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Abstract

:

Most cells within the human body interact with neighboring cells and extracellular matrix (ECM) components to establish a unique 3D organization. These cell–cell and cell–ECM interactions form a complex communication network of biochemical and mechanical signals critical for normal cell physiology. The behavior of cells in a 3D environment is fundamentally different from that of cells in monolayer culture. Aggregation can affect cell–cell interactions, being more representative of the normal tissue microenvironment. Therefore, 3D cell culture technologies have been developed. The general method for cell aggregate is a physical method; it is difficult to control the size and number of cell aggregates. In any case, no chemical method has been discovered yet, so a new method to solve these problems is needed. In this paper, we describe the induction of a cell aggregate of the newly discovered (Lys-Pro)12(KP24) peptide. Since it was revealed that KP24 had cell aggregate-inducing activity, its derivatives were molecularly designed to clarify the importance of the KP24 sequence. We report that cell aggregations were induced by KP24 to form aggregates of fibroblast cells. We evaluated KP24 derivative periodic peptides such as (Lys-Pro-Pro)8(KPP24) and (Lys-Lys-Pro)8(KKP24). The relationship between the structure of the peptide chain and the activity induced by the cell aggregations was investigated from the viewpoint of basic research and the biomedical engineering field.
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1. Introduction


Most cells within the human body interact with neighboring cells and extracellular matrix (ECM) components to establish a unique 3D organization. These cell–cell and cell–ECM interactions form a complex communication network of biochemical and mechanical signals critical for normal cell physiology. Cells in a 3D environment behave fundamentally differently from cells in monolayer culture [1,2,3]. Aggregation can manipulate cell–cell interactions, resulting in enhanced cell proliferation [1,2,3,4]. Conventional cell culture is performed in 2D systems, which is very different from the local environment of cells in living tissues. Therefore, 3D cell culture technologies have been developed [4,5]. Spheroids prepared from various cell types have also been used in ex vivo assays and drug screening tools in organoid and tumor research [6,7,8,9,10]. In addition, stem cell spheroids have demonstrated enhanced therapeutic effects when transplanted into various disease models, such as in wound healing and ischemic injury models, due to their increased growth factor secretion, immunomodulation effects, and target tissue integration [11,12,13,14]. Several culture methods including hanging drop, liquid overlay, nonadhesive plates, microwell arrays, and spinner flasks have been generally used to harvest spheroids [15]. In principle, these culture methods maximize cell–cell cohesion and induce spontaneous cellular assembly while minimizing cellular interactions with the substrate by using protein-repellant biomaterials, microstructured surfaces and physical forces such as gravitational or centrifugal forces, or combination thereof [16,17,18]. However, current methods involve labor-intensive processes, low productivity, and difficulty in spheroid size control, and thus, various alternative spheroid culture techniques using functional biomaterials have been developed.



Since this method is physical, it is difficult to control the size and number of cell aggregates. However, the larger the cell aggregate, the greater the difference in oxygen and nutrient supply and waste removal between the central part and the outer surface. In any case, no chemical method has been discovered yet, so a new method to solve these problems is needed [4,5].



In the process of searching for peptides with antibacterial and anticancer activity, we discovered peptides that induce cell aggregates. Among the repeating peptides of proline (Pro) and lysine (Lys), the peptide in which proline and lysine were repeated 12 times was the most effective, and the peptide sequence was (Lys-Pro)12(KP24). This method is a chemical cell aggregate inducting method and is a completely new concept.



In this paper, we describe the induction of cell aggregate of the newly discovered KP24 peptide. Since it was revealed that KP24 has cell aggregate-inducing activity, its derivatives were molecular designed to clarify the importance of the KP24 sequence. In order to clarify the chain length dependence of KP24, four peptide sequences of KP types with different chain lengths were molecular designed. Next, to investigate the effect of the proline residue of KP24, the proline residue was replaced with an alanine residue, KA type peptides. The positive charge of lysine residue KK type was synthesized. To also investigate the effect of the lysine residue of KP24, the lysine residue was replaced with an arginine residue. RP24 was synthesized for the control sequence. Finally, the chain length was unified to 24 residues, and peptides KKP and KPP with the different numbers of lysine and proline residues were synthesized.



