
1 

 

Supplementary Information 

Enhancement of the tumor penetration of monoclonal antibody by fusion of a neuropilin-

targeting peptide improves the anti-tumor efficacy 

 

Tae-Hwan Shin, Eun-Sil Sung, Ye-Jin Kim, Ki-Su Kim, Se-Ho Kim, Seok-Ki Kim, Young-Don Lee, 

and Yong-Sung Kim 

 

Inventory of Supplementary Information 

Supplementary Figures S1 to S9 

Supplementary Table S1 to S3 

Supplementary Materials and Methods 

Supplementary References 

  



2 

 

 

Figure S1. Structural analysis of NRP1, NRP2, and Sema3A, and their interactions.  A, 

schematic representation showing the whole organization of the two NRPs, NRP1 and NRP2.  NRPs, 

type I and single-pass transmembrane proteins, are composed of extracellular regions of a1a2 domains 

(two complement binding motifs (CUB)), b1b2 domains (the coagulation factors V and VIII domain), 

and a C domain (MAM meprin domain) as well as a transmembrane domain and an intracellular PDZ 

(PSD-95/DIg/ZO-1 binding motif) binding domain with SEA (Ser-Glu-Ala) motif at the C-terminus 

(1, 2).  B, Sema3A, a prototype Sema3 ligand, is composed of a Sema domain, a cysteine-rich PSI 

(Plexins, semaphorins, and integrins) domain, an Ig-like (immunoglobulin-like C2-type) domain, and 

a basic C-terminal tail.  Arrows indicate the furin endoprotease cleavage site at 555 and 760 residues 

to liberate a C-terminal arginine (3).  Asterisk indicates the Cys723 residues responsible for the 

disulfide-linked homodimer (4).  C, a hypothetical model for the complex formation of Sema3A-

NRP1-PlexinA1 based on the current data (5-8).  Homodimeric Sema3A interacts with 2 molecules 
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each of NRP1 and PlexinA1.  The Sema and Ig-like domains of Sema3s determine the receptor 

specificity, NRP1 or NRP2, by recognizing the a1a2 domains (2, 6, 9, 10).  The C-terminal basic tail 

of Sema3A with the C-terminal Arg residue solely binds to the specific C-terminal arginine-binding 

pocket located on the b1 domain surface of NRP1/2 (7, 11, 12).  PlexinA1 is composed of a Sema, 

PSI, IPT (immunoglobulin domain shared by plexins transcription factors), GAP (GTPase activating 

protein), and GTPase binding domains (5).  D, sequence comparisons of the C-terminal 22 amino 

acid residues of the intrinsic NRP ligands, Sema3s and VEGFs, processed by furin endoproteases to 

liberate a C-terminal arginine (9, 13).  The residue number of amino acids is indicated in parenthesis.  

Sequence comparison reveals that VEGFs with much higher binding affinity with NRPs than Sema3s 

possess conserved Pro residue at the last third residue instead of Asn in Sema3s (8, 14, 15). 
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Figure S2.  SDS-PAGE analyses of the purified proteins.  A, non-reducing SDS-PAGE analysis 

of purified NRP1-b1b2 domain (residues 273-586) and NRP2-b1b2 domain (residues 275-595) from 

bacterial expression.  B, non-reducing (NR) and reducing (R) SDS-PAGE analyses of purified Fc 

proteins from HEK293F cultures.  C, non-reducing (NR) and reducing (R) SDS-PAGE analyses of 

purified Sema3A (26-760) from HEK293F cultures.  Sema3A is known to be a homodimer through a 

disulfide bond (2, 3).  About 2 μg of each protein was analyzed on 12% SDS Bis-Tris gel, which was 

stained with Coomassie brilliant Blue.  The molecular mass markers (M) are indicated in kDa. 
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Figure S3. Fc-A22p, but not Fc, specifically interacts with cell-surface expressed NRP1/2 

undergoing cellular internalization.  A, FACS analysis of cell surface expression levels of NRP1 

(green lines), NRP2 (blue lines), or VEGF-R2 (purple lines) on the cell lines.  Only cells unlabeled 

(red lines) or labeled by only secondary antibody (2nd only) (black lines) are shown.  B, competition 

binding of Fc-A22p with the indicated soluble competitors for the binding SK-OV-3 cells expressing 

NRP1 and NRP2, determined by FACS analysis.  Cells were incubated with Fc (1 μM) or Fc-A22p 

