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Purpose: Despite the clinical success of anti-CD20 monoclonal antibodies (mAbs) such as rituximab in the treatment of B-cell 
lymphoma, therapeutic resistance and relapse remain significant challenges, particularly in tumors with low or heterogeneous CD20 
expression resulting from antigen loss or phenotypic shifts. To address this limitation, new therapeutic strategies are needed that act 
independently of CD20 while maintaining robust immune effector engagement. CO-005 is a humanized anti-CD47 fusion protein 
designed to simultaneously disrupt the CD47–SIRPα checkpoint and induce direct programmed cancer cell death (PCCD) distinct 
from other anti-CD47 agents.
Methods: The capacity of therapeutic mAbs to induce PCCD was assessed in lymphoma cell lines by flow cytometric detection of 
cell death and apoptotic markers. Antibody binding, phagocytic activity, and mechanistic analyses assessed intracellular signaling 
events associated with PCCD were measured by flow cytometry following treatment. The antitumor activity of CO-005 was evaluated 
in NOD-scid IL2Rγnull (NSG) mice bearing subcutaneous lymphoma xenografts, with efficacy and survival outcomes assessed for 
CO-005 as monotherapy and in combination with rituximab.
Results: CO-005 demonstrated potent and durable antitumor activity across multiple lymphoma xenograft models, including 
rituximab-resistant tumors model. CO-005 shares key mechanistic features with therapeutic anti-CD20 antibodies independent of 
CD20 signaling, including the induction of type III programmed cell death via receptor capping, calcium flux, reactive oxygen species 
generation, and actin cytoskeleton dependence, accompanied by surface calreticulin exposure. In vivo, CO-005 triggered robust 
intratumoral PCCD and remodelled the tumor microenvironment, characterized by increased macrophage and neutrophil infiltration, 
thereby enhancing innate immune activation and supporting a dual-mechanism mode of action that couples direct cancer cell killing 
with myeloid engagement.
Conclusion: These findings position CO-005 as a mechanistically distinct and immunologically active therapeutic with the potential 
to overcome limitations of both CD20- and CD47-directed therapies and expand treatment options for B-cell lymphoma.
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Introduction
Anti-CD20 mAbs have improved the therapeutic landscape of B-cell non-Hodgkin lymphomas (B-NHL), establishing new 
standards of care across disease stages.1,2 Rituximab (RTX), in particular, forms the immunologic backbone of standard 
chemoimmunotherapy regimens such as R-CHOP (rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone), 
which remains the frontline treatment for diffuse large B-cell lymphoma (DLBCL).3 In this setting, RTX synergizes with 
cytotoxic agents to drive tumor regression. However, a significant proportion of patients fail to respond or relapse early, often 
due to immune evasion and antigen escape, which compromise both the antibody and chemotherapy components of the 
regimen.4,5 These challenges underscore the need for improved immunotherapeutic strategies that bypass CD20 dependence 
and adding intrinsic cytotoxic activity, immune checkpoint inhibition, and immune activation in targeting lymphomas.
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Resistance to anti-CD20 therapy arises through multiple mechanisms, including impaired Fc receptor signaling, 
depletion or dysfunction of effector cells, and compensatory upregulation of alternative immune checkpoints such as 
CD47.6,7 In addition, CD20 expression is heterogeneous across B-NHL subtypes and may be dynamically lost following 
treatment, rendering a subset of tumors partially or completely refractory to CD20-directed therapies.8

CD47, often termed the “don’t eat me” signal, is a transmembrane protein that binds signal regulatory protein α 
(SIRPα) on macrophages and neutrophils, suppressing phagocytic clearance of malignant cells.9,10 Its overexpression in 
a range of cancers, including B-NHL, confers immune evasion and is associated with poor prognosis.11,12 While CD47 
blockade has shown promise in preclinical models and early clinical trials, most agents rely on antibody-dependent 
phagocytosis and require co-administration with cytotoxic or opsonizing antibodies to achieve full efficacy13,14 By 
contrast, recent studies have identified a subset of anti-CD47 antibodies that induce direct, caspase-independent cell death 
characterized by phosphatidylserine (PS) exposure, reminiscent of type II anti-CD20 antibodies such as obinutuzumab 
(OBZ).15,16 These “non-classical” death pathways, referred to as type III programmed cell death, are increasingly 
recognized as immunogenic and may contribute to therapeutic responses beyond conventional apoptosis.17

Importantly, growing evidence supports functional synergy between CD47 and CD20 targeting. CD47 blockade has 
been shown to enhance rituximab-mediated phagocytosis and may restore responsiveness in rituximab-refractory 
disease.18,19 Within DLBCL subtypes, molecular subtypes exhibit distinct immunobiological features that may influence 
therapeutic sensitivity. The activated B-cell–like (ABC) subtype, for example, has been associated with elevated CD47 
expression and increased reliance on innate immune evasion mechanisms, potentially rendering it more susceptible to 
CD47-targeted strategies.20 In contrast, the germinal center B-cell–like (GCB) subtype—though generally more respon
sive to standard immunochemotherapy21 may still benefit from CD47 blockade in settings of relapse or resistance. 
Together, these findings support a therapeutic strategy that targets CD47 through both immune checkpoint disruption and 
direct cytotoxicity to overcome key limitations of CD20-based regimens.

Here, we investigate CO-00514 a bivalent humanized single-chain variable fragment–fragment crystallizable (scFv- 
Fc) fusion protein, uniquely engineered to simultaneously block the CD47–SIRPα axis and induce rapid PCCD. By 
integrating immune checkpoint disruption with direct cytotoxicity, CO-005 represents a mechanistically novel approach 
that has the potential to overcome resistance to CD20-targeted therapies. This dual-function design expands the 
therapeutic scope in B-cell lymphomas, which may offer opportunities for both monotherapy and rational combination 
regimens aimed at improving response rates and durability across resistant or immunologically cold disease settings.

