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ABSTRACT
CD73 (ecto-50-nucleotidase) has recently been established as a promising immuno-oncology target. Given
its role in activating purinergic signaling pathways to elicit immune suppression, antagonizing CD73 (i.e.,
releasing the brake) offers a complimentary pathway to inducing anti-tumor immune responses. Here, we
describe the mechanistic activity of a new clinical therapeutic, MEDI9447, a human monoclonal antibody
that non-competitively inhibits CD73 activity. Epitope mapping, structural, and mechanistic studies
revealed that MEDI9447 antagonizes CD73 through dual mechanisms of inter-CD73 dimer crosslinking
and/or steric blocking that prevent CD73 from adopting a catalytically active conformation. To our
knowledge, this is the first report of an antibody that inhibits an enzyme’s function through 2 distinct
modes of action. These results provide a finely mapped epitope that can be targeted for selective, potent,
and non-competitive inhibition of CD73, as well as establish a strategy for inhibiting enzymes that
function in both membrane-bound and soluble states.

Abbreviatons:mAb, monoclonal antibody; kDa, kilodalton; APCP, adenosine 50-(a,b-methylene) diphosphate;
sCD73, soluble CD73; HDX, hydrogen deuterium exchange; aa, amino acid; CDR, complementarity-determining
region; Fab, fragment antigen binding; Fv, variable fragment; VH, heavy chain variable domain; VL, light chain vari-
able domain; xFd, antibody Fd antibody; pFab, polyclonal Fab; BLI, biolayer interferometry; SEC-MALS, size-exclusion
chromatography multi-angle light scattering
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Introduction

CD73 is a highly conserved ecto-nucleotidase that catalyzes the
dephosphorylation of a subset of 50 nucleotides.1 Its primary
substrate is 50AMP, making it the predominant enzyme to pro-
duce extracellular adenosine.1,2 In recent years, studies have
revealed CD73 plays a significant role in promoting cancer pro-
gression by upregulating adenosine signaling, a well-established
mechanism of inhibiting immunosurveillance against tumor
cells.3-5 Adenosine signaling through A2a receptors on CD4C

and CD8C T lymphocytes and natural killer cells leads to the
suppression of effector functions.6,7 Furthermore, it has been
shown that binding of adenosine to A2a and A2b receptors can
downregulate macrophage phagocytosis, inhibit proinflamma-
tory cytokine release, upregulate pro-angiogenic factors, and
yield aberrantly differentiated dendritic cells producing pro-
tumorigenic molecules.8-11 Moreover, many cancer cells over-
express CD73, which exacerbates immune suppression in the
tumor microenvironment.12,13 These studies, among others,
highlight the therapeutic potential of blocking CD73 hydrolysis
of AMP as a means to de-repress anti-tumor immune activity.
Indeed, inhibiting CD73 function in vivo has been shown to
inhibit tumor growth, metastasis, and neoangiogenesis.14–18

CD73 exists as a homodimer bound to the outer leaflet of
the plasma membrane via a glycophosphatidylinositol (GPI)
anchor, although it can be shed to yield a soluble form that is
also hydrolytically active.19,20 Each~65 kgdalton (kDa) mono-
mer is composed of glycosylated N- and C-terminal domains
joined by a highly flexible a helical linker.21 In vitro structure-
function studies demonstrated that the hydrolysis of AMP by
CD73 requires that the enzyme cycle through open and closed
conformational states.21-23 This structural transition involves
an extensive rotation of the N-terminal domain, described as a
“ball-and-socket” motion, in order to form the catalytically
active, closed conformer.21,24 Published structural data have
facilitated the selection and design of small molecule chemical
inhibitors of CD73, which include both naturally occurring and
synthetic compounds such as nucleotide di- or triphosphates,
alkaloids, and sulfa drugs.2,25-28 Many of these, including the
non-hydrolyzable ADP analog adenosine 50-(a,b-methylene)
diphosphate (APCP), are competitive inhibitors that resemble
the structure of AMP.26 Others act indirectly to modulate
CD73 function or have unknown mechanisms.29 Although it
should be possible to develop small molecules targeting CD73
as therapeutics, to date none have progressed to clinical studies,
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possibly because of cytotoxicity, off-target effects, lack of selec-
tivity or other undesirable pharmacological properties that will
need to be addressed in future drug design.30

Monoclonal antibodies (mAbs) represent an attractive alter-
native to small molecules for inhibiting CD73. Several studies
have demonstrated the efficacy of mAbs in antagonizing CD73
function as a means to inhibit tumor growth.14,31-34 While the
specific effects of these antibodies on CD73 vary, presumably
due to differences in the mAb interaction sites with CD73, they
can induce enzyme internalization, shedding, or inhibit AMP
hydrolysis.20,31-33 We previously described anti-CD73 antibod-
ies isolated from phenotypic screens that both induce CD73
internalization and enzyme inhibition, and demonstrated one
of these mAbs inhibits xenograft tumor growth, likely through
these mechanisms.32,35

Currently, there is a need for selective and potent inhibitors
of CD73 that can be developed for clinical application. In this
study, we describe MEDI9447, a human, high-affinity antago-
nistic antibody that inhibits CD73 hydrolysis of AMP. In vivo,
MEDI9447 reduces adenosine-mediated suppression of
immune effector cells and inhibits tumor growth (Hay et al
unpublished data).36 Using hydrogen-deuterium exchange
mass spectrometry and mutagenesis strategies, we defined the
epitope of MEDI9447 and examined the potential effects of
antibody binding on the global CD73 structure. The antibody
binds to a site in the N-terminal domain of CD73, which results
in non-competitive inhibition of AMP hydrolysis. Remarkably,
the epitope is positioned such that antibody binding impedes
the conversion of both membrane-associated and soluble CD73
from the open conformer to the catalytically active, closed state.
This unique mode of action is conferred through 2 different
mechanisms mediated by the valency of the antibody interac-
tion with CD73 in its soluble or membrane-bound state.

Results

Inhibition of CD73 enzyme activity by MEDI9447

MEDI9447 was discovered and optimized for CD73 binding
and neutralization using established phage display methodol-
ogy. To characterize the inhibitory activity of MEDI9447 IgG,
we examined the kinetics of soluble CD73 (sCD73) AMP

hydrolysis in the presence of either MEDI9447 or the non-
hydrolyzable CD73 inhibitor, APCP using the Malachite Green
assay. MEDI9447 non-competitively inhibited sCD73, as was
evidenced by decreased Vmax (4.6 § 0 . vs 1.2 § 0 .0 mM P04/
min) and constant Km (Fig. 1A). In contrast, the competitive
inhibitor of CD73 APCP did not decrease Vmax (3.4 § 0 .0 vs
3.50§0 .1 mM P04/min) but increased the Km (75.9 § 3 .4 vs
26.0§3 .9 mM), data in agreement with previous findings
(Fig. 1B).37 These results show that MEDI9447 does not pre-
vent the binding of the AMP substrate, yet blocks the ability of
sCD73 to hydrolyze AMP.

