DOI: 10.11844/cjcb.2025.03.0016
o [E 4 A )5 544 Chinese Journal of Cell Biology 2025, 47(3): 496-511 CSTR: 32200.14.¢jcb.2025.03.0016

L, FURFMRBHEFCHRLR. ZRHER. BLERT, LRIFR
WE|EE FHTEMEHE2EE AR EPL. BXEF HHELRF AL
JREAHEZIRTETTAEAL . TRE A FFEFASK/E. RA4
TENEEUEBBEELRAREEFTHLEFTR, ARXALELERHEE
FRROHEL, RES R MEARAR, G EATERA ., RAE EER A HE.
BEINFEAFEFR, KA EHEMEEERRRFHO . MR
R R T BCH B S AR R B9 A A AR S A A SRR, O B R R BUR 2 T ALEL A
LI AR L B RER KR . £4 B4 Cell. Lancet Oncol. Nat
Genetv STTT- J Clin Invest. Adv Sci~ Nat Commun- Genome Biol. Leukemia
EEF A FLREERZR X208 HE, #iFEABT(EF ERERTRN).

BARENFFRAREARIR R R R A E PRI TR

(GG 5
(R B RIDT V6 A R TS0, 1 A8 TR PR B 2 T, oL KRB Ve, 1 510060)

WE  GRAGABTLERBAFTIHEC RS, BET RAMRY AR, B LT
AR, XA RBATIER ARG IE T LT EXREE, A AL A B 69 L Ia b #rs
ANBER TR, Am, i TARMIE EZM, AERTFAESRGR 7 =R TR L
B RGENACR T i AR, RN A h —F B T L mie R R, RERI; T T @i,
R AR E T LR, BRROEREARAIEIE LR Z A EFTRET RIS, R
F R KT LA R R e S AR Sh A TALRKR F Ik, Adn A AR R ARG HA R 7 e
JORAE 5T . RE BIP. A4 £ 2T R T 23 ALA . i, B mien 5 AREHE
G MIRFANEAR R 7 BAL I T TRME, BT T AR RKE - F AT RIS KT o) KAE
o, AL GEE T F N B AR EANERS IR GRTE R T RAT IR, Qs XK T ik,
FT2EIBIAN KA T EH S . BRI S AL AR VAT K 4h, B A A TR R AR RS S 9E R
Yot B et Ae % HEHRBR NAB 69 5, A S IE R IR R A6 7 SRkl R HT 49 B K.

KRR AN RS S R AN A EAE L K E  OA B

Advances in Single-Cell Sequencing Technology in Human Embryo

Immune System Development

HE Shuai, BEI Jinxin™®
(State Key Laboratory of Oncology in South China, Guangdong Provincial Clinical Research Center for Cancer,
Sun Yat-sen University Cancer Center, Guangzhou 510060, China)

WekE H 3: 2024-12-09 P22 HI: 2025-02-10

6l 5% 19 SRR 2 R T AR 22 B B (- 82103329) B B 1AL

MEISEIEE . Tel: 020-39336779, E-mail: beijx@sysucc.org.cn

Received: December 9, 2024 Accepted: February 10, 2025

This work was supported by the Young Scientists Fund of the National Natural Science Foundation of China (Grant No.82103329)
*Corresponding author. Tel: +86-20-39336779, E-mail: beijx@sysucc.org.cn


https://cstr.cn/32200.14.cjcb.2025.03.0016

AT E5: AR I BORFE AR IR S R G0 Hh OB HEf 497

Abstract

processes such as the generation, dispersion, differentiation, and maturation of immune cells. These processes are

The development of immune system begins early during embryonic life, encompassing essential

crucial not only for the development of embryonic tissues but also for establishing the foundation of immune defense
mechanisms in newborns. However, due to the complexity of tissue cells, traditional methods based on tissue block
have struggled to fully reveal the intricate processes of immune system differentiation and development in embryos.
Single-cell sequencing, a high-throughput technique for single-cell analysis, has significantly enhanced the understand-
ing of the cellular complexity within tissues and organs. This technology has provided powerful support for studying
the development of the human embryonic immune system, enabling researchers to analyze the diversity, dynamic
changes, and developmental trajectories of immune cells at the single-cell level. This approach offers new perspectives
for investigating the tissue distribution, developmental pathways, lineage relationships, and functional characteristics
of immune cells during embryogenesis. Moreover, single-cell sequencing has proven to be valuable for studying the
interactions between immune cells and their microenvironment, highlighting the critical impact of immune system
developmental abnormalities on embryo development. This review aims to summarize the latest progress in the ap-
plication of single-cell sequencing technology in human embryonic immune system, including key technical methods,
major discoveries, and its potential clinical applications. By consolidating these cutting-edge studies, it is expected to

provide valuable insights for a comprehensive understanding of the complexity and diversity of the embryonic im-

mune system, offering new inspiration for immune system disease research and therapeutic strategies.
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Developmental timeline of the human immune system
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HHE. TR A B IR TR S MBI E 2 HAR R D ESA eE, WHREas . Bk, T AR, JF G R & H 8 e
IR 58 o ANIF) ST ) S e A ML AE SR AR A [RI B BRI, LG A 7 B 8 Y SZ AN D REVE IS (KR B Ko XN TR & IR o i
ORI R AR AT RE R T I B R AU #E % . ILCP: ILCHI4; CDR3: HAMRGE [X3; TAT: A it FAZ IR AL 1 «

During early human life, the development of blood and immune systems occurs in multiple anatomical sites. The primary site of hematopoiesis shifts

