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Abstract

VEGFR-3 plays an indispensable role in lymphangiogenesis. Previous findings suggest that blocking the
VEGFR-3 signaling pathway can inhibit lymph node metastasis effectively, thus reduce the incidence of
distant metastasis. The development of new VEGFR-3 targeting drugs for early detection and effective
treatments is, therefore, urgently requied. Here, in vitro biopanning of a phage-displayed peptide library
was used to identify specific peptides binding to the extracellular domain of VEGFR-3. We obtained a
novel VEGFR-3 targeting peptide TMVP1 (LARGR), our combined immunofluorescence and
radiopharmaceutical studies revealed that FITC-TMVP1 and °°™Tc-labeled TMVP1 specifically
accumulated in VEGFR-3 positive lymphatic vessels of tumors after i.v administration in tumor xenograft
models in vivo. The accumulation of the TMVP1 in lymphatic vessels was specific, because this
accumulation can be significantly reduced by blocking experiments. To enhance the therapeutic efficacy
of anticancer drugs, we fused TMVP1 to a proapoptotic peptide p(KLAKLAK)?, the fusion peptide strongly
inhibited tumor lymphangiogenesis in vitro and in vivo, and specifically suppressed lung metastasisin a
4T1 breast cancer xenograft model. Our results suggest that TMVP1 is a promising therapeutic strategy
for the development of new diagnostic tracers or alternative anticancer agents for tumor
lymphangiogenesis and lymphatic metastasis.

Introduction

Most deaths from cancer occur as a result of metastasis. The lymph nodes adjacent to the primary tumor
are often the first site of metastases in many cancer types. Detection of lymph node metastasis is of
major prognostic significance in many cancers'. Lymph node metastasis is an important
clinicopathological parameter for cancer prognostication and treatment. The therapeutic importance of
lymph node metastasis, especially its role in predicting disease progression and determining future post-
operative therapies, underscores the necessity of understanding the process of lymph node metastasis?.

Tumor lymphangiogenesis contributes to tumor progression at least in part by actively facilitating
metastatic dissemination to sentinel lymph nodes through a variety of mechanisms?.
Lymphangiogenesis starts before the onset of metastasis and is associated with distant metastasis.
VEGFR-3 plays an indispensable role in lymphangiogenesis? %79, and it has been identified as one of the
main lymphatic specific markers? 7, which are widely expressed in embryonic tissues and adult new
lymphatic endothelia cells* 8. In recent years, VEGF-C/VEGFR-3 signaling pathways have been confirmed
to play important roles in lymphangiogenesis and tumor cell mobility, invasion and metastasis. It has
been shown that the blockade of VEGF-C/D-mediated signaling can suppress tumor lymphangiogenesis
and lymph node metastases in mice® 9. Inhibition of lymphangiogenesis with a soluble form of VEGFR-3
or monoclonal anti-bodies that block receptor activation can reduce lymphatic metastases by 50%-70% in
preclinical models'". These findings suggest that blocking the VEGFR-3 signaling pathway can inhibit
lymph node metastasis effectively, and thus reduce the incidence of distant metastasis. Therefore

Page 3/19



VEGFR-3 blockade is expected to become an effective means of reducing lymph node metastasis by
blocking the VEGF-C/VEGFR-3 signaling pathways in cancer therapy'2.

However, antibodies may not reach their molecular targets in sufficient amounts and uniformly to be
completely efficacious under conditions of insufficient number of blood vessels, erratic blood flow, and
high intratumoral pressure'3. Short peptides are ideal molecules for targeting tumor cells'*. Peptide-
based therapy has been applied in various diseases, such as allergic diseases, infectious diseases,
autoimmune diseases, fibrosis, and asthma. There are several advantages of peptides, such as easy
availability and convenient purification and storage'®. Peptide-based therapies have been tested in both
in vitro and in vivo experimental models, and some have presented promising outcomes'# 1°.

On this basis, we used the bacterial peptide display system, FliTrx, to identify a new peptide that binds to
the extracellular domain of VEGFR-3. In vitro screening of the FliTrx library with the extracellular domain
of VEGFR-3 derived a 5-amino acid peptide, LARGR (termed TMVP1). We carefully assessed the accuracy
and specificity of TMVP1 binding to VEGFR-3 in vitro and in vivo, and evaluated the targeting effects and
the inhibitory effects of the peptide TMVP1-KLA, which is TMVP1 fused with a proapoptotic peptide

o(KLAKLAK)?, on lymphangiogenesis in vitro and in vivo'® 17,

Materials And Methods

Peptide library screening.