MEDI9447 epitope and paratope mapping

The non-competitive activity of MEDI9447 suggests an alloste-
ric mechanism whereby the mAb binding induces a structural
change in CD73 that prevents AMP hydrolysis without affect-
ing substrate binding. Hydrogen deuterium exchange (HDX)
mass spectrometry has proven to be a powerful tool to map
sites of protein-protein interaction and to characterize protein
structure and conformational dynamics.38-40 In order to iden-
tify the binding interface of MEDI9447 and CD73, and to test
whether MEDI9447 binding affects the conformation of CD73,
we performed HDX analysis of MEDI9447 antigen-binding
fragment (Fab) and sCD73 either alone or in complex. HDX
data were measured from 139 peptides, covering 97.5% of the
CD73 protein (standard deviation of §0 .6 daltons for each
exchange time point; §1 .6 daltons for sum of all 7 time
points). Comparing the kinetics of exchange between free and
complexed CD73 revealed 2 regions located within the N-ter-
minal domain of sCD73 (amino acids (aa) 132–143 and 182–
187) that exhibit decreased deuterium uptake when bound to
MEDI9447 Fab (Fig. 2 and Fig. S1A,B). Region 132–143
showed an~6% decrease in uptake at the shortest exposure time
point, but negligible difference at the longest time point (<0
.5%). In contrast, the degree of differential uptake of deuterium
in region 182–187 increased with exposure time (~3.5% differ-
ence at 30 second time point versus~10.8% at 2 hours). These
results suggest that, of the 2 regions, 182–187 may be the pri-
mary site for antibody interaction. (Fig. 2). Analysis of the
MEDI9447 Fab showed the complementary-determining
regions (CDRs) 1 and 3 of the heavy chain, and CDR1 and

Figure 1. MEDI9447 is a non-competitive inhibitor of CD73 hydrolysis of AMP. (A) The enzyme kinetics of CD73 phosphohydrolysis of AMP were measured in the presence
of MEDI9447 or an isotype-matched control mAb using the Malachite Green assay. Increasing AMP substrate concentration does not prevent inhibition of hydrolysis by
MEDI9447, indicating the mAb acts as a non-competitive inhibitor. (B) In contrast, the inhibitory activity of APCP can be overcome by increasing the concentration of sub-
strate to outcompete APCP for binding the active site. Error bars represent standard deviation (SD) from triplicate measurements.
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CDR2 of the light chain displayed the greatest decrease in
exchange when in complex with CD73, suggesting that these
regions are the primary constituents of the paratope (Fig. S1C,
D). Although CD73 aa 132–143 and 182–187 are discontinuous
in the amino acid sequence, they are spatially adjacent when
mapped onto the folded structure of CD73 (Fig. 2) and are
within the N-terminal catalytic domain of the enzyme. Differ-
ences in hydrogen exchange were observed at other regions
within CD73; however, the majority of mass changes, including
those of peptides containing known substrate-binding and
active site residues, were not statistically significant (Fig. S1E).
These results suggest that MEDI9447 binds to a discontinuous
epitope on CD73, and that binding does not alter the confor-
mation of the catalytic domain.

To validate and further refine the interface defined by HDX,
we performed epitope mapping using a domain-swapping
mutagenesis approach that we have previously described.41,42

As a domain-swapping template, we used the Gallus gallus
(chicken) homolog of CD73, which shares~65% sequence iden-
tity with mature human CD73 but is not recognized by
MEDI9447 (Fig. S2). Binding analysis of MEDI9447 to chime-
ric human-chicken CD73 protein constructs was performed in
order to identify those regions required for interaction.
Exchanging the protein regions at aa 132–143 and 182–187
between chicken and human CD73 decreased, but did not abol-
ish binding (Table S1). This finding indicates that additional
residues outside the HDX-identified interface compose the
epitope.

To fully define the MEDI9447 binding site, we generated
chimeric CD73 constructs with swapped sequences spanning
the entire length of the protein, as well as point and combinato-
rial mutations (Table S1). Measuring MEDI9447 binding to this
panel of human CD73 protein knock-out variants revealed that

V144, K180, and N185 are the primary epitope residues, with
N185 being the most critical (Fig. 3). Mutating K180A and
V144K together results in a further reduction in binding,
whereas combining the N185G mutation with either K180A or
V144K ablates binding (Figs. 3E-G). In addition to K180, we
found Y135, K136, and N187, 3 residues conserved in human
and chicken CD73, contribute to MEDI9447 binding, but to a
lesser extent (Fig. 4A and Supplementary Table 1). Interest-
ingly, all 4 amino acids were contained in the HDX defined epi-
tope, and conservation between chicken and human CD73
would not point to these residues as being critical for binding.
However, the effect of these latter 3 residues was revealed by
mutating them to alanine in the context of a domain-swapped
background; as exclusive point mutations they have minimal or
no measurable effect on affinity (Supplementary Table 1). To
confirm V144, K180, and N185 are critical constituents of the
epitope, we knocked in V144 and N185 to the corresponding
positions in chicken CD73. Encoding only these 3 residues con-
ferred MEDI9447 binding at sub-nanomolar affinity (KD D 79
pM) (Fig. 4B) within fold10- of the mAb affinity to wild type
human CD73, demonstrating that binding is primarily medi-
ated by these 3 amino acid positions. Although these findings
show that the HDX analysis identified the general location of
the binding interface, 2 of the 3 critical epitope residues (V140
and K180) were not contained within peptides that exhibited
differential hydrogen exchange (Fig. 4A and Fig. S1A,B).

Overlaying the identified epitope onto the structure of CD73
shows that the binding site is located at the apical, lateral sur-
face of CD73 in the open conformation (Fig. 4C). Residue
N185 is positioned near the N-terminal domain apex in a loop
region extending outward from helix G, which also contains
the critical residue K180 (Fig. 4C). The conserved residues
Y135 and K136 are located on b-strand 6 adjacent to K180,

Figure 2. HDX heat map depicting those regions of CD73 (PDB code 4h2f) that undergo differential deuterium uptake when bound to MEDI9447. Relative exchange
between antibody-bound and unbound CD73 is depicted as a function of deuterium exposure time with decreased exchange in magenta, increased exchange in blue,
and no change in white. The N-terminal region at positions 132–143 exhibits the greatest decrease in exchange at the shortest exchange time point (left image, 30 sec)
whereas region 182–187 exhibits the highest degree of differential exchange at the longest time point (right image, 120 min). Regions colored in light brown correspond
to residues not detected in the mass spectrometry analysis (2.5% of total sequence). The orientation is such that the N-terminus is at the top and C-terminus is at the bot-
tom of the structure. Color scale bar represents relative % change in deuterium uptake by CD73 in MEDI9447-bound vs. unbound states.
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while V144 is positioned within b-strand 7, proximal to N187
(Fig. 4C). Within the context of the CD73 monomer, the epi-
tope is both on the opposing face and spatially distant from the
substrate binding site (Fig. 4C). Additionally, the binding site
does not encompass any active site residues, including those
that coordinate interaction with Zn2C co-factor (Fig. 4C). Thus,
the position of the epitope is consistent with the observation
that MEDI9447 does not compete for AMP binding; however,
it is not apparent how the mAb inhibits CD73 enzymatic
activity.

MEDI9447 prevents the conformational transition of CD73
to the active state

Previous structural studies of CD73 demonstrated that the
enzymatic activity of CD73 requires a transition between an
open and closed conformation states that occurs through
extensive N-terminal domain rotation.23 Based on the location
of the epitope, we hypothesized that each Fab arm of
MEDI9447 IgG engages with separate CD73 N-terminal
domains to potentially form a bridge between adjacent mem-
brane-bound or soluble CD73 molecules, and restricts the tran-
sition of the enzyme from the inactive, open state, to the
catalytically active, closed state. In this proposed model, both
Fab arms of the IgG must interact with CD73. To test the

requirement of engaging each Fab arm, we measured inhibition
of sCD73 as a function of increasing concentrations of
MEDI9447 in either an IgG or Fab format. MEDI9447 IgG
inhibited sCD73 activity in a dose-dependent manner, with
maximal inhibition achieved at a molar ratio of~1:1 between the
IgG and sCD73 dimer. However, when IgG was in stoichiomet-
ric excess relative to sCD73, a loss of inhibition was observed
(Fig. 5A). This so-called “hook effect” has been observed in
other immunoassays and can result from monovalent antibody
binding driven by Fab arms on the same IgG molecule compet-
ing for limiting binding sites on the target antigen.43 Consistent
with this observation, MEDI9447 Fab did not inhibit sCD73
activity (Fig. 5A). Together these results indicate that a bivalent
interaction of MEDI9447 is required to inhibit sCD73 function.