The molecular designs of peptides containing proline and lysine derivatives are shown in Table 1. It was clear that when cells were cultured in the peptide-containing medium, cell aggregates were formed. Furthermore, peptide sequence and chain length dependence were evaluated by adding a peptide-containing medium to statically cultured cells and inducing cell aggregates.




2. Materials and Methods


2.1. Materials


All 9-fluorenylmethyloxycarbonyl (Fmoc) amino acid derivatives and solid phase peptide synthesis resin were purchased from Watanabe Chemical Industries, Ltd. (Hiroshima, Japan). All other reagents including organic solvents were purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan).




2.2. Peptide Synthesis


KP24-related peptides that induce the cell aggregate were synthesized by the solid phase peptide synthesis procedure [19,20,21]. The KP24 and its related peptides were synthesized on Alko–PEG resin using a handmade standard manual Fmoc-protocol with a 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM) activation procedure [22]. N-α-(9-fluorenylmethoxycarbonyl)-L-proline-tritylcarboxamidomethyl polyethylene glycol resin (Fmoc-P-TrtA-PEG-Resin) (0.20 mmol) was placed in a polypropylene column (KSU-6000-30, Funakoshi Co., Ltd., Tokyo, Japan) and washed three times with N, N-dimethylformamide (DMF) and methanol. The resin was swollen with 25% (w/v) dimethyl sulfoxide (DMSO)/DMF for 30 min. The mixture was then reacted with 20% (w/v) piperidine (PPD)/DMF for 30 min to deprotect the Fmoc group. Then, 0.6 mmol Fmoc-protecting amino acid, 0.06 mmol N-methylmorphiline, and 1.2 mmol DMT-MM were added to the resin. The condensation reaction was run for 120 min. The resin was washed six times with DMF for 1 min each time. The Fmoc group deprotection and condensation reactions were repeated to synthesize the Pro-Lys(Boc)12-TrtA-PEG-Resin. Finally, peptide protecting group deprotection and resin cleavage were conducted under acidic conditions. The protected peptide-TrtA-PEG-Resin and the cleavage mixture (9.50 mL trifluoroacetic acid (TFA), 0.50 mL pure water) were stirred for 150 min. The KP24 peptide was dialyzed with a membrane with a molecular weight cutoff range of 100–500 Da (Spectra/Pro Dialysis Membrane Biotech CE Tubing, MWCO: 100–500 D).



Finally, all peptide was purified by high-performance liquid chromatography (HPLC 8020 System; Tosoh Corp., Tokyo, Japan; Column: TSKgel-ODS-100V 5 μm) with a gradient of water/acetonitrile containing 0.1% TFA. All peptides were identified by matrix-assisted laser desorption/ionization mass spectrometry (MALDI-TOF-MS; Microflex LRF System, Bruker Corp., Billerica, MA, USA) using α-cyano-4-hydroxycinnamic acid as a matrix. Peptide solutions were carried out using Congo-red assays according to the manufacturer’s protocol (Cosmo Bio Co., Ltd., Tokyo, Japan), so these results were negative [23].




2.3. Cells and Culture


Mouse fibroblasts (L929) (RIKEN Biosource Research Center, Ibaraki, Japan) were cultured in Dulbecco’s modified Eagle’s medium (DMEM: Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) containing 10% fetal bovine serum (FBS; HyClone, Cytiva, Sheffield, UK), 100 U/mL penicillin, and 100 μg/mL streptomycin (Invitrogen). All cells were maintained at 37 °C in a humidified 5% CO2/95% air atmosphere. Eagle’s Minimal Essential Medium (EMEM: Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) powder, 2.82 g was dissolved in 261 mL of ultrapure water, sterilized in an autoclave at 120 °C for 15 min, and then filtered and sterilized. To prepare 10% (w/v) FBS EMEM medium, 7.50% sodium hydrogen carbonate (NaHCO3) aqueous solution 6.00 mL, 3% L-glutamine aqueous solution 3.00 mL, and 30 mL of FBS were added. In addition, 2.82 g of Eagle’s Minimal Essential Medium (EMEM) powder was dissolved in 291 mL of ultrapure water, sterilized in an autoclave at 120 °C for 15 min, and then filtered and sterilized. To prepare serum-free EMEM medium, 7.50% NaHCO3 aqueous solution 6.00 mL and 3% L-glutamine 3.00 mL of aqueous solution were added.