® [LC1, 2, and 3 in intestine, liver, and lung

°® T-dependent
B cell response

® T cells in thymus ® Memory T cells in intestine

® T cells circulating ®Treg skewing in spleen and periphery
Unlimited,
diverse repertoire

Layered development of immunity

® Skewed repertoire, short CDR3, no N insertion
® TdT expression

Estabilishing functional immune responses

Microbiota
Perinatal infections

from the extraembryonic YS (yolk sac) to the intra-embryonic AGM (aorta-gonad-mesonephros) region, liver, and BM (bone marrow). The differentia-
tion and maturation of T cells are confined to the thymus. Immune cells then migrate to other lymphoid or peripheral organs, including lymph nodes,
skin, gut, kidneys, and lungs, adapting to the microenvironment of each organ. Different types of immune cells develop and mature at different stages
of pregnancy to meet the developmental requirements of establishing immune tolerance and functional responses. This process prepares the developing
embryo for potential antigen exposure during pregnancy and after birth. ILCP: ILC precursor; CDR3: complementary-determining region 3; TdT: termi-
nal deoxynucleotidyl transferase.
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Fig.1 Temporal and spatial development of the human immune system (modified from the reference [4])
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FRGE TN AR R SR R I BAAR SO AR M(LC) s T R IR AR L B WA (M), AR TE 1 21 BE AN il E AT R (AM) . il
NKZH A S A (Ab) AN AT A 815 5 B 4 i 2 1, (B0 1) T 52 HLA 4 3 A o 72 Rk, e AR I R 4 o i Tg E v i s AU, 40 %
AR 7T Reh Fe G L IEZLARME . S5 RB1 BERSAERR LI HEA & 6 b o5 32 T A, JFPEAT SRS IZB-2 BTG I, 1 Mz b i B4
JE B B e, I HAS AN 2 18] AT BTS2 A(B cell receptor, BCR)JEZE . BANML I R4 1 A AEAEUE YR b A i i v o JILIRS SRR 4 (DC)
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The illustration depicts the distribution of innate and adaptive immune cells in early and mid-gestational tissues, along with their roles in organ de-
velopment. Tissue-resident macrophages include microglia in the central nervous system, LC (Langerhans cells) in the skin, Kupffer cells in the liver,
stromal M® (macrophages), and potentially red pulp and AM (alveolar macrophage). Pulmonary NK (natural killer) cells exhibit potent Ab (antibody)-
and cytokine-induced cytotoxicity but tend to exhibit a tolerant HLA™ cell phenotype. In the skin, mature mast cells are sensitized to allergens via IgE,
and the differentiation of erythroid progenitors may supplement fetal liver erythrocytes. Innate B1 B cells dominate in the fetal liver and bone marrow,
accompanied by the appearance of immature and memory B-2 B cells. B cells in the gut are primarily monoclonal, with no BCR sharing between dif-
ferent individuals. B cell lineage expansion occurs in the mid-gestation bone marrow. Splenic DC (dendritic cell) possesses antigen-presenting abilities
but is also involved in maintaining T cell tolerance. T cells exhibit an innate-like rapid-response phenotype (Y8 T cells) in the thymus, skin, and gut but
are strongly skewed toward mediating (maternal) tolerance. In the intestinal mucosa, they show TCR diversity and an effector memory phenotype. Cord
blood CD71" erythrocytes (not shown) are perinatal immune suppressors, possibly derived from fetal liver erythroid progenitors.
E2 AKRERGLALRIE B % /2 AR AN TN BEFHIE(ARIBSE SCRR 5118250

Fig.2 Tissue-resident immune populations and functional features in human fetuses (modified from the reference [5])
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T B R AE . TR AR SS , HSCIE R /)
ST R = S ) N <o 1 O 1B iR
B % B R 4B (reticular cells, CAR)F1 DLL4RH % EC
AN UE B8 HSCAE SR T 3 ZokJR, @
it CD44. NOTCHI1/2F CD743 it 1L, Fi i SELE .
CXCLI2M PTNY T HSCIT AT o X LEhff Fidm7s
TN LA fE T HSCE FEAL I A I 4638 I ()45 7
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IR 5, HOAAR R FUHSCR B M ey LE Rt T
FERSH,

SOMMARINZE P f CITE-seqXf fifi JLIF AT H
HLAHIL 73 7 RIBVEREAT T 04T, RILHSCHIZ
Fric, 11 CD9OA CD49F, 7£ B N ANE i o /2 ff <7
(1), T CD135FCD123/EA A A1 7z, i3k
AR o 7 TR A K G ) L HSCAZ O
FHIES )LE A MR FAEAE L, X — RIS XIESEP K
BRI HSC B A 0 T A MR 40 P A4 AE — 3. X
SR ISR T RG LA RSN I 4T i 2 8] 4 N e s
FRZEST X0 AR KW T L A 95 F1— A L
YR B WL A R T

XL U KA g 7 FRATTR IR i HSCHEJE |
A EREALER AR . IR B 3 3 B 4 i ) A
AR, #7~ HSCH IR AH TLAE A 40 f 28 1Y K
WG S, 9RiH HSC R T A 47752 21| 3 78 575 5% S Ak
TS 5 L AR, MRS B IhRE e
{EIE B I HSCHEHE T HT I AR, HE3h TR AME S
HSCIA Il R R # 4k .