Materials and Methods
Antibodies and Isotype Controls
The humanized anti-CD47 fusion protein, CO-005, was produced at ATUM (Newark, CA, USA) as previously 
described.14 The anti-CD47 monoclonal antibody (2D3) was purchased from Thermo Fisher Scientific (cat# 14–0478- 
82). The anti-CD20 monoclonal antibody rituximab (MabThera) was from Roche. CD20 (obinutuzumab) recombinant 
human monoclonal antibody (GA101) was purchased from Thermo Fisher Scientific (Cat# LT906-1MG). Human IgG4κ 
isotype control antibodies were purchased from Sino Biological (Cat# HG4K), and mouse IgG1 chimeric isotype control 
(MOPC-21) was obtained from Thermo Fisher Scientific (Cat# MA5-47824). All experiments presented in this study 
were performed using the same antibody batch.

Cell Line and Culture Conditions
A panel of B-cell lymphoma cell lines representing distinct subtypes was used in this study. Daudi (CCL-213), Raji 
(CCL-86), SU-DHL-6 (CRL-2959), and NU-DUL-1 (CRL-2969) were purchased from the American Type Culture 
Collection (ATCC, USA). ULA (ACC-267), Riva (ACC-585), OCI-LY18 (ACC-699), OCI-LY19 (ACC-528), and SU- 
DHL-10 (ACC-576) were obtained from the Leibniz Institute DSMZ–German Collection of Microorganisms and Cell 
Cultures (DSMZ). The classification, origin, and culture conditions for each cell line are summarized in Supplementary 
Table S1. Cells were cultured in the appropriate media supplemented with 10–20% (v/v) fetal bovine serum (FBS, Cat# 
ESC5000L) and 1% (v/v) penicillin-streptomycin (Thermo Fisher Scientific, Cat# 15140122). RPMI-1640 medium (Cat# 
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EC-ECB2000L) was from EuroClone, Iscove’s Modified Dulbecco’s Medium (IMDM; Cat# 12440053), Opti-MEM 
(Cat# 31985070), and alpha-MEM (Cat# 12571063) were purchased from Thermo Fisher Scientific. All cells were 
cultured in a humidified incubator at 37 °C with 5% CO2 and 95% air. Cells were routinely tested for mycoplasma 
contamination and authenticated by flow cytometry.

Antibody Binding Assay and Receptor Quantification
PBS-washed lymphoma cancer cells or normal B cells (5x105 cells/mL) were resuspended in blocking buffer (10% (v/v) 
FBS, 1% (w/v) sodium azide (NaN3) in phosphate-buffered saline (PBS)), then incubated with 10 µg/mL of CO-005, 
RTX, or OBZ on ice for 1 h with gentle agitation. Each sample was prepared in duplicate. Cells were then washed twice 
at 500 ×g for 5 min at 4°C in washing buffer (w/v) BSA, 1% (w/v) NaN3 in PBS), then resuspended in blocking buffer 
containing 5 µg/mL PE-conjugated goat anti-human IgG Fc secondary antibody (Thermo Fisher Scientific, Cat# 
12–4998-82) and incubated on ice for 30 min with slight agitation. The cells were then washed three times with cold 
washing buffer and analyzed by flow cytometry on a MACSQuant X (MQX, Miltenyi Biotec) equipped with three lasers 
(405, 488, 640 nm) and eight detection channels. Excitation wavelength for PE was 488 nm and detection wavelength 
585/40nm. Receptor quantification of CD20 and CD47 was performed by using the PE-conjugated calibration beads (BD 
Biosciences, Cat# 340495). The PE-beads were run in parallel to the binding assay to estimate the number of CD20 and 
CD47 molecules expressed on the lymphoma cancer cell surface.

Cell Death Assay
Cell death was assessed using Annexin V eFluor™ 450 and 7-AAD staining, following the manufacturer’s instructions 
(Thermo Fisher Scientific, Cat# 88–8006-74). Briefly, 5×105 cells/mL were either left untreated (control) or treated with 
1 μg/mL of CO-005, RTX, OBZ, and human IgG isotype control (IgG4 or IgG1), and incubated for either 3 or 24 hours. 
Cells were then stained and immediately analyzed by flow cytometry using the MQX. Annexin V was excited at 405 nm 
and detected at 450/50 nm, while 7-AAD was excited at 488 nm and detected between 655–730 nm. % PCCD represents 
the sum of early apoptotic (Annexin V+ 7-AAD−) and late apoptotic (Annexin V+ 7-AAD+) cell populations.

Immunofluorescence and Confocal Microscopy
Lymphoma cancer cells (5×105 cells/mL) were treated with 1µg/mL of CO-005, RTX, or OBZ for 3 or 24 hours. 
Following treatment, cells were washed, fixed with 4% paraformaldehyde (PFA) in PBS for 15 minutes, and permea
bilized with 0.2% Triton X-100 for 30 minutes at room temperature. Blocking was performed with 20% goat serum or 
1% bovine serum albumin (BSA) in PBS for 20 minutes. Cells were incubated overnight at 4 °C with the anti-CD47 
monoclonal antibody (2D3), followed by a 2-hour incubation at room temperature with Alexa Fluor 488-conjugated goat 
anti-mouse IgG. CD20 was detected using Alexa Fluor 647-conjugated goat anti-human IgG (Thermo Fisher Scientific, 
Cat# A48279). Stained cells were transferred to 8-well chambered borosilicate cover glass slides (Nunc), mounted using 
ProLong™ Gold Antifade Mountant with DNA Stain DAPI (Thermo Fisher Scientific, Cat# P36931), and imaged in 
PBS. Bright-field and fluorescence images were acquired on a Zeiss LSM 880 confocal microscope using a 63× oil 
immersion objective (laser power 5%, detector gain 600nm). Images were merged using Fiji: ImageJ software.22

