
Supplementary Files 1 

Targeting two distinct epitopes on human CD73 with a bispecific 2 

antibody improves anti-cancer activity 3 

 4 

Supplementary Materials and Methods 5 

Cell culture  6 

Human MDA-MB-231 (triple-negative breast cancer (TNBC)), MDA-MB-468 (TNBC), M4A4 7 

(melanoma or breast), A375 (melanoma) cells were obtained from American Type Culture collection 8 

(ATCC) and grown in Dulbecco’s modified Eagle medium (DMEM) AQmedia (Sigma-Aldrich, 9 

D0819), supplemented with 10% fetal bovine serum (FBS) and 1% Penicillin-Streptomycin (P/S). 10 

Human leukocytes were cultured in X-VIVO 15 chemically-defined, serum-free hematopoietic cell 11 

medium (Fischer scientific, 11695120). The stable transfection of MDA-MB-231 and MDA-MB-468 12 

with luciferase has been described previously16. Murine CT26.CL25 (colon carcinoma) cells were 13 

obtained from ATCC and grown in RPMI 1640, supplemented with 10% FBS 2 mM L-glutamine, 1,5 14 

g/L sodium bicarbonate, 4.5 g/L glucose, 10 mM HEPES, 1.0 mM sodium pyruvate, 0.1 mM non-15 

essential amino acids, and 0.4 mg/mL G418. 16 

 17 

Ab binding  18 

Cells (1.5-2.0x105) were incubated on ice in the presence of Abs at the indicated concentrations for 19 

30 min. When unconjugated Abs were used, cells were subsequently washed and stained with a 20 

fluorophore-labeled secondary Ab. Human IgGs were stained with an Alexa Fluor 488 labeled goat 21 

anti-human IgG (Life Technologies, A11013). Damaged cells were excluded by TO-PRO-3 staining 22 

(ThermoFischer, T3605). APCP (Sigma Aldrich, M3763) was used at a concentration of 0.1 mM. In 23 

APCP experiments MFI values were normalized to a 10 μg/mL Ab dose in the absence of APCP. In 24 
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deposition experiments, values were normalized to the MFI value of AD2 at a dose of 10 μg/mL. 25 

Flow cytometry analysis was performed on a BD LSR II.  26 

 27 

T-cell proliferation assays 28 

Negatively selected human T cells (5x104) from healthy donors and cancer patients were pre-29 

incubated with anti-CD73 Abs for 1 h at 37 °C followed by 30 min incubation with AMP (200 μM final 30 

concentration). Pre-washed Dynabeads Human T-activator CD3/CD28 for T cell Expansion and 31 

Activation (ThermoFischer, 11131D) were added in cell:bead ratio of 1:1 and incubated 4 days at 37 32 

°C. Brightfield images were obtained using a x2 objective and supernatant was collected and stored 33 

at -20 °C.  34 

 35 

Antibodies (Abs)  36 

Hybridomas producing the anti-human CD73 Abs, AD2 and 1E935 were kind gifts from Dr. Linda 37 

Thompson. Antibody heavy-chain expression vectors were constructed by sequencing the 38 

hybridomas and inserting codon-optimized VH coding regions in frame with the heavy-chain constant 39 

coding region of human IgG1 or murine IgG2a into the expression vector pcDNA3.3 (Invitrogen). 40 

Likewise, separate light-chain expression vectors were constructed by inserting the appropriate VL 41 

coding regions in frame with the CL coding regions of human or murine kappa light chain into the 42 

expression vector pcDNA3.3. MEDI9447 (also known as Oleclumab) VH and VL sequence 43 

information was obtained from patent US, 20160129108 A1. As irrelevant binding control, the VH 44 

and VL coding regions of b12 recognizing the envelope glycoprotein gp120 of the human 45 

immunodeficiency virus were used48. The matched F405L and K409R or the F405L-R411T and 46 

T370K-K409R mutations (EU numbering convention) were introduced into the human IgG1 or 47 

murine IgG2a backbones, respectively, to enable the generation of bsAbs through controlled Fab-48 

arm exchange 21 22. Human IgG1 Fc-silencing was obtained by introducing L234F, L235E and D265A 49 

point mutations as described previously49. Murine IgG2a Fc-silencing was obtained by introducing 50 

