in the tested cell lines (Supplementary Figure 1B     ). To investigate the
physiological relevance of Fc-crosslinking mediated DuoHexaBody-CD37 induced killing,
cytotoxicity assays of DLBCL cell lines were performed using peripheral blood mononuclear cells
(PBMCs) expressing Fcɣ receptors (FcɣR). In these assays, PBMCs were pre-fixed to prevent FcɣR
signaling and to avoid any influence of ADCC/ADCP as previously shown with DuoHexaBody-CD37
25. DuoHexaBody-CD37 treatment resulted in significantly increased direct cytotoxicity of DLBCL
cells compared to untreated cells in presence of PBMCs as source for Fc-crosslinking for all donors
tested (Figure 1B     ). Collectively, these results show induction of direct cytotoxicity by
DuoHexaBody-CD37 treatment with Fc crosslinking in different DLBCL cells. To further investigate
the contribution of specific FcγRs in effector cell mediated Fc-crosslinking, total PBMCs were
compared with defined immune cell subsets: B cells (expressing FcγRIIb), NK cells (expressing
FcγRIIIa and FcγRIIc), monocytes (expressing FcγRI, FcγRIIa, FcγRIIb, and FcγRIIIa), and T cells
with no confirmed expression of FcγR. All immune cell subsets expressing FcγRs led to similar or
greater direct cytotoxicity of DLBCL cells compared with the total PBMC pool (Figure 1C     ). These
results indicate that DuoHexaBody-CD37-induced killing through Fc-mediated crosslinking is not
dependent on the expression of specific FcγR subtypes.

DuoHexaBody-CD37 induces CD37 clustering without modulating
CD37 cell surface expression
CD37 is involved in the spatial organization of the B-cell plasma membrane by forming tetraspanin
nanodomains 13, therefore we investigated CD37 membrane clustering on DuoHexaBody-CD37-
treated tumor cells compared to tumor cells treated with the IgG1 isotype control antibody with
and without a-Fc mediated crosslinking, respectively. Whereas CD37 surface expression was the
same in both samples, the clustering of CD37 on tumor cells (measured by fluorescence
intensity/area) was significantly higher upon DuoHexaBody-CD37 treatment than isotype control
antibody treatment (Figure 2A, B     ). Interestingly, DuoHexaBody-CD37-mediated clustering of
CD37 was observed in both Burkitt cells (BJAB) (Figure 2A     ) and DLBCL (Oci-Ly8) (Figure 2B     )
even in absence of Fc-crosslinker. Upon crosslinking, clustering of CD37 increased in both cell
lines, however the effect was more pronounced in BJAB cells compared to Oci-Ly8. Thus,
DuoHexaBody-CD37 induces potent CD37 membrane clustering at the cell surface of malignant B
cells with and without Fc-mediated crosslinking.

Since the efficacy of rituximab can be negatively impacted by induction of CD20 internalization,
leading to loss of CD20 expression at the cell surface 32,33, we investigated whether DuoHexaBody-
CD37 affected CD37 cell surface accessibility. We observed no changes in surface CD37 expression
upon DuoHexaBody-CD37 treatment in all cell lines tested, in contrast to CD20 expression upon
rituximab treatment, which was decreased on DAUDI, Oci-Ly8 and Oci-Ly7 cells (Figure 2C     ). We
next assessed CD37 surface availability with and without Fc-crosslinking of DuoHexaBody-CD37
and observed no consistent reduction in CD37 surface availability upon crosslinking
(Supplementary Figure 2     ). Thus, the efficacy of DuoHexaBody-CD37 is not affected by loss of
CD37 through internalization of surface molecules.

DuoHexaBody-CD37 treatment results in activation of multiple
downstream signaling pathways
Next, we focused on investigating mechanisms underlying the direct cytotoxicity upon
DuoHexaBody-CD37 treatment by analyzing DuoHexaBody-CD37-induced downstream signaling
using high throughput Reverse Phase Protein Array (RPPA) 34. This technique enables
simultaneous unbiased measurement of 484 proteins (102 phospho targets and 382 total proteins)
in multiple samples at once. For this analysis primary B cells (purified CD19+ B cells from PBMCs)
and two DLBCL-derived cell lines (Oci-Ly7 and U2932) were treated with DuoHexaBody-CD37 in
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Figure 1. DuoHexaBody-CD37-induces direct cytotoxicity in DLBCL-derived tumor cell lines
(A) Percentage decrease (mean +/- SD) in viability upon DuoHexaBody-CD37 treatment in presence or absence of goat
F(ab’)2 anti-human IgG (a-Fc) in indicated cell lines after 48h. Data is shown from at least three independent experiments.
Significance was calculated compared to untreated control using Kruskal-Wallis test followed by Dunn’ multiple comparison
test correction (**p<0.01) (B) Percentage increase in cell death (PI-positive) upon co-culturing healthy donor-derived fixed
PBMCs with DuoHexaBody-CD37 pre-treated HBL-1 and U2932 cells compared to untreated cells for indicated time points.
Duplicates from each individual donor (n=4) are indicated in separate colors. Significance was calculated compared to 4h
treated cells using Kruskal-Wallis test followed by Dunn’ multiple comparison test correction (*p<0.05, **p<0.01,
***p<0.001). (C) Percentage of cell death in DuoHexaBody-CD37 pre-treated Oci-Ly8 cells (eFluor780-positive) upon co-
culturing with healthy donor-derived fixed PBMC, monocytes, NK cells, B cells and T cells compared to Fc-crosslinker.
Measurements from three individual donors (mean +/- SD) are shown, with each donor represented by a distinct colored
symbol.
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Figure 2. DuoHexaBody-CD37 induces CD37 clustering without modulating CD37 cell surface expression
(A,B) Airyscan images depicting clustering (fluorescence/area) upon DuoHexaBody-CD37 (DHB-CD37) treatment or B12
isotype control in BJAB (A) and Oci-Ly8 (B) cells with or without Fc-crosslinking (a-Fc). Data shown from five independent
experiments. Bar is 10 µm. Significance was calculated comparing DuoHexaBody-CD37-treated cells to isotype control
antibody in the presence and absence of Fc-crosslinking (a-Fc) respectively, using Kruskal-Wallis test followed by Dunn’s
multiple comparisons test (****p<0.0001, *p<0.05). (C) Percentage decrease (mean +/- SD) in cell surface binding by
DuoHexaBody-CD37 or rituximab (anti-CD20) in indicated cell lines as measured by flow cytometry. Data is shown from at
least three independent experiments. Significance was calculated comparing respective time points using unpaired T-test
(*p<0.05, **p<0.01, ***p<0.001).
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the presence or absence of Fc-crosslinker and compared to untreated samples from each cell type.
Principal component analysis on all tested proteins in RPPA identified 3 separate clusters
correlating with the different cell models (Supplementary Figure 3     ). Compared to respective
untreated controls, 26 phosphoproteins showed at least a two-fold change in either of the three
cell models tested upon DuoHexaBody-CD37 treatment (Figure 3A     ). Pathway analysis on all 26
phospho-sites identified PI3K/AKT/MTOR signaling as the most significantly enriched pathway
upon DuoHexaBody-CD37 treatment (Figure 3B     ). In addition, some of these signaling proteins
are downstream of B cell receptor (BCR) signaling and RAS signaling pathways, which have been
reported to be essential for B cell survival and lymphomagenesis 35,36.

