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(V FIgE T RSAERRL S TR2EBE, 1 200093 ;
VAT, BT S R N A IR, R AR R TR E T 2 R R
TR A EORBESEBE, 1 2002375
DU A R B, ARV IR S A S IS, R 610065 ;
D PN AREZEBE, DU S5 S 1 i e SRR, IR E Y SR TR S S0, B 610065)

E THMAZIA (T cell receptor, TCR) X k- EZHALHAZNEZ G (peptide-major histocompatibility complex, pMHC)
HRE SR, Rl R B R AR S S e N Y S 2 — R, AT TCR-pMHC &AW ES R, AU B
PR RE R UL BE 2 ZEnl, Bt TCRASEIRTHLETFSY, AKX TCREE SRR I s ZRYE . SR,
B PR Ee I A s . I HE s A R, 38 a3 e BRad A v] SE Y TCR-pMHC &G 14548 E BUR e 2 5 1
IR, Ak, MEREAINARRE, INZE&mATH5EIE A FE, WM 28 TCR-pMHC IR/ T H, |
&, ZRCTHAEBI RN MHC-1265 MHC-II 22 54 2 6] A SCHE 22 S L X7y, 8038 B RCR A R B 8 22001
UL T H AT IRE G Y INGE I T USR58, X — R RRIRE T 3 FE ARG SRR AL | Ik B B Y B B ik B 3 4% 5k
(peptide flanking residues, PFRs) 45VESE AR, AN, TCRARBIFE T, HAMEEX (complementarity determining
regions, CDRs) MHAIEMGIENE, AT HAE SRR LA Vs ARG MRS, AT B2 T AR i B R X
W XPhT AT RE S B M CDRs 0 MRIML, TS| & Jm il abtams AR . S L2k 1, 2 S8E G Bk M.
MG, ARLEARIET MHC-THIMHC-IL A3 HR2E Sl ff . REUEIDFIAAN T TCR A pMHC AHCHHE, A RL5 B . 775
BE RN SE R T LB RS AN T 254 TR 10 4 1128 TCR-pMHC & S #8055, *F AlphaFold2 . AlphaFold3,
TCRmodel2 . tFold-TCR % TCR-pHLA_ ModellerS FLFf it [F] i #1280 11248 S ARk T B R R G0EA, . @it A
47 RMSD (All-Atom Root Mean Square Deviation, All-Atom RMSD) . F4f RMSD (Backbone RMSD) . #Ax i #1543
(Template Modeling score, TM-score) AllDockQ, i 4$ T HAE MHC-1Z5F1 MHC-T1 28 & & W45 AR 25 i Ko 435 4 5 i A A v
Witk X MHC-IZEE A, QI PEHER 1 PFR S 25 54K, 1145 PFRs-Deviation Index (PFRs-DI) . N-PFR-Deviation
Index (N-PFR-DI) % C-PFR-Deviation Index (C-PFR-DI), LAPFAli PFRs M SR, RN, 42 CDR M4 — Bk 841
(CDR conformational consistency, CCC), & MEPEAL M T HZI i TCR CDRs MR 2 HERRE S . FaddgprtLm A Em TR
AR 5 B X IR B RE ), A — e R LORokb T 38 AR (TS MR B P P A i S R AR RA 52, M AT S gt
UyRE XA R AR L, TR S B F MHC-1285 MHC-TT 2R E S YA HHESE, FTH8 SEPE T RE R . AR
il e SIPM IR R, PR kR, 2 REE#HT TCR-pMHC IR FIHLE S A 2= D e i s S

XKEIR  HUEE, TCR-pMHCE &Y, 45T, PFRIJSGIm22H54, CDRIJSG—EitE:
hESES Q71, R392 DOI: 10.3724/j.pibb.2026.0015 CSTR: 32369.14.pibb.20260015

THYIMIZZIA (T cell receptor, TCR) RFAR-FEBE s ot 17 2 Wy B 2454 RS b 40 96 90 T 24 5 00 2 00 7 i 0 % 000
44 M 5 M E A W (peptide-major (RC2023-01, DT2025-05) , |- iff Fh 2 B 5C # 3k #: 5 R & 5
histocompatibility complex, pMHC) Y 4 S5 PR (Sg;();j;oj\) MER AARAEE (32470696) Bil).
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B, RS MR AR A fE SRR A B
o FEIEN RS, PR B A R S
SETRPERN A TS . PR R AL AT
FERETIE S MHC 2 FRISS SR, B
FAR-MHC A BAE R ZEPLIR N T . S K ey itk
e T B SEREAE A, PR SR R B T B R
WHA " TR ST, Zhang 55 Y S AETT
& T 1l ] MHC-1 280 F 0 K Bt &5 & 25 A0 ) 150 7
% ConvNeXt-MHC, N A SCHF 7T $2 4 T 0] FH A9 11
BT HS R

SR, BEHEMFERIRA, KB T K-MHC
(25 B R HEME LA S 408 B SR N ML o X — 2
AT TCR F SR MHC T 52 88 O IKBE, F7E
ILRAF S RIVER N AR NS, 1S T4
MR e ThRe, (EAUARREREAE S 22 bt b b
XA H S 53 A BES, SEmHEEH R UK
20 i 7 A 2 A AR R R BT R AR B
JE-MHC 254, TCR-pMHC & &WI1E D682 9008
B OGRS U 5 O, AT T 4 A
PEN B VML . PR O A A iR YT
SREMBT O R R 22— . Hk, 4R
o gZE A I 5T A2 5 R )5 BR kB 5 MHC (1)
“IutHEAEA, BB AR TCR. KB MHC Jir
LY = e G YIS

TCR-pMHC & & WIME i #2365 T 40
MO RER 22 B T RE AT, HARIMLE] . F 2R
PER YT SR, EEHeE TP AR
PESHUBE, [RIRT B T AR B . (55
(i AN == o Ay [ I D & S e A o
JIE 2l I, % TCR-pMHC iR S HL I 1) 2 558 1
T, A B B e U o1, RIS
W R R PETRTT R AL S8 B R e T
o N FEprd syt , XF TCR-pMHC Uil
B AT RE RS T 48 75 T 20 M Xehg SRR St B g
TR FERMRAT P, JET HASR SR 5
M, AL T 4 Az 4R TR AL T M (T cell
receptor-engineered T cell, TCR-T) ¥7 ¥ Ml TCR &
G Y DR TR R R R 59Tk, RIS
ANTRMEERESTUTT RAERERT , BESRIATT 1) RIG 1
SEmbE; 16 H SRR, et S
T} 57 PR SR A5 S LRI AT, A BT B R
g FE A, JF CHRFAH OGRS W SR IT T &R
Al o 1 el

HRHE MHC 43 F A [R50, TCR-pMHC B &

Yya] 43k MHC-1Z8F1 MHC-112%, MHC-128%>FJL
P T AR, F BT CD8+ T
YL SRR T A N R IR, T2 5t
o T FIBL IR S WL s MHC-I 8y 1~ 3
TR TR . F WA B 4 i ST ik 2
Y, %) CD4+ T 4 3 S22k U5 T i S8
HMIEPEUR, RIS WM S A S SRk
FEOCHAER] 120 MU E BT s in T %42 |
AIRKAF, HEd A 25, BIRIKHTE
FRZE G Al BREB A B DL S IR B 3 5% 5L (peptide
flanking residues, PFRs) %5 /[ ', MHC-12§&
AW IRES SR W A B, S S A A REAR
B GEH N 8~10 IR ) o 11 MHC-IIZRE &)
ARG G REE PR AT A, fEHREZS 9 K A IR
B GHHE N 132542 HR) >, IRBIE 22,
Al AMUTE SR IR X, S 5456 A Z0HT,
I E R 52 5 5 IR AR 24 >

