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Three-Dimensional Culture of Thymic Epithelial Cells
on Decellularized Porcine Liver Extracellular
Matrix Hydrogel Scaffolds
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Abstract : Thymic epithelial cells (TECs), as key stromal components, form a three-dimensional sponge-
like network that creates the microenvironment critical for T cell development. Physical and biochemical
interactions between TECs and developing thymocytes within this network are indispensable for proper T
cell maturation. However, conventional two-dimensional (2D) cell culture systems fail to replicate the thymic
microenvironment, leading to reduced TEC functionality and impaired T cell development. Three-dimensional (3D)
cell culture offers a more physiologically relevant model by enabling cells to grow within structured scaffolds
that facilitate interactions with neighboring cells and the extracellular matrix (ECM), thereby mimicking the in
vivo environment. Scaffolds that replicate the structural and biochemical properties of the ECM are essential
for implementing 3D culture. Decellularized extracellular matrix (AECM) scaffolds meet these requirements
by preserving the native structure and bioactivity of the ECM after rcellular components are removed. dECM-
based scaffolds support diverse cellular activities, such as proliferation, migration, and differentiation, without
the need for additional biological factors, making them ideal for tissue engineering applications. In this study, we
developed a bioactive hydrogel derived from porcine liver dECM (dPLECM) to support the 3D culture of TECs.
Interestingly, TECs grown in the 3D dPLECM hydrogel displayed distinctive cellular properties and molecular
profiles compared with those cultured in 3D agarose hydrogel or conventional 2D systems. This was evidenced by
increased cell proliferation, spheroid formation, survival, and invasion, as well as by the upregulated expression
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of crucial thymopoietic factors, such as GM-CSF, IL-7, and TARC, in TECs cultured in the 3D dPLECM hydrogel
scaffolds. Taken together, the results of this study demonstrate an efficient 3D culture model for TECs using

dPLECM hydrogel scaffolds. This model closely replicates the native thymic microenvironment, advances our

understanding of TEC behavior in 3D culture, and highlights the potential of dPLECM hydrogels for applications

in T cell development, thymic organoid bioprinting, and thymus regeneration.
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LA ) $E ue FUs) ek BUgL et
ol chorst Aol w-gstel BAH vABAS A
T 5 UL A2 ATES 33 Amujefe] 7% A
BETY WA Yo FAT =P2H JL Fohe 3
& E3T YrHTL. XY MRS AN AHA
L SR AZREAS RASt AT 4. 34,

o5 I4AQl 73 ¢ At AT E AFsh
A A (scaffold)7} B2 o]},

slo]=2 2 (hydrogel)S 7InE TEA A& YEYA
2 FAHY 25 T & e B4 7HAH, A A
oA S BARSE = Qe 5 of 32} Azl
X9 Fa AAA = FAEHUTHS]. 9 &R
oA fEE Sto|ERAL Al R F4, B3 5 o
g ANZ B5S AFste d dE ARSEAL UTH9). tHEH
9l stol=2 Aol Fa A (collagen), A EtEl (gelatin), T E
& (fibrin) ¥ 2H|d (laminin)?} 2 52 F &2, &A
Y|o] E (alginate)@} o}7}2 2 (agarose)@} 2 A& FH &
4, 28)1 E9 € d=a]Z (polyethylene glycol) ¥ Z&]
7}Z 2% (polycaprolactone) ¥ Z-2 4 EZo] xghe
o} 2y oljgt A|upguted AdRoly 3 RS
GE0 8 o] g3t sto|ERAL YA AlZepguigEe 4
4 9 T2 oS g AEsA ZIrH10].

wpebA, 32k Al ey A7 =2 5 5 siue A
A e AL 2T 5 e A= AAAE 7
ALHE Nt Aoloh. 2|23t Al zupZutedd (de-
cellularized extracellular matrix, dECM)< 7|4t 2 3t 5
=R AL olsist RTE FEA7I 3 MEAF 3
ZAFE A 55 o|F& AFTTH(11]. dECME Al
AR AA T AlZupgutgd e L2k A4S BESHH,
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W 52 AlFste] Nz 47 229 HAYS F71T
13]. £3],dECM 7|5t 2= A W v 25
o % 9l S0 A8 2714 AR AR glolx
HE 24,05, 4%, 23 59 okt AE 252 54
T % Qs ol W 22 BFECH[14),

A2 (thymus)® A%5ha A7) BEAL THE A4
= 2Aste FF 378t T2 HYA 2 SAl
o gk WY vh39 AR A Kot stA|vE

t WA, T @ WAl Fof it TAIZ
7451, Fule]l A3E 9 (theumatoid arthri-
tis), HAIZHZEA (systemic lupus erythematosus) & T}
W73 315 (multiple sclerosis) 5 A7FH S AZ o[y wjdy
(leukemia) ¥ X3 (lymphoma)d} 22 &3 2 23}
o] Irfof #oqd 4= UTh[15]. wbAl, 7FeA Well A TA|
Zo I Aofst= WY olgf= 2L TAH|EZ 7]vt
Az NS fis) Aol