Next, the effect of DuoHexaBody-CD37 treatment on primary B cells versus tumor cells was
studied by focusing on those phosphoproteins that showed approximately two-fold upregulation
in signal compared to untreated controls. Primary B cells showed upregulation of multiple
phosphoproteins upon DuoHexaBody-CD37 treatment including p-AKT, p-FAK, pSrc and p-Shc. In
DLBCL cells, different phosphoproteins (p-RPA32, p-DAPK1, p-PAK, p-PI3K and p-FRS-alpha) were
upregulated upon DuoHexaBody-CD37 treatment. The list of targets and fold changes can be found
in Supplementary Table 1     .

To validate these results, we analyzed different targets within the three main signaling pathways
that came out of the RPPA analysis: the PI3K/AKT pathway, BCR pathway and MAPK/ERK pathway
using phosphoflow analysis. Anti-BCR (IgM) was used as stimulation control in the phosphoflow
studies. We confirmed specific upregulation of p-AKT(S473) in primary B cells upon treatment
with DuoHexaBody-CD37 in the presence of Fc-crosslinker compared to untreated cells (Figure
3C     ). In DLBCL cell lines, upregulation of p-AKT(S473) was not specific for DuoHexaBody-CD37
treatment as this was already observed in presence of the Fc-crosslinker only (Figure 3C     ). These
data indicate a differential role of DuoHexaBody-CD37 mediated signaling in primary B cells
versus DLBCL which could be partially explained by constitutive activation of the PI3K-AKT
pathway in DLBCL 37. As engagement of cell death pathways in CLL cells was shown to be
dependent on SHP1 recruitment and activation via CD37 N-terminus 27, we additionally assessed
p-SHP1(Y564) status upon DuoHexaBody-CD37 treatment of primary B cells and DLBCL cells via
phosphoflow. Compared to untreated cells, DuoHexaBody-CD37 treatment in the presence of Fc-
crosslinker induced significant upregulation of p-SHP1(Y564) in both primary B cells and DLBCL
cells (Figure 3C     , Supplementary Figure 4A     ).

To analyze phosphoproteins downstream of the BCR, we studied p-SYK, p-BTK, pPLCγ2 and p-PKC
in primary B cells and DLBCL cells by phosphoflow. p-SYK was observed to be upregulated only
after BCR stimulation (anti-IgM), but not after DuoHexaBody-CD37 treatment of primary B cells or
DLBCL cells (Figure 3C     ). On other hand, p-PLCy2(Y759) and p-BTK(Y223) were specifically
upregulated in DLBCL cells upon treatment with DuoHexaBody-CD37 in the presence of Fc-
crosslinker (Figure 4A     , Supplementary Figure 4B     ). Next, we analyzed the MAPK signaling
pathway and observed p-P38 to be specifically upregulated in primary B cells, but not in DLBCL
cells, upon DuoHexaBody-CD37 treatment in the presence of Fc-crosslinker (Figure 4B     ,
Supplementary Figure 4C     ). Similarly, ERK phosphorylation was upregulated in primary B cells
upon DuoHexaBody-CD37 treatment in the presence of Fc crosslinker, in contrast to DLBCL cells
(Figure 4B     , Supplementary Figure 4C     ). Taken together, DuoHexaBody-CD37 treatment
activates different signaling cascades in primary B cells versus DLBCL-derived tumor cells.

CD37 N-terminus is involved in DuoHexaBody-CD37-mediated
signaling
As tyrosine phosphorylation of the CD37 N-terminus was reported to be crucial in CD37 mediated
signaling 27, we examined the involvement of CD37 N-terminus in DuoHexaBodyCD37-induced
signaling. In these experiments, B-ALL cells (NALM6) with low endogenous CD37 expression were
used to investigate various CD37 mutant constructs 27. NALM6 cells transfected with wild type
CD37 (CD37-WT), or with CD37 carrying either the Tyr13 to phenylalanine mutation (CD37-Y13F)
or a deletion of Tyr13 residue (CD37-ΔY13) in the cytosolic region of the CD37 molecule were
generated. Cell surface expression of CD37-WT and both mutant variants was validated by flow
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Figure 3. DuoHexaBody-CD37 treatment results in activation of different downstream signaling pathways
(A) Heatmap depicting log-normalized signal intensities of 26 phosphoproteins with two-fold increase in signal upon
DuoHexaBody-CD37 treatment in presence or absence of goat F(ab’)2 anti-human IgG (a-Fc) in primary B cells, U2932 and
Oci-Ly7. (B) Oncogenic hallmark signatures obtained from the MSigDB enriched using 26 phosphoproteins with two-fold
increase in signal upon DuoHexaBody-CD37 treatment in presence or absence of goat F(ab’)2 anti-human IgG (a-Fc) in
primary B cells, U2932 and Oci-Ly7. (C) Phosphoflow analysis of pSYK(Y348), p-SHP1(Y564), p-AKT(S473) on primary B cells (top
row) or DLBCL cells (bottom row) either untreated or treated with anti-BCR (F(ab’)2 anti-IgM), DuoHexaBody-CD37 and/or
goat F(ab’)2 anti-human IgG (a-Fc). Dot plots depict quantification (mean +/- SD) of mean fluorescence intensity (MFI). Each
dot represents individual donor (B cells) or experimental replicate (DLBCL). Significance was calculated compared to
untreated control using Kruskal-Wallis test followed by Dunn’ multiple comparison test correction (**p<0.01, ***p<0.001,
****p<0.0001).
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Figure 4. DuoHexaBody-CD37 treatment results in differential activation of BCR and RAS/MAPK
downstream signaling proteins in primary B cells and DLBCL cell lines