22 BYRNFRATHESCAE

6 R A 5 T 20 B 1 R AR I 5, 3T B B e
HHRR T 52 (S R 35 AR . SRt AR
JLIRRR 28 B R B RN 5 Tk B 40 B A= B 7 3
JRMRF A SRR, TEUEUREE 6 & M iR 2% 5 T 16
KB, 1L (CS20) M Jig b 57 41 i (thymus epithe-
lial cell, TEC) &A= 734k, - HAUK EXAH 240 i MG ) LI ik
IE AL 21 o0 Ji, 160 Ji % e HEL 20 B2 (thymic seeding progeni-
tor, TSP)ZEMa b tH B, ahfE TANMAE LR B . &
Y100 R AEL 20 B R B T 4 T - 78 1 oAb 41 21
Hp HOOU T R i IR AN B TN BAE SR 4R 10~11 & i)
FEAR, B2 G, RRARE R bR XA R
HILCD4" FICDS H.{H 14 (single positive, SP) TibkEL4H
s, B TECAHE, Hofth JUFPEE S 4H A, Gl 7 i 4h
JRLRIT PN 2 4D, 0 (R 9 Tk L 4 ff 2 el 580401, AR
T, 36 4 5 J5f 40 L 140 A0 R 23 AR A1 DA B AT 5 i
Ji e i I 20 B P AE AR ELAE FH AR NS 2 . B e
P B, Tibk B AL L P A7 7E PO L 28 BT CS 1400
HIAGM X I3 H B ATHS CRO™), - Ak, B KB R
THHMIAE N B8 7 193 i A 40 i H BLAE CS16HT ] AGM
X3, SR )5 74 HBLAE CS 7R A IR AR AT Ap B, X
SE R BUNHAL 48 TAN A 436 5 HSCHEH T Bk, shsh,
X ELAG 74k B T4H B A8 77 (0 AH 48 B R EAE 7E N H

2B B, scRNA-seqifizs 1 /)N SRR 2% B & AR
I FE R TECHIZS {b B RE 707, SR, ANAREE R LA
R BRI T 22 A PR N B 5 A AE
TEAR R ZE 0, AT 75 X N S fiadk AT 4 T ()t e
RAE.

ZENGSE VOE N\ 2 15 6V i ARG LA B A iR
AGMIX I FFAE LA R 2t 47 7 s an il /7, &
T RLAEEE S A i Ry 288 B (% 1T Ji T AR B2 AH 4 P
At ILE AGMIX 3. i LI o 1) 26— A 5. 1 i
RRAH4H L (early thymic progenitor, ETP)5 G )L
1 TSP A AH [F] 4% SARHAE , I8 B e s T
ETPH] REKJE T TSP. WA ETPANfG JL ETPAH I
1(ETP1) 1A T40 o AH 40 i s ic ¥ CD34H1 SPINK
TZUMI 244 (T cell receptor, TCR)FE[X TRDC™), T4H
JH 1% FRAH O S R 7 RUNX3UOFN Bibk EL i 22 AH OG5
BRI IGLLI"™, WA 73 A 2 18 R 40 M i3 7
JWEIG ETP(IXAESS 8 /8 tH 3 ) 56 JLETP1(F 22425 9
JEIFIEE 10 FE)AREL , 15 48 M3 # R 26 B AH DG 1) 55
CXCLI2F1 TPGSIAE IR ETP 5 45, {H4E R JLETP1
W, 3 I I T A6 AE 41 i R e E R BRI Ak AT
JE B A F PSR B FE A . R B B
TR, 7ENZERE LI IE ok B AL 40 i
FIAFKREE S —F o8 THRERE R, 55—l
TR BIRETE R 7. BhAbh, i i 4 i A2 R 4 i 2
] (IS B AR A 25 7 Tk B 40 it 2 A e i %
HRAE. LeEMaecE e LETP, #5 TECR A #
FUHIA TR, 3X 37~ TECHE i I 45 20 72 4 T Ha
JRAT Tk AR & R RO E R . W R4S
554 Tibk 4 A AL 40 B AN AT AR 40 SR IR RS FniZ 3
i MADCAM1-CD44. CFH-SELLAICD34-SELL
5T IbR L 200 A A 0 P R R A B g A T TR RIS, [
785 20 A ETPIAE AT 383 IGF-IGFRA ELAE T, iX 5
Jil 5 AR AR K R /D ORI TR 4R R e )
D —80, X8k i 40 i A TECHI A4 2%
DHRESRAL T F 5 AR, BTt e i Tibk B 4 i 7
ARG AR A G R e EE A SRR A I R e K
TR A AE IRt T BB S5,

PARK s 015 A 28— £E r i i 4 M 0 47 1 4TI
A LA O RAE, R IAE ARG JLFEA (758 PCWs)
W R SRS NKYI . yS T4 AN ILC3, 1Mok
11 o TR 2 H 3= 2 H ILAE XUBH % (double nega-
tive, DN)B/T B¢, b5 At AT 132 %7 XU BH 14 (double posi-
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tive, DP)¥I Btk & ISPHI B, 7£12 PCWs /i A7 ik 3+
o M, o Rk AT B s b . IR
BHHIE T, #8787 M CD4CDS DN FF4h, X
#2215 CDAMI CD8 /% CD4'CDS* DP4IAE, 4R )5 i@
IF CCRIFFRIE T af (N B B AR i 24 CD4 5
CD8" SPAHMuHIIHE M 7k B it #E. th4h, \DN-DP
BB AL oy ST A M R AR AR B N S T
DN D P4 fifd £0, 45 5L 3 = 5 58 A g 1A 5 25 AN B
Bo 23 MTids s B i mT e A7 TE NSRS JR Y Treg
A, CD25'FOXP3 Treg(f # ik MIR1S5SHG)F
CD25'FOXP3"“V4ll [l V. FAANMITCRA M1, JE
HRUTA M TCREEA X A R, #5731k ap TCR, /b
HRILys TCR, EIA MR EFET 1. op TS
DP T4H A {5 FH ABALL Y B R 5 TCR, W 7 H vl e R
¥ i 0 P 4 i T S %, T Sl SE i R TECIE
[AIIEHE 101, X G S B R IRAE SR A R KP4 7 1 A
R H TYHRE I 204k kB Ik B2 R L 5 O BE I A AR
)EH[M]O