2.4. Cell Cytotoxicity Test


For cytotoxicity testing of KP, KA, KK, and RK type peptides by MTT assay (Dojindo Laboratories, Kumamoto, Japan), peptide/serum-free EMEM medium was prepared and sterilized by filtration. A 2.0 × 105 cells/mL cell suspension was prepared using L929. Fifty μL of the cell suspension was seeded on a 96-well plate (IWAKI microplate 96 Well with Lid Flat Bottom, 3860-096, AGC Techno Glass Co., Ltd., Shizuoka, Japan) and 50 μL of the peptide solution (0.01, 0.1, 1.0, 2.0 mg/mL) was added. After an incubation period for 24 h under the 5% CO2, 37 °C condition, the supernatant of each well was removed and serum-free EMEM medium was added at 100 μL/well. 10 μL/well of WST-8 solution was added to each well and incubated for 2 h under 5% CO2, 37 °C. Then, using a microplate reader (infinite F50, TECAN Japan Co., Ltd., Kanagawa, Japan), the absorbance was measured at a measurement wavelength of 450 nm and a reference wavelength of 600 nm. Furthermore, cell morphology was observed using an optical microscope (OLYMPUS CKX41, Olympus Corp., Tokyo, Japan)




2.5. Cell Aggregate-Inducing Experiment


The method for creating a cell aggregate follows. L929 was cultured in 10% (w/v) FBS EMEM medium under the 37 °C and 5% CO2 condition. The cells were detached from the plate by trypsin treatment. A 10% (w/v) FBS EMEM medium was added to the cells to suppress trypsin activity. After removing the trypsin/EDTA solution, it was resuspended in the serum-free EMEM medium. The L929 cells were seeded so as to have a cell density of 5.0 × 104 cells/well (IWAKI microplate 96 Well with Lid Flat Bottom, 3860-096, AGC Techno Glass Co., Ltd., Shizuoka, Japan). After preculturing for 6 h, each peptide solution dissolved in the serum-free EMEM medium was added to a concentration of 1.0 mg/mL and cultured. The peptide solution was filtered with a syringe filter (0.1 μm). It seems that peptide aggregate was not a problem in this experiment. The day when the peptide-containing medium was added onto the cells was defined as the day 0, and changes over time were observed every day for 7 days. Live/dead assays were conducted using a Live/Dead Viability/Cytotoxicity Assay (Invitrogen) according to the manufacturer’s protocol. The cell aggregates were rinsed once with PBS, 7 days after incubation, and then incubated with the mixed solution of 2 mM Calcein AM (Dojindo, Kumamoto, Japan) and 4 mM ethidium homodimer-1 solution in PBS for 15 min at room temperature in the dark, followed by observation using a microscope (ZEISS LSM 800 with Airyscan, Carl Zeiss Co., Ltd., Obrtkochen, Germany).




2.6. Measuring the Size of Cell Aggregates and Sphericity


Three-dimensional analysis of cell aggregates was performed using Mil-Cell (Sumitomo Electric Industries, Ltd. Osaka, Japan) and 3D imaging analysis software.



The size of the cell aggregate was measured under microscope observation, and analysis was performed using OLYMPUS imaging software cellSens (Olympus Corp. Tokyo, Japan).





3. Results and Discussion


3.1. Peptide Synthesis


Five types of 13 sequences of peptides in Table 1 were synthesized manually by solid phase peptide synthesis. All peptides were characterized by HPLC, MALDI-TOF-MS, and amino-acid analysis. All peptides were purified by RT-HPLC to a single peak. Results of MALDI-TOF-MS spectra m/Z of [M+1]+, [M+Na]+, and [M+K]+ are shown in Table 2. These results suggest that 13 kinds of peptides were synthesized, as intended in the molecular design.