(A, B) Phosphoflow analysis of (A) p-BTK(Y223), p-PLCy2(Y759), p-PKCα/βII(T638/641) and (B) p38(T180/Y182), p-ERK-
1/2(T202/Y204) on primary B cells (top row) or DLBCL cells (bottom row) either untreated or treated with anti-BCR (F(ab’)2
anti-IgM), DuoHexaBody-CD37 and/or goat F(ab’)2 anti-human IgG (a-Fc). Dot plots depict quantification (mean +/- SD) of
mean fluorescence intensity (MFI). Each dot represents an individual donor (primary B cells) or experimental replicate (DLBCL
cell lines). Significance was calculated compared to untreated control using Kruskal-Wallis test followed by Dunn’ multiple
comparison test correction (*p<0.05, **p<0.01, ****p<0.0001).
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cytometry (Figure 5A     ). DuoHexaBody-CD37 treatment in the presence of Fc-crosslinker resulted
in significant upregulation of p-AKT(S473) and p-SHP1(Y564) in NALM6 cells expressing CD37-WT
compared to treatment with only the crosslinker (Figure 5B, C     ) in line with findings observed in
the DLBCL-derived cell lines (Figure 3C     ). Interestingly, deleting Tyr13 (CD37-ΔY13) completely
impaired p-AKT(S473) and p-SHP1(Y564) upregulation, whereas mutating Tyr13 (CD37-Y13F) did
not result in major changes upon DuoHexaBody-CD37 treatment in the presence of Fc-crosslinker
(Figure 5B, C     ). In conclusion, these data validate active CD37 downstream signaling upon target
engagement with DuoHexaBody-CD37 in the presence of Fc-crosslinker, and suggest the
involvement of the CD37 N-terminus in mediating direct cytotoxic signaling. Since p-SHP1
upregulation was observed specifically in DuoHexaBody-CD37-treated cells upon Fc crosslinking,
and SHP1 signaling was abolished when CD37-Y13 was mutated, we next investigated whether
SHP1 knockout in Oci-Ly7 and HBL1 cells (Supplementary Figure 5A     ) affected the induction of
direct cytotoxicity. No change in cytotoxicity was observed in either of the two cell lines following
knockout of SHP1 (Supplementary Figure 5B     ), indicating that SHP1 signaling induced by
DuoHexaBody-CD37 Fc-crosslinking does not directly contribute to the enhanced cytotoxicity.

DuoHexaBody-CD37 treatment abrogates cytokine mediated pro-
survival signaling in DLBCL cells
As cells within the DLBCL tumor microenvironment can stimulate tumor growth by supplying
cytokines 38 and CD37 has been reported to inhibit IL-6 signaling 17, we next investigated the
impact of DuoHexaBody-CD37 treatment on cytokine-mediated oncogenic signaling. Different
DLBCL cell lines were treated with DuoHexaBody-CD37 in absence or presence of Fc-crosslinker,
followed by stimulation with either recombinant human IL-4 (rh-IL4), IL-6 (rhIL6) or IL-21 (rh-
IL21) and analyzed for p-STAT activation by phosphoflow. These cytokines were selected because
of their pro-tumorigenic role in DLBCL and other hematological cancers 18, 38,39,40,41. All tested
DLBCL-derived tumor cell lines showed a significant increase in the level of p-STAT6 upon rh-IL-4
stimulation. Pre-treatment with DuoHexaBody-CD37 in the presence of a crosslinker showed a
significant decrease in percentage p-STAT6-positive tumor cells upon stimulation with rh-IL-4
(Figure 6A     ) in contrast to controls (untreated or cells treated with DuoHexaBody-CD37 or Fc-
crosslinker alone). Next, IL-6-induced p-STAT3 signaling was investigated in HBL-1 cells, as the
other DLBCL-derived tumor cell lines did not respond to IL-6 (data not shown). A two-fold increase
in percentage p-STAT3-positive HBL-1 cells was observed upon rh-IL6 stimulation. Interestingly,
treatment with DuoHexaBody-CD37 in the presence of a crosslinker also decreased the percentage
of p-STAT3-positive HBL-1 cells compared to controls (untreated or cells treated with
DuoHexaBody-CD37 or crosslinker alone) although this was not significant (Figure 6B     ). Finally,
IL-21-induced p-STAT3 signaling was investigated in all four cell lines. Both ABC-DLBCL derived
tumor cells (HBL-1 and U2932) showed a > four-fold increase in the percentage of p-STAT3-positive
cells, while the effect was more modest in the GCB-DLBCL-derived tumor cells (Oci-Ly8) showing a
two-fold increase in p-STAT3 signal. Oci-Ly7 cells did not respond to IL-21 (data not shown).
DuoHexaBody-CD37 treatment in the presence of Fc-crosslinker showed in all three IL-21
responsive cell lines a significant decrease in the percentage of p-STAT3-positive cells upon rh-IL21
stimulation (Figure 6C     ) in line with IL-4 and IL-6 stimulation. Collectively, these experiments
show that DuoHexaBody-CD37 treatment in the presence of Fc-crosslinker inhibits cytokine-
mediated pro-survival signaling in the DLBCL tumor microenvironment.

Discussion
A large fraction (∼40%) of patients with DLBCL do not respond to or relapse after first-line
treatment with standard immunochemotherapy (R-CHOP), emphasizing the unmet medical need
to develop new therapies for DLBCL. Tetraspanins have gained strong interest as therapeutic
targets in different cancer types due to their capacity to regulate cell proliferation, adhesion and
migration. Importantly, many tumor cells have altered cell surface expression of tetraspanins
making them attractive targets for the treatment of cancer 16,42. For example, CD151 is
upregulated in carcinomas and CD151 stimulates both primary tumor growth and the metastatic
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Figure 5. CD37 N-terminus is involved in DuoHexaBody-CD37-mediated cytotoxic signaling
(A) Histogram showing CD37 cell surface expression determined by flow cytometry analysis of NALM6 cell lines expressing
wild type CD37 (CD37-WT), or mutations of Tyr13 to phenylalanine (CD37-Y13F), or deletion of Tyr13 (CD37-ΔY13) in the
cytosolic regions of the CD37 molecule. (B) p-AKT(S473) and (C) p-SHP1(Y564) on NALM6 cell lines transfected with CD37-WT,
CD37-Y13F or CD37-ΔY13 treated with DuoHexaBody-CD37 (DHB) and goat F(ab’)2 anti-human IgG (a-Fc) or crosslinker alone
(a-Fc). Dot plots depict p-AKT and p-SHP1 levels in treated (DHB+a-Fc or a-Fc) vs untreated cells in CD37-GFP-positive
(transfected) cells using phosphoflow analysis, corrected for background signal from GFP-negative cells. Significance was
calculated using Student t-test (*p<0.05). Data shown from three independent experiments.