Calreticulin Surface Exposure Assay
Lymphoma cell lines were seeded at 5×105 cells/mL and treated in duplicate with CO-005, RTX, and OBZ for 3 or 
24 hours. Doxorubicin (Sigma-Aldrich Cat#D1515) served as a positive control for calreticulin exposure (2µg/mL). 
Following treatment, cells were washed twice and resuspended with flow cytometry staining buffer (PBS + 2% FBS), 
containing Alexa Fluor® 405 Anti-Calreticulin antibody anti-calreticulin antibody [EPR3924] - ER Marker (Abcam, Cat# 
ab210431, dilution 1:100). The samples were incubated on ice for 40 minutes with gentle agitation, then washed twice 
with 150 μL staining buffer. Cells were finally resuspended in 200 μL staining buffer for acquisition. For samples not 
treated with doxorubicin, 7-AAD (BioLegend, Cat# 420403; final concentration 25 μg/mL) was added for live/dead 
discrimination. Flow cytometric analysis was performed on the MQX. Alexa Fluor 405 excitation/detection: 401/421 nm; 
7-AAD excitation/detection: 488/650 nm. Calreticulin positivity was assessed as the percentage of calreticulin positive 
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live cells and/or by median fluorescence intensity (MFI), normalized to untreated controls. All experiments were 
independently repeated at least three times (n= 3) by different users.

Cellular Stress Profiling via Calcium Flux, Reactive Oxygen Species, Mitochondrial 
Potential, and Actin Polarization Assays
Lymphoma cells were assessed for intracellular calcium flux, reactive oxygen species (ROS) generation, and mitochon
drial membrane potential (MMP) changes using Fluo-4 AM, CellROX Green, and tetramethylrhodamine methyl ester 
(TMRM). Lymphoma cell lines were seeded at 6×105 cells/mL in 3 mL volumes per condition and treated in duplicate 
with (1µg/mL) of CO-005, RTX, OBZ or isotype control for 3 hours at 37°C in a humidified 5% CO2 incubator. At the 
end of treatment, cells were split into three aliquots: 500 µL for CellROX, and 1 mL each for TMRM and Fluo-4 assays.

For the TMRM assay, cells were incubated with 20 nM TMRM (Thermo Fisher Scientific, Cat# T668) for 30 minutes 
at 37°C, 5% CO2. As a positive control for mitochondrial depolarization, cells were treated with 50 μM carbonyl 
cyanide m-chlorophenyl hydrazone (CCCP) for 5 minutes under the same conditions.23

After staining, 200 µL of each sample was transferred to a 96-well round-bottom plate and analyzed on 
a MACSQuant X flow cytometer (Miltenyi Biotec) using the PE channel (excitation 488 nm, emission 585/40 nm). 
Loss of MMP was indicated by decreased TMRM fluorescence (TMRMlow population).

ROS were detected using CellROX Green reagent (Thermo Fisher Scientific, Cat# C10444). Cells were incubated for 
30 minutes at 37°C with 5 µM CellRox Green. After staining, cells were washed once and resuspended in 200 µL PBS. Samples 
were transferred to a 96-well round-bottom plate and analyzed on the MQX (excitation 488 nm, emission 530/30 nm).

Intracellular calcium levels were measured using Fluo-4 AM (Thermo Fisher Scientific, Cat# F14201). Fluo-4 was added to 
cell suspensions at a final concentration of 5 μM, followed by 30-minute incubation at 37°C. Cells were then washed once and 
resuspended in HBSS buffer supplemented with 1 mM glucose. A further 30-minute incubation at room temperature allowed for 
complete de-esterification of the acetoxymethyl ester (AM) groups. 200 µL of each sample was transferred to a 96-well round- 
bottom plate and analyzed by flow cytometry on the MQX (excitation 488 nm, emission 530/30 nm).

For inhibitor of actin polymerization experiment, NU-DUL-1 cells were pre-treated with 20 μM cytochalasin D for 
15 minutes in a standard cell culture incubator (37 °C, 5% CO2, humidified atmosphere). Following pre-treatment, cells 
were incubated with 1 µg/mL of CO-005, OBZ, or isotype control for 3 hours under standard cell culture conditions. 
Annexin V and 7-AAD staining were then performed as described above.

Lymphoma Xenograft Models
Lymphoma xenograft models using NU-DUL-1, Daudi, OCI-LY19, and Raji cell lines were established by washing the 
cells and resuspending them at 1.5 × 106 cells per 0.1 mL in a 1:2 PBS:Vitrogel mixture (TheWell Bioscience, Cat# 
VHM01), followed by subcutaneous (SC) injection into mice into the right flank of 6-8-weeks old female NOD-scid 
IL2Rγnull (NSG) mice (The Jackson Laboratory, Strain #005557). Treatments were initiated once tumors reached an 
average volume of 150 mm3. Tumor volume was measured in two dimensions (length and width), using a standard 
caliper by an investigator blinded to the treatment groups, and calculated using the formula: tumor volume = (length × 
width2) / 2. Following establishment of measurable tumors, mice were randomized into treatment groups. Each treatment 
group was housed within a single cage. For the NU-DUL-1 and OCI-LY19 xenograft studies, six mice were assigned to 
each treatment group, while for the Daudi model, five mice were assigned per group. Treatments were administered by 
intraperitoneal (i.p) injections twice weekly for three consecutive weeks. Tumor volume, body weight, and survival were 
recorded throughout the study. In the Raji xenograft model, three mice per group received a single-dose treatment.