WA, A TCR A B o, Bokb e X
(complementary-determining regions, CDRs) %14
ZEME, TEANIR] TCR Z 8] AR TS AE (8 Wi 2] R
WG 2R E IR KA, HMR =
TCR R 5 38 [ A 7] C A4 1) o 22 235 ) iy 27
BT, TCRTE SRS G5 T 7R 4
G A AL AR, N AE TCR-pMHC & &
Py REARSE R 2 A4 TCR-pMHC 54
RS B AT Sk T B RBRAR,, B BRI TR
Bl TCR #5169 7 IO IEAG S Ak 02

B 15 10 B2 2 P2 AR 1) G DL S
BN X PR AR R S5 R b T By K J, KM
B TCR. pMHC M TCR-pMHC & & ¥ 503 v I
RLFFER R 2 MR E E A, AR
PEGIR AT B3R 425 A WA 5 A i B
J%2 (ATLAS ™/ | The Structural T-cell Receptor
Database (STCRDab) *7" | TCR3d 2.0 Fl
TRAIT ™ ) ; fe g £ A7 5 MHC %5 & BB 15
(EPIMHC Immune Epitope  Database
(IEDB) "/ FIMHCBN ' ); HLA 7% H s 2
(Allele Frequency Net Database (AFND) '“/ HLA
Ligand Atlas *' I IPD-IMGT/HLA " ); LI J% TCR
e 90 5 PR S Pl - (McPAS-TCR ' Pan
Repertoire  Database  (PIRD)
TCellAtlas “*/, TCRdb 2.0 ' fIVDIdb " ). Br¥L
PPEG RSN, AL — RPN T AT TCR fe e 2l
PE iy 3t % U, W CATT™Y | DeRR ™ |
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STCAT ' TCellSI *' F1 TCRosetta =, %k LLHF A
L[F A R T T I gAEA Y,
HAES) T TCR #fA 5 TCR-pMHC 2 & i T A
K

F£ TCR B T 1T, BAT B 7 A 45 )
TRART SR B2 ) o AR AR R R T AT
LYRA "' | Repertoire Builder ' 1 TCRmodel “*',
XU RS LT, DN C AT A A A
TEFIERNR , BES R B AR e B R 454 v 2
T AR S, R BLIEA [ X CDRs 5542 [X 35k
AT SRR G e, I 1 — 20 58 i 5 4 2 5 00
&, DI S 3 TCR BRARGE R TN . T IR BE 2 )
M T H £ ¥ ImmuneFold TCR™ |
TCRBuilder2 ' FlltFold-TCR ", XK EET K
FUBLER (BT 91 5 G5B T 2k, it 2e )7
GVFHIE 5 = e R Z (M L G 3R, TR KLY
23] LIRS . R A = ZEA AR, SRR ) PR R,
TR SR T A T4 A A

{1 TCR-pMHC & & W45 i s T2, a]
HREAI 2 H AR 50 43 R 3 2R 1 [ 48 /) ST A A
TCR-pMHC & & W 45 i /AL TR M2 . i ]
HOA 45 Ry R B A DL AlphaFold2 ' 5
AlphaFold3 "' S, FEAEIR KN G5 H FRAE 4 B
R NfE 2 A Gy b 3 A, 4R
1M, 2% &% TCR-pMHC 254 U HLAT & B 1 F2 1
FVRE S, AR PSR TR XE LA HE LG B
GHFAE 2o ¢ — R B4 TCR-pMHC & &84k
i) T2 N iz 0 4, f) $5 ImmuneScape ' |
TCRdock "’ TCRmodel2 "
TCRpMHCmodels ' | TCR-pHLA ModellerS "’
F1 tFold-TCR " Hop TCRmodel2
TCRpMHCmodels Fil TCR-pHLA ModellerS F| F &
fEHT IS AR AR, P81 H e
WREEWIEER . ImmuneScape 75 FAR A 25 F4 FRE
Wi 2 AP AR R T, i TSR
T K 1& % TCR-pMHC 25 & 541 #F 17 ]/ #F 4 1k
TCRdock J: T2 (1 AlphaFold HEZE, 7£45] A TCR-
pPMHC & S W45t ) 35eml X & AW T
) 3 45 F M . tFold-TCR %k T 55 11 i i 5 A Al
(protein language model, PLM) 133! — 4451
TIN5, A AT 91 R B PN 5 B (R AH A
FRR PG AT, IFE5 A S5 T 5 2 PR XT
Pt A i, TCR-pMHC & A 4454

RAECHTPIRARGER | Rt g 256

T 45 4k i % 22 b TCR-pMHC & & Wy i T H 47
TRGVE T B YR IEAR AR R —
J R o — R IEAL D7 AR g AR 4 R MHC-1 28 5
MHC-I 255 & W0 G 25 55 2 A PPAh +R
b B 4 SRy sl O BRBe 45 44, kL) Z i) PFRs
R FI G M2 3 — SR AETTEAN AR T 24 CDRs
XGRSy RE ). BRI, B I H B 7E
— R L R R AL S A A T, AN R DA
[ R =y = N RS E R =R 1K o I (TR
MHC-1285 MHC-I1 K& A W17 XOHE . 255
% & PFRs 25 #4 5 CDRs # 4 ZE PEHR1E , X TCR-
pMHC & A9 T HIFi A 5 H 8 . AR T
ELPF, )R A RE S B TCR-pMHC & A 4 5% 5
SERRERIPAR IR R, O T B Rt S
MNTHESPEE BTt . IR e L i 8 S A A fie e
RIS TR ARG

IS ST, AT MHC-15 MHC-IT /Y344
gEE Sk, BEET TCR-pMHC A6 A9 50 v
TEAEB T, FERHCR M T T T 25507
W 3w PR 8 bR 42 I F RMSD - (All-Atom
Root Mean Square Deviation, All-Atom RMSD) .
T+ 4 RMSD (Backbone RMSD) . #5 #g &t 455 15 43
(Template Modeling score, TM-score) LI K&
DockQ, MRS 5 A G 12 HTAG AN [F]
T E X MHC-1 26 H MHC-11 25 5 4 W) 0 S B 1 g
X} FARGEVTAN F brdfE LA e MHC-11 52 454 h KBt
0] 35 5% FEAG AR AR (4 [ R, AR STtk — 2D 4 PFRs
R 2245%% (PFRs-Deviation Index, PFRs-DI). N Vi
PFR i 7= 48 #t (N-PFR-Deviation Index, N-PFR-
DI) Fl C ¥ PFR 1 25 #§ % (C-PFR-Deviation
Index, C-PFR-DI), D54 [F] T HXF MHC-II 45
B BRI AL S A EAERE T, NI R R ME e A i o i
FEFRIOA . FEIZE TCR CDRs #4522 M ) i R HE (14
7] @, 5] A CDR #§ % — % % 48 %t (CDR
conformational consistency, CCC), H T &4k
N T L% TCR CDRs W 5 2 P 4 1 IX 43
AES1. i RGeS T HAE S A w4 iRgs
¥ . PFRs & ¥ fit /1 F1 TCR CDRs ¥4 221 X 3 fig
10 A S A FR AT BRI AE, A MHC-T
25 MHC-11 255 & W B g il e 51T AR &
PR LG — () A BT HEZR S AT B E AR AR T, A7
AREBIA ST AT B RSB AT, I et
Y5 B e v SR TCRAR AL Y il
AR AL 2 S RF,  [RI A ok bR S s ¥R YT o TCR
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L R0 8 55 2 R D A A SR 1 BT R I T ik o

Sff o

1 HIEZRIR

RER/E

TCR. PUJEAKS MHC 43 FHIASRMNE, BA £
PER[ AN 424,

1o 5 PR R .

