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Abstract: Trained immunity, a functional state of the innate immune response, is characterized
by epigenetic reprogramming and metabolic reprogramming of innate immune cells. Stimuli such
as vaccines and microorganisms or their products can stimulate the trained immunity of innate
immune cells, such as monocytes, neutrophils, and bone marrow stem cells. The re-stimulation
can enhance the immune responses of innate immune cells to microbial pathogens.
Mycobacterium bovis Bacillus Calmette-Guérin (BCG) and B-glucan (the main cell wall
component of Candida albicans) can activate the nuclear factor-kB (NF-kB) pathway of innate
immune cells or dendritic cell-associated C-type lectin 1/protein kinase B/mammalian target of
rapamycin/hypoxia-inducible factor 1-alpha (Dectin-1/Akt/mTOR/HIF-1a) signaling pathway to
regulate the metabolic reprogramming and epigenetic reprogramming, thereby inducing trained
immunity. The discovery of trained immunity in innate immune cells provides a new direction for
the research and development of new vaccines, the treatment strategies of immune deficiency, and
the regulation of autoinflammatory diseases. Therefore, understanding the cytological
mechanisms of trained immunity is of great significance for the prevention of unknown diseases.
Keywords: trained immunity; innate immune cells; Bacillus Calmette-Guérin (BCG)

J6 R A I8 I S S RV A — B B, fH
ANTR) S 2Y 1) 2 A M (AR B AZ A L . 5 Wk 4 L
B 2 R 200 ) ik ok B 200 L AR A A i A
TR AR AR T L Al R A0 BB AR
B g8 SN 25 B B B T Ik L 40 A AN B bk 2
e OGS BTN VA & A VAR {2 - A o R 1
Joi s 20 R G g 240 T LA R 4% AT A e D A
Yl RO, TS SR AT PU YL RE 0T, X
P s b HLAA e A2, BRI X R e A2 e R A
98 SR Z R I 2 B e

1964 4F, Mackaness® W5 KB, /) FUEGY
PR B A A R G B (L steria monocytogenes) | 45

¥ 43 K FF T (Mycobacterium tubercul osis) &5 i)
PRI BAAERERE . 1988 4, Bistoni
LD BRI Ak 1 L 5 A4 i T LR TG e R )N B
J X 11 €6, 78 2K 14 (Candida albicans)/giZt, %
EFE SRR E R S T A s T 4iiFn B
WRELAIHE . 2003 4, Garly ZMIEEH], 7E7G L
PR R AT, AT RE B 45 A% LA R I

“PYNZr & (trained immunity, TI)— id] T
2011 AFF AR, FEIAR T 5 K S 20 i w] LA
U O b O Raa R R Lo Tal vy AL 1 25K 13 2
KM RGP0, IS Eaadnm ., hyk
SR . RAZANME . EREANM . ARt .
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R IR A4 A /) e 5 4 500121 S B A4 L
I N O i N B o 1 I 2
7 o 2R B L B SR 9 ARRE SN SR Ha g2 A
Jif 38 2o % 38 85 20 1) &7 {4 (pattern recognition
receptor, PRR), AJ 15 51 %% 2 ik Js A4 AH OC 7 +
#& 2 (pathogen-associated molecular pattern,
PAMP) 5§ 6t 173 #H 5% 43 1 #5 2 (damage-associated
molecular pattern, DAMP), J1-5| % Ff )5 Il 2%
P SO e R A E AL PRR 2 pH R B L
RS2, XL AR CRSF() PAMP—
YR RSFR /N TRy, AR . BEZ N .
g BERRAE 201 DAMP 8 41 ifd 451 475 AN YR BB st
AR IR T, BB S R TCIR &R,
2 I G5 1) F98 7 MO T 56 K e 92 40 B D R AR 2
B4, TERIIRARIBOEBR S , X PP AR SRR 2k
B2 HT P N GR by B RHIE 2RI
YRR S R AR L, RIS F WAL A
AR, FEFEARRE T OB, AR R A i
KRB ARG P, e Zhto el B,