Single-Cell Analysis of Tumor-Infiltrating Myeloid and Apoptotic Cells
A xenograft model of Burkitt’s lymphoma using the Raji cell line was established as described above. On day 10 post- 
inoculation, mice were divided into two groups: an untreated control group (n=2) and a treatment group receiving 
a single intraperitoneal injection of CO-005 at 5 mg/kg (n=3). Three days post-treatment, mice were euthanized, and 
tumors were collected for downstream analysis.
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Tumors were dissociated into single-cell suspensions using the Tumor Dissociation Kit and gentleMACS Dissociator 
(Miltenyi Biotec Cat# 130–095-929), following the manufacturer’s instructions. Cell suspensions were centrifuged at 500 
×g for 5 minutes, resuspended in PBE buffer (PBS with 2 mM EDTA and 0.5% BSA), and counted.

For flow cytometric analysis, cells were stained on ice with mouse F4/80 monoclonal antibody (BM8), eFluor™ 450 
(Thermo Fisher Scientific, Cat# 48–4801-82) or mouse Ly-6G/Ly-6C monoclonal antibody (RB6-8C5), PE (Thermo 
Fisher Scientific, Cat# 12–5931-82), using 5 µL antibody in 100 µL PBE per sample and incubated for 20 minutes. 
Stained cells were washed twice (500 ×g, 6 minutes, 4°C), resuspended in PBE, and analyzed using the MQX flow 
cytometer (excitation 488 nm, emission 585/40 nm for PE; excitation: 405nm, emission: 445 nm for eFluor 450). 
Apoptotic cells were identified using Annexin V and 7-AAD staining as described above.

Ethical Statement
All animal experiments were conducted in accordance with institutional and national guidelines for the care and use of laboratory 
animals. Protocols were reviewed and approved by the Norwegian Food Safety Authority (approval ID: 29016). The in vivo 
studies were performed between [April 2024] and [May 2025]. Mice were housed under specific pathogen–free conditions with 
ad libitum access to food and water, and their health status was monitored daily. Humane endpoints were predefined: animals 
were euthanized when tumor volume reached 2000 mm3, if ulcerations developed at the tumor site, or if symptoms exceeded 
a predetermined humane endpoint. Euthanasia was performed in compliance with institutional standard operating procedures to 
minimize suffering. We have adhered to ARRIVE guidelines on reporting of animal in vivo experiments.

Phagocytosis Assay
RAW264.7 murine macrophages were seeded in 6-well plates at 4 × 105 cells per well and allowed to adhere overnight at 
standard cell culture conditions. Cells were then stained with 40 nM Vybrant™ DiO (Thermo Fisher Scientific Cat# 
V22886) for 20 minutes at 37°C, followed by three washes with DMEM. Target cancer lymphoma cells were stained 
with CellTrace™ Violet (Thermo Fisher Scientific Cat# C34557) according to the manufacturer’s protocol and added to 
the macrophages along with antibody treatments. After 2 hours of incubation at 37°C, cells were scraped and washed 
twice with PBS containing 1 mM EDTA and analyzed by flow cytometry on the MQX. Phagocytosis was quantified as 
the percentage of cells double positive for DiO and CellTrace Violet, indicating engulfment of target cells by macro
phages, as previously described.14 Excitation wavelength DiO: 488nm, detection wavelength: 525/50 nm, excitation 
wavelength CellTrace Violet: 405 nm, detection wavelength: 450/50 nm.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 9 (GraphPad Software Inc). Unless stated otherwise, all experi
ments were conducted with a minimum of three independent replicates. Error bars represent the standard deviation (S.D)., 
and statistical analyses were performed using analysis of variance (ANOVA). To determine the statistical differences between 
different animal treatment groups, the Mann–Whitney U-test was employed. All statistical tests were two-sided, followed by 
Tukey’s multiple comparisons test and the significance level was set to 5% (p<0.05), unless otherwise stated.

Results
CO-005 Induces Potent Cell Death in DLBCL Independent of CD47 Expression 
Levels
To evaluate the activity of CO-005 in comparison with clinically established anti-CD20 antibodies—RTX (type I) and 
OBZ (type II)—we first characterized a panel of DLBCL cell lines by flow cytometry for surface expression of CD47 and 
CD20. The panel included ABC-subtype cell lines (NU-DUL-1, Riva, SU-DHL-2, OCI-LY18) and GCB-subtype cell 
lines (SU-DHL-6, SU-DHL-10, OCI-LY19),21 two well-characterized Burkitt lymphoma cell lines (Raji and Daudi),24 

and one unclassified DLBCL cell line ULA.25 Antibody binding capacity was quantified using standardized calibration 
beads conjugated to four different levels of phycoerythrin (PE). As shown in Figure 1A (left panel), CD47 expression 
varied widely across the tested DLBCL cell lines, indicating substantial heterogeneity. While high CD47 levels were 
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more frequently observed in ABC subtypes such as NU-DUL-1 and Riva, consistent with previous reports,26 elevated 
expression was not exclusive to this group, as it was also detected in the GCB cell line SU-DHL-6. All cell lines 
expressed CD20; however, OCI-LY19 showed very low levels, approaching a CD20-negative profile (Figure 1A, left 
panel). The binding activity of CO-005 and RTX in selected cell lines is also shown (Figure 1A, right panel).

