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Structure basis for AA98 inhibition
on the activation of endothelial cells

mediated by CD146

Xuehui Chen,"?” Huiwen Yan,*’ Dan Liu," Qingji Xu,"* Hongxia Duan,’ Jing Feng,"* Xiyun

and Can Xie?:>6.8.*

SUMMARY

CD146 is an adhesion molecule that plays important roles in angiogenesis, cancer
metastasis, and immune response. It exists as a monomer or dimer on the cell sur-
face. AA98 is a monoclonal antibody that binds to CD146, which abrogates the
activation of CD146-mediated signaling pathways and shows inhibitory effects
on tumor growth. However, how AA98 inhibits the function of CD146 remains un-
clear. Here, we describe a crystal structure of the CD146/AA98 Fab complex at a
resolution of 2.8 A. Monomeric CD146 is stabilized by AA98 Fab binding to the
junction region of CD146 domains 4 and 5. A higher-affinity AA98 variant (here
named HA98) was thus rationally designed. Better binding to CD146 and promi-
nent inhibition on cell migration were achieved with HA98. Further experiments
on xenografted melanoma in mice with HA98 revealed superior inhibitory effects
on tumor growth to those of AA98, which suggested future applications of this
antibody in cancer therapy.

INTRODUCTION

CD146 is an adhesion molecule (cell adhesion molecule [CAM]) that belongs to the immunoglobulin super-
family (IgSF; Lehmann et al., 1987). It was originally reported as a marker indicating the metastasis of mel-
anoma in 1987. Factors that induce CD146 expression include osmotic pressure, high glucose (Wang et al.,
2008), high Ca?* concentration (Schon et al., 2005), and increased cyclic adenosine monophosphate (Rum-
mel et al., 1996). Some growth factors, such as endothelin-1 (Mangahas et al., 2004), transforming growth
factor B (Nakai et al., 2016), and nerve growth factor (Taira et al., 2005), enhance the expression of CD146 in
melanocytes. Recent studies show that there is a broad and high expression profile of CD146 in embryonic
tissues, in contrast to its restricted expression in limited adult normal tissues, such as neovasculature, hair
follicular cells, activated T cells, and the intermediate trophoblast (Shih, 1999; Ye et al., 2013).The strict
expression control of CD146 in normal adult cells plays a major role in CD146-mediated responses in initi-
ating corresponding reactions (Luca et al., 1993) involved in multiple biological processes, such as repro-
duction, development, differentiation, and immune response (Wang and Yan, 2013).

More and more literature reported the upregulated expression and pathological functions of CD146 in a
variety of carcinomas (Wragg et al., 2016; An et al., 2020; Wang et al., 2015), autoimmune diseases (Dagur
and McCoy, 2015), and inflammation-related diseases (Stevenson et al., 2017; Berman et al., 2016). More-
over, CD146 was found to be highly expressed in endothelial cells (ECs) of tumor neovasculature during tu-
mor angiogenesis (Johnson et al., 1996). The pathological upregulation of CD146 was found to promote
tumor angiogenesis (Yan et al., 2003), cancer metastasis (Lehmann et al., 1987), and inflammation (Guez-
guez et al., 2007). Further studies on the mechanisms showed that CD146 mediated the activation of a va-
riety of signaling pathways involved in cell proliferation, migration, viability, motility, and metabolism, such
as inhibitor of nuclear factor-kappa B (NF-kB) kinase (Bu et al., 2006), Janus kinase-signal transducer and
activator of transcription (Ma et al., 2018), nuclear factor of activated T-cells (Gao et al., 2017), phosphati-
dylinositol 3-kinase/protein kinase B (Li et al., 2003; Tripathi et al., 2017), Wnt/planar cell polarity (Ye
et al., 2013), and mitogen-activated protein kinases (Ma et al., 2018; Chen et al., 2018), when triggered
by various ligands. An increasing list of ligands of CD146 including galectin-1, galectin-3, galectin-9
(Colomb et al., 2017; Duan et al., 2020; Jouve et al., 2013), STO0A8/A9 (Ruma et al., 2016), Wnt-1, Wnt-5a,

¢? CellPress

OPEN ACCESS

Yan,14*

'Key Laboratory of Protein
and Peptide
Pharmaceuticals, Institute of
Biophysics, Chinese
Academy of Sciences, Beijing
100101, China

2State Key Laboratory of
Membrane Biology,
Laboratory of Molecular
Biophysics, School of Life
Sciences, Peking University,
Beijing 100871, China

3Key Laboratory of RNA
Biology, Institute of
Biophysics, Chinese
Academy of Sciences, Beijing
100101, China

4College of Life Sciences,
University of Chinese
Academy of Sciences, Beijing
100049, China

SHigh Magnetic Field
Laboratory, Key Laboratory of
High Magnetic Field and lon
Beam Physical Biology, Hefei
Institutes of Physical Science,
Chinese Academy of
Sciences, Science Island,
Hefei, Anhui 230031, PR
China

éInternational
Magnetobiology Frontier
Research Center, Science
Island, Hefei 230031, China

"These authors contributed
equally

8Lead contact
*Correspondence:
fengjing@ibp.ac.cn (J.F.),

yanxy@ibp.ac.cn (X.Y.),
canxie@hmfl.ac.cn (C.X))

https://doi.org/10.1016/j.isci.

Wnt-16 (Zhang et al., 2018; Ye et al., 2013; Tong et al., 2019), fibroblast growth factor 4 (Gao et al., 2017), 2021.102417
) .
Gkt iScience 24, 102417, May 21, 2021 © 2021 The Author(s). 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:fengjing@ibp.ac.cn
mailto:yanxy@ibp.ac.cn
mailto:canxie@hmfl.ac.cn
https://doi.org/10.1016/j.isci.2021.102417
https://doi.org/10.1016/j.isci.2021.102417
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2021.102417&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

Netrin-1(Tu etal., 2015), vascular endothelial growth factor C (Yan et al., 2017), as well as extracellular matrix
molecules, such as Laminin-411 and Laminin-421 (Ishikawa et al., 2014), suggesting CD146 plays its patho-
logical functions as a receptor, more than just an adhesion molecule.

