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ABSTRACT

Integrins are cell surface receptors that mediate the interactions of cells with their surroundings and play
essential roles in cell adhesion, migration, and homeostasis. Eight of the 24 integrins bind to the
tripeptide Arg-Gly-Asp (RGD) motif in their extracellular ligands, comprising the RGD-binding integrin
subfamily. Despite similarity in recognizing the RGD motif and some redundancy, these integrins can
selectively recognize RGD-containing ligands to fulfill specific functions in cellular processes. Antibodies
against individual RGD-binding integrins are desirable for investigating their specific functions, and were
selected here from a synthetic yeast-displayed Fab library. We discovered 11 antibodies that exhibit high
specificity and affinity toward their target integrins, i.e. aV33, aVp5, aVp6, aVp8, and a5p31. Of these, six
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are function-blocking antibodies and contain a ligand-mimetic R(G/L/T)D motif in their CDR3 sequences.
We report antibody-binding specificity, kinetics, and binding affinity for purified integrin ectodomains, as
well as intact integrins on the cell surface. We further used these antibodies to reveal binding preferences
of the aV subunit for its 5 B-subunit partners: f6 = 38 > 3 > 31 = 35.

Introduction

Integrins are critical non-covalent heterodimeric cell surface
receptors required for cell adhesion, migration, and signaling.
They function as bidirectional signaling molecules by binding
to extracellular ligands and intracellular adaptors to the actin
cytoskeleton, which regulate integrin activation and down-
stream signaling' . There are 24 known integrin heterodimer
pairs formed by 18 a subunits and 8 [ subunits. Eight are
RGD-binding integrins that interact with the Arg-Gly-Asp
(RGD) motif in extracellular ligands, thereby regulating
diverse pathological processes.*™'® aVpB1, aVB3, aVp5, and
a5B1, expressed on endothelial cells and fibroblasts, bind to
fibronectin among other ligands, and exhibit overlapping
functions in cell spreading and migration.'"'* aVp6 and
aVP8 promote transforming growth factor (TGF)-f activation
subsequent to binding to RGD-like motifs in the TGF-f
prodomain."? alIb3 on platelets binds to fibrinogen, playing
a critical role in hemostasis.'* a8f1 binds to nephronectin in
the extracellular matrix and regulates kidney development.'®
Integrins are important therapeutic targets, and so far four
integrin antibodies are approved as therapeutics, including
Tysabri (natalizumab), a function-blocking antibody for both
integrins a4Pl and a4p7, for multiple sclerosis and Crohn’s
disease; Entyvio (vedolizumab), targeting a4p7 for ulcerative
colitis and Crohn’s disease, and Reopro (abciximab), an anti-
gen-binding fragment (Fab) derived from an antibody

targeting alIbP3 (also known as glycoprotein IIb/IIIa), for
acute coronary syndrome and thrombotic cardiovascular
events.'® Additionally, efalizumab, an inhibitory antibody to
LFA-1, was approved for the autoimmune skin condition
psoriasis, but was subsequently withdrawn. alIbp3 is the only
RGD-binding integrin targeted by an approved antibody ther-
apeutic, despite the implication of multiple RGD-binding
integrins in diverse pathological conditions, including cardio-
vascular disease, fibrosis, and cancer.'®

Monoclonal antibodies, peptidomimetics, and small mole-
cule antagonists have been developed to explore the role of
each integrin heterodimer in cellular processes and their
potential usage as therapeutics."” ' However, the similar
ligand-binding sites among RGD-binding integrin pairs, such
as aVP3 and aVP5° and aVP6 and aVP8* ', pose a substantial
challenge to the development of antibodies that selectively
block the binding of small, RGD-like ligands. Moreover, due
to evolutionary conservation of the ligand binding site in
integrins across species, antibodies targeting integrins gener-
ated through immunization generally do not bind directly to
the ligand-binding pocket. Structures of efalizumab, natalizu-
mab, and vedolizumab show that they bind adjacent to, rather
than in, the ligand-binding site, and clash by overlap of anti-
body constant domains or domains in the ligand adjacent to
the integrin-binding domain; indeed, natalizumab inhibits
noncompetitively.””>* In agreement, despite the large number
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of antibodies to RGD-binding integrins, the only antibodies
known to block binding of small, RGD-like ligands are PAC-1,
targeting alIBB3>’; mAb16, targeting a5p1'>'%; and Biogen
Ab5, targeting aVB1*%. This highlights the urgent need to
develop molecules for RGD-binding integrins to define the
specific integrins that are important in key biological and
pathological processes, unravel the distinctive biological func-
tions of RGD-binding integrins, and expedite drug
development.

Synthetic antibody libraries* > have distinctive features
that we hypothesized could be beneficial in obtaining func-
tion-blocking antibodies to integrins. In contrast to traditional
species-specific monoclonal antibodies, synthetic libraries can
be more effective for selecting antibodies targeting both
human and mouse antigens, especially when aiming at highly
conserved antigens across different species or conserved sites
such as those for ligand binding. Yeast or phage Fab libraries
are effective in generating antibodies toward highly conserved
proteins, as they do not rely on the self-tolerance mechanisms
of the immune system. These libraries typically encode a larger
number of unique sequences than the number of B lympho-
cytes in laboratory animals. In addition, synthetic libraries
offer other advantages, such as shorter turnaround times and
greater scalability.

Yeast synthetic Fab libraries have the merits of enhanced
protein quality control of eukaryotic cells and suitability for
fluorescence-activated cell sorting (FACS) and magnetic-acti-
vated cell sorting (MACS) compared to phage libraries.*®
However, the key determinant for successful antibody selec-
tion from the yeast display platform is the availability of high-
quality antigens. The ectodomains of membrane proteins such
as integrins are glycosylated and disulfide-linked, requiring
expression in mammalian cells. The Institute for Protein
Innovation (IPI), a nonprofit organization, has established an
antibody platform constructed around yeast display technol-
ogy, enabling the discovery of antibodies with defined proper-
ties. To develop integrin-subtype specific and function-
blocking antibodies, we collaborated to identify antibodies
that specifically target RGD-binding integrins, including six
antibodies containing R(G/T/L) D motifs in their complemen-
tarity-determining region (CDR)3 with inhibitory functions.
Most function-blocking antibodies against integrins do not
bind to the ligand-binding pocket and block only macromole-
cular ligand binding due to steric hindrance® 207222728, in
contrast, the antibodies described here are capable of blocking
the binding of small molecule, peptidomimetic integrin inhi-
bitors, as well as biological ligands. Several of these antibodies
have previously been used to achieve integrin specificity in
single molecule studies of integrin force exertion on RGD
peptides.'> To enable their use in integrin biology, and to
study how particular assays, integrin ensemble composition,
and avidity affect the behavior of these antibodies, we com-
pared them in multiple assays. Eight of the antibodies are now
being distributed by IPI in partnership with Addgene. As an
example of one biological application, we used them to inves-
tigate the preference of the integrin aV subunit for pairing
with the five different p subunits with which it associates and
found a consistent preference hierarchy for aV-p pairing on
the cell surface.