Next, we assessed the cytotoxic activity of CO-005 in vitro across the panel of lymphoma cell lines and compared 
its activity to RTX and OBZ. Obinutuzumab (OBZ) has previously been shown to induce direct PCCD and 
demonstrate superior therapeutic efficacy over RTX in preclinical models of DLBCL.27 As shown in Figure 1B, short- 
term incubation (3 hours) with CO-005 or OBZ at 1 μg/mL resulted in robust cell death in multiple cell lines, including 
NU-DUL-1, Riva, SU-DHL-2, ULA, SU-DHL-6, SU-DHL-10, Daudi, and Raji, measured by Annexin V and 7-AAD 
staining (Figure 1B). RTX also induced cell death in a subset of these cell lines under the same conditions, though 
generally to a lesser extent. In NU-DUL-1 cells, CO-005 and OBZ induced rapid and saturable cell death, with 
maximal effects observed as early as 3 hours and no significant increase by 24 hours (Figure 1B and C). This cytotoxic 
activity was also dose-dependent (Figure 1D). In contrast, RTX required prolonged incubation—up to 24 hours—to 
reach comparable levels of cell death in this cell line (Figure 1C). In OCI-LY18 cells, RTX showed limited cytotoxic 
activity even after 24 hours of exposure, whereas both CO-005 and OBZ were more effective (Figure 1C). Notably, 
OCI-LY19 cells, which express minimal CD20,28 were unresponsive to RTX and OBZ but remained sensitive to CO- 

Figure 1 CO-005 induces potent cell death in DLBCL independent of CD47 expression levels. (A) Antibody binding capacity of CO-005 (anti-CD47) and rituximab (RTX; 
anti-CD20) in lymphoma cell lines. Left panel: Quantification of antibody binding capacity using PE-conjugated anti-human Fc secondary antibody and PE calibration beads. 
Right panel: Relative antibody binding across selected cell lines normalized to IgG isotype control. (B and C) Lymphoma cell lines treated with CO-005, RTX, or OBZ for 
(B) 3hours, or (C) 24 hours. (D) NU-DUL-1 cell line treated with 0.01–1 µg/mL CO-005 or OBZ for 3 hours. Cell death was determined by Annexin V and 7-AAD staining 
and analyzed by flow cytometry. Data represent the mean ± SD. Significance was determined by ANOVA analysis *, P < 0.01 relative to the sample treated with CO-005; ns 
indicates not significant. All experiments were performed independently three times (n = 3). MFI, mean fluorescence intensity. (E) Representative bright-field microscopy 
images (20×) of homotypic cell aggregation in lymphoma cell lines after 3-hour treatment with indicated antibodies.
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005, further supporting a CD20-independent mechanism of action (Figure 1C). The cell death was also associated with 
cell aggregation, characterized by the formation of dense cellular clusters and loss of uniform distribution, as observed 
by light microscopy (Figure 1E).

CO-005 Triggers Receptor Capping and Signaling Events Associated with Type I and II 
Anti-CD20 Antibodies
Given that CO-005 induces direct PCCD in a manner apparently similar to OBZ and RTX, we investigated whether CO-005 
ligation of CD47 shares mechanistic features with CD20 ligation with type I and II mAbs. Using confocal microscopy, we 
observed that CO-005 induced prominent redistribution of CD47 into a polarized cap-like structure at one side of the cell 
membrane in all tested responsive DLBCL cell lines (Figure 2A–D). This reorganization occurred rapidly within minutes of 
exposure (data not shown) and was comparable in pattern to CD20 capping induced by RTX.29 OBZ, while classically 
considered non-capping,30 also induced detectable CD20 redistribution in some responsive cell lines (NU-DUL-1 and 
ULA) (Figure 2A and B), although to a lesser extent than RTX or CO-005 in the SU-DHL-10 cell line (Figure 2C). In 
CD20-low OCI-LY19 cells, CO-005 induced CD47 capping, whereas RTX and OBZ failed to trigger CD20 capping despite 
visible surface expression (Figure 2D), suggesting a threshold of CD20 density may be required for this process. Similarly, 
CO-005 triggered capping in CD20-negative Jurkat cells, confirming that the phenomenon is independent of CD20 
expression (Supplementary Figure S1A). In contrast, CD47-binding antibodies that do not induce PCCD—magrolimab 
and B6H12—did not elicit CD47 capping (Supplementary Figure S1 A), supporting a direct mechanistic link between 
receptor reorganization and the PCCD mediated by CO-005. CO-004, a single-chain variable fragment (scFv) version of 
CO-005 that retains the cytotoxic activity of the full-length antibody,14 also induced CD47 capping, indicating that 
redistribution is Fc-independent and intrinsic to the CO-005–CD47 interaction (Supplementary Figure S1A). CO-005 
similarly triggered CD47 capping in additional T- and B-ALL cell lines—MOLT-4 and Reh, respectively—both previously 
shown to be responsive to CO-005–mediated cell death,14 whereas unresponsive AML cells such as KG-1a14 lacked 
capping (Supplementary Figure S1B), further supporting the association between capping and functional susceptibility, and 
indicates that CD47 capping is an early event likely required for CO-005–mediated tumor cell death.