To examine whether MEDI9447 IgG inhibits CD73 con-
formational transition, we employed an anti-CD73 mAb,
mAb A, as a reporter of CD73 conformation. Mapping the
binding interface of mAb A with CD73 revealed an epitope
distinct from MEDI9447 that interacts with both the N-
and C-terminal domains (Fig. S3A-D). Considering the
location of the mAb A binding region, we postulated that
the epitope would be present in the CD73 open conformer,
but disrupted in the closed conformer (Fig. S3B). To con-
firm this, we measured binding of mAb A to open, sub-
strate-free, sCD73 and closed sCD73 (Fig. 5B). To induce

Figure 3. The MEDI9447 epitope resides within the N-terminal domain of CD73. Wild-type (A) and knock-out mutant CD73 proteins (B-F) were immobilized via their His6

tag on a HTG sensor chip and then binding of MEDI9447 dilutions (5 nM to 0.3 nM, except for (E) at 20 nM to 1.25 nM) was measured by SPR. The mutations V144K (B),
K180A (C), N185G (D), and V144KCK180A (E), all reduce MEDI9447 binding. Combining N185G together with either V144K (F) or K180 (data not shown) abolishes binding.
(G) SPR kinetics of MEDI9447 binding to wild-type and mutant CD73 proteins. �2:1 fit (see Methods).
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the closed conformation, we pre-incubated sCD73 with
Zn2C and APCP, the co-factor and the non-hydrolyzable
substrate previously used to generate the crystal structure of
the closed conformer of human CD73.21 Analysis using
biolayer interferometry (BLI) demonstrated mAb A binds to
the open, inactive sCD73; however, binding is abolished
when CD73 is pre-incubated with Zn2C and APCP to
induce the closed conformer (Fig. 5B). This finding is con-
sistent with the mAb A epitope being present in only the
open structure of CD73. In contrast, MEDI9447 binding
was not sensitive to the state of CD73, indicating that it
can bind to either substrate-free or bound CD73 (Fig. 5B).
Having established that mAb A binding reports on the con-
formational state of CD73, we investigated what effect
MEDI9447 may have on the Zn2C/APCP-induced structural
transition of CD73 to the active state. mAb A bound to
sCD73 that was pre-incubated with MEDI9447, confirming
that the 2 antibodies bind to distinct epitopes (Fig. 5C).
Notably, when the sCD73-MEDI9447 pre-complex was sub-
sequently incubated with Zn2C and APCP, binding by mAb
A was maintained (Fig. 5C), suggesting CD73 was in the
open state, even in the presence of substrate and cofactor.
In contrast, a control IgG and MEDI9447 Fab did not
restore mAb A binding when pre-complexed with sCD73
prior to Zn2C and APCP addition (Fig. S4). These results
support the hypothesis that bivalent MEDI9447 binding
prevents the transition of sCD73 from the open state to the
fully closed, hydrolytically active conformation (Fig. 5D).

Formation of inter-dimer bridged complexes of CD73 with
MEDI9447

The observed inhibitory activity of MEDI9447 could occur
either through bridging of N-terminal domains belonging to
separate CD73 dimers (inter-dimer bridge) or a single CD73
dimer (intra-dimer bridge). To discriminate between these sce-
narios, we characterized the size of the complexes formed in
solution. Based on the measured mass of unbound MEDI9447
and sCD73 (~145 and~125 kDa, respectively), the predicted size
of an intra-dimer bridged 1:1 complex of antibody to sCD73
would be~270 kD (Fig. S5A). We employed size-exclusion chro-
matography - multi-angle light scattering (SEC-MALS) to pre-
dict the molecular mass shift of the MEDI9447 complexed with
sCD73. When MEDI9447 and sCD73 were incubated at a 1:1
molar ratio, 2 complexes were formed. The predominant spe-
cies had a weight average molar mass (Mw) of~1.74 megadal-
tons and the less abundant species had a Mw of ~0.66
megadaltons (Fig. 6A). The Mw of the largest complex is con-
sistent with an oligomer containing 7 CD73 dimers and 6 IgGs
(7 £ 125 kDa C 6 £ 150 kDa D 1.745 megadaltons). When
MEDI9447 is in limiting concentrations (0.5:1, 0.1:1 mAb:anti-
gen), complexes of comparable Mw are formed, but the relative
difference in abundance of each species is less pronounced
(Fig. 6A). To determine whether oligomer formation is a com-
mon effect of any mAb targeting the N-terminal domain of
CD73, we characterized complexes formed with a different
anti-CD73 antibody, mAb B. mAb B binds to a region within

Figure 4. The MEDI9447 epitope is positioned at the apex of the N-terminal domain. (A) Evaluation of MEDI9447 binding to a panel of CD73 knockout and knock-in var-
iants (see Fig. S2 and Supplementary Table 1) revealed 6 residues that constitute the interaction site. Two of the 3 most impactful residues (magenta) are located outside
the HDX interface regions (gray). Three less crucial residues (pink) are located within the HDX interface. (AA, amino acid). (B) Knocking in N185 and V144 (K180 is con-
served) to a CD73 construct encoding chicken N- and C-terminal domain sequence confers binding to within fold20- the KD for wild-type human CD73 (MEDI9447 dilu-
tions from 5 nM to 0.3 nM; compare to Fig. 2A). (C) Crystal structure of the open conformation of CD73 showing the position of the epitope at the apical, lateral surface
of the N-terminal domain. The CD73 N-terminal domain, linker region, and C-terminal domain are depicted in yellow, orange, and blue, respectively. Residues mediating
binding are colored as in (A) and shown in blowout, top view. The location of the MEDI9447 epitope is distant from the substrate binding site (adenosine depicted in
spheres, C-terminal domain) and the zinc ion coordination site (side chains in cyan, N-terminal domain).
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the N-terminal domain of CD73 that, in contrast to MEDI9447,
is proximal to the groove formed between the CD73 monomers
(Fig. 6B and Fig. S5B,C). Unlike MEDI9447, mAb B forms
complexes of~270–295 kDa, a Mw close to that predicted for a
1:1 interaction (Fig. 6C). Since CD73 is found both as soluble
and membrane-bound forms, we investigated whether
MEDI9447 can bridge native, endogenous CD73 dimers
anchored to the cell surface. Using western blot analysis, we
compared the size of complexes formed when CD73-expressing
cells were incubated with either MEDI9447 or control antibod-
ies. MEDI9447 IgG, but not Fab, mAb B, nor a control IgG,
formed oligomeric complexes when bound to cell-surface
CD73 (Fig. S5D). Collectively, these findings indicate that
MEDI9447 forms inter-dimer bridges between multiple CD73
dimers, and the generation of these oligomers is conferred by
the epitope.