A random 12-mer cyclic peptide display library, the FliTrx Random Peptide Display Library (Catalog no.
K1125-01, Invitrogen, USA), was used to identify specific peptides binding to the extracellular domain of
VEGFR-3. The FliTrx clones targeting recombinant human VEGFR3/Flt-4 (Catalog no.349-F4, RiD
systems, USA) were isolated from the FliTrx library by combined in vitro screening according to the
manufacturer’s protocol. For each round, 1 x 108 FliTrx cells were added to a culture dish with the
recombinant human IgG for negative selection and then incubated for 1 h with recombinant Human VEGF
R3/Flt4 protein for positive selection. After four rounds, 100 individual FliTrx clones were selected, and
their peptide-encoding inserts were sequenced and analyzed for potential repetitive peptide motifs.
Quantification of binding selectivity was determined by counting the bacterial clones.

Cell lines, reagents and mice. Cell lines, reagents, and mice. Primary human lymphatic endothelial cells
(LECs) (Cat2500, ScienCell Research Laboratories, San Diego CA, USA) were cultured in endothelial cell
medium. Human umbilical vein endothelial cells (HUVEC), HEK-293 human embryonic kidney cells, the
human breast cancer cell lines MDA-MB-231,, and SiHa, the murine breast cancer cell line 4T1 and the
melanoma cell line B16 were obtained from the American Type Culture Collection. All cell lines were
maintained in complete RPMI 1640 or DMEM containing 10% fetal bovine serum. BALB/C mice and
Balb/c-nude mice were purchased from the Institute of Laboratory Animal Science, of the Chinese
Academy of Medical Sciences. (Beijing, China). Construction of mouse models, breeding, and staging
were performed using standard methods.

Page 4/19



Peptide design and synthesis. The TMVP1 peptide (LARGR), was designed with the general structure
GCGXXXXXGC (XXXXX = variable residue, C = cysteine, and G = glycine), which is flanked by two cysteine
residues to allow for disulfide linkage and loop formation'®. Glycine residues provide a spacer function,
permitting the physical formation of a loop structure. FITC was coupled to the peptides via an additional
glycine at the NH2 terminus. We fused the peptide TMTP1 to an antimicrobial peptide, H(KLAKLAK)?, and
termed the resulting peptide TMVP1-KLA. LARGR, RGLARGRIGFVM, FITC-TMVP1, HYNIC-TMVP1 and
TMVP1-5(KLAKLAK)? were synthesized by the WuXi AppTec (Shanghai) company with a purity of >95
%,as analyzed by reversed-phase high-performance liquid chromatography (RP-HPLC) and characterized
by electrospray mass spectrometry (MS). HYNIC-TMVP1 was labeled with °°™Tc using a previously

described protocol’®20.

Evaluation of peptide-protein interaction by SPR and the docking method

Modeller software was used to produce homology models of VEGFR-3. The overall architecture of the
extracellular VEGFR-3 (D1-D7) was similar to that of previously reported VEGFR-2% hence, it was built
using two templates (PDB_ID: 5T89 and 4BSK). D1-D2 was resolved along with the 4BSK structure, and
the residual structure of the extracellular domain of VEGFR-3 was constructed based on the 5T89
template as a model. For local peptide-VEGFR3 docking, the RosettaDock server was used, and the
binding pocket for the peptides binding to VEGFR-3 was initially assessed. Meanwhile, thermodynamic
analysis of the enthalpy between the peptide and VEGFR-3 D1-7 was also conducted.

The OpenSPR™ instrument (Nicoya Lifesciences Inc., Kitchener, Canada) was used to determine the
equilibrium binding constant (KD) of peptides with VEGFR-3. All the steps were performed according to its
protocols.

The immunofluorescence test

Ninety-six-well microtiter plates were coated with an appropriate amount (0.1 pg) of Recombinant Human
VEGF R3/Flt4 protein dissolved in PBS containing 0.05% Tween 20 and incubated overnight at 4°C.
Serially diluted FITC-TMVP1 was then incubated for 1 h at room temperature. After thorough washing
with PBS containing 0.05% Tween 20, the ability of TMVP1 binding to the target antigen were identified
using an immunofluorescence test.