Calcium signaling, ROS generation, mitochondrial stress, and actin cytoskeletal remodeling have been implicated as 
key intracellular events in anti-CD20-mediated programmed cell death;16,31 therefore, to determine whether CO-005 
engages similar pathways, we treated a panel of CO-005–responsive DLBCL cell lines (NU-DUL-1, ULA, SU-DHL-10, 
and OCI-Ly19) with CO-005, RTX, or OBZ at 1 μg/mL for 3 hours followed by analysis of these downstream responses. 
In all tested CO-005 PCCD responsive cell lines, CO-005 induced a rapid increase in intracellular calcium levels, 
comparable to those triggered by RTX and OBZ (Figure 2E). RTX elicited a weaker response in NU-DUL-1 cells, 
aligning with its delayed cytotoxic activity in this line. In OCI-LY19, RTX and OBZ induced modest increase in calcium 
flux, suggesting this signal may correlate with PCCD sensitivity (Figure 2E). As shown in Figure 2F, CO-005 triggers 
ROS generation in the two tested cell lines. In NU-DUL-1 cells, OBZ induced the highest ROS levels relative to isotype 
control group, followed by CO-005, while RTX showed minimal effect. In contrast, SU-DHL-10 cells responded strongly 
to all three antibodies, with comparable increases in CellROX fluorescence (~2-fold over isotype control). Further, CO- 
005 treatment did not disrupt mitochondrial membrane potential in NU-DUL-1, as measured by TMRM staining 
(Figure 2G).15 Finally, we investigated the role of the actin cytoskeleton. Pre-treatment of NU-DUL-1 cell line with 
cytochalasin D significantly reduced PCCD in CO-005– and OBZ-treated cells (Figure 2H), implicating actin remodeling 
as a shared requirement for cell death execution in type II-antiCD20 mAb.16

CO-005 Shifts the Phagocytic Balance by Inhibiting CD47 and Enhancing “Find Me” 
and “Eat Me” Signals
Having established that CO-005 induces PCCD characterized by phosphatidylserine (PS) exposure, we next investigated 
whether this death process involves additional features of immunogenic cell death. Specifically, we assessed the cell 
surface exposure of the damage associated molecular pattern (DAMP) molecule calreticulin, a key “eat me” signal that 
facilitates recognition and engulfment by phagocytes.32 To assess the ability of CO-005 to induce pro-phagocytic signals, 
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we measured surface exposure of calreticulin by flow cytometry across a panel of DLBCL cell lines lines (NU-DUL-1, 
ULA, SU-DHL-6, and SU-DHL-10, and Daudi), following treatment with CO-005, RTX, OBZ, or doxorubicin (Doxo) as 
a positive control. As shown in Figure 3A, CO-005 treatment induced surface calreticulin exposure in multiple DLBCL 
cell lines, including NU-DUL-1, ULA, SU-DHL-6, SU-DHL-10, and Daudi, at levels comparable to those observed with 

Figure 2 CO-005 triggers receptor capping and intracellular signaling events associated with type II anti-CD20 antibodies. (A) NU-DUL-1, (B) ULA, (C), SU-DHL-10 and 
(D) OCI-LY19 cells treated with 1 µg/mL CO-005, rituximab (RTX), or obinutuzumab (OBZ) for 3 or 24 hours exhibit distinct patterns of CD47 and CD20 clustering. 
Receptor distribution was visualized by confocal microscopy following immunofluorescence staining. Scale bar 10 µm. Cellular stress profiling was measured as following (E) 
Intracellular calcium flux in lymphoma cells treated with 1 µg/mL of the indicated antibodies or isotype control for 3 hours, measured by Fluo-4 AM and flow cytometry. (F) 
Reactive oxygen species (ROS) levels following antibody treatment (1 µg/mL, 3 hours), assessed by CellROX Green and flow cytometry. (G) Mitochondrial membrane 
potential (MMP) after CO-005 treatment (0.1 or 1 µg/mL) for 3 hours, determined by TMRM staining. CCCP served as a positive control for mitochondrial 
depolarization. (H) Effect of actin polymerization inhibition on CO-005 – induced cell death following cytochalasin pretreatment (20 µM, 15 min), measured by Annexin 
V and 7-AAD staining. Data represent the mean ± SD. Significance was determined by ANOVA analysis *, P < 0.01 compared to the sample treated with CO-005 or as 
indicated in the figure; ns indicates not significant. All experiments were performed independently three times (n = 3). MFI, mean fluorescence intensity.
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RTX and OBZ, consistent with the induction of PCCD observed in Figure 1B. In contrast, no calreticulin induction was 
detected in the non-responsive OCI-LY18 cell line following treatment with any of the antibodies, suggesting that surface 
calreticulin may serve as an early, cell-intrinsic marker of sensitivity to CO-005–mediated PCCD.

To evaluate whether CO-005 enhances the phagocytic clearance of lymphoma, we performed macrophage phagocy
tosis assays. CellTrace-labeled NU-DUL-1 and OCI-LY19 cells were co-cultured with DiO-labelled macrophages in the 
presence of CO-005, RTX, or IgG isotype control for 2 hours. As shown in Figure 3B, CO-005 effectively enhanced 
tumor cell phagocytosis in NU-DUL-1 cells, reaching 32% compared to 10% in the IgG control group and 26% with 
RTX. In OCI-Ly19 cells, RTX failed to promote phagocytosis, whereas CO-005 achieved a phagocytic rate of 30%, 
indicating robust engagement despite RTX resistance.

CO-005 Demonstrates Potent Anti-Lymphoma Activity Across Multiple Xenograft 
Models, Including CD20-Resistant Tumors
To assess the therapeutic efficacy of CO-005 in vivo, we generated three independent human lymphoma xenograft models 
in NSG mice: NU-DUL-1, a representative ABC-DLBCL line; Daudi, a CD20+ Burkitt lymphoma; and OCI-LY19, 
a CD20-low/negative DLBCL model resistant to RTX. As illustrated in the study timeline (Figure 4A), mice were 
randomized into treatment groups once tumor volumes averaged 150 mm3. Animals received i.p. injections of the treatment 
twice per week for three weeks. Tumor growth and overall survival were monitored following treatment initiation.

In the NU-DUL-1 xenograft model, CO-005 treatment (5 mg/kg) completely inhibited tumor progression during the 
treatment period, with all mice maintaining suppressed tumor growth up to Day 55 (Figure 4B, left panel). In contrast, tumors 
in RTX- and isotype control-treated groups progressed rapidly, with a median survival of 49 days. CO-005 significantly 
extended survival, with a median of 84 days (Figure 4B, right panel). By Day 100, 2 of 6 mice (33%) in the CO-005 group 
remained alive with tumor volumes below 300 mm3, indicating durable antitumor activity following treatment.

