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CD73 functions as an ecto-enzyme that converts extracellular ATP (eATP), released under stress by tumor cells, into 

immunosuppressive adenosine (ADO). Many solid tumors exploit CD73 overexpression to evade immune responses, 

positioning it as an immune checkpoint target. Antibodies such as oleclumab are currently being tested in clinical trials. 

However, standard monospecific CD73 antibodies may affect normal tissues due to widespread CD73 expression, limiting 

tumor selectivity. Hence, strategies that focus checkpoint inhibition specifically on tumor cells are needed. To achieve targeted 

inhibition, we developed a tetravalent bispecific antibody, bsAb CD73xEGFR, and tested its anticancer effects in both in vitro 

carcinoma models and in vivo tumor-bearing mice.  Treatment of carcinoma cells with bsAb CD73xEGFR reduced CD73 

activity by approximately 71% in an EGFR-directed manner. The antibody promoted rapid internalization of CD73/EGFR 

complexes, causing prolonged concurrent removal of both antigens from the tumor cell surface. BsAb CD73xEGFR also 

enhanced the efficacy of cytotoxic chemotherapy and decreased tumor cell proliferation and migration by roughly 40%. 

Surprisingly, oleclumab treatment alone enhanced certain pro-tumor processes, including EGFR phosphorylation, increased 

proliferation (~20%), and heightened resistance to cytotoxic drugs and radiation (~39%). In immunocompetent BALB/c mice 

carrying syngeneic CD73^pos/EGFR^pos CT26 tumors, bsAb CD73xEGFR achieved superior tumor reduction compared with 

oleclumab (65% vs. 31%) and increased the presence of intratumoral CD8^pos T cells and M1 macrophages.  BsAb 

CD73xEGFR demonstrates superior antitumor activity relative to oleclumab, selectively inhibiting CD73 in an EGFR-targeted 

fashion while simultaneously mitigating oncogenic signaling from EGFR and CD73. These findings highlight the potential of 

bsAb CD73xEGFR for the treatment of hard-to-treat solid tumors. 
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Introduction 

Immunotherapy has become an integral component of 

current treatment strategies for patients with advanced 

malignancies. Specifically, antagonistic antibodies 

targeting immune checkpoints, including programmed 

cell death protein 1 (PD-1)/programmed cell death ligand 

1 (PD-L1) and cytotoxic T-lymphocyte–associated 

antigen 4 (CTLA-4), have achieved significant clinical 

benefit, albeit in a limited subset of patients. The majority 

of tumors appear to utilize additional or alternative 

immune checkpoints to evade immune surveillance, 

highlighting the unmet need for novel therapies capable 

of selectively inhibiting these pathways. In this context, 

antibodies that target the CD73 immune checkpoint, such 

as oleclumab, show substantial clinical potential [1, 2]. 

CD73 is a membrane-anchored enzyme that regulates 

immune homeostasis by catalyzing the conversion of 

extracellular ATP (eATP) into anti-inflammatory 

adenosine (ADO). Elevated eATP levels arise in 
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response to infection, tissue injury, ischemia, or 

metabolic stress, acting as danger signals that recruit and 

activate immune cells to trigger pro-inflammatory 

responses. These responses are tightly controlled locally 

by ectonucleotidases CD39 and CD73, which 

sequentially convert eATP to AMP and then to ADO, 

with CD73 functioning as the rate-limiting enzyme in this 

pathway. The resulting accumulation of ADO engages 

adenosine receptors on surrounding immune cells, 

creating a negative feedback loop that limits 

inflammation in a spatially and temporally regulated 

manner [1]. 

Cancer cells, due to their high metabolic stress, release 

large amounts of eATP and simultaneously overexpress 

CD73, rapidly converting eATP to ADO. The diffusion 

of tumor-derived ADO establishes a potent 

immunosuppressive microenvironment both within and 

beyond the tumor niche. This “ADO halo” dampens 

anticancer immune responses, facilitates immune 

tolerance, and promotes tumor progression [3]. 

Preclinical studies have shown that CD73-blocking 

antibodies can mitigate this tumor-driven 

immunosuppression across diverse cancer types, 

including multiple carcinoma models. Oleclumab 

(MEDI9447), a fully human recombinant antibody, binds 

CD73 selectively and inhibits its enzymatic function [4]. 

Currently, several multicenter clinical trials are 

evaluating its efficacy in patients with advanced solid 

tumors. However, the therapeutic effectiveness of 

conventional monospecific CD73 antibodies may be 

limited due to “on-target/off-tumor” interactions with 

abundant CD73 expressed on normal tissues, potentially 

reducing tumor accumulation [5]. Additionally, CD73 

blockade may trigger generalized T cell activation, 

potentially resulting in autoimmune-related adverse 

events similar to those observed with other checkpoint 

inhibitors. 

Unexpectedly, in vitro exposure of carcinoma cells to 

oleclumab was associated with increased expression and 

phosphorylation of oncogenic receptors EGFR and 

HER2, coinciding with enhanced tumor cell proliferation 

and resistance to cytotoxic therapies. 

To overcome these limitations, we developed a 

tetravalent bispecific antibody, bsAb CD73xEGFR, 

designed to selectively inhibit CD73 on cancer cells via 

EGFR-directed engagement. Treatment with bsAb 

CD73xEGFR effectively reduced tumor growth in 

syngeneic, immunocompetent mouse models, 

accompanied by increased infiltration of CD8^pos 

effector T cells and activated macrophages. Furthermore, 

bsAb CD73xEGFR enhanced the sensitivity of cancer 

cells to chemotherapeutic agents and ionizing radiation 

in vitro and markedly impaired tumor cell proliferation 

and migration in vivo. 

Materials and Methods  

Antibodies and reagents 

Antibodies: The following antibodies were used: FITC-

conjugated anti-CD73 (clone MM07, Sino Biological), 

APC-conjugated anti-EGFR (clone 528, Santa Cruz), 

FITC-labeled annexin V (ImmunoTools), goat anti-

human IgG-APC (SouthernBiotech), sheep anti-human 

CD73 (R&D Systems), rabbit anti-human EGFR 

(Abcam), rabbit anti-human HER2 (R&D Systems), 

rabbit anti-human/mouse β-Actin (Abcam), rabbit anti-

sheep IgG (Thermo Fisher), goat anti-rabbit IgG (Dako), 

anti-CD4 (ab183685, Abcam), anti-CD8 (98941, Cell 

Signaling Technology), anti-FoxP3 (ab99964, Abcam), 

anti-F4/80 (ab240946, Abcam), anti-CD206 (ab64693, 

Abcam), and anti-CD11c (ab52632, Abcam). 