DIAERF AR, ) L2 2R A2 2 85 TAERE
PR, ALERR ) LIHTE I T CD45SRO" T4, 1X
SR s B PR RIHOF A T iz R . LIS
T PR A MR . A i RN A 5 A s
TCRM P R Ge5rH T NG LiEH 1 CD4" T4HH
WRE, RICIZE CD4™ TYHM & ik Ki-67(4H 7y
bR EY) ) CDS(TCREEFME R EM), FF 77420
IRl 7~ IEN-y AT IL-2, [ B 2 B0 H 40 B3y AL 28 2508
IHEEHA LI AL BLEE . TCRIZE 2B 26 B 3X 0 47 7Y
CD4" TAHM T AFAFAE e B 3 . 45 57 1 R RRAE LA K
TWEZ A ERER. ST S, X BRI A
) LiE e 12.CD4" TN IA7(E 7] /g 5 4k 4t
i 2 e AH OR0S

3 i 2H 25 ) bR B 40 B 7 i 3 B AR AN AR A 4
FErh R IECEAE R . XYl EREMRE & O
WA JE T, R B SR R AR Th g .
DHARIWALASE VR I, EAMG LB I A i R 2 3L
L op TN (Teconv) A WILG . FEMER A, (HEL
7y CD4" TAICDS 4 g & I H G AZRERRAE , I 1)
T THRIFNy. K TregfE 4 ik 1% 0 1
R, 5EIKE WIS RA XA, X8 LRk
Treg R I ARPACIZ R, (BAE SCHE N 5y T R IE
F5 N Treg A TAHMAE N R B R H a9y &
SXoF T 9 B A A0 e (1 B B G 8 95 4 /1 .. REITER-

MAIER&E BOh@ ik s gi f o i, I 7 —FhrERG L
JHR D i v e A 1 By TEHME, H7E 4 CD3* T4
WA LGRS R R L R R, 2 R S R AR
JURE AN AR JG 1~24F B AR R R AL R FEAR TR AR AE
afyd T4, TCRIM 7 2R, opyd TS HLH
PEap T4HMEICDR3 T ¥ & S5/, R IAATAT §E 2
MK BRI R HhAh, FBH I op THHM I FIRHIE |
4111 it [R] 7 B RN AR A1 52 4 e A AE ELAE F o A B
A E R E . apyd THH MO B R B )
BB, R ENS5 TR IGIEFE N 0%
YL XL IR T RIG B IR o AR AR SRR ) T2
MR, X ST S5 T 6 LB K I G2 e B A 53
R GBI,

2.3 BYMNFNATFBARSLEE

B-1 AT R4 M 4 A R AT Y SR =5 3 ik 55 e i
T 76 HR AR ORI 75 B ARG A R AR Rl TERR LR E
K, B-1RGRZH M8/ 110 B-24H oA iy 51520, p
ZATR B- 140 v] LA EH 32 30 ik 55 A B FE Y B- 1A 1420 A
G FER B MK E 8 I T AN X s A m A4S
FI B, TILE 13~23 PCWsi /] LL7E BRAE HH G 21 B
SR ;75 15 PCWisH £ fil i RIS s - m] i) 281 B\
ff1CD5" B4, 7E44R 8~13 PCWsIHIfG JLAFAEH
CURTIN 2) MEBE [ RIE, LR T IgM IgDAI CD20()
FIE™ g JLAME MG H ) BYH M AR SR 12
PCWs, TE4EHR 16~20 PCWshs) v AZE & i h R B e
(R, X SRRk CD19. CD20. CD21. CD22,
HLA-DR. IgM#1IgD®, Sk AL, it )LCDS5™ B4
JfI(B-1 BAHM) LA 56 &1, Bl e A LI AR — 8y
ZRlsel,

B & & ok AR AL 4R A I 2 0 IR . BYH
R B 46T BM, Horh 3k [FE AR 40 i (common lym-
phoid progenitor, CLP)if ist 1A #% 3% [K - (41 PAXS)
| CLP | B4H M 1% 5277467, BENDALLSEMIR
JR R A AR L T 50 B R B 4 Subr &)
(CD34. CD38. CDI10. CD19. IGHFICD20)[Z%i%,
FIH Wanderlustl 125 70 W48 7~ 1 HAth OCHE & & b5 &
YI(R¥ETdt. CD24. CD79B. VPREBFIIL7RA)MI4
SENT o X bR BP0 B A B i A B
AR OB ) A, BRI, B A RA R B A
AR BRI, R e AR 440 O 2 (bR £,
AN REARFIAR S S R . N T i —
W], 75 5 — U e, % NSRS B BE B it
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17scRNA-seqZ 1, LA 7T 545 S8 - 1o X B4H AR
KB RN ), BURROWSZ: B3 T B g ) 45 i
&M (IL7R. CDI19. RAGI. RAG2. EIF4EBPI.
TNFRSFI13CHMICD20)i#47 1 58350 Hr, Kt 1 BN
AN . BT R T — AR bR Y, BE
%X 4r HSC. Pro-B4fifl. Pre-B4Hi. K2k B4H
JRLFH B A BAE AR ™. ) — T3 scRNA-seqiff 7t th i i
T NG A 6 b BT R 1 8B R Rk
AT, A3 BT AN [R] BN BRARZS T AR 4 1 ik Rl R 0k
BEAHE 7~ 7 HIF- 1o i B i) 4o % 2k 8 1 BB -] AR
B2 IR G 5 S AR TR T, SRR 1 AT B4H AR Y
W R L REPE S, R A ST IE T B A ) s 4
% FIscRNA-seq il 5 BRI, AH BT v A ) B
Bk & ik 75 R B A X 2 P9 1 2 ] 45 44 AN 4 i
V) 3 THAR X o