7+&AAF T Al 3 (thymic epithelial cell)= 7F&A19]
8 71d 74 242, A2UA FH | (Y L2 F o|F
o TAIZ g Sa3 nAEES F4TH([16]. 18
bz 7t gA Ze I FQl TAZS }é’\"*ﬂi
(thymocyte) Ato]9] B2 9 A3}sts o282 7t
AT A 2 32k TEF2 WA EAYsH, 01% Rk}
e TAZ g 2 AES g8 A o|tH17]. 28y 7]
£ 22+ M|z Al A" 7HEA mAgE S AE st
A ool FASAATAES F2 BA AR BEE 7
7IT AN AskE fUTeM ANHe THE Ug
FEHA Eote= SAE 2 ETH18,19]. o] H]E| 32}
A 7AEAG T EZ W FE AlZ7F F23HE A XA W
A Qs A o] Al W N EnpZubgdat o Akg
T UEF st A ff BHS Hoh FUsHA EALst
o, A2 AT 75E ST 4 itk

A, &3] 7152 7T AZE FASHAY £
37l M2z Z2EFL obF] AFE ] QA gt
OP9-DL1/-DL4 A|ZE 7|9te & 3t 2D in vitro REL2 T
Az g 27] dAE FEsts bl AHSE o] $kou TA|
I e L RS AR Zok= A ZE 9itH20].
AAN7IA| 7FEA ST Al 28] 32 v el it okt
< R0l A=HARIT([21-32], A EAY 3R 7hE
A A v BEE Yt AL o35 =4 34
2 ol oot
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1. MZZHH ¥

Alu|gtatol 2 A 40 T 3¢l PAHS npeA2HE Hof
A 7FSA AT A = Barbara B. Knowles BMA}F(The Jack-
son Laboratory, Bar Harbor, ME, USA)Z 3¢ A3 &%
t}. A& Dulbecco’s Modified Eagle’s Medium (DMEM;
Hyclone, GE Healthcare Life Sciences, Logan, UT, USA)
of 10% 4-Ejo}&8A (fetal bovine serum, FBS), 100 1U/
mL H YA, 100 mg/mL A2EZE0}o] Al (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA)& H7}sto] v st

o, 37°C, 5% CO7t A== 7HaE S7olA v
=itk 227 Aol AEE typsinEDTAR 4eato]
27 gl AgECD, WAL 2200 B W LA}

At

2. 5§x] 2t K dECM2] X|=}

FY E=E53 AAT HA] He SAEITHRAA 14
stom, AFA7R]E 4°C QA4 H <4 (phosphate

buffered solution, PBS)o]| Yol 245ttt HA 7+ 23
o FHEE A3 10x10x 10 mm’ ©]3} Fujo] H&
A Pl ddsia PBSE Al W o) AlAstgich E
gE H1 7 232 0.5 wivde SAIEHAUEE (sodium
dodecyl sulfate, SDS; Sigma-Aldrich, Saint Louis, MO,
USA), 1% Triton X-100 (Sigma-Aldrich) ¥ 0.02% eth-
ylenediaminetetraacetic acid (EDTA; Sigma-Aldrich) £
oA 297t JAE FH = wytsiglon], do] EHow
LA A SHATH A2 Rl AARH Fs =
22 PBS §H o= 2U7F A FsHoH 4A7E F7|2 A
Hoig @A FAch AFo] Bk 22 L 4% o|HE
Mo A 4A]7F ZoF =TS AX & SAARSTH
TAA2E WA 7+ o GAES Al e e (de-
cellularized pig liver extracellular matrix, dSPLECM)&] 7}
4312 98} dPLECM 2% 1 g2} 100 mg®] H41(~3000

unit/mg, Sigma-Aldrich)< 100 mL 0.01 N HCI £2¢] 3



* galelsict B
o] Tt T pHE 742 ZAst] FAL v B389 1L,
7He-31= dPLECM £ 9] A3} HHA& 93] 2= = 10°C
olstE2 A5ttt 7H8-3HE dPLECM= 60°ColA] 14]
7t 783t 0.45 um FAF7] ZE (28 mm Syringe Filter,
Corning, NY, USA)E A&5te] EEES A A
dPLECM A A8 (stock solution)2 10 mg/mL 5=Z A
zsheier.

