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ABSTRACT
Rituximab (RTX) plus chemotherapy (R-CHOP) applied as a first-line therapy for lymphoma leads to 
a relapse in approximately 40% of the patients. Therefore, novel approaches to treat aggressive lympho
mas are being intensively investigated. Several RTX-resistant (RR) cell lines have been established as 
surrogate models to study resistance to R-CHOP. Our study reveals that RR cells are characterized by 
a major downregulation of CD37, a molecule currently explored as a target for immunotherapy. Using 
CD20 knockout (KO) cell lines, we demonstrate that CD20 and CD37 form a complex, and hypothesize that 
the presence of CD20 stabilizes CD37 in the cell membrane. Consequently, we observe a diminished 
cytotoxicity of anti-CD37 monoclonal antibody (mAb) in complement-dependent cytotoxicity in both RR 
and CD20 KO cells that can be partially restored upon lysosome inhibition. On the other hand, the 
internalization rate of anti-CD37 mAb in CD20 KO cells is increased when compared to controls, suggest
ing unhampered efficacy of antibody drug conjugates (ADCs). Importantly, even a major downregulation 
in CD37 levels does not hamper the efficacy of CD37-directed chimeric antigen receptor (CAR) T cells. In 
summary, we present here a novel mechanism of CD37 regulation with further implications for the use of 
anti-CD37 immunotherapies.
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Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most frequent 
non-Hodgkin lymphoma (NHL) subtype, accounting for about 
40% of NHL cases and is also one of the most aggressive 
subtypes.1 For years, the first-line therapy in DLBCL has been 
R-CHOP – a combination of chemotherapeutics with rituxi
mab – an anti-CD20 monoclonal antibody (mAb). Although 
the treatment is mostly well tolerated and efficient, approxi
mately 40% of the patients face relapse characterized by a very 
poor prognosis and the median survival following relapse not 
exceeding 6 months.2 In recent years, considerable progress 
has been made in the registration of novel therapies used as 
a second-line treatment which shows the effectiveness of 

immunotherapeutic approaches like antibodies and antibody 
drug-conjugates directed against CD19 or CD79b molecules as 
well as CD19 CAR-T cell formulations. Numerous clinical 
trials are currently underway exploring new molecular targets 
against aggressive lymphomas including those testing CD37- 
directed immunotherapies (e.g. Phase 1 clinical trials of CD37- 
directed CAR T cells – NCT04136275).

The molecular changes induced by RTX and leading to 
a failure of the next-line therapies have been widely studied 
in established B-cell lymphoma cell lines with induced resis
tance to RTX.3–5 These models confirmed CD20 downregula
tion already reported in R-CHOP – treated patients.6–8 In this 
study, we have sought to thoroughly characterize the RTX-
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resistant cell lines to better understand their phenotype. Our 
analyses revealed a significant downregulation of CD37 mole
cule on the surface of RR cells. CD37, a tetraspanin protein 
with structural similarity to CD20, is expressed at the highest 
levels in the B-cell lineage from pre-B to mature B cells.9,10 

Alike CD20, CD37 is absent on the surface of plasma cells, 
making it a suitable target for immunotherapy. In fact, numer
ous anti-CD37 targeting immunotherapies are currently under 
investigation.11–14 Besides being a molecular target for immu
notherapies, CD37 is an important player in the biology of 
B-cell malignancies15 as demonstrated in murine models, 
where CD37 has been described as a negative regulator of 
lymphomagenesis.16 Recently, CD37 has been reported to inhi
bit the fatty acids (FA) transporter FATP1, so CD37-negative 
lymphoma cells take advantage of increased FA uptake and 
process exogenous palmitate into energy supporting their 
increased proliferation.17 In line with this observation, CD37 
presence on the cell surface has been shown to correlate with 
overall survival (OS) and progression-free survival (PFS) in 
DLBCL patients.18 As patients with high CD37 expression 
showed improved survival on R-CHOP regardless of CD20 
expression,18 CD37 has been suggested to act as a “molecular 
facilitator” of rituximab action in a yet undefined mechanism. 
Intriguingly, surface CD37 levels have been shown to correlate 
with CD20 levels as assessed by flow cytometry in DLBCL cell 
lines.18 In this study, using RR and CD20 KO cell lines, we 
investigated the role of CD20 in regulating CD37 levels and its 
consequences for the efficacy of various immunotherapeutic 
approaches targeting CD37.