Other reagents: VivoGlo substrate (Promega), CFSE and 

CFSE-Far Red (Thermo Fisher), Vybrant DiO/DiD dyes, 

propidium iodide (PI), fluorescent caspase 3/8-488 probe 

(Biotium), adenosine 5’-(α,β-methylene)diphosphate 

(APCP, Sigma), Fab-ZAP (anti-human Fc saporin-6, 

Advanced Targeting Systems), CypHer5E (Fisher 

Scientific), AMP (Sigma-Aldrich), T-cell 

activation/expansion beads (Miltenyi Biotec), 

recombinant soluble human CD73 (Abcam), IFN-γ 

ELISA kit (eBioscience), and malachite green phosphate 

assay (ab65622, Abcam). 

 

Cell lines and engineered models 

CHO-K1, SK-BR-3, 4T1, FaDu, H292, OvCAR3, H322, 

PC3M, A375m, A2058, SK-MEL-28, MDA-MB-231, 

DLD1, CT26, and HEK293AD were obtained from 

ATCC (Manassas, VA, USA). A549, A549.EGFR-KO, 

H1650, and H1650 EGFR-KO were provided by Prof. 

H.J. Haisma. H292-luc cells were sourced from 

Cellomics Technology (SC-1087). 

Cells were maintained in RPMI-1640 or DMEM 

supplemented with 10% fetal calf serum at 37°C under 

5% CO2. CHO-K1 cells were cultured in GMEM with 

5% dialyzed fetal bovine serum. 

CHO.CD73 cells were generated via FuGENE-HD-

mediated lipofection of a plasmid encoding human CD73 

(OriGene). CHO.EGFR cells were similarly established 



Thompson et al.,                                                                         Arch Int J Cancer Allied Sci, 2024, 4(2):122-140  
 

 

 

124 

using a plasmid containing human EGFR (Sino 

Biological). 

CRISPR-Cas9 mediated knockout of CD73 was 

performed using PX458 (Addgene #48138) plasmid 

containing CD73-targeting sgRNA 5’-

GCAGCACGTTGGGTTCGGCG-3’ [6]. EGFR-KO 

cells were produced using PX458 carrying EGFR-

specific sgRNA 5’-GAGTAACAAGCTCAGGCAGT-

3’ (GenScript). 

 

Design of bsAb CD73xEGFR-IgG2 silent 

Sequences for scFvCD73 and VHH-EGFR were 

synthesized commercially (GenScript) based on 

previously reported sequences from oleclumab [4] and 

camelid single-domain antibody NRC-sdAb028 [7]. 

 

Production of recombinant bispecific antibodies 

BsAbs were expressed in Expi293 cells (Thermo Fisher) 

and purified using ÄKTA-Start chromatography, 

following previously established protocols [8]. 

 

Dual-target binding evaluation 

Cancer cells were incubated with defined concentrations 

of bsAb CD73xEGFR or control antibodies at 4°C for 45 

minutes, followed by secondary staining with APC-

labeled anti-human IgG for 45 minutes at 4°C. Flow 

cytometry analysis was performed using a Guava 

easyCyte 6/2L cytometer (Merck Millipore) and 

GuavaSoft v3.2. 

For competitive binding, bsAb CD73xEGFR (1 μg/mL) 

was incubated with either soluble recombinant CD73 

(s.CD73), EGFR-targeting control bsAb MockxEGFR, 

or both (10 μg each) at 4°C for 20 minutes. Binding was 

analyzed as described above. 

 

Assessment of internalization of bsAb 

CD73xEGFR/antigen complexes 

Cancer cells were exposed to escalating concentrations of 

bsAb CD73xEGFR (0.01–10 μg/mL) or relevant control 

antibodies at 37°C for 24 hours. Surface levels of CD73 

and EGFR were subsequently quantified using anti-

CD73 mAb MM07 and anti-EGFR mAb 528, which 

recognize distinct, non-overlapping epitopes on each 

antigen. 

For dynamic internalization studies, cancer cells were 

incubated with bsAb CD73xEGFR labeled with the pH-

sensitive CypHer5E dye (pHAb) at 1 μg/mL, either alone 

or combined with 10 μg/mL EGFR-competitive bsAb 

MockxEGFR, at 37°C for 0, 10, 60, 240, or 360 minutes. 

CypHer5E is a non-toxic dye that fluoresces under acidic 

conditions (endosomes/lysosomes) but remains non-

fluorescent at neutral/basic pH (extracellular medium). 

Internalization of the labeled bsAbs was quantified by 

flow cytometry. 

Cancer cells were also treated with bsAb CD73xEGFR 

or control antibodies (1 μg/mL) in the presence of Fab-

ZAP (anti-human Fc saporin-6 conjugate; Advanced 

Targeting Systems), a monovalent goat anti-human IgG 

fragment linked to the ribosome-inactivating protein 

saporin. Apoptotic induction, which depends on 

internalization of Fab-ZAP, was assessed after 24 hours 

using annexin-V/PI staining and flow cytometry. 

 

Evaluation of CD73 enzymatic inhibition by bsAb 

CD73xEGFR 

Hydrolysis of AMP to adenosine (ADO) by CD73 was 

measured by quantifying inorganic phosphate (Pi) 

formation using a colorimetric malachite green assay, 

following previously described procedures [8]. 

 

Assessment of bsAb CD73xEGFR on ADO-suppressed T-

cell proliferation 

Peripheral blood mononuclear cells (PBMCs) were 

labeled with CFSE and activated using T-cell 

activation/expansion beads at a 1:1 bead-to-cell ratio. 

Cells were cultured for 5 days in the presence or absence 

of AMP (100 μM) and incubated with bsAb 

CD73xEGFR or control antibodies (1 μg/mL). 

Proliferation was assessed via CFSE dilution by flow 

cytometry. 

In parallel, CFSE-Far Red-labeled PBMC proliferation 

was monitored using live-cell imaging as described 

previously [8]. 