JERALE MHC 8545 IR . HLA 731 % Fl &
J%, LA TCR 3 540 e e o 2

TE TCR-pMHC £ %88 (£ 1) &, R

Table 1 Overview of TCR-pMHC data resources
#1 TCR-pMHCHEHEIE

Hge FE Kl 44 PR RIRMR S RTAETMHCHT5 BEIRERE L H
TCR-pMHCH &4
oS ATLAS B¢ ATLASHUHE 7 /& i N T8 HL P DOI: 10.1002/prot.25260
FHERE BRI, RGBT AR BEHz: https://atlas.ibbr.umd.edu/
B 59 R TCR B Ho A 2 1] (1 web/
GiAEMIMER . AP LTE BOREHT H: 20174F2H3H
W PE bk & TCR. ik BOAn
MHC 7r -, 3RS 28 A7)
Wi+ S5 RV DA R A 5C 9256 B
THS I AR E R
The Structural T-cell Receptor STCRDab ¥4 /7 & i H shit £ & DOI: 10.1093/nar/gkx971
Database (STCRDab) 71 Protein Data Bank (PDB) [ BE¥z: https://opig.stats.ox.ac.uk/
R TCREE M B, $2 ki webapps/stcrdab-sterpred/
e, MHo/BERy/SRERCH . Z5A T SRR H I AR B BhUcER AN
MHC%: ¥, PAK R 454 Sk st
J1. B4k, EHRAE T TCRATAZ
X PR = ¢ 22 [ A S0 BB ] B SR
FIRFR
TCR3d 2.0 1% TCR3d% 4% e v LAY & T B & 2 DOI: 10.1093/nar/gkae840
o 5256 5 5E I TCR-pMHC & & i https:/ter3d.ibbr.umd.edu/
YRy . BeAh, AR AAR O faq
TH, T N [ TCR BR BOFTE AT 2024429 H26 1
TCR-mimic & & 4) 45 ¥ T %f
22 E S
TRAIT B TRAITHE BRI & T #0H 1A P DOI: 10.1093/gpbjnl/qzaf033
2SI BGE I TCR-PUR XS, BEF%: https:/pgx.zju.edu.cn/
RATHI GERRISEA B, traitdb/
7 I 3B 5 B 3 R A e ORTEETH: 20254R7 A 11H
FpERA EPIMHC ™) EPIMHCH(#7 JFE, R TR  FEAHEMHC-IESTF  DOI: 10.1093/bioinformatics/
MHC#; 5 ik S HR 1R 45K ML B FMHC bti269
HHh e AL IAT4 R, BHAT, 2 BE¥z: http://imed.med.ucm.es/
Y AL E 4 867N TR KU (1) ik epimhc/

Immune Epitope Database
(IEDB) B!

JEH, Hodh g 8aFh b R A 5%
LUEANES

IEDB#H R Y sk 1 AR o
VIR BT S TN A7 5504
i, WAL RR . L. a5
Yo o A B A U . i%T
B [ 2T — R 51 3 A Tl
53 LA, JFRURE K4
Cryzeld

Pt

BT R H: 20164

DOI: 10.1093/nar/gkael1092
BE¥z: https://www.iedb.org/
TR 2025451 6
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gkl
K R K B 44 B TR IR S REAEMHCH T 5 PR RE R ST H
TCR-pMHCE &)

MHCBN [ MHCBN 2 25 & M3 1, It EEAEMHC-12:9 T DOI: 10.1186/1756-0500-2-61
ST B 25 8574 kB, Moo BE4%: https://webs.iitd.edu.in/
H 10535k T4 5 S50 56 1iE AT LA raghava/mhcbn/
et )5 AR SR8 44 (trans- O H A1 20094F4 720
porter associated with antigen
processing, TAP) 4 iR il 7
gherit 2 ik

HLA% 75 H Allele Frequency Net AFNDHUE Bl s 7 ANK B9 EEAEMHC-I245F  DOI: 10.1093/nar/gkz1029
B 2 Database (AFND) ™ Jig i Jf (human leukocyte anti- BEHZ: https:/www.
gen, HLA). MHC-IAH %% allelefrequencies.net/
L i R 1 1) A5 o e [ 5 B TR H I 2020451 H8H
RS KOG, [F SR L HLA
BE DN A 5 AN [ 259 N 1) SR R
E=)
HLA Ligand Atlas ™ HLA Ligand Atlas¥{#i /20555 7 A& MHC-IZE5MHC-IIZE DOI:  10.1136/jitc-2020-002071
KNEHLARAEGE, HAHLA- 9T, AHRIRME E$%: https://hla-ligand-atlas.org/
L 35 5 1N R JE K] 290 428 TCR-pMHCZ &4 welcome
Btk HLA-TIM 5586155 Jik R H: 20214E4H15H
(R S 142 6254 i A
IPD-IMGT/HLA ™ IPD-IMGT/HLA % #5 FF & 4t %t A& MHC-IZ8 5MHC-1I2% DOI:  10.1093/nar/gkac1011
HLARF SRS IR e . #4 H T, HARIRME BEE: https://www.ebi.ac.uk/ipd/
BT, 2 HE I CUGRRIE35 000 TCR-pMHCZE & %dE  imgt/hla/
AN WHO HLA R 4 i 4 %5 7 HTER HI: 20244E6 H27H
23 1R 3 44 10 A7 BE R 7 91
TCRE I 5H¢ MCcPAS-TCR 6] MCcPAS-TCRZ Ji it A T8 7] & i DOI: 10.1093/bioinformatics/
JE AR S KRR SCERA BB P, E 1) btx286
Kl e W 7 5 R 78 IR B i BROR 25 AH BE%E: https:/friedmanlab.
K[ TCRIF A weizmann.ac.il/McPAS-TCR/
HTE R H A 2022429 H 10H
Pan Immune Repertoire ~ PIRD#E 4 1 A\ 2K J FoAth i Ay 1 DOI: 10.1093/bioinformatics/
Database (PIRD) ™71 4 %% f) TCR 15 BCR I & % #i% btz614
8 R B v AL R SE A HE$2: https:/db.cngb.org/pird/
TEL A HTThAE. th4h, PIRDIE B HE: 202025 1H
LM% T TBAdb L &,
TAHE CAnNLE B TCRABAH i
% #&  (B-cell receptor, BCR)
731
TCellAtlas M TCellAtlas & — /™45 & M T i & DOI: 10.1016/j.5¢ib.2025.02.043

B FEREL TG, ok
T 1677 7994 =i = T4, 78
3T R AS A 160 H 4
L, B8N TA I 2 54K

#E4%: https://guolab.wchscu.cn/
TCellAtlas/#/
HoB SR H YT 202543 H30H
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e
K R Kl 2 44 B FIEAEIR REAEMHCH T 5 PHIRRERE S H
TCR-pMHCE &)
TCRdb 2.0 14 TCRdb 2.0Y4 3% T 217145 TCR 1 DOI: 10.1093/nar/gkaf876
JF 3, X BT A SR U5 T 19 701 BE$2: https:/guolab.wchscu.cn/
ANTCR-Seq FEAS, i i 46 Fi 2 TCRdb2/#/
SRR G 147TRIEHRORE, i R ER . 202599 H9H
4>y 1k 5y A TH I TCR T 31
¥
VDIdb 50 VDJIdbEHE PE A T B 5 DOI: 10.1093/nar/gkx760