Figure 6. DuoHexaBody-CD37 treatment decreases cytokine-mediated pro-survival signaling in DLBCL cell
lines

(A) Percentages of p-STAT6-positive cells (mean and SD) upon recombinant human IL-4 (rh-IL4) stimulation in DLBCL cells
pre-treated with DuoHexaBody-CD37 in presence or absence of goat F(ab’)2 anti-human IgG (a-Fc). Data is shown from at
least three independent experiments. Percentages of p-STAT3-positive cells (mean +/- SD) upon (B) recombinant human IL-6
(rh-IL-6) stimulation in HBL-1 cells (the only IL-6 responsive cell line in this study) or (C) recombinant human IL-21 (rh-IL-21)
stimulation in DLBCL cells pre-treated with DuoHexaBody-CD37 in presence or absence of a-Fc. Data is shown from at least
three independent experiments. (A-C) Significance was calculated compared to untreated control using Kruskal-Wallis test
followed by Dunn’ multiple comparison test correction (**p<0.01).
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cascade through its interaction with β1 integrins 42,43. In B cell lymphoma, CD81 has been reported
to be highly expressed by malignant cells from patients with B-NHL, and CD81-specific antibodies
have been reported to be cytotoxic for such cells while sparing normal B cells 44. CD37 represents
an alternative therapeutic target for B-NHL because of its specific membrane expression on
mature B cells, and its prognostic value in DLBCL and follicular lymphoma 4,45. DuoHexaBody-
CD37 has been previously reported to mediate cytotoxicity of DLBCL cells via different
mechanisms of action: complement (CDC) and effector cell-mediated killing (ADCC/ADCP) 25,26.
Here, we report an additional mechanism of action of DuoHexaBody-CD37: CD37-mediated direct
cytotoxicity which is independent of complement. Direct antibody-mediated killing may be
particularly important in the DLBCL tumor microenvironment when complement is not available
or inhibited. Complement has a dual role in tumors including hematological malignancies. The
protective role of complement in antibody-mediated CDC has been well-established. However,
more recent studies have provided evidence that tumors can hijack the complement components
by cell surface expression of C1q, C3a and C5a receptors that promotes tumor growth and
progression 46,47. In addition, lymphoma cells can upregulate complement regulatory proteins
(CRPs: CD46, CD55 and CD59) to escape from antibody mediated CDC 48. Although no direct
correlation was found between DuoHexaBody-CD37-induced CDC and expression of CRPs in vitro
26, expression of CD59 has been shown to predict clinical outcome in DLBCL patients treated with
R-CHOP 49. In addition, the presence of regulatory myeloid cells (tumor-associated neutrophils,
myeloid-derived suppressor cells) in the tumor microenvironment has been associated with
immune suppression and poor prognosis in lymphoma (reviewed in 38,50). These tumor-
infiltrating myeloid cells stimulate tumor growth and may impair ADCC/ADCP activity of
therapeutic antibodies 51. Lastly, DLBCL cells have been shown to upregulate CD47 to protect
themselves from ADCC and ADCP 52. Taken together, inhibition of complement activation by tumor
cells or ineffective ADCC/ADCP may limit efficacy of antibody-based immunotherapies for
hematological malignancies.

Since decreased expression of CD20 is related to inferior clinical outcome of DLBCL patients after
treatment with R-CHOP, DuoHexaBody-CD37 treatment may be more potent compared to CD20-
targeting therapies in DLBCL. Supporting this, we observed no/minimal internalization of CD37 by
DuoHexaBody-CD37 in contrast to rituximab-induced CD20 internalization. We observed that
DLBCL cells were more sensitive to DuoHexaBody-CD37mediated cytotoxicity than Burkitt cells, a
difference that cannot be explained by variations in CD37 surface expression or clustering. It is
possible that Burkitt cells rely on other oncogenic signaling pathways (i.e. MYC-driven) compared
to DLBCL cells.

The activation of multiple intracellular signaling pathways, including PI3K-AKT and RAS-MAPK
that play a central role in cancer, was observed upon DuoHexaBody-CD37 treatment of DLBCL
cells. This was dependent on Fc-crosslinking of DuoHexaBody-CD37, which is in line with former
studies using CD37-specific small modular immunopharmaceuticals (CD37-SMIP) 53,54. In vivo
crosslinking could be facilitated by effector cells expressing Fc receptors, as evidenced by the
observed direct cytotoxicity of DuoHexaBody-CD37 in tumor cells in the presence of PBMCs. This
did not require FcγR mediated signaling or effector cell function (degranulation, trogocytosis) as
fixed PBMCs could be used to facilitate the crosslinking. CD37 can activate and inhibit AKT kinase
through its two intracellular tails that contain ITIM-like and ITAM-like motifs 27. Different
mechanisms of direct tumor cell death by antibodies have been reported, including apoptosis,
necrosis, pyroptosis and necroptosis. We identified apoptosis as the mechanism underlying
DuoHexaBody-CD37–induced killing of DLBCL cells, and future studies, and future studies are
needed to determine whether any of the other mechanisms are involved as well. mechanisms
underlie DuoHexaBody-CD37-induced killing of DLBCL cells. Interestingly, increased p-AKT was
observed in primary B cells upon DuoHexaBody-CD37 treatment in contrast to malignant B cells,
indicating that primary B cells may be less sensitive to direct killing than lymphoma cells. Our
results show that DuoHexaBody-CD37 directly affects the membrane-proximal signaling protein
AKT which may provide new opportunities for combination therapies in DLBCL 55. For example,
studies combining CD37-targeting antibodies with PI3K inhibitors 56,57 or cell cycle kinase
inhibitors 58 demonstrated enhanced tumor cell death. We also observed p-BTK and p-PLCy
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upregulation in ABC-DLBCL upon DuoHexaBody-CD37 treatment, which could provide a rational
to combine DuoHexaBodyCD37 with ibrutinib in ABC-DLBCL where BTK inhibition is already more
effective compared to GBC-DLBCL 59,60. DuoHexaBody-CD37 treatment also led to an increase in
SHP1 mediated signaling, however we could not confirm a direct role of SHP1 signaling in
DuoHexaBody-CD37-mediated cytotoxicity. DLBCL cells may undergo signal rewiring upon SHP1
knockdown by altered levels of p-AKT, p-STAT3, and p-STAT6, or SHP2 may compensate for the loss
of SHP1. It is currently unclear what the biological implications are of the increased SHP1
signaling observed upon treatment with DuoHexaBody-CD37 in DLBCL cells.