 

Restoration of anticancer T-cell activity in vitro 

PBMCs were pre-cultured with AMP (100 μM) and 

exposed to increasing concentrations of bsAb 

CD73xEGFR or controls (0.01–10 μg/mL) for 24 hours. 

T cells were then stimulated and redirected against 

EpCAM-expressing PC3M prostate carcinoma cells, 

with cytotoxic activity monitored by live-cell imaging 

according to established protocols [8]. 

 

Restoration of anticancer T-cell activity in vivo 

Syngeneic tumors were established by subcutaneous 

injection of 5×10^5 CT26 cells in 0.1 mL PBS into the 

right flank of 4–6-week-old female BALB/c mice 

(Janvier, France). Animals were randomized using 
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RandoMice software into five groups (n=9 per group; 

total=45 mice) based on body weight, with sample size 

calculated using G*Power. BsAb CD73xEGFR or 

control antibodies were administered intraperitoneally at 

7.5 mg/kg on days 4, 7, 10, and 14 post-inoculation. 

Tumor growth was measured using calipers. Mice were 

euthanized after 21 days via cardiac puncture followed 

by cervical dislocation. Tumors and organs were 

harvested for multiplex immunofluorescence and 

histological analysis. 

 

Multiplexed immunofluorescence for analysis of tumor-

infiltrating immune cells 

Tumors harvested from immunocompetent mice were 

analyzed for T cell and macrophage populations using a 

multiplexed immunofluorescence approach, following 

the previously established protocol [9]. 

 

In vitro evaluation of bsAb CD73xEGFR effects on 

cancer cell proliferation 

Cells were plated in E-Plate 16 wells (ACEA 

Biosciences) and incubated with bsAb CD73xEGFR or 

control antibodies at 1 μg/mL for 60 hours at 37°C. 

Proliferation was continuously monitored using the 

xCELLigence RTCA platform (ACEA Biosciences). 

Additionally, cells were seeded into 96-well plates and 

treated with bsAb CD73xEGFR or controls (1 μg/mL) at 

37°C. Growth dynamics were tracked using live-cell 

imaging (IncuCyte) with images captured at 4× 

magnification every 4 hours over three days. Percent 

confluence was quantified with IncuCyte software 

2019B. 

 

In vivo evaluation of bsAb CD73xEGFR on tumor 

proliferation 

Tumors were generated by subcutaneous injection of 

1×10^6 H292-Luc cells in 0.1 mL PBS into the right 

flanks of 4–6-week-old female athymic nude mice 

(Crl:NU(NCr)-Foxn1^nu, Charles River, Germany). 

Mice were randomized using RandoMice software into 

five groups (n=9 per group; total 45 animals) based on 

body weight. Sample size calculations were performed 

using G*Power. BsAb CD73xEGFR or control 

antibodies were administered intraperitoneally at 7.5 

mg/kg on days 7, 10, and 17. Tumor progression was 

monitored by bioluminescence imaging (IVIS Spectrum, 

75 mg/kg VivoGlo; Promega) and caliper measurements. 

Animals were euthanized after 28 days using cardiac 

puncture followed by cervical dislocation. 

 

Assessment of bsAb CD73xEGFR effects on cancer cell 

migration 

Cancer cells were plated in 24-well plates with a physical 

stopper in the presence of bsAb CD73xEGFR or control 

antibodies (1 μg/mL) at 37°C for 24 hours. Following 

stopper removal, migration into the cell-free region was 

monitored with live-cell imaging (IncuCyte) at 4× 

magnification every 30 minutes over 3 days. The 

percentage closure of the gap was quantified using 

IncuCyte software 2019B. 

 

Evaluation of bsAb CD73xEGFR on chemosensitivity 

and radiosensitivity 

Cells were seeded in 96-well plates and treated with bsAb 

CD73xEGFR or controls (1 μg/mL) alongside 

chemotherapeutics: 5FU (50 μg/mL), taxol (50 nM), 

cisplatin (1 μg/mL), or doxorubicin (50 nM). Cell 

proliferation was monitored using live-cell imaging 

(IncuCyte) at 4× magnification every 6 hours for 6 days, 

and confluence was calculated using IncuCyte software 

2019B. 

For colony formation assays, cells were cultured in 6-

well plates with bsAb CD73xEGFR or controls (0.01–10 

μg/mL) for 14 days, washed with PBS, stained with 

crystal violet, and analyzed for colony number and size 

via ImageJ. 

For radiation experiments, cells in 6-well plates were 

treated with bsAb CD73xEGFR or controls (1 μg/mL) 

and irradiated at doses of 0.5–2 Gy using a ^137Ce γ-ray 

source (IBL637, 0.59 Gy/min). Colonies were incubated 

for 14 days, then stained and quantified as described 

above. 

 

Animal experimentation compliance 

All animal procedures adhered to the Dutch Act on 

Animal Experimentation and were approved by the 

Institutional Animal Welfare Committee of the 

University Medical Center Groningen 

(AVD1050020209544). EMP was aware of group 

assignments during allocation, study execution, outcome 

assessment, and data analysis. No adjustments were 

made for confounders, as randomization was 

successfully applied. 

 

Statistical evaluation 

Data analysis was performed using t-tests, one-way 

ANOVA with Tukey’s post hoc test, or (non-)linear 

regression, as appropriate, in Prism software. Pooled 
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datasets (n-number and technical replicates noted in 

figure legends) were analyzed. Statistical significance 

was set at P<0.05. Notation: ns = P>0.05; * = P<0.05; ** 

= P<0.01; *** = P<0.001; **** = P<0.0001. 

Results and Discussion 

BsAb CD73xEGFR demonstrates simultaneous 

recognition of CD73 and EGFR 

The tetravalent bispecific antibody, bsAb CD73xEGFR, 

was designed in a taFv-Fc configuration [10], combining 

two identical scFv fragments targeting CD73 from 

oleclumab with two identical camelid-derived single-

domain antibodies specific for EGFR [9]. Its ability to 

bind both antigens was examined using CHO cells 

engineered to express either human CD73 or EGFR. 

Dose-dependent binding of bsAb CD73xEGFR was 

observed for CHO.CD73 and CHO.EGFR cells, whereas 

unmodified CHO cells showed no detectable interaction 

(Figure 1a). 

In SK-BR-3 breast cancer cells, the presence of soluble 

human CD73 (s.CD73) partially interfered with bsAb 

CD73xEGFR binding, while EGFR-blocking bsAb 

MockxEGFR largely reduced antibody attachment. 