L234A and L235A point mutations50. 51 
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All Abs were produced under serum-free conditions by co-transfecting relevant heavy and light chain 52 

expression vectors in FreeStyle™ 293-F or Expi293F™ cells, using 293fectin™ or ExpiFectamine™ 53 

293, respectively (LifeTechnologies), according to the manufacturer’s instructions. 54 

Abs were purified by protein A affinity chromatography (MabSelect SuRe; GE Health Care), 55 

dialyzed overnight to PBS, and filter-sterilized over 0.2-µM filters. The purity was determined by 56 

CE-SDS and the concentration was measured by absorbance at 280 nm (specific extinction 57 

coefficients were calculated for each protein). Batches of purified Ab were tested by high-58 

performance size-exclusion chromatography (HP-SEC) to determine the presence of aggregates 59 

or degradation products. Purified Ab were stored at 2-8°C. Endotoxin levels of batches used in vivo 60 

were below 0.1 endotoxin units/mg IgG.  61 

 62 

Preparation of membrane fraction  63 

Cells were harvested in scraping buffer (50 mM Tris, 2 mM EDTA, pH 7.4), centrifuged (10 min, 1000 64 

g, 4°C) and resuspended in membrane buffer (0.5 ml/dish; 25 mM Tris, 1 mM EDTA, 320 mM 65 

sucrose, 1:1000 protease inhibitor cocktail (Promega), pH 7.4). Samples underwent 3 66 

homogenization steps of 30 s each (20500 rpm, Ultraturrax IKA-Labortechnik). Following 67 

centrifugation (10 min, 1000 g, 4°C), the supernatants were collected and centrifuged (30 min, 48000 68 

g, 4°C). The resulting supernatants were discarded, and the pellet was resuspended in washing 69 

buffer (0.5 ml/dish; 50 mM Tris, pH 7.4) and centrifuged again (same conditions). This step was 70 

repeated three times before samples were frozen at -80°C.  71 

 72 

Enzymatic activity  73 

Enzymatic activity was determined as previously reported24 25. Briefly, cells or membrane fractions 74 

were pre-incubated with serially diluted Ab solutions in reaction buffer (25 mM Tris, 2 mM MgCl2, 1 75 

mM CaCl2, 140 mM NaCl, pH 7.4). Cells were subsequently incubated in the presence of 76 

radiolabeled AMP ([
3

H]adenosine-5’-monophosphate, 5 μM, 20 mCi/mM) for 30 min at 37 °C. The 77 
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reaction was stopped by the addition of ice-cold phosphate buffer (100 mM NaH2PO4, pH 7.4) (1:1 78 

v/v), and unreacted radiolabeled AMP was precipitated by the addition of x5 reaction volume 79 

lanthanum chloride dissolved in buffer (100 mM LaCl3 x 7 H2O, 100 mM NaOAc, pH 4.0), 5-fold 80 

volume of the test solution, followed by 1 h of incubation on ice. Samples were filtered through GF/B 81 

glass fiber filters, which were washed twice with ca. 3 mL of buffer. The eluent was collected, 82 

transferred to scintillation vials, and scintillation cocktail ULTILMA Gold XR was added. Radioactive 83 

3H]adenosine
 
formed by the enzymatic reaction was quantified by scintillation counting using a 84 

Tricarb 2900 TR, Packard/Perkin Elmer. Enzymatic activity was calculated relative to untreated cells 85 

or membrane fractions, respectively. The enzymatic activity of CT26.CL25-hCD73 was assessed by 86 

the malachite green phosphate detection kit (R&D Systems, DY996) according to the manufacturer ’s 87 

instructions.  88 

  89 

Isolation of immune cells 90 

Fresh blood from healthy volunteers or buffy coats were provided by the Blood Bank at Department 91 

of Clinical Immunology, Odense University Hospital. Peripheral blood mononuclear cells (PBMCs) 92 

were isolated by density gradient centrifugation using Lymphoprep (Fresenius Kabi Norge, 07801) 93 

according to the manufacturer’s instructions. Residual red blood cells were lysed by incubation for 94 