(1 μM) at 4°C for 1 h with or without the soluble competitors, NRP1-b1b12 (2 μM), NRP2-b1b2 (2 

μM), VEGF165 (130 nM), or Sema3A (30 nM), and then secondary labeling with FITC-conjugated 

anti-human IgG Fc at 4°C for 1 h prior to the flow cyotmetric analysis.  C, internalization of Fc-

A22p (green) and its co-localization with NRP1 and NRP2 (red) in SK-OV-3 cells, determined by 

confocal fluorescence microscopy.  The cells were treated with 1 μM of Fc or Fc-A22p at 37°C for 
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30 min.  Cell nuclei were stained with DAPI (blue).  D, co-localization of internalized Fc-A22p 

(red) or NRP1 (red) with the early endosomal marker protein EEA1 (green) in HUVECs and SK-OV-

3 cells, determined by confocal fluorescence microscopy.  In (C and D), the right panels show 

enlarged images of the boxed region in the left panels.  Image magnification, 400×; scale bar, 10 μm. 
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Figure S4. Fc-A22p does not cause any significant effects on the cell proliferation of NRP1/2-
expressing HUVECs and tumor cells (SK-OV-3, FaDu, and A431 cells).  The cells were 
incubated with the indicated concentrations of Fc or Fc-A22p for 72 h prior to the determination of 
cell viability by MTT assay.  The data represent mean ± SD versus medium-treated controls.   
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Figure S5. Fc-A22p and Fc-A22, but not the monovalent A22p and A22 peptides, homes to 

tumor, induces vascular permeability, and downregulates VE-cadherin in endothelial cells and 

E-cadherin in tumor cells.  A, representative images showing localization of intravenously injected 

biotinylated A22 and A22p peptides (5 mg/kg) and Fc proteins (2.5 mg/kg) in relation to blood vessels 

within tumor tissues in A431 xenograft mice, determined by immunofluorescence staining.  After 

circulation of peptides and proteins for 3 h, tumor tissues were excised and subjected to stain with 

streptavidin(SA)-FITC (green) to detect the biotinylated peptides, FITC-conjugated anti-human IgG 

Fc antibody (green) to detect Fc proteins, or with anti-mouse CD31 mAb and then anti-rat TRITC-

conjugated antibodies to detect blood vessels (TRITC, red).  Blue represents DAPI staining.  The 
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lower panel represents quantification of peptide or Fc-staining positive areas analyzed by ImageJ 

software.  Fc-A22/A22p-treated tumors showed a statistically significant increase of Fc staining area 

compared with PBS.  Results are the mean ±SD of 4 fields per mouse (n = 2 per group).  *P<0.05, 

**P<0.001.  Image magnification, 200×; scale bar, 50 μm.  B, Permeability across a HUVEC 

monolayer was assessed by FITC-dextran passage after the cells were stimulated for 30 min by the 

indicated proteins or peptides [VEGF165 (1.3 nM ≈ 50 ng/ml), Sema3A (1.3 nM ≈ 220 ng/ml), 

synthesized A22 or A22p peptide (10 μM), Fc (1 μM), Fc-A22 (1 μM), or Fc-A22p (1 μM)].  Data 

represent the mean ±SD of fold increase over PBS-treated cells.  C, Western blots showing VE-

cadherin levels in HUVECs, treated for 10 min with basal EBM-2 medium (control) or the indicated 

proteins or peptides [VEGF165 (1.3 nM), Sema3A (1.3 nM), synthesized A22 or A22p peptides (10 

μM), Fc (1 μM), Fc-A22 (1 μM), or Fc-A22p (1 μM)].  D, Western blots showing the levels of E-

cadherin, N-cadherin, or β-catenin in A431 cells, treated for 10 min with medium (control) or the 

indicated proteins [Sema3A (30 nM), synthesized A22 or A22p peptide (10 μM), Fc (1 μM), Fc-A22 