Results
Discovering integrin heterodimer-specific antibodies

To obtain antibodies to RGD-binding integrins, we used a
synthetic yeast-displayed Fab library containing ~10'® unique
Fab sequences. We selected for antibodies toward a VB3, aVp5,
aVp6, aVB8, or a5p1 by enriching yeast clones displaying
integrin-specific Fabs through MACS and FACS (Table S2).
Selection steps included positive selection with target integrin
ectodomains, negative selection with poly-specificity reagent
(PSR) and untargeted integrins. After next-generation sequen-
cing, the most frequent 13 sequences for each integrin target
were expressed as human IgGl1 for characterization (Methods
and Ref. 12).

Initial screening assessed specificity toward intact
human or mouse integrins expressed natively on K562
cells (human a5P1) or on stable K562 transfectants or on
Expi293F aV~ /a5  cell transient transfectants. Each anti-
body is named according to the integrin to which it was
selected followed by a number. Immunofluorescent staining
at 50 nM antibody concentration identified 11 antibodies
selective for the target integrin (Figure 1(a,b)). Six antibo-
dies contained an R(G/T/L) D motif in their heavy chain
CDR3 (Table 1). We also evaluated the cross-reactivity of
these antibodies on mouse integrins and found that 10 of
11 antibodies could bind to the target mouse integrin
(Figure 1(c-g)); however, specificity toward mouse integ-
rins was sometimes lower than for human integrins. This
may be related to the lack of use of mouse antigens in
selection or counter-selection. IPI-aVP6.4, which contains
an RTD motif, cross-reacts between aVP6 and aVP8 in
both human and mouse (Figures 1(a,e)). This is interesting,
as integrins aVP6 and oVP8 share specificity for TGF-f1
and B3 prodomain-growth factor complexes (proTGF-p).
In summary, we obtained 11 antibodies that can specifically
target one or two integrins, including aVB3, aVp5, aVp6,
aVp8, and a5p1.

To determine the ECsy in immunofluorescent staining, we
titrated the antibodies on the K562 stable transfectants or WT
K562, which expresses a5B1, using a secondary fluorescent
anti-IgG (Figure 2, Table 2). For an antibody specific for
aVpB1, we used sequence 5 from a Biogen patent,29 which we
designate Biogen-aVp1.5. The ECs, values ranged from 0.2 to
6 nM.

Binding kinetics and affinity measurement with surface
plasmon resonance

To characterize the binding kinetics of the antibodies, we
measured the binding of immobilized antibodies to the pur-
ified soluble ectodomains of all eight RGD-binding integrins
by surface plasmon resonance (SPR) (Figure 3 and Figure S1-
S4). We found that all 11 antibodies exhibited high affinity for
their respective target integrin subtypes, with affinities ranging
from sub-nanomolar to two-digit nanomolar (Table S1). The
dissociation rate constant (k.g) values were in the range of
1107* to 1+107%s™" with an average of 5.2¢107* 57",

Most antibodies, including the ones with RGD-like motifs,
displayed remarkable selectivity toward the target integrin.
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Figure 1. Integrin specificity of antibodies on all RGD-binding human and mouse integrin transfectants by indirect flow cytometry. (a) K562 stable human integrin
transfectants in Ca**/Mg>*. (b) Expi293 a5 /aV™ cell transient human integrin transfectants in Ca>*/Mg*. (c-g) Expi293 a5 /aV~ cell transient mouse integrin
transfectants in Ca?*/Mn?*. Immunostaining was performed with 50 nM IPI integrin antibody followed by washing and detection with APC-conjugated goat anti-

human secondary antibodies and flow cytometry. MFI: mean fluorescence intensity.

Antibody IPI-aVP6.4, which cross-reacts with mouse and
human aVP8, bound to aVPB8 with ~2-fold lower affinity
than aVP6 (Figure 3(f,g)). Other antibodies with RGD-like
motifs cross-reacted with non-cognate integrins with >100-
fold lower affinity (Figure 3d, Table 2, Figure S1C, S2A, S2C,
S3A, and Table S1). Among the five non-RGD-containing
antibodies, significant crossreactivity was found only for IPI-
aVP6.2, which bound to aV8 with 15-fold lower affinity than
aVP6 (Table 2 and Table S1).

Competitive binding assays with RGD-mimetic antibodies
using soluble integrin ectodomains

Solid phase assays, such as SPR, offer advantages but may yield
artifacts not present in solution phase assays. To address this, we
used antibody competition with fluorescein isothiocyanate
(FITC)-labeled peptidomimetic ligands in fluorescence polariza-
tion (FP), a solution phase assay. We used competition by ligand
to test the hypothesis that antibodies with RGD-mimetic
sequences in their heavy chain CDR3 bind to integrin ligand-
binding sites. We measured the concentration-dependence of

antibody competition with the binding of fixed concentrations
of FITC-labeled, disulfide-cyclized ACRGDGWCG peptide
(FITC-cyclic- ACRGDGWCG) or FITC-labeled GRGDLGRLKK
peptide (FITC-proTGFP3 peptide) to a fixed concentration of
integrin ectodomain.

All six RGD-mimetic antibodies successfully competed with
the FITC-cyclic-:ACRGDGWCG or FITC-proTGFP3 peptide
ligands, demonstrating competition at the ligand-binding site
(Figure 4, Table 2, and Figure S5). Affinities for the target
integrin ectodomains ranged from 0.7 to 11.3nM.
Competition by all antibodies with both peptide ligands
revealed cross-reactivity among RGD-binding integrins for
some RGD-mimetic antibodies, but with affinities hundreds
to thousands of times lower than to the target integrins. For
example, IPI-aVB5.9 had 700-fold lower affinity for aV(3 than
aVP5 (Figure 4(b,c)). IPI-aV6.12 bound to aVP3 and aVp8,
with affinities 1000-fold and 300-fold lower, respectively, than
to its target aV6 (Figure 4(b,e,f)). IPI-aVP3.7 bound to aV {38
with an affinity 3000-fold lower than to its target, aVp3 (Figure
4(b,e)). Our findings demonstrate that RGD-mimetic antibo-
dies effectively compete with peptide ligands at integrin
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Table 1. IPI integrin antibody sequence.

CDR3 sequence Heavy chain Light chain
IPl-aVp3.7 RVSNSARGDVRVGY VH1-69 VK1-39
IPI-aVpB3.13 REHIAGRLDDVYYY VH1-69 VK1-39
IPl-aVB5.9 AFVRWRGDSLVSTW VH1-69 VK3-15
IPl-aVp6.2 VKHVGGTRYVRYA VH1-69 VK1-39
IPl-aVp6.3 IRIGHYRGDVYTGY VH1-69 VK1-39
IPl-aVp6.4 IGPGNTRTDIPVYRYT VH1-69 VL1-51
IPl-aVp6.12 SYSSGLRGDQQRLGSYYPP VH1-46 VK1-39
IPl-aVpB8.1 GGAYPNAL VH3-7 VK3-15
IPl-aVp8.8 ATYPYDPDY VH1-69 VL1-51
IPl-a5B1.2 APGGSVYG VH3-7 VK1-39
IPl-a5B1.4 QRGLLRPAYG VH3-7 VK1-39

ligand-binding sites, and that inhibition of ligand binding is a
sensitive measure of cross-reactivity, confirming the potential
of antibodies developed here for selective integrin targeting.