The affinity of FITC-TMVP1 to cells

LECs, HUVEC, and HK293 cells were grown on coverslips overnight. Cells were then incubated with 20 yM
FITC-labelled TMVP1 at 37°C for 60 min, then fixed with 4% paraformaldehyde at room temperature for
10 min. Samples were blocked in 3% BSA (w/v) in PBS for 30 min at room temperature. Cells were then
incubated with anti-VEGFR-3 (Ab27278; Abcam, USA) for 60 min at room temperature and washed with
PBS three times. Then incubated with cy3-conjugated Goat anti-Rabbit IgG for 30 minutes and followed
by nuclear staining with 4,6-diamidino-2-phenylindole (DAPI). A laser scanning confocal microscope was
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used to visualize the slides (German Leica, true confocal scanner spectrophotometry, Mannheim,
Germany).

Ex vivo fluorescent peptide-binding capacity

The mouse corneal micropocket 4T1 model was used for targeting experiments when the tumors had
grown, as previous described. FITC-TMVP1 (210 pg) was injected into the tail vein and allowed to
circulate for 1 h. Tumorous organs were excised and immunostained with VEGFR-3 and LYVE-1(ab33682,
Abcam, USA), then examined for fluorescence by laser scanning confocal microscopy (Olympus Fluoview
FV1000). The biodistribution of FITC-TMVP1 in a 4T1 subcutaneous tumor model, tumor tissues, and
normal organs were measured 20 min after injection. The frozen sections were prepared and nuclei were
stained with DAPI.

The clinical tissue samples of breast cancer patients were dissected for FITC-TMVP1 binding studies
using immunofluorescence assays. Tissues were obtained immediately after surgery, immediately
embedded in optimal cutting temperature medium, and then cut into 7 mm-thick frozen sections. The
affinity assay of FITC-TMVP1 with the clinical tissue samples of breast cancer tissues was conducted as
above.

SPECT imaging and Biodistribution study assay of 2°™Tc-HYNIC/EDDA-TMVP1

The imaging study was performed in B16, 4T1 and SiHa tumor-bearing mice using the °®™Tc Thyroid
Scan procedure of SPECT, all of which were used for °*™Tc-HYNIC-TMVP1 imaging with or without the
excess blocking agent. Each tumor-bearing mouse was injected in the penis vein with °*°™Tc-HYNIC-
TMVP1 (20 MBg/mouse) in 0.2 mL of saline. The mice were anesthetized using 30—50 pL of 3%
pentobarbital sodium salt before SPECT imaging. For the blocking experiment, excess cold HYNIC-
TMVP1 (239 nmol dissolved in 0.2 mL of saline) was administered intravenously via the penis vein to

three mice 30 min prior to administration of **™Tc-HYNIC-TMTP1 (20 MBg/mouse). The biodistribution

study was conducted in 4T1 tumor models, as described in a previously published article?: 20

Three-dimensional bead sprouting assay

The 3D in vitro model of angiogenesis was performed as described previously [28-31]. Growth factor-
reduced type | collagen (C7661, Sigma-Aldrich) was added to 96-chamber slides with 100 pyl ECM and
allowed to gel for 30 minutes at 37°C. LECs or macrophages were seeded at densities of 1x10° cells/ml
in 500 pl of ECM containing 3% FBS. The beads and cells were mixed by gentle swirling, incubated at
37°C for 4-8 hr, and then rotated on an orbital mixer in a 37°C oven to generate endothelial cell-loaded
microcarrier beads. Digital pictures were taken using a spot image analysis system, and the areas
covered by tube-like structures were measured using NIH Image software at 6 h. The cells were then
treated with TMVP1-KLA, recombinant 5 ng/ml rhVEGF-C protein, or5 ng/ml TMVP1-KLA+ rhVEGF-C
protein, respectively, for 4-8 hours. The total area covered by the type K collagen was outlined; the area of
the tube-like structures within the type il collagen was calculated and expressed as a percentage of the
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type ll collagen area. The sprouting assay was performed according to protocols from the literature [32]
and quantified with NIH ImagePro Plus 5.0 software.