IR AR B THH LT BRs 7  5 &5
R, IR SRR S TCR

FP51 2 () ¥ R Bk A5 2

BE%: https:/vdjdb.cdr3.net
BORTTEHTEM: 20254F12/328 0

1.1 E&6YEHSREFERIEE

A YZE S R R dE I, & TF ) TCR-
PMHC & A W&5 A . B R f AT 2 2071800
ML BTF 5T /9 FL i . L ATLAS %' | The structural
T-cell receptor database (STCRDab) "' | TCR3d
2.0 B I TRAIT ¥ RRMTEIRE, ILE T O
HT %) TCR S F TCR-pMHC & &Y = 4E454, IF
AR T MHC-12E 5 MHC-T1 286 & Wt 4 K 5t
THIRFAIE

Horr ATLAS 4 P W s 1 5 A 80 5 58 A 1)
TCR-pMHC A8 B AE FH 1) SE 30 45 5 SR FU 8dE e
=R T A WMEE 54 S DT R
STCRDab %k #i J&E J& M Protein Data Bank
(PDB) ™ % v [ sh 4 TCRAHCEEFy, $fit
TCR o/B 5 y/d BEFCXF . MHC 2581 | HU 55 B K
CDRs A #4275 B . TCR3d 2.0 $0¥i A & 1 452
B fif AT i TCR S H A G458, i TCR CDRs 3
PR K S MHC 5L (425 18] 6 R 2 R e fb iR
TRAIT B4l FEILAE T 75 . et &5 GRe &£
Yef5 B, WHE T & RGN 25 A 5454 TCR-
Pl

MUK, ATLAS. STCRDab, TCR3d 2.0 5
TRAIT DY 12 1 L) TCR AH S 2548 5 AL T 15 6,
R, FERERIR . RS SO TIRE Ty IR
HA MM, WAERRamE, KRZAET, &
T A T 4L/ HTHY TCR % TCR-pMHC — 4k
ghey, JFFIZEMHC M | HiJF KL K CDRs 44
GOCHE BT T AR LB, A RRRIE b S5
TR AL T AT SRR S . DA e PR ] 1 2
16T, STCRDab 5 TCR3d 2.0 S| # 45+ A B )
R R SR AL R, Hrh TCR3d 2.0 7E4514
AR S R LR FHAS S0 E R )

fig, 1 ATLAS fE45 M EBESLAE oI NS5 G261 )
LRI RE RS, LA 5 Y RE Ay B O HK
TRAIT WIXF 330 . S540 5 25 6 A8 1 45 2 4 1 4
YT TR G, ERELs G 5IESS S TCR-PUR
B, MR T AL eE ) . LR b, X4
ANBCHE 1 L TR R R T 3 P TCR-pMHC 45 K A5 1T
PUNZE G ST IR T & 1) B Al
1.2 ®ERMCEMHCLE S IKEIEE

EPIMHC “’ | Immune Epitope Database
(IEDB) “'' FI MHCBN "' B 4fg 22 D] )N A 28 e 57 K%
MHC 254 K2 SR e S, SO Rk U6 i
BT 2R 55 I i 2V AR SE o

EPIMHC 5 MHCBN % £ T MHC-1 2845 4 ik A
X, ROAKBUTY ., A EMN SRR,
Xif FAL FM 5 MHC 454 MU A 78 B EEANME
BRI, WA RIER TR, Bl s
TR TR M DL S e > iy 4 sk B 2 ¢ . TEDB & H
A S ) IR N S R R 2, R0k
ST BB, ORI T 40
TG, S MHC-1 2853+ 5 MHC-11 2847
FAHMEIE , A HAZ O TR 5 G il
S, MAESE%ELAY TCR-pMHC HHHEAEF K& o

i b, X3RFWIHRAE T R LA AR,
IEDB U RGBS RS B i O e, 4
T 2PN R YR T RIS EE, 1F
B B S Ry iR R, S
FARFC BB S 905 T I 1 22 G Mk S e R LT 9% -
EPIMHC 5 MHCBN N W] 4 A % b 850 5 I m LA
M, Bk 5808 A A S5 0ME, fErig
W, 545G A A 5 T 0 IR DL 2R A
Al



+1382- EMUEEEYIEER

Prog. Biochem. Biophys. 2026; 53 (5

1.3 HLASFEREEE

Allele Frequency Net Database (AFND) /|
HLA Ligand Atlas "' Fl IPD-IMGT/HLA ' J& HLA
SFREIEE, EfEENTE . 28R
382X HLA-L 53 F 5 HLA-IL 43 F #5647 17 42T
TR

AFND 48 PE MREIAR 51527 £ BE 3R AR A28 148
fePr)R (human leukocyte antigen, HLA) %1y &
DA, s AR 589 1 5 I 19 HLA FHC
Pt T BRY TS 505 E . HLA Ligand Atlas %1
i PE R GMUEE T 514> HLA-T A5/ JE ] )2 90 428 4~
BiifAc, 86 HLA-II %5 3L A & 142 625 NFCfAk, {H
A5 TCR (45615 B . IPD-IMGT/HLA ¥ 1%
WA T ANZEMHC 07 5K A% IR 5 8 Y 5E
B, JETF R HLA HEAE 5 S50 B PRRE S % 43 B 1 A
BECGENR R [F A A R 1 42 42 it TCR-pMHC 45 &
B .

MM S 2, AFND, HLA Ligand Atlas 5 IPD-
IMGT/HLA 4 PEAF (5 B 05 5 0 5 4%
B fi# . AFND MRS L2 A R G0 A o
DRI ESE , 3l TR R LA i . 90 ) 8k
I3 H B E T %3 . HLA Ligand Atlas #2852 4
JE B HLA-1 5 HLA-IECARME B, BiE M FhR s
HEATHT . SRR 2E IS DL BT LR A N F
B, A B T RRAE N [R] HLA 25 o7 5 PR (14 JIk 42 338 431
5iifie2 %, IPD-IMGT/HLA D) it () 2507 KL
FPO 5 28R L, LHE 7R HLA
SGNLFER LT RGEHEA AT A K S5 R AR T
GIWES TAE. R, B 3 28I A A, AT Ak
JEHI-BLAR- N2 T i 22 RO RS A, ki
BaRE2AT 58 5 AN 3R R <4
14 TCRFFISHIRFRIEHEE

MCcPAS-TCR “/ | Pan Immune Repertoire
Database (PIRD) ) | TCellAtlas ! | TCRdb
2.0 1 F1VDIdb ' i 1 4E G TE TCR 781 S
PUREPG AT B o XTI H A B S 58
B TCR-pMHC 25445 8., {E R K HUAE TCR 51
FEAR RESEE TR A S A R A T R SR

McPAS-TCR ¥4 36 T 2 & 2 SCk i A7 A T
A, HRGR T SR RS B SO OC
() TCRJF 1, I B4 AH 7 Fr 5 P Bl G g8 4 R B
PIRD F1 TCRdb 2.0 #5485 3= 2Ll & T TCR /¥ 51 ()
RYGNMEUE SR, TEBAR BRI AR 52 0