3. dPLECMe| EM 2M

dPLECM®] M| ZZ %4 H7}= Hematoxylin & Eosin
(H&E) Qo] oJ3 22J5h9 243} DNA H31E 59}
o] 20| F . DNAC] &2 Nanodrop 2000 (Thermo Fish-
er Scientific, Nanodrop 200C)S AM&-31o] =23} T}.
H&E dMS f8f gA|23 A5 1t 52422 =
| Al (optimal cutting temperature compound, OCT com-
pound, Lecia Biosystems, Richmond, IL, USA)E AM&-3}
o FERES BHE § FHEZZEH7](CM3050 Cryocut,
Lecia Biosystems)Z 6 um 579 dHE A2 sl¥ct. &
ZAAAE 50°Co|A 2A|7F AZRTE & —20°CoA 20
% ¢ 100% ot Eo 2 st g E 2AEHES
WL o143t 3AZE B ARAZ|AL 100%, 95%, 90%,
80%,70% % 50% oE&S GAER $=E RFo 47
384 BN SR $3E 2AQBE Mayer's
Hematoxylin (Abcam, Waltham, MA, USA) S04 25
B¢ GASHAL, 2= o REC 1023 AAE H, 128
%9 Eosin (Sigma-Aldrich) 422 G354t} Eosin
M T SAYRE 95%2 100% S o @7t &
48}l carboxylene -§Ho 103 E7F &4F A&ES AA
stch mpx gt o 2 21Y d (xylene)S 1~3THA|E &H|3}
I 107 B¢ AR SHAIA £33 F, Entellan
(Sigma-Aldrich)©.2 25t 7Azste] #n|4 (BXS3,
Olympus Tokyo, japan) 2.2 &3}t
7+ 22 9] total DNA &2 GenEX'" Tissue Kit (Ge-
neAll Biotechnology, Seoul, Korea)E ©]-83}o X3 A
® 4Bagel A Mol S 4 3 2
I 2A| 2o} 2F 224E 3Rt $ 247 10 mgH 300 uL
o] Buffer ALO] AL 1.5mL ulo] 28 EHo| YolF
I 0.9 uL9] Proteinase K (20 mg/mL)E H7}st & &3}s}
Atk Ake] 242 719 Aol ¥ seColA A &
b w7t S23] ¥-eAIZ] ¥, RNase &9 1 uLE A
7FskaL 37°Coll A 3027t Bh-g-ste] A-2ojA Wzstsict.
¥zto] £ ¥, 100 uL9 Buffer PPE H7}sto] X&star

1

oA 587F et FletgiTh O & Z47be] uk-g nfo]
HE 14000xgo Al 1E7H AAE 5} ’%*%"—‘1‘
g %, 300 uL9 isopropanol& F7}5te] o] &

A A 7k ol A Al golg] FE|E DNA
stgth. B89 total DNAE 70% of|eh2-& o]-&5}
of 23] A3 & 100 pLe] FFoll &3AA Nanodrop
2000 (Thermo Fisher Scientific)S AHE-3}o] DNAS] &F
< sk

te 12 to U me
fe ftlo H bt do
4

Er&%ﬂ

4. dPLECM2Q| MIZ =gtd "7}

SRR ZE 1x10° A Z/mLY =2 96-4 =
glo|Ed mFstHT. 6417 & v E A|ASL Hx
£ PBSE AF3 §, Z 49 8ix] 200 pLo| dPLECM
9 %7} 0%, 0.1%,02%,03% L 04% =7} H=
2 JPLECME #7844ttt 1 & ANE2E 37°ColA 24
AlZE W 48AIZE F3E wfekstal M E FAS B7EEH] 9
3 WST-1 7|9t 24 &l (EZ-Cytox assay, Daeil Lab
Service, Seoul, Korea)2 ZF ¥ 10:1 U] &2 H7}slH L
W, 24 AZON Brams B ol ANE 2o}
M Q2o FYEL 450mmelA tho A= Bdo|E 2rl]
(Tecan, Mannedorf, Switzerland)& AF&-3}o] &3}t
RE QL 5YUH O 35 vhEste] Saelsi.

5. dPLECM Sl0|E27Z! X|X|X|2] H|=}

dPLECM 7]8t9] slol=ad 22|AE A2 st7] Y30
2% 1G7 o7t A LHMT 19 dPLECM &9 FH|3}
At} 0.125% oF7FEA7F F4E 100 uL &89 sto|=
2AL 7] Y8 93.75uL2 1x10° Al E/mLL E3H
3 WA 9} 625 uLe] 2% oF7tE A M-S 1.5mL nfo]=2

FEA 35~40°Co|l A &AL, 1 mL FA] ol %A
4°ColA 587 AstA F ot

dPLECM 3}0] =27 (0.01%, 0.05%, 0.1%, 0.2%, 0.3%)
AAANE AZst7] A& z2+2F 92.75, 88.75, 83.75, 78.75
2 7375 uL9| 7EMAFR A E A (1% 10° Al E/mL)3}
1%, 5%, 10%, 15%, 20% 2 30 uL2} 1% dPLECM -&-%4-<
38k 625 UL 2% ot EA NG Hrste] FUF
WAl o g Azxstgitt

