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Abstract 

Background: Treatment of Diffuse Large B Cell Lymphoma (DLBCL) patients with rituximab and the CHOP treatment 
regimen is associated with frequent intrinsic and acquired resistance. However, treatment with a CD47 monoclonal 
antibody in combination with rituximab yielded high objective response rates in patients with relapsed/refractory 
DLBCL in a phase I trial. Here, we report on a new bispecific and fully human fusion protein comprising the extracellu‑
lar domains of SIRPα and 4‑1BBL, termed DSP107, for the treatment of DLBCL. DSP107 blocks the CD47:SIRPα ‘don’t eat 
me’ signaling axis on phagocytes and promotes innate anticancer immunity. At the same time, CD47‑specific binding 
of DSP107 enables activation of the costimulatory receptor 4‑1BB on activated T cells, thereby, augmenting anticancer 
T cell immunity.

Methods: Using macrophages, polymorphonuclear neutrophils (PMNs), and T cells of healthy donors and DLBCL 
patients, DSP107‑mediated reactivation of immune cells against B cell lymphoma cell lines and primary patient‑
derived blasts was studied with phagocytosis assays, T cell activation and cytotoxicity assays. DSP107 anticancer activ‑
ity was further evaluated in a DLBCL xenograft mouse model and safety was evaluated in cynomolgus monkey.

Results: Treatment with DSP107 alone or in combination with rituximab significantly increased macrophage‑ and 
PMN‑mediated phagocytosis and trogocytosis, respectively, of DLBCL cell lines and primary patient‑derived blasts. 
Further, prolonged treatment of in vitro macrophage/cancer cell co‑cultures with DSP107 and rituximab decreased 
cancer cell number by up to 85%. DSP107 treatment activated 4‑1BB‑mediated costimulatory signaling by HT1080.4‑
1BB reporter cells, which was strictly dependent on the SIRPα‑mediated binding of DSP107 to CD47. In mixed cultures 
with CD47‑expressing cancer cells, DSP107 augmented T cell cytotoxicity in vitro in an effector‑to‑target ratio‑
dependent manner. In mice with established SUDHL6 xenografts, the treatment with human PBMCs and DSP107 
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Background
The mainstay of treatment for B cell non-Hodgkin lym-
phoma (NHL) is chemotherapy combined with CD20 
monoclonal antibodies [1]. However, a subset of patients 
is refractory to treatment or will, after experiencing a 
complete response (CR), develop resistance to treatment 
and relapse with a poor prognosis [2]. Therefore, addi-
tional therapeutic options are needed. In this respect, 
combination therapy with the CD47 mAb Hu5F9-G4 
(magrolimab) and CD20 antibody rituximab (RTX) 
yielded high CR rates in refractory/relapsed DLBCL 
patients in a phase Ib trial [3].

CD47 binding to its ligand SIRP-alpha (SIRPα) on 
phagocytes transmits a ‘don’t eat me’ signal that inhibits 
phagocytosis and, thereby, negatively regulates innate 
immunity [4, 5]. Many types of cancer overexpress CD47 
to escape innate immunity [6], with the expression of 
CD47 often correlating with poor patient survival and 
poor response to standard therapy [7–9]. Various thera-
peutics that block CD47:SIRPα interaction, including 
CD47 mAbs (e.g., magrolimab) and fusion proteins com-
prising soluble SIRPα (e.g., TTI-621/2) [3, 10, 11], have 
promising clinical activity and are currently in Phase 2 or 
3 clinical evaluation [3, 10–13].

Notably, treatment with CD47 antagonists also leads 
to antigen-presentation and cross-priming of T cells [14, 
15]. Indeed, T cell cross-priming was even required for 
the therapeutic activity of a CD47 mAb in murine mod-
els, with no effect in T cell-deficient mice and  CD8+ T 
cell depletion abrogating the effect in wild-type mice [16]. 
Thus, a clear rationale exists for developing a novel thera-
peutic that exploits CD47 checkpoint inhibition while 
simultaneously stimulating anticancer T cell immunity. 
An attractive target in this respect is the Tumor Necro-
sis Factor (TNF) receptor superfamily member 4-1BB 
(CD137), expression of which is selectively induced upon 
T cell receptor/major histocompatibility complex (TCR/
MHC) interaction [17]. 4-1BB is considered a surrogate 
marker for the tumor-reactive T cell subset of Tumor-
Infiltrating Lymphocytes (TILs) in the tumor microenvi-
ronment (TME) [18–20], whereas it is not expressed on 
resting T cells in peripheral blood [18]. Correspondingly, 
ex-vivo treatment with 4-1BB antibody enhanced expan-
sion and reduced T cell exhaustion in TIL cultures for 
adoptive TIL therapy in many cancer types [21–24].

Treatment with 4-1BB antibodies also had strong anti-
tumor activity in preclinical studies. However, in clinical 
trials, treatment was associated with toxicity and poor 
efficacy [20], which may partly be attributed to the sign-
aling requirements of 4-1BB. Specifically, agonistic anti-
bodies only effectively activate 4-1BB upon Fc-mediated 
cross-linking by Fc-Receptor (FcR)-positive effector cells 
[25]. Thus, efficacy is dependent on the presence of FcR-
positive cells in the tumor. At the same time, FcR-medi-
ated cross-linking is also held responsible for off-tumor 
toxicity, such as the liver toxicity encountered with 4-1BB 
antibody urelumab [17]. In a similar fashion, soluble tri-
meric 4-1BBL is ~ 100-fold less potent than oligomerized 
4-1BBL in activating 4-1BB signaling [26]. Notably, this 
cross-linking requirement of 4-1BB has been therapeu-
tically exploited using 4-1BBL fusion proteins that com-
prise a tumor-targeting domain that enables selective 
cross-linking of 4-1BB at the tumor [26, 27].

Here, we report on a new immunotherapeutic, termed 
Dual Signaling Protein 107 (DSP107), comprising the 
human extracellular domain (ECD) of SIRPα genetically 
fused to the human ECD of 4-1BBL. DSP107 assembles 
into a natural homotrimer due to the 4-1BBL trimeriza-
tion domain and, upon binding to CD47 on cancer cells, 
breaks the CD47:SIRPα interaction. Simultaneously, 
CD47-mediated surface immobilization of DSP107 ena-
bles the delivery of the 4-1BBL:4-1BB costimulatory 
signal to tumor localized T cells. This dual immunomod-
ulatory effect of DSP107 is designed to unleash both 
innate and adaptive immune responses at the tumor site.

Materials and methods
A full reagent and cell line list with, methods of isolation 
and culturing of immune cells and cell lines and DSP107 
production and characterization are listed in the supple-
mentary materials and methods.

Macrophage‑mediated phagocytosis
M1 or M2 macrophages (1 ×  104 cells/well) were pre-
seeded in 96-well plates for 24-48 h and CFSE-labelled 
cancer cells were subsequently added at an Effector: Tar-
get (E:T) ratio of 1:5 for 3 h at 37 °C. Where indicated, 
cancer cells were pre-incubated with DSP107, CD47 
Ab (InhibRx), or SIRPαFc (TTI-622) at a concentration 
of 10 nM, with or without 1 μg/mL RTX. Subsequently, 

strongly reduced tumor size compared to treatment with PBMCs alone and increased the number of tumor‑infiltrated 
T cells. Finally, DSP107 had an excellent safety profile in cynomolgus monkeys.

Conclusions: DSP107 effectively (re)activated innate and adaptive anticancer immune responses and may be of 
therapeutic use alone and in combination with rituximab for the treatment of DLBCL patients.

Keywords: B cell lymphoma, CD47‑SIRPα ‘don’t eat me’ signaling, Phagocytosis, T cell co‑stimulation, 4‑1BB
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non-adherent DLBCL cells were removed by gently 
washing twice with RPMI 10% FCS. For microscopy 
analysis, macrophages were stained with CD11b-Alexa 
Fluor 594 antibody. Phagocytic uptake was assessed 
using the Life Cell Analysis System IncuCyte® (Sarto-
rius) by quantifying the number of macrophages contain-
ing CFSE-labelled cancer cells per 100 macrophages. In 
addition, the number of cancer cells phagocytosed per 
macrophage, termed phagocytic index, was calculated by 
dividing the number of phagocytosed DLBCL cells by the 
total number of  CFSE+ macrophages. Each condition was 
quantified by evaluating three randomly chosen fields of 
view. Confocal videos were generated using Zeiss Cell 
Discoverer 7 with LSM900 confocal head. For analysis of 
phagocytosis using flow cytometry, macrophages were 
detached using Trypsin/EDTA and stained with CD11b-
APC antibody. Phagocytosis was quantified as the per-
centage of CFSE-positive  CD11b+ macrophages. For 
long-term co-culture, CFSE-labelled SUDHL10 cells were 
added to 1 ×  104 pre-plated M1 macrophages at different 
densities (5, 2,5 or 1,25 ×  103 cells/well). To correct for 
the impact of unspecific cell-cell adhesion, control mac-
rophages were fixed with methanol for 30 min at RT and 
subsequently mixed with cancer cells. After 72 h, cancer 
cells were removed from the plate, and the total number 
of remaining cells was counted using flow cytometry with 
counting beads.