The CD146 protein is conserved among various species. Mature CD146 protein is a type | receptor that con-
tains five extracellular IgSF domains, a single hydrophobic transmembrane domain, and a short cyto-
plasmic tail (Lehmann et al., 1987, 1989). The monomeric and dimeric forms of CD146 coexist on the cell
surface (Bu et al.,, 2007). Some of the ligands of CD146, for instance, Netrin-1 could increase the
dimeric/monomeric ratio of CD146 (Tu et al., 2015). It was reported that the activation of CD146-mediated
signaling depends on its dimerization. The dimeric form of the CD146 cytoplasmic tail could interact with
the ezrin-radixin-moesin (actin-linking) proteins and recruit ezrin-radixin-moesin proteins to cell protru-
sions, promoting the formation and elongation of microvilli (Luo et al., 2012). CD146 promotes tumor
angiogenesis through interacting with vascular endothelial growth factor receptor 2 and is thus a compo-
nent of the vascular endothelial growth factor signalsome (Jiang et al., 2012; Zhuang et al., 2010). CD146 is
regarded as a biomarker of malignant metastasis or tumor angiogenesis (Johnson et al., 1996).

AA98, a monoclonal antibody (mAb) that specifically binds to D4-D5 of CD146, suppressed the dimeriza-
tion of CD146 and abrogated tumor angiogenesis (Zheng et al., 2009), and this inhibitory effect has been
confirmed in several in vivo xenografted cancers, including melanoma, ovarian cancer, colorectal cancer,
hepatocarcinoma, and pancreatic cancer (Jiang et al., 2012; Ma et al., 2017; Xing et al., 2014; Yan et al,,
2003), leading to the consideration of AA98 as a potential drug for tumor treatment. The crystal structure
of CD146 D4-D5 in complex with AA98 Fab was determined to elucidate the binding interface between
AA98 and CD146. Structural rearrangement during monomer-dimer transition was proposed through a
structural comparison with other IgSF proteins, and validated with mutagenesis studies. Several mAbs
with higher affinity to CD146 based on AA%8 were then rational designed directed by the structural infor-
mation, which showed higher inhibitory effects on tumor growth, providing optimized candidate for clinical
applications targeting CD146.

RESULTS

AA98 Fab binds to the upper region of CD146 domain 5

The mAb AA98 was obtained from the hybridoma generated from the mouse immunized with human um-
bilical vein endothelial cells (HUVECs). To determine the crystal structure of the CD146 complex with AA98,
a human CD146 fragment containing domain 4 and domain 5 (D4-D5 fragment containing residues from
GIn336 to Leu519) was expressed in CHO Lec 3.2.8.1 cells and purified to homogeneity. Gel filtration of
CD146 D4-D5 showed that the D4-D5 fragment appears to be at single peak in solution with a molecular
weight of ~50 kDa, corresponding to the dimer (Figure S1, green curve). The AA98 antibody was purified
with a Protein A column, and Fab was generated by papain cleavage (Figure S1, red curve). The CD146 and
Fab were mixed at a 1:4 molar ratio, and the complex was further purified with gel filtration to remove
excess Fab portions before crystallization (Figure S1, blue curve). X-ray diffraction data were collected to
aresolution of 2.8 A (Table 1), and the structure was solved by molecular replacement using a search model
derived from the structure of D2.3 (Protein Data Bank [PDB]: 1YEC; 90% sequence identity to AA98 Fab)
(Charbonnier et al., 1997). The structure of CD146 D4-D5 was later obtained from manual model building
(Table 1). The crystal accommodates two CD146-Fab complexes in the asymmetric unit of P2;.

AA98 Fab possessed the typical immunoglobulin fold found in all antibodies, wherein the light chain and
heavy chain form the variable domains that bind to the linker region of CD146 D4 and D5 (Figure 1A). The
buried surface between CD146 D4 and D5 is 315 A2, which is comparable to the buried surface area among
the majority of IgSF domains.

CD146 appears to be monomeric in the complex structure, and its D4 and D5 are both Ig-like C2-type do-
mains (Figures 1A, S2A, and S2B). A short linker and hydrogen bond network surrounding the CD146 D4-D5
linker region further consolidate the rigidity between two domains (Figures S3A and S3B). The structure
shows a sharp bend of ~120° between the successive domains. Two N-glycosylation sites on D4 and D5
were identified in the electron density map (Figure 1A). Both D4 and D5 contain two beta (B) sheets,
composed of B strands ABE and GFCC' in D4 and ABED and A'GFC in D5, respectively (Figure 1A).
Compared with typical C2-type domains (Wang and Springer, 1998), D5 contains one additional B strand,
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Table 1. Data collection and refinement statistics

Data collection
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Beamline SSRF BL19U

Data collection temperature (K) 100

Wavelength 0.979 A

Space group P2,

N subunits/asym unit 2

Unit cell a=842Ab=884A;c=96A

o =90° B =89.9° vy = 90°

Resolution, A 29.7-2.8 (2.90-2.8)
Total reflections 30,870/2757
Completeness, % 88.7

Rpim 0.045 (0.453)
cc', 0.93 (0.700)

I/a (1) 10.4 (7.7)
Redundancy 5.5(5.3)

Refinement statistics

Refinement range, A 29.7-2.8 (2.9-2.8)
Wilson B-factor 64.72

Reflections used in refinement 30,863/2755
Reflections used for R-free 1581 (120)
Average B-factors (A?) protein 66.90

R-work 0.217 (0.317)
R-free 0.262 (0.393)

Statistics for the highest-resolution shell are shown in parentheses.

D, which is located at the binding site of AA98 Fab and appears to be flexible compared with the rest of the
molecule (Figure 1A).

The superposition of the two most closely related IgSF structures, domains 1 and 2 of human CD166 (PDB:
5A2F; 23% sequence identity (Chappell et al.,, 2015)) and domains 3 and 4 of DCC (PDB: 3LAF; 25%
sequence identity (Chen et al., 2013)), on D4 and D5 of CD146 structure also reveals a distinct bend be-
tween CD146 D4 and D5 (Figure 1B). The orientation of D4 relative to its adjacent D5 (120°) is obviously
different from the extended conformation prevalently adopted by IgSF proteins between successive do-
mains. This unusual bend (Yang et al., 2004) in the complex structure may possibly be caused by the confor-
mational change after the binding of AA98 Fab (Figure 1A).