6. dPLECM Sl0|E2ZI2| MZZAlS HIt

2239 HZujoFo A dPLECMO] ETof W& 7145484k
DA Z o] AZHTAHL vzt Y8t 0%,0.1%,0.2%,
03% % 04% dPLECM= A|EZH|F Zd0|E Hlgo] =



B T AEZE e o g 19 2 29A 9] water-sol-
uble tetrazolium (WST)-1 7|5t EAHE F3] A3z 4]
< AT £3 33k A|Zujgol A dPLECMY] &
o E 7S TA 2] AZAFYS vlas] $
3t 0.125% oF7F2 2, 0.125% ©}7F22~-0.1% dPLECM,
Ol7t2 A, 0.125% OF7FEA-0.2% dPLECM, oF7F2 A,
0.125% ©}7}22-0.3% dPLECM 9 o}7}2 2 0.125% ©F
74220 4% dPLECM o E2 A0 4 HjoF 32 8 527
o] WST-1 7|8t E49& 53 AlZ 348 2439t

AzHggol 7H &2 ASR e 0.125% o2
27-0.1% dPLECM sto]|E2 0| A vjgF 7]7ko]| w& 7}
SN2 A2 FA5S Hlasty] Hste], A2
24-9 ZHo|ENA 22} 1,3,5,7, 10, 14Q F<F w5}
At WST-1 7|8t N 254545 248 3517 $is)
o]l E2AE 96-9 EHO|ER &7|1L, 100 uLe HiAE
Arbetglon RE 272 33| vhEsto] S5kt thA
Ao g gAste A|xofA WST-13 4484 ghgoa
ARE 220kt AR FFEE 450nmo A apo|22E
#o|E 2t7|E AHE-ste S5kt

4= wt

7. dPLECM SlO|E2Z2| M=

dPLECM 30| E2 710 N2 BE5S &elstr] 93]
calcein AM/ethidium homodimer-1 (EthD-1) Live/Dead
viability kit (Molecular Probes, Eugene, OR, USA)E A&
8}t Calcein AMZ Al Z W o 2B o] o] o)
Abol Q= N EE GM3}L, EthD-I= Al 24 2248 ¢
< F2 AEZE GATTH A FS AZHAS A w2t
Azste], 7 ol =&317] A Aol = HiRodA
3027t wikstgich 7HE AT AI ZE 0.125% o7t 227
3} 0.125% OF7F22-0.1% dPLECM 30| E2 A0 A] 3, 5,
7,10 4 14 B vjFE F Aokl AlZ &= £
A7)0 £ 2359 §F oAt F2EW
"] 73 (FV1000 IX81, Olympus, Tokyo, Japan)= Al-&-3}¢]
Qa5 24 Ysahelr.

8. dPLECM Sl0|E2Z2| AL|20|E SHME EHII

M BATAZE 3x10° A Z/mLY AEZ57} HER
F R |22 (0.125% oFFRAA 9 0.125% okt
22-0.1% dPLECM 3dto| =2 Ao A <&3}staL, 30 ub
Hulo] Sto|ERAR 5% CO, 2A 715 ¢lFH|olg o
A 37°CZ 1,3,5,7,10 ©@ 14 St vkt An 2
ol 27| FAS sl A AnFE AHESto] o]

SEMIZS} MZHRZHIEE 7|8 7S MY TIMZ 2| 3R HHYE 291

Ag FYstgon, £ A AZ £H 59 43S &
AW ¥ B2 AN 4 4 49 TS 38
7 g ARFAL, 24 TN 6749 Avzol=g
Hestge. 45808 2 AY2Y F 3649 2v 2ol
=2 Austel 27] 24 gt

9. dPLECM Sl0|E2Z9| AH20|= FEf U
=2 549 7t

0.125% o}7}22-0.1% dPLECM 30| =2 A oj A 331
slobE JHEAAAE AvRol =0} Yeje} stol=ma
oA ¥ zolE B2 545 wasty] 8, 7t
A ZE 1 x10° AE/mL T2 723131, 100 uL £-1] 9]
stol=z AR A2 § 37°C, 5% CO, ZANA 3,5,7Y
Sk v sttt

HioF 3,5,7 4 10¥€4], 0.1 M PBSE A3 7h&
4% vtetEZ 2 Y4 3}o] = (paraformaldehyde, PFA, Sig-
ma-Aldrich) 8802 slo|=2 AL 2087 1A%t

A &, PBSE 384 33] A3}, 0.1% Triton X-100
< PBSO] 345k 587 Bt Hejskgon PBSE 23
AZ & 2% 2EAHLET (bovine serum albumin, BSA,
Sigma-Aldrich) 8802 2087 A sto] H|Eo|Z A
gt Astgint. 1 %, 40812 3)4% FITC-phalloidin
(Promega, Madison, WI, USA)2. 2 4057t GA%H &, 1X
Tris &&A 2] 4 84 (Tris-buffered saline, TBS)Z A]| 235}
11, DAPIE E33t Vectashield (Vector Lab, Burlingame,
CA,USA)E &gto|Eo] Fdstnh 8% olnAe 32
A o)A FAFE 1] 7 (LSM900; Carl Zeiss, Jena, Germany)
< B3 B9, 1 um 7H8 Y Z-stack 0]n]| A S E3)
3D 232o|E 72 W REEHS PR