The inhibitory effect on tumor lymphangiogenesis in vivo

To detect the inhibiton of tumor lymphangiogenesis, the corneal micropocket lymphangiogenesis model
was performed as described?. The eyes were examined on day 3 or after suture implantation. Four days
after tumor transplantation, 150 uM TMVP1-KLA peptide or filter-sterile water was injected
intraperitoneally (IP) every other day. Two weeks later treated mice were sacrificed and the corneal tissues
were surgically removed for LYVE1 staining. The corneal tumor was removed and frozen. The corneal
tumor was removed and frozen. The fixed and paraffinized sections were sectioned for
immunohistochemistry for the corresponding blood vessels and lymphatic vessels.

Mouse Experimental Techniques

Four-week-old BALB/c nu/nu mice were obtained from the SLAC Laboratory Animal Co. Ltd (Shanghai,
China). MDA-MB-231-derived human breast carcinoma xenografts were established as described above.
Five days after tumor transplantation, 50 yM TMVP1-KLA peptide or filter-sterile water was injected
intraperitoneally every other day. Tumor growth was measured in three dimensions twice a week using a
caliper. Tumor volume was calculated using the formula: length x width? x 0.52. Mice were treated with
TMVP1-KLA peptide every 3 days for 28 dayslland then sacrificed. The tumors were surgically removed
for LYVE1 staining. The frozen sections were fixed, then underwent rapid paraffin sectioning for
immunohistochemistry of the corresponding blood vessels and lymphatic vessels and stained to reveal
tumor changes and changes in the number of lymphatic vessels before and after treatment.

The experimental metastatic mouse model of 4T1 breast tumors was established as described above.
The 150 uM TMVP1-KLA peptide or filter-sterile water was injected intraperitoneally every other day. Mice
were sacrificed 21 days after the final therapy. The primary tumor weight and lung metastases were
analyzed. The lung metastases were removed and fixed in 10% neutral-buffered formalin solution. These
lung metastases were stained with H&E and safranin.

Statistical analysis

All in vitro experiments were repeated at least three times. The SPSS13.5 software package was used to
analyze the data. Two-tailed Student’s t-tests were used for comparisons between groups. A value of P<
0.05 was defined as statistically significant. All values were presented as the mean + standard deviation
(SD).

Results

Identification of a peptide that specifically binds to the extracellular domain of human VEGFR3.
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We use the FliTrx™ Random Peptide Display Library, which is based on a random 12-mer cyclic peptide
display library, to screen the binding peptides with recombinant human VEGFR-3/FIt-4.After four rounds,
100 individual FliTrx clones were selected and their peptide-encoding inserts were sequenced and
analyzed for potential repetitive peptide motifs. Analyzing the core amino acids by computerized
analysis, one of the peptide sequences enriched in the selected clone pool was RGLARGRIGFVM (Fig S1
A). To further confirm the affinity of the selected peptide with VEGFR-3, RGLARGRIGFVM was synthesized
and the SPR assay was utilized to measure the binding affinity. As shown in Fig S1 B, the

RGLARGRIGFVM exhibited the binding kinetics with a Kd value of 8.80x10° (M).

To further analyze which sequence represents the core binding sequence of RGLARGRIGFVM with
VEGFRS3, we sought to identify the amino acid residues of VEGFR-3 that could be involved directly in the
peptide-protein interaction. To this end, the homology model of VEGFR-3 was built using Modeller
software, and then a molecular docking simulation between RGLARGRIGFVM and VEGFR-3 was
performed. The docking region sites revealed that D42, E136, F139, F215, and D212 (VEGFR-3 D1-2) are
the amino acids near the binding pocket (Fig. ST E). The LARGR on the polypeptide chain is well attached
to the binding pocket, and the affinity and hydrophobic effects are well-matched, but the polypeptide
amino acids on both sides of RGLARGRIGFVM cannot be combined with the binding pocket, but are free
in aqueous solution (Fig. S1C and D). The interaction energy between protein and Peptide 1
(RGLARGRIGFVM) was -23.10 kcal/mol.

To validate the results of computational protein structure modeling, LARGR was synthesized, and the SPR
assay and the docking method was also conducted. Fig. 1C, D, and E showed that LARGR docked in the
same region of VEGFR-3 D1-2 as RGLARGRIGFVM, and LARGR exhibited significant binding with VEGFR-
3. The Kd value (2.87x10° M) was similar to the 12-mer peptide (Fig. 1B), and the interaction energy was
-16.77 kcal/mol.