Superposition of the two CD146 D4-D5 from the asymmetric unit shows that these two molecules were
almost identical (root-mean-square deviation from the superposition of the CD146é Ca atoms is 0.31 A),
even at the interdomain linker (Figure S2C). This may be owing to the AA98 Fab binding and thus fixed
the relative position of these two successive domains and the interdomain linker. Apart from this, the un-
expected extremely short linker (two residues) between D4 and D5 might also contribute to this rigidity.
The diversity of interdomain geometry is crucial for IgSF receptors to interact with multiple ligands. Unfor-
tunately, because of the lack of CD146 structure, we are not clear whether this extremely short linker is nat-
ural existence or the cause of the conformational change from the antibody binding.

Mutation studies of the CD146 D4-D5 dimer interface

D4 and D1 in intercellular adhesion molecule 1 (ICAM-1) were suggested as major intramolecular and inter-
molecular dimerization interfaces, respectively (Yang et al., 2004). Sixteen residues were disordered in the
ICAM-1 dimeric D4 structure, which formed part of the BC loop, CE loop, and strand C in the ICAM-1 D4
monomer structure. In dimeric ICAM-1 D4, strands from two D4s form two super sheets. Subsequent
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Figure 1. Overall structure of CD146 D4-D5 in complex with AA98 Fab

(A) Ribbon diagrams of CD146 D4-D5 in complex with AA98 Fab. CD146 D4 is shown in light pink, whereas D5 is shown in
hot pink. The AA98 Fab light and heavy chains are shown in pale cyan and light blue, respectively. Glycans are drawn in
stick representation with red oxygens and green carbons.

(B) Superposition of AA98 Fab-bound CD146 D4-D5 with D1-D2 of CD166 (5A2F) and D3-D4 of DCC (3LAF). The
superposition is on CD146 D5. CD146 D4 is shown in light pink, whereas D5 is shown in hot pink. CD166 D1-D2 is shown in
green, and DCC D3-D4 is shown in marine. The angle of 120° between the Fab-bound CD146 D4 and D5 is distinctively
different from those in CD166 and DCC.

See also Figures S1-S3.

deletions of strand C or strand E in D4 cause a change from the coexistence of monomeric and dimeric
forms in wild-type ICAM-1 to dimeric forms in these deletion mutants (Chen et al., 2007). To address
whether a similar dimerization mode occurred in the CD146 extracellular region, chemical crosslinking
and mass spectrometric analysis of the CD146 D4-D5 homodimer was performed. K398 in D4 and K439
in D5 were then identified as part of the dimerization interface (Figure 2A). In the complex structure of
CD146 D4-D5/AA98 Fab, K398 is located in the CE loop of D4, whereas K439 is located in strand A" of
D5 (Figures 2A and 2B). Superposition of the CD146 D4-D5 structure with the ICAM-1 dimeric structure
(PDB: 1P53) reveals that K398 in CD146 D4 is buried in the dimer interface and K439 on CD146 D5 appears
in between two D5 domains and in close contact with corresponding residues from another D5 if a similar
dimerization pattern is adopted (Figure 2B), which is in agreement with the cross-linking data and much as
in ICAM-1 (Yang et al., 2004).

To validate the dimerization interface, we deleted the C strand (A374E-380E) or the E strand (A390P-396D)
and constructed two more deletions (A367A-386L and A387E-399R), which extended the deletion to the
adjacent loops in D4 to determine if these residues are involved in the monomeric/dimeric structure tran-
sition (Figure S4). We transfected human embryonic kidney 293T cells and HUVECs with these mutants and
with a C-terminal myc tag for detection. Western blot analysis showed that all the aforementioned dele-
tions profoundly increased the ratio of CD146 dimer on the cell surface in both 293T cells and HUVECs (Fig-
ures 2C and 2D). It is interesting to note that the same B strand (strand C and E) in ICAM-1 is also involved in
dimerization (Yang et al., 2004; Chen et al., 2007).

In the complex structure, B strand E is the only edge strand in the monomeric D4-D5 of CD146 (Figure 3A),
and Leu-392 and Leu-394 are two inward-pointing residues exposed to solvent forming a hydrophobic
patch (Figure 3A). Thus, L392F and L394F were designed to further enhance the hydrophobic patch and
stabilize the monomeric structure. Residue W441 on D5 is predicted to form a Pi-Pi interaction between
neighboring molecules in the dimeric form; thus, W441A was designed to disrupt this interaction and
decrease the stability of CD146 dimerization. Compared with C strand (A374E-380E) or the E strand
(A390P-396D) deletion mutants, which favor dimer, monomer steady-state mutants such as L392F,
L394F, and W441A showed significantly decreased dimerization on cell surface (Figures 2C and 2D).

The monomeric/dimeric states of CD146 on the cell surface with these dimer-preferred mutants and mono-

mer steady-state mutants were further confirmed by immunoprecipitation with double-tag system and
Western blotting as described previously (Zheng et al., 2009). In brief, the 293T cells or the HUVEC cells
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Figure 2. Identification of the potential CD146 dimer interface
(A) Superposition of CD146 D4-D5 on the corresponding domains of the ICAM-1 D3-D5 dimeric form. CD146 D4 is shown in light pink, whereas D5 is shown
in hot pink. One monomer of ICAM-1 D3-D5 is shown in yellow, whereas the other is shown in light blue. The two residues, K398 in CD146 D4 and K439 in
CD146 D5, that contribute to the dimerization in the chemical cross-linking test shown at the left are drawn in stick representation. Also shown in stick

representation are residues that are crucial to the CD146 D4 dimerization, including L392 and L394 in CD146 D4 and W441 in D5. The sodium dodecyl

sulphate-polyacylamide gel electrophoresis (SDS-PAGE) results of chemical crosslinking are shown in the inset (left). Lane before: CD146 D4-D5 protein,
Lane after: CD146 D4-D5 mixed with chemical cross-linking reagent BS® and incubated on ice overnight. A covalently linked CD146 D4-D5 dimer appears in

the BS>-treated sample.
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(B) Enlargement of the part enclosed with dashed lines in A, showing the residues involved in crosslinking, which are crucial for the D4 dimerization.
(C and D) Western blot analysis of the expression of different mutant constructs in the 293T cell line (C) and in the HUVECs (D).
(E) Cartoon schematic of the double-tag co-immunoprecipitation procedure to identify the existence of CD146 dimer on cell surface.