PMN‑mediated trogocytosis
For PMN–mediated trogocytosis human granulocytes 
were mixed with CFSE-labelled tumor cells at a 1:1 
ratio and treated with 10 nM of DSP107, CD47 Ab Inhi-
bRx, SIRPαFc, or His-SIRPα in the presence or absence 
of RTX (0,5–1 μg/mL) for 2 h at 37 °C. Trogocytosis was 
measured using flow cytometry and quantified as the 
percentage of CFSE-positive PMNs. To evaluate apop-
tosis induction in remaining cancer cells, samples were 
stained with AnnexinV-APC according to manufacturer 
instructions and the percentage of AnnexinV-positive 
cancer cells was evaluated using flow cytometry. Coop-
erativity index was calculated using formula: [(trogocyto-
sis by single DSP107 treatment + trogocytosis by single 
RTX treatment)/ combination treatment].

4‑1BB activation
To evaluate 4-1BB activation, the HT1080.4-1BB reporter 
cell line, which secretes Interleukin-8 (IL-8) upon activa-
tion of 4-1BB, was added to a 96-well plate pre-coated 
with human His-tagged recombinant CD47 (for 3 h 
at 5 μg/mL) and treated with a dose-range of DSP107 
or mock-DSP for 24 h. Mixed culture experiments of 
HT1080.4-1BB and CHO-K1.wt or CHO-K1.CD47 
clones were performed by co-plating cells at indicated 

ratios. Here, CHO.K1 cells were pre-treated with DSP107 
for 1 h. IL-8 secretion in the supernatant was detected 
using the human IL-8 ELISA Kit according to the manu-
facturer’s recommendations. IL-8 levels were normalized, 
with 100% being defined as the highest IL-8 concentra-
tion detected per experiment.

For costimulation experiments with blood-derived T 
cells, isolated T cells were stained with CPDe450 and 
seeded in a 96-well plate coated with CD3 antibody (3 h 
at 0,5 μg/mL CD3 Ab, 1 μg/mL BSA) and treated with 
DSP107 (0.15 μg/mL) or CD28 antibody (2 μg/mL) for 
96 h. For analysis, T cells were stained with viability dye, 
CD25-PE and 4-1BB-APC antibody whereupon the per-
centage of CD25+/41BB+ cells was determined within 
the viable CPDe450-labelled T cells using flow cytometry.

T cell cytotoxicity
CD3+,  CD4+ and  CD8+ cells were isolated from PBMCs 
using negative selection magnetic beads. SC-1.scFvCD3 
cells were stained with CytoLight Red, whereupon 2 ×  104 
SC-1.scFvCD3 cells were mixed with T cells at indicated 
effector-to-target ratios. Co-cultures were incubated for 
48–72 h with or without DSP107. Subsequently, cells 
were harvested and stained using AnnexinV-FITC and 
analyzed for cell death within the CytoLight Red positive 
SC-1.scFvCD3 population using flow cytometry. A simi-
lar setup was used for CHO.scFvCD3 and CHO.CD47.
scFvCD3 cells with the following changes: cells were 
stained with CFSE and co-cultured with  CD3+ cells in 
an ultra-low adhesion U-bottom plate. For analysis, cells 
were stained with AnnexinV-APC.

B cell lymphoma xenograft in a humanized mouse model
The study was conducted at the Authority of Biological 
and Preclinical Models, the Hebrew University of Jeru-
salem, Sharet Specific Pathogen-Free (SPF) Unit under 
the Hebrew university ethic committee board approval 
(number MD-19-15,821-5). Fourteen-week female NSG 
mice were subcutaneously (s.c.) implanted with 1 ×  107 
human SUDHL6 cells on day 0 of the study. On day 7, 
mice were randomly assigned to treatment groups. Mice 
were intravenously (i.v.) inoculated with 1 ×  107 PBMCs 
and treated with either intraperitoneal (i.p.) (150 μL/dose) 
PBS (n = 5 mice) or 250 μg/150 μL DSP107 (n = 6 mice) 
every other day starting from day 7 for 6 consecutive 
treatments. A second boost of previously frozen PBMCs 
from the same donor sample was administered on day 13. 
Tumor volume  (mm3) was assessed on days 13, 15, and 
20 using a microcaliper and was calculated with the fol-
lowing equation:  (Width2 x Length/ 2). On day 22, mice 
were weighed, sacrificed, and tumor and spleen weights 
were measured. Formalin-Fixed-Paraffin-Embedded 
(FFPE) blocks from tumor tissues were generated (service 
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was provided by GeneTherapy Institute, Hadassah Medi-
cal Hospital, Jerusalem). T cell staining was performed by 
Immunohistochemical (IHC) staining service of Gavish 
Research Services. In brief, IHC staining was performed 
on 4 μm FFPE sections using the Leica Bond max sys-
tem (Leica Biosystems Newcastle Ltd., UK). Slides were 
baked for 120 min at 60 °C, dewaxed and pretreated with 
epitope-retrieval solution (ER, Leica Biosystems Newcas-
tle Ltd., UK) followed by incubation for 30 min with pri-
mary antibodies for CD3+, CD8+, CD4+ and FOXP3+ 
T cells. The Leica Bond Polymer Refine Red kit (Leica 
Biosystems Newcastle Ltd., UK) was used for the FOXP3, 
CD8 and CD4 detection and the Leica Bond Polymer 
Refine HRP kit (Leica Biosystems Newcastle Ltd., UK) 
was used for CD3 detection. All slides were counter-
stained with Hematoxylin. Analysis of IHC pictures was 
done using ImageJ.

Nonhuman primate studies
The safety of DSP107 was tested under a Good Labora-
tory Practise (GLP) toxicology study. Naive cynomolgus 
macaques (16 males and 16 females) were given DSP107 
by i.v. infusion twice a week, for 2 consecutive weeks 
(total of 4 infusions), at doses of 5, 15, and 50 mg/kg. All 
studies were conducted at Charles River Laboratories 
(Reno, Nevada) in accordance with Institutional Animal 
Care and Use Committee (IACUC) guidelines. As part 
of the comprehensive safety analysis, blood samples were 
collected for hematology and clinical chemistry before 
the treatment and at multiple time points after treatment. 
At the end of the study, gross necropsy, organ weight and 
histopathology of the full list of organs was conducted on 
all animals.

Statistical analysis
The effect of DSP107 and/or antibody on phagocytosis or 
T cell-mediated cytotoxicity was determined by paired 
Student’s T-test using GraphPad Prism (GraphPad Prism; 
GraphPad Software, La Jolla, CA). The effect of DSP107 

on tumor development in mice was evaluated using 
GraphPad Prism for unpaired t-tests. Statistical analy-
sis on IHC was performed using the homoscedastic test. 
Where indicated * = P < 0.05; ** = P < 0.01; *** = P < 0.001.

Results
DSP107 forms a stable trimer and interacts with CD47 
and 4‑1BB
DSP107 comprises the ECD of human SIRPα genetically 
fused to the ECD of human 4-1BBL (Table S1) and, upon 
production, assembled as a homotrimeric protein with a 
calculated MW of ~ 175 kDa (Fig.  1A). This feature was 
experimentally confirmed using SEC-MALS analysis, 
yielding an apparent MW of ~ 190 kDa (Fig. 1B). Subse-
quent dual-binding ELISA using human CD47:Fc pro-
tein as capture and human biotinylated-4-1BB protein 
as the detector confirmed the integrity of both compo-
nents of DSP107 with an average EC50 of 0.94 nM with 
three separately produced batches of DSP107 (Fig. S1A). 
Using Biolayer Interferometry, rapid time-dependent 
binding of DSP107 was detected to a CD47:Fc-coated 
biosensor, whereas a Mock-4-1BBL-based DSP lacking 
a SIRPα domain did not detectably bind (Fig. 1C). Simi-
larly, DSP107 did not bind to the sensor without pre-
coating of CD47:Fc (Fig.  1C). Analogously, DSP107 but 
not a mock SIRPα-based DSP, time-dependently bound 
to a 4-1BB:Fc-coated biosensor (Fig.  1D). Using surface 
plasmon resonance, the  KD of DSP107 for human CD47 
and 4-1BB was subsequently determined to be 1.17 nM 
and 0.7 nM, respectively. The  KD of DSP107 for cynomol-
gus CD47 and 4-1BB was determined to be 1.75 nM and 
0.34 nM, respectively, whereas DSP107 did not bind to 
mouse CD47 and 4-1BB (Table S2).