SUO%E PRI IT 3N, 7RG 55 — 22 1 i 1
JURAIE R Tk A0 T AT 55 2H 23 P 50 A7 75 B2 i i 44 F R
B B, 22 BH B B LA AM ) 4H 2Rt 2 25 2 gk i A
B i Bl 24 3 A0 B RE 8 TR B, B8 B A AN AE B
BE A B BN . X 5 BARNES S P2k LR
B IR A7AE AN [FR B B B B — 20, K9 BAH
MrTERG LR R B Ah, X BI4IR R RIA
CD5. CD27. CCRIOMISPN, Lt /34 B4 B A 5
o 38 B R ) A IGHMER T5 7K T UL S A% i IGHD
FALIK . B M 5 HA IR G B B b Ao e v, B
i 32847 A At A AH BAH S A AR, 1 i )
FRSEA71E . B14H L {E BCR 4 FE 55 1 i N/PIR
T Je CDR3 3% $22 [X 455 #5 LE R 24 B4t o 0, SR AR A
R EAL. A, BI4HMIE R I F 4 BCRIE 5
SUHRE . TNF-afINF-«xBE 518 % 4 5% A s AL
DL BB 10 R i TgMRE . 3X 88 R B IR AE
FRH AR T A B 2 T NS B 1A L R AR
K Ike

STRASZE: i i 54 il /7> R B, AR ) Lz
BN R 22 7= A= 2 Fh 4 g [R5 (191 a0 IL-8F1 TNF-a),
IXHERAG )L B @i IL-8 &% TNF-ofif ik M A4 % .
AIEET- 22 LB, BB )L BAHM EVEIL-17. IL-2140
IL-6, Ja P X T BAHM I HE . RO A0S 22 K &
PO, X UEE YR R AR LA )L BAN L AT RE R A
ANERThEE. A, BCREZFEME DRI, BI{Hi{E
oI E A PRECE 7 4 REAS T, BCREELE 148 I sk
& BA Z MR FER I, Mot Ar B4

CDR3H X 35k [1 - 34 BEAE BEAN IR AR S5 A H AT
A JE B HTE N . L CDR3H X 45 & A= (1) 44 2 Jfa 5
% TR LB LFEAS, X 3R B B4 M AE ) L2 I 1A
BE— D A S IR S e A FRATT AR i B4 AR 4>
R E KInaeift F mE NS,
24 BYMRNFNATERMES LT

B R A 2 — Fh o R S A, AEE T A 4
LU 3D 2%, AR 18 3 S S AE R T
wz5 7T EEN. B B &E R
GUIIRE VAT, ERE R B AL RS gERF P RIEER
BAER, fERIG K E R, B A S
B, HEREE R EH, LFRHSCHM R, /NR I
4 H B AE ST A B I A P A VR 34 i i A R
SRS (A EL B REMEHSC R B RG22 000, X HRIR T
5y ELR AR B W RE AR T HSCI AR i T8I /)y
R, 2RI R sy s R h a2 b
P AN [E] IS TR B IR, 56— AN T e-Myb
(1) 4188 Z AH 20 R A 234k o W i, 3 8 21 K ik
BT R R /0N B o AT L 1) 3 BRI BT, 5 e AH 4
J EH My bR A5t 4 21 B 5 1HL 400 i i A7 234 o W 2
Mo, TR BING LR, P 2 Mtk R, B4R
. ENEITRBIARPNREHA Y, HAEHE
B UG Ao A R0 B B g o, 4R, AR,
— LG 20 2K B R A P A A O T o N HSCUE 1 A%
M R AR 7 U0, 5 — e U] e IR i LA R B B
Y M LE SR A I FE AN 72 P TRk 4 PR 1 DA B 2
BB IR, FRATXT NS G Hh B 4 A 1) S s
MG T AT R+ R

BIANZE Bt CS11~CS23 [ B N A i o 1)
CD45 & MAN Rt 4T T R an e sk B e, RIT
CD45'CD34"CD44 " tH 40 Ja V¥ DL K 15 Wi 41 e 37 7
FEYSH (CST1I ) i 5 HH LI CD45 718 M 41 i 2
—. YSHTAE ) CD45'CD34'CD44 fEAR 4h % 77 vh B
A w17 734 9 i 22 40 B R R P AR S A )] 43
R BAZ S R A R PR AR Y . T HBE (5P ¥ 3%
RUF A Z R AR 2L A b 25 VO L RIFE YS BL Ak
HE VAN R, RHEATR YSHTARERIGE
WEAA . anfmlfE /N R PRS2 B I — 4, H—2eYS
R 2 A Dy /N B o 2 PR AR AE R B AT A% 313k
., KRB AR AN P, B Y SMPFZ AR I B A
M, AXAE CS17T 2 Ja KB NI Az i, HEE
AR, 2B HXT Sk &6 B A fu £ B sk A PR . g
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LT LE SRR SR FFIE . R Bk LA S i 36
s, RN A R R R AR R 2 R
AR, AT I B R A L A s R R AR AE IR R
WERE AR TSk 3, CS23IN JU i Jhk B B 1 g 4 i v
IXAFAE /D & CD207FH 0 A, 10 76 1% B 30 A i A
5 e o oA AR AR AL, 5 BN BER X A1, 38R
I S ZEL R 0 B 15 A i 7 VR i B S HERCE AR S
RARRAL B IS S I LE SR L 4y A KPR
RTRE T W E VA0 R AN S T, BT A
G L B A R IR R AAS R B R, AR
T ARG E A B AT H. FRHA
TR T 15T 2 68 T4 (induced pluripotent stem
cell, iPS)ATA: 45 Pl 4 23 0 B7 5 e 4 A 7 S 1 ot
FIN FH AR T BB SR,