Materials and methods

Cell culture

All the cell lines were cultured at 37°C in a fully humidified 
atmosphere of 5% CO2 in RPMI-1640 (Invitrogen), supple
mented with 10% heat-inactivated fetal bovine serum (FBS), 
100 U/mL of penicillin, and 100 µg/mL of streptomycin. Cells 
were passaged every other day. Rituximab-resistant cell lines 
and their wild-type counterparts were kindly provided by Prof 
F. Hernandez- Ilizaliturri from Roswell Park, NY, US (human 
non-Hodgkin’s diffuse large B-cell lymphoma: RL, U2932 cell 
lines) or generated at the Central European Institute of 
Technology, Czech Republic (human Burkitt lymphoma 
Ramos cell lines) or in Department of Immunology, Medical 
University of Warsaw (human Burkitt lymphoma Raji and 
human diffuse large B-cell lymphoma DHL-4 cell lines). 
Human non-Hodgkin’s diffuse large B-cell lymphoma OCI- 
Ly-7 (named Ly7 in this paper) and HEK-293T cell lines used 
for lentivirus production were purchased from DSMZ. Daudi 
cells (31) were purchased from ATCC.

Retroviral T cells transduction

Peripheral blood mononuclear cells (PBMCs) were isolated 
from buffy coats from healthy donors by density gradient 
centrifugation using Lymphoprep™ (STEMCELL 
Technologies Canada, Inc.). This procedure was approved by 
the Bioethics Committee of the Medical University of Warsaw, 

Poland. Following isolation, PBMCs were seeded onto 6-well 
plate at density 2 × 106 cells/mL in full RPMI-1640 medium 
and stimulated for 48 h with anti-CD3 (1:1000) and anti-CD28 
(1:1000) mAbs (Invitrogen). After 48 h, stimulated PBMCs 
were collected and seeded onto a 24-well plate coated with 
50 µg/ml retronectin (TakaraBio) at a density of 1 × 106 cells/ 
mL. For retroviral transduction, two rounds of spinoculation 
with non-concentrated retroviral supernatants were performed 
(1 h, 1250 rpm, 32°C). Six hours following the second spino
culation, viral supernatants were replaced with full RPMI-1640 
medium supplemented with 200 U/ml IL-2 (PeproTech) and 
Dynabeads Human T-Activator CD3/CD28 at ratio 1:0.3 
(Thermo Fisher Scientific).

Constructs
The CAR construct used in this study is the same as the one 
previously tested in.12 Briefly, the scFv of the HH1 anti-CD37 
antibody was designed with the orientation VL-VH and linked 
with a (G4S)4 linker. HH1 scFv was linked to the coding sequence 
of the CD8 hinge/TM and a second-generation signaling tail 
(4-1BB-CD3z). This CD37CAR coding sequence was subcloned 
using Gateway technology (Invitrogen) into the retroviral plasmid 
pMP71, as depicted in.19 The coding sequence is the following: 
METDTLLLWVLLLWVPGSTGDIVMTQSHKLLSTSVGDRVS
ITCKASQDVSTAVDWYQQKPGQSPKLLINWASTRHTGVP
DRFTGSGSGTDYTLTISSMQAEDLALYYCRQHYSTPFTFGS
GTKLEIKGGGGSGGGGSGGGGSGGGGSEIQLQQSGPELVK
PGASVKVSCKASGYSFTDYNMYWVKQSHGKSLEWIGYID
PYNGDTTYNQKFKGKATLTVDKSSSTAFIHLNSLTSEDSAV
YYCARSPYGHYAMDYWGQGTSVTVSSDPFVPVFLPAKPT
TTPAPRPPTPAPTIASQPLSLRPEACRPAAGGAVHTRGLDF
ACDIYIWAPLAGTCGVLLLSLVITLYCNHRNRFSVVKRGRK
KLLYIFKQPFMRPVQTTQEEDGCSCRFPEEEEGGCELRVKF
SRSADAPAYQQGQNQLYNELNLGRREEYDVLDKRRGRDP
EMGGKPRRKNPQEGLYNELQKDKMAEAYSEIGMKGERRR
GKGHDGLYQGLSTATKDTYDALHMQALPPR.

The plasmid encoding the GFP-firefly luciferase (GFP-Luc) 
fusion protein coding sequence was subcloned from an original 
plasmid obtained from Dr Rainer Löw.

PLA assay
Duolink® Proximity Ligation Assay kit (Sigma Aldrich) was 
used to determine the interaction between CD20 and CD37. 
Briefly, Raji and U2932 NTC and CD20 KO cells were incu
bated with anti-CD37 mouse Ab (M-B371 clone, BD) and anti- 
CD20 human Ab (obinutuzumab, Roche). Relevant negative 
controls were performed using isotype antibodies. Cells incu
bated with anti-CD20 human and anti-CD20 mouse antibodies 
served as a positive control. Afterward, the cells were incubated 
with anti-human and anti-mouse probes followed by in situ 
ligation and amplification according to the manufacturer’s pro
tocol. Duolink® Green Detection kit was used to detect protein 
interactions, and the cells were analyzed on BD Fortessa.