Strikingly, simultaneous exposure to s.CD73 and bsAb 

MockxEGFR completely eliminated bsAb CD73xEGFR 

binding (Figure 1b), demonstrating selective dual 

engagement of both CD73 and EGFR. 

Analysis of four CD73^pos/EGFR^pos tumor cell lines 

revealed that bsAb CD73xEGFR binding intensity 

corresponded closely with their EGFR surface expression 

levels (Figure 1c). Reduced binding was noted in EGFR-

KO/CD73^pos variants (Figure 1c). Moreover, bsAb 

CD73xEGFR was capable of bridging separate cell 

populations: DiO-labeled FaDu cancer cells and DiD-

labeled CHO.CD73 cells formed DiO^pos/DiD^pos 

clusters, reflecting simultaneous engagement of CD73 on 

one cell and EGFR on a neighboring cell as detected by 

flow cytometry. 

 

a) 

 

b) 

 

c) 

Figure 1. BsAb CD73xEGFR exhibits simultaneous 

recognition of CD73 and EGFR. 

 (a) Binding of bsAb CD73xEGFR and bsAb 

CD73xMock to CHO, CHO.hEGFR, and CHO.hCD73 

cells was assessed in a concentration-dependent manner. 

(b) In a competitive binding setup, bsAb CD73xEGFR 

(1 µg/mL) was pre-treated with either excess soluble 

human CD73 (s.hCD73), EGFR-targeting bsAb 

MockxEGFR, or both, and its binding to SK-BR-3 

cancer cells was measured. 

 (c) Interaction of bsAb CD73xEGFR and bsAb 

CD73xMock (both 1 µg/mL) with parental tumor cells 

(FaDu, H292, A549, H1650) and their EGFR-KO 

variants was evaluated. Flow cytometry was employed 

for all assessments. Graphs A–B show representative 

data: n=3 (two technical repeats); graph C: n=3 (three 

technical repeats). Data are represented as mean±SD. 

One-way ANOVA followed by Tukey post hoc test was 
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used for statistical analysis in B (**p<0.01, 

***p<0.001). Abbreviations: bsAb, bispecific antibody; 

CHO, Chinese hamster ovary; KO, knockout; MFI, 

mean fluorescence intensity. 

 

BsAb CD73xEGFR induces fast co-internalization and 

prolonged removal of CD73 and EGFR from cancer cells 

Treatment of CD73^pos/EGFR^pos H292 cells with 

bsAb CD73xEGFR caused simultaneous, dose-

dependent reduction of surface CD73 and EGFR. At 

1 µg/mL, bsAb CD73xEGFR lowered CD73 and EGFR 

surface levels by 81% and 73%, respectively (Figures 2a 

and 2b and these effects persisted for up to 96 hours 

(Figures 2c and 2d). Extended surface removal was also 

observed in primary ovarian and colon cancer cells 

(Figure 2e). 

Internalization of the bsAb CD73xEGFR/antigen 

complexes was observed between 10–60 minutes and 

was blocked in the presence of saturating EGFR-

competing bsAb MockxEGFR (Figure 2f). Moreover, 

“piggybacking” of Fab-ZAP toxin on internalized bsAb 

CD73xEGFR triggered apoptosis via saporin (Figure 

2g). Additionally, treatment with bsAb CD73xEGFR 

decreased CD73 surface expression and reduced EGFR 

tyrosine phosphorylation in CD73^pos/EGFR^pos tumor 

cells. 

 

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 
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g) 

 

h) 

Figure 2. The bispecific antibody CD73xEGFR 

promotes fast co-internalization and persistent removal 

of CD73 and EGFR from cancer cell membranes. 

Remaining (A) CD73 and (B) EGFR levels on H292 

cells after 24-hour exposure to bsAb CD73xEGFR or 

control treatments at concentrations of 0.01–10 µg/mL. 

Remaining (C) CD73 and (D) EGFR on H292 cells 

following treatment with bsAb CD73xEGFR or controls 

(1 µg/mL) across 1, 4, 24, 48, 72, and 96 hours. (E) 

Surface CD73 and EGFR levels in primary patient-

derived ovarian and colon cancer cells after 24-hour 

incubation with bsAb CD73xEGFR or controls 

(1 µg/mL). (F) Mean fluorescence intensity (MFI) of 

H292 cells labeled with the pH-sensitive dye CypHer5E 

and incubated with bsAb CD73xEGFR or controls 

(1 µg/mL) for 10, 60, 240, and 360 minutes. (G) 

Fraction of annexin-Vpos/PIpos H292 cells after 24-

hour treatment with bsAb CD73xEGFR or controls 

(1 µg/mL) combined with anti-human IgG-Fab 

conjugated to saporin. (H) Correlation of residual EGFR 

and CD73 surface expression in 10 cancer cell lines 

treated for 24 hours with bsAb CD73xEGFR or 

oleclumab (both 1 µg/mL). All data were obtained using 

flow cytometry. Graphs A–D: n=4 (two technical 

replicates), graph E: n=1 (four technical replicates), 

graph F (representative): n=3 (two technical replicates), 

graph G: n=2 (three technical replicates), graph H: n=3 

(two technical replicates). Values are expressed as 

mean±SD. Statistical testing in E (group mean 

comparison) and G used the unpaired t-test (*p<0.05, 

**p<0.01). Linear regression was applied in graph H to 

calculate the regression coefficient. bsAb, bispecific 

antibody. 

 

EGFR-targeted CD73 internalization by bsAb 

CD73xEGFR 

bsAb CD73xEGFR efficiently removes CD73 from cells 

expressing both CD73 and EGFR, whereas cells lacking 

EGFR show negligible CD73 internalization. Likewise, 

A549 EGFR-KO and H1650 EGFR-KO cells exhibited 

minimal CD73 uptake after treatment. Analysis across 10 

CD73pos/EGFRpos cancer cell lines revealed a strong 

linear association (R²=0.89) between residual surface 

CD73 and EGFR levels, whereas oleclumab treatment 

produced no correlation (R²=0.0003) (Figure 2h). These 

findings indicate that bsAb CD73xEGFR induces co-

internalization of CD73 and EGFR on cancer cell 

surfaces. 