B B =i, 5k & A b R 5
KEER, BENERELRREFMAL . 5T
REAE . BE DR SRR 1% DL SRR T e I S AT SR ik =
WANGZE U@ 1 X6} 4 175 4~26 PCWsHT 1] 1942141
(1 P2 S B AT SR B 7, S8 T 1SR B R
MEHE, I T /N 0T 240 AR AR I AR R Wk 4
WHEA R B AP /R4 7E
O PR B 5 MR 002 22 48 Hh 10 /N 2 S5 4T i A
L, FEAAETRILEE .. S2AA0HF. B2
TR R v ) 32 B B, WA I — A ] — s A
SIS A, S A AR BAER, R e
T RGN 0E R b . T I8 2E Rl e 4 i
LT )LAE B B L, I BT RedR B O s 3 .
XUZBURHIAE 10~17 PCWs CD163 F1CX3CR1TE
Wik 40 HAE R 5 3 A BN B2, CD163" B R4
M B A AR FL R, XS A5 B R A S 2 (AL
SEEIR R AR E BTN A (K14 20, 32
INZBFE AR TRE RS S LE R E 32 2
B fE. BARNESES PR ILIEREAG I B, L35
55 200 B A PR 43 WA TL - 1 B ) 508 40 i 3 A fii 8, L 5%
U o A N B S S Rl S | IR LK 5N
el b R E PP, 1 MUNERA % R HIL % fE 41
LSRR (19 N2 &5 117 25 2% B vp 2 Pt e (L 48 HEFE 41
HANZ2 [Ty SR A D SR LU BE RAHAN )RR
BRAEREARRNERIR. NREHERE
E WA 3R1S T 5 N8R0 )L/ R K W 2H 2R 5%
5 WG 40 P AR AL ) B SRR AIE o IX 2 W T PR A 52
{IE 9 RO 28 15 5 B REA8 T 1 40 P R 7 1) o b, HLfg

% 7 G 9 B AR 6T 9 DR 4 R 7 A B B 1 e SR
FERS M 2 /N Y 5, HCO W 4 i 7 &5 7 25 3 By
HRFREE, HE5EWm EEEREDRR, A
T B BRI B B AN M AR . X R HCOH 1Y
HE R =4 2 B8 i 1f 4H 41 f A0 o e P 20 21 5% B i
Y, HE e R SRR AR, X R A TN
B i Th g 1) B 2« M RTR B 80 112, o T e
ER B SRR Z LT RE.

N S 4 A R R A 2 R G e gl e, (E
P[LUR B MYy b R IEEEER, 5 PR E
RGFRA R, ABFRAT NI L/ e J5i 41 B 1
HikZ T . KRACHTSE S4B 17 NJEHE)L9~18
PCW s/ i Jofi 41 1) 5 4 35 R 4 8 A e €2 )5l P e
PEEIRE , RILT AN R E T /N 5 5 4 H 2 7 5
PERER . /N TR 20 M 75 - B G 2 8 ) 3 463 R A,
BB AT AT HA A o 22 58 495 M AR P P e
NN ER . BEE R E ISR S N
ST AR A P O 110 5 R 3Rk K T, X AR R 1)
o] Je IR TG n . Rk, ERRLEIRR B it
TR, /NS A 5 A BE R . B IR NI BE )
PR, X0 Re SRR R IR K B I AZE
HIX A RAR 5 Z BB T N R4 AE
ANERGIUK B SRR SR A A LR, a1 AXL .
APOE 1 CD68. 1Al 511 /IN i o1 48 A w48 i
HI(E2F2). B KA (SOX4A/11) LA K o3 A0 A0 G £ )i
HIE (SPH IR K R s R i Mg n o 172248 /)
JB2 o 24t i 5 FLARR MR AR O I S IR, Bl ETS 172,
ELF1. ELK3MISPIIJEME i, Xeegs BEw], /I
Jie A e NI LR R B i iR v B = R R
PE, FFEMT IR AR . X ARRE T IEER B A
R A 28 28 G 70 PR 22 )55 PR B 40 2 P AUk | 3
BE 28 R B AT BRXT AR L AR K I s U081
2.5 BYmNFNATHEARERARSCEE