10 min in Red Blood Cell Lysis buffer (155 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA). Human and 95 

mouse T cells were purified by using Dynabeads Untouched Human T cells (Invitrogen, 11344D) 96 

and Dynabeads Untouched Mouse T cells (Invitrogen, 11413D). Human NK cell enrichment and 97 

depletion was accomplished by using the EasySep Human CD56 Positive Selection Kit II (Stemcell, 98 

17855). Depletion of human T cells and monocytes were accomplished by using the EasySep 99 

Human TCR Alpha/Beta Depletion Kit (Stemcell, 17847) and EasySep Human Cd11b Positive 100 

Selection and Depletion Kit (Stemcell, 100-0742), respectively. Enrichment of human monocytes 101 

was obtained by the EasySep Human CD14 Positive Selection Kit II (EasySep, 17858).  All kits were 102 

used according to the manufacturer’s instructions. 103 
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CD73 surface visualization 104 

MDA-MB-231 cells were grown to sub-confluence on coverslips. Fresh pre-heated media 105 

supplemented with Abs (10 μg/mL final concentration) was added and cells were incubated 90 min 106 

at 37 °C. After incubation, cells were washed and fixed by 4% formaldehyde (15 min, room 107 

temperature), followed by washing in PBS. Cell-bound Abs were stained by a FITC labeled goat anti-108 

human IgG diluted 1:300 in PBS supplemented with 1% bovine serum albumin (45 min, room 109 

temperature, protected from light). Coverslips were washed in PBS and mounted on glass using 110 

ProLong Gold antifade reagent with DAPI (ThermoFischer, P36941). Images were obtained using a 111 

x20 objective.  112 

 113 

Internalization and trafficking by live-cell imaging 114 

Cells were grown to 80% confluency on glass coverslips. The coverslips were washed x3 in PBS 115 

(37 °C) and placed in a flow chamber (build in-house), which was immediately filled with DMEM/F12 116 

(37 °C)(ThermoFisher Scientific, 21041025). The chamber was mounted on a Nikon Eclipse Ti 117 

(Nikon Industries) microscope equipped with a Yokogawa CSU-x1 spinning disc unit (Yokogawa 118 

Electric Corporation), Andor Laser launcher and an Andor EMCCD camera (Andor Technology) for 119 

detection. While performing spinning disc microscopy, a peristaltic pump gently flushed the flow 120 

chamber with DMEM/F12 (37 °C) supplemented with 10 μg/ml Alexa Fluor 488 labeled anti-CD73 121 

Abs and 50 nM LysoTracker Red DND-99 (ThermoFisher Scientific, L7528). Imaging was performed 122 

at x100 magnification using immersion oil.  123 

 124 

Ab-mediated internalization and trafficking  125 

For long-term experiments (20 and 70 h), attached cells were incubated at 37 °C with or without Abs 126 

diluted in serum-free media for the designated time before harvest. For short- term experiments (90 127 

min and 3 h), cells were harvested and incubated at 37 °C with and without Abs while in suspension 128 

(37 °C). Following incubation cells were washed in ice-cold media, counted, and seeded in a pre-129 

cooled 96-well plate (2x105 cells/well). The plate was centrifuged (350 g for 5 min at 4 °C) and both 130 
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stained and unstained cells were re-suspended with a second round of the primary anti-CD73 Ab. 131 

Cell suspensions were incubated 30 min on ice followed by three washing steps in cold flow buffer 132 

(PBS supplemented with 0.05 % BSA and 0.02% Azid). Bound Ab was subsequently detected by 133 

flow cytometry. Surface-bound CD73 was calculated as: (MFItreated twice – IgGcontrol) / 134 

(MFItreated once IgGcontrol)x100% using the MFI values from the healthy single cell gate.  135 

 136 

Co-culture studies 137 

Cancer cells (5x103) were seeded in a white 96-well plate and allowed to attach for 2 h. Abs (10 138 

μg/mL) or staurosporin (1:200) and immune effector cells were subsequently added to the wells and 139 

incubated at 37 °C. After incubation, cancer viability was assessed by addition of D-luciferin (3 mg/ml 140 

in PBS) and luminescence was immediately measured using a Victor3 Multilabel Plate Reader. 141 