(1 μM), or Fc-A22p (1 μM)].  PPC-1 cells expressing N-cadherin were employed for antibody 

control (left panel).  E, ex vivo tumor penetration assays of Fc-A22p.  Subcutaneous FaDu tumor 

xenografts were excised and incubated with PBS or Fc proteins (150 μg/ml) for 2.5 h at 37°C.  The 

sections were stained for Fc proteins (FITC, green) and DAPI (blue), and viewed with a confocal 

microscope.  Image magnification, 200×; scale bar, 50 μm. 
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Figure S6.  Fc-A22p, but not Fc, markedly reduces the amount of VE-/E-cadherin in the cell 
periphery and its co-localization with F-actin cytoskeleton.  A and B, HUVECs (A) and FaDu 
cells (B) were treated with medium (control), Fc (1 μM), Fc-A22p (1 μM) and/or VEGF (50 ng/ml) at 
37°C for 30 min and then fixed and stained for F-actin cytoskeleton (red) and VE-cadherin (green) (A) 
or E-cadherin (green) (B).  The images are representative of two independent experiments.  Image 
magnification, 400×; scale bar, 10 μm. 
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Figure S7. Expression and characterization of mAb-A22p antibodies, cetuximab-A22p and 

trastuzumab-A22p.  A, SDS-PAGE analyses of the purified mAbs and mAb-A22p antibodies under 

reducing (R) or non-reducing (NR) conditions.  About 3 μg of each antibody was analyzed on 12% 

SDS Bis-Tris gel, which was stained with Coomassie brilliant Blue.  The molecular mass markers 

(M) are indicated in kDa.  B, sandwich ELISA to determine the simultaneous binding of the mAb-

A22p antibodies or mAbs to plate-coated NRP1-b1b2 or NRP2-b1b2 and soluble biotinylated 

antigens (EGFR or Her2).  The binding data as a function of the soluble antigen concentrations were 

fitted into a four-parameter sigmoidal curve (solid lines).  Error bars, ±SD.  C, (Upper panel) cell 

surface binding of cetuximab and cetuximab-A22p to PPC-1 cells, determined by FACS analysis.  
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Cells were incubated with cetuximab (1 μM, green) or cetuximab-A22p (1 μM, blue) at 4°C for 1 h, 

and then secondary labeling with FITC-conjugated anti-human IgG Fc at 4°C for 1 h.  No binding of 

cetuximab indicates no surface expression of EGFR in PPC-1 cells.  (Lower panel) internalization of 

cetuximab-A22p (green) and its co-localization with NRP1 (red) in PPC-1 cells, determined by 

confocal fluorescence microscopy.  The cells were left untreated (control) or treated with 1 μM of 

cetuximab or cetuximab-A22p at 37°C for 3 h.  Cell nuclei were stained with DAPI (blue).  Image 

magnification, 400×; scale bar, 10 μm.  D, representative SPR sensorgrams for the interactions of the 

antibodies with FcRn at pH 6.0 (red lines) and 7.4 (blue lines).  Each antibody was injected over 

FcRn-immobilized surface at a density of ~1,000 RU in running and elution buffer conditions of pH 

6.0 or 7.4.  The detailed kinetic binding parameters are shown in Supplementary Table S3. 
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Figure S8. Cetuximab-A22p exerts in vitro biological activities comparable to those of cetuximab 
in A431 and FaDu tumor cells.  A, effects of the antibodies on the proliferation of cells, treated 
with the indicated antibody alone or the combination (at 0.2 and 1 μM) for 72 h prior to the 
determination of cell viability by MTT assay.  The data represent mean ± SD versus medium-treated 
controls.  B, Western blotting analysis of EGFR phosphorylation in the cells, pretreated with the 
indicated antibody or Fc-A22p alone or the combination at the indicated dosages for 1 h at 37oC and 
then stimulated with 10 ng/ml of EGF for 15 min.  ‘Control’ indicates the medium-treated cells.  
The data are representative of two independent experiments. 
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Figure S9. mAb-A22p antibodies show increased tumor homing and penetration and thus 

superior in vivo anti-tumor efficacy.  A, representative images showing the distribution of 

intravenously injected 2.5 mg/kg of trastuzumab or trastuzumab-A22p in relation to blood vessels in 

SK-OV-3 xenograft mice, determined by immunofluorescence staining.  B, Western blot analyses of 

the tumor tissue lysates prepared as described in (A) to compare the amount of human IgG heavy 

chain (HC) and light chain (LC), E-cadherin, N-cadherin, vimentin, and fibronectin.  C, 

representative images showing the localization of intravenously injected 2.5 mg/kg of cetuximab or 

cetuximab-A22p in relation to blood vessels in A431 xenograft mice, determined by 

immunofluorescence staining.  In (A and C), after antibodies were circulating for 3 or 12 h, tumor 

tissues were excised and subjected to the immunofluorescence staining (human Fc (FITC, green), 

CD31 (TRITC, red), and/or mouse NRP1 or NRP2 (TRITC, red)).  Blue represents DAPI staining.  
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Image magnification, 200×; scale bar, 50 μm.  The right (A) or below (C) panel represents 

quantification of antibody-staining positive areas (green) analyzed by ImageJ software.  Results are 

the mean ±SD of 4 fields per a tumor (n = 3 per group).  *P < 0.05, **P < 0.001.  D and E, 

representative tumor images excised from tumor xenograft mice at the end of treatment (shown in Fig. 