BA BERH, HABNER T RN TCR CDR3
JE 91 S 5 W i e 5 52 AR 41 B2 R . TCellAtlas £
WER GRS T NS T YA [ R D REARAS /Y
HRER, LA ER T H, fefexT s
RNA 7 4l v i) T 4036475328 5 T RB IR SR
Ao VDIdb BRI A T B AR T 4P A5
PRI RE 25, IR TCR S 4T R R M: =2 1] Y 56
QRIS

Z& I, McPAS-TCR., PIRD, TCellAtlas,
TCRdb 2.0 F1 VDJdb | 8 F TCR 7 HI IR, BA
PRALSER A5G B, (HAEARRIFRE SR T A
A WRA A B . McPAS-TCR LAY B J5AA
e L, JUHGE TR R B i e Ufie
f##r. PIRD 5 TCRdb 2.0 fL &% K& 5 ARE. 44
KA FRAR G TCRIF A, 164 FH T gk
UK TCR AR I 2545 . TCellAtlas A AL T
YT A 5 D RRAR ST B R IBRHE, fET T
Y DB SFBE | SRE R B AR b S A O f g
IRSIRMEEE S % VDIdb IR HE RS, &
T I SRR S AR DG 53 B LA w28 19 TCR-$it J5i Ut
BCAFgY . BRI, X 5ANEdE AL FEM AL T TCR
J7 51 2 10 9 B SRS UR O S 22 TCR AT
R S P T 5 RS U G E I T UF AR 4R A OC B B s
St

2 ITERE

A TCR HK ($£2) MITCR-pMHC E &4
(£3) LM T H, EBAE A . Bk
SRR WA 225 . TCR B ) A% 32 R
IR B R BE  2) 5k:, Hge— LSRR 751
YERHA . HLLZ T, TCR-pMHC & & %) [F i
Kk PFEIK S MHC 4> T2 B A BEAE R,
WAL R R, MBI T A
Ko WAL BAr¥a, TCR-pMHC & & ¥ 4
D5 ¥ 32 4 Sy AR 1 S5 4 # T AR R A TCR-
pMHC & G W45 @ L T E . fEfmAGFE T,
WEAL & AT B R 7 5 BAE A AR,
A E R MHC 2807 36K . TCR %L (5 44 A1 CDR3 ¥
VEEREAG BAE N AR, J5E e St s
BAWAEILS, (A2 T A B A TR 0 R
W TR PR, S FHPEAE &8 43 3 50T AT fig 32 2
PR
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Table 2 Overview of TCR structure modeling tools
F2 TCREWHEEIERFIR
R P T ALK FEIRE NG Jrik TS e S S e S
] 7 LYRA b6 FI#BCRAITCR ¢4l 3T £ /5 4] L 4} (multiple sequence DOI: 10.1093/NAR/GKV535
4 alignment, MSA) §fiif AR ¥ B 22 X I HEHE:  https://services.healthtech.
5 CDRs#EMR, @7 HIG AT 5% 2 dtu.dk/services/LYRA-1.0/
Brife, JER MBS A R R SR EHE SRR W 201557 1H
FErasmaiE, DR R
1) B 157 45 R A Y
Repertoire FJ#BCRE(TCR 74 & T MAFFTH A P IIMSAY E DjfiE, DOI: 10.1039/c9me00020h
Builder ©7) BEAL, bk R HCHUA SFMSA HR I CL A 45 # B AT A FBERE: https:/sysimm.org/tools/
B R TRy fee (2% 55 H w2 D
BB EH HIE: 201945 H21H
TCRmodel ¥ Puli /£ B TCRZE  F51 % T A IR BOAR M @ W1 46 B 48, 38 1 DOL: 10.1093/nar/gky432
AL i) RosettaXf CDRs I HE AT # GURAE 5 4 JF [ EEHE:  https://termodel.ibbr.umd.
ThERKE, BAERBMTCR=4E edu/index/
4K BORTEET H I 20184E7H2H
TRRE R3] ImmuneFold T TCREE ¥4 A BT ERARE SRS, DOL: 10.1101/2024.11.13.621715
TCR ] FEM R FGE RS (low-rank adaptation, FREHE4Hz: https:/github.com/
LoRA) HEATHUA, SLBIXTCRE#% CarbonMatrixLab/immunefold
B 5 AL T BOREHT H I 20244E11 H15H
TCRBuilder2 "1 FRIMTCREIGEH 545 3 T AlphaFold-MultimerZ5 #8552 DOI: 10.1038/542003-023-04927-7
BIER B2 SIHESE, LTI T TCRIZ, #EHEH:: https:/github.com/oxpig/
F) T ImmuneBuilder
BT EH HIA: 202345 H29H
tFold-TCR ' il TCR ¥ 4 . %  # FPLMIBRRUFFUSFAE, @it JLIT4 DOIL: 10.1101/2025.01.12.632367
MHC-1 2% Al ARCERIREER, AR HBERIATCR (of fFBERE: https:/aids.tencent.com/ter/
MHC-1IZK 5 & 1) PHE) =4S FARRR, SCBLI 5 KPR homeView
4ty TG A OB E A1 20254E1 A 15H
Table 3 Overview of TCR—pMHC complex structure modeling tools
3 TCR-pMHCESYILEHBEETRZIR
W B s THAH FEIRE LN Hi: A R A T i o
SEE &R AlphaFold2 [ H] FFMHC-128 1 il 1T MSA. Evoformerif#fk DOI: 10.1038/s41586-021-03819-2
g T MHC-IEZEE & 1455 BB RN S R TN B, FERERE: https:/github.com/
pigi) e SEIL M T B B 45749 1195 2 deepmind/alphafold
Ui T BHTEH HW: 20214E7H 15H
AlphaFold3 (63 A F-MHC-1Z4H1 il T FRILIMSAR AR . DOL: 10.1038/541586-024-07487-w
MHC-IIZEE &P 451 Pairformer £ B AR HL AN B F8EFZ: https:/www.
jE:4i AR TE G B3 @R alphafoldserver.com
BOFTERTH: 20244E5H8H
TCR-pMHC ImmuneScape 7 FlllMHC-I25FIMHC-II izl FIFILYRAHEATTCREE# % DOIL: 10.1007/978-1-4939-9728-2_17

HEMEH
R
TH

KE G

B, #HCMEEMN
SR AE B, 5E U TCR
L pMHCI 73 [0 42, AT
4 % TCR-pMHC & & ¥
0|

{fFH%EH:: https:/sysimm.org/
immune-scape/ ( H i TCiEfE D
BORTEER H A 20194F8 H9H
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WK B b5 THAH FHI R MAEE Jiid: TR o e sk
TRMMHC-IZEAMHC-IT. MHCZE {75 @il 5] A 2 FEAL &8 DOI: 10.7554/eLife.82813
RKEEMEER « TCRE: Mk Ak AlphaFold2i%i N #iEFEHE: https:/github.com/
K4 HMCDR3 8%, I FHBbR #2¢ £ ff) phbradley/TCRdock
751 JUATT £330, B AR BE Y X Sl Bk L 202341 H20H
MSA A
TCRdock 7 TiIMHC-IZEAIMHC-II gl 4 F AlphaFold-Multimer ¢ DOI: 10.1093/nar/gkad356
KEEWEN ¥, @5 ApMHCE I A4+ hitps:/termodel.ibbr.umd.
WAy B 200, AL edw/
TCR-pMHC % [f B 5090 55 S s 37 H . 20234E7 H5H
e, TR AR RE TR FE Y 1]
B, ST ARG
TCRmodel2 7 #XIMHC-I2E &) gl T LYRATRIMITCRE 4245 DOI: 10.1038/541598-019-50932-4
et ¥y, IR R B O 5 BOR A RERE: http://www.cbs.dtu.dk/
172 TCR5pMHC A X HL  services/TCRpMHCmodels/
i), 4R J5 i FIMODELLER & %7 H#: 201945104 10H
HERE A YER
TCR-pHLA_Mod- TRMMHC-IZEHIMHC-II JF51 BT B U7 Z (mean DOI: HARANIF AR CHR
ellerS 1 KEEMEER squared error, MSE) #E# #ZFHEE:: https:/github.com/dwent/
55 RRR JZE A B A BLI 7 81) TCR-pHLA_ ModellerS
YE MR, B S 1 FHMOD- S S8 H #: 202549 H 19H
ELLER 78 i g B, Jf i@ i
ATLASK 4t 45 14T 43
tFold-TCR " FITCR 44, MHC-I gl ZFPLMAEHTTCRMpMHC DOI: 10.1101/2025.01.12.632367
FKHMHC-IZEE A1) B SIRRAE, A2 IR AFAE (8 FH5EHE: https:/aids.tencent.com/

