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ABSTRACT
Background Immunosuppressive extracellular adenosine 
is generated by the enzymatic activity of CD73. In 
preclinical models, antibodies (Abs) targeting different 
epitopes on CD73 exert anticancer activity through distinct 
mechanisms such as inhibition of enzymatic activity, 
engagement of Fc receptors, and spatial redistribution of 
CD73.
Methods Using controlled Fab arm exchange, we 
generated biparatopic bispecific antibodies (bsAbs) from 
parental anti- CD73 Abs with distinct anticancer activities. 
The resulting anticancer activity was evaluated using in 
vitro and in vivo models.
Results We demonstrate that different anticancer 
activities can be combined in a biparatopic bsAb. 
Remarkably, the bsAb significantly improved the enzyme 
inhibitory activity compared with the parental Abs, 
which led to neutralization of adenosine- mediated T- 
cell suppression as demonstrated by proliferation and 
interferon gamma (IFN-γ) production and prolonged 
survival of tumor- bearing mice. Additionally, the bsAb 
caused more efficient internalization of cell surface CD73 
and stimulated potent Fc- mediated engagement of human 
immune effector cells in vitro and in vivo.
Conclusions Our data collectively demonstrate that 
complementary anticancer mechanisms of action of 
distinct anti- CD73 Abs can be combined and enhanced in 
a biparatopic bsAb. The multiple mechanisms of action and 
superior activity compared with the monospecific parental 
Abs make the bsAb a promising candidate for therapeutic 
targeting of CD73 in cancer. This concept may greatly 
improve future Ab design.

BACKGROUND
Adenosine- mediated immune suppression 
is a major hurdle for reinstating functional 
cancer immunity.1 2 The major source of 
extracellular adenosine originates from 
hydrolysis of released ATP. Specifically, CD39 
converts ATP to AMP followed by CD73- 
mediated dephosphorylation. Mice genet-
ically deficient of CD73 or the adenosine 
receptor A2AR are protected against tumor 
challenge.3–5 Additionally, inhibition of 

adenosine- mediated immune suppression is 
additive to other modes of immunotherapy, 
including blockade of programmed cell- 
death 1 (PD- 1) and cytotoxic T- lympho-
cyte associated protein 4 (CTLA- 4),6 either 
alone or in combination,7 and adoptive 
cell therapy,4 8 which has positioned CD73 
as a promising target for next- generation 
immune- checkpoint blockers,9 and paved 
the way for clinical evaluation of several anti- 
human CD73 antibodies (Abs) including 
MEDI9447 (MedImmune), CPI- 006 (Corvus) 
and BMS- 986179 (Bristol Myers Squibb).

Preclinical evaluation of the effect of CD73 
inhibition has mainly been assessed by gene 
silencing,10 11 by application of the small mole-
cule inhibitor adenosine 5′-α,β-(methylene)
diphosphate (APCP)4 11–14 or the rat anti- 
mouse CD73 Ab TY23,4–6 10 12–15 all of which 
have consistently demonstrated favorable 
anticancer immune- mediated responses. It is 
noteworthy that APCP11 and TY2310 provide 
more modest responses compared with gene 
silencing. Interestingly, while APCP effec-
tively inhibits the enzymatic activity of CD73, 
the therapeutic activity of TY23 relies greatly 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Targeting non- overlapping epitopes on CD73 leads 
to distinct anticancer activity.

WHAT THIS STUDY ADDS
 ⇒ We demonstrate that desirable anticancer activ-
ities can be combined by application of bispecific 
antibodies.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ The anticancer activity of antibodies can be im-
proved by bispecific targeting. This may greatly af-
fect future development of this very important class 
of cancer drugs.
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on the capacity to engage Fc receptors,12 thus enhanced 
activity may be accomplished by designing Abs that can 
both effectively limit enzymatic activity and stimulate Fc 
receptors.

We, and others, have previously demonstrated that 
targeting different CD73 epitopes results in distinct 
biologic responses, including enzymatic inhibition and 
anti- metastatic activity.16–19 Moreover, it was recently 
shown that biparatopic targeting of CD73 in some cases 
increased enzymatic inhibition by limiting spatial flexi-
bility.20 Thus, to maximize antitumor activity, we designed 
a bispecific Ab (bsAb) composed of Fab arms derived 
from an enzymatic inhibitory and an anti- metastatic 
parental Ab, respectively. This strategy led to greatly 
improved enzymatic inhibitory activity, which resulted in 
restoration of T- cell functionality and powerful engage-
ment of anti- metastatic activity.

MATERIALS AND METHODS
Generation of bsAbs
bsAbs were generated through controlled Fab arm 
exchange (cFAE), as described previously.21 22 In short, 
equimolar amounts of relevant human IgG1- (L234F- 
L235E- D265A- )F405L and IgG1- (L234F- L235E- D265A- )
K409R or murine IgG2a- (L234A- L235A- )F405L- R411T 
and IgG2a- (L234A- L235A- )T370K- K409R Abs were mixed 
and incubated with 2- mercaptoethylamine (2- MEA; 
Sigma) at a final concentration of 1 mg/mL per anti-
body. The final concentration of 2- MEA was 75 mM. The 
mixtures were typically incubated for 5 hours at 31°C. 
To remove 2- MEA, the mixtures were buffer- exchanged 
against phosphate buffered saline (PBS) using PD- 10 
desalting columns (5 kDa molecular weight cut- off; GE 
Healthcare) or dialysis using Slide- A- Lyzer cassettes 
(10 kDa molecular weight cut- off; Pierce). Samples were 
stored overnight at 4°C to allow for reoxidation of the 
disulfide bonds. The efficacy of cFAE was assessed by 
hydrophobic interaction chromatography, as previously 
described.23