Moreover, DuoHexaBody-CD37 was found to be particularly effective in downregulating p-STAT3
and p-STAT6 in presence of IL-21 and IL-4, respectively. Within the DLBCL tumor
microenvironment, these cytokines actively contribute to cancer pathogenesis in ABC-DLBCL
18,38,39,40,41. p-STAT3 downregulation upon DuoHexaBody-CD37 treatment in presence of IL-6
requires further investigation in additional IL-6-responsive cell lines, as HBL1 was the only IL-6-
responsive lymphoma cell line tested in this study. IL-6 levels in serum are associated with adverse
clinical outcome in DLBCL, and we previously reported that CD37 inhibits IL-6 receptor signaling
through SOCS3 17. In line with this, patients with CD37-negative DLBCL present with higher IL-6
levels in serum and tumors which is associated with inferior clinical outcome 17. CD37 is an
independent prognostic factor in DLBCL, irrespective of DLBCL subset 4, which has been
confirmed in patients with follicular lymphoma 45. We anticipate that targeting CD37, especially in
the presence of classical chemotherapy and/or targeted drugs will further enhance the efficacy of
immunotherapy of DLBCL. In conclusion, this study shows DuoHexaBody-CD37 induces cytotoxic
signaling in DLBCL cells, and reduces cytokine-mediated pro-survival signaling in the DLBCL
tumor microenvironment.

Material and Methods
Therapeutic antibodies
DuoHexaBody-CD37 (GEN3009) and the negative control anti-HIV-1 gp120 antibody IgG1-b12
(mentioned in manuscript as IgG1-ctrl) were generated by Genmab (Utrecht, The Netherlands) as
previously described 61. Rituximab anti-CD20 (Mab Thera®) was obtained from Radboudumc
(Nijmegen, the Netherlands).

Cell culture
Lymphoma cell lines (GCB-DLBCL: Oci-Ly8, Oci-Ly7; ABC-DLBC: HBL-1, U2932; B-ALL: NALM6, and
Burkitt: BJAB, DAUDI) were obtained from DSMZ, ATCC, Blanca Scheijen (Dept. Pathology,
Radboudumc) and Marcel Spaargaren (Dept. of Pathology, AmsterdamUMC) and cell lines were
authenticated using STR-analysis. Cells were cultured in RPMI 1640 (Gibco), 1% antibiotic-
antimycotic (Gibco) and 10% FBS (Hyclone) (RPMI/10%FCS) and incubated at 37°C with 5% CO2.
For optimum growth, the cell lines were propagated in dilution of 0.5 × 106 cells/ml and the culture
media were refreshed twice a week. All experiments were performed one day after refreshing
medium and expanding cell culture.

MTS assay
Cell viability was determined using CellTiter 96® AQueous One Solution Reagent from Promega as
per manufacturer instructions. Briefly, 2x105 cells in RPMI/10%FCS were plated in 96-well plates
and treated with 5µg/ml DuoHexaBody-CD37 for 30min at 4°C. Cells were washed and treated with
5 µg/ml of goat F(ab’)2 anti-human IgG (a-Fc, Southern Biotech) and incubated for 48h at 37°C with
5% CO2. As control, cells treated with DuoHexaBody-CD37 or a-Fc alone were included.
Subsequently, cells were stained with 1:5 dilution of CellTiter 96® AQueous One Solution Cell
Proliferation Assay (MTS, Promega) in media (RPMI/10%FCS) and incubated at 37°C with 5% CO2
for 2-3hrs. Absorbance was recorded at 490nm in a 96-well plate reader (Bio-Rad iMark Microplate
Absorbance Reader).

Cell Biology | Cancer Biology

https://doi.org/10.7554/eLife.106425.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/cell-biology
https://elifesciences.org/subjects/cancer-biology


Pal Singh et al., 2025 eLife 14:RP106425.  https://doi.org/10.7554/eLife.106425.2 13 of 28

Cytotoxicity assays
Peripheral blood from healthy volunteers was obtained via Sanquin blood bank (Nijmegen, NL)
upon informed consent and anonymized for further use, following the guidelines of the
Institutional Review Board, and in accordance with the declaration of Helsinki. Peripheral blood
mononuclear cells (PBMCs) were isolated using Ficoll Hypaque (GE Healthcare, Little Chalfont, UK)
according to the manufacturer’s instructions. For studying different subsets of FcγR-expressing
cell types, B cell, T cells, monocytes and NK cells were isolated using Miltenyi Biotec cell separation
reagents (130-101-638, 130-096-495, 130-117-337 and 130-092-657, respectively). For fixation,
PBMCs and the purified immune cell subsets were washed with PBS and resuspended directly in
1%PFA (filter sterilized) at 7.5x106 cells/ml for 20min at RT (room temperature). Following, cells
were washed twice in PBS and resuspended in media (RPMI/10%FCS). In parallel, 10x106 target
cells (HBL-1 or U2932) were stained with CellTrace Violet Cell Proliferation Kit (Invitrogen) at final
concentration of 167nM for 20min at 37°C with 5% CO2. Subsequently, cells were washed twice
and resuspended in media (RPMI/10%FCS). Next, CTV-stained target cells were treated with 5µg/ml
DuoHexaBody-CD37 for 30min at 4°C and washed with media. In addition, target cells were co-
cultured with fixed PBMCs at 1:20 (target to crosslinker) ratio for 4, 24 or 48h (or for 3 hours with
the purified immune cell subsets), at 37°C in the presence of 5% CO2. Subsequently, cells were
directly stained with 5µg/ml propidium iodide (Miltenyi Biotec) for 5min at RT on plate shaker and
analyzed using FACS Lyric (BD Biosciences).

Target binding analysis
Briefly, 100,000 lymphoma cells (HBL-1, Oci-Ly7, U2932, BJAB or DAUDI) were treated with 5mg/ml
of anti-CD20 Rituximab (Mab Thera®) or DuoHexaBody-CD37 in RPMI/0.2%BSA for 15min at RT in
a 96-wells plate. Plates were then directly transferred to incubator (37°C/5% CO2) for 0, 2 or 6h.
Cells were harvested at respective time points by washing with PBA buffer (PBS, 1% BSA, azide
0.02%) followed by staining with mouse anti-human IgG1 Fc secondary antibody conjugated to
Alexa Fluor 488 (ThermoFisher) for 30min at 4°C. Next, cells were washed and stained with Live-
dead marker (eFluor 506, eBioscience) and measured using FACS Lyric (BD Biosciences).