Cancer cell viability was calculated as: 142 

Viability = (sampleA – immune cells only)/(Cancer cells only – immune cells only)x100%  143 

 144 

Immunohistochemistry (IHC) 145 

Tissue sections from the formalin-fixed and paraffin-embedded tissues were cut, deparaffinized, and 146 

rehydrated prior to antigen retrieval by incubation with Protease 3 (Ventana Medical systems) at 36 147 

°C for 4 min followed by 32 min of Cell Conditioning 1 buffer (Ventana Medical Systems) at 95 °C. 148 

Sections were incubated with anti-pancytokeratin (1:30, KL1; AbD Serotec,) for 1 h at room 149 

temperature. Primary Ab binding was detected with an OptiView DAB IHC detection kit (760–700; 150 

Ventana Medical systems) as chromogen and all sections were counterstained with hematoxylin. 151 

Slides were scanned at x20 magnification using nanozoomer 2.0 HT Whole Slide Imager 152 

(Hamamatsu). To quantify the amount of metastasis in the lungs at endpoint, full lung sections and 153 

cancer areas were marked using ndp.view 2.7.52 software (Hamamatsu) in a blinded setup and 154 

metastatic areas were calculated. 155 

  156 
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Delivery of CypHer5E 157 

Goat anti-human IgG1 (H+L) Fab fragments (Jackson, 109-007-003) were conjugated to CypHer5E 158 

(GE Healthcare, PA15401) according to the manufacturer’s instructions. Abs were pre-incubated (30 159 

min room temperature) with the CypHer5E labeled anti- human IgG1 Fab-fragment. Each Ab-Fab 160 

complex was subsequently serial diluted and added to 5x104 cells in a round-bottomed 96-well PP-161 

microplate (Greiner bio-one, 650261). Plates were wrapped in cling film and incubated (3 h, 37 °C, 162 

protected from light). Cells were subsequently washed once and analyzed by flow cytometry.  163 

 164 

Recombinant expression of human ecto-5′-nucleotidase  165 

The cDNA of soluble human ecto-5′-nucleotidase (Genbank accession no. NM_002526) was 166 

obtained from Prof. Dr. Norbert Sträter (University of Leipzig, Germany)29. To generate a soluble 167 

enzyme, the signaling sequence for anchoring the protein in the membrane via a GPI-anchor was 168 

omitted (N-terminal residues: 1-27, C-terminal residues: 550-574 including GPI-anchor attachment 169 

site)29. To amplify the cDNA, polymerase chain reactions (PCR) were carried out by applying human 170 

CD73-forward primer (5´- GATCGGATCCTGGGAGCTTACGATTTTGCAC -3´) and human CD73-171 

reverse primer (5´- GATCGAATTCGGAAAACTTGATCCGACCTTC-3´). Amplification was initiated 172 

by incubation for 2 min at 95 °C, followed by 35 cycles of denaturation for 20 s at 95 °C, 20 s of 173 

annealing at 56 °C, and 1 min of primer extension at 70 °C. The PCR product of approximately 1.6 kb 174 

was purified using the Zymo DNA Clean & Concentrator Kit. The DNA fragment of CD73 was then 175 

digested with BamHI and EcoRI and ligated into the baculovirus expression vector pAcG2T, which 176 

was previously digested with BamHI and EcoRI. S. frugiperda Sf9 insect cells were grown at 27 °C 177 

in Insect Xpress media. After initial transfection with Cellfectin®, recombinant baculoviruses were 178 

produced that were utilized for infecting Sf9 cells. For transfection, 8x105 Sf9 cells per well were 179 

seeded into six-well plates containing 2 ml of Insect Xpress media. CD73 plasmid (2 µg) was mixed 180 

with Insect Xpress media and incubated with Cellfectin® for 20 min. The transfection mixture was 181 

given drop-wise to the cells, which were left at room temperature for 30 min, and then incubated 182 
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overnight at 27 °C. The transfection mixture was then replaced by fresh Insect Xpress medium, and 183 

the cells were cultured at 27 °C until signs of viral infection were observed (4-5 days). The cell pellets 184 

were discarded by centrifuging at 4000g for 10 min. The supernatant containing the P1 virus 185 

generation was again used to produce a high virus titer stock by infecting further insect cells. After 186 

multiple infections of insect cells (at least 5 amplification cycles), the culture supernatant of Sf9 cells 187 

containing the respective recombinant enzyme was collected and further concentrated by 188 

centrifugation using an Amicon® filter (Amicon®Ultra 15 mL, 30 kDa cutoff, 3,000 g, 20 min, 4 °C). 189 