10. dPLECM SlO|=E2Zl0f|A] HHULEl 7}S Al
STX} WS EM "ot

[MIZE2]

239 AZHF, 0.125% olFERAZA 9 0.125% ofrhR
27.0.1% dPLECM 3Fo| =2 Ao A jobe 7k AlA )
AZAA 78 ASBAZFASAAA] G §87 2
A EA4S Blusty] flsto], 6-4 S o|E AT
HEZE 1x10° A Z/mLe FEZ wEate] 5 et ik
H A|xZ2RE RNAE FE5H%tH RNA 552 RNeasy-
mini kit (Qiagen Valencia, CA, USA)9] A& HA3}HA
SR8tol LB,

P FUTLAISE ol$
913l cDNA /4 F 2% ol7t= 20 A A7)

AR T 24 e
Fe= A
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Fig. 1. Schematic diagram of dPLECM preparation methods used in this study.

gto] 7tSAMAZFAAZAAA] DM E Lt AN ZH
ZA}=21A}Q] granulocyte-macrophage colony-stimulating
factor (GM-CSF), TH| 9] Wi AZE 9 =8 =735t=
¢1z}¢l interleukin 7 (IL-7), 121 TA|2 2] B3} LS
F=3F= QIZ}2l thymus and activation-regulated chemo-
kine (TARC) A} @3-S £435}% 2 Image J (National
Institutes of Health, Bethseda, MD, USA) Z2 1302 &
afeto] 2o Uehfglc A4 E Zefolnli tha

Zrt}. GM-CSF-sense (5'-GTC ACC CGG CCT TGG AAG
CAT-3") and GM-CSF-antisense (5'-ACA GTC CGT TTC
CGG AGT TGG-3"); IL-7-sense (5'-GCC CTG TCA CAT
CAT CTG AGT GCC-3') and IL-7-antisense (5'-CAG GAG
GCA TCC AGG AAC TTC TG-3"); TARC-sense (5-TGC
TTC TGG GGA CTT TTC TG-3") and TARC-anti-sense
(5'-TGG CCT TCT TCA CAT GTT TG-3") GAPDH-sense
(5'-TGG AGA AAC CTG CCA AGT ATG-3") and GAP-
DH-antisense (5'-TTG TCA TAC CAG GAA ATG AGC-

3').

1. E724
BE 4% At 5 & 331 +9€ 49

83}

+H

tlon)i B39t £ #£9 v %%}EE t-A4AL o]
EI_

'rr«b e

1. x| 2t 2 EM=st MZHZHE RS 22 |
EMHEAM
= o =T

A28t Ao R HAS BFS T HA R 2
AN 323} AN ZulZuLgA (decellularized pig liver extracel-
lular matrix, dPLECM)& ¥%low, ZheFet gAj 23} 7t
A& Fig. 1o] UetWdet. 7te] A 23} J=5 gQlst
7] #15to] H&E €43} DNA o] A4S 35t
o} H&E GML E3] dPLECMOA A2 RE 33} A
4 gpo] BAEA) ggton), F2 Zehal Heuol BR
SHA dot U= QUsHATH(Fig. 2A). EFF dPLECM 9
DNA &2 A28 o]d b 229 18%= YetgE=
bl (Fig. 2B), o] 7 23 9] &A|23} 2P Z 53l thFE
o] Az F&9 AA7 dAGHA o] Foifee UEhdh
o|¢} o] Hx] ZhollA EeH HR7F FHTE dPLECM
2 7 A2 321 S A A A A2 AZE
et

2. dPLECM2]| 7t m|M=Z Xty E7t

ket H2 9] dPLECME N Zujof Sdo|E 9] niety
of 2R ¥ AE 4% SAeS B7RY] A 7hs
AT S 22Hd A ZeiF 8750141 0,0.1,02,03 3
04% %= dPLECM22 #2]3t F, WST-1 7]4ke] A



A Native liver

X 200

M} MZHRZHIEE 7|8 7S MY TIMZe| 3R HiYE 293
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100+
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DNA Content (%)
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Native liver dE

Fig. 2. (A) Representative H&E staining results of native liver tissue and decellularized porcine liver extracellular matrix (IPLECM; dE).
Scale bar =25 pum (X 200), 12.5 pm ( X 200). (B) DNA content analysis of native liver tissue and dPLECM (dE). Data are expressed as rel-
ative values compared to the native liver tissue and represent the mean £ SD of three independent experiments. ***p<0.001 vs. the native

liver tissue group.

o

& Bk vijF 1A=, 0.1,0.2,
0.3 ¥ 04% dPLECM F=olA 75T A 29| 415
o] iz ] 2 174%, 178%, 174% L 126%= Z
7Vt Th(Fig. 3). ¥l ¥ 2¥ Ao, 0,0.1,0.2,0.3 L 0.4%
dPLECM sxolA 7FSMAATA 2] FAE0] wi 1¢
A 2 i) 22 162%, 213%, 234%, 210% 2 170%
2 F7skich(Fig. 3).