3.2. Cell Cytotoxicity Test


The cytotoxicity results are shown in Table 2. The KP type was found toxic when the chain length was 28 residues or more. The IC50 value of KP32 and RP24 was 0.01 < 0.1 g/mL and that of KP28 was 0.1 < 1.0 g/mL. All KK type peptides had weaker cytotoxic activity compared to KP32. The KK type of peptide had much positive charge compared with lysine containing KPP and KKP peptides. The cytotoxic activity of these peptides can be inferred to be the effect of positively charged lysine residues [24,25,26]. Furthermore, RP24 showed the strongest cytotoxic activity. This was considered due to the fact that the arginine residue has a stronger positive charge than the lysine residue. The peptides showing cytotoxic activity are thought to have cells damaged by changing the cell surface potential from interacting with the cell membrane. The KA type peptides and KP type, KP20, which has a shorter chain length, was not found cytotoxic. From these results, it can be inferred that the number of positively charged Lys and Arg residues affects cytotoxicity. It was difficult to decide to exact IC50 value because the cell cytotoxicity test was measured at only four points. Thus, cell aggregate inducing experiment was carried out at a noncytotoxicity level of 1.0 g/mL peptide concentration (1.0 g/mL = KP24, 367 μM; KPP24, 385 μM; KKP24, 351 μM).




3.3. Cell Aggregate-Inducing Experiment


As shown in Table 2, the cell aggregate-inducing activity was observed for four kinds of peptides: KP20, KP24, KPP24, and KKP24. Furthermore, these methods used a chemical cell aggregation method and were completely new methods that have never existed before. It was found that a certain peptide concentration and cell density were optimum for cell aggregate induction by KP24, which were 1.0 mg/mL and 5.0 × 104 cells/mL. When the cell density was low, the cell aggregate could not be induced. The reason was that cell migration was essential for the formation of cell aggregates, so the distance between cells was important for aggregation. The optimized condition of adding peptide solution was 6 h after cell seeding and preattachment. The results of inducing cell aggregates under optimum conditions using KP24 are shown in Figure 1. Cell migration was observed from the first day after adding the peptide, and cell aggregation was observed on a plane surface two days later. Three days after the addition of the peptide, cell migration from the plane to three dimensions was observed, and on the fourth day, small spherical cell aggregates came to recognition. On the fifth day, it had transitioned to a spherical cell aggregate. Six days after the addition of the peptide, a cell aggregate was formed, and in addition, the outer shell (proliferating zone) was covered with a stable inner cell. Once the proliferating zone was formed around the cell aggregate, on day 6 after the addition of KP24, the cell aggregate was held stable. A live/dead assay image suggested all of the cell-composed cell aggregates were live at 6 days (Figure 1C). Thus, the microphotograph of Mil-Cell analysis indicated that the cell aggregates certainly had a three-dimensional structure (Figure 1D). The average of sphericity of the cell aggregate induced by KP24 was about 68%, as calculated by the Mil-Cell 3D imaging analysis software. Figure 2 shows the results of the cell aggregate induced using the KP20, KKP24, and KPP24 peptides under the same conditions in which the cell aggregate was induced in KP24. In all of KP20, KP24, KKP24, and KPP24, the peptides induced the cell aggregates, and for KP20, KP24, and KPP24, spherical cell aggregates were obtained. On the other hand, KKP24 showed a behavior in which small cell aggregates of about 10 cells were formed in the initial stage, and then the aggregates further aggregated with each other. The size distribution of the cell aggregate is shown in Figure 3. Assuming that the appropriate size of the cell aggregate was around 100 μm, KP24 was considered suitable for inducing the cell aggregate. As for KP20, many over 100 μm were observed. KKP24 was the result of the extremes of small cell aggregates and large cell aggregates.



From these results, it was inferred that a chain length of about 20 residues was required for cell aggregate induction, and that a positive charge of lysine and proline was required. Since proline was contained in the peptide chain, this peptide structure was considered a rod-like conformation.



As a mechanism, it can be inferred that this peptide interacts with the cell membrane; some signal was transmitted inside the cell to stimulate actin fibers; thus, cell migration occurred and cell aggregates were formed [27,28]. The detailed mechanism is unknown at this time. However, since these peptides can induce cell aggregates by only adding them to the cell culture medium, our method is simpler and can be mass produced, as compared to the hanging drop method and the U-shaped cell culture plate method. It is considered a new concept for spheroid preparation [29,30]. For future work, we will try to induce cell aggregation by using human fibroblast, hepatocyte, and mesenchymal stem cells (hMSC).