Ly

TR RLAR KR, IR
) SRR SR e 5 R A

ter/homeView

R E H: 2025417 15H

LU apeiei

2.1 HRBUGA

Z 8 TCR MR [ 5 A Wy s T 2L DL SR 7
I AVE K A 3 TCRdock 75 4 7h #2 it MHC 45 1y 3
. TCR V/J 3:[H 4 F1 CDR3 E 4R, LIRS
SRAVEEFA LI, (HFR A 525 AR DG B 8 AR
WIXE, PIRESFECERRN, —E B R 7 iZ0r
ERIUUEERT75 e
22 BEAFE

FEARAT Y5 [, TCR PR ZE AL T T B
THHETCR of SR TS, i TCR-pMHCE &
Wyt b T T L D) 5 A MR A AR R Y
b, #E—2E0i % TCR 5 pMHC 11425 [A] 45 AR 2
HEBYINEEIS.
2.2.1  TCRHARZSF T T H

TCR FARZEF T T H, A5 R U T 2
LYRA ' | Repertoire Builder "', TCRmodel **',
LI MR B 5% X B A ImmuneFold TCR P

TCRBuilder2 "' I tFold-TCR ", LYRA } T £ ¥
H) X+ (multiple sequence alignment, MSA) £+
LA B R IX 5 CDRs AR , 38 2 J3 4 WS 2R 4 7 %
B, a I BEAS S48 R B 1 25 (Al
EHATEHE, MM HE TCR 45915 . Repertoire
Builder F| i MAFFT ' f) MSA ¥ JE ThBE, K %t
FFAE C A E B AT, SCB TCR 1
AT PR M) = EAR . TCRmodel >R FH - BEZH 255K
W&, ¥ BART I ML 2= 454 LR R 5 Rt 4 It
RO A B, SRR XTIk e 7 Bl A TP 5 AR
i, FEgsRas b g A FO I R B A
%, JEAELEERE [ 454 Rosetta fit i PR 42 5
W& AT AL, DARE B T A2 i TCR S5 A A0
ImmuneFold TCR 3% ] ESMFold {F A JiS J2 435 £4) T
HE 48, 38 &of {K Bk i B (low-rank adaptation,
LoRA) #ATS5m oM, LIFETEXT TCR 45 ey
E M fE 7 . TCRBuilder2 % T AlphaFold-
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Multimer ™ #4780, B RGE FFHUAR R TCR 1)
TREES I RESR, SCBLERG BE S5 8 . tFold-TCR
FIH PLM 28 TCR JFFIME B, IF4 A U AR A8 45
P T, Ei 3 TCR of 85895 7445, M
T SE T TCR LRSS F4 1 A5
222 TCR-pMHCE & Y45k i T .

TCR-pMHC & &1 45 6 T T 2 AL 7 22
AR =S e E N S T A SR S o O]
PEAETT A RN, ARSI HAndzit, BUA Ik
3y AR 0T 455 44 T A5 8 R TCR-pMHC &2 &
PIESA R L T H

AlphaFold2 '®' 5 AlphaFold3 ' 4 Ayl F 2
FRas A T H, nT - MHC-1 285 MHC-IT 28 &
BN EER AT, (D LS = X g2 1R T 7 o 1)
Pk, FECEZI A W) S DX B 41T 7 A7 AR
JRIBIR 4 SR T G- %) Il TCR-pMHC & A 91451
FRIE, WFE &t —2 IR T —RINELHTH, DIFE
5 AR SR g A A% 0 19 T E AL £ TCRmodel2 ')
TCRpMHCmodels ' 1 TCR-pHLA_ ModellerS ',
X2 T EL A E @ i TCR-pMHC & & W1 45 0
B, E A XA AR AL JfAE S
fili L%t CDRs IXIREA 7 R g2 A fk, M SEEi 2
GBS, EMIERE [, ImmuneScape "*' 7£
FI AR G50 R R 2 52 G AR TR T
0 5 B ADR B X TCR-pMHC 45 & FL 1
AT RO . DATR 2 > O i s T A
TCRdock '’ F1 tFold-TCR """, H:rfr TCRdock L) E.
fifAfr (% TCR 1 pMHC 2544 S Al , 3l ik 24
TR I LM S HUE Pk 45 A, IR
TN XS 5515 2 55 B AT B R LA R T IPAG 5
v, AT 52 3% TCR-pMHC %5 4 77 =% i 7
tFold-TCR M 7£ PLM £ 1%, () TCR F1 pMHC %5 #4) 45
FESERE 1, 38 S R B o ST AR T 43~ = [ () A
YERFFHE T 25t A, X — 3 FEASH AP R AAR
PRIE T TCR-pMHC 45 1) T 0 AASE A 24 T 5% ] 541
) WIHORTE

MK S, TCR-pMHC 84 T HAEH A B
BN N RURS S AR R, E—ERE
Rgma TR A BT MGl Y R . PR, AR R
WX Z TR FPE TCR-pMHC 2544 S 5 1 1 4544 |
SUIRT . PFRs #4424 2% 1 TCR CDRs ¥4 % Z2 1 [X 43
RENUEAT T RGELES, AAHCHISE ) T H PRIt
2%,

3 EAEMR

FEFEMEMNARY B, X S AT [alisf HF MHC-1 28
5 MHC-I K E & @M ERETH—
AlphaFold2, AlphaFold3. TCRmodel2, tFold-TCR
M TCR-pHLA ModellerS, JT/E RS . N
WA RS, ARSI A 20244E7 H 6 HZ R
¥ TCR-pMHC & & W45# (254~ 12/ 10411
2 AENHMEEERSE , % H B TR R
YA IR (TCR-pHLA. ModellerS) .