6A) are photographed for the size comparisons.  FaDu xenograft mice (D) or SK-OV-3 xenograft 

mice (E) were intravenously injected every 3 day with the indicated dose of PBS, antibody alone, the 

combination of mAbs with Fc-A22p for 18 days, as described in Fig. 6, prior to the tumor excision for 

imaging.  F and G, mouse weight measured during the treatments described in Fig. 6.  Notably no 

signs of systemic toxicity (e.g., no significant changes in body weight, gross appearance, or behavior) 

were observed in the mice treated with the mAbs, mAb-A22p antibodies, or the combination. 
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Supplementary Table S1. Kinetic binding parameters for the interactions of Fc-A22, Fc-A22p, 

VEGF165, and Sema3A with soluble NRP1-b1b2 and NRP2-b1b2 fragments, monitored by SPR.a 

Proteins 
Soluble 

receptors 
kon (M

-1s-1) koff (s
-1) KD (nM) 

VEGF165 

NRP1-b1b2 9.75 ± 0.53×105 3.42 ± 0.29×10-3 3.51 ± 0.36 

NRP2-b1b2 1.17 ± 0.12×105 3.73 ± 0.19×10-3 32.0 ± 1.4 

Sema3A 

NRP1-b1b2 2.89 ± 0.07×104 8.08 ± 0.06×10-4 27.9 ± 1.4 

NRP2-b1b2 6.96 ± 0.03×103 1.61 ± 0.28×10-3 231 ± 22 

Fc-A22 
NRP1-b1b2 4.86 ± 0.98×103 2.95 ± 0.04×10-2 6060 ± 420 

NRP2-b1b2 3.94 ± 0.42×103 3.87 ± 0.09×10-2 9800 ± 140 

Fc-A22p 

NRP1-b1b2 9.15 ± 0.06×103 5.77 ± 0.16×10-4 63.0 ± 2.1 

NRP2-b1b2 6.06 ± 0.04×103 3.76 ± 0.17×10-4 62.0 ± 1.4 

a Each value represents the mean ± SD of two independent experiments.  In each experiment, at least 

five data sets were used in the determination of the kinetic constants. 
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Supplementary Table S2. Purification yields of Fc proteins and antibodies obtained from transient 

expression in HEK293F cells.a 

Antibodies 
Purification yield 

(mg/1-liter of transfected cells)c 

Fc a 34.2±4.8 

Fc-A22 a 45.0±8.3 

Fc-A22p a 42.1±8.6 

Cetuximab b 39.9±6.2 

Cetuximab-A22p b 37.4±4.7 

Trastuzumab b 113.6±9.2 

Trastuzumab-A22p b 105.8±8.9 

a The plasmid encoding the Fc, Fc-A22, or Fc-A22p was transfected into HEK293F cells in 1-liter 

culture media following the standard protocol (16, 17). 

b The two plasmids encoding the heavy and light chains of mAbs or mAb-A22p antibodies were co-

transfected with the equivalent molar ratio into HEK293F cells in 1-liter culture media following the 

standard protocol (16, 17). 

c After 7 day culture, Fc proteins or antibodies were purified from the cell culture supernatant using 

protein A affinity column.  The values represent mean ±SD of at least three independent experiments. 
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Supplementary Table S3. Kinetic binding parameters for the interactions of mAbs and mAb-A22p 

antibodies with the indicated proteins, monitored by SPR.a 

Proteins Antibodies kon (M
-1s-1) koff (s

-1) KD (nM) 

EGFR 

Cetuximab 6.24±0.17×10
6
 1.50±0.35×10

-3
 0.240±0.024 

Cetuximab-A22p 7.17±0.12×10
6
 1.53±0.37×10

-3
 0.213±0.012 

Her2 

Trastuzumab 7.90±0.07×10
4
 1.06±0.14×10

-5
 0.135±0.011 

Trastuzumab-A22p 8.45±0.31×10
4
 1.67±0.37×10

-5
 0.198±0.047 

FcRn 

(pH 6.0) 