Lentiviral transduction
A sequence encoding a chimeric CD73 molecule 
comprising amino acid number 27- 549 of human CD73 
flanked by 1- 28 and 551- 579 murine CD73 was inserted into 
the pLenti6.2- ccdB- 3xFLAG- V5 plasmid using the EcoRV 
and SacII restriction sites. pLenti6.2- ccdB- 3xFLAG- V5 was 
a gift from Susan Lindquist & Mikko Taipale (Addgene 
plasmid # 87071; http://n2t.net/addgene: 87071; 
RRID:Addgene_87071). The CD73 expression plasmid 
was prepared as lentivirus by Lentifectin (Abmgood)- 
mediated co- transfection with pMD2.G, pRSV- Rev, pMDL 
g/p RRE packaging plasmids (kindly provided by the 
Trone Lab through Addgene) into HEK293T cells. Virus 
was harvested from the supernatant after 3 days, filtered, 
precipitated with polyethylene glycol (PEG) and resus-
pended in PBS. Cells, 5×104, were supplemented with 
lentivirus and 5 mg/mL polybren overnight and 72 hours 

after infection stably transduced cells were sorted based 
on binding by the bsAb AD2×1E9.

Enzymatic activity
Enzymatic activity was determined as previously 
reported.24 25 Briefly, cells, membrane fractions or 
recombinant soluble human CD73 expressed in Sf9 
cells were preincubated with serially diluted Ab solu-
tions in reaction buffer (25 mM Tris, 2 mM MgCl2, 1 mM 
CaCl2, 140 mM NaCl, pH 7.4). Cells were subsequently 
incubated in the presence of radiolabeled AMP ([3H]
adenosine- 5′-monophosphate, 5 µM, 20 mCi/mM) for 
30 min at 37°C. The reaction was stopped by the addition 
of ice- cold phosphate buffer (100 mM NaH2PO4, pH 7.4) 
(1:1 v/v), and unreacted radiolabeled AMP was precipi-
tated by the addition of x5 reaction volume lanthanum 
chloride dissolved in buffer (100 mM LaCl3×7 H2O, 
100 mM NaOAc, pH 4.0), fivefold volume of the test solu-
tion, followed by 1 hour of incubation on ice. Samples 
were filtered through GF/B glass fiber filters, which were 
washed twice with approximately 3 mL of buffer. The 
eluent was collected, transferred to scintillation vials, and 
scintillation cocktail ULTIMA Gold XR was added. Radio-
active [3H]adenosine formed by the enzymatic reaction 
was quantified by scintillation counting using a Tricarb 
2900 TR, Packard/PerkinElmer. Enzymatic activity 
was calculated relative to untreated cells or membrane 
fractions, respectively. The enzymatic activity of CT26.
CL25- hCD73 was assessed by the Malachite green phos-
phate detection kit (R&D Systems, DY996) according to 
the manufacturer’s instructions.

Human interferon gamma (IFNγ) measurement
IFNγ secretion from T cells cultured with CD3/CD28 beads 
for 4 days was measured using the Human IFNγ uncoated 
ELISA kit (ThermoFisher, 88- 7316- 88) according to the 
manufacturer’s instructions. In short, 96- well Nunc Maxi-
sorp plates were coated with an anti- human IFNγ capture 
Ab. Wells were subsequently washed and blocked followed 
by 2- hour incubation (room temperature, shaking) with 
the samples. Wells were washed and captured IFNγ was 
detected by a second biotin- labeled anti- human IFNγ 
Ab. Following detection, wells were washed and incu-
bated with streptavidin- labeled horseradish peroxidase. 
Following binding and washing, the substrate solution was 
added, the color reaction was followed by visual inspec-
tion and stopped by addition of stop solution. The plate 
was read using a Paradigm Detection platform (Beckman 
Coulter) and the difference in wavelength (450–570nm) 
was calculated.

Cell trace proliferation
Negatively selected human T cells (5×106) were labeled 
with CellTrace CSFE Cell Proliferation Kit (Invitrogen, 
C34554) according to the manufacturer’s instructions. 
Labeled T cells (4×104) were seeded in a sterile round- 
bottomed 96- well plate and serially diluted Abs were 
subsequently added. The cell Ab mixture was incubated 
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1 hour at 37°C to allow Ab binding. AMP was added to 
the cell suspension (200 µM final concentration) and 
incubated 30 min at 37°C. T cells were activated as 
described above and incubated 4 days at 37°C. Following 
incubation, cells were washed once in wash buffer (PBS 
supplemented with 2 mM EDTA, 2% heat- inactivated 
fetale bovine serum (FBS)) and stained with APC- H7 
labeled mouse anti- human CD4 (BD Bioscience, 641398) 
and Brilliant Violet 421 labeled mouse anti- human CD8 
(BD Bioscience, 740093). Following staining, cells were 
washed three times in wash buffer and analyzed by flow 
cytometry.

In vivo experiments
Eight to twelve- week- old female NOG (NOD.Cg- PrkdcSCIDIl-
2rgtm1Sug/JicTac, Taconic) were injected intravenously with 
2×107 human PBMCs or PBMCs depleted of monocytes 
or T cells. Three days later, 5×105 MDA- MB- 231- Luc2+ 
cancer cells preincubated with Abs for 30 min at 37°C were 
injected intravenously. One mouse from each group were 
challenged at a time to minimize confounders. Relative 
quantification of metastasis development was performed 
weekly using whole- body bioluminescent imaging (IVIS 
Spectrum; Caliper Life Science). Mice were injected with 
D- luciferin (150 mg/kg body weight) and then anesthe-
tized with isoflurane gas. Images were acquired starting 
10 min after luciferin injection. Regions of interest (ROIs) 
were drawn around the lungs to quantify metastases. The 
photon emission transmitted from the ROIs was quan-
tified in photons/s/cm2/sr using Caliper Life Science 
Living image. Alternatively, metastasis was quantified by 
immunohistochemistry (IHC) as detailed in the online 
supplemental materials and methods.