JUE R R L 41 i (innate lymphoid cell, ILC)7E
BN H ) DG B A R OR B8 2 B AR, (HE AT AE A
NFERE L 1R B I FE Lo TR SR AT 2 .
CHENZEUIE B gH g /K~ 4R 2 T 8~12 8 1R )L
AN TR Fh 28 TLC 40 i e L AH 40 it SIZ 6 0 BT - 35
o J s RRAE . Mg T AN R Bk A B A R B R R R
P, %558 T IL-3RAME N ABGFH T, By ILCH!
il R I RE IR L AH AT B bR B . K ILIL-3RAT
MEAHAM B A A T, By ILCHIEE R RINZ 6D
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138 17, 1M IL-3RA CD45°CD127°CD34 4 g 3= % 5
M A Bt & o B X 10~17 PCWSsfR JL R ik it
AT B I R 43 AT, R GATA3F1 RORA W] g & ILC
FIR R 05 R T 1Y, RORA. IRFS8. ID2AN
NRAA2% R ¥R A 5 B Y B ik o BRI
TOX2. JDP2. EGR4. NFIB. NFE2L2FIMITF%: %%
SRR BEILCREA S A3, 11 TWIST2 W] S5 1LCHI4)
il D BEAH G - PPARoAE 1 HANK A g & 45 H ZAE A,
5 Th2RE 40 Mo R -9 5 O, S LT Bk 4H i 54k
FOEHERG LR R R B R FE BT, X s R B B T B
325 I B ) N SR HG ) L ILCIZ A0 T B R R A
B 40 B AN 23 TR

GUEE M2 1ok 5 AN [F] B B PRI G LN B 248 e
W, KT DCAEMEIR G W B, 2Rk %
W HP(CD274. PDCDILG2HICD200). Th2 M %%
Kl (IL4R. IL4I1. CCL17. CCL22F1BCL2LI)VL}
BOEFRIC (CD80. CDS83A1 CDS6)!'* 114, (34 DCH)
FEAEXHF T e )LDCR&PUE RBDIRE M Ao Ik
Ab, FEIEFEEDCH AL EE FITL1S K HAZ AR IL2RG IV
KL, FYIIL-157EDCAFE HICD8 CD44" T4 fiigic4Z
W& RIERERZEEH M, Ja)LAE )L IE $
fEE K CCR7" DC, JLHZCD103" DC, XX MHC
EEPLUEIAE X 232 E B, 1%Hf DCldt CCR7
TR R T s 2. HAEN ) L
W AR AT RERE AN IR LR B TS BRI P 2 s A
THH M ZE R

X R AR e 9% A IR N RAEHE 78 13X L2 41 g
FEASEZHZAH () 5 o P 23 A oA SR B AR R T
AL, X LT T IL AR N T R IR S 9% 20 i AE R i 2H 21
RETHREIEN, FF 7RI IR RZ RAK
FE D REALHI A B AR -

3 BYRRRN ARG R R SR iR AT
Rz

60 L O R R B S8 R 0 K S
SR B E T AFNT T, RIS BRI
Bt e RAR AL, S M I B 548 1% S8
SRBLLE VRN 3 10 53 e 2 LR P 2, OATT B30
5T S0P (0 R R S I TR LY
O e AT L PR D B O B DRI A ) S5 9
WIRE RS AU R R, JESh, i
U P 2 T L8 7 U 390 e P i 52 WL B 1 3

H B FRA TR AR G R G an /2 LA R B o e B
IR T, T IR 5o A% B 88 S Tl IR R
W A 73BT A [R] G 28 200 PR R IR B B 1 &
DIReZE e, XTI AR N IR NG o R GK B 57 BUR
A H S b ER AL 7 B BE R NI R RS G
ST TR T BRI

N 8 I 40 5 A AR 9 0 AR g, WA
R THwiasT . R MR EERES, 6L E
I M40 RSy 309 3, AR 350 X BR8N R
77, (BT HA BN 7 TREFIIATE .
VANUY TSEL %5 B2 ff 4 s Al i 1 iK1 E 4y
BT 7R JLHSC, PASS M N T8 0 40 i 1A VE 20 43 74
fEo ZiE Mg T CD201 A LLE T EE LA
TSI HSChR £ . X PGB fE 7 14T 2 1585
30T, KRB B I ] S AR D RE S B TR o T
KB R R KRB R, it — PR R R i 140
B ARRE N 7 s A A I 4 i A O R i
X 7129 5E T A

IRBEME /N 45 W 9% (necrotizing enterocolitis,
NEC) M4 E 1 J7 99 NECHI R A5 /Mg i R K
B EVIMK . GUAEMIRINAENECEE /Mg
HEA REE T BE MR (R 2 NC slan' 1A% 20
Ji ) S35 38 22 | TS 40 OB ) 1 R 4 T R A R
DR 20 PR D) S 2 /> o e Ah , NEC AL ZH A =35 B 4 i 4y
F MHC-IIFJZRIE T, KRR 2id 6
TS X — AT REHI 551042 TN AR e A gE R
SH CD4" A1 CD8 I IZ T4 M LL 9 5 2% R B& . St
A, NECZH 23 [ il 22 40 B¢ 0 HS 3 5 11 28 E 47
PE, PEBE R & SRR (U1 ILIB. CXCL8HI CSF3) I
W, BT R RS R EOE RS . NECHRH)
1012.CD4" TR 5 ) LZE AR TN AR AL, 23
NF-«kB/5 5 8 B v HOR A, 3R89 oAb T %1 B 98 0
PERREE . A, S2AR FAR BT oK, NECFEA
5 58 SZAR-BLAR(WINC slan” F A% 40 B0 A CD55/ICAM1
55 Treg4l i Y1 ADGRES) 2 8] i AH B F 38458, $
T TR IR Thie, BETE] T NECH 2+ (1)
Jefr 2, AR E , NECZH 2 i R 41 B A T4
. DIReAAH BAE R A 7 BE SR, RILH
Prs R IIREIES « AORE DR & A T D Re R
SERFE . X LE G RFIE T BE & NECZH 23 98 i e S Al
ARG B IR S) 7, B SLR IR AL SR T
B ER.
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RGN LI 5% RGN A2, 52
JUAS T RE FE 8™ B (4 i JE 2O, B4FE NEC. SCH-
REURS% MR LN KNG L iE v F 25 H Rk
Jif 98 PR SE [Kl F--a(tumor necrosis factor-o, TNF-a)[F]
CD4'CD69* &AM 1e4Z(T effector memory, Tem) T
fil. 1XLECD4" TRILH ThIRB KA T B AR KA
S JE R BN ik . KRB B ILRE RS BoR, iR
JLIHIECDA " TAH ML i TNF-o A2 751 B A7 P RIS :
g THIME Rt B RORE , R 6] i 1E 140 i
(intestinal stem cell, ISC)[{J3E4E . 7FEH NECIHH
P2 )L RAERIE R, CD4" Tem4H it Le A5 w5y - g 22
JLimiE, TNF{E 5 W E R, X RIER T
— PR IR P2 42 TNF-aff) CD4" TIERE, HAENR
JUIE R R R E , (AR R O AT R
T RIE S M