4. Conclusions


We succeeded in inducing cell aggregates using the chemical technique of adding peptides to the medium. There were four types of peptide sequences, namely KP20, KP24, KKP24, and KPP24, and cell aggregate induction depended on the peptide sequence. It is presumed that a chain length of about 20 residues is required for cell aggregate induction, and a structure formed by the positive charge of lysine and proline is required. We believe our methods are a completely new method for basic research and the biomedical engineering field.
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Figure 1. Results of cell aggregate induced by adding of KP24 peptide (×10 and scale bar: 100 μm). (A) Addition of peptide. (B) Control—incubation time, 1–6 days; a and g, 1 day; b and h, 2 days; c and i, 3 days; d and j, 4 days; e and k, 5 days; f and l, 6 days; cell density, 5.0 × 104 cells/mL; peptide concentration, 1.0 mg/mL. (C) Live/dead assay photographs of confocal laser scanning microscope (KP24, 6 days)—m, top; n, center layer; o, bottom observation; p, live/dead assay image. (D) Microphotograph of Mil-Cell analysis and 3D analysis—q, bottom view; r, side view; s, 3D image analysis. 
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Figure 2. Effect of peptide sequence on inducing cell aggregation (day 6). Cell density, 5.0 × 104 cells/mL; peptide concentration, 1.0 mg/mL; scale bar: 100 μm. 
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Figure 3. Distribution of cell aggregate size. 
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Table 1. Peptide sequence of designed molecules.
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Type

	
Amino Acid Sequences (One Letter Amino Acid Code)

	
Code






	
KP type

	
KPKPKPKPKPKPKPKPKPKP

	
KP20




	
KPKPKPKPKPKPKPKPKPKPKPKP

	
KP24




	
KPKPKPKPKPKPKPKPKPKPKPKPPKPKP

	
KP28




	
KPKPKPKPKPKPKPKPKPKPKPKPPKPKPPKPKP

	
KP32




	
KA type

	
KAKAKAKAKAKAKAKA

	
KA16




	
KAKAKAKAKAKAKAKAKAKA

	
KA20




	
KAKAKAKAKAKAKAKAKAKAKAKA

	
KA24




	
KK type

	
KKKKKKKKKKKKKKKK

	
K16




	
KKKKKKKKKKKKKKKKKKKK

	
K20




	
KKKKKKKKKKKKKKKKKKKKKKKK

	
K24




	
K and P type

	
KPPKPPKPPKPPKPPKPPKPPKPP

	
KPP24




	
KKPKKPKKPKKPKKPKKPKKPKKP

	
KKP24




	
RP type

	
RPRPRPRPRPRPRPRPRPRPRPRP

	
RP24
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Table 2. Results of peptide synthesis and bioactivity of designed peptide.
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Code

	
MALDI-TOF-MS Data

	
Cell Toxicity (IC50: mg/mL)

	
Cell Aggregate-Inducing Activity




	
Fw (Cal.)

	
[M]+, [M+1]+

	
[M+Na]+

	
[M+K]+






	
KP20

	
2271.01

	
2272.7

	
-

	
2311.4

	
-

	
○




	
KP24

	
2721.61

	
2721.9

	
2743.4

	
2760.6

	
-

	
○




	
KP28

	
3172.21

	
3170.1

	
3192.1

	
-

	
0.1 < 1.0 *1

	
-




	
KP32

	
3622.81

	
3619.3

	
3643.2

	
3657.5

	
0.01 < 0.1 *2

	
-




	
KA16

	
1612.09

	
1613.2

	
-

	
-

	
-

	
-




	
KA20

	
2010.61

	
2011.7

	
2033.6

	
-

	
-

	
-




	
KA24

	
2409.13

	
2410.9

	
-

	
-

	
-

	
-




	
K16

	
2068.79

	
-

	
2091.4

	
-

	
0.1 < 1.0 *3

	
-




	
K20

	
2581.45

	
2580.8

	
2603.3

	
-

	
0.1 < 1.0 *4

	
-




	
K24

	
3094.15

	
3093.7

	
3115.7

	
-

	
0.1 < 1.0 *5

	
-




	
KPP24

	
2597.37

	
2598.8

	
2620.1

	
2637.2

	
-

	
○




	
KKP24

	
2845.85

	
2847.3

	
-

	
-

	
-

	
○




	
RP24

	
3057.63

	
3057.3

	
-

	
-

	
0.01 < 0.1 *6

	
-








*1: 31.5 < 315 μM, *2: 2.8 < 27.6 μM, *3: 48.4 < 484 μM, *4: 38.7 < 387 μM, *5: 32.3 < 323 μM, *6: 3.3 < 32.7 μM.
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