For adoptive transfer experiments, female Balb/C 
(BALB/cAnNTac, Taconic) mice were injected subcu-
taneously with 7×105 CT26.CL25 or CT26.CL25- hCD73 
cells. Cancer development and rejection was followed by 
caliper measurement. Following cancer rejection, sple-
nocytes were adoptively transferred to female NOG mice 
carrying 1- day- old CT26.CL25- hCD73 tumors. Tumor 
volume was calculated LxW2/2. For tumor development 
and survival analysis, animals were considered dead when 
tumors reached a volume of 50 mm3 or length of 1.2 cm, 
respectively. All animal experiments were performed 
at the animal core facility at the University of Southern 
Denmark. Mice were housed with ad libitum food and 
water. The light/dark cycle was 12 hours light/dark, with 
lights turned on from 06:00 to 18:00. Housing temperature 
was 21°C±1°C and relative humidity 40%–60%. Sample 
size was guided by previous experience and preliminary 
data. No animals were excluded from analysis. No random-
ization was performed as treatment was given before 
tumor size could be reliably determined. Investigators 
performing the experiments were not blinded. Mice were 
acclimatized for 2 weeks before initiation of experiments.

Statistical analysis
A two- tailed t- test, analysis of variance (ANOVA), Mann- 
Whitney or Log- rank (Mantel Cox) test was employed 

for in vitro and in vivo studies (indicated in the figure 
legends). For statistical analysis, GraphPad Prism V.8 
(GraphPad Software) were used. P values<0.05 were 
considered statistically significant.

For further details regarding the materials and methods, 
please refer to the online supplemental information.

RESULTS
Targeting CD73 with a biparatopic bsAb stabilizes epitope 
recognition and increases Ab deposition
To study the potential benefit of combining distinct anti-
cancer activities by biparatopic targeting of CD73, bsAbs 
were generated through controlled Fab arm exchange.21 23 
bsAbs were generated comprised of one Fab arm from 
each of the parental anti- human CD73 Abs AD2 and 1E9 
(AD2×1E9), as well as functionally monovalent (AD2xb12 
and 1E9xb12) control bsAbs, using b12 as irrelevant 
(non- binding) target arm.26 The anti- human/mouse 
CD73 Ab MEDI9447 (Oleclumab),27 which is undergoing 
clinical assessment, was included as a benchmark control 
Ab. In accordance with previous reports,17 AD2 and 1E9 
Abs did not compete for binding to CD73 as assessed by 
flow cytometry. As expected, both parental Abs competed 
with the bsAb AD2×1E9, indicating that the bsAb was 
able to interact with the epitopes of both parental Abs 
(figure 1A). Interestingly, the 1E9 Ab increased binding 
of the AD2 Ab in a cooperative- like manner, whereas 
binding by the 1E9 Ab was independent of the binding 
of the AD2 Ab (figure 1B,C). MEDI9447 competed with 
both AD2, 1E9 and the bsAb.

ATP and ADP, which are often found at relatively high 
concentrations in tumors, are well- described competi-
tive inhibitors of CD73.28 Mechanistically, they block the 
substrate binding site and keep the binding pocket in a 
closed conformation,29 which could potentially sequester 
epitopes and thereby compromise Ab binding. We there-
fore examined whether binding was affected by the pres-
ence of the stable ADP- analog APCP. Indeed, the epitope 
recognized by 1E9 (both the parental and the monova-
lent control), but not that of AD2, was sensitive for modu-
lation by APCP, as binding to it was significantly reduced 
in the presence of APCP (figure 1D, p<0.05). In contrast, 
binding by the bsAb AD2×1E9 was insensitive to APCP, 
suggesting that binding of the AD2 Fab arm stabilizes 
the epitope recognized by the 1E9 Fab. Taken together, 
these data demonstrate that the epitopes recognized by 
the AD2 and 1E9 Abs are non- overlapping and binding to 
one epitope favors binding to the other (figure 1E).

Next, we applied flow cytometry to compare each Ab 
in terms of apparent affinity and saturation level using 
the two cancer cell lines: MDA- MB- 231 and A375. The 
loss of bivalency for both the AD2 and 1E9 Abs decreased 
their apparent affinities, indicating that both Abs can 
bind bivalently, although the effect was greater for 
AD2 (~10- fold decrease) compared with 1E9 (~2- fold 
decrease) (figure 1F and online supplemental figure 1A). 
Most importantly, the bsAb AD2×1E9 displayed higher 
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apparent affinity compared with the functionally monova-
lent Abs (and intermediate to the apparent affinities of 
the parental bivalent clones), confirming simultaneous 
binding to both epitopes. As expected AD2, 1E9 and 
MEDI9447 displayed comparable saturation plateaus, 
which was significantly lower than that of bsAb AD2×1E9 
(figure 1F, p<0.001). These results demonstrate that the 
bsAb AD2×1E9 binds both epitopes and increases the 
maximum Ab deposition level on the cancer cells.

The bsAb AD2x1E9 stimulate Fc-dependent anticancer activity 
in vitro and in vivo
We previously reported that AD2 (mouse IgG1), but 
not 1E9 (mouse IgG3), displayed anticancer activity in 
xenografted CB17 SCID mice by a mechanism involving 
clustering and internalization.16 To further dissect this 
mechanism of action, we initially examined whether 
the Abs with human Fc regions stimulated clustering 
and internalization. As expected, AD2, but not 1E9 or 
MEDI9447, stimulated clustering and internalization of 
CD73 (figure 2A and online supplemental figures 2 and 
3). The behavior of AD2 was completely recapitulated by 
the bsAb AD2×1E9. To investigate whether this anticancer 
activity was cancer cell intrinsic (eg, binding- dependent) 
or extrinsic (eg, Fc- dependent), we challenged NOG 

mice (which have limited Fc receptor activity) with MDA- 
MB- 231 cells pretreated with Fc- silenced Abs, and found 
that none of the Abs exerted anticancer activity (online 
supplemental figure 4), suggesting an extrinsic mecha-
nism of action. Using human peripheral blood mononu-
clear cells (PBMCs), we therefore studied the capacity of 
the Abs to stimulate Fc- mediated killing. We discovered 
an unexpectedly slow, but highly effective, kill mechanism 
that displayed dose- dependent relationships with respect 
to both number of effector cells and Ab concentration 
(online supplemental figures 5A,B). Interestingly, AD2 
and bsAb AD2×1E9 displayed significantly higher efficacy 
compared with 1E9 and MEDI9447 (figure 2B, p<0.001). 
A similar pattern was observed using MDA- MB- 468 cells 
(online supplemental figure 5C). The cancer cell killing 
was not affected by the addition of AMP, suggesting that 
the mechanism was independent of enzymatic inhibition 
(online supplemental figure 5D). In accordance with 
the in vivo experiments, the kill capacity was completely 
lost using Abs that were Fc- silenced, but was intact using 
(functionally) monovalent bsAbs, demonstrating that 
it was independent of cross- linking target and effector 
cells (online supplemental figure 5E,F). Despite the slow 
cancer cell killing, we reasoned that antibody- dependent 