Generation of naratuximab MMAE conjugate
Naratuximab MMAE conjugate was generated by the con
jugation of anti-CD37 mAb (naratuximab from Selleckchem) 
with monomethyl auristatin E (MMAE) using 2 different
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dipeptide linkers: VC (valine-citrulline) and VdC (valine- 
D-citrulline) synthesized as described in.20 The payload was 
conjugated with 50 μg of anti-CD37 antibody (Natuximab) 
using the protocol outlined at https://web.stanford.edu/ 
group/nolan/protocols.html. Firstly, the disulfide bonds in 
the antibody were reduced using TCEP according to 
a standard protocol (TCEP:antibody ratio 10:1, 30 minutes, 
37°C). Subsequently, the reduced antibody was incubated 
with Mal-(PEG)2-Val-Cit-PABC-MMAE at neutral pH for 
1 h. Unreacted payload was removed by filtration, and the 
concentration of the obtained ADCs was measured by absor
bance. Additionally, the ADC was subjected to SDS-PAGE 
analysis under reduced and non-reduced conditions. The 
resulting ADCs were compared with unconjugated anti- 
CD37 to demonstrate the shift in molecular weight. The 
other ADCs were synthesized in a similar manner.

Immunohistochemistry of primary DLBCL samples
Two tissue microarrays were prepared from archival formalin- 
fixed, paraffin-embedded (FFPE) blocks from DLBCL patients 
diagnosed at the Institute of Hematology and Transfusion 
Medicine, Warsaw. From each case, two 1 mm cores were 
evaluated. The slides were stained with anti-CD37 (clone 2B8; 
Thermo Fisher Scientific, pH 6.0, 1:200), anti-CD20 and anti- 
CD19 mAbs (Dako, RTU). The positive controls included 
lymphoid tissue in the tonsil, appendix, and spleen. CD37 
surface expression was scored as negative (<5%) and positive 
(≥5%) as previously reported,18 CD20 and CD19 surface were 
positive according to criteria of WHO Classification of 
Tumours of Haematopoietic and Lymphoid Tissues 2017.

Patients’ sample analysis
We retrospectively analyzed 47 patients diagnosed with 
DLBCL at the Institute of Hematology and Transfusion 
Medicine, Warsaw, Poland. Following patients’ diagnosis sub
sequent data were obtained: age, sex, disease stage according to 
Ann Arbor classification, treatment response determined by 
Lugano criteria,21 progression-free, and overall survival (PFS 
and OS, respectively). All patients received R-CHOP regimen 
as first-line treatment. The data collection was conducted 
according to the Declaration of Helsinki, and the protocol 
was approved by the Ethics Committee of the Institute of 
Hematology and Transfusion Medicine, Warsaw, Poland.

In vivo tumor models

Experiments were performed on female NSG (NOD scid 
gamma) mice bred in-house and maintained in pathogen-free 
conditions under an approved institutional animal care proto
col. Animals were injected via tail vein on day 0 with 5 × 105 

Raji WT or RR cells modified with the pMP71-Luc-T-GFP 
plasmid. Mice were injected intraperitoneally with 
D-Luciferin potassium salt to confirm engraftment using 
in vivo imaging system (IVIS spectrum, PerkinElmer). The 
luciferase signal was used to randomize the animals into 
groups with equal tumor load. Mice were treated with 10 ×  
106 CD37-CAR T cells injected intravenously on days 1 and 4. 
Tumor growth was monitored by IVIS analysis. The study 

design was approved by the Ethics Committee of the Medical 
University of Warsaw (WAW2/042/2024).

Statistical analysis
Results were plotted with GraphPad Prism. Statistical signifi
cance was assessed by appropriate tests provided in figure 
legends. The p-values were marked with asterisks on the charts 
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

Results

Decrease in CD20 is a hallmark of RR cells

RR cells provide an in vitro model for investigating the con
sequences of prolonged exposure of tumor cells to 
rituximab.4,22 As already reported by others,4,22 CD20 down
regulation is a hallmark of RR cells (Figure 1A, Suppl. 
Figure 1A), which largely contributes to their resistance to 
RTX in complement-dependent cytotoxicity (CDC) 
(Figure 1B). Moreover, these cells are resistant to RTX in vivo 
as assessed by mice survival (Suppl. Figure 1B) and tumor 
burden (Suppl. Figure 1C). To investigate the biological con
sequences of CD20 decrease, we generated models of CD20 KO 
in several B-cell lymphoma cell lines using CRISPR-Cas9 tech
nology (Figure 1C, Suppl. Figure 1D). All generated CD20 KO 
cells were characterized with resistance to rituximab 
(Figure 1D).