(F and G) Double-tag co-immunoprecipitation assay analysis of the dimerization of CD146 in the 293T cell line (F) and HUVEC cell line (G). The samples in C
and D were run on nonreducing SDS-PAGE, and the samples in F and G were run on reducing SDS-PAGE.

See also Figure S4.

were transfected with full-length CD146 carrying deletion mutants with either an FLAG tag or a Myctag at C
termini simultaneously. CD146 molecules expressed on the cell surface were pulled down by anti-FLAG
antibody and then detected either with anti-FLAG mAb or with anti-Myc mAb. Dimeric CD146 molecules
with both the affinity tag were detected by the anti-Myc mAb (Figure 2E). Similar results and conclusions
were obtained (Figures 2F and 2G). The similarity in domain organization and molecular architecture re-
vealed by two IgSF members, CD146 and ICAM-1 (Figures 2A and 2B), prompted us to speculate whether
CD146 D4 employs a similar pattern in dimerization (Chen et al., 2007).

AA98 depresses EC activation via blocking CD146 dimerization

To explore how the conformational status of CD146 affects the function of ECs, CD146 mutants favoring the
dimer or monomer steady state were transfected into HUVECs, and the activation of the HUVECs was

iScience 24, 102417, May 21, 2021 5
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(B) The activation of NF-kB signaling caused by the expression of different mutant constructs of CD146 was analyzed by

Western blot.

(C) HUVECSs transfected with different mutant constructs of CD146 were subjected to a transwell migration assay. Data
were represented as mean =+ standard deviation. Significant differences were determined by one-way analysis of variance
(*p < 0.05; **p < 0.01; ***p < 0.001; ns, no significant difference). Representative images are shown in Figure S7A. Similar

expression level of CD146 wild type and mutants was confirmed by Western blot (inset, top).
(D) Co-immunoprecipitation assay analysis of mutant constructs A387E-399R/K439C, A387E-399R, and W441A and of
wild-type CD146 expressed in the 293T cell line with AA98.
(E) Western blot analysis of the dimerization of CD146 in mutant-transfected 293T cells treated with AA98 or not.

(F) Transwell assay analysis of the migration activity of mutants transfected with HUVECs treated with AA98 or not.

Data were represented as mean + standard deviation. Significant differences were determined by one-way analysis of
variance (*p < 0.05; **p < 0.01; ***p < 0.001; ns, no significant difference). Representative images were shown in

Figure S7B. Similar expression level of CD146 wild type and mutants was confirmed by Western blot (inset, top).

See also Figures S5-57.

tested. As reported in our previous studies, the activation of NF-kB mediated by CD146 promoted cell
migration, while AA98 inhibited cell migration by suppressing NF-«kB signaling mediated by CD146 (Jiang
et al., 2012; Bu et al., 2006). The activation of NF-«B signaling mediated by CD146 mutants was analyzed.
Compared with the wild-type CD146, the CD146 mutants with higher dimer ratios (A374E-380E, A390P-
396D) promoted the activation of downstream NF-kB signaling (Figure 3B), the assembly of F-actin
(Figure S5), and the migration of ECs (Figure 3C). In contrast, the CD146 mutants that favor steady-state
mutants (L392F, L394F, and W441A) inhibited activation of ECs (Figures S5, 3B, and 3C). All these mutations
on CD146 do not affect AA98 binding (Figure Sé).

We previously reported that AA98 blocks CD146 dimerization on the cell surface, but the blocking mech-
anism remains to be clarified. The complex structure and the aforementioned mutation studies on the po-
tential dimerization interface between D4 suggested that the AA98 binding interface is distal to and has no
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direct influence on the region in D4 involved in CD146 D4 dimerization (Figure 3A). Both the dimeric and
monomeric conformations of CD146 can be observed on the cell surface, suggesting a dynamic equilib-
rium (Bu et al.,, 2007). It is worth noting that AA98 can bind both dimeric and monomeric forms of
CD146 and then stabilize the monomeric form (Zheng et al., 2009). To further validate this hypothesis, a
CD146 mutant (A387E-399R/K439C) was designed with a 387E-399R deletion to increase the dimer ratio
and a K439C mutation to stabilize the formed dimer through a disulfide bond (Figure 1D). We transfected
HUVECs with this mutant, together with CD146A387E-399R, which favors the dimer; CD146W441A, which
favors the monomer; and wild-type CD146, and incubated these cells with AA98 mAb. The AA98 binding of
these mutants was confirmed (Figure 3D). As expected, AA98 binding decreased the dimerization ratio in
the CD146A387E-399R mutant but not in the CD146A387E-399R/K439C mutant, in which the dimeric
conformation might be locked by disulfide bonds (Figure 3E). Migration experiments further confirmed
that AA98 had little inhibitory effect on CD146A387E-399R/K439C mutant (Figure 3F) compared with the
significant inhibition in wild-type and CD146A387E-399R mutant, although the latter also showed
increased migration. The disulfide-bond lock abolished AA98 inhibition because of the fixed dimer confor-
mation. The W441A mutant stabilized CD146 in the monomeric form (Figure 3E and 3F) and showed a very
low cell migration rate, and the binding of AA98 did not further inhibit the migration rate, suggesting that
the monomeric form of CD146 is required for the inhibition. Overall, our results provide further evidence
that the AA98 mAb inhibits CD146-promoted cell migration through stabilization of the monomeric
form of CD146.

Rational design of AA98 fab with improved affinity and inhibition

The crystal structure of the CD146/AA98 complex provided us with valuable tools to understand the mo-
lecular mechanism of the inhibition of CD146-promoted EC activation by AA98. Considering that CD146 is
an important pharmaceutical target and that AA98 is currently a potential drug candidate in tumor metas-
tasis and angiogenesis, it is important to redesign the binding interface for improved affinity, which may
lead to better inhibition in turn.