Subsequently, the residual Insect Xpress medium of the enzyme concentrate was exchanged for 50 190 

mM Tris buffer (pH 7.5) containing 10 mM NaCl and 5% glycerol by centrifugation through the 191 

Amicon® filter (Amicon®Ultra 15 mL, 30 kDa cutoff, three times, 3,000 g, 20 min, 4 °C). Samples 192 

were stored at -80°C until use. 193 

  194 
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Supplementary Figures  195 

 196 

 

Supplementary Figure S1. Ab deposition on A375 cells. (A) Flow cytometry analysis of Ab 

binding to A375 using a similar setup as in Fig. 1F. Mean ± SEM from 4 independent experiments 

is shown.  

 197 

  198 
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 199 

Supplementary Figure S2. Cell surface CD73 is rapidly internalized and transported to the 

endosomal-lysosomal system upon targeting by the bsAb AD2x1E9. (A) Live cell imaging 

analysis showing co-localization of AF488 conjugated AD2x1E9 (green) and acidic compartments 

stained by Lysotracker Red (red) in MDA-MB-231 cells upon 90 minutes incubation. White arrows 

indicate spectral overlap. Scale bar 10 μm. Images are representative from two independent 

experiments. (B) Flow cytometry analysis of CD73 surface expression upon incubation with 

various Abs (10 μg/mL) at the indicated timepoints. Mean ± SD for three to six independent 

experiments is shown. Statistical difference was determined by one-way ANOVA followed by 

Bonferoni’s multiple comparison testing. *0.05 > P ≥ 0.01, **0.01 > P ≥ 0.001, ***0.001 > P, NS 

non-significant. 

 200 
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Supplementary Figure S3. Targeting CD73 by a AD2-derived Fab-arm induces 

internalization and transportation to acidic compartments. Flow cytometric analysis of A375 

(A-B) and MDA-MB-231 (C-D) cells incubated with various anti-CD73 Abs and a CypHer5E 

labeled anti-IgG Fab-fragment (CypHerE is a pH sensitive dye, which is mainly fluorescent in its 

protonated form (pKa 7.3), which therefore allows detection upon transportation into an acidic 

compartment). The panels demonstrate that AD2-derived Ab constructs readily reach the acidic 

compartments, while those derived from the 1E9 and MEDI9447 Abs did not, or only modestly 

depending on the applied cell line. A-B is average of four independent experiments. C-D is an 

average of two independent experiments. Statistical difference was determined by one-way 

ANOVA followed by Boneferoni’s multiple comparison testing. *0.05 > P ≥ 0.01, ***0.001 > P, NS 

non-significant.  

  201 
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Supplementary Figure S4. Fc-silenced CD73 Ab does not mediate cancer growth inhibition 

in NOG mice. Female age-matched NOG mice were challenged by i.v. injection of MDA-MB-231-

luc2+ cells (106) pre-incubated with the indicated Abs (n=7-8). 75 days later lungs were excised, 
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photographed (A), stained with pan-cytokeratin (one representative is shown) (B), and weighted 

(C). IHC staining were also quantified (D). No difference was detectable between the groups. 

Mean ± SD is shown.  

  202 
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Supplementary Figure S5: Fc-mediated cancer cell killing by human PBMCs. (A) MDA-

MB-231 cell viability analysis (luminescence) following incubation with AD2 (10 μg/mL) and 

human PBMCs at an effector-target (ET) ratio of 100:1 at the indicated time-points, 

demonstrating slow, but effective, cancer cell killing. Mean ± SD of a representative of three 

independent experiments is shown. (B) Similar to (A), but where Abs and PBMCs were serial-

diluted and analyzed after 72 hours, showing concentration-dependent responses. Mean ± SD 

of three donors is shown. (C) Analysis of MDA-MB-468 viability using similar setup as in Fig. 