Dectin-1 7ETH 51 -1 A% PRR Hle £ CH
BERVE R A M A SR A AR G C BUBE
SRR-VENNE B/MFLa0Y E A& R E MK
#1755 ] F-1o (dendritic cell-associated C-type

lectin 1/protein kinase B/mammalian target of
rapamycin/hypoxia-inducible factor 1-alpha,
Dectin-1/Akt/mTOR/HIF-10) 8 4 V& 455 2 Jifd AX: 15

WA A OBE AR R, AR HE =R R R IR
(tricarboxylic acid cycle, TCA cycle), TCA fti4f
7R S 2 B i i AT 5 e 2 28 B

FRILLASEN, HOBERE — K (muramyl dipeptide, MDP)
Y& N 2F 43 B FF B (Mycobacterium  bovis) 41 Jitd £,
JEE b —Fh A S A RS P Ly, AT
MRetE G FE R G AE N 2 (nucleotide-binding
oligomerization domain containing 2, NOD2)[
Fiif&, MDP Fl NOD2 454, i#i& NF-«xB i %,

AT 5 20 88 B A, i 26 K fo g 4 i 3
W3 A% B g AR ), R, FOULast £4 5 4 A AN
R m e BB RN, BRI 1.

0 BOFF T R A B (Bacillus  Calmette-
Guérin, BCG)FEFN AN AT i By JL 2™ 8 254205 |
W] BEAR L B AR S5 A% SO R e 5 [ 1 2 Fh
P2 T 5 G il 4% | AT LR 19 R SR RN BB T %
JEH BCG T TG K HhHt o F T 95 ke 36
J7 . 1@id BCG % K18-hACE2 /N2 5 #EAT
R SR HE (SARS-CoV-2) il , 45K,
(i SR i S I 7 [ 5o N A o e LT
FEXFBF A SARS-CoV-2., Kappa (B.1.617.1)Fl
Delta (B.1.617.2)78 AR (R IR YL S AL 35 E—
AT R, S/ R RE L B 53 Ak R I i
WS S BCG 155 SR gia e,
JikiE S BCG 1/ FEAZ 3] SARS-CoV-2 5 PRS
TR S, R E D | T BR R
714, BCG A5 RLRG M4 B S, H CD4”
T A0S B ZH 2 BE A MR b R A 1, wl A
KR 2 e RPUmsEae 127, I R &
N, M T4, BCG M IET- %R
FEAR T 39%°%, IR, RAE A 2 —Fisis
COVID-19 1545 FE N 1 RS TEIR YT ik [A)
W, VRN R A S R 2, AR
(recombinant BCG, rBCG)ZFiAF A GEA B T 5|
A SARS-CoV-2 $TJF(rBCG-SARS-CoV-2) )i/
e,

AILELET BCG TR s 4l IE ik
YR FVRRAE . P22 ML, DAY N iR
W (G5 AR BE A | B L TR H
RAEVEB G . TR ks P AL L i

1 P b 4

H PRI AE S R R B NE T, N IRAEA
R I ARAR B T E 2 a2, BEAEA
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M BERmE —AK; NOD2: #F

5K RO TR ; MDPs:
IR AHMLAR DG C TUBEE R -1
Akt: FE 4 B; mTOR : WHFLsh¥ & A& X1 ; HIF-1a: KABESIN T-1a; TCA: =RIR; ILI-B:

1 AEXREEMBRINGERESTFIH  BCG:
MR45 G SERAE G EE T 2; PAMP: gl A HH 573 4850 Dectin-1:

A E 1B; IL-6: F4IIAN K 6; TNF-o: BWEIRSENF o; IFN-y: v FHE,
Figure I Molecular mechanism of trained immunity of innate cells. BCG: Bacillus Calmette-Guérin; MDPs:
Muramyl dipeptides; NOD2: Nucleotide-binding oligomerization domain containing 2; PAMP:

Pathogen-associated molecular pattern; Dectin-1: Dendritic cell-associated C-type lectin 1; AKT: Protein
kinase B; mTOR: Mammalian target of rapamycin; HIF-1a: Hypoxia-inducible factor 1-alpha; TCA:
Tricarboxylic acid; IL1-B: Interleukin 1B; IL-6: Interleukin 6; TNF-a: Tumor necrosis factor o; IFN-y:
Interferon-y.