Figure 1 bsAb AD2×1E9 binds simultaneously with both Fab arms, is resistant to APCP- mediated epitope sequestration 
and exhibits increased Ab deposition. (A) Competition of fluorescently labeled Abs (AD2- AF488, 1E9- AF488, MEDI9447- 
AF594, bsAb AD2×1E9- AF488, 5 µg/mL) with preincubated non- labeled Abs (indicated to the left, 10 µg/mL) and analyzed by 
flow cytometry. Peaks shifted to the left indicate blocking of the labeled Ab. Panel (A) is representative of three independent 
experiments. (B, C) Increased binding by the AD2- AF488 in the presence of 1E9 and bsAb 1E9xb12 was observed, whereas 
binding of 1E9- AF488 was not affected by the presence of AD2 or bsAb AD2xb12, as determined by flow cytometry analysis. 
(D) Ab binding in the presence or absence of APCP as determined by flow cytometry analysis. Epitope recognition by anti- 
CD73 Abs was detected by addition of a secondary fluorescent- labeled Ab. Mean±SEM from three independent experiments 
is shown. Statistical difference was determined using paired t- tests. (E) Schematic representation of the epitope interactions. 
(F) Flow cytometry analysis of Ab binding to MDA- MB- 231 cells using a similar setup as in panel (D). Mean±SEM from three 
independent experiments is shown. Statistical difference was determined by Student’s t- test (D) or two- way ANOVA (F) method 
followed by Bonferoni’s multiple comparison testing. *0.05>p≥0.01; **0.01>p≥0.001; ***0.001>p. Abs, antibodies; ANOVA, 
analysis of variance; bsAbs, bispecific antibodies; APCP, adenosine 5′-α,β-(methylene)diphosphate; NS non- significant.
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Figure 2 bsAb AD2×1E9 induces potent Fc- mediated cell death leading to anticancer activity. (A) Merged bright field and 
immunofluorescence images showing the surface pattern of CD73 on MDA- MB- 231 cells following incubation with the indicated 
Abs, showing distinct clusters when incubated with AD2- derived Abs. (B) Cancer cell viability analysis (luminescence) following 
incubation with Abs (10 µg/mL) and human PBMCs at an effector- target (ET) ratio of 100:1 after 72 hours, demonstrating 
epitope- specific cancer cell killing. A Tukey box comprising data from peripheral blood mononuclear cells (PBMCs) of 24 
healthy donors is shown. Statistical difference was determined by ANOVA followed by Bonferoni’s multiple comparison testing. 
(C) Similar setup as for (B) but using purified Natural killer (NK) cells instead of PBMCs at an ET ratio of 12.5:1. A representative 
of two experiments is shown. (D) Similar setup as for (B, C) but comparing PBMCs, NK cells and PBMCs depleted of NK 
cells. The added NK to cancer cell ratio is 14 for both PBMCs and NK cell- enriched fractions, and five for NK cell- depleted 
fractions. A representative of three independent experiments is shown. (E) Similar setup as for (B–D) but comparing the effect 
of enriched monocytes and T cells separately and in combination. Monocytes and T cells were added at an ET ratio of 10 and 
50, respectively. A representative of four experiments is shown. Statistical difference in (D–E) was determined by Student’s t- 
tests. (F) Female age- matched NOG mice were transplanted with human PBMCs (2×107) from healthy donors, two mice per 
donor, each assigned to an intravenous injection with MDA- MB- 231- luc2+ cells (105) preincubated with either bsAb AD2×1E9 or 
b12 Ab (n=5). Mean±SEM is shown. Statistical difference was determined by two- way ANOVA followed by Bonferoni’s multiple 
comparison testing. (G) Similar to (F) showing raw in vivo bioimaging data demonstrating reduced cancer growth across PBMC 
donor matched mice. (H) As in (F) with a total of 10 donors (AD2 (n=10), 1E9 (n=10) and bsAb AD2×1E9 (n=15) and b12(n=15)) 
with read- out after 11 days. A Tukey box plot is shown, showing similar activity ranks of the anti- CD73 Abs as in (B) and online 
supplemental figure 5C. Statistical difference was determined by Student’s t- test. (I) Similar setup as for (H) but evaluating the 
effect of Fc interactions, T cells and monocytes, respectively. Quantification is based on immunohistochemistry as described 
in the Materials and methods section. Statistical difference was determined by the Mann- Whitney test. *0.05>p≥0.01; 
**0.01>p≥0.001; ***0.001>p. Abs, antibodies; ANOVA, analysis of variance; bsAbs, bispecific antibodies;; NS non- significant.
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cellular cytotoxicity (ADCC) was the most likely mecha-
nism of action. While natural killer cell mediated ADCC 
could be detected (figure 2C,D, p<0.05), the effect was 
very modest compared with that observed using PBMCs, 
and there was no difference between the efficacy when 
using either AD2, 1E9 or the AD2×1E9 bsAb, suggesting a 
NK- independent mechanism of action. Furthermore, NK 
depletion did not compromise the cancer cell killing in 
vitro (figure 2D, p<0.001). In addition to NK cells, PBMCs 
contain a substantial fraction of monocytes that may also 
express Fc receptors. To our surprise, monocytes did not 
exert any activity on their own but, on addition of T cells 
(that also did not exert activity on their own), the cancer 
cell killing mechanism was re- established (figure 2E, 
p<0.01).