In a cell-based setting, FITC-labelled DSP107 bound 
to CD47-positive SUDHL10 cells (Fig.  1E; black vs. red 
line), with the binding being inhibited upon preincuba-
tion with an epitope-competing CD47 mAb (Fig.  1E, 
green line). For HT1080.wt cells, a similar binding pat-
tern was detected, with DSP107 binding being abrogated 

Fig. 1 DSP107 structure and binding characteristics A) 3D schematic representation of trimeric DSP107 comprising genetically fused ECDs of human 
SIRPα (blue) to 4‑1BBL (green). 3D structures are from Protein Data Bank and the 3D model was obtained based on PDB structures (4‑1BBL PDB IDs: 
2X29, 6FIB, 6BWV, 6CPR, 6D3N, 6CU0, 6MGE, 6MGP, 6A3V; SIRPα PDB IDs: 2JJS, 2JJT, 2UV3, 2WNG, 4CMM, 4KJY, 6BIT. B) SEC‑MALS analysis of purified 
DSP107 showing the protein forms into a trimer in solution. Calculated molar mass is 210 g/mol/ 190 kDa C) Binding of DSP107 (red) or a DSP‑MOCK 
(purple), to CD47:Fc immobilized on the plate and measured by BLI. no binding is observed to a chip without CD47:Fc (blue) D) Binding of DSP107 
(red) or a DSP‑MOCK (purple) to 4‑1BB:Fc immobilized on the chip or without 4‑1BB:Fc as in C. E) Binding of DSP107‑FITC to SUDHL10 cells (red). 
DSP107 binding was blocked by CD47 mAb (green), unstained cells (black) F) Binding of DSP107‑FITC to HT1080.wt cells (red), was completely 
blocked by CD47 mAb (green) and not affected by s4‑1BBL (blue). G) Binding of DSP107‑FITC to HT1080.4‑1BB cells (red), was partially blocked by 
CD47 mAb (blue) and completely blocked by both CD47 mAb and soluble 4‑1BBL (green). H) Doublet formation of CFSE stained CHO.CD47 and 
CytoLightRed stained HT1080.4‑1BB cells without DSP107 (top) or with 5 μg/ml of DSP107 (bottom). Doublets are detected as a double‑positive 
FITC‑APC signal (bottom, top right corner). I) Doublet formation with DSP107, DSP‑MOCK and after blocking with CD47 mAb or soluble 4‑1BBL, 
parametric paired t‑test was used with respect to control sample versus treatment with DSP107/mock‑DSP or blocking agnets, * p < 0.05; J) DSP107 
binding to a mixture of PBMCs (blue), SUDHL4 cells (purple) and RBCs (red) determined by flow cytometry, K) Binding of CD47 mAb to the mixture 
as in J. Error bars present in the figures represent SD

(See figure on next page.)
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by CD47 mAb alone (Fig.  1F). However, the binding of 
DSP107 to HT1080.4-1BB cells, expressing both CD47 
and 4-1BB, was effectively abrogated only by prein-
cubation with both CD47 mAb and s4-1BBL (Fig.  1G; 
green line vs. red line). For its intended mode of action, 
DSP107 should simultaneously bind to CD47 and 4-1BB 
expressed on distinct cells. In line with this, incubation 
of mixed cultures of CHO-K1.CD47 and HT1080.4-1BB 

cells with DSP107 triggered the formation of ~ 25% of 
doublets as evaluated by flow cytometry, whereas Mock-
DSP did not (Fig.  1H,I). The formation of doublets by 
DSP107 was inhibited by preincubation with either CD47 
mAb or s4-1BBL (Fig. 1I).

For CD47 antagonist therapy, the binding to and subse-
quent depletion of erythrocytes is a potential safety con-
cern. However, in a mixed culture of RBCs, PBMCs and 

Fig. 1 (See legend on previous page.)
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DLBCL line SUDHL4, no binding of DSP107 to RBCs was 
detected, whereas dose-dependent binding was observed 
for both SUDHL4 cells and PBMCs (Fig. 1J). In contrast, 
an antagonistic CD47 antibody did dose-dependently 
bind to RBCs, with binding already evident at the lowest 
antibody concentration (Fig. 1K). Of note, the binding of 
DSP107 to PBMCs is likely caused by the interaction of 
the SIPRα subdomain with CD47 expressed on immune 
cells because 4-1BB is not expressed on resting immune 
cell subtypes present in PBMCs (Fig. S1D). Indeed, the 
binding of DSP107 to PBMCs was abrogated by pre-incu-
bation with CD47 mAb alone (Fig. S1F).

DSP107 augments macrophage‑mediated phagocytosis 
of cancer cells alone and in combination with rituximab 
(RTX)
To delineate CD47 checkpoint activity of DSP107, fluo-
rescently-labeled SUDHL10 cells were added to adher-
ent M1 or M2c macrophages. Upon treatment of such 
a mixed culture with DSP107, SUDHL10 cells were 
clearly visible inside macrophages within 3 h, whereas 
no phagocytosed cells were detected in medium control 
(Fig. 2A,B). Similarly, a sub-optimal dose of RTX induced 
macrophage-mediated phagocytosis of SUDHL10 cells, 
but combined treatment with DSP107 and RTX led to 
the presence of multiple cancer cells inside most mac-
rophages (Fig.  2A,B). In this time frame, the combina-
tion treatment also markedly enhanced the adhesion of 
cancer cells to macrophages (Fig. 2B, lower right panel). 
Upon quantification, phagocytosis of 5 out of 7 NHL 
cell lines by M1 macrophages significantly increased 
upon treatment with DSP107 compared to medium 
control (Fig.  2C), with RTX-mediated phagocytosis 

being augmented by DSP107 co-treatment (Fig.  2D). 
Similar pro-phagocytic activity of DSP107 alone or in 
combination with RTX was detected using M2c-like 
macrophages, as illustrated for SUDHL2 and SUDHL10 
cells (Fig. 2E, F). Macrophage polarization to M1 or M2 
subtypes was confirmed by flow cytometry by staining 
for CD86 (as M1 marker) and CD163 (as M2 marker) 
(Fig. S2). Subsequent assessment with confocal micros-
copy confirmed that cancer cells were phagocytosed and 
internalized by macrophages rather than being attached 
to macrophages (Video S1 for control macrophage and 
Video S2 for DSP107 treatment). Correspondingly, the 
phagocytic index was significantly increased upon treat-
ment with DSP107 alone and in combination with RTX 
(Fig. 2G). Further, at equimolar concentrations, DSP107 
treatment alone or in combination with RTX was equally 
effective in potentiating phagocytosis by M1-like and 
M2c-like macrophages as CD47 mAb and SIRPα:Fc 
(Fig. 2H, I). Moreover, the number of residual cancer cells 
upon DSP107 or RTX treatment alone was significantly 
reduced by ̴50% compared to medium control after 72 h, 
with a further reduction down to ̴10% residual cells upon 
combination treatment (Fig. 2J). Thus, DSP107 triggered 
prominent phagocytic removal of cancer cells by mac-
rophages. Finally, in mixed cultures of primary patient-
derived M1 macrophages and autologous MCL blasts, 
DSP107 treatment alone and in combination with RTX 
also significantly enhanced phagocytosis and triggered 
adhesion of cancer cells (Fig.  2K, L). Of note, although 
previously reported, no expression of 4-1BB was detected 
on any of the M1 or M2c macrophages (Fig. S2B). There-
fore, DSP107 enhanced macrophage-mediated phagocy-
tosis of B cell lines and primary B cell lymphoma blasts 

(See figure on next page.)
Fig. 2 DSP107 enhances macrophage-mediated phagocytosis of B cell lymphoma cell lines as a single agent and in combination with RTX. A) 
Representative pictures of M1 macrophage‑mediated phagocytosis of SUDHL10 cells untreated, treated with DSP107, RTX or RTX and DSP107. 
White arrows point macrophages with engulfed cancer cells, cancer cells (green) were labelled with CFSE and macrophages (red) were labelled 
with CD11b‑AF594, scale bar 50 μm. B) Representative pictures of phagocytosis of SUDHL10 cells by M2c macrophages as in A. C) Phagocytosis of 
seven different B cell lines by allogeneic human M1 macrophages alone (red diamonds) or upon treatment with 10 nM DSP107 (blue diamonds). 
Each line represents the average phagocytic uptake calculated from 3 pictures of a single experiment, parametric paired t‑test was used with 
respect to control sample versus each dose of DSP107, D) M1 macrophage‑mediated phagocytosis of B cell lymphoma cells treated with 10 nM 
DSP107 and 1 μg/ml RTX (red diamonds) compared to RTX (blue diamonds) as in C, E) M2c‑macrophage phagocytosis of SUDHL2 and SUDHL10 
cells. Phagocytic uptake in the untreated sample (red diamonds) or upon treatment with 10 nM DSP107 (blue diamonds), parametric paired 
t‑test was used with respect to control sample versus DSP107 treatment, F) Phagocytosis by M2c macrophages with 1 μg/ml RTX alone (red 
diamonds) and in combination treatment of 10 nM DSP107 and RTX (blue diamonds), as in E, G) Phagocytic index calculated for phagocytosis by 
M2 macrophages, parametric paired t‑test was used with respect to medium control versus treatment with 10 nM DSP107, RTX or combination 
treatment, H) Comparison of DSP107, CD47 mAb and SIRPα:Fc, Phagocytosis assay by LPS/IFNγ stimulated macrophages on SUDHL10 (left) 
or SUDHL2 cells (right). DSP107, CD47 mAb or SIRPα:Fc for monotherapy (red bars) or combination treatment with RTX (blue bars) are used at 
an equal concentration of 10 nM. Phagocytosis results were normalized to the highest phagocytic uptake percentage of the same donor for a 
proper comparison of phagocytosis between the drugs. I) Comparison of DSP107, CD47 mAb and SIRPα:Fc for induction of phagocytosis by M2c 
macrophages. Results were normalized as in H. J) SUDHL10 cell removal by M1 macrophages after 72 h of co‑culture, parametric paired t‑test was 
used with respect to medium control versus treatment with DSP107, RTX or combination treatment. K) Representative pictures of phagocytosis 
with DSP107, RTX and combination of DSP107 and RTX of primary patient‑derived MCL cells with autologous macrophages, cancer cells (green) 
were labelled with CFSE and macrophages (red) were labelled with CD11b‑AF594, scale bar 50 μm. L) Analysis of primary malignant MCL cells by 
autologous macrophages (from one donor). Three pictures per condition were counted and phagocytosis was calculated as the number of cancer 
cells per 100 macrophages. Across the figure, t‑test values: * = p < 0.05, ** = p < 0.01, *** = p < 0.001, all error bars in the figure represent SD
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Fig. 2 (See legend on previous page.)
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by blocking of CD47-SIRPα interaction. Further, DSP107 
had comparable CD47 antagonist activity to a CD47 anti-
body and SIRPα:Fc.