Cetuximab 8.27±0.60×10
3
 4.28±0.16×10

-3
 517±21 

Cetuximab-A22p 7.71±0.04×10
3

4.35±0.06×10
-4

564±10 

Trastuzumab 3.24±0.07×10
3

1.49±0.14×10
-3

459±16 

Trastuzumab-A22p 7.23±0.30×10
3

3.72±0.31×10
-3

515±15 

FcγR IIa 

Cetuximab 8.64±0.04×10
3
 2.28±0.17×10

-3
 264±14 

Cetuximab-A22p 1.40±0.07×10
4
 3.28±0.14×10

-3
 312±16 

Trastuzumab 2.39±0.20×10
4
 5.04±0.25×10

-3
 211±10 

Trastuzumab-A22p 2.47±0.17×10
4

7.98±0.35×10
-3

323±27 

FcγR IIIa 

Cetuximab 1.94±0.19×10
4

1.91±0.20×10
-2

985±12 

Cetuximab-A22p 1.98±0.20×10
4
 1.68±0.25×10

-2
 847±21 

Trastuzumab 1.61±0.28×10
4
 1.50±0.20×10

-2
 933±85 

Trastuzumab-A22p 2.23±0.28×10
4
 2.09±0.03×10

-2
 938±17 

FcγR IIIb 

Cetuximab 5.10±0.45×10
3

4.20±0.19×10
-2

8230±140

Cetuximab-A22p 1.57±0.45×10
3

1.45±0.20×10
-2

9220±220

Trastuzumab 5.30±0.14×10
3

4.47±0.22×10
-2

8430±330

Trastuzumab-A22p 7.08±0.43×10
3
 6.66±0.13×10

-2
 9390±230 

aEach value represents the mean ± SD of two independent experiments.  In each experiment, at least 

five data sets were used in the determination of the kinetic constants.  The KD value for FcRn was 

determined at pH 6.0. 
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Supplementary Materials and Methods 

Reagents 

Recombinant human proteins of FcγRIIa, FcγRIIIa, FcγRIIIb, the extracellular domain of Her2, and 

human IgG1 Fc-fused Sema3A (residues 26-771 with mutations of R552A and R555A) (Sema3A-Fc) 

were purchased from R&D systems; FcRn was from SinoBio; bovine serum albumin (BSA) and 

extracellular domain of EGFR, FITC-labeled anti-mouse Fc antibody, and Phalloidin-TRITC were 

from Sigma-Aldrich; human IgG1 Fc-fused extracellular domain of VEGF-R2 (VEGF-R2-Fc) was 

from PharmAbcine (Daejeon, Korea); VEGF165 was from Promokine (Heidelberg, Germany).  The 

A22 peptide corresponding to the C-terminal basic domains of furin-processed Sema3A (residues 

739-760) and A22p peptide with the same sequence with A22 except for N758P substitution (Fig. 1A) 

were synthesized with or without N-terminal biotinylation (Peptron Inc., Korea).  Peptides were 

resuspended in ultra-pure water.  The proteins were biotinylated using EZ-LinkTM Sulfo-NHS-SS-

Biotin (Pierce, Inc., USA) according to the manufacturer's instructions.  Antibodies used were AP 

(alkaline phosphate) conjugated anti-human Fc specific antibody, AP conjugated anti-biotin antibody, 

and HRP (horseradish peroxidase) conjugated anti-human Fc specific antibody from Invitrogen; HRP 

conjugated anti-mouse Fc, rabbit anti-VEGF-R2, rabbit anti-PlexinA1 and mouse anti-vimentin 

antibodies from Cell Signaling; HRP conjugated anti-rabbit Fc, HRP-conjugated anti-goat Fc, goat 

anti-VE-cadherin, rabbit anti-human/mouse/rat NRP2, anti-β-actin, anti-fibronectin, anti-N-cadherin, 

and anti-β-catenin, anti-EGFR, anti-phospho EGFR (Y1173), and anti-EEA1 from Santa Cruz 

Biotechnology; mouse anti-E-cadherin and rat anti-mouse CD31 from BD Bioscience; rabbit anti-

human/mouse/rat/monkey NRP1, mouse anti-VEGF-R2 from Abcam; anti-human Fc-TRITC from 

Leinco Technologies; mouse anti-human NRP1, anti-human NRP2 from R&D systems.  Other 

reagents were analytical grade. 