MEDI9447 inhibits anchored CD73 via monovalent
interaction

Although CD73 is shed from the cell surface in vivo and retains
enzymatic activity in its soluble form, the majority of native
CD73 exists in a GPI-anchored format.44,45 In our preceding
studies we found that MEDI9447 IgG, but not Fab, inhibits
sCD73. To interrogate whether MEDI9447 also inhibits the

activity of immobilized CD73, we used a defined assay system
whereby recombinant sCD73 is captured via a C-terminal 6
histidine tag to confer a spatial orientation resembling that of
GPI-anchored CD73. Similar to our previous results,
MEDI9447 IgG inhibited AMP hydrolysis in a dose-dependent
manner (Fig. 7A). However, when the antibody was in molar
excess relative to CD73 dimer, no loss of inhibition, or hook
effect, was observed (Fig. 7A and Fig. S6). Unexpectedly,
MEDI9447 Fab also inhibited CD73 activity with similar
potency but a lower maximal inhibition compared to
MEDI9447 IgG (Fig. 7A and Fig. S6). These results indicate
that, unlike soluble CD73, immobilized CD73 can be inhibited
via monovalent interaction with MEDI9447. The difference in
inhibition between the IgG and Fab suggested that the size of
the antibody molecule may dictate the level of enzyme inhibi-
tion. To investigate this, we pre-incubated MEDI9447 Fab with
an anti-Fd antibody (xFd) under conditions such that one Fab
arm of the xFd antibody is bound to a MEDI9447 Fab and the
other arm is bound to a non-specific, polyclonal Fab (pFab)
(Fig. 7B). Formation of this complex effectively increases the
size of MEDI9447 Fab while maintaining monovalent binding
to CD73. This xFd-captured Fab inhibited immobilized CD73
activity to an equivalent degree as MEDI9447 IgG (Fig. 7A). To
extend this observation to native, GPI-anchored CD73, we
measured antibody inhibition of endogenously expressed CD73

Figure 5. MEDI9447 inhibits the transition of sCD73 to the conformationally active structure. (A) Dose response of MEDI9447 IgG, Fab, or control IgG on the inhibition of
sCD73 hydrolysis of AMP as measured using the CellTiterGlo assay. MEDI9447 IgG reaches maximal inhibition at a 1:1 molar stoichiometry with CD73 dimer (arrow). At
high concentrations, where MEDI9447 IgG is in excess(>10 nM), a loss of inhibition or “hook effect” is observed. MEDI9447 Fab and control IgG do not inhibit sCD73. Assay
was performed using the CellTiterGlo assay as described in Methods (RLU, relative light units). (B) Wild type CD73 was immobilized on a HIS2 biosensor and binding of
MEDI9447 (blue sensorgram) and anti-CD73 mAb A (brown sensorgram) was measured by BLI. CD73 pre-incubated with Zn2C and APCP retains binding to MEDI9447
(black sensorgram) but mAb A binding is lost (orange sensorgram). (C) Although Zn2C and APCP pre-incubation with CD73 cause a loss in mAb A binding (orange sensor-
gram), pre-incubation with MEDI9447 before addition of Zn2C and APCP restores binding (black sensorgram). Binding of mAb A to CD73 alone, CD73 pre-incubated with
MEDI9447 (but not Zn2C and APCP), and MEDI9447 is shown in the brown, blue, and purple sensorgrams, respectively. (D) Cartoon model depicting how MEDI9447 (not
depicted) may prevent CD73 from adopting the fully closed, active conformation induced by Zn2C and APCP; mAb A (red) only binds to CD73 in the open and “intermedi-
ate” conformation. Error bars (A), and dots (B,C) represent SD.
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in the human epithelial breast cancer cell line, MDA-MB-231.46

Similar to immobilized recombinant CD73, GPI-anchored
CD73 was inhibited robustly by MEDI9447 IgG, modestly by
MEDI9447 Fab, and pre-binding Fab to the xFd antibody
increased maximal inhibition to a level equivalent to IgG
(Fig. 7C). Lastly, we tested inhibition of non-immobilized
sCD73 by MEDI9447 Fab bound to either one or both arms of
the xFd antibody. Unlike cell-surface CD73, sCD73 was not
inhibited by MEDI9447 Fab bound to a single xFd arm
(Fig. 7D). However, conferring bivalency by binding
MEDI9447 Fab to both xFd arms resulted in sCD73 inhibition
comparable with MEDI9447 IgG (Figs. 7B, D). These findings
show that surface-anchored CD73 can be inhibited by monova-
lent antibody binding and that efficacy is mediated by the size
of the antibody. This is in direct contrast to soluble CD73,
which is only inhibited by MEDI9447 through bivalent
interaction.

Docking of MEDI9447 to CD73

Bridging separate CD73 dimers by MEDI9447 would require
each bound Fab arm to be oriented outward from the dimer
interface to permit the opposing Fab arm to extend and bind to
the neighboring CD73 dimer. This bridging configuration is
most feasible if the antibody heavy chain variable domain (VH)
and light chain variable domain (VL) interact with the lateral
and medial edges of the CD73 N-terminal domain, respectively
(Fig. 8A). To investigate the potential geometry of bound

MEDI9447, we first built a homology model of the MEDI9447
variable fragment (Fv) and then used the model to perform
computational protein-protein docking analysis to the human
CD73 crystal structure. Cluster analysis of 70,000 pose rota-
tions revealed several pose clusters with MEDI9447 binding to
the epitope surface in orientations consistent with CD73 bridg-
ing (Figs. 8B, C). The VH CDRs are positioned at the lateral
edge of CD73, though the projection angle of the Fv varies
depending on the particular cluster pose (Fig. 8B vs C). Thus,
although a co-crystal structure is necessary for absolute deter-
mination of the binding mode, in silico docking analysis pre-
dicts multiple binding configurations that are consistent with
inter-dimer bridging.

Discussion

In this study, we report the epitope and mechanism of action of
MEDI9447, a therapeutic mAb that inhibits the enzymatic
activity of CD73. Our results reveal a binding site within the
CD73 N-terminal domain that enables inhibition through 2
distinct, conformation-mediated mechanisms. Importantly,
this feature confers MEDI9447 the ability to block both soluble
and cell surface anchored CD73 in a non-competitive manner.

An ideal therapeutic molecule targeting CD73 would be spe-
cific in its neutralizing action to avoid affecting the substrate
interaction of structurally related nucleotidases or nucleotide/
side binding proteins. In this regard, selective inhibitors that
act allosterically or through other non-competitive mechanisms

Figure 6. MEDI9447 forms inter-dimer bridges between soluble CD73 molecules. CD73 was incubated with varying amounts of MEDI9447 or anti-CD73 mAb B and ana-
lyzed by SEC-MALS. Shown in (A,B) are SEC UV chromatograms with protein retention time on the x-axis and molar mass distributions determined by MALS indicated
across the elution profiles with the corresponding mass on the y-axis. (A) At a 1:1 molar ratio (blue trace), MEDI9447 forms complexes with CD73 of »1.7 (̂) and »0.66
(C) megadaltons. Comparably sized complexes are formed at lower ratios of MEDI9447:CD73 (0.5:1 in magenta, 0.1:1 in brown). MEDI9447 and CD73 alone are repre-
sented by the black and teal UV traces, respectively. (B) Top-down view of the crystal structure of CD73 dimer showing the mAb B binding region (purple) and MEDI9447
epitope (magenta and pink). (C) CD73 bound to mAb B forms a single predominant complex of »270–290 kD (peak at »7.2 min). UV traces shown represent 1:1 mAb B:
CD73 (blue), 0.5:1 (magenta), and 0.1:1 (brown). mAb A and CD73 alone are in black and teal, respectively.
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may be preferred, both in terms of avoiding off-target activity
and the need to compete with multiple endogenous substrates
that also bind to the enzyme active site.47,48 Our finding that
MEDI9447 does not block CD73 substrate binding renders it
an attractive therapeutic; this mode of inhibition confers speci-
ficity for CD73 unlike existing, non-selective small molecule

inhibitors that target the structurally conserved active site.28,49

Additionally, MEDI9447 is not expected to compete in vivo
with active-site binding CD73 substrates, an attribute that
might translate to greater potency. Our HDX and mutagenesis
studies revealed that MEDI9447 binds a discontinuous epitope
within the CD73 N-terminal domain. Absent a co-crystal