In the Daudi xenograft model, we evaluated the efficacy of CO-005 at a subtherapeutic dose (1 mg/kg), a standard dose 
(5 mg/kg), and in combination with RTX (5 mg/kg). Again, CO-005 at 5 mg/kg inhibited tumor progression with over 90% 
reduction in tumor volume by day 45, while low-dose CO-005 and RTX monotherapy exhibited limited antitumor activity 
(Figure 4C, left panel). Notably, the combination of low-dose CO-005 with RTX significantly delayed tumor progression 
and improved survival relative to either agent alone, indicating an additive benefit (Figure 4C, right panel). Overall, CO-005 
demonstrated dose-dependent efficacy, and its combination with RTX resulted in enhanced tumor control.

In the OCI-LY19 model, which expresses minimal CD20 and is resistant to RTX,28 CO-005 treatment at 5 mg/kg 
significantly inhibited tumor progression throughout the study period (Figure 4D, left panel). While tumors in both 
isotype control and RTX-treated mice progressed rapidly. Importantly, all CO-005–treated mice remained alive 

Figure 3 CO-005 shifts the phagocytic balance by enhancing “eat me” and promoting macrophage- mediated clearance. (A) Surface Calreticulin exposure was assessed in 
a panel of lymphoma cell lines (NU-DUL-1, OCI-LY18, ULA, SU-DHL-6, SU-DHL-10 and Daudi) following treatment with CO-005, Rituximab (RTX), or Obinutuzumab 
(OBZ) for 3 hours; Doxorubicin served as a positive control. Calreticulin expression is shown relative to isotype control. (B) Phagocytosis activity of CO-005 or RTX was 
measured using CellTrace-labeled NU-DUL-1 and OCI-LY19 cells co-cultured with DiO-labeled RAW264.7 macrophages for 2 hours. Phagocytosed cells were quantified as 
%CellTrace+DiO+ by flow cytometry. Data represent the mean ± SD. Significance was determined by ANOVA analysis *, P < 0.01 compared to the sample treated with CO- 
005; ns indicates not significant. All experiments were performed independently three times (n = 3).
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beyond day 80, whereas complete mortality was observed in RTX and control group by day 35 (Figure 4D, right panel). 
Notably, by day 100, two mice in the CO-005 group remained alive with no signs warranting euthanasia, indicating 
durable tumor control. The experiment was concluded at this time due to study endpoint constraints, rather than any 
observed decline in animal health. These findings highlight the potential of CO-005 to deliver sustained therapeutic 
benefit in RTX-refractory or CD20-deficient lymphomas, where conventional anti-CD20 therapies are ineffective.

CO-005 Induces PCCD in Vivo and Modulates the Tumor Immune Microenvironment
To further investigate the contribution of PCCD to the antitumor activity of CO-005 and its impact on the tumor 
microenvironment, we conducted a short-term mechanistic study in a Raji xenograft model (Figure 5A). Following 
standard engraftment protocols, mice were treated with a single dose of CO-005 (5 mg/kg, i.p) or isotype control on day 
10 post inoculation. Three days later (day 13), tumors were measured and were subsequently harvested for flow 
cytometric analysis, as shown in Figure 5B, CO-005 treatment resulted in a significant reduction in tumor volume 
compared to isotype control. Importantly, this rapid tumor regression was accompanied by a substantial increase in 
Annexin V and 7-AAD double positive cells (Figure 5C), indicative of cell death within the remaining tumor. Although 
NSG mice are severely immunodeficient, including compromised macrophage function and lack of functional T and 
B cells, they retain residual innate immune compartments such as neutrophils and some macrophage subsets.33 As shown 
in Figure 5D, significant increase in F4/80+ macrophages in CO-005–treated tumors. Notably, CO-005 also increased the 
infiltration of Ly6G+ neutrophils (Figure 5E).

Discussion
CD20-targeted immunotherapies have revolutionized the treatment of B-cell malignancies, but resistance and relapse 
remain significant challenges.1,21 These limitations often stem from antigen loss, immune evasion, or impaired effector 
function—particularly in aggressive or refractory disease.34 This study introduces CO-005, a bivalent humanized anti- 

Figure 4 CO-005 demonstrates potent anti-lymphoma activity across multiple xenograft models. (A) Experimental timeline for the xenograft study. Mice were inoculated 
subcutaneously with 1.5 × 106 cancer cells (red arrow, Day 0). Treatment injections (blue arrows) were administered intraperitoneally (i.p.) twice weekly, starting when 
tumors reached a mean volume of 150 mm3, for a total of three weeks. (B–D) Tumor growth (left) and survival (right) outcomes in three xenograft models: NU-DUL-1 (B): 
Mice were treated with CO-005 (5 mg/kg), RTX (5 mg/kg), or isotype control (5 mg/kg), n= 6. Daudi (C): Mice received CO-005 at 1 mg/kg or 5 mg/kg, RTX at 5 mg/kg, or 
a combination of CO-005 (1 mg/kg) and RTX (5 mg/kg), or isotype control (5 mg/kg), n= 5. OCI-LY19 (D): Mice were treated with CO-005 (5 mg/kg), RTX (5 mg/kg), or 
isotype control (5 mg/kg), n= 6. Tumor volumes were measured biweekly by caliper and calculated as (length × width2)/2. Data represents the mean ± S.D, *p<0.01 (Mann– 
Whitney U-test), compared to the sample treated with Isotype control at the indicated day (endpoint before control animals are sacrificed); ns indicates not significant. n= 
animals per treatment group. Survival was monitored until the end of study, *p<0.01 (log-rank (Mantel- Cox) test.
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CD47 scFv-Fc fusion protein, as a mechanistically distinct approach capable of overcoming key constraints of CD20- 
based B cell lymphoma therapies.