To evaluate the effect of the observed epitope- specific 
Fc, T cell and monocyte- dependent cancer cell killing 
mechanism in vivo, we generated humanized immune 
system mice by transplantation of PBMC from five healthy 
donors (two mice per donor, each assigned to the bsAb 
AD2×1E9 and b12 treatment group, respectively) and 
monitored MDA- MB- 231 cancer growth using in vivo 
bioimaging. As expected, we found that bsAb AD2×1E9 
significantly inhibited cancer growth compared with 
control b12- treated mice (figure 2F,G, p<0.05). Impor-
tantly, mice reconstituted with PBMCs from all five 
donors benefitted from the bsAb therapy, although to 
variable extents (figure 2G). The growth inhibitory effect 
was confirmed using IHC of lungs at endpoint (online 
supplemental figure 5G). To directly compare the epitope 
dependence, we repeated the analysis using another five 
donors and compared the effect of bsAb AD2×1E9 to 
both AD2 and 1E9. In line with the in vitro assays, 
AD2×1E9 bsAb and AD2 displayed comparable activity, 
which were higher than that of the 1E9 Ab (figure 2H, 
p<0.05). Finally, to directly assess whether the observed 
in vivo activity was Fc, T cell and monocyte dependent, 
we created another cohort of humanized mice by transfer 
of either complete PBMCs or PBMCs depleted of either 
T cells or monocytes. As expected, depletion of either 
T cells or monocytes, or using an Fc- silenced version of 
the AD2×1E9 bsAb, compromised the anticancer activity 
(figure 2I, p<0.05). Taken together, these data demon-
strate that the bsAb confers anticancer activity by a Fc- me-
diated mechanism that correlates with the capacity to 
drive surface clustering of CD73 and is dependent on 
both human monocytes and T cells, and independent of 
the inhibition of the enzymatic activity of CD73.

Targeting by the bsAb AD2x1E9 improves enzymatic inhibition 
of CD73
Next, we investigated the inhibitory capacity of each Ab in 
a highly sensitive enzymatic activity assay using MDA- MB- 
231 cells exhibiting high CD73 expression by measuring 
Abs potency (IC50) and efficacy (maximum inhibitory 
capacity).24 As shown in figure 3A, all CD73 Abs inhib-
ited the enzymatic activity of CD73 on intact cells in 
a concentration- dependent manner, but with highly 

Figure 3 bsAb AD2×1E9 displays enhanced potency and 
efficacy in terms of inhibiting the enzymatic activity of CD73. 
(A) Enzymatic activity of CD73 on intact cells (MDA- MB- 231) 
on incubation with serially diluted Ab solutions as measured 
by radiometry. Means±SEM from three to four independent 
experiments are shown. (B) Comparison of the enzymatic 
inhibition in panel (A) at 30 µg/mL. Mean±SD is shown. 
Statistical difference was determined by one- way ANOVA 
method followed by Sidak’s multiple comparison testing. (C) 
Enzymatic activity of CD73 using membrane preparations 
from MDA- MB- 231 cells on incubation with serially diluted 
Ab solutions as measured by radiometry. Mean±SEM 
from three to four independent experiments is shown. (D) 
Comparison of the enzymatic activity shown in panels (A) 
and (C) at concentrations that induced the largest effect, 
demonstrating similar activity of CD73 using intact cells and 
purified membranes. Mean±SD is shown. (E) Comparison 
of the enzymatic inhibition of recombinant soluble human 
CD73 on incubation with serially diluted Ab as measured by 
radiometry. Means±SEM from two independent experiments 
are shown. Statistical difference was determined by two- way 
ANOVA method followed by Sidak’s multiple comparison 
testing. *0.05>p≥0.01; **0.01>p≥0.001; ***0.001>p. Abs, 
antibodies; ANOVA, analysis of variance; bsAb, bispecific 
antibodies; NS non- significant.
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variable potency (tabulated in online supplemental table 
1). Although the MEDI9447 Ab displayed approximately 
50- fold higher potency compared with the 1E9 Ab (IC50 
of 1.7×10–2 and 8.7×10–1 µg/mL, respectively), their effi-
cacy was comparable under saturated concentrations, 
with approximately 50% residual enzymatic activity. The 
AD2, AD2xb12, and 1E9xb12 Abs all displayed both low 
efficacy and potency (figure 3A and online supplemental 
figure 6A). Importantly, the bsAb AD2×1E9 demonstrated 
increased potency compared with either of the AD2 and 
1E9 Abs alone and superior efficacy compared with the 
AD2, 1E9 and MEDI9447 Abs with only 20% residual 
enzymatic activity (figure 3A,B, p<0.05).

To distinguish between direct enzymatic blocking and 
sequestration by internalization, we repeated the anal-
ysis using isolated membranes from MDA- MB- 231 cells 
(figure 3C and online supplemental figure 6B). In line 
with previous data regarding soluble CD73,27 MEDI9447 
exhibited a ‘hook- effect’ with the highest efficacy at an 
Ab concentration of 1 µg/mL. Similar to cell- bound 
CD73, approximately 50% residual enzymatic activity was 
observed for the MEDI9447 Ab (figure 3A,C). The hook 
effect was not observed for either the AD2, 1E9 or the 
bsAb AD2×1E9, which inhibited the enzymatic activity 
in a concentration- dependent manner. It is noteworthy 
that the efficacies of AD2, 1E9 and bsAb AD2×1E9 were 
comparable to those observed at cell- bound CD73, indi-
cating that none of the Abs was dependent on internal-
izing CD73 for inhibiting its activity (figure 3D). Finally, 
we assessed the capacity of the Abs to inhibit the enzy-
matic activity of soluble human CD73. All anti- CD73 Abs 
displayed comparable and concentration- dependent 
enzymatic inhibition (figure 3E and online supplemental 
figure 6C). Taken together, these data demonstrate that 
the bsAb AD2×1E9 inhibit the enzymatic activity of cell- 
bound, membrane- bound and soluble CD73, and that it 
displays superior efficacy in terms of inhibiting the enzy-
matic activity of cell- bound CD73 compared with AD2, 
1E9 and MEDI9447.