FITC-TMVP1 binds with VEGFR-3 in vitro

The immunofluorescence ELISA assay showed that the binding of FITC-TMVP1 to recombinant Human
VEGF R3/Flt4 protein was FITC-TMVP1 concentration-dependent. When 5 or 10 pg of FITC-TMVP1 was
added, the immunofluorescence signal density was significantly increased compared to that of the
control group (**, P<0.01) as shown in Fig. S 2B.

LECs, HUVEC, and HK293 cells were incubated with 20 yM FITC-labelled TMVP1 at 37°C for 60 min, the
affinity of FITC-TMVP1 to cells presented that the LECs had an optimal binding and internalization
ability(Fig. 2B). For further clarification of the VEGFR-3 targeting ability of TMVP1, we constructed
VEGFR-3-overexpressed cells using the lentiviral vector, western blotting, and immunofluorescent assay
detected the expression of VEGFR-3, as shown in Fig S2C. VEGFR-3 was abundantly expressed in SiHa
cells. VEGFR-3 over-expressed cells and control SiHa cells were incubated with 20 uM FITC-conjugated
synthetic TMVP1 and VEGFR-3 antibody. Cell nuclei were stained with DAPI. The fluorescent images in
the tumor cell were examined using laser confocal microscopy. The results showed that the location of
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VEGFR-3 staining (red fluorescence) in the cell membrane was coincident with TMVP1 green
fluorescence. Conversely, FITC-TMVP1 did not bind in the VEGFR-3-negative cells(Figure 2B).

FITC-TMVP1 targets lymphatic vessels in vitro and in vivo

To determine whether TMVP1 could target tumor lymphatic vessels in vivo, the corneal micropocket
mouse 4T1 tumor model was established. As shown in Fig. 3A, 1 h after i.v. injection, the strong green
fluorescence accumulated within the micro-bag cornea of tumor model, while only background
fluorescence was observed in normal control Figure. At the same time, the tumor frozen sections were
immunostained using VEGFR-3 antibody, the results showed that the VEGFR-3 staining (red fluorescence)
in the vasculature was coincident with TMVP1 green fluorescence (Fig. 3B). The biodistribution of FITC-
TMVP1 was mainly accumulated at the periphery of growing tumors (Fig. S3 A), in accordance with
corneal micropocket mouse 4T1 tumor model, the VEGFR-3 staining (red fluorescence) in the vasculature
was also coincident with TMVP1 green fluorescence in the 4T1 subcutaneous tumor model (Fig. S3 B).

The clinical tissue samples from breast cancer patients were dissected to study the binding specificity of
TMVP1with neoplastic lymphatic vessels. A total of 12 human breast cancer specimens were analyzed in
this study. The FITC-TMVP1 staining was observed to be completely coincident with anti-VEGFR-3, and
partially colocalized with anti-LYVE1 staining with in all the 12 breast tumor sample (Fig. 3C).

TMVP1 targets tumor tissues as indicated by °°™Tc labeling

The Kd value of HYNIC-TMVP1 with VEGFR-3 was 2.96x10° M. The SPR assay verified that the TMVP1
binding affinity with VEGFR-3 was not reduced (Fig 4B). Then HYNIC-TMVP1 was labeled with °°™Tc, and
the radiochemical purity of °®™Tc-HYNIC/EDDA-TMVP1 was measured by radio-HPLC and ITLC-SG, the
retention time was 13.48 min (Fig. S4 D), the radiochemical purity was greater than 95%. The solution
stability of °*™Tc-HYNIC/EDDA-TMVP1 was monitored by ITLC-SG in saline, in serum, and the presence
of excess cysteine, and the radiotracer was stable in the all these solutions (Fig. S4 E).

Fig. 4C illustrates representative SPECT images of tumor-bearing mice at 30 min, 1 h, and 2 h after
administration of ~ 18.5 MBq of *°™Tc-labeled TMVP1 with or without excess TMVP1 pre-injection. The
SPECT images showed that the B16 and 4T1 tumors were clearly visualized after administration, but
SiHa tumors were poorly visualized. Meanwhile, the tumor imaging could be blocked by co-injection of
excess cold TMVP1 (Fig. 4C and D). In addition, the radiotracer accumulated mainly in the kidney and
bladder, which reflected the renal-mediated clearance of the radiotracer. IHC revealed VEGFR-3 expression
in the above three tumor tissues. The results showed that the VEGFR-3 expression was in accordance
with the accumulation of °™Tc-labeled TMVP1 (Fig. 4E).