Generation of CD37 mutant cell lines
NALM6 cells were used because of their endogenous low CD37 expression. Cells were grown in
RPMI/10% FBS supplemented with glutamine 2mM. Cells were transfected with either CD37-sGFP2,
CD37 Y13F-sGFP2 or CD37-delta Y13-sGFP2 constructs using the Amaxa 4D nucleofector. Briefly, for
each transfection 3x106 cells were collected and washed with PBS. Cells were resuspended in 100
µl SF buffer (cat. no. V4XC-2024) containing 3 µg of plasmid and pulsed with program CV-104. After
transfection, cells were transferred to 6-well plates and incubated overnight in 3 ml of RPMI with
10% FBS without antibiotic-antimycotic and phenol red. The CD37 constructs were kindly
provided by Prof. Dr. N. Muthusamy (Ohio University, USA) 27, and subcloned in pSGFP-N1 vector
using standard techniques. Sequences were verified via sequencing.

Phosphoflow assays
Lymphoma cells (2x105 cells/well) or PBMCs (5x105 cells/well) in RPMI/10%FCS were treated with
5µg/ml DuoHexaBody-CD37 for 30min at 4°C. Next, cells were washed and treated with 5µg/ml of
goat F(ab’)2 anti-human IgG (a-Fc) and incubated for 20min at 37°C with 5% CO2. As treatment
control, cells were treated with DuoHexaBody-CD37 or a-Fc alone. As positive control of B-cell
receptor stimulation, cells were treated with 20µg/ml of goat F(ab’)2 antihuman IgM. Next, cells
were spun down and stained at 1:10 dilution with Fixable Viability stain 510 (BD Biosciences) in
RPMI/10%FCS for 10min at 37°C. Thereafter, cells were directly fixed for 10min at 37°C with 100 μl
of the eBioscience FoxP3/Transcription Factor Fixation kit (Invitrogen) as indicated by the
manufacturer. After fixation, samples were washed twice with eBioscience Permeabilization Wash
Buffer (10X diluted in Milli-Q) (Invitrogen). To identify the B cells within PBMC cultures, cells were
stained with antibodies against CD19, CD3 and IgD diluted in eBioscience wash buffer. To prevent
non-specific antibody binding, FcR-blocking purified rat anti-mouse CD16/CD32 (Mouse BD Fc
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BlockTM) was included in the staining. Stained cells were incubated for 30min at 4°C followed by
washing in eBioscience wash buffer and staining with antibodies against phosphorylated proteins;
p-SHP1(Y564), p-AKT(S473), p38(T180/Y182) (all Cell signaling technology), p-SYK(Y348), p-
BTK(Y223), pPLCy2(Y759), p-PKCα/βII(T638/641), p-ERK-1/2(T202/Y204) (all BD Biosciences); in wash
buffer for 30min at RT. Unlabeled phospho-antibodies (p-SHP1(Y564), p-AKT(S473),
p38(T180/Y182)) were stained with a secondary PE-labeled F(ab’)2 donkey anti-rabbit IgG (H+L)
antibody (Jackson Immuno Research) for 15min at RT. Lastly, the cells were washed and
resuspended in wash buffer before measuring on FACS Lyric.

Cytokine stimulation experiments
To measure p-STAT3 and p-STAT6 responses, cells treated with DuoHexaBody-CD37 and/or goat
F(ab’)2 anti-human IgG (a-Fc) for 24h as described above. After washing, cells were stimulated
with recombinant IL-6 (100ng/ml) or IL-4 (20ng/ml) (both from Miltenyi) or IL-21 (Peprotech)
(50ng/ml) for 15min at 37°C. Cells were harvested and stained with Fixable Viability stain 510 (BD
Biosciences). Subsequently, cells were fixed with BD Cytofix Fixation Buffer (BD Biosciences) for
10min at 37°C and washed twice with MACS buffer (PBS/0.5% BSA/2 mM EDTA). Next, cells were
permeabilized using 150 μl Perm Buffer III (BD Biosciences) at 4°C for 30min and washed twice
with MACS buffer, followed by staining with PE-labeled p-STAT3 (Y705) or p-STAT6 (Y641) (BD
Biosciences) antibody diluted (1:8) in MACS buffer for 30min at RT. Finally, the cells were washed
and resuspended in 50 μl MACS buffer before measuring on FACS Lyric.
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Supplementary information

Supplementary Figure 1. Fc-crosslinking-mediated apoptotic cell death induced by DuoHexaBody-CD37 is
not correlated with CD37 membrane expression (A) Flow cytometric comparison of Annexin V stained, Annexin
V + 7AAD stained and unstained cells in presence or absence of DuoHexaBody-CD37, with and without Fc-
crosslinking on Oci-Ly8, Oci-Ly7 and HBL 1 cell lines. Data (mean +/- SD) show unstained, Annexin V-positive and
Annexin V + 7AAD double positive populations from three independent experiments. (B) Flow cytometric
quantification of CD37 expressed on membranes of DLBCL and Burkitt cell lines using two different CD37
antibodies (clones WR-17 and M-B371). Data (mean +/- SD) represent three independent experiments. MFI=mean
fluorescence intensity.
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Supplementary Figure 2. Fc-crosslinking does not lead to increased CD37 internalization from the cell
surface of DLBCL cell lines upon DuoHexaBody-CD37 treatment

Percentage decrease in cell surface binding by DuoHexaBody-CD37 with or without Fc-crosslinker in Oci-Ly8, BJAB, Oci-Ly7,
U2932 and DAUDI cell lines as measured by flow cytometry. Data (mean +/- SD) is derived from four independent
experiments.

Supplementary Figure 3. Principal component analysis of (phospho)protein expression profiles after
DuoHexaBody-CD37 treatment

Principal component analysis (PCA) of 484 proteins (102 phospho targets and 382 total proteins) in primary B cells (CD19+
purified) and two DLBCL cell lines (Oci-Ly7 and U2932) either untreated or treated with DuoHexaBody-CD37 in presence or
absence of a-Fc using reverse phase protein array (RPPA). The first two components of the cluster analysis are shown.
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Supplementary Figure 4. DuoHexaBody-CD37 treatment results in differential activation of BCR and
RAS/MAPK downstream signaling proteins in B cells and DLBCL

(A-C) Phosphoflow analysis of (A) p-SYK(Y348), p-SHP1(Y564), p-AKT(S473); (B) p-BTK(Y223), p-PLCy2(Y759), p-PKCα/
βII(T638/641) and (C) p38(T180/Y182), p-ERK-1/2(T202/Y204) on primary B cells (top row) or DLBCL cells (bottom row) either
anti-IgM treated or treated with DuoHexaBody-CD37 and/or goat F(ab’)2 anti-human IgG (a-Fc). Dot plots depict fold change
(mean +/- SD) of mean fluorescence intensity (MFI) of indicated treatment to untreated cells. Each dot represents individual
donor (B cells) or experimental replicate (DLBCL). Significance of fold change to untreated control was calculated using
Wilcoxon Signed Rank test (*p<0.05, **p<0.01, ****p<0.0001).
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Supplementary Figure 5. Knockout of SHP1 does not influence DuoHexaBody-CD37 mediated cytotoxicity

(A) Western blot showing SHP-1 levels in Oci-Ly7 and HBL1 cells for parental (NT), empty vector (EV) and SHP-1 gRNA1/gRNA4
transduced cells. Tubulin was used as loading control. (B) Percentage of dead (Annexin V + 7AAD double positive)
populations in parental, transduction control (gRNA EV), and SHP1 knockout (gRNA SHP1-1 and gRNA SHP1-4) in Oci-Ly7 and
HBL1 cells measured by flow cytometry. Data (mean +/- SD) shown from three independent experiments.
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Supplementary Table 1.