 

Inhibition of CD73 enzymatic activity via EGFR-targeted 

bsAb CD73xEGFR 

Exposure to bsAb CD73xEGFR caused a dose-

dependent decrease in CD73 enzyme activity across 

several carcinoma cell lines (Figure 3a), outperforming 

oleclumab in all three tested lines (mean inhibition: 71% 

vs 52%) (Figure 3b) and in eight of nine primary patient-

derived carcinoma samples (mean: 55% vs 40%) (Figure 

3c). IC50 values of bsAb CD73xEGFR ranged from 

0.001 to 0.038 µg/mL in six cell lines, compared with 

0.005–0.563 µg/mL for oleclumab. In H929 cells, the 

presence of EGFR-blocking bsAb MockxEGFR reduced 

bsAb CD73xEGFR-mediated CD73 inhibition in a dose-

dependent manner (Figure 3d). In contrast, A549 EGFR-

KO cells showed only a minor decrease in CD73 activity 

when treated with bsAb CD73xEGFR (Figure 3e).
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a) b) 

 
c) 

 
 

d) e) 

Figure 3. bsAb CD73xEGFR strongly blocks the enzymatic function of CD73 in an EGFR-specific manner. (a) 

H292 cells were exposed for 24 hours to bsAb CD73xEGFR or control compounds at concentrations ranging 

from 0.01 to 10 µg/mL, and CD73 inhibition was quantified. (b) Suppression of CD73 activity was measured in 

H292, OvCAR3, and H322 cancer cell lines, and (c) in primary patient-derived tumor cells, after 24 hours of 

treatment with bsAb CD73xEGFR or controls (1 µg/mL). (d) For competitive inhibition, H292 cells were first 

incubated with an excess of EGFR-targeting bsAb MockxEGFR before adding bsAb CD73xEGFR (0.01–
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2 µg/mL). (e) CD73 activity was compared in A549 parental versus EGFR-KO cells following treatment with 

bsAb CD73xEGFR or bsAb CD73xMock (both 1 µg/mL). AMP-to-adenosine conversion was assessed using a 

malachite green-based colorimetric assay detecting inorganic phosphate. Sample sizes: Graphs A–B: n=4 (two 

technical replicates), Graph C: n=1 (four technical replicates), Graphs D–E: n=3 (two technical replicates). Data 

are shown as mean±SD. Statistical tests for B and C used unpaired t-tests on group means (**p<0.01). bsAb, 

bispecific antibody; KO, knockout. 

 

bsAb CD73xEGFR counteracts adenosine-mediated T-

cell proliferation inhibition 

Activated CFSE-labeled T cells experienced a strong 

reduction in proliferation when AMP was present, due to 

its enzymatic conversion to adenosine by CD73. 

Application of bsAb CD73xEGFR or oleclumab fully 

restored T-cell proliferation, as evidenced by progressive 

CFSE dye dilution (Figure 4a), which was accompanied 

by enlargement of activated T-cell clusters (Figure 4b). 

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 
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f) 

Figure 4. bsAb CD73xEGFR restores T-cell antitumor 

function that is suppressed by adenosine (ADO). (A) 

Activated PBMCs labeled with CFSE were cultured for 

5 days at 37°C in medium containing AMP, with or 

without bsAb CD73xEGFR or control antibodies 

(1 µg/mL). Proliferation was assessed by tracking CFSE 

dye dilution using flow cytometry. Unstimulated T cells 

(purple) and ADO-suppressed T cells are visible as 

single peaks on the right of the histogram, while 

successive generations of dividing T cells appear as 

sequential green peaks. (b) The area of proliferating T-

cell clusters (µm²/image) was determined via live-cell 

imaging at 10× magnification, with images captured 

every 1.5 hours for 2 days at 37°C. (C) Apoptosis in 

PC3M cancer cells was measured through caspase-3/8 

activation after redirection with BIS-1 (bsAb 

CD3xEpCAM) at an effector-to-target ratio of 4:1, with 

PBMCs incubated in the presence or absence of AMP 

and bsAb CD73xEGFR, oleclumab, or control 

antibodies (1 µg/mL). (D) Caspase-3/8 signals (count 

per image) were recorded by live-cell imaging every 

1.5 hours over 2.5 days at 37°C and 10× magnification. 

(E) PBMCs exposed to increasing concentrations of 

bsAb CD73xEGFR (0.01–10 µg/mL) were treated with 

AMP, redirected to kill PC3M cells, and analyzed as 

above. (F) IFN-γ levels in supernatants from E were 

quantified via ELISA. Sample sizes: Graph A 

(representative): n=3 (two technical replicates), Graph B 

(representative): n=3 (four technical replicates), Graph 

C (representative): n=3 (four technical replicates), 

Graph D: n=3 (four technical replicates), Graph E 

(representative): n=3 (four technical replicates), Graph 

F: n=3 (four technical replicates). Data are shown as 

mean±SD. Statistical analysis in D and F used one-way 

ANOVA with Tukey’s post hoc test (*p<0.05, 

**p<0.01). ADO, adenosine; bsAb, bispecific antibody; 

IFN, interferon; PBMCs, peripheral blood mononuclear 

cells; EpCAM, epithelial cell adhesion molecule; CFSE, 

carboxyfluorescein succinimidyl ester. 

 

bsAb CD73xEGFR reverses ADO-mediated suppression 

of cytotoxic T cells 

Exposure of cytotoxic T cells to AMP markedly impaired 

their ability to kill EpCAM-expressing target cells via 

BIS-1 (bsAb CD3xEpCAM), as indicated by decreased 

caspase-3/8 activity in PC3M cells (Figures 4c and 4d). 

Treatment with bsAb CD73xEGFR restored T-cell-

mediated killing in a dose-dependent manner (Figure 

4e), which was supported by elevated IFN-γ secretion 

measured by ELISA (Figure 4f). 