The effect of avidity on apparent affinity of bivalent RGD-
mimetic antibodies for cell surface integrins

Typical immunofluorescence flow cytometry, whether with a
primary or secondary fluorescent antibody, is done with wash-
ing and is thus not an equilibrium measurement of affinity
(e.g., Figure 2). True equilibrium measurements of binding of
fluorescent ligands can be done by flow cytometry without
washing but are challenging at concentrations above 100 nM

because of the large excess of free ligand.>® We worked around
this limitation by measuring cell-bound fluorescence of a fixed
concentration of a conformational reporter or RGD mimetic,
while titrating in unlabeled IgG or Fab of RGD-mimetic
antibodies.

To characterize the equilibrium affinities and binding spe-
cificity, we first measured the binding affinity of each RGD-
mimetic IgG for all the RGD-binding integrins on cell surfaces
(Figure 5 and Figure S6). Binding to B1 integrins was measured
by the enhancement of binding of Alexa647 labeled 9EG7 Fab,
which is specific for the extended states of B1 integrins. None
of the six RGD-mimetic antibodies showed detectable binding
to intact aV 1, a8f1, or a5p1 up to 2 uM, while Biogen-aVp1.5
and cRGD peptide served as positive controls (Figure 5(a—c)).
Aftfinities for the other RGD-binding integrins were deter-
mined by competing with fluorescently labeled cRGDfK pep-
tide for integrin aVP3 and aVp5, proTGF-B3 peptide for
integrins aVP6 and aVP8, and echistatin for integrin alIbB3
(Figure 5(d-h)). All six RGD-mimetic antibodies exhibited
high affinities ranging from 0.5 to 1.2nM to the target cell
surface integrin (Figure 5(d-h)). Selectivity was also very high,
with no antibodies showing cross-reactivity except for IPI-
aVB5.9, which bound to aVP3 and aVB8 with 1.2 uM and
5.2 uM affinity, respectively (Figure 5(d,g)).

We next directly compared the affinities of IgG and Fab to
demonstrate the potential avidity effect of IgG on cell surface
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* IP-aVp3.13 1000 P4 1 preey . 500-
* IPl-aVB5.9 — .3 il :
0 T— T T 1 0 T T 0 T T 1
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IPl-aVB6.12 3.4+1.6nM

Figure 2. Titration of antibodies on human RGD-binding integrin K562 stable transfectants by indirect flow cytometry. All antibodies were titrated against each
transfectant in Ca**/Mg®* and immunostaining was as in Figure 1. The mean fluorescent intensity (MFI) at each antibody concentration after subtraction of isotype
control at the same concentration was fitted to a three-parameter dose-response curve for ECs,, background MFI, and maximum MFI; curves are only shown for
antibodies with meaningful staining. The errors for the ECso values are the standard errors from the non-linear least square fits.



Table 2. Binding characteristics of IPI anti-integrin antibodies.
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1gG competition of

19G ectodomain Fab binding to
Antibody ectodomain binding to RGD  1g9G binding to ligand binding ligand binding IgG inhibition of
(Motif in I9G cell surface SPR mimetic site on cell surface site on cell surface cell adhesion
CDR3) Antigen immunostaining ECso ("nM)®  Kp (nM)P Kp (NM)© Kp (nM) Kp (nM)f ICso (NM)?
IPl-aVp3.7 avp3 3.7%0.1 0.39 = 0.08 0.76 = 0.02 1.09 + 0.46° 120+ 1.8 426 £9.1
(RGD) avps . - 2200 + 800 . n.d. .
IPl-aVB3.13  aVp3 23+04 1.2+0.1 26+09 1.35 + 0.36¢ 388+5.9 26.6 4.9
(RLD)
IPl-aVB5.9 avps 0.76 £ 0.13 48 +04 2407 0.74 + 0.28° 41963 50%0.1
(RGD) avp3 . 490.5 +17.2 1700 + 400 1200 + 400° n.d. .
avps - - - 5200 + 100° nd. -
IPl-aVp6.3 aVpe6 50+20 23+0.6 55+05 0.99 + 0.20¢ 50.8 +4.8 2100 + 500
(RGD) avps - - - - nd. -
IPl-aVp6.4 aVpeé 57%29 104 + 4.7 9.8 +23 0.73 +0.14° 609 + 538 7400 + 2800
(RTD) avps 72+21 189+ 7.1 113+22 2,66 + 0419 131.2 £ 11.2 5111
aVvp1 - - 2400 = 700 - n.d. -
IPl-aVp6.12 avpe 3416 22+0.2 23+03 1.08 +0.21¢ 240+ 23 1900 + 400
(RGD) avps . 386.9 = 34.6 630 + 140 . n.d. .
aVvp1 - n.rf. 2800 + 800 - nd. -
aVp3 - - 2300 = 600 - n.d. -
IPl-aVp6.2 avpe 34+12 11.3+05 n.a. na. n.a. 3700 = 700
aVvps - 172 £ 36 n.a. n.a. na.
aVvp1 - n.rf. n.a. n.a. n.a. -
IPl-aVp8.1 aVvps 2.6 £ 0.6 0.27 £ 0.16 n.a. n.a. na. -
IPl-aVp8.8 avps 0.69 + 0.20 1.6 + 0.7 n.a. n.a. n.a. -
IPl-a531.2 a5p1 0.22 £ 0.05 1.9+0.2 n.a. n.a. na. -
IPl-a5p1.4 a5@1 0.17 + 0.06 43+0.1 na. na. na. -
aVvpe - n.r.f. n.a. n.a. na. -

Values are fitting value = s.e. in Figure 2.

BValues are average + s.d. from three independent measurements in Figure 3 and supplementary Figure ST — $4.

“Values are fitting value + s.e. from Figure 4.

4Values are average =+ s.d. from five measurements including duplicates in Figure 5 and triplicates in Figure 6.
Values are average = difference from the mean from duplicate measurements in Figure 5.

fValues are average + s.d. from triplicate measurements in Figure 6.
9Values are average =+ s.d. from triplicate measurements in Figure 7.
n.a.: not applicable.

n.d.: not done.

- no binding/inhibition.

n.r.f: no reliable fit.

integrins (Figure 6 and Table 2). For all six RGD-mimetic
antibodies, IgG bound with higher affinity than Fab. IgG
affinity was enhanced from a range of 7.5-fold for IPI-
aVp3.7 (Figure 6a) to 60 to 70-fold for IPI-aV(5.9 (Figure
6b) and IPI-aVP6.4 (Figure 6¢). Notably, IPI-aVP6.4 cross-
reacts with aVB8, with which it showed a lesser, 27-fold
enhancement (Figure 6d). These results underscore the signif-
icant role of avidity effects in binding interactions between
these antibodies and cell surface integrins.