CD20 KO cells are characterized with diminished CD37 
levels

In order to investigate the consequences of CD20 downregula
tion, we characterized the surfaceome of CD20 KO cell lines by 
multi-color flow cytometry using the panel of mAbs against 
B-cell specific surface-restricted proteins (Figure 2A). 
Although we observed changes in the levels of several antigens, 
the only universal change for all the generated CD20 KO cell 
lines, except CD20 downregulation, was a decrease in the 
expression of CD37 (Figure 2A,B Suppl. Figure 2A). We 
further confirmed CD37 decrease in 5 consecutive CD20 KO 
cell lines in whole-cell lysates using Western blotting 
(Figure 2C, Suppl. Figure 2B). Interestingly, we found no sig
nificant decrease in CD37 mRNA in CD20-deficient cells 
(Figure 2D). Given the body of research showing synergistic 
action of anti-CD20 and anti-CD37 mAbs and suggesting close 
proximity of these two proteins,23,24 we sought to investigate if 
they form a complex in the cell membrane. Indeed, using 
Duolink Proximity Ligation flow cytometry-based assay 
which enables the detection of proteins within 40 nm distance 
(Figure 2E), we observed the amplification generating green 
fluorescent signal in the presence of both anti-CD37 and anti- 
CD20 antibodies (Figure 2F, Suppl. Figure 2C). These results 
clearly demonstrated that CD20 and CD37 are close partners 
within the cell membrane. To understand their mutual regula
tion, we generated CD37 KO in Ramos cell line using the 
CRISPR-Cas9 approach, sorted out a pool, and selected clones 
of CD37-negative cells (Suppl. Figure 2D,E). We did not 
observe any reduction in CD20 levels associated with CD37 
KO (Figure 2G). These findings suggest that CD20 and CD37
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are closely associated on the cell membrane and that CD20 
regulates the CD37 protein levels in a posttranscriptional 
mechanism.

CD37 is downregulated in RR cells

Next, we assessed the levels of CD37 in RR lymphoma cell lines 
characterized by CD20 downregulation (Figure 1A). In fact, 
CD37 was significantly down-regulated in all RR cell lines both 
on the cell surface (Figure 3A, Suppl. Figure 3A) as well as in 
total cell lysates (Figure 3B, Suppl. Figure 3B). Furthermore, in 
RR cells we have observed altered expression of several other 
antigens (Suppl. Figure 3C) which reflects a multifaceted effect 

of RTX on B-cell phenotype and existence of several mechan
isms underlying the observed changes. Interestingly, the CD37 
negative phenotype of RR cells persisted in vivo in mice inocu
lated with RR Ramos cells as demonstrated by the staining on 
the cells isolated from the spleen (Suppl. Figure 3D). Moreover, 
in primary samples obtained from DLBCL patients before the 
start of first-line treatment, expression of CD37 was hetero
genous with approximately 50% of the cases expressing CD37 
in less than 5% of the cells, as assessed by immunohistochem
istry (Figure 3C). Our results confirm the findings reported by 
Xu-Monette et al.,18 showing that CD37-negative status sig
nificantly predicted unfavorable PFS following R-CHOP ther
apy (Figure 3D). Our clinicopathological observations were