The antigen-binding site on AA98 has a shallow concave topology (Figure 4A). The epitope is composed of
an aromatic stacking center surrounded by polarinteractions. The hydrophobic core is centered on Pro-458
in the BC loop in D5 of CD146. This loop protrudes into the antigen-binding cavity formed by Vi and V.
The loop, together with aromatic residues, Tyr-102, Trp-103, Trp-33, Tyr-59, and Tyr-52, form the AA98
heavy chain, Tyr-36 form the light chain, His-457 and Pro-458 in D5 and Phe-428 from the D4-D5 linker,
forms the major hydrophobic center. The majority of these contacts involve antibody residues from H1,
H3, and L1. The heavy-chain hypervariable regions make the most important interactions with CD146,
contributing 65% of the buried surface area and most of the polar contacts. The polar interactions sur-
rounding the hydrophobic core involve residues Pro-458, Asp-474, and GIn-478 in D5 and Glu-354 and
Asn-424 in D4 (Table 2 and Figure 4A). The AA98 Fab buries 400 A? of the solvent-accessible surface
area on D5 and 290 A% on D4 at its interface. This result is consistent with the previous report that correct
folding of D5 is indispensable for AA98 binding (Zheng et al., 2009).

Humanization is one of the steps required in developing a latent drug for tumor treatment. Unfortunately,
the affinity of AA98 for CD146 drops sharply after humanization. How to obtain a higher affinity version of
AA98 is the major hurdle to overcome. In the complex structure, residues Ile-28 at the BC loop and Ile-57
and Tyr-59 at the C” strand of the AA98 heavy chain are located near the antigen interface but accessible to
the solvent (Figure 4A). We mutated these three residues to acidic or basic residues to strengthen the
hydrogen bonds around the hydrophobic center at the interface and stabilize this mAb at the same
time. Similar strategies were adopted for residues Ile-31 and Ser-32 in the BC loop of the AA98 light chain.
We mutated these two residues to Glu or Thr (Figure 4A). Far from the antigen interface, Leu-51 of the AA98
light chain is an inward-pointing residue constituting the hydrophobic core between the two f sheets in V|
(Figure 4B). We attempted to stabilize this mAb by mutating this residue to Tyr or His. These mutations
show increased affinities to the CD146 ectodomain compared with the original AA98 mAb (Table 3 and Fig-
ure S8). One of these mutants, 128K/L51Y (here named HA98), binds to endogenous CD146 (Figure S2B)
and exhibits heightened affinity to CD146 (Table 3 and Figures 4C and 4D) and better inhibitory effects
on dimerization (Figure 4E) and cell migration in both the triple-negative breast cancer cell line MDA-
MB-231 (Figure 4F) and HUVECs (Figure 4G). In the tube formation experiment on HUVECs, HA98 also
showed a better inhibitory effect than AA98 mAb (Figure 4H). These results not only demonstrated the
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Figure 4. Rational optimization of AA98 based on the interface between AA98 Fab and CD146 D4-D5

(A) Interface between CD146 D4-D5 and AA98 Fab. AA98 Fab and CD146 D4-D5 are shown in cartoon representation, and
residues involved in interaction are shown in stick representation. CD146 D4 is colored in light pink, whereas D5 is colored
in hot pink. The Fab light chain and heavy chain are colored in pale cyan and light blue, respectively. Residues in AA98
involved in mutation were labeled in red.

(B) AA98 residues around the L51 (shown in sticks) in light chain, which are distal to the CD146 and AA98 interface.

(C and D) BLI-binding assay was used to detect the affinity of wild-type AA98 (C) and modified HA98 (D).

(E) The effect of HA98 on dimerization of CD146 analyzed by Western blot with double-tag system. HUVECs transfected
with full-length CD146 with either an FLAG tag or a Myc tag were treated with AA98 or HA98 and then subjected to the
double-tag system immunoprecipitation and Western blotting assay.

(F and G) MDA-MB-231 (F) and HUVECs (G) treated with AA98 or HA98 were subjected to a transwell migration assay.

Data were represented as mean + standard deviation. Significant differences were determined by one-way analysis of
variance (*p < 0.05; **p < 0.01; ***p < 0.001; ns, no significant difference). Representative images are shown in Figure S9.
(H) HUVECs treated with AA98 or HA98 were subjected to the tube formation assay. Data were represented as mean +
standard deviation. Significant differences were determined by one-way analysis of variance (*p < 0.05; **p < 0.01; ***p <
0.001; ns, no significant difference).

See also Figures S8 and S9.

success of the rational design of an improved mAb based on structure but also shed light on further appli-
cation of this antibody in cancer treatment.

HA98 exhibits better inhibition on human melanoma tumor growth

AA98 has been reported previously to inhibit tumor growth by targeting both angiogenesis and tumor cell
proliferation (Wang and Yan, 2013; Yan et al., 2003). The optimized version of AA98 that we obtained here,
HA98, exhibits higher affinity for the CD146 ectodomain and better inhibition of cell migration and tube
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iScience



iScience ¢? CellPress
OPEN ACCESS

Table 2. Summary of interactions between CD146 D4-D5 and AA98 Fab

CD146 AA98 (H/L)
A351 N57/L

E354 G101/H
Q356 N31/H

N424 Y34/L

F428 W33/H

H457 Y102/H
P458 W33/H

R459 131/L

D474 131/L, R96/L
Q475 S32/L

D476 S32/L

Q478 Y102/H
D504 T55/H, R50/H, and W33/H
L505 Y52/H

formation compared with AA98. Our previous result showed that AA98 had an inhibitory effect on the
growth of melanoma in vivo xenografted mice (Jiang et al., 2012). We repeated this experiment using
the human melanoma cell line A375 to compare the effects of AA98 and HA98. Antibody treatment was
started when the tumor reached a diameter of 5 to 8 mm, nearly 10 days after xenografts. The growth of
human melanoma cells was markedly suppressed by treatment with both AA98 and HA98. A significant
reduction in the tumor volume and weight was observed in the HA98 groups compared with both the con-
trol groups treated with mlgG and the AA98-treated groups, suggesting that HA98 had a significant inhib-
itory effect on the growth of melanoma (85%), which was more efficient than that of AA98 (42%; Figures 5A—
5C). The body weights of each mouse in the three groups were monitored constantly during the treatment
to evaluate the toxicity of HA98. No significant difference in body weight and proliferation of HUVEC was
observed among the groups treated with mlgG, AA98, and HA98 (Figures 5D and 5E), which suggests that
compared with isotyped 1gG and AA98, HA98 had no more significant toxicity. We then detected the vessel
intensity in each group by immunochemical staining by anti-CD31. The vessel intensity was much decreased
in HA98-treated mice (Figures 5F and 5G). More importantly, the inhibitory effect of HA98 shows little indi-
vidual variation, which provides a solid foundation for the stability of future treatment.