 

bsAb CD73xEGFR enhances immune cell infiltration 

and antitumor activity in vivo 

The in vivo efficacy of bsAb CD73xEGFR was tested in 

BALB/c mice bearing CT26 tumors (in vitro reference: 

CT26). Animals were injected intraperitoneally with 

7.5 mg/kg of bsAb CD73xEGFR, oleclumab, or control 

agents on days 4, 7, 10, and 14 post-tumor inoculation 

(Figure 5a). Treatment with bsAb CD73xEGFR reduced 

tumor volume by 65% and tumor weight by 77%, 

outperforming oleclumab (31% volume reduction) 

(Figures 5b and 5c). Tumors from bsAb CD73xEGFR-

treated mice had increased CD4⁺ and CD8⁺ T-cell 

infiltration and decreased FoxP3⁺ regulatory T cells 

(Figures 5d–5g). Furthermore, enhanced infiltration of 

F4/80⁺ total macrophages and CD11c⁺ M1 macrophages, 

along with reduced CD206⁺ M2 macrophages, was 

observed (Figures 5h–5k). In contrast, oleclumab-

treated tumors primarily showed increased CD8⁺ T cells 

and reduced total and M2 macrophages. No signs of 

systemic toxicity were detected in vital organs of bsAb 

CD73xEGFR-treated animals. 
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d) 

 

e) 

 

f) 

 

g) 
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i) 

 

j) 

 

k) 

Figure 5. bsAb CD73xEGFR substantially increased 

the infiltration of CD8⁺ T cells and M1 macrophages 

within tumors in immunocompetent mice. (a) BALB/c 

mice received subcutaneous injections of murine CT26 

colon carcinoma cells in the flank. Treatments with 

bsAb CD73xEGFR (7.5 mg/kg) or control antibodies 

were administered intraperitoneally on days 4, 7, 10, 

and 14. Tumor tissues and organs were collected 21 

days after tumor implantation for downstream analyses. 

(b) Mean tumor volumes and (c) wet weights for each 

group of nine animals. (d) Representative images of 

multiplexed immunofluorescence staining and 

corresponding quantifications of (e) CD4⁺, (F) CD8⁺, 

and (g) FoxP3⁺ cells in tumor sections from isotype 

control, bsAb CD73xEGFR, or oleclumab-treated mice. 

(h) Representative images and quantifications of (i) 

F4/80⁺, (j) CD11c⁺, and (k) CD206⁺ macrophages in the 

same treatment groups. Data are shown as mean±SD. 

Scale bar in D and H = 200 µm. Statistical comparisons 

for B (day 21), C, E–G, and I–K were conducted using 

one-way ANOVA followed by Tukey’s post hoc test 

(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns = 

not significant). bsAb, bispecific antibody; I.P., 

intraperitoneal. 

 

bsAb CD73xEGFR limits cancer cell proliferation and 

migration in vitro 

Overexpression of CD73 has been linked to enhanced 

proliferation, migration, and therapy resistance via both 

enzymatic and non-enzymatic mechanisms [11]. In vitro, 

bsAb CD73xEGFR treatment reduced proliferation 

across four carcinoma cell lines by ~40% (Figures 6a 

and 6b). Colony-forming assays demonstrated a 

pronounced reduction in both the number and size of 

colonies following treatment (Figures 6c–6e). 

Calculated IC50 values for bsAb CD73xEGFR ranged 

from 0.16 to 0.65 µg/mL, showing superior potency 

compared to oleclumab (IC50 9.38–24.33 µg/mL) in all 

three cell lines tested. Light microscopy images (Figures 

6f) illustrate that bsAb CD73xEGFR nearly abolished 

migratory behavior. This was further confirmed by the 

delayed closure of the wound area in migration assays 

over time (Figure 6g). 

 

 

a) 

 

b) 
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c) 

 

d) 

 

e) 

 

f) 

 

g) 

 
h) 

 
i) 

 

j) 

Figure 6. bsAb CD73xEGFR limits tumor cell growth 

and motility. 

(a) Cell growth was assessed by treating H292 cells and 

matched CD73-deficient counterparts with bsAb 

CD73xEGFR or control agents (1 µg/mL), followed by 

continuous monitoring using the RTCA xCELLigence 

platform. Data are presented as cell index, an arbitrary 



Arch Int J Cancer Allied Sci, 2024, 4(2):122-140                                                                         Thompson et al., 
 

 

 

135 

parameter reflecting adhesion and proliferation, 

recorded every 15 min at 37 °C. 

(b) A multi–cell line proliferation assay (H292, H322, 

FaDu, OvCAR3) was performed after incubation with 

bsAb CD73xEGFR or control antibodies (1 µg/mL). 

Cell confluence (%) was determined at 72 h. 

(c) Representative colony formation images of H292 

cells treated with bsAb CD73xEGFR (1 µg/mL) or 

corresponding controls for 14 days at 37 °C. 

(d, e) Quantification of OvCAR3 colony formation (%) 

following exposure to bsAb CD73xEGFR or controls 

(0.01–10 µg/mL) for 14 days at 37 °C. Colony count and 

surface area were analyzed using ImageJ. 

(f) Representative images of H292 cells cultured in 

stopper-containing plates to generate a defined cell-free 

area and treated with bsAb CD73xEGFR or controls 

(1 µg/mL) for 72 h at 37 °C. 

(g) Cell migration was quantified as progressive closure 

of the detection gap using live-cell imaging, captured 

every 0.5 h for 3 days at 37 °C with 4× magnification. 

(h) Athymic nude mice (Crl:NU(NCr)-Foxnnu) received 

subcutaneous flank injections of H292-luc2 human non–

small cell lung cancer cells and were administered 

intraperitoneal injections of bsAb CD73xEGFR or 

control treatments (7.5 mg/kg) on days 7, 10, and 17. 

(i) Representative bioluminescence images of mice 

treated with bsAb CD73xEGFR or controls obtained on 

day 28 after tumor implantation. 

(j) Average tumor volumes (mm³) from nine mice per 

group measured by calipers. Graphs A–B: n = 3 (two 

technical replicates); D–E: n = 3 (two technical 

replicates); G: n = 3 (two technical replicates). Values 

are shown as mean ± SD. Statistical comparisons in B 

and J (day 28) were conducted using one-way ANOVA 

followed by Tukey’s post-hoc test (*p < 0.05, **p < 

0.01). APCP, adenosine 5′-(α,β-methylene)diphosphate; 

bsAb, bispecific antibody; I.P., intraperitoneal; KO, 

knockout. 

 

Contrary to expectations, in vitro exposure of diverse 

carcinoma cell lines to oleclumab (or the CD73 inhibitor 

APCP) resulted in enhanced, rather than reduced, cellular 

proliferation (Figure 6b). Furthermore, oleclumab 

increased migratory behavior by approximately 20% 

(Figure 6g). This phenomenon may be linked to 

oleclumab-induced elevation of EGFR and HER2 

expression, including both total and phosphorylated 

forms, in tumor cells. Consistently, increased surface 

EGFR expression following oleclumab treatment was 

observed in 8 of 10 tested cell lines (Figure 2h). 