Inhibition of integrin-mediated cell adhesion

We investigated the inhibitory function of all of our synthetic
antibodies, including those lacking ligand-mimetic motifs, on
cell adhesion to a fibronectin fragment (Fn3 domains 7-12)
(Figure 7(a-d)) or proTGF-f1 GARP complexes (Figure 7(e,
f)). All six RGD-mimetic antibodies specifically inhibited
integrin-mediated cell adhesion. Additionally, despite lacking
a R(G/T/L)D motif, IPI-aV 6.2 inhibited adhesion to proTGF-
B1 GARP complexes (Figure 7e).

Most IPI antibodies inhibited adhesion of Expi293 aV ™ /a5~
KO transfectants with 1Cs, values within ~10-fold of their
affinities for cell surface integrins (Figure 7(b,c,f)). However,
all four IPI antibodies to aVP6 inhibited adhesion with far less
potency, with ICs, values reduced ~1,000-fold relative to

affinity, while the 7.1G10 antibody’' was far more potent
(Figure 7e). In contrast, IPI-aV{6.4, which cross-reacts with
aVpB6 and aVP8, inhibited aVP8-dependent adhesion with
1,000-fold more potency than aVP6-dependent adhesion,
and was equipotent to ADWAI11 antibody (Figure 7(e,f)).
The reason for these differences is unclear. Nonetheless, our
results show the distinct patterns of potency and specificity of
the 11 synthetic antibodies on integrin-mediated cell adhesion.

Pairing preference of aV for the 5  subunits

The integrin subtype-specific antibodies we characterized were
then used to investigate whether the aV subunit preferentially
associates during biosynthesis with certain of its 5 different 8
subunit pairing partners over others. To quantify expression,
we used flow cytometry with fluorescently-labeled integrin
heterodimer-specific antibodies. To correct for variation in
binding and dissociation kinetics among the antibodies, we
normalized the mean fluorescence intensity (MFI) of each
antibody by the ratio of its MFI to the MFI of the aV sub-
unit-specific antibody, 17E6 (Figure S7).

In preliminary experiments, we determined the optimal
aV-p subunit plasmid transfection ratio for each aV hetero-
dimer using Expi293 a5 /aV~ KO cells to minimize endogen-
ous integrin expression (Methods). The highest expression of
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Figure 3. Surface plasmon resonance (SPR) binding kinetics with soluble integrin ectodomains. (a-m). Antibodies were captured on the surface with anti-Fc. Integrins in
10 mM HEPES pH 7.5, 150 mM NaCl, 1 mM MgCl,, 1 mM CaCl,, 0.05% Tween 20, and 0.5 mg/mL BSA were used at 0.78, 1.56, 3.12, 6.25, and 12.50 nM. SPR sensorgrams
(thick gray lines) at each ectodomain concentration were globally fitted with 1 vs 1 Langmuir binding model for the on- and off-rates, k., and k. Kp values were

calculated as kog/kon. Values are reported as means with standard deviations from three independent regions of interest (ROIs).

aVP3, aVPe6, and aV8 was achieved with 1:1 ratios of aV and
B-subunit plasmids and of aVP1 and aVP5 with 1:3 ratios aV:
B-subunit plasmids (Figure S7B, D, and E).

To determine the pairing preferences, we then used a
fixed amount of aV plasmid and varying ratios of p-sub-
unit plasmids (Figure 8 and Methods). f1 and P5 were
outcompeted by all other -subunits and equally competed

with one another (ratio of 0.97); therefore, aVp1 and aVp5
are the least favored heterodimers (Figure 8(a-d)). B3 out-
competed B1 and B5 (Figure 8(a,e)) but in turn was out-
competed by 6 and B8 (Figure 8(f,g)). Finally, 36 and B8
competed equally with one another (Figure 8]). The “peck-
ing order” was therefore aVp6= aVP8> aVp3> aVpl=
aVps.
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Figure 4. Binding affinities calculated from competition by RGD-mimetic antibodies of ectodomain binding to fluorescent RGD peptides using fluorescence
polarization. (a-d) Competition of 10 nM FITC-cycliccACRGDGWCG binding to 200 nM aVB1, 50 nM aV3, 50 nM aV@5 or 100 nM a5f1. (e-f) Competition of 10 nM
FITC-proTGFB3 peptide binding to 10 nM aVB6 or 200 nM aVB8. Competitive antibody-binding curves were globally fitted> with the maximum FP value in the absence
of antibody and the minimum FP value as global fitting parameters, and Kp value for each antibody as individual fitting parameter (Methods). A reliable fit could not be
obtained for the a5B1 minibinder and its ECs, value was calculated by fitting the curve with a three-parameter dose-response curve. Means and standard errors are

from nonlinear least square fits.

Integrin aVB1 heterodimer formation on other cell lines

We extended comparisons among aV integrins to cell lines
that express aVP6 and aVP8. Glioblastoma cell line LN229
expresses high levels of aV, 1, a5p1, and aVB3, moderate
levels of aVB5 and aV8, no aV6, and no aVP1 (Figure 9(a-
c)). Colorectal adenocarcinoma cell line HT29 expresses high
levels of aV and 1, high levels of aVp6, moderate levels of
aVP5 and aVP8, and no aVP1, aVP3, or a5p1 (Figure 9(d-f)).

Discussion

We identified and characterized a suite of antibodies to human
integrins, some of which also cross-react with mouse integrins,
validated their use in competition with RGD mimetic ligands
and in cell adhesion assays (Table 2), and demonstrated their
utility in defining the B-subunit preference of the aV integrin
subunit. Our data provide guidance for the future application
of these antibodies, which are now being distributed in a
partnership between IPI and Addgene (https://www.addgene.
org/antibodies/protein-innovation/).

The majority of the antibodies (6 of the 11) block binding of
small RGD mimetic ligands to their targeted integrin. Of the
hundreds of previously described anti-integrin antibodies

obtained by species-specific immunization, we know only a
few with this characteristic: PAC-1, which has an RYD motif*>
and mAb16'*'?, which has an RGD motif (unpublished).
Although 8 integrins recognize RGD motifs, we have selected
for antibodies that are remarkably integrin-specific.

IPI-aVB3.13, with an RLD motif in CDR3, was completely
specific for integrin aVP3, both in human and mouse. A
previously described antibody, LM609, is specific for human
aVP3, but does not cross-react with mouse aV3** and does
not block binding of small RGD mimetics (unpublished). An
artificial aVP3-binding antibody, WOW-1, was created by
replacing the CDR3 loop of PAC-1 antibody to alIf3 with a
50-residue adenovirus penton base sequence containing
RGD.”