5B. Mean ± SD of a representative of two independent experiments is shown. (D) Viability 

analysis as in Fig. 5B, but with and without 200 μM AMP, demonstrating AMP insensitivity. Mean 

± SD of a representative of three independent experiments is shown. (E) Viability analysis as of 

MDA-MB-231 cells upon incubation with wild-type WT of Fc-silenced IgG1 backbones. Mean ± 

SD of a representative of three independent experiments is shown. (F) Viability analysis of MDA-

MB-231-Luc2+ cells upon incubation with AD2 and bsAb AD2xb12. Mean ± SD of a 
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representative of three independent experiments is shown. (G) IHC analysis of the lungs from 

representative mice from figure 2F, confirming smaller tumors in mice treated with bsAb 

AD2x1E9 compared to b12. Scale bar 250 μm. 
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Supplementary Figure S6. Monovalent Ab constructs exert low enzymatic inhibition of 

CD73. Enzymatic activity of intact cell-bound CD73 (A), membrane fractions (B), and soluble 

CD73 (C) upon incubation with serial-diluted Ab as described in Fig. 3A, 3C and 3E, respectively. 

Mean ± SEM from 3 (A-B) and 2 (C) independent experiments is shown. 
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Supplementary Figure S7. The bsAb AD2x1E9 effectively protects T cell functionality when 

examining blood of cancer patients.  

ELISA analysis of secreted IFNγ from T-cell supernatants of cancer patients upon 4 days 

incubation with CD3/CD28 beads (at a cell-to-bead ratio of 1:1), AMP (200 μM), and the indicated 

Abs (10 μg/mL) (A, C). Statistical difference was determined by one-way ANOVA followed by 

Bonferoni’s multiple comparison testing. (B, D) Bright field images showing the extent of expansion 

of the same purified T cells as in panel (A+C+E) after 6 days. Scale bar 1 mm. *** 0.001 > P. 

 204 
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Supplementary Figure S8. Growth curves of CT26.CL25 tumors in Balb/c mice upon s.c. 

injection (n=10) showing that these tumors are not rejected.  

 205 

 

Supplementary Figure S9. Tumor mass upon reaching human endpoint 

Tumor mass at endpoint of mice presented in figure 5H demonstrating that tumors treated with 

splenocytes (n=6) or T cells (n=4) from vaccinated mice in combination with the bsAb AD2x1E9 

were significant smaller than those from mice treated with either bsAb AD2x1E9 as monotherapy 

(n=7), or in in combination with naïve splenocytes (n=6) or left untreated (n=7) at the end of the 
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experiment. Statistical difference was determined by one-way ANOVA followed by Bonferoni’s 

multiple comparison testing.  0.05 > P ≥ 0.01, **0.01 > P ≥ 0.001 

Supplementary Tables. 206 

 207 

 

MDA-MB-231 cells 
MDA-MB-231 membrane 

fractions 

Ab 
IC50 [μg/mL] 

 ±SD 

Residual 

enzymatic 

activity (%) 

IC50 [μg/mL]  

±SD 

Residual 

enzymatic 

activity (%) 

AD2x1E9 0.648 ± 0.516 19.5 ± 1.9 1.02 ± 0.26 10.3 ± 12.7 

1E9 0.877 ± 0.85 47.2 ± 8.5 1.01 ± 0.07 12.6 ± 28.9 

AD2 1.937 ± 1.32 75.4 ± 15.3 1.51 ± 0.99 58.8 ± 2.8 

1E9xb12 - 62.8 ± 10.5 - 62.8 ± 10.5 

AD2xb12 - 68.4 ± 19.5 - 44.4 ± 10.3 

b12 - 89.4 ± 18.8 - 114 ± 18.5 

MEDI9447 0.0171 ± 0.009 53.9 ± 9.4 0.020 ± 0.0001 52.5 ± 6.5#  

Supplementary Table 1: Tabulation of potency and efficacy of each the Ab panel. 

# measured at 1 μg/mL. 
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