 

Recombinant protein expression and purification 

The cDNAs coding for human NRP1, NRP2, and Sema3A were purchased from Thermo Fisher 
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Scientific Inc.  The b1b2 domains of human NRP1 (residues 273-586, NRP1-b1b2) and NRP2 

(residues 275-595, NRP2-b1b2) were subcloned with a C-terminal 6×His tag into BamHI/NotI sites of 

pET28a vector (Novagen), then expressed in Escherichia coli Origami 2(DE3) strain, and purified 

using Ni-NTA resin (Qiagen) as previously described (11).  Sema3A (residues 26-760) with two 

mutations of R552A and R555A to prevent proteolysis by furin endoprotease (9) was subcloned with a 

N-terminal 10×His tag into AscI/NotI sites of pSecTag2A (Invitrogen) so that Sema3A is expressed 

with the same C-terminal arginine sequence to that of A22 peptide.  The pSecTag2A carrying the 

Sema3A gene was transfected into HEK293F cell (Invitrogen) using a 25 kDa linear polyethylenimine 

(PEI, Polyscience) as transfection mediator following the standard protocol (16).  The cells were 

cultured in FreeStyle 293 media (Invitrogen) for 6 days at 37°C, 120 rpm, and 8% CO2, and then the 

protein was purified from the culture supernatants using Ni-NTA resin (Qiagen).  The purified 

proteins were dialyzed against PBS (pH 7.4). 

 

Construction, expression, and purification of antibodies 

DNA sequence encoding wild-type human IgG1 Fc encompassing the hinge-CH2-CH3 domains 

(residues 225 - 447 in EU numbering as in Kabat) was subcloned into NotI/HindIII sites of pcDNA3.4 

vector (Invitrogen) for the expression of Fc protein (17, 18).  DNAs encoding the leader sequence 

and heavy or light chains of the anti-EGFR mAb cetuximab (19) and the anti-Her2 mAb trastuzumab 

(20) were subcloned into NotI/HindIII sites of pcDNA3.4 vector using a combination of gene 

synthesis (Bioneer, Inc., Korea) and overlapping PCR.  For the construction of plasmids expressing 

Fc-A22/-A22p or mAb-A22p, the DNA sequence encoding A22 (or A22p) peptide and a 15-residues 

(G4S)3 linker was subcloned in frame at the end of the Fc into the respective plasmid.  All of the 

plasmids were confirmed by sequencing. 

Antibodies were produced by transient transfection of the plasmids into HEK293F cells using 

FreestyleTM 293-F expression and media system (Invitrogen) following the standard protocol (16).  

For expression of the mAbs and mAb-A22p antibodies, each pair of the two plasmids encoding the 
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heavy and light chains were co-transfected at the equivalent molar ratio using PEI (25 kDa linear) as 

transfection mediator into HEK293F cells in FreeStyle 293 media, ranged from 200 ml to 1 liter 

culture volume.  Culture supernatants were harvested after 7 days by centrifugation and filtration 

(pore size 0.22μm, cellulose acetate, Corning).  Antibodies were purified from the culture 

supernatants using a Protein-A agarose chromatography column (GE Healthcare, Uppsala, Sweden), 

as described previously (17, 18).  The purified antibodies were extensively dialyzed to achieve a 

final buffer composition of PBS plus 10% (w/v) glycerol (pH 7.4).  The purified antibodies were 

sterilized by filtration using a cellulose acetate membrane filter (pore size 0.22 μm, Corning).  

Protein and antibody concentrations were determined using a Bicinchoninic Acid (BCA) Kit (Pierce). 

 

Binding analysis by ELISA 

Binding specificity of Fc proteins for the purified NRP1-b1b2 and NRP2-b1b2 domains was 

analyzed by direct ELISA, as described previously (18).  Briefly, the biotinylated protein (100 nM of 

VEGF165, Sema3A, Fc, Fc-A22, and Fc-A22p at ) or biotinylated A22 or A22p peptide (100 nM and 

10 μM) was added to wells of 96-well plates (Nunc, Roskilde, Denmark) pre-coated with VEGF-R2-

Fc, NRP1-b1b2, or NRP2-b1b2 proteins (1 μg/well) and incubated at room temperature for 1 h.  