The bsAb AD2x1E9 protects T cells from adenosine-mediated 
suppression
Next, we investigated whether the different efficacies 
would be reflected in their capacities to protect T cells 
against adenosine- mediated suppression of cytokine 
production, activation, and proliferation. To that end, 
we stimulated human T cells using anti- CD3/anti- CD28 
beads with and without AMP in the presence of the Ab 
panel (figure 4A). In line with its improved inhibitory 
activity, bsAb AD2×1E9 was significantly more effective 
at retaining IFNγ secretion compared with AD2, 1E9 and 
MEDI9447 (figure 4B, p<0.001). We then investigated 
whether T- cell proliferation could be preserved. None 
of the Abs induced T- cell activation (figure 4C, top row) 
or interfered with T- cell activation (figure 4C, middle 
row) on their own. As expected, activation and prolifer-
ation of T cells incubated with the control Ab b12 was 
largely compromised by AMP (figure 4C, left column). 

Remarkably, the bsAb AD2×1E9, but not MEDI9447, 
1E9 or AD2, completely protected the T cells as colony 
formation was retained (figure 4C). Similar results were 
obtained when blood from patients with cancer was used 
(online supplemental figure 7). To investigate this in 
a more quantitative manner, we labeled human T cells 
with carboxyfluorescein succinimidyl ester (CSFE) and 
assessed proliferation by flow cytometry. As depicted in 
figure 4D–F, the results were similar to those obtained by 
light microscopy. The rescuing effect was observed for 
both CD4 and CD8 T cells (figure 4D–F). Indeed, most T 
cells were found not to proliferate when incubated with 
MEDI9447, 1E9 or AD2, whereas the majority of those 
treated with the bsAb AD2×1E9 had undergone five divi-
sions or more (figure 4D–F). As expected, the capacity to 
alleviate adenosine- mediated T- cell suppression was lost 
in a concentration- dependent manner (figure 4G), which 
correlated with the Abs’ capacity to saturate CD73 binding 
(figure 1A) and enzymatic inhibition (figure 3A). Taken 
together, these data clearly demonstrate a benefit of 
targeting human CD73 with the bsAb AD2×1E9 to protect 
T- cell functionality.

bsAb AD2×1E9 therapy inhibits tumor growth
Neither the 1E9 nor the AD2 Ab bind mouse CD73, 
complicating evaluation of potential in vivo benefits 
relating to T cells.16 Since Fc- related activities were 
studied in figure 2, we designed a model in which the 
enzymatic activity of cancer- derived human CD73 could 
be studied in the presence of murine T cells. To this end, 
we created a mouse tumor cell line expressing human 
CD73. This was accomplished by generation of a chimeric 
CD73 gene construct in which the human CD73 gene was 
flanked by the mouse leader sequence and mouse GPI- 
signal sequence (figure 5A), which was delivered to target 
cells using lentiviral transduction. We chose the CT26.
CL25 model, as it is highly immunogenic and does not 
express murine CD73 in vitro (figure 5B). Expression 
and Ab recognition of the chimeric CD73 protein was 
confirmed by flow cytometry (figure 5C). Importantly, 
the enzymatic activity could both be inhibited (figure 5D) 
and internalized (figure 5E), resembling the effect 
observed when targeting human CD73 (figure 3) and 
as previously shown.16 On transplantation of these cells, 
both syngeneic Balb/c and NOG mice developed CT26.
CL25- hCD73 tumors, which were subsequently rejected 
in Balb/c, but not NOG mice. Furthermore, mice that 
rejected the tumor did not develop tumors on transplan-
tation of a second dose of tumor cells, strongly indicating 
an immune- mediated mechanism. Human CD73 is most 
likely the responsible antigen, as the parental CT26.CL25 
was not rejected in Balb/c mice (online supplemental 
figure 8). To establish a window in which cancer- reactive 
lymphocytes could be affected by anti- human CD73 Ab 
therapy, we transplanted CT26.CL25- hCD73 cells into 
Balb/c mice, allowed cancer rejection to occur, and 
adoptively transferred splenocytes to CT26.CL25- hCD73 
challenged NOG mice. These mice were randomized into 
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groups receiving various murine IgG2a Fc- silenced Abs 
(to specifically study the effect of targeting the enzymatic 
activity) (figure 5F). As expected, and in accordance 
with figures 3 and 4, bsAb AD2×1E9 therapy significantly 
prolonged survival (median survival of 14 days) compared 

with any of the parental therapies (median survival of 
7 days), which did not prolong survival compared with 
control therapy (figure 5G, p<0.05). To evaluate how long 
the beneficial effect could be maintained, we repeated 
the experiment and allowed tumors to reach maximum 