Cell Biology | Cancer Biology

https://doi.org/10.7554/eLife.106425.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/cell-biology
https://elifesciences.org/subjects/cancer-biology


Pal Singh et al., 2025 eLife 14:RP106425.  https://doi.org/10.7554/eLife.106425.2 20 of 28

Data availability
All data generated or analyzed during this study are included in this published article and its
supplementary information files.
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Peer reviews
Joint Public Review:

[Editor's Note: The previous reviewers comments were felt to be addressed by the reviewers
and myself and have improved the work.]

In this study, the authors suggest that DuoHexaBody-CD37, a biparatopic CD37-targeting
antibody, can induce direct cytotoxicity in diffuse large B-cell lymphoma (DLBCL) cells
through antibody clustering and SHP-1 activation, independent of complement. They further
propose that DuoHexaBody-CD37 inhibits cytokine-mediated pro-survival signalling,
suggesting a broader role for CD37-directed therapy in disrupting tumour supportive
signalling networks.

A strength of the study is the systematic in vitro characterisation of signalling responses to
DuoHexaBody-CD37 across both malignant and normal B-cells. The inclusion of
phosphoproteomic profiling and mutant constructs provides mechanistic detail, and the
findings may be of interest to researchers working on antibody therapeutics in lymphoma.

However, the evidence supporting key mechanistic processes - particularly the specific
subtype requirement for Fc receptor crosslinking - is incomplete and would benefit from
further functional validation. While CD37 has been explored previously as a therapeutic
target, this study does add mechanistic insight into direct cytotoxicity and cytokine
modulation. Nevertheless, the exclusive reliance on in vitro systems makes the translational
relevance unclear.

Overall, the study provides valuable insight into CD37-mediated signalling in lymphoma cells,
but the evidence remains incomplete to support broader conclusions about therapeutic
impact. The additional mechanistic data included during revision are informative, but the
precise basis of the observed cytotoxic effects remains incompletely defined.

https://doi.org/10.7554/eLife.106425.2.sa1

Author response:

The following is the authors’ response to the original reviews.

Public Reviews:

Joint Public Reviews:

In this study, the authors suggest that DuoHexaBody-CD37, a biparatopic CD37-targeting
antibody, can induce direct cytotoxicity in diffuse large B-cell lymphoma (DLBCL) cells
through antibody clustering and SHP-1 activation, independent of complement. They
further propose that DuoHexaBody-CD37 inhibits cytokinemediated pro-survival
signalling, suggesting a broader role for CD37-directed therapy in disrupting tumour
supportive signalling networks.

A strength of the study is the systematic in vitro characterisation of signalling responses
to DuoHexaBodyCD37 across both malignant and normal B-cells. The inclusion of
phosphoproteomic profiling and mutant constructs provides mechanistic detail, and the
findings may be of interest to researchers working on antibody therapeutics in
lymphoma.

However, the evidence supporting key mechanistic processes - particularly the role of
SHP-1 in mediating cytotoxicity and the requirement for Fc receptor crosslinking - is
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incomplete and would benefit from further functional validation. While CD37 has been
explored previously as a therapeutic target, this study does add mechanistic insight into
direct cytotoxicity and cytokine modulation. Nevertheless, the exclusive reliance on in
vitro systems makes the translational relevance unclear. Overall, the study provides
valuable insight into CD37-mediated signalling in lymphoma cells, but the evidence
remains incomplete to support broader conclusions about therapeutic impact.

Recommendations for the authors:

Reviewer #1 (Recommendations for the authors):

In the manuscript, Singh and colleagues reveal a new mechanism via which
DuoHexaBody-CD37 induces DLBCL cytotoxicity, which is independent of external factors,
such as the effector cells and the complement system. As cited by the authors, the
induction of B cell death has previously been demonstrated for antibodies directed
against B cells, including anti-CD37 (otlertuzumab). Furthermore, the majority of these
observations are made using in vitro systems, and it is not clear if this phenomenon
happens in vivo or not?

Thank you for pointing this out. We would like to refer to previous report that have
demonstrated potent anti-tumor activity of DuoHexaBody-CD37 in vivo in cell line- and
patient-derived xenograft models from different B-cell malignancy subtypes [PMID:
32341336]. Moreover, DuoHexaBody-CD37 ex vivo activity has been shown 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 lymphocytic leukemia
(CLL) and B-cell non-Hodgkin lymphoma, including diffuse large B-cell lymphoma (DLBCL)
[PMID: 33324950]. We refer to these data in the introduction.

The presented data suggest that DuoHexaBody-CD37 relies on Fc crosslinking for its
optimal cytotoxic activity. Investigating which FcγR is needed for this purpose would have
been useful, as FcγRIIb, for instance, has been shown to be important in supporting the
therapeutic function of mAbs like anti-CD40.

We thank you for this suggestion. To further investigate the role of specific FcγRs in effector
cell-mediated Fc cross-linking, PBMC-mediated direct cytotoxicity was compared across
various immune cell subsets: B cells (FcγRIIb), NK cells (FcγRIIIa, IIc), monocytes (FcγRI, IIa/b,
IIIb), and T cells (no confirmed FcγR expression). Notably, all immune cells subsets expressing
FcγRs exhibited similar or enhanced cytotoxicity against DLBCL cells compared to the total
PBMC pool. These results indicate that DuoHexaBody-CD37 induced killing is independent of
specific FcγR subtypes. We have added these new data to new Figure 1C.

Specific comments:

(1) Line 92:93: The authors should also cite the following reference for rituximab:
https://pubmed.ncbi.nlm.nih.gov/19620786/      .

We have added this reference to the revised paper (ref. 31).

(2) Figure 1 and 2: Since cell death was only observed in the presence of crosslinking in
Figure 1, Figure 2 should also investigate the clustering and internalization of CD37 in
the presence of the same secondary antibody. It is likely that DuoHexaBody-CD37 will
induce receptor internalization upon crosslinking.