Y+ BE i S 1 e 9% IO B A S X T iR
S AR S ERE NI R B R EHE ., RECER
U T Y AR RS 1R O PR I I 92 0 PRI, ELG I
ST I R T N S A i T A S B ) R
G 7 RAIANTERE . GUOSE MTILLFR 4 i 73 1% 26 3 A
T MWE R (recurrent pregnancy loss, RPL) &34
IR XoF HE A 2 B9 ) 18 6464 WIS S e A, K
L RPLAZ Hh NKAMUR & 58, 4ERp MG A e
JIEE NK G BTV a2l 0 A HE AR 48 Dy e 1) ANKE o
RPL 4 AR 32E 44 N ~F- 1887 ) Wk 248 0 i 2>
ZIRES T E WA 17 A 2 INKA R BE 25 5 5 Thlf:
TAUMIAR ELAEF o X8R AR AL T X RPLE JE 45 92
TR 25 AL I SRR N, N BGE Z H2  A
MBI IRAE TR B ARE .

XL R IR TR NG % 20 f 4 55
AR R SRR, U T RERGERKERE S
BB REIIRI 73FHLH, O~ % E M7 G FeZ R 4t
FER TR AL 18T B AR IR FE AEIE T T &

4 FRE5RE

A2 I P B [ NP D B AT B R e e
ARG B RO TR AL, 0T RE
FESAAEACT EERTU B I AR . 74 ThE
LEAERIG R P Eh &2 .l -8k, K
A5 AN Eth il 22 IR G Se BE AU E & , RN R
BB SRR B T, s S B S LA PR 5L
AR, JF M B R AR S e IR AE A R A B R T I 2

FEACR I . ARR W FURT LUK T S 40 00 e R
X e B 28 G AR ST 1A e A AL BEAT SE IR N B
B, ATHESI XS S R BEBR G H 5 G B S A
FRIp BRSO IA AT o

WiE 2 H A BORIBA N, S g 7 AL
] LLAB 7= e KT AR AL, 3B 7T LS R a4 5
EE I e iIE AW R 6 oy S R N A < e oW K VA
2 A2 M i, TSR IS E = B A5 R .
B0, @it AU ATAC-seq, FATTAT LIRS IR AR 1
GBI ) e o SRS S FLBE PRI M 2%, T 45 &
QIR (€ TIIN D Srins I E e A B Esen A )i )
THREZ AR AR o XL 2 2 U IR HHe 2 5 35 3
AT 4 T AR A A S 2 240 L T R 2 LA R 5 A
RI>TFRL, I LA R BB E 2 o

AR FUIE T AR R AR G S 40 5 S Atk
RGN EIN KRR, MRERGEHAERS. 18
HRGMAH KGR EAER . RIRHE Z A48
RGHFERE . @AM IR AR R E R, Rk
2 P I P mT LA B 7R X 28 R G an e B A e R B
ANTHRE, G G2 S SO RE AR B AR H 23405 . 3
Tl 2 G BT TR A B T A TEE AR AR AR A & b i S
FEM 52 28 H R B MRS RE, AN Z 2RS4
ERIT IR PR IRYE .

I R N FH 5 T, R4 6 00 P £ 2 i D32 i A
697 5 IRNA G ZR G R KB 1 oK 1R AT RE
ARRIBIETCRT BE 2K SR A I P 5 N T REALES
FME G, W KRR S R AR S K 7
TEAR IR RIS, T S BB ) 7 33 I A 1
Tilo LRAh, Bl DN G BRI R, B0 I ik
TR 4L AR, VPG SE R G R I RCR, A
VEA G iR T HEms 1 i v SR U SO

UEA, R R R AR R 5 R IR & 8 )
FHSC, VI 22 iR AR O 52 DR 52 1 AR i F) L5 AR 10
FE S AR AR A B I R b, A 4 AT ke 4 P A
SLIRRIE . A 0 G Bk IR 5 THI A A W]
(RIRR B 1200, Bt T T, e 240 5 - U AR a4
PTEHEDE 25 AL . GG TE . A FRTER AN
AT A MRS TT T B AT LR ™ il
RV iR s 2 G R R A TR R IR B B
AR R ARAE 5 G PR 4 S AN G B KSR AL ) AR
ot R 5 ARG R B AR BRI, bR A
I REAERRRAOAE R R B R AL, 2 5 IEF AL L.
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