Figure 7. Surface-bound CD73 is inhibited by both IgG and Fab formats of MEDI9447. (A) CD73 was immobilized via a C-terminal histidine tag to a nickel-coated microti-
ter plate and inhibition of AMP hydrolysis by MEDI9447 IgG, Fab or control antibodies was measured using the Malachite Green assay. MEDI9447 IgG, but not control IgG,
inhibits immobilized CD73 hydrolysis of AMP in a dose-dependent manner. MEDI9447 Fab also inhibits CD73 activity, but to a lower extent. (B) When MEDI9447 Fab
(cyan) is bound to one arm of an anti-Fd antibody (xFd, gray) and the other arm bound to a non-specific polyclonal Fab (pFab, orange, (B), left cartoon) inhibition is
increased to that comparable with MEDI9447 IgG through increasing the effective size rather than valency. (C) Enzyme activity of endogenously expressed CD73 in MDA-
MB-231 cells measured by CellTiterGlo assay. As with immobilized recombinant CD73, MEDI9447 IgG inhibits AMP hydrolysis to a greater degree than the Fab, and
increasing the effective size of the MEDI9447 Fab by complexing with an anti-Fd antibody enhances inhibition. (D) To test whether the xFdCMEDI9447 can inhibit soluble
CD73, AMP hydrolysis was measured using the Malachite Green assay. MEDI9447 Fab either alone or bound to a single xFd arm does not inhibit soluble CD73 activity. In
contrast, MEDI9447 Fab binding to both xFd arms (MEDI9447 Fab C xFd, (B), right cartoon) confers bivalency, resulting in CD73 inhibition. Error bars represent SD.

Figure 8. Computationally predicted models of MEDI9447 Fv bound to CD73. (A) Cartoon depiction of how CD73 inter-dimer bridging would be facilitated by the
MEDI9447 IgG (cyan) VH and VL interacting with the lateral and medial edges of the binding site, respectively. (C,B) Pose cluster examples showing the Fv model structure
extending outwards from the CD73 monomer, though at different projection angles relative to the binding site (CDR H1, H2, H3 in cyan, teal, and blue, and CDR L1, L2, L3
in black, orange, and brown, respectively; Chothia annotation). Color coding of the CD73 structure is as in Fig. 4. The Fv VH and VL are represented in gray and dark blue,
respectively. Red arrowheads indicate the GPI anchor attachment site.
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structure, we cannot formally exclude the possibility that some
CD73 residues that we discounted as interactors with
MEDI9447 do indeed form contacts with the paratope. How-
ever, our extensive CD73 mutant binding analysis indicates
that these potential residues would contribute minimally to the
thermodynamics of interaction. Given the importance of heavy
chain CDR3 in forming antigen contact sites, it is not unex-
pected that this CDR exhibited the greatest degree of differen-
tial hydrogen exchange. The HDX results also suggest that the
light chain contributes to the paratope, particularly residues
within CDR1 and 2.

The location of the epitope at a position distal from the
CD73 substrate binding site is consistent with MEDI9447 hav-
ing a non-competitive mode of inhibition. Based solely on the
binding interface, one might hypothesize that the antibody acts
as a classic allosteric inhibitor, inducing a long-range confor-
mational change in CD73 that distorts active site residues in a
manner that prevents hydrolytic activity. However, our HDX
data did not reveal significant alterations in CD73 structure in
regions outside the binding site that would support this form of
allostery. Alternatively, the epitope could suggest that
MEDI9447 binding restricts movement of loops, b-strands, or
a helices within the N-terminal domain that is required for cat-
alytic activity. Conversely, little to no difference in secondary
or tertiary structure within the N-terminal domain was previ-
ously reported between the open and closed structures of
CD73; the local, inter-domain conformational changes that do
occur are restricted to the linker and C-terminal domain.21

We propose that the location of the MEDI9447 epitope ena-
bles antibody bridging or cross-linking of CD73 dimers in a
manner that restricts the necessary conformational change,
rather than inducing a structural change. Our data demonstrat-
ing that bivalent IgG is required to inhibit the soluble form of
CD73 and the mAb forms complexes containing multiple
CD73 dimers supports the mechanism of MEDI9447 bridging
of CD73 molecules. This latter result is in contrast to that of
mAb B, which also binds the N-terminal domain but does not
form inter-dimer bridges, highlighting the importance of the
MEDI9447 epitope in conferring this cross-linking activity. To
achieve bridging, it is expected that each bound Fab arm of
MEDI9447 projects outward, away from the CD73 dimer inter-
face, a geometry that is supported by several computationally
predicted structures of the complex. Although future crystal
structure studies are required to reveal the exact binding inter-
action, our functional studies suggest that the binding configu-
ration likely will be similar to the in silico models. Rationally, if
the N-terminal domains of 2 separate CD73 dimers are bound
by Fab domains of the same IgG, this could physically restrict
the movement of the N-terminal domain and linker region that
is required for the enzyme to adopt its closed, active structure.
Through the use of mAb A, which serves as a conformational
probe of CD73 state, we demonstrated that binding of
MEDI9447 inhibits CD73 from adopting the fully closed
conformer, induced by Zn2C and APCP. The intermediate level
of binding by the reporter mAb A when MEDI9447 was pre-
complexed with CD73 suggests that some degree of conforma-
tional transition is still induced by Zn2C and APCP. This
diminished mAb A binding may reflect that its epitope is par-
tially distorted in this inactive intermediate state, but still

sufficient to allow binding. Given the high degree of flexibility
of both the CD73 and the IgG hinge regions, and because
MEDI9447 is a non-competitive inhibitor, it is not surprising
that even when the mAb bridges 2 CD73 dimers, there is still
some CD73 structural alteration due to substrate binding. In
this mode of action, MEDI9447 can inhibit the activity of both
soluble and surface-bound CD73.