b i =5 I AR RO, YR e e 20 e 3=
BRA T M A E g, Bonh A
AR A8 BIL R, B Aan R . A 4R (reactive
oxygen species, ROS)/™ /4 | HFEEMEA . bl
M R A A A BT R R, DA SRR
R 53 A AL A e P i R R 3G B

ROS 11477 A= 7 v A 200 B 175 B i A 4 vh ke
HEEMEM. BCG s R4 ROS 7
AERE I IR EAE I, SRR RE ST, DTS A0
Xof AN ARH S5 SRR T TR TG A, T X R I A el AR
SHE AW S B A P g R B,
— R K EEE S RNA (long non-coding
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RNA, IncRNA), Ff 525149 IncRNA (immune
primer IncRNA, IPL) , 7E BAZ 4 g 1)1 25 S 58 = i
b H3K4me3 1E 4 AE 2 R 317 ERYERL AR,
AFE A 3 8 (interleukin 8, IL-8)F1 1 4 il
4% 1P (interleukin 1B, IL-1B)1, BCG #Apn]
s MR g TPL %35, SR Y
H3K4me3 /KF-, WIS SR I 255 B Fp kA 4 i
FLR SR TR B-H R BEIA /N R P
PR AN A AR Y Rt e )l B v, AT DOREE
Sl P 20 B R B AN B A, Qo 2 - A%
AN A (granulocyte-monocyte progenitor, GMP)
HE S AR I KA 2T H3K4me3 Fric TR,

rhPRL A AR Y RE i TR R R TN EEAR b
WEfRTE BCG 155 5 1Y Sz ALl Fr fe e vh oA
JEHAE AP, R BCG 3 4 A 5 B W rh kL
e, 7EE IR . IR 2PN A R L
M5 (lactic acid) &t W& =5 FHEFPZE 1 BT B AKF, #&
N T BERERRR RGN 7E BCG YIZRIg A ok
YR, SR AL 2 240 B DR LA SR I A A DG 2R 1
AR E DR 76 s AT M6 3] H3K4me3 /KF- T
fe P UOBR i B il 2 — 1 ORI 1 %% %
BE s [, BCG 7S M EER RSN I
rhPoRL A LI 5 S i A 2H 7 R AR b
WE AR OCHER 0 -, BRI MRS A1 mTOR
FE A 3 F-4b H3K4me3 7K i 218 it

S R PR A0 M 7 AR %, {H BCG Al LA
115 5 H i (bone marrow, BM)H Y A4 4 ifd
PR ke 7= A R K 2 B i, DT A4 b P
MR SRt e Thie o [RIEE, /N B ke
F BCG A A i ik 1L T 21 il (hematopoietic stem
cell, HSC) i 34 i F1 £ & tH 28 Jifl (multipotent
progenitor, MPP)y 3R Mt fe 2= 4, iz,
T @ S VR B R S e ) s AR b, A
AR 38 42 TN 2 W38t A% i 12 Z T AF 7 46 % DT Y
B &

2 Byl

HIF-1o il mTOR & 8% A Ay 2 Rl 4 i A i
1) F BTN, B- RS S 00 BRAZ 4
S5 T SO R IR AT B, DA T 8 3 3
GBS Z R A KN 1 Z R mTOR 3 B2 F
Yl LBl

T A AR T A 1 AT 2 720 2 At L 9% b
B — A RRAE - IR0 B S 7 e 98 440 i H
ik, FPFRA Warburg SO B, HAERN T
4t By U £ 200 L R VRI 9 £ 1 v A0 B BT A
o TR RN Fr=A: i, Zad Yl R
A% 2 R T Ao 35 ) T v T R 5 4 i 3
SRATWERE TT, X AR A IR AR H B R AR
NN FEARSN BCG YINZR B sz dn b, o]
ek ROS By A4 BCG 34K # NOD2
BN B LBt A B R, B SR G g8 B /N B
Xt JEAAR O HRPTRE 11 24 BCG # A 4nf 7%
WEWAL)S . FRPR AR MDP 5 NOD2 454,
% NF-xB i %, %A E MRS, #707
HE MBI [FEE, B A QR A
AMERE MG, BonH SRR . IR
Ml NAD/NADH HAE, Xt &4 25 e s
MO XA Ar 253 Dectin-1/Akt/mTOR/
HIF- 10 38 % DA I A2 32 B4 40 ML PN A 400 1 A
ZRRIRIG IR AING DT RR AT s o [ ax g5 B Y B
AR AT AR AT (I, s SR
1 T 28 2 1 0 Y R R A S R O R S
DA G A, TG4 A B RS, M
T 94T 50 R B S g A S 36 I8 I 1 4 2 1 P
B 2 R fp 2325430