 

bsAb CD73xEGFR suppresses tumor expansion in 

xenograft models 

The divergent in vitro effects of bsAb CD73xEGFR and 

oleclumab on tumor cell proliferation were next 

examined in vivo using athymic nude mice bearing 

H292-Luc2 xenografts. Mice were treated 

intraperitoneally with bsAb CD73xEGFR (7.5 mg/mL), 

oleclumab, or control antibodies on days 7, 10, and 17 

after tumor implantation (Figure 6h). Compared with 

isotype control treatment, bsAb CD73xEGFR reduced 

tumor growth by 56% (Figure 6i and 6j). In contrast, 

tumor volumes increased by 24% and 40% in oleclumab- 

and bsAb CD73xMock-treated animals, respectively. 

 

bsAb CD73xEGFR increases responsiveness to 

chemotherapy and irradiation 

Combined in vitro treatment with bsAb CD73xEGFR 

enhanced tumor cell sensitivity to cisplatin, doxorubicin, 

taxol, and 5-fluorouracil by approximately 1-fold, 0.45-

fold, 0.74-fold, and 0.4-fold, respectively (Figures7a 

and 7b). In comparison, oleclumab exposure promoted 

resistance to cisplatin, doxorubicin, and 5-fluorouracil by 

~2-fold, 1.8-fold, and 1.44-fold, respectively. 

 

 

a) 

 

b) 
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c) 

 

d) 

 

e) 

Figure 7. bsAb CD73xEGFR increases tumor cell 

responsiveness to chemotherapy and ionizing 

radiation. 

H292 cell confluence was monitored following 

treatment, or no treatment, with bsAb CD73xEGFR 

(1 µg/mL) or control reagents, in the presence or 

absence of (a) doxorubicin (50 nM), (b) cisplatin 

(1 µg/mL), taxol (50 nM), or 5-FU (50 µg/mL). Cell 

growth was tracked by live-cell imaging at 37 °C, 

capturing images at 4× magnification every 6 h for a 

total of 6 days. 

(c) Colony formation (%) of H292 cells or (d) 

matched CD73-KO cells after exposure to bsAb 

CD73xEGFR (1 µg/mL) or controls, followed by 

irradiation at 0.5, 1, 1.5, or 2 Gy and incubation at 

37 °C for 14 days. Colony numbers were quantified 

using ImageJ. 

(e) IC₅₀ values (Gy) derived from the data shown in 

panel c. All panels: n = 3 (two technical replicates). 

Data are presented as mean ± SD. Statistical testing in 

b used an unpaired t-test (*p < 0.05, **p < 0.01, ***p 

< 0.001). bsAb, bispecific antibody; KO, knockout. 

 

In line with these findings, combined treatment with 

bsAb CD73xEGFR also potentiated cancer cell 

susceptibility to damage induced by ionizing radiation 

(Figure 7c). Accordingly, IC₅₀ values for bsAb 

CD73xEGFR–treated cells were reduced from 1.35 Gy to 

0.536 Gy (Figure 7e). By contrast, exposure to 

oleclumab increased resistance to radiation by up to 39% 

at 2 Gy (Figure 7c), with IC₅₀ values rising from 1.35 Gy 

to 3.77 Gy (Figure 7e). Notably, oleclumab treatment did 

not alter radiation sensitivity in CD73-KO tumor cells 

(Figure 7d). 

Blocking antibodies against CD73, such as oleclumab 

[4], have been proposed as a strategy to counteract the 

immunosuppressive CD73/adenosine checkpoint across 

multiple cancer entities. At present, several multicenter 

clinical studies are investigating oleclumab as an immune 

checkpoint inhibitor in patients with advanced solid 

tumors, including diverse carcinoma types. However, 

interim analyses from recent trials suggest that 

oleclumab, when used as monotherapy, shows only 

limited clinical benefit [12–15]. One possible 

explanation is that monospecific CD73 antibodies may 

exhibit “on-target/off-tumor” binding to CD73 expressed 

on healthy tissues [5], thereby reducing effective CD73 

blockade within tumor sites. 

In this study, we describe the design and preclinical 

characterization of bsAb CD73xEGFR, engineered to 

selectively inhibit CD73 on tumor cells via EGFR 

targeting. EGFR was chosen because it represents a well-

validated tumor-associated surface antigen that is 

frequently overexpressed and/or mutated in multiple 

hard-to-treat solid cancers [16, 17]. In addition, many 

tumor types display concurrent overexpression of CD73 

and EGFR [18–20]. BsAb CD73xEGFR consists of two 

identical scFv fragments derived from oleclumab and 

two identical EGFR-specific nanobodies. Importantly, 

these binding domains recognize both human and murine 

orthologs with comparable affinity, enabling evaluation 

of bsAb CD73xEGFR in human as well as mouse tumor 

models. To avoid antibody-dependent cellular 
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cytotoxicity during these studies, the molecule was 

generated with an IgG2-silent Fc region lacking effector 

function [21]. 

Crucially, bsAb CD73xEGFR demonstrated markedly 

stronger antagonistic effects than oleclumab in tumor 

cells co-expressing CD73 and EGFR. This enhanced 

activity is most likely explained by the increased avidity 

conferred by the tetravalent architecture of the bsAb. 

Similar advantages of tetravalent bispecific antibodies 

have previously been reported for tumor-selective 

blockade of immune checkpoints such as PD-L1 [22, 23] 

and CD47 [24, 25]. More recently, a tetravalent bsAb 

targeting CD73 and EpCAM was shown to efficiently 

inhibit CD73 present on carcinoma-derived exosomes, an 

effect that oleclumab failed to achieve or achieved only 

marginally [8]. 

Intriguingly, exposure of CD73⁺/EGFR⁺ tumor cells—

including established cell lines and primary patient-

derived samples—to bsAb CD73xEGFR in vitro 

triggered rapid uptake of bsAb–antigen complexes. This 

process caused sustained and simultaneous removal of 

CD73 and EGFR from the tumor cell surface for as long 

as 96 h. Notably, internalization of oleclumab 

(CypHer5E-labeled) exceeded that observed for bsAb 

CD73xMock. This difference is likely attributable to 

more efficient CypHer5E NHS-ester labeling of a 

conventional monoclonal antibody such as oleclumab 

compared with the bispecific taFv-Fc format of the 

bsAbs, potentially yielding a higher dye-to-antibody ratio 

for oleclumab. Although not directly examined, this 

technical aspect may explain the observed discrepancy. 