Figure 1. Decrease in CD20 is a hallmark of RTX-resistant cells. (a) RTX-resistant (RR) cells were stained with FITC-conjugated anti-CD20 mAb. Dead cells were 
discriminated upon staining with PI. The results are presented as mean fluorescence intensity (MFI) of WT and RR cells (mean± SD). Statistical significance was 
determined with Welch’s t-test, **p<0.01 vs controls. (b) Equal amounts of WT and RR cells were incubated for 1 h (Raji, Ramos) or 4 h (U2932, RL) with 100 µg/mL (Raji, 
U2932, RL) or 10 µg/ml (Ramos) rituximab and 20% human AB serum as a source of complement. Cell viability was assessed with PI staining. The survival of cells is 
presented as a percentage of control cells without antibody (mean± SD). Statistical significance was determined using unpaired t-test, **p<0.01, ***p<0.001, 
****p<0.0001 vs control WT cells. (c) Raji, U2932, Ramos, Daudi and Ly7 cells were stably transduced with sgRNA (sg1 or sg3) silencing CD20 or with non-targeting 
control RNA (sgNTC). The levels of CD20 were assessed with flow cytometry. Representative overlays of CD20 MFI are presented. (d) Equal amounts of NTC and CD20 KO 
cells (sg1) were incubated for 1 h (Raji, Ramos, Ly7, Daudi) or 4 h (U2932) with 100 µg/mL (Raji, U2932, Ly7, Daudi) or 10 µg/ml (Ramos) rituximab and 20% human AB 
serum as a source of complement. Cell viability was assessed with PI staining. The survival of cells is presented as a percentage of control cells without antibody (mean± 
SD). Statistical analysis was performed using unpaired t-test, ***p<0.001, ****p<0.0001 vs controls. The experiments were repeated independently four times.
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Figure 2. CD20 KO cells are characterized with diminished CD37 levels. (a) NTC and CD20 KO cells were stained with specific fluorochrome-conjugated antibodies 
targeting surface proteins typical for B-cells. The results are presented as heatmaps. (b) NTC and CD20 KO cells were stained with FITC-conjugated anti-CD37 mAb. Dead 
cells were discriminated upon staining with PI. The results are presented as MFI of NTC and CD20 KO cells (mean ± SD). Statistical significance was determined using 
1-way ANOVA (NTC vs. sg1 or sg3) or with Welch’s t-test (NTC vs sg1) *p<0.05, ***p<0.001, ****p<0.0001 vs controls. (c) The levels of CD20 and CD37 were assessed with 
Western blotting in whole-cell lysates from NTC and CD20 KO cells. β-actin was used as a loading control. (d) cDNA from Raji and Ramos NTC and CD20 KO – sg1 and sg3 
cells were used for qRT-PCR amplification of CD37 and β-2 M. Relative reverse transcription quantitative polymerase chain reaction expression of CD37 gene was 
calculated by the user non-influent second derivative method and shown as log-transformed target to reference ratio. β-2 M gene served as a reference. (e) Proximity 
ligation experiment design. Cells of interest were incubated with saturating amounts of unlabeled human anti-CD20 mAb and mouse anti-CD37 mAb. Following 
incubation with anti-human and anti-mouse probes, in situ ligation and amplification, the formed protein complexes were analyzed in flow cytometry. (f) PLA assay was 
performed in Raji NTC and sg1 cell lines to prove the formation of complex between CD20-CD37. The results are presented as MFI from a representative experiment. The 
experiments were repeated independently three times. (g) Ramos WT cells were edited with CD37-targeting sgRNA, CD37-negative cells were sorted on a FACS sorter, 
and single-cell clones were generated. Non-targeting sgRNA (NTC) was used as a negative control. CD20 expression was assessed by flow cytometry. The results are 
presented as a percentage of MFI of control NTC cells (mean ± SD). Statistical analysis was performed using 1-way ANOVA, **p<0.01.
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limited to the newly diagnosed DLBCL cases (n = 47) treated 
with R-CHOP in a first-line setting. Based on these experi
ments, we conclude that low/decreased CD37 expression can 
be relatively frequent in patients. Since CD37 is explored as 
a therapeutic target, in the subsequent steps, we investigated 
the consequences of decreased CD37 levels on the efficacy of 
various forms of therapy targeting CD37.

CD37 decrease leads to impaired efficacy of CD37 
mAbs-mediated CDC, which can be restored using 
lysosome inhibitors

A decrease in the target antigen directly translates into 
impaired efficacy of mAbs that exert cytotoxicity in com
plement-dependent mechanism.25,26 Therefore, we asked if 
decreased CD37 in RR and CD20 KO cells influence the 
efficacy of CDC-inducing anti-CD37 mAb. We observed 
impaired efficacy of anti-CD37 mAb in CD20 KO and RR 
cells (Figure 4A and B, respectively). This effect was clearly 
visible despite utilizing an anti-CD37 mAb with the E430G 
mutation, which promotes more efficient IgG hexamer for
mation through intermolecular Fc–Fc interactions after cell 
surface antigen binding.27,28 While in CD20 KO cells 
a decreased efficacy of anti-CD37 mAb may be solely attrib
uted to decreased CD37 expression, in RR cells it may be 
the result of both decreased CD37 expression and an 
increase in complement inhibitor protein CD59 (Suppl. 
Figure 3E).

Since CD20 and CD37 are interrelated in the plasma 
membrane, we hypothesized that the mechanism of their 
interaction is dependent on the internalization, trafficking, 
and degradation processes. More specifically, we assumed 
that CD37 endocytosis is accelerated in the cells lacking 
CD20 and that the presence of CD20 stabilizes CD37 
within the cell membrane. To test this assumption, we 
preincubated Raji NTC and CD20 KO cells with nontoxic 
concentrations of compounds blocking lysosome-dependent 
degradation such as chloroquine and bafilomycin A. These 
inhibitors used up-regulated CD37 levels in both NTC as 
well as in CD20 KO cells, where they significantly 
increased CD37 levels nearly to the values observed in 
NTC cells (Figure 4C, Suppl. Figure 4 A). Increase in 
CD20 and CD37 levels can also be observed in whole-cell 
lysates of these cells (Figure 4D, Suppl. Figure 4 B). 
Accordingly, inhibition of lysosomal degradation increased 
the efficacy of anti-CD37 mAbs against Raji CD20 KO cells 
in CDC cytotoxicity assay (Figure 4E). All in all, our results 
show that CD37 can be degraded by lysosome and the 
blockage of lysosome can be used as an approach to 
increase the sensitivity of tumor cells with CD20 KO to 
anti-CD37 mAbs.