DSP107 triggers PMN‑mediated trogocytosis of malignant 
B cells in‑vitro
CD47 also has previously been reported to negatively 
regulate PMN-mediated phagocytosis and trogocytosis. 
In line with this, a significant dose-dependent increase in 
PMN-mediated trogocytosis was detected upon DSP107 
treatment in mixed cultures of CFSE-labeled cancer cells 
and PMNs (gating strategy in Fig. 3A), as illustrated for 
SUDHL10 (Fig.  3B). Treatment with 10 nM DSP107 
induced a statistically significant increase in trogocytosis 
in seven out of nine NHL cell lines (Fig. 3C). Compared to 
treatment with RTX alone, the combination with DSP107 
also significantly and dose-dependently increased trogo-
cytosis in SUDHL10 (Fig.  3B). Correspondingly, a sta-
tistically significant effect of combination treatment was 
detected in all nine cell lines at 10 nM DSP107 (Fig. 3D), 
whereas control treatment with isotype antibody did 
not augment trogocytosis as illustrated for Daudi cells 
(Fig. 3E). The combination of RTX with DSP107 yielded 
a synergistic increase in trogocytosis as determined by 
cooperativity index (Fig. S3A), whereas treatment with 
a commercially available His-tagged ECD of SIRPα did 
not augment trogocytosis alone nor with RTX as illus-
trated for SUDHL2 cells (Fig. 3F). Further, compared to 
equimolar concentrations of CD47 mAb and SIRPα:Fc, 
DSP107 similarly induced trogocytosis alone and in 
combination with RTX (Fig.  3G). DSP107-mediated 
activation of PMN anticancer activity is due to CD47 
checkpoint inhibitor activity, with no 4-1BB expres-
sion detected on PMNs (Fig. S3B). Interestingly, within 
the residual cancer cells after the trogocytosis experi-
ment, a significant increase in apoptosis was detected 
upon DSP107 treatment from 16 to 28% (Fig. 3I). Similar 
treatment of cancer cells only with DSP107 did not trig-
ger any increase in apoptosis (Fig.S3C), suggesting that 
DSP107 may activate PMN-mediate cytotoxicity. Finally, 
DSP107 also augmented trogocytosis of primary patient-
derived MCL blasts by autologous PMNs by 6–15%, with 
a 10–25% increase when combined with RTX (Fig. 3H). 
Thus, DSP107 prominently activated PMN-mediated 
anticancer activity.

DSP107 potentiates anticancer T cell activity
DSP107-mediated activation of T cell costimulatory 
signaling by 4-1BB should only occur upon cross-link-
ing after CD47-specific binding of DSP107. Indeed, 
incubation of HT1080.4-1BB cells with DSP107 on a 

CD47 pre-coated plate, but not on a non-coated plate, 
triggered an ~ 3–4 fold increase in IL-8 secretion 
(Fig.  4A). This IL-8 induction by DSP107 was abro-
gated by preincubation with epitope-competing CD47-
blocking antibody (Fig.  4A) and was not detected 
upon incubation with a mock 4-1BBL-DSP lacking 
CD47-binding activity (Fig.  4B) nor by treatment of 
HT1080.wt cells (Fig. S4A). Further, in mixed cultures 
of HT1080.4-1BB cells with CHO-K1.CD47 clones that 
expressed different levels of CD47 (Fig. S4B), the level 
of binding of DSP107 to CHO-K1.CD47 (Fig. 4C) dic-
tated the extent of IL-8 secretion by HT1080.4-1BB 
(Fig.  4D). Thus, 4-1BB activation by DSP107 clearly 
depended on initial CD47-specific binding and surface 
immobilization of DSP107. Of note, 4-1BB antibody 
treatment triggered IL-8 secretion by HT1080.4-1BB 
cells to a similar level as DSP107 upon cross-linking via 
plate-bound CD47 (Fig. S4C). Thus, 4-1BB antibody 
and DSP107 had similar potency in terms of 4-1BB 
costimulatory signaling. DSP107 also was able to co-
stimulate T cells, with the percentage of CD25 and 
4-1BB expressing T cells being significantly increased 
upon treatment with DSP107 (Fig.  4E and F, respec-
tively). Notably, the increase in CD25 expression by 
DSP107 was comparable to treatment with CD28 ago-
nistic mAb (Fig. 4E), but DSP107 induced significantly 
higher upregulation of 4-1BB compared to CD28 anti-
body treatment (Fig. 4F).

Since DSP107 potently triggered 4-1BB costimula-
tory signaling, its effect on T cell-mediated killing 
of cancer cells was assessed by co-culture of isolated 
 CD3+,  CD4+, or  CD8+ T cells with the CD47-positive 
NHL line SC-1.scFvCD3. This cell line was engineered 
to ectopically express a CD3 antibody fragment that 
triggers TCR signaling in an MHC-unrestricted man-
ner. In such co-cultures, the formation of characteris-
tic clusters of activated T cells was already detected in 
medium control (Fig. 4G, left panels). However, cluster 
formation was strongly potentiated by DSP107 treat-
ment, with almost no individual T cell being detected 
(Fig.  4G, right panels). Correspondingly, a clear E:T 
ratio-dependent increase in apoptosis of SC1.scFvCD3 
cells was detected in DSP107-treated mixed cultures 
with  CD3+,  CD4+, and  CD8+ T cells (Fig. 4H). Of note, 
DSP107 had no single-agent activity towards SC1.
scFvCD3 at E:T 0:1 (Fig. 4H). In similar mixed culture 
experiments with CHO.scFvCD3 cells, DSP107 treat-
ment increased apoptosis compared to control culture 
only when CHO cells were additionally engineered to 
express human CD47 (Fig. 4I). Thus, DSP107 triggered 
4-1BB-mediated costimulatory signaling and T cell-
mediated anticancer activity only upon CD47-selective 
binding.
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Fig. 3 DSP107 mediated PMN trogocytosis of B cell lymphoma cell lines. A) Gating strategy for the PMN‑mediated trogocytosis assay. PMNs are 
gated on forward‑sideward scatter (left). Percentage of CD11b‑APC labeled granulocytes positive for CFSE dye from cancer cells, calculated from 
the scatter (right), represents the level of phagocytic uptake. B) PMN‑mediated trogocytosis with increasing concentrations of DSP107 (red) 
and combined with 1 μg/ml RTX (blue), parametric paired t‑test was used with respect to control sample versus each dose of DSP107, C) PMN 
trogocytosis of nine B cell‑lines without treatment (red) or with 10 nM DSP107 (blue). Each line represents a single experiment with an individual 
donor, parametric paired t‑test, as described in B, was used, D) Comparison of PMN‑mediated trogocytosis of nine B cell‑lines between RTX (red) 
and combination treatment of RTX and DSP107 (blue). Analyzed as in B, E) PMN‑mediated trogocytosis of Daudi cells with DSP107 and RTX or 
isotype control for RTX F) Comparison of 10 nM DSP107, comprising trimeric SIRPα (left) and 10 nM monomeric SIRPα (right) as prophagocytic 
agents. Analyzed as in B, G) Comparison of DSP107, CD47 mAb and SIRPα:Fc,. trogocytosis activity on SUDHL2 cells. DSP107, CD47 mAb or SIRPα:Fc 
for monotherapy (red) or combination treatment with RTX (blue) are used at an equal concentration of 10 nM. Trogocytosis results were normalized 
to the highest trogocytosis percentage of the same donor to compare the effect between drugs, parametric paired t‑test was used with respect to 
control sample versus each drug. H) Trogocytosis of primary patient‑derived malignant B cells by autologous PMNs from two donors I) AnnexinV 
staining of remaining cancer cells after trogocytosis assay, upon DSP107 stimuli or DSP107 with RTX (DSP107 bars) comparing to untreated cells 
or treatment with RTX alone (red bars), parametric paired t‑test was used with respect to control sample versus treatment with DSP107. Across the 
figure, t‑test values: * = p < 0.05, ** = p < 0.01, *** = p < 0.001, all error bars in the figure represent SD
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DSP107 decreased tumor volume of SUDHL6 DLBCL 
tumors in NSG mice
To evaluate in vivo activity of DSP107, humanized NSG 
mice xenografted with SUDHL6 were reconstituted 
with human PBMCs (Fig. S5A). Treatment with DSP107 
markedly inhibited tumor growth, with 2 out of 6 mice 
being tumor-free at the end of the experiment (Fig. 5A), 
an average 69% reduction in tumor volume (Fig.  5B) 
and 34% reduction in tumor weight (Fig. 5C) compared 
to control PBMC-injected mice. DSP107 treatment was 
further associated with a significant increase in CD3 + T 
cell infiltration (Fig. 5D, E) and a trend towards the larger 
size of infiltrating T cells (Fig. 5F). Additional IHC stain-
ing revealed that the main T cell type in the DSP107 
treated group is CD4+ T cells (Fig. S5D, F), with very 
few and similar number of FOXP3+ T cells between the 
treated and the control groups (Fig.S5E, F). Similarly, low 
number of CD8+ T cells were found at identical levels 
between control and DSP107 treated groups (data not 
shown). Finally, DSP107 treatment did not negatively 
impact mouse or spleen weight (Fig. S5B, C).