Internalization of surface CD73 induced by bsAb 

CD73xEGFR led to a similarly prolonged inability of 

tumor cells to convert extracellular AMP into ADO. 

Importantly, in vitro treatment of ADO-inhibited 

cytotoxic T cells with bsAb CD73xEGFR robustly 

restored their antitumor function. Furthermore, in 

immunocompetent BALB/c mice bearing syngeneic 

CT26 colorectal tumors, administration of bsAb 

CD73xEGFR (7.5 mg/kg) resulted in an average 65% 

reduction in tumor growth, whereas the same dosing 

regimen with oleclumab achieved only a 31% decrease. 

In vivo treatment with bsAb CD73xEGFR also increased 

infiltration of CD4⁺ T cells, CD8⁺ T cells, and 

macrophages by 38%, 52%, and 82%, respectively. 

These outcomes compare favorably with findings 

reported by Hay et al. [4], where oleclumab treatment 

(10 mg/kg) reduced tumor size by 57% at 16 days and 

increased tumor-infiltrating CD4⁺ T cells, CD8⁺ T cells, 

and macrophages by only 15%, 25%, and 20%, 

respectively. Notably, our in vitro data confirm that bsAb 

CD73xEGFR efficiently inhibits the enzymatic activity 

of murine CD73 on CT26 cells. However, unlike human 

tumor cells, bsAb CD73xEGFR did not induce co-

internalization of murine CD73 and murine EGFR in 

CT26 cells. The basis for this human–mouse difference 

remains unresolved. 

Multiple studies have shown that CD73 overexpression 

contributes to enhanced oncogenic properties, including 

increased tumor cell proliferation and migration [11]. To 

determine whether bsAb CD73xEGFR can counter these 

CD73-driven malignant features, immunodeficient mice 

implanted with EGFR-overexpressing H292-luc tumors 

were treated with bsAb CD73xEGFR and tumor growth 

was monitored. Consistently, bsAb CD73xEGFR 

markedly suppressed xenograft expansion. In contrast, 

and unexpectedly, treatment with oleclumab or bsAb 

CD73xMock promoted growth of H292-luc tumors. 

Similarly, in vitro exposure of H292-luc cells to 

oleclumab enhanced tumor cell proliferation, 

accompanied by increased expression and 

phosphorylation of the oncogenic receptors EGFR and 

HER2. These observations diverge from some earlier 

reports [12, 26, 27]. Collectively, the data suggest that, 

beyond its role in ADO production, tumor-associated 

CD73 may function as a signaling mediator capable of 

transmitting divergent intracellular cues. As CD73 is 

anchored to the membrane via a 

glycosylphosphatidylinositol (GPI) moiety, such 

signaling is likely indirect and mediated through lateral 

interactions with neighboring transmembrane proteins 

[28]. Depending on the membrane context, CD73-

associated signaling may engage tyrosine kinase or 

phosphatase pathways, or both. In line with this concept, 

CD73 on CD8⁺ T cells has been reported to deliver co-

stimulatory signals through lateral association with the 

receptor-linked protein tyrosine phosphatase CD45RC 

[29]. We hypothesize that CD73 expressed on tumor cells 

may similarly regulate EGFR and HER2 oncogenic 

signaling, either directly or indirectly. The precise 

mechanisms by which oleclumab enhances tumor growth 

and elevates EGFR and HER2 expression and 

phosphorylation in our models require further 

investigation. 

Earlier studies showed that cancer patients receiving 

chemotherapeutic drugs such as carboplatin, 

gemcitabine, or paclitaxel display elevated CD73 

expression on tumor cells [30], a feature associated with 
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the acquisition of multidrug resistance [31, 32]. To 

determine whether bsAb CD73xEGFR can mitigate this 

resistance, tumor cells were exposed in vitro to bsAb 

CD73xEGFR and their susceptibility to cytotoxic effects 

of multiple chemotherapeutics was examined. Notably, 

bsAb CD73xEGFR increased cancer cell sensitivity to 

cisplatin, doxorubicin, taxol, and 5-FU. Unexpectedly, 

the combined application of bsAb CD73xMock with 

bsAb MockxEGFR, or oleclumab with cetuximab, failed 

to reproduce the effects observed with bsAb 

CD73xEGFR alone. These findings indicate that bsAb 

CD73xEGFR enhances chemosensitivity through 

simultaneous elimination of adjacent CD73 and EGFR 

molecules from the tumor cell surface. 

In a similar manner, in vitro exposure to bsAb 

CD73xEGFR augmented the responsiveness of H292 

non–small cell lung cancer cells to radiation-induced 

cytotoxicity by up to ~40%. By contrast, treatment with 

oleclumab diminished radiation sensitivity and increased 

the IC₅₀ from 1.35 Gy to 3.77 Gy. This result is consistent 

with observations by Dietrich et al. [33], who 

demonstrated that blocking CD73 enzymatic function 

with the small-molecule inhibitor APCP enhanced the 

proliferation of irradiated cancer cells and thereby 

promoted radioresistance, likely due to reduced local 

accumulation of ADO. These data suggest that CD73-

generated ADO can amplify radiation-triggered cell 

death in certain tumor contexts. Notably, bsAb 

CD73xMock did not increase radiation resistance in 

H292 cells, possibly because its capacity to inhibit CD73 

enzymatic activity is lower than that of oleclumab. 

Whether oleclumab-induced radioresistance extends to 

additional cancer cell types remains to be clarified in 

future investigations. 

Conclusion 

In summary, bsAb CD73xEGFR represents a promising 

strategy to counteract the suppressive CD73/ADO 

immune checkpoint across a wide spectrum of 

malignancies. Importantly, this approach enables more 

tumor-selective inhibition of CD73 enzymatic activity 

while concurrently antagonizing the pro-tumorigenic 

functions of both CD73 and EGFR. Consequently, bsAb 

CD73xEGFR may hold substantial clinical promise for 

the treatment of diverse, therapy-resistant solid tumors. 
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