More remarkably, while interrogating the binding epitope
of MEDI9447 and discerning how this unique epitope could
in fact inhibit enzymatic activity through bivalent bridging
of CD73, we discovered an additional mode of action:
MEDI9447 can also inhibit surface-bound CD73 through a
monovalent binding mechanism. Although initially perplex-
ing, a second, steric-mediated blocking mechanism of
anchored CD73 activity is consistent with our observations.
The formation of catalytically active, GPI-anchored CD73
requires that the N-terminal domain rotate downwards, to a
position proximal to the cell surface.21 The native CD73
dimer is~130 kDa.50 Compared to the size of an IgG or Fab
(~150 kDa and~50 kDa, respectively), it is not surprising that
antibody bound to the N-terminal domain could sterically
block CD73 from fully rotating to adopt the closed confor-
mation. This mechanism is supported by 2 observations.
Firstly, MEDI9447 Fab exhibits a lower maximal inhibition
compared to the IgG, which is consistent with a size-depen-
dent steric effect. The disparity between Fab and IgG is
unlikely due to differences in binding kinetics since the Fab
binds CD73 with sub-nanomolar affinity (KDD 327 pM,
data not shown). Further, the elevated activity conferred by
increasing the effective size of the Fab through conjugation
with an anti-Fd antibody also strongly supports a size, and
not a valency or avidity-dependent, steric mechanism. The
second observation supporting this mode of inhibition is
that a hook effect, or loss of inhibition, is not observed
with MEDI9447 IgG when CD73 is surface bound. Presum-
ably, this is because the antibody can block anchored CD73
hydrolysis of AMP through either a bi- or monovalent
interaction, regardless of CD73 surface density or antibody
concentrations. In contrast, a hook effect is observed with
soluble CD73 due to the absence of an anchoring or solid-
phase capture surface required for the monovalent Fab or a
molar excess of IgG (monovalent IgG binding) to sterically
block the N-terminal domain rotation. Under the tested
conditions, this hook effect was observed with MEDI9447
IgG, but not MEDI9447 Fab captured on both arms of an
anti-Fd antibody (Fig. 7D). However, the anti-Fd/Fab com-
plex exhibited lower inhibitory activity, possibly reflecting
decreased CD73 binding activity, which suggests a higher
concentration of the anti-Fd/Fab complex is required to
reach the hook effect threshold.

In vitro, we found that inhibition of sCD73 by MEDI9447
was maximal at a~1:1 molar ratio (Fig. 5A). Whether patients
receiving MEDI9447 would achieve this molar ratio is
unknown at this time, and may vary depending on the patient,
antibody pharmacokinetics, tumor type, and compartment
(e.g., tumor vs serum). However, as soluble CD73 is a minor
fraction of the total system CD73, it would not necessarily be
optimal to dose MEDI9447 with the goal of achieving a 1:1
ratio with sCD73. Rather, a clinical study should be designed to
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ensure sufficient suppression of CD73 to prevent adenosine
production and signaling in the tumor microenvironment, as
opposed to inhibiting sCD73 in the periphery.

We propose a model whereby MEDI9447 antagonizes solu-
ble and GPI-anchored CD73 function through a dual mecha-
nism of inhibition that is integrally linked to its epitope
(Fig. S7). Although our studies show that MEDI9447 can block
both soluble and bound CD73, it is unknown whether GPI-
anchored CD73 would be inhibited preferentially through one
mechanism in the in vivo setting. Presumably, the density, ori-
entation, and inter-dimer distance of CD73 on the cell surface
would dictate the dominant mode of inhibition. Given that
many cancer cells overexpress CD73, which would increase the
likelihood of the dimers being in close proximity, it is expected
that MEDI9447 would engage in both bi- and monovalent
interactions. On cells with relatively low CD73 expression,
MEDI9447 might inhibit AMP hydrolysis primarily through
the steric blocking mode. Postulating beyond this specific inter-
action with CD73, the dual mechanism of MEDI9447 exempli-
fies how antibody therapeutics can be employed to restrict the
catalytic domain formation as a strategy that could be applied
to other ecto-enzymes that play numerous roles in both normal
and disease biology.51,52

From a mechanistic perspective, blocking CD73 is an
immuno-oncology strategy distinct from that of related targets
such as PD-1 and CTLA-4, for which there are already
approved drugs. From a therapeutic standpoint, the activity of
MEDI9447 is advantageous. It non-competitively inhibits
CD73, and, therefore, does not compete with endogenous
nucleotide binding to the active site. This avoids any potential
cross-reactivity toward other nucleotide/side binding proteins
with structurally conserved catalytic sites, and importantly,
does not require the blocking of multiple substrates at the active
site. Further, MEDI9447 can inhibit both soluble and mem-
brane-bound CD73 through either mono- or bivalent engage-
ment. Both of these features would be expected to contribute to
in vivo efficacy. The immune-modulating potential of
MEDI9447 is currently being evaluated in the clinic for the
treatment of cancer, both alone and in combination with exist-
ing therapeutic agents that target complementary immune
modulating pathways. Understanding the mechanism of action
of MEDI9447 through the dual mode of activity provides
insights into the first therapeutic targeting CD73 in the clinic.

Materials and methods

CD73 and antibody reagents

The mammalian expression plasmid encoding recombinant
mature human CD73 (amino acid positions 1–526) was con-
structed at MedImmune. To achieve expression of a soluble,
secreted form of CD73, the GPI anchor signal peptide was
removed and replaced with a C-terminal 6x-histidine tag.
CD73 sequence numbering is based on the mature protein
without the signal peptide (human NT5E, NCBI reference
sequence NP_002517.1). Plasmids encoding the recombinant
human/chicken chimeric domain swapped “knockout” (KO)
mutants were generated using synthetic DNA gBlocks (IDT,
Inc..) encoding codon optimized chicken CD73 DNA sequence

(chicken NT5E, NCBI reference sequence XP_004940453.1).
Based on alignment with human CD73 protein sequence,
amino acid coding position 1 of constructs containing a
chicken N-terminal domain corresponds to position 20 of
immature chicken CD73 containing the predicted signal pep-
tide. Full-length KO DNA constructs were made by single over-
lap extension PCR of gBlocks and PCR amplicons of human
CD73. All constructs contained a C-terminal 6x histidine tag.
Single and multiple point mutations in human and chimeric
constructs were made by site-directed mutagenesis using the
Quick Change Lightning Multi Site-Directed Mutagenesis Kit
(Stratagene). All CD73 constructs were expressed in suspension
HEK293 cells. Histidine-tagged wild-type human CD73 (lack-
ing the GPI anchor signal sequence) was purified in-house
using a HisTrap nickel affinity column (GE Healthcare Life Sci-
ences). The protein was confirmed to be a dimer in solution,
with a molar mass of~125 kDa (see Fig. S5A). All mutant CD73
constructs were expressed by transiently transfecting suspen-
sion HEK293 cells using 293Fectin (Life Technologies). Cells
were grown and transfected in serum-free 293Freestyle media
(Life Technologies) in 24-well, deep-well blocks. Crude cell
supernatants were harvested 6 d post-transfection and filtered
through a 0.45 mm filter to remove cell debris before use.
Supernatant concentrations of CD73 variants were determined
by measuring binding of the histidine tagged proteins to HIS2
biosensors (Fort�eBio/Pall Life Sciences) on an Octet QK384
bio-layer interferometry (BLI) instrument (Fort�eBio/Pall Life
Sciences). Concentrations were calculated using the Octet data
analysis software by comparing binding signal to a standard
curve generated from dilutions of purified, recombinant 6x-his-
tidine tagged human CD73 of a known concentration.
MEDI9447, mAb A, and mAb B were discovered by phage dis-
play. V-genes were isolated from DP47 scFv phage library by
phage display panning on recombinant CD73 protein.53 Pri-
mary screening was performed in scFv-Fc using binding assays
to recombinant antigen and cell lines, CD73 enzymatic activity
inhibition on recombinant proteins and cell lines, and internal-
ization assays (data not shown).54 MEDI9447 (human IgG1-
TM and mouse IgG1 formats),55 mAb A (human IgG1), and
mAb B (human IgG1) and MEDI9447 Fab (human IgG1) were
expressed and purified in-house. IgGs were expressed in mam-
malian cells and purified by Protein A and size-exclusion chro-
matography (HiTrap Protein A and Superdex 200, GE
Healthcare Life Sciences). To generate MEDI9447 Fab, 10 mgs
of IgG were digested for 5 hr at 37�C with immobilized papain
(Thermo Scientific/Life Technologies) and the Fab was purified
using a HiTrap Q column (GE Healthcare Life Sciences).