J R G4 AR T HAE TCR-pMHC & & ¥
BE g PERE , FEMEIIT N Z5HY . SLIRIFFIE . PFRs
P4 2% . TCR CDRs A5 2Pk X 43 fig 1 AT %
JEIEFE SRR I /3t o X 454 . FHFFIEFI
PFRs 5 (w25, ASCHET 4 T HIT /3 fe i 1Y Topl
T 45 ¥y, K A All-Atom RMSD. Backbone
RMSD M 42 i 5 Fo45% 2 T DAk 5 A 2 1) S0 kG
B fdFH TM-score PEAR AR PT S AU . FESS &
S b, i H DockQ ' - fili TCR-pMHC 1 it
Hi . 7EPFRs WG M 25 5 T, A SCEHTHPEHLE LT
PFRs-DI. N-PFR-DI #1 C-PFR-DI =/~ 4§45, HTF
iy T 2= A e e I MHC-IL 2R E 5945 &
[EGIOEOE S

3P T H X TCR CDRs )42 211X /3 fig
AR A T H (tFold-TCR R dy H o —H4 5 1
KRN HE LS hHEZ HT S ALY (Tops) , i
i RSB B A1 TopS 4544 FF CDRs A8 BT 2 7
# Ml 22 (Top 5 root mean square deviation, Top5
RMSD), %fk TCR CDRs (R AALIEH, F95
IR G 7 A TR ) 43 ol W (rigid) | ARH
(ambiguous) FIZEPE (flexible) ., MAk, T
s 2 AW ARAT IR TCR CDRs M4 3214
R, BRI T ITsFlexible ™ SREUAHI R
PEERBAE 2% 1TsFlexible 2k T KR 55 44 5P
W2k, IR H E(n)-equivariant [&] # 28 [ 2% %} CDR
IR R TR A A T AR, X TCR CDRs AR
SRR S B, e NS H R
Pro TEMCEEAE B, KM EMNHR SRS
ITsFlexible iy e PRI B TIILT 545, PG —
() CDRs R LEBUR4E . JeJm, 2 TixsdndE,
HE AR 25 R 5 S TR — 3k, Doe v
i % THIX 73 CDRs WP 5 2 HARAS R RE 7, i
7 HAE Sy AR G AL A P AT REAEAE A R AR S o
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3.1 TCR-pMHCH &K &

RIXPUAT 20247 H 6 HZ )5 (% HIZT
ARG T B g AN gl 53, B ST
YGERAER) AT TCR-pMHC & 5251 .
WIS E A, 35251128 TCR-pMHC &
EWFI10/4N 1128 TCR-pMHC B8 (£S1), IF
M PDB 1 R IR VE IS

PP IR BG4 SV GRS 2 8] ] A7 AE
14 5 BE AR AR 8 SO e R it . XS 35 MR A
AT S IR T HIA M BT (SR S1) . S5 B
/N, MHC 76 Fr A I SR s 42 vh 24 2 30 A = 1Y
FEHIARRIME, 52508 & i IR B MHC 4 F
FEARLRE #4735 2] 100% (ES1) o X &4 KT F1H
HLA 70 F W RUZ o Hr g 5, 2R HEE T
MHC 431 E A SR SF I ZEAAESE R e 3T
V4R, T HLA SE P (1) 275 PE A B 7 S 2 1] =] 47t
JBR AN TCR & A= AH BLAE TR X3 o7, B LALAE I
A EAE T T RER ) S5 IR S AR B e 4
—FWFH . MEEZ T, TCREER TS H LI
BALTF MHCHE, B RZXE, X—257
R T TCR P8 iy 2, Hirp CDRs X
TP NI, T CDRs XU INEAL AT E B 1T fE
SSBOCHEM LN, HIK, TCR & AT REE
TCR-pMHC & Y45 F4 T ) 2 ZEHR R IR 7 2,

RRORE, WREEE S8R 2 (B —E
FREER T HIAANE , (H AR AR 305 I Bl 5 4
RIS A, 2B TR i o A d 2 A A
PO RYA
32 BETER%E

ARSCHEE T fE A8 [ X MHC-1 2K 5 MHC-T1 2%
AW A THARY 5 Fhas w2 T R 58 i
Ay M, ALFE 8 FH AR 545 44 T A 22 AlphaFold2
Ml AlphaFold3, [A] 5 # #& J5 3 TCR-pHLA_
ModellerS #1 TCRmodel2, A K JEF 25 i iE &5 1
TR IR BE 27 > B tFold-TCR., H:, AlphaFold2 .
AlphaFold3, TCR-pHLA ModellerS 5 tFold-TCR
TEAH BB IE 4T, TCRmodel2 i = H: 0 2% JIR 45 &
. R4 TCRdock 2 MHC-128 5 MHC-T1 8%
B, (P AT S R A MHC 454 5
[ . TCR V/I#:[X 4 #1 CDR3 [F 5 BAE M A,
T S5 AR B B e oM LA AR A AT S e, B
AL BT, a2 & YAhe
SRR, BT FRBR I, A SORHE TCRdock 44

NG SEFEETE
3.3 S5 REMNTN RIS

h T RGEVTAN 45 A T 2 A TCR-pMHC & &
Yy bR ZE R T, AR SO A PyMOL (Version
3.0) ™' 315 All-Atom RMSD #1 Backbone RMSD.,
Hdp, All-Atom RMSD FF M 42 J5 7 )2 1fi i 1k 7
W25 1 5 2 2% 25 ¥y Z ] () 3% 4K JL A fw 2%
Backbone RMSD & T 45 [ 1Ak b, T35
PRSI —Er: . 8 H OpenStructure ' 7158 TM-
score, MEEIRYT B )2 T PEAN T 25 ¥4 55 2% 45 4
B4 R A . kA, SR FH DockQ £l TCR 5
pMHC Z [1] 1) S TS G S A B ERA AL
3.4 MHC-II PFRsH) S 7 il A 5 14 P2 4E

Y F A RMSD. TM-score 11 DockQ 45 &
FHEE PR 2O 2 R A5 AL PE NG, 5 5 T A o
i, MELIMERA BT MHC-I1 285 &%) h 454 Ik PFRs
MIZ5F e, ASCOEH b2 ) PFRs-DI, N-PFR-
DI, C-PFR-DI =JifghR, HILADEAS FOASE B 2 A5
AE IE B A KB Wi 1 AR % . kA, BT
PFRs AH OCHE B 9 T H AR T 4% 00 IR B2 N C g
PFR 1 S0y 2 3, Fr LA 10> TCR-pMHC 11
RE G Ytk RE IS A SCHR R R A5 42
DR B HN/C 3t X8 8 5 BB VR M SE AL
ke (£S2).
34.1 PFRs 1 7= #5 %t (PFRs-Deviation Index,
PFRs-DI)

PFRs-DI ] T PP Ak il 458 2 %0 MHC-11 & &%)
H 4 BRUIK PERs ORI G R o %48 bR e AR 2
T RefE e s 0] L IEAf 2 O KB iR e, IRl
FEHAE ARG T 2 IR SN . BT SRR
fIELA S 5 MHC BRZS G Z [ i) LA e R B9

e E T, EHUN I 5 C ¥ PER X 38 b [l i 7
S HEM SN RIS 5110, ZEEE
R BRI AR I I R R RS IR 52, T
AN i3 H EAT R A 4 1 P ELAEAS [
BERL 2 AR R AN E 1 ™, AU iS5
THE R L1 F 85 5 19 25 [a] Ak bk, IF LA RMSD
(S-S (ELAE A & A PFRs M9 42 i 22 o 38R Y PFRs-
DI 7~ BT B A% v 0 2 {07 K B3 170 7 g I PR L
SRAEAHRE B, 4 v i 2 DUV 7 A5 78 R B I 1 e 12
PFRs [ L5275 ()47 J5y , - AT AT BE5% i TCR-pMHC
AR G . TR
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PFRs — DI =

Horpr: N8 PFRERFLSUE: ; @ 7w N g Al C ity 1Y)
PFRs 5% £ ;. K=4 (fifi J{] backbone J5i F: N. Ca.
C. O); (i) Fm PP LE e % 3L 1 1) F4E IR T a
) =HEAa bR a(0) Ron S B LER T ER AL i (1) T
T a =4EAs bR,
3.4.2 NIGPFRYRZE48 %0 (N-PFR-Deviation Index,
N-PFR-DI)