To further understand the biodistribution characteristics of °*™Tc-labeled TMVP1, nude mice bearing 4T1
xenografts were used to evaluate the biodistribution characteristics and excretion kinetics. Fig. S5A
presents the %ID/g organ uptake for the tracer. In general, the radiotracer tumor uptake was 0.65 + 0.09,

and 0.314 £ 0.08 %ID/g at 2 h and 4 h, respectively, with extremely short blood retention times. The
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tumor/blood ratios were 2.74 +0.24 and 5.02 +1.88 at 2 h and 4 h p.i,, respectively (Fig. S5 B). The
blocking experiment demonstrated that the accumulation of radiotracer could be significantly reduced by
pre-injection of excess TMVP1 (Fig. S5 C).

TMVP1-KLA inhibits LECs to form lymphatic-like tube in vitro and in vivo. Three-dimensional visualization
of tubeformation and the in vitro sprout forming assay were performed, and frank tube-like structures
were observed in lymphatic endothelial cells, and their formation was enhanced by cytokine rhVEGF-C.
When TMVP1-KLA or TMVP1-KLA plus rhVEGF-C were added, the numbers of lymphatic sprouts and
tube-like structures were significantly reduced compared to the control groups, and some cells formed
spherical apoptotic cells (Fig. 5A, B). The percentage of the average sprout length in TMVP1-KLA +
rhVEGF-C- and TMVP1-KLA-treated LECs was, respectively, 5.2 +1.1 % and 4.3+1.0 % significantly lower
than that of rhVEGF-C-treated or control LECs. The percentage of tube-like structures coverage area in
TMVP1-KLA + rhVEGF-C- and TMVP1-KLA-treated LECs were, respectively, 5.8 0.5 %, and 2.6 + 0.4 %,
which was significantly lower than that of the control.

To reveal the TMVP1-KLA inhibition of lymphangiogenesis, we chose the murine corneal transplantation
model for our study. The number of lymphatic vessels found in the peptide-treated group was
significantly less than that of the control group, as shown in Fig. 5C and D. Few lymphatic vessels were
observed in the TMVP1-KLA treated group. The area of the LYVE1-positive staining in the TMVP1-KLA-
treated group was 12.3 +1.2 %, much less than that of the control group (p<0.01) (Fig. 5D). The
arrangement of the tissue nuclei after TMVP1-KLA treatment was observed, with tightly packed nuclei
and less lumen distribution. However, tissues in the control group were relatively loose, with more lumen
structures.

TMTP1-KLA inhibits tumor lymphangiogenesis and development in vivo.

We next sought to explore whether the TMVP1-KLA peptide might represent a possible therapeutic
strategy to suppress tumor lymphangiogenesis in vivo. We analyzed the effects of TMVP1-KLA on MDA-
MB-231-derived orthotopic breast cancer lymphangiogenesis in mice. As shown in Fig. 6 A-C, TMVP1-KLA
was observed to inhibit orthotopic breast tumor growth effectively. The mean tumor volumes of TMVP1-
KLA-treated mice were 0.24 mm?, which were significantly (P< 0.05) smaller than that of TMVP1-treated
mice (0.87 £0.07 mm?3; Fig. 6B). The tumor weight from the TMVP1-KLA group was 1.2 0.5 g, which was
also significantly lower than that of the control group (Fig. 6C). Thus, TMVP1-KLA could significantly
suppress tumor growth in vivo unlike TMTP1.

The tumor lymphangiogenesis vessel number of the mouse tumor tissue was observed between two
groups using immunohistochemical staining. The area of LYVE1-positive staining decreased significantly
in the TMTP1-KLA peptide-treated group compared to that in the control group (Figure 6D, E). Thus, these
results showed a vigorous anti-lymphangiogenic effect of TMTP1-KLA peptide in vivo.

Effects of TMTP1-KLA on the inhibition of metastatic tumor cell extravasation into the lungs
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An experimental lung metastasis model was applied to determine whether the TMTP1-KLA inhibition of
metastasis was specifically due to decreased lymphatic vessels. In the TMVP1-KLA-treatment group, lung
alveolar tissue and decreased numbers of cancer nests were observed, while in the control group,
metastatic invasion left little alveolar lung tissue, as shown by HE staining. TMVP1-KLA effectively
inhibited 4T1 subcutaneous tumor growth. The mean tumor volumes of TMVP1-KLA-treated mice were
significantly (P< 0.05) smaller than those of control mice (as shown in Fig S6B). There were no deaths
observed in mice treated with TMVP1-KLA.