After washing 4× with PBST (PBS containing 0.1% Tween20), bound proteins were detected with 

labeling of AP-conjugated anti-biotin antibody and then incubation with p-nitrophenyl phosphate 

(Sigma-Aldrich).  Absorbance at 405 nm was read with a VersaMax microplate reader (Molecular 

Devices, Crawley, UK).  For competitive ELISA, Fc-A22p (30 nM) with various concentrations of 

the soluble competitor VEGF165 (0.02 nM - 25 nM) or Sema3A (0.2 nM - 3.3 μM) was added to 

wells of 96-well plates pre-coated with soluble NRP1-b1b2 or NRP2-b1b2 proteins (1 μg/well).  

After washing with PBST, bound Fc-A22p was detected with AP conjugated anti-human Fc specific 

antibody, as described above.  For sandwich ELISA, the mAb and mAb-A22p antibodies (100 nM) 

were first incubated for 1 h with plate-coated NRP1-b1b2 or NRP2-b1b2 (1 μg/well).  After washing 

with PBST, serially diluted biotinylated-EGFR or biotinylated-Her2 (1 pM - 1 μM) was added and then 
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incubated for 1 h at 25°C.  Then bound biotinylated proteins were detected with AP conjugated anti-

biotin antibody, as described above.  The binding data as a function of the protein concentration were 

fitted into a four-parameter sigmoidal curve on Sigma plot software (SPSS, Inc.) to estimate apparent 

the dissociation equilibrium constant (KD) (18). 

 

Surface plasmon resonance (SPR) 

Kinetic interactions of protein-protein or antibody-protein were measured at 25°C using Biacore 

2000 SPR biosensor (GE Healthcare), as described before (18).  After immobilization of the 

indicated proteins (NRP1-b1b2, NRP2-b1b2, EGFR, Her2, FcγRIIa, FcγRIIIa, FcγRIIIb, FcRn) onto 

the carboxymethylated dextran surface of a CM5 sensor chip at a level of about 1,000 response units 

(RUs), proteins or antibodies at the indicated concentrations in PBS (pH 7.4) were injected into the 

flow cell at a flow rate of 30 μl/min for 3min with 3min dissociation per cycle.  After each cycle, 

surfaces were regenerated with a buffer (20 mM NaOH, 1 M NaCl, pH 10.0).  For FcRn binding at 

pH 6.0, antibodies in PBS (pH 6.0) were flowed over the chip surface equilibrated with the PBS (pH 

6.0) (21).  The binding data were normalized by subtracting the response of a blank cell and then 

globally fitted using the Biacore Evaluation Software.  The dissociation (koff) and association rate 

constants (kon), and the dissociation equilibrium constant (KD) values, were determined by the 1:1 

binding model using the BIAevaluation software provided by the manufacturer. 

 

Flow cytometric analysis 

Cell surface expression levels of NRP1, NRP2, and VEGF-R2 were determined by indirect 

immunofluorescent labeling of cells using a mouse anti-human NRP1 (R&D systems), anti-human 

NRP2 (R&D systems), or anti-VEGF-R2 antibody (Abcam)  followed by FITC-conjugated anti-

mouse IgG (Pierce) in a FACSCalibur flow cytometer (Becton-Dickinson, NJ) (18).  Specific 

binding activity of Fc proteins to cells was measured by incubating cells with 1 μM Fc protein in a 

buffer (2% BSA in PBS) at 4°C for 1 h in the absence and presence of soluble competitors NRP1-
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b1b12 (2 μM), NRP2-b1b2 (2 μM), VEGF165 (130 nM), or Sema3A (30 nM) and then secondary 

labeling with FITC-conjugated anti-human IgG Fc (Sigma) at 4°C for 1 h prior to the flow cyotmetric 

analysis. 

 

Cell proliferation assay 

Cells, such as HUVECs, A431, FaDu, and SK-OV-3 cells, seeded at a density of 0.4×104 cells/well in 

96-well plates, were incubated for 72 h at 37°C in complete media.  Then, the cells were treated with  

0.2 or 1 μM of Fc, Fc-A22p, cetuximab, cetuximab-A22p at 37°C for 72 h, as specified in the figure 

legend.  Cell viability was analyzed using the MTT assay kit (Sigma-Aldrich) and the results are 

presented as the percentage of viable cells versus the medium-treated control (22, 23).   