IPI-aVB6.4, with an RTDIPVY motif in CDR3, crossreacts
between aVP6 and aVP8 with similar affinity. Interestingly,
aVB6 and aVP8 recognize a RGDLXXL/I motif in their ligands
proTGF-B1 and B3 and a peptide binding to aVp6 was pre-
viously isolated by phage display with the sequence
RTDLDSL.>* The LXXL/I motif forms an amphipathic helix
that binds with its hydrophobic face to the f6 and B8 subunit
in aV integrin complexes.*'®*> The RTDIPVY motif in IPI-
aVP6.4 conserves the positions of hydrophobic residues found
in proTGF-B1 and B3 and conserves both the RTD motif and
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Figure 5. Binding affinities of RGD-mimetic antibodies for cell surface RGD-binding integrins by flow cytometry without washing. (a-c) Affinities on K562 stable
transfectants or WT K562 cells were measured by enhancement of binding of 10nM AF647-9EG7 Fab. Cyclic-ACRGDGWCG and Biogen-aVB1.5 were included as positive
controls. Affinities and standard errors are from nonlinear least square fits of MFI values to a three-parameter dose-response curve. (d-h) Affinities on K562 stable
transfectants were measured by competing fluorescently labeled RGD-mimetics. Affinities and standard errors are from nonlinear least square fits of MFI values to a
three-parameter dose-response curve fitted individually (aVB5 and allbB3) or fitted globally (aVB3, aVB6 and aVB8) with the minimum MFI and the maximum MFI as
shared fitting parameters and ECs, for each titrator as individual fitting parameters. The Kp value of each titrator was calculated from the ECsq value as Kp = ECso/(1 +
C/Kp,), where C_ is the concentration of the fluorescent peptidomimetic and Kp, is the binding affinity of the fluorescent peptidomimetic to the respective integrin
ectodomain as referenced in methods. The errors for the affinities are the difference from the mean from duplicate experiments.

the positions of hydrophobic residues in the peptide identified
by phage display. Furthermore, IPI-aV{6.4 mimics the biology
of proTGF-B1 and B3 by cross-reacting between aVP6 and
aVps.

The other four antibodies, all with RGD sequences, bound
with low nanomolar affinities to their target integrins and
showed greater than 100-fold higher affinity for the target
than for any other integrin (Table 2). Specificity of the six
antibodies with RGD-like motifs is likely to be imparted by
binding to regions outside of the RGD-binding pocket, as well
as by the presence of an RTD or RLD sequence in place of
RGD in two of them. These antibodies will have many applica-
tions in the integrin field as ligand-binding blocking reagents,

including the antibodies that show cross-reactivity, because we
have defined their Ky and ECs, values (Table 2). Usin% these
values, the percentage of bound integrin equals 100 e H/C%

As an example of the gaps our antibodies can fill, we know
of no previously defined inhibitory aV5 antibody. Using IPI-
aVB5.9 IgG at 8.7 nM (10x its Kp for competing binding of a
ligand to cell surface aV5) would inhibit 90% of ligand bind-
ing to aVP5 while inhibiting <1% of binding to cell surface
aVB3 or aVB8. Furthermore, using it at 50 nM (10x its ICs, for
inhibiting cell adhesion) essentially completely blocks all
aVB5-dependent adhesion.

The ECsg, ICsy, and Kp values in Table 2 show several
trends. By competing RGD mimetic binding, affinities of IgG
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Figure 6. Affinities of RGD-mimetic antibodies and their fab fragments for cell surface integrins on K562 stable transfectants. Experimental setup and data fitting were

as described in Figure 5.

for the ectodomain are higher than affinities of Fab for the
intact integrin on cell surface. Both measure monomeric inter-
actions. Measurements using biological ligands for integrin
a5p1 and a4pl show the same trend; ensemble affinities are
lower for cell surface integrins because their content of the
high affinity extended-open conformation is lower than for
ectodomain preparations.’”*® On the other hand, the IgG
affinities for ectodomain determined with SPR and competi-
tive binding with RGD-mimetics agree well with one another.
This agreement demonstrates the reliability of our reported
affinities. Yet another comparison, of IgG and Fab binding to
the integrin ligand-binding site on the cell surface, shows the
difference between bivalent and monomeric binding. Direct
comparisons in Figure 6 show a 20- to 60-fold increase in
effective affinity for IgG. A caveat is that these measurements
are based on overexpressing transfectants, and IgG affinity is
lower at lower integrin expression levels. Limited data from
staining tumor cell lines show that immunostaining ECs,
values are cell line-dependent (Figure S8). Mn?** can substan-
tially increase integrin affinity for ligand and can enhance
immunostaining of the RGD mimetic antibodies (Figure
S8E). Among the assays for cross-reactivity, competition
assays were the most sensitive because a single concentration
of FITC-labeled RGD mimetic is used and the competitor can
cover a broader range of concentrations. In contrast, in immu-
nostaining and SPR, the background signal increases with the
concentration of the antibody or antigen, respectively.

The oV subunit is unique among integrin o subunits in
associating with five different § subunits, three of which, p5,
B6, and P8, associate only with oV. Pair-wise competition
between (B-subunits revealed the order of preference to be
aVP6= aVP8> aVP3> aVPl= aVP5. A limitation is that,
although we used cDNAs with native f-subunit nucleotide
sequences, all expressed in the same vector, we assumed B-
subunit precursor expression was identical. However, we ver-
ified the same trend in several native tumor cell lines.
Previously, we found that the BJ-5a fibroblast cell line
expresses integrins a5f1, aVPl, aVP3, and oVP5'%

Additional cell lines studied here show that, even when aV
and P1 subunits are abundant, aVp1 is not expressed when the
more dominant aVB3 and aVB8 (LN229) or aVp6 integrins
(HT29) are expressed. However, both cell types expressed
aVB5, which appears to compete similarly to aVp1 for the
aV subunit in transfectants. Expression of aVP5 but not
aVpB1 by these cells suggests that the aV subunit of aVp1 also
competes poorly for the p1 subunit with the other 11 a-sub-
units that associate with PI1. In zebrafish integrins, a trend
similar to that seen here was found in which aV associated
less well with the Bl-subunit than with the B3, 5, and p6-
subunits.”” During divergence among integrin orthologues in
vertebrate evolution, both the aV and p1 subunits were chal-
lenged with retaining association with a larger number of f
and a-subunits than any other integrin subunit. Nonetheless,
our data suggest that the p1 subunit competes as effectively as
B5 for aV in transfectants, despite the ability of the 1 and p5-
subunits to associate with a total of 12 and 1 a-subunits,
respectively.

Materials and methods
Expression of full-length integrin on the cell surface

cDNA encoding native integrin o and -subunits from GenScript
(gene and accession No. are: hITGAV, NM_002210.5; hITGB1,
NM_002211.3; hITGB3, NM_000212.3; hITGB5, NM_002213.5;
hITGB6, NM_000888.5; hITGB8, NM_002214.3; hITGA2B,
NM_000419.5; mITGA2B, NM_010575; mITGBS,
NM_177290.3) and Sino Biological (gene and accession No. are:
hITGA8, NM_003638.1; hITGA5, NM_002205.2; mITGAYV,