N-PFR {37 Tk Be i o, L3 [A) I ) 425
W) JEKC B %) 47 1) ZEE ] 1) L R A MHC &5 4R A L
I R E e, & pMHC E-45% 5 TCRIE M)
U 122 fioh 5L TR0 (1) S AR 45 4 [X 8k 2. N-PFR-DI %)%
B AR TR 3K — S B L] X 38 %) &2 BURE &, N-PFR-
DI AP 7 T IR AU B TE A R B N s ELSEAR 42

e # v, X%F N-PFR H [RINFE7E T2 %
SEM) SIS AR R, B— e R RS
[ AL AR, I 2L RMSD [1)°F- 4 {E A 4 N-PFR #4 4 ffi
2 AR N-PFR-DI{H 275 Fil P55 75 3 48 45 4
YIRS TR B N i 7 SR SR 85 ) v 118 223 ) B o) 5 4 1
fiE o %855 Y N-PFR-DI B £ 7~ A5 0 7 K Bt 4 b
ATRE A et B S MHCHE H A XS
JUfTIE LG R 5 B g A —8, THRAR T .

N - PFR - DI =

1 1 &
. |mm =\ _ reff s |2 2
S [ S - (2)

Horp: NRIRPFRARILE G i 3R Nusklt; K=4
(ffi FH backbone JiiF-: N, Ca. C. O); ™ (i)FE/mN
T2 R TR L i () 4T o B =R RR; 2(0)
FRB LR EL i 10 EBE T o 19 = ZEA A
343 CuiPFRAm2EF5 %L (C-PFR-Deviation Index,
C-PFR-DI)

C-PFR & MHC-IT Ik Bt 19 ] Z] S A X 3k, 7F 4
FEkBE R @ vE . B pMHC AMI L[ JE S BAA &
FER 2 1, C-PFR-DIH T IPAR A A I X a2
T ER B 4

T E s, % C-PFR X8 [ EE 2%
EM SN AR IE, B — T R4 R Ty a8
] Ak A5, L RMSD [-F- 4 {EAFE A C-PFR #4 4 ffi
%o BRI 22 F AR s DA C i H AR
FHH A 7], A v v O 22 DO 156 B T 0 7 v A e 1E
R Coml s M H S MHC-T MBI R, THE
s w1l

1 1< . v +
S [T OF )

C - PFR - DI =

N S | g 2 =P )
Horp . NN PRREIEHR ;i R Compkdt; K=4
(ffi F backbone J&iF: N, Ca. C. O); x™ (i)~
T A5 A AL | 1) FEREIE T o B = 4EARER ;. 2(7)
FIRSH AR IR i 1) EBE R o ) = ZEAL R
3.5 TCR CDRsH%EMRX 5368 111

R R P PEAS A 7] 25 4 T T 5 7E i B2 TCR
CDRs WM 5 Z MR ITH AL ST, AT 4 T
H th 1) Top5 s a8 4T CDRs M5 737

FEQRIE TN 2540 5 225 454 B vl HLP 3 40 5
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Abstract The initiation of adaptive immune responses relies on the precise recognition and interpretation of
antigenic information. In this process, the specific binding of T cell receptors (TCRs) to peptide-major
histocompatibility complex (pMHC) molecules represents one of the key molecular events in the initiation of
adaptive immune responses. Accordingly, the structural features of TCR-pMHC complexes provide a fundamental
basis for dissecting antigen recognition mechanisms and support rational vaccine design, therapeutic target
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discovery in TCR-based immunotherapy, and TCR identification and optimization. However, experimental
determination of TCR-pMHC structures remains costly, time-consuming, and limited in coverage, making
computational approaches essential for rapidly obtaining reliable structural information. Computational methods
for predicting the structures of TCR-pMHC complexes have advanced rapidly in recent years, driven by progress
in deep learning-based modeling frameworks and the increasing availability of structural and sequence resources.
Despite these developments, most existing tools do not adequately distinguish the key structural and biophysical
differences between MHC class I (MHC-I) and MHC class II (MHC-II) complexes during model construction. As
a consequence, their predictive performance differs substantially between class 1 and class I complexes. In
general, structural predictions for class I complexes outperform those for class II complexes. This discrepancy
may be related to several fundamental differences between the two systems, including the architecture of the
peptide-binding groove, the distribution of peptide lengths, and the properties of peptide flanking residues (PFRs).
Compared with MHC-I molecules, MHC-II molecules usually bind longer antigenic peptides, which typically
range from 13 to 25 amino acids in length. PFRs at both termini of these peptides participate in regulating the
overall conformation of TCR-pMHC class II complexes and exert a pronounced effect on the geometric and
physicochemical characteristics of the TCR-pMHC binding interface. Furthermore, within the TCR recognition
interface, the complementarity-determining regions (CDRs) consist of segments that differ markedly in
conformational behavior. They commonly include regions that are relatively rigid and structurally stable, together
with highly flexible segments exhibiting substantial conformational plasticity. These rigidity-flexibility features
constitute an essential structural basis enabling TCRs to recognize diverse peptide-MHC ligands and to
accommodate conformational heterogeneity at the interface. However, many current modeling tools, in an effort
to enforce global conformational stability or reduce structural noise, tend to over-constrain intrinsically flexible
regions. Such oversimplification may lead to inappropriate rigidification of flexible CDR loops, resulting in local
structural distortions, compromised interface geometry, or even complete modeling failure for specific complexes.
Against this background, the review approaches the field from the perspective of computational differences
between MHC-1 and MHC-II complexes. We first systematically organize and summarize available resources
related to TCRs and pMHCs, including structural datasets, sequence databases, prediction tools, and
benchmarking studies. We then focus on five representative tools capable of predicting both class I and class II
complexes—AlphaFold2, AlphaFold3, TCRmodel2, tFold-TCR, and TCR-pHLA ModellerS. After excluding
structures present in the training sets of these tools, we constructed a benchmark dataset comprising 25 class I and
10 class II TCR-pMHC complexes in the bound state and conducted a systematic evaluation using this dataset. We
first employ widely used general evaluation metrics, including All-Atom Root Mean Square Deviation (All-Atom
RMSD), Backbone RMSD, Template Modeling score (TM-score), and DockQ, to assess the global
conformational accuracy and interface modeling quality of class I and class Il complexes. For class I complexes,
we propose for the first time a peptide flanking residue deviation index, including the PFRs-Deviation Index
(PFRs-DI), N-PFR-Deviation Index (N-PFR-DI), and C-PFR-Deviation Index (C-PFR-DI), to quantitatively
characterize conformational deviations in PFRs. In addition, we propose the CDR conformational consistency
index (CCC) designed to qualitatively evaluate the ability of prediction tools to capture TCR CDR conformational
flexibility. These metrics collectively assess a tool’s ability to model both overall conformation and critical
functional regions, thereby addressing the limitations of existing evaluation criteria that overemphasize global
structure while inadequately capturing modeling quality in key functional areas. This establishes a unified
analytical framework for MHC-I and MHC-II complexes to guide data resource selection, modeling strategy
formulation, and evaluation system development. The framework further advances computational modeling and
provides crucial support for multi-scale analysis of TCR-pMHC recognition mechanisms and their biological
functions.

Key words immunology, TCR-pMHC complexes, structural prediction, PFR deviation index, CDR
conformational consistency
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