3. dPLECM 7|t 5{0|S220lM 3542 HHQL3t
TIAMAMI|N|Z O] SAlS Ty}

[=N—==] o T1Io o

thoFdt %%(0,0.1,02,0.3 9 0.4%)9 dPLECM1}
0.125% op7k2 A 9] B3} sto|E2AS AR 7haAAY
A28 32+ vjFoA NE F4 T8-S H7str] 9
3, WST-1 7|9k} N2 34 F4& sioict. 71 23
HloF 34749t 5UA 2E dPLECM $E°14 0.125% oF
7FREA @ §Hof Bl NE FAo] F7Fst4lth(Fig.
4). vjF 394 o) =, 0.01,0.0.5,0.1,0.15,02 L 0.3%
dPLECM g =0l A 7}5A3m] M| 2 0] FA1§o] 27
] Z+zZ}F 106%, 134%, 148%, 139%, 129% 2 120%2 %
7FsFAth(Fig. 4). W% 584 o+, 0.01,0.05,0.1,0.15,0.2
4 0.3% dPLECM s=o)A 75T AN Z 9 F4]E0]
wioF 19A) 22 iy 2+t 154%, 188%, 201%, 217%,

193%,182% 2 171%= 5713\ (Fig. 4).

149 B A7zl AAA 2349, 3344 oprtE A
(0.125%) stol=24 9 3294 0.1% dPLECM-0.125%
opte stol=RA Mol A AZ F4] S uwst
7] 180, WST-1 719ke} AZ %4 BAS 0% 23,
¥ 149A8= 42 100%, 40% 2 59%, viF 3L4A+= Z+zt
186%, 153% % 195%, ¥l%F SLYA= 217+ 285%, 244% X
312%, B} 79A = Z+Z}F 279%,293% L 326%, v 10
A= Z+2F 153%,279% X 334%, 1231 8 144 A=
27 T1%,274% 2 349%9] 5415 UYet it (Fig. 5).

==

4. dPLECM 7|4t 5l0|= 2 Z0jl A 3+ HHRIS
JHEMATIME S| MES T}

22 9 3% Al EZufefoll Al dPLECM ] 7H5A1At 1]
A 24 237 71 =39 0.1% dPLECM 3o =2
Ao A 7k T AL 33HY v F ek Al &
=5 g7}sl7] Y3), calcein AM/EthD-I 7|92 A A=
T 4% st 2 23, 0.125% o tR A sho|l=
20N vjef 7TYAFRE A R0l YoA AlEZ AHE
o] Uet}7] Al&sto] 1044 o]T 2= AHRO|ES
Jot= EEQ Alxzso] AP ol H&) 0.1%
dPLECM-0.125% ©o}7}224 B3l slo|=2 A oA vfjokst
7HEAAATAZ A 20BN vl 1097HA]= Al
AtEo] FEE|R] Fgtom, viek 14U Ao YR AL oA
Al AEo| 2] ¢l (Fig. 6).
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Fig. 3. (A) Representative phase-contrast microscopic images of thymic epithelial cells (TECs) cultured for 1 and 2 days in a 2D cell cul-
ture environment after coating the bottom of cell culture plates with dPLECM (dE) at various concentrations (0%, 0.1%, 0.2%, 0.3% and
0.4%) to evaluate cell compatibility. Scale bars =50 um. (B) Bar graphs showing TEC proliferation, assessed using the WST-1 assay, after 1
and 2 days of culture in a 2D environment with dE-coated plates (0%, 0.1%, 0.2%, 0.3%, and 0.4%). Data represent the mean =+ SD of three
independent experiments. ***p <0.001 vs. the 0% dE control group.

5. dPLECM 7|t 5{0| =2 Z0flA] 3XH9d HHESH
TIHEMAMIMZ S| AHIZ0|E H@AMS T}

AW 2ol P FAo m A= dPLECMQ A3}
E B7kst7] 9, 149 52t 0.125% o7t 2A 9 0.1%
dPLECM-0.125% ©}7}2A sto]|E=2 Ao A 32y vk
< AT F AvRo|E9] A7|E ST A vk 14
A AH|2o|E9 Hi o] 0.125% oP7tEA ol
249 A2 64 um°| 1 0.1% dPLECM-0.125% ©}7}&
2 stolE=Z 9] AL 81 umo| Ut (Fig. 7). vl 144
0.125% o}7t2 2 sto| =2 oA wjkst AR o|=2]
Bt A tigt AdEl 271E vasteS o, g 3
AR L 2+ 100% L 111%, v 59R = 22 1429% 2
193%, vioF 79A= Z+2F 176% 2 263%, ¥l 10974 =
247+ 206% I 285%, 12T HiF 14UR= 2+ 2249%
9 309%°] AFdt= AHR|E A7|E BT (Fig.
7).