DISCUSSION

Previous studies have shown that monomeric and dimeric CD146 coexist in equilibrium on the cell surface.
The monomeric structure of D4-D5 of CD146 with inhibitory antibody AA98 Fab determined here reveals an
unusual bend between the two successive domains compared with other IgSF proteins (Figure 1B), which
may be stabilized by AA98 binding. Mutagenesis and chemical cross-linking results indicate that the AA98
binding interface is distal from the dimerization site on D4, and this binding is possible to change the angle
between domains and may further push the equilibrium to the monomeric form of CD146.

Parallel (cis) interactions are common among CAMs. For example, cis dimerization has been demonstrated
for CAMs ICAM-1, C-CAMT1, and C-CAM2, as well as for N-, E-, and C-cadherins (Miller et al., 1995; Nagar
et al., 1996; Brieher et al., 1996; Hunter et al., 1996). It was shown that the dimeric form of C-cadherin is
capable of adhesion, whereas the monomeric form is not (Brieher et al., 1996). Our results showed that
CD146 mutants in the monomeric state have similar inhibitory effects to those observed on AA98 mAb-
bound wild-type CD146 in cell migration, in agreement with previous studies in IgSF.

IgSF is a group of cell surface proteins with characteristic domain organization containing a variable number
of Ig-like domains, and various functions have been reported and explored for the members of this
superfamily. Similar to ICAM-1, CD146 has five extracellular IgSF domains and equilibrates in the
monomer/dimer state on the cell surface through structural rearrangement in D4 and probably in D1 as
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Table 3. Affinity of AA98 mAb mutants to CD146 ectodomain

mAb Kp value
WT Wild-type AA98 mAb H/L 1.12 x 1077
104-112 Heavy chain (I57E)/light chain (L51Y) 5.07 x 1071°
104-114 Heavy chain (I57E)/light chain (I31E) 5.36 x 1071°
H13-111 Heavy chain (128K)/light chain (L5TH) 7.09 x 1071°
H13-112 Heavy chain (128K)/light chain (L51Y) 1.67 x 107 1°
H13-115 Heavy chain (128K)/light chain (I31E/532T) 6.49 x 1071°
106-112 Heavy chain (Y59R)/light chain (L51Y) 2.99 x 10°'°
106-114 Heavy chain (Y59R)/light chain (I31E) 2.96 x 10710

well (Yang et al., 2004). The dimerization sites are consistent in both molecules, indicating the structural
robustness and fundamental stability of the Ig fold in this superfamily.

AA%8 was first reported to inhibit the migration and tube formation of ECs in vitro. It has also been reported
to decrease the growth rates of melanoma, hepatoma, pancreatic, ovarian, and cervical cancer by targeting
both angiogenesis and metastasis. Furthermore, AA98 reduces the recruitment of macrophages, which can
facilitate the development of tumors. These results show that AA98 inhibits tumor growth and inflammation
in different ways. The crystal structure of the CD146/AA98 complex we presented here not only extended
our understanding of the inhibition of CD146-promoted EC activation by AA98 but also stimulated the
rational design of novel drug candidates. Previous studies have shown an obvious effect of AA98 in tumor
inhibition, either independently (Yan et al., 2003; Jiang et al., 2012) or in combination with either antitumor
drugs (Ma et al.,, 2017; Jiang et al., 2012) or radiotherapy (Cheng, 2016). HA98, an optimized version of
AA98, shows much better treatment effects, comparable to those in combination therapies. More impor-
tantly, the HA98 treatment shows little individual difference, which is an advantage for further exploration
for applications as a drug for tumor and inflammation therapy, especially in tumors with high CD146 expres-
sion but almost no effective drugs, such as mesenchymal breast cancer and triple-negative breast cancer.

Limitations of the study

Our results show that anti-CD146 mAb AA98 attenuates the activation of CD146-induced promigration
signaling pathway via the inhibition of the dimerization of CD146, while the possibility that CD146 functions
as monomer is not ruled out.

Resource availability
Lead contact

Further information, requests, and inquiries should be directed to and will be fulfilled by the lead contact,
Dr. Can Xie (canxie@hmfl.ac.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The authors declare that all the data supporting the findings of this study are available within the article and
its supplemental information files or from the corresponding author upon reasonable request. All the pre-
liminary X-ray structure data are available online in the PDB database (PDB: 6LYN).

METHODS

All methods can be found in the accompanying transparent methods supplemental file.
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Figure 5. HA98 inhibits tumor growth more efficiently

(A) Representation of human melanoma in xenografted mice.

(B) Tumor volumes at specific time points after the injection of human melanoma cells A375 (n = 8).

(C) When the maximal tumor size reached approximately 4 cm?, the mice were killed, and the tumors were excised and
weighed.

(D) Body weight at different time point.

(E) Proliferation of HUVECs in different treated groups.

(F) Vessel length in each field of tumors in different groups. Data (B-F) were represented as mean + standard error.
Statistical significance was determined with one-way analysis of variance test (**p < 0.01; ***p < 0.001).