HDX analysis

Recombinant human CD73 and MEDI9447 Fab samples were
prepared at a concentration of 2 mg/mL. The CD73 C Fab
complex was formed by pre-incubation at a mass ratio of 1:1
(mg:mg). The entire HDX experiments were carried out using
Waters HDX Technology (Waters Corporation) equipped with
a Leap automation robot. Briefly, 1.25 mL protein samples were
diluted 20 times with either H2O buffer (10 mM phosphate, pH
7.0) or D2O buffer (10 mM phosphate, pD 7.0) at 20�C. After
incubation at various time points (0 second for undeuterated
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experiments or 0.5, 1, 5, 10, 30, 60, and 120 minutes for deuter-
ated experiments), the labeled samples were quenched by add-
ing an equal volume of an ice-cold solution of 4.0 M guanidine
HCl (Pierce Biotechnology), 500 mM Tris(2-carboxyethyl)
phosphine hydrochloride (TCEP) (Pierce Biotechnology), pH
2.4. Immediately thereafter, samples were digested using a
Poroszyme Immobilized Pepsin cartridge (Applied Biosystems)
at 20�C. The peptic fragments were collected and desalted using
a ACQUITY BEH C18 VanGuard Pre-column (2.1£5 mm,
Waters), and eluted into an ACQUITY BEH C18 column
(1.7 mm, 1.0 £ 100 mm, Waters) at 0�C. Peptides separated on
the column were analyzed by a SYNAPT G2 mass spectrometer
(Waters). For data analysis, peptides were identified using Pro-
teinLynx Global Server software (Waters), and the deuterium
incorporation levels for each peptic peptide from each labeling
time point were calculated using DynamX (Waters) followed
by manual datapoint inspection. For each protein, 4 undeuter-
ated experiments and 3 complete HDX experiments were per-
formed. The significant difference values (standard deviation in
daltons) were calculated using the experimental uncertainty
and a 98% confidence interval as previously described, except
that a pooled variance of standard deviations was used instead
of the mean of individual standard deviations.56 The relative
fractional uptakes between the CD73 C Fab complex and
CD73 were generated by DynamX software (Waters) and
exported to PyMOL (Shr€odinger, LLC) for structural modeling.
All structure figures of human CD73 were generated using
PyMOL and the reported crystal structures of the open and
closed conformations of CD73 (Protein Data Bank (PDB) code
4h2f and 4h2i, respectively).

SPR and BLI binding analysis

Binding of MEDI9447 to wild-type and mutant CD73 proteins
was measured by surface plasmon resonance (SPR) using a Pro-
teOn instrument (BioRad). CD73 crude cell supernatant pro-
tein samples were diluted to 3 mg/ml in PBS, 0.005% Tween-
20, pH 7.4 (BioRad) and immobilized to~400 RU on a HTG
tris-NTA sensor chip (BioRad) pre-activated with 10 mM
NiSO4, 10 mM MES, pH 6.0 (BioRad). An equivalently diluted
crude cell supernatant sample from non-transfected cells was
included as a reference channel control. Sensorgrams were
recorded by flowing fold2- dilutions of MEDI9447 prepared in
PBS, 0.005% Tween-20, pH 7.4, ranging from 5 nM to
0.31 nM. In some cases, for CD73 variants that bound weakly
to MEDI9447, antibody dilutions ranged from 20 nM to
1.25 nM. Antibody binding was measured at a flow rate of
100 mL/min, with a 3 min association phase and 20 min disso-
ciation phase. The sensor chip surface was regenerated between
each run by an 800 s injection of 300 mM EDTA, pH 8.5 (Bio-
Rad) at a flow rate of 30 mL/min. Binding kinetics were ana-
lyzed using the ProteOn data analysis software. Double
referencing was performed and, unless noted otherwise, a 1:1
Langmuir binding model was utilized to fit the data. Some
CD73 variants containing mutations within the amino acid
region 171–188 fit poorly to a 1:1 model (i.e., Chi2 values
>10% of Rmax). Where noted, these variants were fit with a
heterogeneous antigen (2:1) model. Due to the high affinity of
MEDI9447 (~4 pM) and sensitivity limitations of ProteOn, only

changes of >2-fold in measured kinetics were considered
meaningful when comparing MEDI9447 binding to the CD73
variants. Although the format of the ProteOn assay is not ideal
for determining absolute affinity measurements (CD73 immo-
bilized, IgG instead of Fab), it is not anticipated that this
impacts ranking of MEDI9447 binding to the different CD73
variants.

Mapping the binding regions of anti-CD73 antibodies mAb
A and mAb B was performed by BLI using an Octet QK384
instrument. All proteins were prepared in 1x Kinetics Buffer
(Fort�eBio/Pall Life Sciences). C-terminally histidine tagged
CD73 variants from crude cell supernatants were diluted to
6 mg/ml and immobilized on HIS2 biosensors to a binding
response threshold of 0.8 nm. After a 300 sec baseline step, sen-
sors were incubated in 30 nM antibody. Association and disso-
ciation times were 600 sec. A non-transfected cell supernatant
reference control was included for background binding sub-
traction during data analysis. Data was processed and graphs
prepared using the Fort�eBio Data Analysis software.

CD73 enzyme activity assays

The CD73-catalyzed hydrolysis of AMP to adenosine and inor-
ganic phosphate was analyzed by either quantifying inorganic
phosphate (Malachite Green assay; R&D Systems) or measur-
ing the ATP-dependent oxidation of luciferin which is inhib-
ited by AMP, as previously described (CellTiterGlo assay;
Promega).35 Data graphs and enzyme kinetics measurements
(Michaelis-Menten non-linear regression) were generated using
Prism software (Graphpad). Experiments were performed in
either duplicate or triplicate.

For measurements of soluble recombinant CD73 activity
using the CellTiterGlo assay, 400 pM recombinant CD73 and
various concentrations of anti-CD73 antibodies were incubated
in assay buffer (25 mM Tris pH7.5, 5 mM MgCl2, 0.005%
Tween-20) for 1 hour at 37�C before adding an equal volume
of 200 mM AMP/600 mM ATP (in assay buffer). After 1 hour
incubation at 37�C, the AMP concentration in the sample was
determined using the CellTiterGlo assay following the manu-
facturer’s instructions.

For measurements of soluble recombinant CD73 activity
using the Malachite Green assay,1 nM recombinant CD73 and
either 1 nM antibody or 40 mM adenosine 50-(a,b-methylene)
diphosphate (APCP; Sigma-Aldrich) were incubated in assay
buffer (25 mM Tris pH 7.5, 5 mM MgCl2, 0.005% Tween-20)
for 1 hour at room temperature. An equal volume of 400 mM
AMP (for anti-CD73 antibodies) or 3 mM AMP (for APCP) in
assay buffer was added and samples were incubated for 15
minutes at room temperature. The concentration of inorganic
phosphate was determined using the Malachite Green assay fol-
lowing the manufacturer’s instructions.