6. dPLECM 7|8t Slo|=2 2ol M 3x}2d HiSH 7H&M
MIMEZ AHZ0|E0| SHEf U 27 EAN Ty}

o

¥ zol=9 Pt RE E49 H|X= dPLECMY]
1S H7ret7] A8l 3,5 % 79 FeF 0.125% ot
2 0.1% dPLECM-0.125% o}7}22 dlo]=2 Ao A 33}
A ke A 2o|=o) i3] DAPI/F-actin @& Al
& IR R i, 2E SPo|ER A
A BAZ A 2olert MiIige §3S 7H 739 2
Fe o|Fen, 2 2o|E oA Al Ato] Z1URE
£ Holm & 2A3td 25 YeUth(Fig. 8). £
o F2AENAE 53l Z-stack E AF4E 3D FF ©]
n A& do] Bt A, wj 34A Y - 0.125% oF7t
22 sto|E2 Ao A& 28 um, 183 0.1% DPLECM 3}
o|E2 7oA = 44 um ZHO|7HA] AH|Ro|E7F BESHG
th(Fig. 8). ¥l 54A 2] 39 0.125% of7}2A Slo|=2
Ao A= 36 um LI 0.1% DPLECM 3}o] = 2 2 o A
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Fig. 4. (A) Representative phase-contrast microscopic images of thymic epithelial cells (TECs) cultured for 3 and 5 days in different 3D
hydrogel scaffolds: 0.125% agarose (Agar), 0.125% Agar-0.01% dPLECM (dE), 0.125% Agar-0.05% dE, 0.125% Agar-0.1% dE, 0.125%
Agar-0.15% dE, 0.125% Agar-0.2% dE, and 0.125% Agar-0.3% dE. Scale bars =50 um. (B) Bar graphs showing TEC proliferation, as-
sessed using the WST-1 assay, after 3 and 5 days of culture in the same hydrogel scaffolds as in (A). Data represent the mean £ SD of three
independent experiments. *p <0.05, **p <0.01, ***p<0.001 vs. the 0.125% Agar (control) group.

£ 58 pum Zo|7HA] A 2o|Er} 25 ATh(Fig. 8). Wi F
TR 9] AL 0.125% oF7FEA slo|ER2 A AL 50 um
183 0.1% DPLECM 30| E 2 Ao A= 80 um Z 0] 7}A]
2¥|2o| =7t BE5}{Th(Fig. 8).

7. dPLECM 7|4t 5lo|=2Z0flA 3xH! HH2FSt
JHEMYTMEe] 715X £ Eot

THENATAZE 5Y Ft 224, 3 oprtE A
(0.125%) stol=2d 9 324 0.1% dPLECM-0.125%
op7tEA StolER Ao A Mg APT F tENAY
Az 753 FHE ANHA FH7e] dEE RT-
PCR £4& F3l ¥ 43, GM-CSF 3879 % ¢
27+ wioFE Ao HF| o}7kE A (0.125%) E 0.1%
dPLECM-0.125% o}7}22 sto]|=2 A o)A 32+ ks
AL A Z+2: 241% D 422% Z7}st9om, IL-7 AR
o] 7% 22k wigE Ao H|F| ol7kEA(0.125%) 2
0.1% dPLECM-0.125% ©o}7}2A sto|=2 Ao A 3314
v FE Aol A ZHz 308% E 829% F7tetRoH, e

I TARC G-ARS] 79 231 ke Ao w3 o}7}
FA(0.125%) 2 0.1% dPLECM-0.125% O}7}2 A slo]&
2A0|A 32+ vigFE M EZoAA 22 569% H 669% S
7¥sk Tk (Fig. 9).
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TAIE e 93 vH8EL A of B5ol4 7}
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2249 A AXFOA L 7HEAAT AR 7] 5ol
AgrEo] AubAel THE Hge $Eaix %ain, A7)
ST ES] S4E AR ) 33 voF F1&
o] W4Ao|TH16-19].

A EAE T SR WS YT A=
& HoW e 7o B2 EED Yot ol A
oA ZhEAATAZY 339 ool B ATAE



N
©
(o)
oy
ﬂ
Tkl
Ol
rx
08
=}
o
o
Ho
1=

3D (Agar) |

N

3D (Agar + dE)

(vy)

400

350

300

250

200

150

Relative cell proliferation (%)

100

50

_HE

%

o 2D
3D (Agar)
a8 3D (Agar + dE)