NM_008402.2; mITGAS5, NM_010577.2; mITGBI,
NM_010578.1; mITGB3, NM_016780.2; mITGBS5,
NM_010580.2;

mITGB6, NM_021359.2; mITGA8, NM_001001309.2) were
amplified by PCR and inserted into the pD2529 CAG vector
(ATUM). The native signal sequence was replaced with an N-
terminal CD33 secretion peptide (MPLLLLLPLLWAGALA),
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Figure 7. Inhibition of cell adhesion to ligands on substrates. Expi293 aV /a5~ KO cells transiently transfected with the indicated integrins were mixed with IPI anti-
integrin antibodies and assayed for adhesion to ELISA plates coated with 30 nM fibronectin fragment (Fn3 7-12) (a-d) or with 10 nM GARP ectodomain/proTGFB1 (e-f).
After 1 hr at 37°C, the fluorescent intensity of mCherry, which was co-expressed with the transfected B-subunit using a self-cleaving P2A peptide, was recorded before
and after washing away nonadherent cells. The fraction of cells bound at each antibody concentration was fitted individually or globally (if more than one antibody was
fitted) to a four-parameter dose-response curve, with global fit to shared bottom and top and individual fit to ICsy and hill slope. Values are means and s.d. From

triplicate measurements.

followed by full-length sequence. For mouse a-subunits only,
the full-length sequence was followed by a P2A sequence
(ATNFSLLKQAGDVEENPGP) and GFP. All -subunit full-
length constructs were followed by a P2A sequence and
mCherry. The a and f cDNAs were transiently transfected
into Expi293 a5 /aV~ cells®® using FectoPro (Polyplus)
according to the manufacturer’s instructions. After 24 hr of
transfection, 3 mM valproic acid and 4 g/L of glucose were
added. Cells were used 48 hr after transfection.

Expression and purification of integrin ectodomains

Ectodomains utilized the same full length sequences, truncated
before the transmembrane domain. The a-subunit ectodomain
sequence was followed by a HRV3C cleavage site (LEVLFQG),
acid coil (AQCEKELQALEKENAQLEWELQALEKELAQ),
Protein C tag (EDQVDPRLIDGK), and Strep twin tag
(SAWSHPQFEKGGGSGGGGGSAWSHPQEFEK). The B-subu-
nit ectodomain was followed by HRV3C cleavage site, basic coil
(AQCKKKLQALKKKNAQLKWKLQALKKKLAQ), hemag-
glutinin (HA) tag (YPYDVPDYA), deca-histidine tag, P2A
sequence, and mCherry. 7 days after transfection and supple-
mentation as described above, supernatants were harvested and
purified using His-Tag purification resin (Roche, cOmpelte™”,

Cat No0.5893682001), followed by size-exclusion chromatogra-
phy either directly following affinity purification (clasped ecto-
domain) or after HRV3C digestion (unclasped ectodomain) in
20 mM HEPES or Tris pH 8, 150 mM NaCl, 1 mM CaCl,, and 1
mM MgCl, (GE Healthcare, AKTA purifier, Superdex 200). The
purified integrin ectodomains were concentrated to ~1 mg/mL,
flash frozen in liquid nitrogen and stored at —80°C.

Synthetic yeast fab library from IPI

The synthetic Fab library, containing approximately 10'°
unique Fab sequences, was displayed on the surface of
Saccharomyces cerevisiae yeast cells. The Fabs are displayed
using the a-agglutinin system, where the Agal protein is
attached to the cell wall by a glycosylphosphatidylinositol
(GPI) anchor and is disulfide-linked to the Aga2 protein dur-
ing biosynthesis. The heavy chain (VH-CH) of the Fab is fused
to the Aga2 subunit on the yeast cell membrane, while the light
chain (VL-CL) noncovalently associates with the heavy chain
during biosynthesis in the yeast endoplasmic reticulum to
form the Fab.”® The Aga2 was tagged with a V5 tag, and the
VL chain had a C-terminal Myc tag, both of which were used
for the detection of Fab expression in the screening process.
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Figure 8. Competition between integrin B-subunits for the aV-subunit. (a-j.) MFI of directly fluorophore-labeled integrin antibodies measured by flow cytometry. In
each competitive titration, the concentration of the aV-subunit plasmid (paV) and one B-subunit plasmid remained constant at 0.6 ug (red line) while the other -
subunit plasmid (green line) was titrated until reaching 0.6 ug. The aV-subunit plasmid was 0.2 ug in a-e and h-i and 0.6 pg in f-g and j. in all reactions, empty vector
plasmid was added to make the total plasmid concentration 1.8 pug. The ratio of the two [ subunit plasmids at the cross point is indicated in each panel. The MFI of each
B-subunit antibody was normalized relative to the MFI of the 17E6 aV antibody (Supplementary Figure S7).
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Figure 9. Immunostaining of cell surface integrins on LN229 cells (a-c) and HT29 cells (d-f). Cells were stained with 50 nM of the indicated anti-integrin antibodies or
isotype control antibodies in HBSS buffer containing 1 mM Ca** and 1 mM Mg>* except for IPI-aVB5.9 which used 1 mM Mn?* and 0.2 mM Ca**. After washing, integrin
antibodies were detected using APC-conjugated goat anti-human secondary antibodies, Alexa Fluor 647 goat anti-rat IgG, or Alexa Fluor 647 goat anti-mouse F(ab’)2,

and flow cytometry.

For library construction, six variable heavy chain (VH)
and three variable light chain (VL) genes were used, result-
ing in a total of 18 VH/VL pairs. These V genes were
selected based on their high-frequency occurrence in
human memory compartments and favorable reported
properties.*”*' Germline sequences were used for CDRI
and CDR2 in VH and VL, while CDR3-H was designed
with a length ranging from 10 to 20 residues to mimic the
natural distribution found in the human memory reper-
toire. To generate diversity in the amino acid sequence of
CDR-H3, trinucleotide mixtures matched the frequency of
amino acids encoded in the non-templated CDR3-H3
region from the human repertoire excluding cysteines and
methionines, with loop lengths of 13, 14, and 15 residues.
The synthesized CDR-H3 nucleotides were co-electropo-
rated with plasmids encoding VH-CHI1-Aga2 enzyme-
digested to remove CDR3 into the yeast, for ligation by
homologous recombination in vivo. Yeast with recombined
VH-CH1-Aga2 plasmids were subsequently separately elec-
troporated with three plasmids encoding VL chains, VK1-
39, VK3-15, and VLI1-51, each containing a CDR3-L

sequence representing the most common VJ rearrangement
in native B cells.

Selecting integrin selective antibodies

We screened for integrin heterodimer-specific antibodies
from the yeast-displayed Fab library with two rounds of
MACS and five rounds of FACS. The sorting buffer used in
MACS and FACS is 20 mM HEPES, pH7.5, 150 mM NaCl,
2mM Ca’*, 2mM Mg®*, 0.1% bovine serum albumin
(BSA) and 0.2% maltose.

In the first MACS selection (MACS1), 25 pmol of each
biotinylated unclasped integrin ectodomain, including aV3,
aVP5, aVP6, aVP8 and a5B1, were separately incubated with
100 pL streptavidin magnetic beads (SuperMag Streptavidin
Beads, 50 nm, Ocean Nanotech), in 1 mL sorting buffer, at
4°C for 1 hr. Beads coupled to each integrin were added
one-by-one to the induced yeast cells (2.5x 10" induced
cells, ~25-fold of the IPI Fab library diversity), incubated
overnight at 4°C on rotor, and the library was subjected to
automated MACS. Yeast recovered from MACS1 were
expanded and induced for the second MACS selection



(MACS2). After negative selection against the streptavidin
magnetic beads, cells were split into five aliquots of 1 x 10°
cells each and again selected with a single biotinylated integ-
rin prebound magnetic bead in MACS2. Two rounds of
MACS yielded five integrin heterodimer enriched Fab
libraries, each with <10° diversity and enabled further
enrichment by FACS.