CD20 KO cells show an increased internalization rate 
of anti-CD37 mAb and enhanced efficacy of ADC 
targeting CD37

In the further steps, we investigated the potential of the use of 
anti-CD37 ADCs in the cells with decreased CD20 levels. This 
treatment approach involves the use of surface antigen- 

targeted mAbs to deliver cytotoxic payloads into tumor cells 
upon conjugate internalization through endocytosis. In our 
initial experiments, we investigated the internalization rate of 
anti-CD37 mAb (clone M-B371, mouse anti-human) in NTC 
and CD20 KO cells and observed its increased internalization. 
In this experiment, Raji NTC and CD20 KO cells were incu
bated with equal amounts of mouse anti-human anti-CD37 
mAb conjugated with pH-sensitive dye, which becomes acti
vated in lysosomes. For 23 h, the images were registered in 
IncuCyte every 20 min (Suppl. Figure 4C). Fluorescence AUC 
was normalized to the cell area (Suppl Figure 4D). As CD20 
KO cells were characterized with decreased CD37 levels, 
Quantibrite measurement was performed (Suppl. Figure 4E) 
and the AUC normalized to the number of CD37 molecules 
per cell (Figure 4F). These results suggest an increased inter
nalization in CD20 KO cells as one of the potential mechan
isms involved in the downregulation of CD37 that could be 
exploited therapeutically with anti-CD37 ADCs. To test this 
hypothesis, we conjugated naratuximab (K7153A mAb clone) 
with antimitotic agent monomethyl auristatin E (MMAE) 
using valine-citrulline (VC) and valine-D-citrulline (VdC) lin
kers. Indeed, the internalization rate of naratuximab normal
ized to the number of CD37 molecules per cell, was markedly 
increased in Raji RR cells (Figure 4G), leading to improved 
cytotoxicity of both tested ADCs following 48 h incubation 
(Figure 4H, Suppl. Figure 4F).

CD37 decrease does not hamper CAR-T cells’ 
cytotoxicity

Since CD37 has recently been designated as a suitable target for 
CAR-T therapy,11,12 we then asked the question if a substantial 
decrease in its levels would hamper the efficacy of HH1-based 
anti-CD37 CAR as well. First, we confirmed the decrease in 
CD37 levels with HH1 antibody (Suppl. Figure 5A). Then, we 
performed CD37 CAR-T cytotoxicity assays in vitro against 
both RR and CD20 KO cell lines as targets using two effector-to 
-target (E:T) ratios. We observed that despite significantly 
diminished CD37 levels in six different cell lines (either RR 
or CD20 KO cells), the cytotoxicity of the tested CAR T cells 
was not affected (Figure 5A,B). We further observed that in the 
human xenograft model, CD37 CAR-T cells impaired tumor 
growth as monitored by bioluminescence (Suppl. Figure 5B) 
and prolonged mice survival (Figure 5C) in groups inoculated 
with either Raji WT or Raji RR cell line. We concluded that 
CD37, although diminished upon downregulation of CD20, 
was still sufficiently expressed to be detected by CD37 CAR 
T cells, suggesting that CD37 remains an attractive target for 
cell-based therapies and could be further explored even in 
RTX-pretreated patients.