Day 1

Day 3

Day 5

Day 7

Day 10 Day 14

Fig. 5. (A) Representative phase-contrast microscopic images of thymic epithelial cells (TECs) cultured for 1, 3, 5, 7, 10, and 14 days in
2D cell culture conditions and in different 3D hydrogel scaffolds: 0.125% agarose (Agar) and 0.125% Agar-0.1% dPLECM (dE). Scale
bars =50 um. (B) Bar graphs showing TEC proliferation under the same conditions as in (A), assessed using the WST-1 assay. Data repre-
sent the mean+ SD of three independent experiments. ***p<0.001 for significant increases, and p<0.05, Tp<0.05, ##p<0.001 for sig-

nificant decreases vs. the 0.125% Agar (control) group.
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| Y3 FEa WL QUX|E, oFA] o] 4FAQl 32k Azl
& S AYEHA G2 Aolth[21-34]. o]HY A+
oA & ALY AAEZ A7IHAE AFE Agd A
AZtA/E7tZ2gE 5 Ux=Adf AAAE ol &
sto] 7S AZ 33HY W BES FESHEL, o
£ 5 7 A2 Y B2 S 840 FRES F
Btk (21]. o] fo= Atd 7]yt sto]=2 A [22], 3
2 microgel [30] ¥ fibronectin®.2 7]%53td H-F1&E
(fibrous mesh) [26] 52| AA| A7} 7HE U AL viF 2
7FEAA Z et T AES FXee AR BuEITh
ES T4 A3 0|55 AAA A THEALIAEZE 3
A st 2 ST Aol F718El e [35],
laminin-27} A E 33Y A4 2L 7FSA A AT A

E9| @A TheA o] F3 g FEAIZT28].

e

=

Silva 52712 AAAE 4 38X 2245 o83 =&
ZHEUATAZ FE AgE AAs o, Fddde IF
7HEA! 27H=0]E (organoid)7h i E o, 4G 7]
4 7t A odle A7 AT [23-25,31.32].
AAY7IA FPE hFEES AN = ATt B vk
2 gIZE7] A 3E (hematopoietic stem cell)?} Notch 2|7+
EE $dste nes 5 1Y HERAESE 29
sto] 32k A2 JYEA FHY IF 7 erteolE
(artificial thymic organoid)E A& stF oL}, o]t nd
HE AN Z7} 7Fs0] ofd Z4oA {EfstaS #
ofuet A 7hsM 22 WEdA| 2 334 #x
A@sHA] Z3F gHA7F Qlr(23-25]. 2 AtolAE 3
2 T By 79k Slo|ERAE AMSSE W ETIAE
(induced pluripotent stem cell) 8] 7F&A 27H=0]E A

w2 orlo
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Fig. 6. Representative fluorescence microscopic image (400 X magnification) of 3D-cultured thymic epithelial cells in 0.125% agarose
(Agar) and 0.125% Agar-0.1% dPLECM (dE) hydrogel scaffolds on days 3, 5,7, 10, and 14, as determined using the live-dead cell viability
assay (green: calcein for live cells; red: ethidium homodimer-I, EthD-I, for dead cells). Scale bars =50 pm.
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Fig. 7. (A) Representative phase-contrast microscopic images of thymic epithelial cells (TECs) cultured for 3, 5, 7, 10, and 14 days in 3D
hydrogel scaffolds: 0.125% agarose (Agar) and 0.125% Agar-0.1% dPLECM (dE). Scale bars =50 um. (B) Bar graphs showing the mean
diameters of TEC spheroids generated under the same conditions as in (A), as measured from phase-contrast microscopic images. Data rep-
resent the mean = SD of three independent experiments. ***p <0.001 vs. the 0.125% Agar group.
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Fig. 8. Confocal microscopic images of thymic epithelial cell-derived spheroids cultured in 3D hydrogel scaffolds: 0.125% agarose (Agar)
and 0.125% Agar-0.1% dPLECM (dE). Fluorescence images of F-actin-stained spheroids show differences in cell morphology and spatial
distribution between the two hydrogel conditions. Representative optical sections and a Z-projection image of F-actin-stained spheroids are
shown. Scale bars =50 pm.
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Fig. 9. (A) Effect of 0.125% Agar-0.1% dPLECM (dE) hydrogel scaffolds on the gene expression of key thymopoietic factors, granulo-
cyte-macrophage colony-stimulating factor (GM-CSF), IL-7, and thymus activation-regulated chemokine (TARC)-in thymic epithelial cells
cultured in 2D and 3D systems (0.125% agarose (Agar) and 0.125% Agar-0.1% dE, as measured by RT-PCR. (B) Bar graphs showing the
densitometric quantification of mRNA expression normalized to GAPDH. Data represent the mean + SD of three independent experiments.
*#%p <0.001 vs. the 2D-cultured group.
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A F7Feknh. ol 71&9 o722 7|8E A XA 9 v
8to, 0.1% dPLECM©] 7h5Ad oA 2o A& 4 A=
o ando g FZAHAE Yebdtt. dECMo] Al F
S 7T @2 OE AX fFEoAE Rud
v} QlT}[43-45]. A& £, dECM 7|4 A A A= FHE
E71M2 FAE F7sta WA EIE FE5H9
g A2 9 EAIE 7Fs5tA shlch43].
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o] A28 FAE& FstA F7HIHARE 0.4% dPLECM
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