Each integrin heterodimer enriched Fab library was next
subjected to five alternating rounds of positive selection with
target integrin ectodomains (FACS1 and FACS3), with PSR, i.
e., biotinylated detergent lysate of baculovirus-infected Sf9
membrane proteins (FACS2), and negative selection against
ectodomains of the other 7 untargeted RGD-binding integrins
(FACS4 and FACS5) (Table S2). For example, with aV3
integrin, in FACS1 and FACS3, cells were labeled with 100
nM biotinylated unclasped integrin aVP3 ectodomain. In
FACS2, cells were labeled with 100 nM biotinylated PSR
reagents. In FACS4 and FACSS5, cells were labeled with 100
nM biotinylated unclasped integrin aV3 ectodomain and 100
nM each of aV1, aVB5, aVP6, aVP8, a5p1, a8Pl and allbB3
ectodomain in unbiotinylated clasped form using PE-labeled
streptavidin and Alexa Fluor 647 labeled 12CA5 antibody to
the C terminal HA tag, and selected positively for biotin and
negatively for the HA tag.

The top-ranked sequences from next-generation sequen-
cing after FACS5 were down-selected to 13 for DNA synthesis
and recombinant expression as IgG1 in Expi293F cells.

K562 stable transfectants expressing full-length RGD-
binding integrins

For aVpB1, aVP3, aVB5, aVB6, and aVP8, allbp3, and a8Pl
transfectants, the appropriate full-length plasmids described
above were electroporated into K562 cells, which express
a5B1 as the sole RGD-binding integrin. Transfectants were
selected with 3 ug/mL puromycin. aV transfectants were
further FACS sorted using Alexa488-17E6 (anti-aV) and
mCherry. a8p1 and alIbB3 transfectants were further FACS
sorted using mCherry.

Kinetic measurements using SPR
High-throughput SPR binding kinetics experiments used a
Carterra LSA instrument with an HC-30 M chip (Carterra-
bio, catalog#4279) with a 384-ligand array format. The experi-
ment was set up according to Carterra’s standard protocol.
Briefly, antibodies were captured using immobilized goat anti-
human IgG Fc secondary antibody (Jackson ImmunoResearch
Laboratories, catalog#109-005-098). A two-fold dilution series
ranging from 0.07825 nM to 12.5 nM of purified integrin ecto-
domains as analyte in 10 mM HEPES (pH 7.5), 150 mM NaCl,
1 mM MgCl,, 1 mM CaCl,, 0.05% Tween 20, and 0.5 mg/mL
BSA was sequentially injected (capture kinetics). After each 5
min association phase and 5 min dissociation phase, the asso-
ciation phase for the next highest concentration began.
Instrument software was used to subtract the reference cell
background and for Y-alignment. Data were then globally fitted
with two equations in Prism with shared ko, , kof» and Ryyax:
For the association phase, when t (time) is smaller than #4
(dissociation start time):
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[A] Rz (1 _ e_(k-m,.[A]+k,)ff)(t—t0))

For the dissociation phase, when t (time) is larger than t4
(dissociation start time):

R =Ry- e Forrx(t—ta)

where R, is the observed response at time t, [A] is the analyte
concentration, k. is the off-rate and k,, is the on-rate, Ry, is
the maximal SPR response. Ry, is a fitting parameter defined
using the targeted integrin analyte for each integrin antibody
and is used globally with all other integrin analytes binding to
that antibody. #, is the fitted start time of each cycle and is used
to calculate the initial response units at the beginning of each
new association phase. Ry is R, at t=t,.

Prism input is as follows:

ligand = HotNM *1e — 9

Kob = [ligand]*Kon + Koff

KD = Koff/Kon

Eq = Bmax*ligand/(ligand + KD)

Association = Eq*(1 — exp(—1*Kob*(X - 10)))

YatTime0 = Eq*(1 — exp(—1*Kob*Time0))

Dissociation = YatTime0*exp(—1*Koff*(X — t0 — Time0))
Y = IF(X < Time0, Association, Dissociation) + NS

X: Time

Y: Total binding

Koff: Dissociation constant in inverse time units.

Kon: Association constant in inverse time multiplied by
inverse concentration.

KD: Computed from Koff/Kon, in Molar units.

t0 is used to correct for the experiment start time and to
compensate for the initial response units due to the pre-
vious binding cycle.

Bmax: Maximum binding at equilibrium with maximum
concentration of analyte, in units of Y axis.

HotNM (the concentration of analyte in nM)

TimeO (the time at which dissociation was initiated).

NS =0.

Antibodies and fluorescent labeling

Antibodies were 17E6 (anti-aV),!” mab16 (anti-a5),’® mab13
(anti-B1),"” LM609 (anti-aVP3),”” 7.1G10 (anti-aVp6),*?
ADWALI (anti-aVP8),” and Biogen-aVB1.Ab5 (anti-aVp1)
SEQ ID NO:35*,

Alexa Fluor 647 NHS Ester (Thermo Fisher Scientific,
A20006) was used to directly label integrin antibodies
following the manufacturer’s protocol. Briefly, 1 mg of
antibody (5mg/mL) was incubated with 10 pug of Alexa
Fluor 647 NHS Ester (10 ug/uL in DMSO) in phosphate-
buffered saline (PBS) pH 7.4 at room temperature for 1 hr
in the dark. Unconjugated dye was removed by size-exclu-
sion chromatography (GE Healthcare, AKTA purifier,
Superdex 200). IgG concentration was calculated as:



14 (&) Y.HAOETAL.

B AQg() —0.03 x A650

IgG concentration (M) 210,000

The dye ratio was calculated as

moles of dye

dye ratio =
4 moles of protein

_ Agso
239,000 x protein concentration

Indirect immunofluorescent flow cytometry

K562 stable transfectants expressing human RGD-binding
integrins or K562 WT cells endogenously expressing a5p1
or Expi293F a5 /aV~ mouse integrin transfectants (10°
cells/mL) were incubated with the indicated concentration
of antibodies in Hanks’ balanced salt solution (HBSS) with
20mM HEPES pH 7.4, 1% BSA, 1mM Ca**, and 1 mM
Mg®* (or 1mM Mn** when indicated) for 1hr on ice
followed by three washes. Cells were then stained with
APC-conjugated goat anti-human IgG (Jackson
ImmunoResearch, Catalog 109-135-098) at a 1:150 dilu-
tion, followed by three washes, and subjected to FACS
(BD FACSCanto II). The background mean fluorescence
intensity (MFI) was determined using a human IgGl1 iso-
type control (Bioxcell #BE0297) at the same concentration
as the primary antibodies. Data analysis used FlowJo
(Version 10.7.1).