Discussion

Novel treatment modalities for r/r DLBCL patients are intensively 
pursued. However, little is known about the mechanisms of 
primary resistance and molecular changes induced by the treat
ment of the phenotype of lymphoma cells despite the clear unfa
vorable prognosis of patients progressing during or shortly after 
first-line immunochemotherapy.29 In the recent few years, the
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Figure 3. CD37 is downregulated in RR cells. (a) WT and RR cells were stained with FITC-conjugated anti-CD37 mAb. Dead cells were discriminated upon staining with PI. 
The results are presented as MFI of WT and RR cells (mean ± SD). Statistical significance was determined with Welch’s t-test, **p<0.01, ***p<0.001, ****p<0.0001. The 
experiments were repeated independently four times. (b) The levels of CD20 and CD37 were assessed with Western blotting in whole-cell lysates. β-actin was used as 
loading control. The experiments were repeated independently three times. (c) CD37 expression was evaluated in 68 primary paraffin-embedded samples by 
a pathologist blinded to the clinical data of the patients. Representative stainings for CD37-positive and CD37-negative stainings are shown. (d) Kaplan–Meier curves 
were plotted for PFS in CD37- and CD37+ patients. The survival curves were compared with Peto and Peto’s generalized Wilcoxon test.
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Figure 4. CD37 decrease leads to impaired efficacy of anti-CD37 mAbs-mediated CDC, which can be restored using lysosome inhibitors. Equal amounts of NTC and CD20 
KO cells (a) and WT and RR Raji cells (b) were incubated for 1 h (Raji, Ramos, Daudi, Ly7) or 4 h (U2932) with 10 µg/ml anti-CD37 mAb and 20% human AB serum as 
a source of complement. Cell viability was assessed with PI staining. The survival of cells is presented as a percentage of control cells without antibody (mean± SD). 
Statistical significance was determined using unpaired t-test, ***p<0.001, ****p<0.0001 vs controls. (c) Equal amounts of NTC and CD20 KO cells were incubated for 24 h 
with 100 µM chloroquine. Thereafter, the cells were stained with PE-conjugated anti-CD37 mAb. The results are presented as MFI of NTC and sg1 cells (mean± SD). 
Statistical significance was determined using 2-way ANOVA with Sidak’s post hoc test, **p < 0.01, ***p < 0.001 vs controls (d) The levels of CD20 and CD37 were 
assessed with Western blotting in whole-cell lysates. β-actin was used as loading control. (e) Equal amounts of NTC and CD20 KO Raji cells preincubated for 24 h with 50 
or 100 µM chloroquine were treated for 1 h with anti-CD37 mAb (5–10 µg/ml) and 20% human AB serum as a source of complement. Cell viability was assessed with PI 
staining. The survival of cells is presented as a percentage of control cells without antibody (mean± SD). Statistical significance was determined using 2-way ANOVA 
with Sidak’s post hoc test, **p<0.01, ****p<0.0001 vs controls. (f) Internalization rate of anti-CD37 mAb (clone M-B371) was determined in Raji NTC and sg1 cells 
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therapeutic armamentarium for aggressive lymphomas has 
expanded thanks to registrations of second-line treatments that 
finally offer an alternative to auto-HSCT, namely anti-CD19 CAR 
T cells, novel mAbs-based regimens: tafasitamab plus lenalido
mide, novel ADCs e.g. polatuzumab vedotin and loncastuximab 
tesirine as well as bispecific mAbs (epcortimab, glofitamab).30

CD37, a tetraspanin predominantly expressed in B cells, is 
currently being explored as a target for mAbs, ADCs, and CAR 
T cells. The results of our work show that strategies targeting 
CD37 need to be carefully implemented in r/r B-cell lymphoma 
patients. Using CD20 KO cells, we identified the association 
between CD37 and CD20. We hypothesize that the expression 
of the latter plays a crucial role in preventing CD37 from 
undergoing endocytosis, as suggested by our results in CD20 
KO cells where lysosome inhibition increased CD37 levels to 
the levels seen in control (NTC) cells. This discovery has 
several implications. First of all, we demonstrate that decreased 
CD37 expression correlates with reduced efficacy of anti-CD37 
mAbs in a complement-dependent mechanism, where the 
expression of the target antigen determines the cytotoxic effect. 
However, this limitation may be encompassed by the use of bi- 
specific antibodies, e.g. targeting CD20 and CD37 that show 
superior efficacy to anti-CD37 mAbs alone23 or bi-paratopic 
mAbs.26,31 On the other hand, using ADCs based on the pre
clinically explored ADC – naratuximab emtansine we show 
that CD20 loss facilitates CD37 endocytosis and it may trans
late to increased efficacy of anti-CD37 ADCs that have recently 
been presented as a highly efficient strategy in B-cell malig
nancies in vitro and in murine models.32 The efficacy of ADCs 
relies on the endocytosis of the target antigen-ADC complex 
and the release of the cytotoxic payload to the cytoplasm. It has 
already been reported that rituximab synergizes with naratux
imab emtansine by increasing the endocytosis of CD37.24 

While it has been recently demonstrated that the efficacy of 
naratuximab emtansine relies on the expression levels of 
CD37,33 our results suggest that anti-CD37 ADCs may be an 
option also for r/r RTX-treated patients. Interestingly, the 
recent work by Arribas et al., who explored the resistance 
mechanism to naratuximab emtansine, demonstrates that 
acquired resistance to this anti-CD37 ADC may lead to 
increased sensitivity to venetoclax.33 This emphasizes the sig
nificance of examining the implications of acquired resistance 
to identify novel therapeutic pathways with a focus on tailored 
medical approaches. Finally, we show that decreased CD37 
levels (up to 50% in our models) do not influence the efficacy 
of CD37-targeted CARs in both in vitro and in vivo settings and 
delineate CD37 CARs as an effective option for CD20-negative 
RTX-pretreated patients. These findings suggest that despite 
the decreased expression in RTX-resistant cells, CD37 still hold 
promise for further investigation.