Moreover, the lungs of TMVP1-KLA-treated mice showed significantly smaller volumes and fewer micro-
metastases than that of control mice (Fig. S 6A, C; P<0.01). Histologically, TMVP1-KLA-treated mice
showed clumps of metastatic cells lodged within lymphatic vessels that failed to breach the lymphatic
basement membrane and enter the lung parenchyma (Fig. S 6A) (significantly more visible lung
metastases were visualized in the control group; P <0.01). These experimental results showed that
TMVP1-KLA could inhibit breast cancer growth and metastasis.

Discussion

Tumor lymphangiogenesis is required for lymph node metastasis. The targeting of VEGFR-3 will be
therapeutically significant for human tumors? '2. In line with this concept, we obtained a period of five
TMVP1 peptide sequences using the extracellular domain of the recombinant active human protein
VEGFR-3 by display random peptide library screening. Our combined immunofluorescence and
autoradiography studies revealed that FITC-TMVP1 and °°™Tc-labeled TMVP1 specifically accumulated
in VEGFR-3-positive lymphatic vessels of tumors after i.v. administration in tumor xenograft in vivo
models. The accumulation of TMVP1 in lymphatic vessels was specific, because which can be
significantly reduced by blocking experiment. To investigate whether VEGFR3-targeted TMVP1 could be
used to enhance the therapeutic efficacy of anticancer drugs, we synthesized a peptide conjugated with a
proapoptotic peptide p(KLAKLAK)?. The fusion peptide strongly inhibited tumor lymphangiogenesis in
vitro and in vivo and specifically suppressed lung metastasis in a 4T1 breast cancer xenograft model.

Small short peptides provide several possible advantages, including low immunogenicity, enhanced
tissue penetration owing to their small size, ready diffusion, and ease of manufacture compared with
larger biomolecules, such as antibodies. Previous studies describe the development of several kinds of
VEGFR-3 targeting agents, including VEGFR-3 monoclonal antibodies, anticalins, peptides, and small
pharmaceutical molecules'® 11:22.23 Tyulia Huhtala had shown that the 111In-labeled anti-VEGFR-3
antibody mF4-31C1 had a strong accumulation of the radioactivity in the tumor area, 48 h
postinjection?*. A typical feature of antibodies is their slow drug metabolism, unlike small
pharmaceutical molecules and peptides in vivo. Li-Feng Shi screened a peptide with a sequence of
WHWLPNLRHYAS targeting the extracellular fragment of recombinant human VEGFR-3/Flt-4 through a
phage-displayed random peptide library, but the efficacy of binding affinity for homing targeting is not
powerful?®. Jen-Liang Sui identified two peptides which strongly inhibited the kinase activity of VEGFR-
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326.27 Thus, the continued studies of VEGFR-3-targeting agents will be essential for developing new
therapies that limit the spread of cancer.

In this work, we discovered TMVP1 binding with VEGFR3 by computerized analysis. One explanation for
our results is this biopanning method was not an optimal strategy, And the Kd values of TMVP1 or the
TMVP1 derivative tested in this study by SPR assays were about 10~ ® magnitude, °*™Tc-labeled TMVP1
underwent moderate tumor uptake (0.65+ 0.09 and 0.314 + 0.08% ID/g at 2 h and 4 h p.i., respectively)
with extremely short blood retention times. The tumor/blood ratios were 2.74 +0.24 and 5.02+1.88 at2 h
and 4 h p.i., respectively. To improve the binding affinity, stability, and biodistribution of TMVP1, several
strategies including PEGylation, lipidation, and multimerization, have been employed. These
modifications may decrease renal clearance, enhance water solubility, and improve delivery efficiency.
Our future work will focus on the modifications of TMVP1 or the screening of novel peptides for VEGFR-3
binding.