Safety of DSP107 in non‑human primates toxicological 
study
Administration of DSP107 every 3 days for 4 doses (Days 
1, 4, 7, and 10) by i.v. infusion was well tolerated in cyn-
omolgus monkeys at levels of 5, 15 or 50 mg/kg/dose, 
with all monkeys surviving until scheduled study com-
pletion. Importantly, no DSP107-related adverse effects 
were observed on the hemoglobin (Fig. 5G), RBCs count 
(Fig.  5H), platelet count (Fig.  5I), coagulation, or blood 
chemistry parameters (Fig. 5J for liver enzyme AST and 
Fig. 5K for ALT). Moreover, no DSP107-related changes 
in the absolute count or relative percentages of T-lym-
phocyte subsets (T-helper, T-cytotoxic, or T-regulatory 
lymphocytes), B-lymphocytes, natural killer cells, or 

monocytes (see Fig.  5L for total lymphocyte counts). 
Further, no macroscopic, organ weight or microscopic 
changes related to DSP107 were observed in the organs 
of any of the monkeys.

Discussion
Here, we report on the preclinical validation of DSP107 
(SIRPα-41BBL) as a novel immunotherapeutic that com-
bines innate checkpoint inhibition with targeted co-stim-
ulation of adaptive immunity. DSP107 effectively blocked 
the CD47/SIRPα checkpoint and potentiated phago-
cytic uptake of cancer cells by macrophages and PMNs 
in  vitro. The binding of DSP107 to CD47 also enabled 
the activation of 4-1BB-mediated costimulatory signal-
ing and, thereby, potentiated anticancer T cell immune 
responses in  vitro. Anticancer activity of DSP107 was 
further demonstrated in a xenograft model of DLBCL in 
NSG mice, providing proof of efficacy in vitro and in vivo. 
Finally, DSP107 treatment of cynomolgus monkeys did 
not associate with any toxicity, with also no impact on 
RBC count, and no dose-limiting toxicity detected.

DSP107 is designed to stimulate T cells by tumor-
targeted activation of 4-1BB, a costimulatory receptor 
transiently upregulated upon MHC-TCR interaction 
[28]. 4-1BB has been used in various studies as a sur-
rogate marker for tumor-reactive TILs [29], and target-
ing of 4-1BB with agonist antibodies and recombinant 
4-1BBL fusions has been clinically evaluated [19, 25, 
27, 29, 30]. However, treatment with antibodies such as 
urelumab, despite promising results in preclinical stud-
ies, encountered dose-limiting hepatotoxicity [20]. Such 
toxicity has been attributed to hyperclustering of 4-1BB 
due to Fc-FcγR interaction [17]. Importantly, 4-1BB sign-
aling is only effectively activated by agonistic antibodies 
or by 4-1BBL when oligomerization of 4-1BB occurs, 
with soluble trimeric 4-1BBL being essentially inactive. 

(See figure on next page.)
Fig. 4 DSP107 induces T cell‑mediated killing of tumor cells upon cross‑linking via CD47 arm of DSP107. A) IL‑8 release by HT1080.4‑1BB cells 
triggered by increasing concentrations of DSP107 with CD47‑coated plate (dark blue), when plate‑bound CD47 is blocked with CD47 mAb 
(blue), without plate‑bound CD47 or with CD47 mAb alone (purple and red), parametric paired t‑test was used with respect to control sample 
(concentration 0) versus treatment with DSP107, B) IL‑8 secretion upon treatment of HT1080.4‑1BB cells with DSP107 or DSP‑MOCK, containing 
4‑1BBL domain but lacking SIRPα domain, parametric paired t‑test was used with respect to control sample treated with DSP107 or DSP‑mock or 
treated sample with plated‑bound CD47, C) Binding of DSP107 to CHO‑K1 clones expressing low, medium and high levels of CD47 as measured 
by flow cytometry, parametric paired t‑test was used with respect to control sample vs binding of DSP107, D) IL‑8 secretion by HT080.4‑1BB cells 
co‑cultured with CHO‑K1 clones expressing different levels of CD47 upon treatment with DSP107, analyzed as in C, E) Increase of CD25 expression 
on activated T cells (red diamonds) upon co‑stimulation with DSP107 (blue diamonds, left graphs) or CD28 mAb (blue diamonds, right graph), 
paired t‑test was used with respect to control sample (unstimulated) versus treatment with DSP107 or CD28 mAb F) Increase of 4‑1BB expression 
on activated T cells (red diamonds) upon co‑stimulation with DSP107 (blue diamonds, left graphs) or CD28 antibody (blue diamonds, right graph), 
paired t‑test was used as in E), G) Representative pictures of co‑cultures of SC‑1.scFvCD3 with  CD3+ (left),  CD8+ (middle) and  CD4+ (right) T cells, 
untreated (left picture in each panel) or upon treatment with DSP107 (right picture in each panel), scale bar: 50 μm. H) AnnexinV staining of residual 
SC‑1.scFvCD3 cells in co‑cultures with increasing amount of  CD3+ (left),  CD8+ (middle) or  CD4+ (right) without treatment (red) or with 8,4 μg/ml 
DSP107 (blue), parametric paired t‑test was used with respect to control sample (medium control – red) versus treatment with DSP107 (blue) at 
each E:T ratio. I) T cell‑mediated killing of  CHOwtscFvCD3 or  CHOCD47scFvCD3 with and without DSP107 as measured by flow cytometry, parametric 
paired t‑test was used with respect to control sample vs binding of DSP107. Across the figure, t‑test values: n.s. = p > 0.05, * = p < 0.05, ** = p < 0.01, 
*** = p < 0.001, all error bars in the figure represent SD
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In line with this, DSP107 lacks 4-1BB agonism in solu-
tion but acquires prominent 4-1BB agonistic activity 
upon binding to CD47. This agonism depends on the 
expression level of CD47 on surrounding cells, lead-
ing to activation of T cells primarily in the TME, where 
CD47 is overexpressed. Thus, the binding of DSP107 to 

tumor-overexpressed CD47 enables its 4-1BB agonistic 
activity and helps drive T cell immune responses. Moreo-
ver, since 4-1BB expression on immune cells is virtually 
absent in the circulation [17], but expressed on tumor-
reactive T cells in the TME [18–20], DSP107 preferen-
tially (re)activates T cells at the site of the tumor.

Fig. 4 (See legend on previous page.)
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DSP107 enhanced PMN- and macrophage-mediated 
phagocytosis alone and when combined with RTX. The 
decision to phagocytose is regulated by a host of activat-
ing and inhibitory mechanisms, with CD47-SIRPα being 
a prominent inhibitory signal. Simply breaking this inter-
action is sufficient to reactivate macrophages and induce 
phagocytosis. For example, a F(ab’)2 preparation of a 

CD47 mAb, lacking an Fc-domain, was equally effective 
compared to a full IgG-containing antibody [31]. How-
ever, in recent studies, neither monomeric nor dimeric 
SIRPα increased phagocytosis alone, with an additional 
pro-phagocytic signal such as Fc-FcγR interaction being 
required for activation of phagocytosis [10, 32]. Mono-
meric SIRPα in our experiments also did not induce 