For measurements of immobilized recombinant CD73 activ-
ity, 50 mL CD73 at 100 ng/mL in assay buffer (25 mM Tris pH
7.5, 5 mM MgCl2, 0.005% Tween-20) supplemented with
100 mg/mL BSA was immobilized on nickel-coated plates (Life
Technologies). Unbound CD73 was washed away and 50 mL of
anti-CD73 antibody (in assay buffer) was added. After incubat-
ing for 1 hour at room temperature, plates were again washed,
100 mL of 500 mM AMP (in assay buffer) was added, and
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samples were incubated for 15 minutes at room temperature.
The concentration of inorganic phosphate was determined
using the Malachite Green assay following the manufacturer’s
instructions. In some experiments with both immobilized and
soluble CD73, anti-CD73 antibody (IgG and Fab) was pre-
incubated for at least 2 hours with fold10- molar excess poly-
clonal human Fab fragment (Bethyl Laboratories) and 100-fold
molar excess sheep-anti-human IgG(Fd) (Meridian Life Scien-
ces) before the addition to CD73.

For measurements of endogenous CD73 activity in cultured
cells, 20,000 MDA-MB-231 cells per well were plated in RPMI/
10% fetal bovine serum (FBS) (Life Technologies) in a 96-well
plate. After an overnight incubation, wells were washed 3 times
with serum-free RPMI and 50 mL of antibodies (in serum-free
RPMI) were added. After incubating for 30 minutes at 37�C,
25 mL of 1.2 mM AMP (in serum-free RPMI) were added per
well. Plates were incubated for 3 hours at 37�C. Twenty-five mL
of cell supernatant and 25 mL of 100 mM ATP were mixed and
the AMP concentration in the sample was determined using
the CellTiterGlo assay following the manufacturer’s
instructions.

mAb A reporter assay of CD73 conformational transition

Binding of MEDI9447 and mAb A to purified recombinant
human CD73 was performed on an Octet QK384 instru-
ment. To compare binding of mAb A and MEDI9447,
CD73 was diluted to 6 mg/mL in PBS, pH 7.4 (Life Tech-
nologies) and loaded onto HIS2 biosensors to a binding sig-
nal threshold of 1.0 nm. The biosensors were then
transferred into either PBS alone or PBS with 10 mM ZnCl2
(Sigma-Aldrich), APCP, and/or 2 mM ethylenediaminetetra-
acetic acid (EDTA) (Life Technologies) and incubated for
15 min. Next, biosensors were transferred to PBScontaining
MEDI9447 or mAb A diluted to 30 nM in PBS, and anti-
body association was measured for 400 sec. Binding signals
were referenced to biosensors incubated with CD73 and
matching buffer, but not antibody. To test the effect of
MEDI9447 on CD73 conformational transition in the pres-
ence of ZnCl2 and APCP, mAb A diluted to 10 mg/mL in
PBS, pH 7.4 was immobilized on an anti-human Fc AHC
biosensor (Fort�eBio/Pall Life Sciences). Following the 400 s
immobilization step, biosensors were blocked for 10 min in
non-specific polyclonal human IgG (Jackson ImmunoRe-
search Laboratories) at 50 mg/mL in PBS, pH 7.4. After a
4 min baseline step, mAb A binding was measured by incu-
bating the biosensors for 400 sec in wells containing CD73
diluted to 250 nM (based on the molecular weight of a
dimer) in PBS alone, or PBS containing 10 mM ZnCl2 and/
or 0.5 mM APCP. For samples containing MEDI9447
bound to CD73, a mouse IgG1 (used to avoid binding to
the anti-human Fc biosensor) version of MEDI9447 diluted
to 250 nM in PBS was pre-incubated with the CD73 for
15 min at room temperature before incubation with ZnCl2
and APCP. MEDI9447 Fab and a mouse isotype-matched
control IgG1 (generated in-house) were tested at 500 nM.
Shake speed for all assay steps was 1000 rpm. Assays were
performed independently 3 times. Binding analysis and data

graphs were generated using the Fort�eBio Data Analysis
software.

SEC-MALS analysis

For experiments analyzing complexes formed between CD73
and MEDI9447 or mAb B, 900 pmoles of CD73 were incubated
with 900, 450, 90, or 0 pmoles of antibody, diluted into PBS,
pH 7.4. A separate sample of 900 pmoles of antibody only was
also prepared. Samples were incubated for 30 min at room tem-
perature and then 100 mL of each sample was separated on a
HP 1100 HPLC (Agilent) using a TSKgel G3000WxL 5 mm,
7.88 mm £ 30 cm column (Tosoh Bioscience, LLC) at a flow
rate of 1 mL/min for 20 min. Sample running buffer was 0.1 M
NaPi, 0.1M NaSO4, pH 6.8. Following HPLC separation, all
samples were analyzed using a Dawn Heleos II MALS detector
and Optilab T-rEx refractive index detector (Wyatt). Data plots
were generated using Astra software (Wyatt). Each experiment
was performed on 2 separate occasions; representative data
from one experiment are shown.

Cell-surface antibody crosslinking experiment

One million MDA-MB-231 cells were incubated with fold5-
serial dilutions of antibody in 1 mL DMEM/10% FBS for
30 min at 4�C. MEDI9447 IgG, MEDI9447 Fab, and control
IgG were used at 30 nM starting concentration; mAb B was
used at 300 nM starting concentration. Cells were washed in
PBS, resuspended in 500 mL BS(PEG)5 (0.75 mM in PBS; Life-
Technologies), and incubated for 30 min at 4�C. The crosslink-
ing reaction was stopped by the addition of 50 mL 1 M Tris-
HCl, pH 7.5. Cells were washed in PBS and lysed in 100 mL
M-PER (LifeTechnologies) for 15 min at 4�C. Cell debris and
nuclei were removed by centrifugation and the post-nuclear
supernatant was separated by gel electrophoresis on 3–8% Tris
Acetate gels (LifeTechnologies). Proteins were transferred to
nitrocellulose membrane and CD73 was visualized using anti-
CD73 antibody EPR6115 (1:2,000 dilution; Abcam) and an
HRP-conjugated goat-anti-rabbit IgG secondary antibody.

Protein-protein docking analysis

In silico modeling was performed using BioLuminate v1.9
(Shr€odinger, LLC). A MEDI9447 Fv homology model was gen-
erated using PDB code 3h42 for the antibody variable region
framework coordinates. 3h42 and MEDI9447 share 92%
sequence identity in both the heavy and light chain framework
with similarity scores of 1.0 and 0.96 for heavy and light frame-
work, respectively; similarity is defined as the number of
matching residues divided by the total number of residues;
matching is defined as the 2 residues having a positive score
according to the BLOSUM62 matrix.57 CDR loop models were
then generated using the BioLuminate loop database; the tem-
plate loop structure chosen for each CDR was the largest cluster
with the highest similarity with the MEDI9447 loop sequences.
The identity and similarity of the CDR loops were as follows
(identity, similarity): H1 (0.4, 0.8), H2 (0.82, 0.94), H3 (0.25,
0.38), L1 (0.85, 0.85), L2 (0.14, 0.43), L3 (0.18, 0.45). The top-
ranked homology model (as designated by BioLuminate) was
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chosen for docking analysis. Protein docking was performed
with the BioLuminate PIPER module using the CD73 structure
coordinates from PDB code 4h2f and the MEDI9447 homology
model. 70,000 antibody rotations were posed. All non-CDR
residues (Chothia numbering) were excluded from the predic-
tion; otherwise, no constraints or biases toward specific resi-
dues or regions of either the antibody or antigen were applied.
The docking algorithm clusters spatially similar poses into a
single pose structure; the top 30 clusters were evaluated for
consistency with the epitope mapping mutagenesis studies and
HDX results. Pose cluster 7 and 22 are shown in

Figure 8. Model structures were generated using BioLumi-
nate and PyMol.
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