(G) Immunohistochemical analysis of microvessel density of tumors in different groups. Bars represent 100 pM.
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Figure S1. Protein purification of CD146 D4-DS in complex with AA98 Fab. Related to
Figure 1. Size-exclusion chromatography (Superdex 75 10/300 GL) analysis of purified
CD146 D4-DS5 protein (residues 336-519, green curve), AA98 Fab (red curve), and complex
CD146 D4-D5/AA98 Fab protein (blue curve). SDS-PAGE (Inset) shows the purified CD146
D4-D5 from the peak of the green curve (Lane 1), the purified Fab AA98 from the peak of the
red curve (Lane 3) and the complex CD146 D4-D5/AA98 Fab protein from the first peak of
the blue curve (Lane 2). All eluted fractions were analyzed by 12% SDS—PAGE and stained
with Coomassie Brilliant Blue. Black arrows indicate the elution positions for the standard
marker in size-exclusion chromatography and red arrows show the position of CD146 D4-D5
protein and AA98 Fab in SDS-PAGE.
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Figure S2. Crystal structure of CD146 D4-D5/AA98 Fab complex in the asymmetric
unit. Related to Figure 1. (A) Two CD146 D4-D5/AA98 Fab complexes in the asymmetric
unit. (B) Ribbon diagram of CD146 D4-D5/AA98 Fab complexes from two adjacent
asymmetric unit which have interactions in CD146 part due to crystal packing. In the
asymmetric unit, major interactions between different complex are those from AA98 Fab
molecules. Apart from this, the extended loop from the remnant of CD146 D3 and D3-D4
linker (residues 337-341, elliptical part in A) interacted with the «k chain of another AA98 Fab
(as shown in B). This is also the same part which interacts with the bottom of D5 from
another symmetry related CD146 molecule (as shown in B). (C) Superposition of CD146 D4-
D5 in asymmetric unit. CD146 D4-D5 molecules from asymmetric unit were superposed. One
molecule is colored in lightpink while the other in cyan. The r.m.s.d. from the superposition
of the CD146 Ca atoms are 0.31 A. These two molecules are almost identical except for the
tail of DS5.
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Figure S3. Interface between CD146 D4 and DS5. Related to Figure 1. (A) Interface between
CD146 D4 and D5 (AA98 Fab omitted for clarity). CD146 D4-D5 are shown in cartoon
representation, and residues in D4 is colored in light pink, while those in D5 is colored in cyan.
The two residues in the D4-D5 linker are colored in yellow. Residues in the D4-D5 interface
are shown in sticks. (B) Enlargement of the residues in the red dashed line box, describing the
direct interactions between D4 and D5 in the presence of AA98 Fab (omitted for clarity).
Oxygen atoms are colored red and nitrogen atoms are blue. Hydrogen bonds are shown by
orange dashed lines. For clarity, some residues and related interactions are omitted. Colors are
as described in A.



Figure S4. Identification of the potential CD146 dimer interface. Related to Figure 2.
Superposition of CD146 D4-D5 on the corresponding domains of the ICAM-1 D3-D5 dimeric
form. ICAM-1 D3-D5 is shown as the background and color in lightblue. One molecule of
CD146 D4 is shown in lightpink and D5 in hotpink. Another CD146 D5 is superposed on the
ICAM-1 dimer D5 and color in yellow. The deleted fragments are labelled. 374E-380E
fragment is colored in lighteal while fragment 390P-396D is colored in cyan .The two
residues, K398 in CD146 D4 and K439 in CD146 D5, that contribute to the dimerization in
the chemical cross-linking test shown in stick representation. The dash line shows the
distance between the two K439 from speculative adjacent CD146 DS5. Also shown in stick
representation are residues W441 in D5.
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Figure S5. Decreased assembly of F-actin caused by CD146 steady-state. Related to

Figure 3. Assembly of F-actin in HUVECS transfected with CD146 wild-type and CD146
mutants. Bar = 20um.
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Figure S6. The mutations on CD146 do not affect AA98 binding. Related to Figure 3.
293T cells were transfected with constructs containing CD146 mutations, and AA98 binding
affinity to different CD146 mutants were measured with FITC labeled AA98 mAb by FACS.
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Figure S7. The representative images in the transwell migration assays. Related to
Figure 3. (A) HUVECs transfected with different mutant constructs of CD146 were subjected
to a transwell migration assay and representative images were shown (related to Figure 3C).
(B) Transwell assay analysis of the migration activity of mutants transfected with HUVECs
treated with AA98 or not and representative images were shown (related to Figure 3F). Bar =
S50pm.
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Figure S8. The improved binding affinity of rationally designed AA98 mutants to
CD146. Related to Figure 4. BLI-binding assay was used to measure the affinity of a series
of AA98 mutations, which were rationally designed to improve the binding affinity to
CD146.A-F correspond to 128K/L51H, 128K/I31E, Y5S9R/L51Y, Y59R/I31E, ISTE/LS1Y,
and I57E/I31E, respectively.

Figure S9. The representative images in the transwell migration assays. Related to
Figure 4. MDA-MB-231 (A) and HUVECs (B) treated with mIgG (control), AA98 and HA98
were subjected to a transwell migration assay and representative images were shown, related

to Figure 4F and Figure 4G, respectively. Bar = 50um.



Transparent Methods

Recombinant Protein Expression and Purification

The construct for the CD146 domain 4-5 fragment (GIn336-Leu519) was inserted into the

expression vector pEF1/puro (a vector based on pEF1/V5-HisA modified to contain a

puromycin sequence). We added a CD146 signal peptide, followed by a His tag and an SBP

tag, to the N-terminus of the fragment. A PreScission protease recognition sequence was

introduced between the SBP tag and the CD146 D4-DS5 fragment. Recombinant proteins were

purified from CHO Lec 3.2.8.1 cell supernatants by affinity chromatography (Ni-NTA

followed by strep-tactin column). The purified protein was digested with PreScission protease

to remove the fused affinity tag and further deglycosylated with endoglycosidase H.

Undigested proteins and protease were removed by reloading onto a Ni-NTA column. The

CD146 D4-DS protein was further purified by Superdex 200(GE Healthcare Life Sciences,

Chalfont) gel filtration in 10 mM Tris-HCI, pH 8.0, 0.15 M NacCl.

The AA98 antibody was purified from the culture supernatant with a protein A column

followed by Superdex 200 (GE Healthcare Life Sciences, Chalfont) gel filtration. The Fab

was generated by immobilized papain (Pierce, Rockford, IL) digestion following the

manufacturer’s instructions. Undigested IgG and Fc fragments were removed by reloading

onto the Protein A column, and the Fab was purified further by Superdex 75 (GE Healthcare

Life Sciences, Chalfont) gel filtration in 20 mM HEPES, pH 7.5, 0.15 M NaCl. The purified

CD146 D4-DS5 fragment was incubated with AA98 Fab at a 1:4 molar ratio on ice for 30 min.

The D4-D5 complex with Fab was separated from excess free Fab using Superdex 200 (GE

Healthcare Life Sciences, Chalfont) in 10 mM Tris (pH 8.0) and 150 mM NaCl and



concentrated for crystallization.

Crystallization

Crystals were grown by using vapor diffusion in hanging drops at 291 K with equal volumes
of 12 mg/ml protein solution and a reservoir solution of 19% PEG2000MME / 50 mM
HEPES (pH 7.8). Crystals were cryoprotected by transfer to Ail’s oil. The sequence of the
AA98 Fab was determined by hybridoma cDNA sequencing exactly as previously
described(Chen et al., 2007).