To further investigate internalization, we compared the surface availability of CD37 with and
without Fc-mediated crosslinking of DuoHexaBody-CD37 across cell lines. Little to no
decrease in the surface availability of CD37 upon Fc-mediated crosslinking (new
Supplementary Figure 2) was observed.

Cell Biology | Cancer Biology

https://doi.org/10.7554/eLife.106425.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://pubmed.ncbi.nlm.nih.gov/19620786/
https://elifesciences.org/subjects/cell-biology
https://elifesciences.org/subjects/cancer-biology


Pal Singh et al., 2025 eLife 14:RP106425.  https://doi.org/10.7554/eLife.106425.2 27 of 28

In addition, we performed cluster analysis studies in lymphoma cells treated with
DuoHexabody-CD37 in the absence and presence of Fc-crosslinking (and respective isotype
controls). We observed that DuoHexabodyCD37 by itself was already sufficient to induce
CD37 clustering, which was further enhanced by Fc-crosslinking (new Figure 2A, B).

(3) Figure 3A: the Y-axes should be clearly labelled.

Done.

(4) Figure 6: What is the reason for the selective use of different cell lines in Figure 6?
Additionally, only 1 donor has been used for the IL-6 analysis.

The reviewer is indeed correct in noticing that only one cell line has been used for the IL-6
analysis. We observed that HBL-1 cells were the only cell line that were sensitive to IL-6
treatment, in contrast to IL-4 and IL-21. We have added this sentence to the discussion to
explain this better: “p-STAT3 downregulation upon DuoHexaBody-CD37 treatment in
presence of IL-6 requires further investigation in additional IL-6-responsive cell lines, as
HBL1 was the only IL-6-responsive lymphoma cell line tested in this study.”

The data shown in Figure 6 are results from at least three independent experiments (each dot
is an independent experiment, not a donor).

Reviewer #2 (Recommendations for the authors):

Singh et al uncover a novel mechanism of action for the DuoHexaBody-CD37 against
DLBCL, whereby it is shown to induce direct cytotoxicity independent of complement and
to activate the phosphatase SHP-1. DuoHexaBody-CD37 is also shown to reduce cytokine
induced JAK/STAT signalling in DLBCL cells.

Strengths:

The authors provide novel insight into CD37 targeting across normal B cells, DLBCL and
Burkitt lymphoma cells, which have the potential to inform clinical translation.

Weaknesses:

The mechanisms behind differences in signalling and apoptosis between normal B cells,
Burkitt lymphoma, and DLBCL cells with CD37 targeting require further clarification. In
particular, the contribution of SHP-1 to this effect is not clear and indeed is increased in
both normal b cells and DLBCL cells.

Key points that require addressing are below:

(1) Viability of Burkitt lines was less affected than DLBCL in Figure 1- this should be
compared with surface CD37 expression in these same lines to determine whether this
accounts for the effect. This difference is a key finding for clinical translation.  

We thank the reviewer for this suggestion and we have now performed flow cytometry
analysis across DLBCL and Burkitt cell lines upon staining with two different anti-CD37
antibodies (WR17, M-B371) to quantify membrane CD37 expression (new Supplementary
Figure 1B). These data show that CD37 expression levels are not directly related to
DuoHexaBody-CD37 mediated cytotoxicity in the studied B cell lines. 

(2) pSHP1 is increased in both normal B cells (lines 169-171, Figure 3C) and DLBCL and
yet the authors state specific upregulation of pSHP1 in DLBCL as a reason for induced
cytotoxicity in DLBCL (lines 183-185). This requires clarification and experimental
confirmation. The authors should investigate normal B cells in the cytotoxicity assays as
in Figure 1 for comparison. The authors should also confirm the importance of SHP-1 in
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this apoptosis process using specific SHP pharmacological agents, which are
commercially available.

To analyze the role of SHP1 mediated signaling in induced cytotoxicity of DLBCL, SHP1 knock
outs (KO) were generated in HBL1 and OciLy7 cell lines using CRISPR Cas9 technology (new
Supplementary figure 5A). The wild type and SHP-1 KO cell lines were then compared for
differences in cytotoxicity after treatment with DuoHexaBody-CD37 with and without Fc-
crosslinker. No differences in cytotoxicity were observed between the wild type and knock
out cell lines (new Supplementary figure 5B), indicating that DuoHexaBody-CD37induced
SHP1 signaling does not play a direct role in the increased cytotoxicity. We have added these
new data to the results and rephrased the role of SHP-1 in the revised manuscript. 

(3) It would be informative to assess caspase activation and PARP cleavage across
normal B cells, DLBCL and Burkitt under these conditions for clarity on apoptosis
induction.

We thank the reviewer and we agree it would be informative to confirm apoptosis induction
in the cell lines upon DuoHexaBody-CD37 treatment. We addressed this question by flow
cytometric analysis of different lymphoma cell lines stained with/without Annexin V
(apoptosis marker) and 7AAD (late apoptotic/necrotic marker) in presence or absence of
DuoHexaBody-CD37, with and without Fc-crosslinking. These experiments demonstrate that
Fc-crosslinking DuoHexaBody-CD37 leads to the induction of apoptosis across DLBCL cell
lines (new Supplementary Figure 1A).

(4) The regulation of JAK/STAT signalling by SHP-1 should be mentioned in the
introduction and discussion as this is a key finding of the manuscript.

Based on the new data on the role of SHP-1 (Suppl. Fig. 5), we have rephrased the text on the
SHP1 in the discussion of the revised paper: “DuoHexaBody-CD37 treatment also led to an
increase in SHP1 mediated signaling, however we could not confirm a direct role of SHP1
signaling in DuoHexaBody-CD37-mediated cytotoxicity. DLBCL cells may undergo signal
rewiring upon SHP1 knockdown by altered levels of p‑AKT, p‑STAT3, and p‑STAT6, or SHP2
may compensate for the loss of SHP1. It is currently unclear what the biological implications
are of the increased SHP1 signaling observed upon treatment with DuoHexaBody-CD37 in
DLBCL cells.”

(5) The authors state that DuoHexabody-37 is particularly effective at downregulating
STAT signalling in the presence of IL-6 (lines 302-303) however, this is not statistically
significant in the results section. There is a trend for a reduction, however, further
experimental repeats would clarify this.

We agree with the reviewer, and rewrote the text on IL-6 in the discussion: “p-STAT3
downregulation upon DuoHexaBody-CD37 treatment in presence of IL-6 requires further
investigation in additional IL-6-responsive cell lines, as HBL1 was the only IL-6-responsive
lymphoma cell line tested in this study.”

https://doi.org/10.7554/eLife.106425.2.sa0
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