Figure 4 The bsAb AD2×1E9 effectively protects T cell functionality. (A) Schematic depiction of the experimental setup. (B) 
ELISA analysis of secreted IFNγ from T- cell supernatants on 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 representative of three independent experiments, performed in triplicate 
is shown. Statistical difference was determined by one- way ANOVA followed by Bonferoni’s multiple comparison testing. 
(C) Bright field images showing the extent of expansion of purified T cells exposed as in panel (B). The images show no/low 
proliferation rate (top row), high proliferation rate (middle row), and various proliferation rates (bottom row). Scale bar 500 µm. 
(D) Flow cytometry analysis showing division- induced dilution of carboxyfluorescein succinimidyl ester (CSFE)- labeled T cells 
on exposures as in panel (B). Both total T cells (in the presence and absence of AMP), and gated CD4- positive T cells and CD8- 
positive T cells (in the presence of AMP) are shown. (E, F) Bar chart showing the frequency of CSFE- labeled CD4- positive and 
CD8- positive T cells, respectively, within 0–7 divisions on exposures as in panels (B). (G) Flow cytometry analysis showing the 
frequency of divided CSFE- labeled T cells at various concentrations of Ab on activation and inhibition as in panel (A). (C–G) 
Representative of three independent experiments. **0.01>p≥0.001; ***0.001>p. Abs, antibodies; bsAbs, bispecific antibodies; 
ANOVA, analysis of variance; IFNγ, interferon gamma.
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Figure 5 Targeting CD73 with the bsAb AD2×1E9 inhibits tumor growth. (A) Schematic outline of the chimeric mouse/
human CD73 construct. Numbers indicate amino acid residues. Numbers in parentheses indicate their location in syngeneic 
species. (B, C) Flow cytometry analysis demonstrating lack of surface mouse CD73 on CT26.CL25 cells (B) and expression 
of human CD73 on CT26.CL25- hCD73 cells (C). Representative of two independent experiments is shown. (D) Enzymatic 
activity of chimeric CD73 on incubation with 10 µg/mL Ab as measured by the Malachite green assay, illustrating inhibitory 
activity of the bsAb AD2×1E9. A representative of three independent experiments performed in triplicates is shown. (E) Flow 
cytometry analysis illustrating removal of surface CD73 by the AD2 Ab on 3- hour incubation. (F) Schematic illustration of the 
ACT experiment workflow. (G) Female NOG mice were injected subcutaneously with 7×105 CT26.CL25- hCD73 cells. On day 
1, mice were injected intravenously with PBS or 2×107 splenocytes from female Balb/c CT26.CL25- hCD73 rejecting mice. On 
days 1 and 8, mice were treated with 200 µg Fc- silenced Ab or PBS intraperitoneally. Mean±SEM is shown. n=14 (AD2×1E9), 
n=7 (AD2), n=7 (1E9), n=7 (b12). (H) Mice were challenged as described in (G) and left untreated (n=7), treated with AD2×1E9 
as monotherapy (n=7), or with AD2×1E9 in combination with either 2×107 splenocytes from unvaccinated mice (n=6), 2×107 
splenocytes from vaccinated mice (n=6), or 5×106 T cells from vaccinated mice (n=4). All bsAb constructs were Fc- silenced. 
Statistical difference in survival was determined by log- rank (Mantel- Cox) test. *p<0.05; **0.01>p≥0.001; ***p<0.001. Abs, 
antibodies; bsAbs, bispecific antibodies; ACT, adoptive cell transfer.
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legal size. To demonstrate that the effect was due to 
the combined activity of the bsAb AD2×1E9 and tumor- 
reactive T cells, we compared groups receiving AD2×1E9 
as monotherapy, AD2×1E9 in combination with spleno-
cytes from naïve mice, or AD2×1E9 in combination with 
splenocytes or purified T cells from tumor- vaccinated 
mice. In accordance with online supplemental figure 
4, Fc- silenced AD2×1E9 exerted no detectable benefit 
as monotherapy in NOG mice (figure 5H). The addi-
tion of naïve splenocytes conferred a transient benefit, 
although all mice eventually succumbed to their tumor 
challenge (figure 5H, p<0.05). In contrast, combining 
Fc- silenced AD2×1E9 with splenocytes or T cells from 
vaccinated mice provided a prominent survival benefit, 
with approximately 50% presenting with complete tumor 
rejection (figure 5H, p<0.01). Indeed, tumor mass from 
mice treated with splenocytes or T cells from vaccinated 
mice in combination with the bsAb AD2×1E9 were signifi-
cantly smaller than controls at the end of the experiment 
(online supplemental figure S9). Taken together, these 
data demonstrate that targeting the enzymatic activity of 
CD73 with the bsAb AD2×1E9 greatly enhances the func-
tional activity of tumor- reactive T cells in vivo.

DISCUSSION
Multiple preclinical studies have revealed a detrimental 
effect of adenosine on anticancer immunity and hence 
the potential of inhibiting this effect by anti- CD73 Abs. 
This has led to the development of several anti- CD73 Abs 
that are currently undergoing clinical assessment. CD73 
has been shown to exert several distinct cancer- promoting 
functions, and simultaneous inhibition of these functions 
may increase the anticancer effect of CD73- targeted treat-
ment. In the current study, we demonstrate that unique 
desirable anticancer activities of specific anti- human 
CD73 Ab clones can be combined and potentiated when 
binding arms are joint in a biparatopic bsAb. Targeting by 
the bsAb greatly enhanced (1) enzymatic inhibition, (2) 
surface removal of CD73, and (3) stimulation of Fc- en-
gaging effector functions. These combined mechanisms 
of action translate into desirable anticancer activities 
both in vitro and in vivo.

At least three anti- CD73 Abs (MEDI9447, CPI- 006, and 
BMS986179) are currently undergoing clinical assessment 
in phase I and II clinical trials ( ClinicalTrial. gov iden-
tifier: NCT03267589, NCT03454451, NCT02754141). 
We demonstrated that bsAb AD2×1E9 more effectively 
inhibits the enzymatic activity of human CD73 compared 
with MEDI9447. In accordance with our data, others 
have recently described suboptimal in vitro activity of 
the MEDI9447 Ab in terms of inhibiting the enzymatic 
activity.30 In that study, it was further shown that the 
novel- CD73 Ab IPH5301 was superior to MEDI9447 at 
inhibiting the enzymatic activity, but displayed compa-
rable efficacy in rescuing T- cell proliferation from 
AMP- mediated suppression. In contrast, we found a 
markedly improved effect of bsAb AD2×1E9 compared 

with MEDI9447 in terms of inhibiting the enzymatic 
activity, rescuing T- cell proliferation, and restoring cyto-
kine production. Relatively little information has been 
reported regarding the CD73 targeting Abs CPI- 00631 and 
BMS986179.32 CPI- 006 was reported to completely block 
enzymatic activity of CD73 when analyzed by the Mala-
chite green assay.31 Although promising, the low sensi-
tivity of such assays warrant caution in interpretation. 
Accordingly, in our hands, 1E9 displayed <5% residual 
activity using the Malachite green assay, but approximately 
50% when measured by the radiometric assay. Further-
more, T- cell proliferation and IFNγ production was only 
partially restored by CPI- 006, whereas bsAb AD2×1E9 
completely restored both while displaying approximately 
20% residual enzymatic activity. BMS986179 presumably 
induces near- complete internalization of CD73.32 In our 
hands, a fraction of CD73 appeared to be refractory to 
internalization. Interestingly, a comparable fraction was 
reported to be resistant to phosphatidyl- specific phospho-
lipase C- mediated GPI cleavage.33–36 Whether the capacity 
to completely internalize CD73 is indeed a unique and 
distinctive characteristic of BMS986179, or whether this 
Ab targets the same epitope as AD2, warrant further 
investigations.