LN229 (ATCC CRL-2611) and HT29 (ATCC HTB-38) cells
were stained identically with first antibodies at 50 nM, except
for rat and mouse antibodies, Alexa Fluor 647 goat anti-rat IgG
(Invitrogen, catalog A-21247) at 2 ug/mL and Alexa Fluor 647
goat anti-mouse F(ab’)2 (Invitrogen, catalog A-21237) at 2 pg/
mL were used, respectively. Background MFI was determined
using rat IgG2a, BD Catalog 553933 and mouse IgG, clone
X63; human IgG Bioxcell #BE0297.

Fluorescence polarization
FITC-labeled aminocaproic acid-disulfide-cyclized
ACRGDGWCG peptide (FITC-cyclic-ACRGDGWCG) and
FITC-labeled aminocaproic acid-GRGDLGRLKK peptide
(FITC-proTGFp3 peptide) were synthesized by GenScript.
Preliminary experiments (Supplementary Figure S5) were
with 10 nM of FITC-labeled peptide probe and indicated
integrin ectodomain concentrations in 10 mM HEPES pH
7.5, 150 mM NaCl, 1 mM MgCl,, 1 mM CaCl,, and 0.5 mg/
mL BSA (10 pL). The mixture was allowed to equilibrate for 2
hr in the dark and the FP signal was measured by the Synergy
NEO HTS multi-mode microplate reader (Biotek). The back-
ground FP signal was measured by supplementing the reaction
with 10 mM EDTA. Affinities were obtained by fitting the
curve to previously published equations® (Supplementary
Equation S17 in the reference).

For the competition assays, samples (10 pL) contained 10
nM FITC-cyclic-:ACRGDGWCG or FITC-proTGFB3 pep-
tide, integrin ectodomain, and antibodies at indicated

concentrations in the same buffer and condition as described
above. Data were fitted globally using previously developed
equations® (Supplementary Equation S28 in the reference),
with the maximum FP value in the absence of antibody and
the minimum FP value as shared parameters, and affinities
for each titrator as individual parameters. The a5B1 mini-
binder was as described.**

IgG and fab binding to integrin ligand-binding sites on the
cell surface

The affinity of antibodies to integrins aVPl and a8f1
expressed on K562 stable transfectants, as well as a5p1
expressed on K562 wild-type cells, was measured by
enhancement of binding of 10 nM AF647-9EG7 Fab. Cells
(10° in 100 puL) were mixed with 10 nM AF647-9EG7 Fab
and indicated concentrations of antibodies or cyclic-
ACRGDGWCG in L15 medium containing 1% BSA for 2
hr at room temperature. Flow cytometry was without
washing to ensure that values were obtained under equili-
brium conditions. The MFI values of AF647-9EG7 Fab in
the presence of various concentrations of titrators on each
cell line were fitted by a three-parameter dose-response
curve. The errors for the affinities are the difference from
the mean value from duplicate experiments.

To determine the affinity of FITC-proTGFp3 peptide to
aVP6 and aVP8 on the K562 cell surface (Figure S6), 100
uL of cells (10%/mL) were mixed with indicated concentra-
tions of FITC-proTGFpB3 peptide in L15 medium contain-
ing 1% BSA for 2 hr at room temperature and subjected to
flow cytometry without washing. Background fluorescence
was measured with 10 mM EDTA in the binding buffer.
The background-subtracted MFI at each concentration of
FITC-proTGFB3 peptide was fitted to a three-parameter
dose-response curve for Kp, background MFI, and max-
imum MFL

The affinities of cRGDfk peptide with lysine side chain
conjugated to TideFluor5WS (TF5WS-cRGDfk) to aVp3
(Kp=57+6nM) and aVP5 (Kp=51+8nM) on cell surface
were previously determined.'” The binding affinity of FITC
labeled Echistatin (FITC-Echistatin) to alIbp3 (Kp =248 + 14
nM) was previously quantified.”®

IgG and Fab affinities for intact aVP3, aVB5, aV6,
aVP8, and allbB3 on K562 stable transfectants were mea-
sured by competing fluorescently labeled RGD-containing
peptidomimetics. Cells (10°/mL in 100 uL) were mixed with
the indicated probe and antibody concentration in L15
medium with 1% BSA. After 2 hr in the dark at room
temperature to ensure equilibrium, cells were subjected to
FACS.

Cell adhesion assays

50 uL of ligands in PBS (pH 7.4) were coated to ELISA high-
binding 96-well plates (Corning, REF 3590) at 4°C for 16 hr.
Plates were washed and blocked for 1hr at 37°C with PBS
containing 3% BSA. Integrin transfectants in L15 medium (10°
cells/mL in 50 pL) were mixed with antibodies in 50 pL in L15
medium and added to the wells. After 1 hr at 37°C, the fluor-
escent intensity of mCherry, which was co-expressed with the



transfected P-subunit through self-cleaving P2A peptide
(Methods, section 2), was detected at 625 nm using Biotek
Synergy NEO HTS multi-mode microplate reader. After
three washes by gently removing the L15 medium and replen-
ishment with 100 uL of L15 medium, the plate was read again
to obtain the fraction of cells bound. For aVP6 and aVp8
transfectants, cells, and antibodies were pre-incubated for 1
hr and 37°C, before adding to wells.

Competition between integrin 3-subunits for the aV-subunit
Integrin o and B-subunits were transfected as described above,
for cell surface expression using 1.8 ug plasmid per 1.8 mL of
cells (3x10°/mL). The experiments are described in detail in
Supplementary Figure S7 and Figure S8.

Expi293F a5 /aV~ transfectants (5 x 10* in 50 uL) were
stained with directly Alexa 647-labeled integrin antibodies at
100 nM or Alex647-labeled 17E6 anti-aV at 40 nM in Hanks’
balanced salt solution, 20 mM HEPES, 1 mM Ca**, 1 mM Mg**
and 1% BSA on ice for 1 hr and subjected to FACS after three
washes.

Background was measured using Alexa 647-labeled human
natalizumab (anti-a4) for human antibodies or Alexa 647-
labeled mouse IgG1 (clone X63 isotype control) for 17E6
anti-aV and P1F6 (anti-B5). The specific MFI reported in
Figure S7 was background corrected as:

MFIIPI antibody

Dyeratiorpr antivody

Inatalizumab

Dye Tali0natalizumab

MFIspecific (IPI antibody) —

MFIL7g6 or P1F6
Dye ratio17g6 or P1F6
mouse IgG1
Dye ratiomouse 1461

MFIspecz'fic (17E6 or P1F6) —

Due to variations in kinetics among different antibodies, the
specific MFI cannot be directly compared between each integ-
rin B-subunit antibody. To enable a direct comparison, a
coefficient was calculated to adjust each B-subunit antibody
MFI value relative to the MFI value of the 17E6 aV antibody
using the equation:

CoeffiCientﬁfsubumt antibody

— MFIciric(17E6
- specifie( )/ MFIspe(:i fic (IPI antibody or P1F6)

The calculated coefficient for each B-subunit antibody is indi-
cated on each panel in Figure S7. The MFI for each integrin
shown in Figure 8 is calculated as:
MFIspecific[l’lantibodyorl—’lF6
OoeffiCientﬁfsubunitantibndy

MFIforFig.S =
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