CO-005 combines checkpoint inhibition with direct immunogenic cytotoxicity, offering an alternative to agents that 
rely solely on Fc-mediated phagocytosis.14,35 While previous studies have linked anti-CD47 antibodies to non-apoptotic 
cell death, the upstream signaling events have been incompletely defined.36–38 Here, we show that CO-005 induces fast 
and potent form of cell death,14 marked by receptor capping, calcium flux, actin remodeling, and phosphatidylserine 
exposure. These features parallel those observed with anti-CD20 antibodies such as RTX and OBZ yet occur indepen
dently of CD20 expression or Fc engagement.16,31,39 CD47 capping appears to play a central role in CO-005–mediated 
cell death. This rapid redistribution of CD47 is observed specifically in PCCD-responsive cells and is absent in cells 
treated with anti-CD47 antibodies such as magrolimab or B6H12 that have no direct killing mechanism.35,40–42 The 
selective capping pattern likely reflects a structural consequence of the CO-005–CD47 interaction. These findings support 
the emerging concept that CD47 functions not only as an inhibitory “don’t eat me” signal but also as a membrane- 
integrated signaling platform when engaged in a specific manner. Similar receptor reorganization has been reported with 
rituximab, where CD20 capping facilitates immunological synapse formation with NK cells. Similarly, CD47 clustering 
may promote immune cell engagement while concurrently triggering intracellular death signaling.29 Notably, CO-005– 
induced PCCD proceeds apparently independently of mitochondrial pathways. While ROS generation was observed, 
mitochondrial membrane potential remained intact, aligning with prior evidence that CD47-triggered ROS is NADPH 
oxidase–driven rather than mitochondria-derived.16,31 In contrast, calcium flux was rapid and reproducible in responsive 
cells, suggesting that calcium acts not only as a signal amplifier but also as a potential biomarker of CO-005 activity. 
Further testing in a broader set of primary lymphoma samples and cell lines is needed to strengthen its potential as 
a generalizable marker of CO-005 activity. In our study, CO-005 triggered PCCD in some cells from both ABC and GCB 
DLBCL subtypes, consistent with comparable CD47 expression and indicating that subtype alone is unlikely to dictate 

Figure 5 CO-005 induces PCCD in vivo and promotes innate immune cell infiltration in a Raji xenograft model. (A) Experimental timeline for dosing and tumor harvest for 
single-cell analysis. Mice were inoculated subcutaneously with 1.5 × 106 Raji cells (red arrow, Day 0). Treatment injections (blue arrows) were administered intraperitoneally 
(i.p.) at Day 10, and tumors were harvested at Day 13 (red arrow) (B) Tumor volumes measured before treatment and at harvest. (C–E) Flow cytometric analysis of tumor 
dissociates: (C) Apoptotic tumor cells (human CD20+, Annexin V/7-AAD+), (D) Murine macrophage infiltration (F4/80+), and (E) neutrophil infiltration (Ly6G+). Innate 
immune cell infiltration is shown as a percentage shift relative to isotype controls. Data represent mean ± SD; *p < 0.01 vs isotype control (unpaired two-tailed Student’s 
t-test); ns indicates not significant. n = 3 mice per group.
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responsiveness. Nevertheless, patient-specific factors, including immune context and tumor heterogeneity, may influence 
therapeutic outcomes in clinical settings. Expanding evaluation to diverse patient-derived samples will be important to 
identify determinants of response and guide personalized application of CO-005.

Beyond its cytotoxic activity, CO-005 may also be prime elements of the tumor-immune interface. The surface 
exposure of immunogenic DAMP-like signals, including phosphatidylserine and calreticulin, was associated with innate 
immune cell infiltration even in NSG mice with limited effector cell function.33 While antibody-induced immunogenic 
cell death remains rare, these findings suggest that CO-005 may act as both an effector and immune modulator.17,43 

Importantly, the rapid CD47 reorganization on tumor cells and cell death signaling observed in vitro likely underlie these 
in vivo immune effects, linking tumor-intrinsic events to enhanced recognition and recruitment of innate immune cells.

The potent antitumor activity of CO-005 across multiple DLBCL xenograft models, highlights its potential to 
overcome CD20- loss resistance mechanisms, that commonly limit the efficacy of CD20-targeted therapies. Its activity 
in both CD20-positive and CD20-low settings reflects its therapeutic relevance in relapsed or refractory disease. 
Mechanistically, CO-005 combines direct PCCD with innate immune activation, recapitulating key features of chemoim
munotherapy cytotoxicity and immune engagement within a single agent, and offering a chemotherapy-free alternative 
for patients who are ineligible for or unresponsive to standard regimens.2 Although the activity of rituximab in NSG mice 
is sometimes debated due to the absence of NK cells and complement, published data have demonstrated that macro
phages are sufficient to mediate therapeutic effects in this model, lending support to the additive benefit observed in our 
combination studies.19

Conclusion
This study defines CO-005 as a mechanistically unique anti-CD47 therapeutic that not only blocks immune evasion but 
initiates a rapid, structured form of PCCD associated with further activation of the immune system. Characterizing the 
molecular and gene expression profiles associated with PCCD responsiveness could serve as a functional biomarker to 
distinguish responsive from non-responsive tumors, enabling a more personalized approach to treatment. By mimicking 
and extending the mechanistic features of anti-CD20 antibodies, while bypassing their antigenic and effector dependen
cies, CO-005 may offer a new path forward in the treatment of B-cell lymphoma.
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