Fig. 5 DSP107 reduces tumor growth in vivo and has good safety profile in non human primates. A) Size of the tumor for each individual mice. 
Five mice were in the control group and six mice were in the treatment group. B) Average tumor volume in the control and treatment group, C) 
Average tumor weight in the control and treatment groups. D) Immunohistochemistry staining of  CD3+ T cells infiltrating the tumor in the control 
group (top) and the treatment of DSP107 (bottom), scale bar: 20 μm. E) the Average number of T cells in tumor tissue calculated from pictures in the 
control and treatment groups. F) Average size of T cells in the control and treatment groups. For all the mice Figs. (A‑E), unpaired one sided t‑test 
was used to compare T cell infiltration in the control and treatment groups n.s. = p > 0.05, error bars represent SD. G) Concentration of hemoglobin 
in the blood of cynomolgus monkey after injection of various doses of DSP107 (0, 5, 15 and 50 mg/kg), H) RBC count in blood of cynomolgus 
monkey after injection of various doses of DSP107 (0, 5, 15 and 50 mg/kg), I) Platelets count in blood of cynomolgus monkey after injection of 
various doses of DSP107 (0, 5, 15 and 50 mg/kg), J) AST level in serum of cynomolgus monkey after injection of various doses of DSP107 (0, 5, 15 
and 50 mg/kg), K) ALT level in serum of cynomolgus monkey after injection of various doses of DSP107 (0, 5, 15 and 50 mg/kg), L) Total lymphocyte 
count in blood of cynomolgus monkey after injection of various doses of DSP107 (0, 5, 15 and 50 mg/kg). Across the figure, t‑test values: n.s. = 
p > 0.05, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, all error bars in the figure represent SD
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phagocytosis as a single agent. In contrast, the trimeric 
SIRPα present in DSP107 as a single agent enhanced 
phagocytosis by 5–20%, an effect probably not solely 
due to stronger CD47-DSP107 interaction as an increase 
in  KD was previously identified as insufficient to reacti-
vate macrophages by monomeric or dimeric SIRPα [32]. 
We hypothesize that the increase in avidity combined 
with higher-order oligomerization and possibly raft 
reorganization of SIRPα-CD47 may together contrib-
ute to the DSP107-mediated phagocytosis activation. In 
line with this hypothesis, exosomes loaded with SIRPα 
induced phagocytosis of cancer cells up to 30% without a 

requirement for Fc [33], a level similar to that obtained in 
experiments with DSP107.

DSP107 combination with RTX further augmented 
phagocytic removal, with a statistically significant 
increase in macrophage and PMN-mediated phagocy-
tosis compared to RTX alone in various cell lines and 
primary patient-derived blasts. Of note, this increase 
in phagocytosis of ~ 20% by DSP107 is in line with 
that reported for the CD47 mAb B6H12 in combina-
tion with RTX [31]. Notably, such in-vitro therapeutic 
effects translated into complete responses in relapsed or 
RTX-refractory lymphoma patients [3], highlighting the 

Fig. 6 Proposed mechanism of action of DSP107 for activation of innate and adaptive anticancer immunity. The tumor microenvironment suppresses 
infiltrating immune cells, including macrophages and T cells I) DSP107 binds to CD47 overexpressed on cancer cells and abrogates the CD47‑SIRPα 
interaction II) Consequently, macrophage‑mediated phagocytosis of cancer cells is restored III) Upon phagocytic uptake, tumor antigens are 
presented to T cells in MHC, thereby triggering activation of tumor‑reactive T cells IV) Upon recognition of cancer cells, 4‑1BB is upregulated on 
T cells, whereupon DSP107 provides costimulatory signaling that augments antitumor T cell immunity. T cell‑mediated lysis of cancer cells then 
further leads to phagocytic uptake of apoptotic cancer cells to continue driving the innate/adaptive anticancer immunity cycle. The figure was 
created with BioRe nder. com

http://biorender.com
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promise of this approach. Indeed, DSP107 proved to have 
equivalent activity compared to CD47 mAb or SIRPα:Fc. 
Thus, CD47 checkpoint inhibition by DSP107 is compa-
rable to current state-of-the-art therapeutics.

An important concern when using CD47-targeting 
therapeutics is binding to erythrocytes and their poten-
tial elimination, which can lead to anemia. However, 
DSP107 negligibly binds to human RBCs, similar to pre-
vious reports on SIRPα-Fc fusions [10]. This phenom-
enon may possibly be attributed to the lack of CD47 
mobility in the RBC membrane, which could prevent 
clustering and limit the binding of DSP107 that contains 
three copies of SIRPα in each molecule. Moreover, the 
treatment of cynomolgus monkeys with DSP107 resulted 
in a good safety profile. Thus, although to be further 
characterized in human clinical trials, DSP107 appears 
to have a good safety profile that may offer an advantage 
over CD47 antibody-based therapies.

This work supports DSP107 as a potential candidate 
for combinatorial therapies with opsonizing antibod-
ies. The efficacy of the combination of CD47 blockade 
with antibodies directed against CD19 [34], CD20 [35] 
or CD70 [36] was also demonstrated in several studies. 
The efficacy of CD47 blocking antibodies in combination 
with PD-L1 antagonists has also been proven in several 
studies [37–39]. PD-L1 antagonists may work synergis-
tically with the 4-1BBL domain of DSP107 to enhance 
anticancer T cell cytotoxicity. In fact, a combination of 
a 4-1BB agonist with PD-1/PD-L1 blockade increased T 
cell infiltration and had a prominent combination effect 
on tumor eradication compared to single treatments in a 
preclinical mouse model [40]. Additionally, TAMs accu-
mulate in tumors after chemo and radiotherapy and ini-
tiate a wound-healing program that contributes to the 
suppression of T cells [41, 42]. Therefore, reactivation of 
TAMs after chemo and radiotherapy with simultaneous 
co-stimulation of T cells by DSP107 may have beneficial 
effects on tumor regression after treatment.

Conclusion
DSP107 is a novel first-in-class therapeutic fusion protein 
with multifold immunostimulatory effects on innate and 
adaptive immunity. This immunostimulatory effect may, 
alone or together with therapeutic antibodies, serve to 
effectively (re)activate anticancer immunity. Based on our 
findings and previous publications on the same targets, 
we propose that DSP107 can activate several mechanisms 
for tumor eradication (illustrated in Fig.  6): 1) DSP107 
blocks ‘don’t eat me’ signaling and promotes phagocy-
tosis (Fig. 6, I-II), 2) DSP107 can promote antigen pres-
entation in the context of MHC and thereby activates T 
cells (Fig. 6, III), 3) DSP107 co-stimulates tumor-reactive 
T cells via 4-1BB interaction at the tumor site, leading 

to additional T cell-mediated anticancer cytotoxicity 
(inducing phosphatidylserine exposure) (Fig.  6, IV), 4) 
this process, in turn, provides a feed-forward mechanism 
that promotes phagocytosis facilitated by DSP107-medi-
ated CD47 checkpoint blockade (Fig. 6, I).

Abbreviations
DLBCL: Diffuse Large B Cell Lymphoma; PMN : Polymorphonuclear neutrophil; 
ECD: extracellular domain; RTX: Rituximab; CR: Complete response; TCR : T 
cell receptor; MHC: major histocompatibility complex; TIL: Tumor‑Infiltrating 
Lymphocyte; PBMCs: Peripheral Blood Mononuclear Cells; LPS: Lipopolysac‑
charide; IFN‑γ: Interferon‑γ; MCL: Mantle Cell Lymphoma; MW: Molecular 
weight; DSP107: Dual Signaling Protein 107; AST: Aspartate aminotransferase; 
ALT: Alanine transaminase.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13046‑ 022‑ 02256‑x.

Additional file 1. [43–45]. 

Additional file 2: Video S1. Macrophage with attached untreated cancer 
cell to its surface.

Additional file 3: Video S2. Macrophage with engulfed several SUDHL10 
cells upon DSP107 treatment.

Acknowledgments
We would like to thank Klaas Sjollema and UMCG Microscopy and Imaging 
Center (UMIC) for help with confocal microscopy.

Authors’ contributions
EC designed and performed all experiments with macrophages and PMNs, 
T cell‑mediated cytotoxicity assays, binding experiments, doublet formation, 
analysed data, wrote the manuscript, prepared figures, LJ performed binding 
experiments with RBCs, and 4‑1BB activation assays, analysed data, wrote 
the manuscript, SG caried out the 4‑1BB activation assays and was involved 
in the establishment of the cytotoxicity assays, AT caried out the SEC‑MALS 
analysis of DSP107 and was involved in DSP107 production and in the 3D 
modelling, IP designed and was responsible for the production and purifica‑
tion and biochemical analysis of DSP107, RT designed and was responsible 
for the NHP GLP studies, LG carried out the generation of CHO‑CD47 clones, 
LT was involved in the production of DSP107 and the establishment and 
performance of the activation assays, RK developed and carried out the 
purification of the DSP107, JA carried out the DSP107 activation assays, AA 
developed and carried out the ligand based dual ELISA for DSP107, SA carried 
out the SPR‑based assay to determine the Kd for DSP107, EZK carried out the 
in vivo experiment in NSG mice, YG was involved in the design of DSP107 
and the development of in vitro assays, MV prepared FITC labelled DSP107 
and scFvCD3 expressing cell lines, GH supervised study design and writing of 
manuscript, TvM provided patient material, was involved in design of assays 
and wrote the manuscript, MED was involved in the design of DSP107 and the 
development of in vitro assays, AFC was involved in the design and the analy‑
sis of the NHP GLP study, YP was involved in the concept of DSP107 and the 
overall supervision, AP designed and supervised the in vivo experiment of the 
NSG mice, AC designed and supervised the studies performed at KAHR and 
wrote the manuscript, EB designed and supervised the study and wrote the 
manuscript. All authors discussed, revised and approved the final manuscript.