From a mechanistic point of view, CD73 undergoes 
extensive domain movements during binding of its 
substrate AMP followed by hydrolysis,29 and enzymatic 
inhibitory Abs have been reported to limit such move-
ments.27 30 Considering the equal affinity, but dramatic 
increase in enzymatic inhibition of the bsAb compared 
with the parental Abs, it is unlikely that the bsAb func-
tions as a competitive antagonist. Instead, we propose that 
the increased Ab deposition by bsAb AD2×1E9 further 
enforces spatial rigidity accounting for the increased 
enzymatic inhibition compared with the parental Abs. 
This provides a plausible explanation for the decreased 
binding sensitivity in the presence of the competitive 
antagonist, the nucleotide analog APCP. The proposed 
model of enforced rigidity as a consequence of bipara-
topic targeting immediately suggests that other flexible 
Ab targets may benefit from similar approaches.

CD73 expression is increased in several types of cancer 
compared with non- malignant tissue,1 and Ab- mediated 
internalization represents an attractive mechanism for 
normalizing the level of overexpressed antigens.37 Bipara-
topic targeting has been reported to decrease surface 
expression of several receptors, including epidermal 
growth factor receptor (EGFR), erythroblastic onco-
gene b (ErbB- 2),38 and mesenchymal- epithelial transi-
tion factor (MET).39 In line with these reports, we found 
an increased internalization rate and prolonged reduc-
tion of CD73 surface expression when targeted by the 
bsAb AD2×1E9. Efficient internalization of CD73 not 
only precludes enzymatic activity but also potential non- 
enzymatic cancer- promoting activities.

Human CD73 has been reported to confer resistance 
toward TRAIL- induced apoptosis40 and to mediate adhe-
sion and migration along the metastatic niche component 
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Tenascin C in vitro.41 42 Although the relevance of these 
interactions has not yet been determined in vivo, we envi-
sion that inhibition of such mechanisms may result in 
increased anticancer activity.

In addition to inhibiting the enzymatic activity and 
limiting CD73 surface expression, the cluster inducing 
Abs (ie, Abs containing an AD2- derived Fab arm) were 
particularly effective at stimulating PBMC- mediated 
cancer cell killing, which translated into metastasis control 
in mice humanized by injection of PBMCs. We hypothe-
size that the selectively enhanced activity of the cluster- 
inducing Abs occurs (at least in part) because of massive 
aggregation of Fc fragments, leading to maturation and 
activation of Fc receptor expressing effector cells. Indeed, 
aggregated Fc fragments are known to stimulate oligom-
erization of Fc receptors, which is required for proper 
signal transduction.43 In accordance with our data, Fc 
receptor- mediated signaling in myeloid cells does not 
linearly depend on target expression, but is largely orga-
nized as an all or none response on reaching an activa-
tion threshold.44 On activation, monocytes/macrophages 
likely phagocytose opsonized cancer cells but require T 
cell help to destroy phagocytosed content. Despite the 
ability to engage human effector cells, the ubiquitous 
expression of CD73 on non- cancerous tissue calls into 
question the safety of Fc- receptor engagement. Encour-
agingly, the rat- anti- mouse Ab TY23 (IgG2a) has been 
extensively studied in mice with no indication of toxici-
ties.4–6 10 12 13 15 45 Additionally, several CD73- targeting Abs 
recently demonstrated enhanced in vivo activity when 
targeting both the enzymatic activity and facilitating Fc 
receptor engagement.12 13 Thus, to the extent to which 
murine models recapitulate human biology, targeting 
CD73 with Fc- engaging Abs appears to be safe and partly 
responsible for the antitumor activity.

Evaluating the in vivo antitumor efficacy of non- 
cross species immune- modulatory reactive Abs remains 
a major challenge in cancer research. To accomplish 
this, we designed an adoptive cell transfer model using 
murine cancer cells expressing a chimeric mouse/human 
CD73 construct. Since only cancer cells can express the 
chimeric CD73 construct, only cancer- derived adenosine 
can be inhibited in our model. Nevertheless, it remains 
well established that both tumor10 and host cells4 5 12 14 46 47 
expressing CD73 contribute to immunosuppression. The 
host- derived contribution can be substantial, as evidenced 
by significant benefit of targeting CD73 with APCP in wild 
type mice, but not in CD73-/- mice.4 47 Since the poten-
tial benefit of targeting host CD73 is omitted from our 
model, the observed benefit is likely to greatly underesti-
mate the potential of the bsAb AD2×1E9.

Taken together, we conclude that the bsAb AD2×1E9 
exerts effective blockade of enzymatic cancer- promoting 
functions of CD73, effectively sequestering CD73 from 
potential interaction partners through internalization, 
while potently stimulating Fc receptor engagement. The 
multiple mechanisms of action and high activity demon-
strate that our approach bears promise for therapeutic 

intervention of CD73- mediated immune dampening in 
cancer.
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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, 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2022-004554:e004554. 10 2022;J Immunother Cancer, et al. Gammelgaard OL



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 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2022-004554:e004554. 10 2022;J Immunother Cancer, et al. Gammelgaard OL



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. 
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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 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2022-004554:e004554. 10 2022;J Immunother Cancer, et al. Gammelgaard OL



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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