 

Western blotting and immunoprecipitation 

Cells (5×105 cells/well) were seeded in 6-well plates, grown overnight, and then treated under 

given conditions as specified in the Figure legends.  Whole cell lysates were extracted using M-PER 

Mammalian Protein Extraction Reagent (Thermo Scientific) (23).  The standard procedure for 

Western blotting was then performed and proteins were visualized using a PowerOpti-ECL Western 

blotting Detection reagent (Animal Genetics, Inc. Korea) and an ImageQuant LAS 4000 mini (GE 

Healthcare, Piscataway, NJ), as described previously (23, 24).  Immunoprecipitation to analyze Fc 

protein-associated molecules was performed as described previously (24).  Briefly, HUVECs were 

left untreated or treated at 37°C for 30 min with Fc (1.5 μM), Fc-A22p (1.5 μM), or Sema3A-Fc (18 

nM).  The cell lysates were then precipitated by anti-human Fc antibody (10 μg).  Equal amount of 

precipitates were analyzed by Western blotting with β-actin as a loading control.  Band densities 

were quantified using ImageJ (National Institutes of Health, USA) and normalized to β-actin (23). 

 

Co-localization studies by confocal immunofluorescence microscopy 

Confocal immunofluorescence microscopic analyses were performed as described in the main text.  
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Briefly, cells (5×104 cells/well) grown overnight on coverslips in 24-well culture plates (a confluent 

culture) were washed and then treated with 1 μM of Fc or Fc-A22p proteins diluted in TOM medium 

at 37°C for 10 min, followed by permeabilization and blocking of cells.  In the co-localization assay 

of NRP1 and EEA1, the primary anti-human/mouse/rat/monkey NRP1 and rabbit anti-EEA1 antibody 

was incubated overnight at 4°C prior to the detection with the secondary antibody TRITC conjugated 

anti-mouse IgG and FITC conjugated anti-rabbit IgG for 1 h at 25°C.  In the co-localization assay of 

Fc/Fc-A22p and EEA1, the primary rabbit anti-EEA1 antibody was first incubated overnight at 4°C 

prior to the detection with the secondary antibody FITC conjugated anti-rabbit IgG and TRITC 

conjugated anti-human IgG for 1 h at 25°C. 

To determine effects of Fc-A22p on the distribution of VE-/E-cadherin and F-actin 

cytoskeleton, confluent monolayers of HUVECs and FaDu cells were treated with medium (control), 

Fc (1 μM), Fc-A22p (1 μM) and/or VEGF (50 ng/ml) at 37°C for 30 min and then fixed and stained.  

For the co-staining of F-actin with either VE-cadherin or E-cadherin, the primary anti-VE-cadherin or 

anti-E-cadherin was incubated for 2 h at 25°C prior to the detection with the secondary antibody FITC 

conjugated anti-rabbit or anti-mouse IgG and anti-phalloidin-TRITC(40 μg/ml) for 1.5 h at 25°C.  

After mounting the coverslips onto glass slides with VECTASHIELD, optical confocal sections were 

obtained on a Zeiss LSM710 systems with ZEN software. 

 

RNA interference 

Small interfering RNAs (siRNAs) were synthesized by Bioneer Co. (Daejeon, Korea).  Cells 

(5×105 cells/well in 6-well plate) were transfected with the indicated siRNA (1 μM) by electroporation 

in a 0.1-cm diameter capillary (Digital Biotech Inc., Korea) (23, 24) and incubated for 30 h before 

analysis.  The sequences of the siRNAs are as follows: NRP1 siRNA 5′-GGA UUU UCC AUA CGU 

UAU-3′ (25), and NRP2 siRNA 5′-AAA GGC TGG AAG TCA GCA CTA ATT T-3′ (26).  An 

unrelated siRNA with a sequence of 5′-AAT TCT CCG AAC GTG TCA CGT-3′ was also employed as 

a control (23). 
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Ex vivo tumor penetration assays 

The assay was performed as described (27, 28).  Briefly, mice bearing FaDu tumor (about 1 cm 

in diameter) were anesthetized and perfused through the heart with PBS containing 1% BSA.  The 

subcutaneous tumor xenografts were excised from the mice and incubated with PBS, Fc (150 μg/ml), 

or Fc-A22p (150 μg/ml) in DMEM-1% BSA for 2.5 h at 37°C.  After extensive washes with PBS, 

the tumors were fixed in PBS containing 4% paraformaldehyde (PFA) and sectioned for 

immunostaining to detect Fc proteins with FITC-conjugated anti-human IgG Fc antibody, as described 

above. 
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