Funding
This research has received funding from the European Union’s Horizon 2020 
research and innovation programme under the Marie Sklodowska‑Curie grant 
agreement No 813871.

Availability of data and materials
Available upon request to corresponding author.

https://doi.org/10.1186/s13046-022-02256-x
https://doi.org/10.1186/s13046-022-02256-x


Page 15 of 16Cendrowicz et al. J Exp Clin Cancer Res           (2022) 41:97  

Declarations

Ethics approval and consent to participate
This study was carried out in The Netherlands in accordance with international 
ethical and professional guidelines (the Declaration of Helsinki and the Inter‑
national Conference on Harmonization Guidelines for Good Clinical Practice). 
The use of anonymous waste material is regulated under the code for good 
clinical practice in the Netherlands. Informed consent was waived in accord‑
ance with Dutch regulations.
Peripheral blood immune cells were isolated from buffy coats that were 
purchased from Sanquin. All donors gave informed consent (Sanquin Blood 
Supply, Groningen, the Netherlands).

Consent for publication
Not applicable.

Competing interests
E.B., M.E.D. and A.P. are consultants for Kahr Medical, and their research is finan‑
cially supported by Kahr Medical; L. J., S. G., A. T., I. P., R.T., L.T., R.K., J.A., A.A., S.A., 
A.F.C., Y.P. and A.C. are employees of Kahr Medical; E.B., M.E.D., S.G., A.T., I.P., R.T., 
L.T., R.K., A.A., S.A., A.F.C., Y.P. and A.C. are shareholders of Kahr Medical.

Author details
1 University of Groningen, University Medical Center Groningen, Department 
of Hematology, Hanzeplein 1, 9713, GZ, Groningen, The Netherlands. 2 Kahr 
Medical Ltd, 1 Kiryat Hadassah POB 9779, 9109701 Jerusalem, Israel. 3 Depart‑
ments of Nephrology and Hypertension, Hadassah Medical Center, Faculty 
of Medicine, Hebrew University, Jerusalem, Israel. 4 Goldyne Savad Institute 
of Gene Therapy, Hebrew University Hospital, Jerusalem, Israel. 

Received: 29 September 2021   Accepted: 17 January 2022

References
 1. Ansell SM, Armitage J. Non‑Hodgkin lymphoma: diagnosis and treat‑

ment. Mayo Clin Proc. 2005;80(8):1087–97.
 2. Crump M, Neelapu SS, Farooq U, Van Den Neste E, Kuruvilla J, Westin J, 

et al. Outcomes in refractory diffuse large B cell lymphoma: results from 
the international SCHOLAR‑1 study. Blood. 2017;130(16):1800–8.

 3. Advani R, Flinn I, Popplewell L, Forero A, Bartlett NL, Ghosh N, et al. CD47 
blockade by Hu5F9‑G4 and rituximab in non‑Hodgkin’s lymphoma. N 
Engl J Med. 2018;379(18):1711–21.

 4. Okazawa H, Motegi S, Ohyama N, Ohnishi H, Tomizawa T, Kaneko Y, et al. 
Negative regulation of phagocytosis in macrophages by the CD47‑
SHPS‑1 system. J Immunol. 2005;174(4):2004–11.

 5. Andrechak JC, Dooling LJ, Discher DE. The macrophage checkpoint 
CD47: SIRPa for recognition of “self” cells: from clinical trials of blocking 
antibodies to mechanobiological fundamentals. Philos Trans R Soc B Biol 
Sci. 2019;374(1779):1–11.

 6. Yang H, Shao R, Huang H, Wang X, Rong Z, Lin Y. Engineering mac‑
rophages to phagocytose cancer cells by blocking the CD47/SIRPɑ axis. 
Cancer Med. 2019;8(9):4245–53.

 7. Bouwstra R, He Y, De Boer J, Kooistra H, Cendrowicz E, Fehrmann RSN, 
et al. CD47 expression defines efficacy of rituximab with CHOP in non–
germinal center B cell (non‑GCB) diffuse large B cell lymphoma patients 
(DLBCL), but not in GCB DLBCL. Cancer. Immunol Res. 2019;7(10):1663–71.

 8. Uger R, Johnson L. Blockade of the CD47‑SIRPα axis: a promising 
approach for cancer immunotherapy. Expert Opin Biol Ther. 2020;20(1):5–
8. Available from. https:// doi. org/ 10. 1080/ 14712 598. 2020. 16859 76.

 9. Li Y, Lu S, Xu Y, Qiu C, Jin C, Wang Y, et al. Overexpression of CD47 predicts 
poor prognosis and promotes cancer cell invasion in high‑grade serous 
ovarian carcinoma. Am J Transl Res. 2017;9(6):2901–10.

 10. Petrova PS, Viller NN, Wong M, Pang X, Lin GHY, Dodge K, et al. TTI‑621 
(SIRPαFc): a CD47‑blocking innate immune checkpoint inhibitor with 
broad antitumor activity and minimal erythrocyte binding. Clin Cancer 
Res. 2017;23(4):1068–79.

 11. Puro RJ, Bouchlaka MN, Hiebsch RR, Capoccia BJ, Donio MJ, Manning PT, 
et al. Development of AO‑176, a next‑generation humanized anti‑CD47 

antibody with novel anticancer properties and negligible red blood cell 
binding. Mol Cancer Ther. 2020;19(3):835–46.

 12. Russ A, Hua AB, Montfort WR, Rahman B, Bin RI, Khalid MU, et al. Blocking 
“don’t eat me” signal of CD47‑SIRPα in hematological malignancies, an 
in‑depth review. Blood Rev. 2018;32(6):480–9.

 13. Liu J, Wang L, Zhao F, Tseng S, Narayanan C, Shura L, et al. Pre‑clinical 
development of a humanized anti‑CD47 antibody with anti‑cancer 
therapeutic potential. PLoS One. 2015;10(9):1–23.

 14. Dheilly E, Majocchi S, Moine V, Didelot G, Broyer L, Calloud S, et al. Tumor‑
directed blockade of CD47 with bispecific antibodies induces adaptive 
antitumor immunity. Antibodies. 2018;7(1):3.

 15. Tseng D, Volkmer JP, Willingham SB, Contreras‑Trujillo H, Fathman JW, 
Fernhoff NB, et al. Anti‑CD47 antibody‑mediated phagocytosis of cancer 
by macrophages primes an effective antitumor T cell response. Proc Natl 
Acad Sci U S A. 2013;110(27):11103–8.

 16. Liu X, Pu Y, Cron K, Deng L, Kline J, Frazier WA, et al. CD47 blockade 
triggers T cell‑mediated destruction of immunogenic tumors. Nat Med. 
2015;21(10):1209–15. Available from. https:// doi. org/ 10. 1038/ nm. 3931.

 17. Chester C, Sanmamed MF, Wang J, Melero I. Immunotherapy targeting 
4‑1BB: mechanistic rationale, clinical results, and future strategies. Blood. 
2018;131(1):49–57.

 18. Ye Q, Song D, Poussin M, Yamamoto T, Best A, Li C, et al. NIH Public Access. 
2015;20(1):44–55.

 19. Bagheri S, Safaie Qamsari E, Yousefi M, Riazi‑Rad F, Sharifzadeh Z. Target‑
ing the 4‑1BB costimulatory molecule through single chain antibodies 
promotes the human T cell response. Cell Mol Biol Lett. 2020;25(1):28.

 20. Chu DT, Bac ND, Nguyen KH, Tien NLB, Van TV, Nga VT, et al. An update 
on anti‑CD137 antibodies in immunotherapies for cancer. Int J Mol Sci. 
2019;20(8):1–17.

 21. Tavera RJ, Forget MA, Kim YU, Sakellariou‑Thompson D, Creasy CA, 
Bhatta A, et al. Utilizing T cell activation signals 1, 2, and 3 for tumor‑
infiltrating lymphocytes (TIL) expansion: the advantage over the sole 
use of Interleukin‑2 in cutaneous and uveal melanoma. J Immunother. 
2018;41(9):399–405.

 22. Poch M, Hall M, Joerger A, Kodumudi K, Beatty M, Innamarato PP, et al. 
Expansion of tumor infiltrating lymphocytes (TIL) from bladder cancer. 
Oncoimmunology. 2018;7(9):1–7. Available from. https:// doi. org/ 10. 1080/ 
21624 02X. 2018. 14768 16.

 23. Ye Q, Song DG, Poussin M, Yamamoto T, Best A, Li C, et al. CD137 accu‑
rately identifies and enriches for naturally occurring tumor‑reactive T cells 
in tumor. Clin Cancer Res. 2014;20(1):44–55.

 24. Sakellariou‑Thompson D, Forget MA, Hinchcliff E, Celestino J, Hwu 
P, Jazaeri AA, et al. Potential clinical application of tumor‑infiltrating 
lymphocyte therapy for ovarian epithelial cancer prior or post‑resistance 
to chemotherapy. Cancer Immunol Immunother. 2019;68(11):1747–57. 
Available from. https:// doi. org/ 10. 1007/ s00262‑ 019‑ 02402‑z.