Structure Determination and Refinement

The diffraction data were collected at the 19-ID beamline of the Shanghai Synchrotron
radiation Facility (SSRF, China)(Zhang et al., 2019) and processed with the program suite
HKL2000(Otwinowski and Minor, 1997). The Phaser program(McCoy et al., 2007) was used
for molecular replacement. The model used was the Fab fragment from D2.3 (PDB

codel YEC(Charbonnier et al., 1997)). The solutions from molecular replacement were
subjected to iterative cycles of model rebuilding in COOT(Emsley et al., 2010) and
refinement using Phenix(Adams et al., 2010). After several cycles of refinement, manual
model building and refinement for CD146 D4-D5 were performed. Sigma A-weighted 2 Fo-
Fc and Fo-Fc maps were computed during the refinement, and refinement was monitored by
the decrease in Rie.. Composite omit maps were calculated during refinement to reduce model
bias. The final model, refined to 2.8A resolution, contains amino acid residues 336—519 of
CD146 D4-D5, residues 1-217 of the AA98 Fab light chain, residues 1-132 and 138-217 of
the Fab heavy chain, and two carbohydrate residues. Model geometry was verified using the

program ProCheck(Laskowski et al., 1993). Solvent molecules were located from stereo



chemically reasonable peaks in the cA-weighted Fo-Fc map. Final refinement statistics are

summarized in Table 1. Structural figures were prepared with the program PyMol(DeLano,

2002).

Expression and Purification of AA98 Mutants

Gene sequences of AA98 mutants were cloned into the pEF expression vectors. Various

variable regions were subcloned into expression vectors containing the appropriate mouse

IgGG2a H- and L-chain constant-region sequences by extension PCR. Constructs with different

combinations of the light chain and the heavy chain were transiently cotransfected into 293T

cells. The conditioned media from the transient production run were harvested and clarified

by centrifugation. The supernatants were purified with a Protein A column as described

above. Antibodies were further purified by size exclusion chromatography (Superdex 200

Increase 10/300 GL, GE Healthcare).

BLI-binding studies

Purified recombinant CD146 ectodomain was immobilized on Octet red system biosensors

(Pall ForteBio, CA, USA). The bound CD146 ectodomain was diluted into kinetics buffer

(PBS, pH 7.4, 0.01% (w/v) BSA, 0.002% (v/v) Tween-20) at 10 pg/mL and immobilized onto

AMC biosensors (FortéBio). Following a 120 s baseline step, biosensors were dipped into

wells containing a two-fold dilution series of AA98 IgG. Sensors were then dipped back into

kinetics buffer to monitor the dissociation rate. Kinetics data were analyzed using FortéBio’s

Data Analysis software 9.0, and kinetic curves were fitted to a 1:1 binding model. The mean

kinetic constants reported are the results of three independent experiments.

Cell migration assay



Cell migration was assayed using a modified Boyden chamber assay (8 um pore size; Costar;
Corning) as described previously (Zheng et al., 2009). After the appropriate treatments, cells
were trypsinized, washed, and resuspended in fresh serum-free medium (10,000 cells per
well). After incubation at 37°C overnight, cells remaining at the upper surface of the
membrane were removed using a swab, and cells that had migrated to the lower membrane
surface, which are representative of migrated cells, were fixed with 4% paraformaldehyde and
stained with Giemsa solution. Pictures were taken on an OLYMPUS BXS51 microscope with a
UPlanFLN digital camera using a 4/0.13 numeric aperture objective. Cells migrating through
the filter were counted and plotted as the number of migrating cells per optic field.

Cell proliferation assay

The cell proliferation assay was conducted using the cell counting kit-8 (HY-K0301,
MCE) following the manufacturer’s instruction. Briefly, the cells were seeded into a
96-well plate in triplicates at the density of 3000 cells/100 pl. After 48 h, 10 ul dye
solution was added and incubated at 37 °C for 3-4 h. The absorbance at 450 nm was
measured using Mark microplate absorbance reader (Bio-Rad).

Immunofluorescence

Cells were plated on slides cultured in 6-well plates and then subjected to the appropriate
treatments. The cells were washed with PBS, fixed in acetone/methanol (1:1) for 30 seconds,
permeabilized with 0.1% Triton X-100, blocked with 5% normal goat serum for 60 min at
37°C, and then incubated with phalloidin for 1 hour. Coverslips were subsequently examined
with a confocal laser scanning microscope (Olympus FLUOVIEW FV 1000) with an

Olympus [X81 digital camera using a 20%/0.75 numeric aperture objective.



Immunohistochemistry

Paraffin-embedded tissue sections were deparaffinized and stained first with an antibody for
CD31 and then with HRP-conjugated secondary antibody. The sections were then stained
with 3’3-diaminobenzidine(DAB) and finally counterstained with hematoxylin. The length of
blood vessels per tumor in each group was quantified by ImagJ software in 10 random areas
per section. Images were taken on a OLYMPUS BXS51 microscope with a UPlanFL N digital
camera using 10x/0.3 numeric aperture objective.

Animal experiments

Female 5-week-old BALB/c nude mice were kept under specific pathogen-free conditions.
Xenografts of A375 cell lines were produced by injecting tumor cells (1x107 resuspended in
PBS) subcutaneously into the backs of mice. When the tumors reached 5-8 mm, the mice were
grouped (8 mice per group) and administered purified mAb HA98, AA98 or mIgG at a dose of
150 pg per mouse twice per week by intraperitoneal injection. Tumor size was measured twice
per week, and tumor volume was determined according to the following equation: tumor size
= width® x length x (1/2).

This study was approved by the Ethical Review Committee of Institute of Biophysics, Chinese
Academy of Sciences, China. All methods in this work were performed in accordance with the
People's Republic of China regulation of experimental animals.

Statistical analysis

All experiments were done in triplicate. Data were shown as means + SEM. Statistical
differences were determined by One-way ANOVA. P < 0.05 was considered stastically

significant. The statistical analyses were performed with GraphPad Prism 5.0.



Data deposits

Atomic coordinates and the structure factor files have been deposited in the Protein Data Bank

(http://www.rcsb.org) under accession number 6LYN.
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