Taken together, the TMVP1 peptide acquired using a random 12-mer cyclic peptide display library could
specifically bind to LECs with high expression levels of VEGFR-3. The peptide TMVP1 with KLA can
inhibit lymphangiogenesis in vitro and tumor growth and tumor intratumoral lymphatic vessels in vivo.
The TMVP1 peptide would probably greatly improve the targeting efficiency of early tumor treatment if
conjugated with anticancer drugs such as doxorubicin. It may also become a significant clinical tool for
diagnostic and therapeutic repressors in targeting lymphangiogenesis and tumor metastasis, which thus
will bring new opportunities and hope for the molecular therapy of tumors.
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The structure of TMVP1 and its affinity and specificity to VEGFR-3 protein. A. The amino acid sequence
(upper) and structure (lower) of TMVP1. B. The OpenSPR™ assay determined the binding kinetics
constants (Kd) between TMVP1 and the human recombinant VEGFR-3 proteins. C. The homology model
of VEGFR-3 was built using Modeller software, then molecular docking simulation between LARGR and
VEGFR-3 were performed, and the general view of the binding region of TMVP1 with VEGFR-3 is shown.
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D. The surface cartoon view of the VEGFR-3 hydrophobic pocket occupied by the docked poses for
LARGR. E. The closer view of the amino acids in the binding site for VEGFR-3 with TMVP1.

Figure 2

In vitro specific binding of FITC-TMVP1 in VEGFR-3-overexpressing cells. A. The cell lines hLEC, HUVEC,
and HK293 weretreated with FITC-TMVP1 and immunostained by VEGFR-3 antibody, and the fluorescent
images was obtained. B. FITC-TMVP1 was incubated with SiHa-con) and SiHa-VEGFR-3(B) cells, and the
VEGFR-3 expression was simultaneously detected using immunofluorescence microscopy.
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Figure 3

FITC-TMVP1 peptide is co-localized with lymphatic vessel markers in vivo. A. The mouse corneal
micropocket tumor model was established, then FITC-TMVP1 was injected into the mouse by the tail vein.
Representative images of white and green fluorescence were obtained using a slit-lamp biomicroscope
(the red arrow indicates the location of tumors). B. The tumor tissues were excised and stained with anti-
LYVE1 (red) and anti-VEGFR-3 (blue); representative images from confocal laser scanning microscopy are
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shown. C. The tumor lymphatic targeting capacity of TMVP1 was measured in breast cancer tissues.
TMVP1 was coincident with anti-VEGFR-3 and anti-LYVE1 staining in the same field.

Figure 4

The tumor targeting of TMVP1 as indicated by SPECT imaging of 99mTc-HYNIC/EDDA-TMVP1 in a
xenograft tumor model. A. The TMVP1 peptide was labeled with 99mTc, and the structure of 99mTc-
HYNIC/EDDA-TMVP1 is shown. B. The SPR assay determined the affinity of 99mTc-HYNIC/EDDA-TMVP1
for VEGFR-3. C. Representative coronal SPECT images of mice bearing B16 (upper), 4T1 (middle), and
SiHa tumors (lower) at 30, 60, and 120 min after 99mTc-HYNIC/EDDA-TMVP1 administration. D. The
ratios of radioactivity counts in the tumor to the contralateral side were measured. E. Meanwhile, the
expression of VEGFR-3 was detected using IHC.

Figure 5

TMVP1 peptide reduces lymphatic sprouting and lymphangiogenesis by conjugating a proapoptotic
peptide D(KLAKLAK)2 in vitro and in vivo. A. LECs were pretreated with rhVEGF-C or TMVP1-KLA for 24 h.
Capillary-like tube formation was observed, and photographs were captured at 6 h and 16 h after
incubation. B. Sprouting and capillary-like tube lengths were quantified. C. TMVP1-KLA-treated mice in
the traditional corneal assay showed significantly decreased lymphangiogenesis in the cornea compared
with controls. Representative images of white and LYVE1 staining by immunohistochemistry and
microscopy showing significantly reduced lymphatic vessels in mouse corneas after TMVP1-KLA
treatment. D. Quantification of LYVE-1-positive signals from 5-6 optical fields in different sections.

Figure 6

TMVP1-KLA inhibited the lymphatic angiogenesis of nude mice bearing MDA-MB-231-derived human
breast carcinoma xenografts. A. Mice bearing MDA-MB-231 breast carcinoma cells treated with TMVP1-
KLA peptide were smaller than those treated with control peptide. B. Tumor volumes of mice treated with
TMVP1-KLA peptide or not were measured. C. Tumor weights were assessed on day 40. P §0.05, using
Student’s t-test. D. Analysis of lymphatic vessel density in tumor samples using an
immunohistochemistry assay. The lymphatic vessel density decreased notably in TMVP1-KLA peptide—
treated tumors. E. The quantification of LYVE-1-positive signals from 5-6 optical fields of different
sections.
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