 25. Fisher TS, Kamperschroer C, Oliphant T, Love VA, Lira PD, Doyonnas R, et al. 
Targeting of 4‑1BB by monoclonal antibody PF‑05082566 enhances T cell 
function and promotes anti‑tumor activity. Cancer Immunol Immu‑
nother. 2012;61(10):1721–33.

 26. Medler J, Nelke J, Weisenberger D, Steinfatt T, Rothaug M, Berr S, et al. 
TNFRSF receptor‑specific antibody fusion proteins with targeting 
controlled FcγR‑independent agonistic activity. Cell Death Dis. 2019;10(3) 
Available from:. https:// doi. org/ 10. 1038/ s41419‑ 019‑ 1456‑x.

 27. Trüb M, Uhlenbrock F, Claus C, Herzig P, Thelen M, Karanikas V, et al. Fibro‑
blast activation protein‑targeted‑4‑1BB ligand agonist amplifies effector 
functions of intratumoral T cells in human cancer. J Immunother cancer. 
2020;8:e000238.

 28. Bartkowiak T, Curran MA. 4‑1BB agonists: multi‑potent potentiators of 
tumor immunity. Front. Oncol. 2015;5(JUN):1–16.

 29. Chacon JA, Wu RC, Sukhumalchandra P, Molldrem JJ, Sarnaik A, Pilon‑
Thomas S, et al. Co‑stimulation through 4‑1BB/CD137 improves the 
expansion and function of CD8+ melanoma tumor‑infiltrating lympho‑
cytes for adoptive T cell therapy. PLoS One. 2013;8(4):e60031.

 30. Compte M, Harwood SL, Muñoz IG, Navarro R, Zonca M, Perez‑Chacon G, 
et al. A tumor‑targeted trimeric 4‑1BB‑agonistic antibody induces potent 
anti‑tumor immunity without systemic toxicity. Nat Commun. 2018;9(1) 
Available from:. https:// doi. org/ 10. 1038/ s41467‑ 018‑ 07195‑w.

 31. He Y, Bouwstra R, Wiersma VR, de Jong M, Jan Lourens H, Fehrmann R, 
et al. Cancer cell‑expressed SLAMF7 is not required for CD47‑mediated 

https://doi.org/10.1080/14712598.2020.1685976
https://doi.org/10.1038/nm.3931
https://doi.org/10.1080/2162402X.2018.1476816
https://doi.org/10.1080/2162402X.2018.1476816
https://doi.org/10.1007/s00262-019-02402-z
https://doi.org/10.1038/s41419-019-1456-x
https://doi.org/10.1038/s41467-018-07195-w


Page 16 of 16Cendrowicz et al. J Exp Clin Cancer Res           (2022) 41:97 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

phagocytosis. Nat Commun. 2019;10(1):1–8. Available from:. https:// doi. 
org/ 10. 1038/ s41467‑ 018‑ 08013‑z.

 32. Weiskopf K, Ring AM, Ho CCM, Volkmer JP, Levin AM, Volkmer AK, et al. 
Engineered SIRPα variants as immunotherapeutic adjuvants to anticancer 
antibodies. Science. 2013;341(6141):88–91.

 33. Koh E, Lee EJ, Nam GH, Hong Y, Cho E, Yang Y, et al. Exosome‑SIRPα, 
a CD47 blockade increases cancer cell phagocytosis. Biomaterials. 
2017;121:121–9. Available from:. https:// doi. org/ 10. 1016/j. bioma teria ls. 
2017. 01. 004.

 34. Buatois V, Johnson Z, Pires SS, Papaioannou A, Chauchet X, Richard F, 
et al. Preclinical Development of a Bispecific Antibody that Safely and 
Effectively Targets CD19 and CD47 for the Treatment of B‑Cell Lymphoma 
and Leukemia, Mol Cancer Ther. 2018;17(8):1739–51.

 35. Chao MP, Alizadeh AA, Tang C, Myklebust JH, Varghese B, Gill S, et al. Anti‑
CD47 antibody synergizes with rituximab to promote phagocytosis and 
eradicate non‑Hodgkin lymphoma. Cell. 2010;142(5):699–713. Available 
from:. https:// doi. org/ 10. 1016/j. cell. 2010. 07. 044.

 36. Ring NG, Herndler‑Brandstetter D, Weiskopf K, Shan L, Volkmer JP, 
George BM, et al. Anti‑SIRPα antibody immunotherapy enhances 
neutrophil and macrophage antitumor activity. Proc Natl Acad Sci U S A. 
2017;114(49):E10578–85.

 37. Lian S, Xie R, Ye Y, Xie X, Li S, Lu Y, et al. Simultaneous blocking of CD47 
and PD‑L1 increases innate and adaptive cancer immune responses and 
cytokine release. EBioMedicine. 2019;42:281–95. Available from. https:// 
doi. org/ 10. 1016/j. ebiom. 2019. 03. 018.

 38. Lian S, Xie R, Ye Y, Lu Y, Cheng Y, Xie X, et al. Dual blockage of both 
PD‑L1 and CD47 enhances immunotherapy against circulating tumor 
cells. Sci Rep. 2019;9(1):1–7. Available from:. https:// doi. org/ 10. 1038/ 
s41598‑ 019‑ 40241‑1.

 39. Shi R, Chai Y, Duan X, Bi X, Huang Q, Wang Q, et al. The identification of 
a CD47‑blocking “hotspot” and design of a CD47/PD‑L1 dual‑specific 
antibody with limited hemagglutination. Signal Transduct Target Ther. 
2020;5(1):2019–21.

 40. Qu QX, Zhu XY, Du WW, Bin WH, Shen Y, Zhu YB, et al. 4‑1BB Agonism 
combined with PD‑L1 blockade increases the number of tissue‑
resident CD8+ T cells and facilitates tumor abrogation. Front Immunol. 
2020;11(April):1–12.

 41. Larionova I, Cherdyntseva N, Liu T, Patysheva M, Rakina M, Kzhyshkowska 
J. Interaction of tumor‑associated macrophages and cancer chemother‑
apy. Oncoimmunology. 2019;8(7):1–15. Available from. https:// doi. org/ 10. 
1080/ 21624 02X. 2019. 15960 04.

 42. Cendrowicz E, Sas Z, Bremer E, Rygiel TP. The role of macrophages in 
cancer development and therapy. Cancers (Basel). 2021;13(8).

 43. Roybal KT, Williams JZ, Morsut L, Rupp LJ, Kolinko I, Choe JH, et al. Engi‑
neering t cells with customized therapeutic response programs using 
synthetic notch receptors. Cell. 2016;167(2):419–432.e16. Available from:. 
https:// doi. org/ 10. 1016/j. cell. 2016. 09. 011.

 44. Wyzgol A, Müller N, Fick A, Munkel S, Grigoleit GU, Pfizenmaier K, et al. 
Trimer stabilization, oligomerization, and antibody‑mediated cell surface 
immobilization improve the activity of soluble trimers of CD27L, CD40L, 
41BBL, and glucocorticoid‑induced TNF receptor ligand. J Immunol. 
2009;183(3):1851–61.

 45. Weinhäuser I, Pereira‑Martins DA, Ortiz C, Silveira DR, Simões LAA, Bianco 
TM, et al. Reduced SLIT2 is associated with increased cell proliferation 
and arsenic trioxide resistance in acute promyelocytic leukemia. Cancers 
(Basel). 2020;12(11):1–16.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1038/s41467-018-08013-z
https://doi.org/10.1038/s41467-018-08013-z
https://doi.org/10.1016/j.biomaterials.2017.01.004
https://doi.org/10.1016/j.biomaterials.2017.01.004
https://doi.org/10.1016/j.cell.2010.07.044
https://doi.org/10.1016/j.ebiom.2019.03.018
https://doi.org/10.1016/j.ebiom.2019.03.018
https://doi.org/10.1038/s41598-019-40241-1
https://doi.org/10.1038/s41598-019-40241-1
https://doi.org/10.1080/2162402X.2019.1596004
https://doi.org/10.1080/2162402X.2019.1596004
https://doi.org/10.1016/j.cell.2016.09.011

	DSP107 combines inhibition of CD47SIRPα axis with activation of 4-1BB to trigger anticancer immunity
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Macrophage-mediated phagocytosis
	PMN-mediated trogocytosis
	4-1BB activation
	T cell cytotoxicity
	B cell lymphoma xenograft in a humanized mouse model
	Nonhuman primate studies
	Statistical analysis

	Results
	DSP107 forms a stable trimer and interacts with CD47 and 4-1BB
	DSP107 augments macrophage-mediated phagocytosis of cancer cells alone and in combination with rituximab (RTX)
	DSP107 triggers PMN-mediated trogocytosis of malignant B cells in-vitro
	DSP107 potentiates anticancer T cell activity
	DSP107 decreased tumor volume of SUDHL6 DLBCL tumors in NSG mice
	Safety of DSP107 in non-human primates toxicological study

	Discussion
	Conclusion
	Acknowledgments
	References