Decrease in CD37 expression has been reported to affect 
patients’ prognosis negatively, and according to the studies by 
other groups34 and ours, up to 50% of DLBCL patients show 
undetectable CD37 protein expression by immunohistochemistry. 
However, it needs to be emphasized that in the IHC stainings 
performed by us and others, a clone of anti-CD37 mAb (2B8) 
used does not correspond to the clone used for CAR construct 
(HH1 clone). Therefore, in our study, we have not only stained the 
cells with a diagnostic antibody and assessed CD37 expression by 
Western blotting but we have also used the HH1 antibody to 
evaluate changes in the expression of the epitope targeted by CAR 
T cells. Although we have observed that staining with HH1 clone 
was also decreased in RR cells, the remaining CD37 antigen was 
preserved at relatively high levels, sufficient to mediate CD37 CAR 
T-mediated killing. The discussion on the tumor antigen density 
required for CAR T cell efficacy has been already raised by others, 
and it has been shown that antigen density is one of the factors 
influencing the activity of CAR T cells.35,36 While CD28-CD3ζ- 
CARs outperform 4-1BB-CD3ζ-CARs when antigen density is 
low, in our study CD37–4-1BB-CD3ζ CAR T cells were already 
effective in the elimination of RR cells. In our view, these findings 
suggest that despite its various levels in WT and RR cells CD37 is 
a suitable target for CAR-T cell therapy, especially considering 
that CAR-T cells can be reengineered to enhance activity against 
low-antigen-density tumors.35

Finally, our study sheds new light on the regulation of CD37 
expression. So far, CD37 loss has been attributed to decreased 
expression of a transcriptional factor IRF8.34 However, as 
demonstrated by the study by Elfrink et al., up to 40% of 
IRF8 low DLBCL samples still express detectable CD37 in 
IHC34 suggesting that there are additional factors regulating 
CD37 expression. Tetraspanins play an important role in the 
organization of the cellular membrane,37 forming clusters that 
overlap each other. The CD37 cluster has been shown to over
lap with CD81 and CD82 cluster,37 while the latter has been 
reported to form a supramolecular complex with MHC class I, 
MHC class II, CD53, and CD20.38 Our results suggest that 
a decrease in CD20 levels, a protein not belonging to the 
tetraspanin family but to MS4A family that shows some similar 
characteristics in the structure, may induce changes in the 
composition of the cellular membrane and promote degrada
tion of CD37. Other members of MS4A family have already 
been demonstrated to govern the endocytosis process, i.e. 
MS4A4A by directing the trafficking of KIT regulates its 
signaling39 and MS4A3 promotes endocytosis of common β- 
chain (βc) cytokine receptors.40

Overall, our study adds new knowledge to the current state 
of the art on the regulation of CD37, which in light of recent 
findings11,12,18,26,31,32 constitutes an attractive therapeutic tar
get for immunotherapies. The results of our study once again

incubated in IncuCyte with equal amounts of mAb conjugated to pH sensitive dye activated in lysosome. Statistical significance was determined using unpaired t-test, 
***p<0.001 vs controls. (g) Internalization rate of anti-CD37 mAb (clone K7153A) was determined in Raji WT and RR cells incubated in IncuCyte with equal amounts of 
mAb conjugated to pH sensitive dye activated in lysosome. The internalization rates are shown as fluorescence AUC normalized to number of CD37 molecules per cell. 
(h) Equal amounts of Raji WT and RR cells were incubated for 48 h with 1 µg/ml of two anti-CD37 ADC variants with VC (valine-citrulline) or VdC (valine-D-citrulline) 
linkers. Cell viability was assessed with PI staining. Cytotoxicity of ADCs is presented as a percentage of PI-positive cells (mean ± SD) vs untreated cells. Statistical analysis 
was performed using unpaired t-test, **p<0.01, ***p<0.001 vs controls.
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Figure 5. CD37 decrease does not hamper CAR T cells’ cytotoxicity. Equal amounts of (a) WT and rituximab-resistant (RR) or (b) NTC and sg1 cells were stained with 
CellTrace™ Violet and incubated for 16 h with various effector to target (E:T) ratios of CD37 CAR-T cells. Cell viability was assessed with flow cytometry following PI 
staining. Data represent mean ± SD of % cytotoxicity of CD37 CAR-T cells after subtracting cytotoxicity of unmodified T-cells. Statistical analysis was performed using 
2-way ANOVA with Tukey’s post hoc test. Experiments were repeated at least four times (c) Kaplan–Meier survival curve of mice inoculated on day 0 with 5 × 105 Raji WT 
(left panel, n = 3 mice per group) or RR (right panel, n = 4 mice per group) after two doses of 10 × 106 CAR-T cells injected intravenously on day 1 and 4. Statistical 
significance was determined using the long-rank test.
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prove that CD37 is highly variable in DLBCL patients. Finally, 
we show that immunotherapy using anti-CD37 CAR T cells 
can be an effective option despite low levels of CD37 protein.
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