¥ T BCG MRy EH, B &2k 17 (Candida
albicans) Fl EL T/ 21 L BE - B~ SROBHAIL (5 B A2 24 i
HYIReE A, M 7R sw,
Pk =ThEerE T, B WREL4IHE A /N R Sz A
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(R B B R 2 Dectin-1 {5
3 PO, S BN, TEARE) T 28
g #% K] -F- (nuclear factor of activated T cells,
NFAT) L8521k, NFAT 5 (i 2|40z, 5
DNA JA 3 F4546, WG AH G KR R 7% 5 120,

FiAb, wE I ERAZ AR A AT LG L Toll #£5Z
{&(Toll-like receptor, TLR)F 54L& FH PG, 5
5 5 JRRE 20 L TR 77 A A G 4 A B AT RN R 0L
L 2 A A o A BT RO Il R BE K TR
(Streptococcus pneumoniae){H. 22 Fif A< &G4 i i Y
Yy, BYYRIEYEEE 1 A, BYEEEHRG .
JR L i 9% il R TR SN ERL A A MU AT A 0 i 9 L
M 40 IA K 6 (interleukin 6, IL-6) 5 T+ .
TR A L TR 7 A R 3 i S R AR e A A
K, T T AR X SR L s
655 PRI 0 G PR A D103 14430,

3 R T

YR RIEANUR ELESN R A LR N
S 2R 40 i Hp (SR RN 2R g) i HLSE By el
AETE BM H I S 2 Jifd iy #H 48 At Hh s 3 (o Sl 2
G9%). BCG # A BM & 7E HSC 1 MPP %%
AR, U5 R AN MRS, A A
i A B, [RIEF, BCG i 1T LU i 520 BM i
PRI DTS e i 19 7= A, DL & BCG Al g
PR IR HSC Al MPP ZHAERY PAMP.
BCG #Fh51#E HSC A% stz nl DL f& 4% 3
MPP F1 8 #8 & U5 1) B W 40 il (bone marrow-
derived macrophage, BMDM), JI|Z: HSC 7= A= i)l|
SRAT 22 1) BEAZ 240 I R W 2 DA T 4 5 %o 485 A
41 KT 1 (Mycobacteria tuberculosis, Mtb)/a& s
PRI RE ST s RPN B LR 47 AT RE 2 e 2R st
AR AP LR, R 2 3G 58 - TR RO AR 1L
XEEHA R IC 5 & T a2k BMDM Xf
Mtb YL IG5 SN o X RS 12 A e ¢

V5 P0IBT T T 5 1 T LA 4 922 4 i PR,
Ny 4 & (interferon-y, IFN-y) R RIE A F o
(tumor necrosis factor o, TNF-o)Fl IL-1p ik
it

RGi4 T BCG B B-#i R b2 4wl il i IFN-y
B A AE 1 (interleukin 1, IL-1)52 v B #T 4
£ BM F i) HSC, MK T 5E%5 Mtb B fr4r 4
W%z, SRiMi, 5 BCG 5 B-H#iRMiAR,
Mtb ] 3@ IFN-T b 88T 4 e HSC, %
PO B B A IF 0 F BT Mtb B9 PRI P R 5
FEM S S o AL B VF, TFN-T 3 i 2% e il 42 b
(UNISER VAT G A o = it O S o R 7
SUMEIET . UEAh, HSC o IFN-T/EK 41 305
ST Mtb G e J1 o X bl B
FE T EEH Mtb 19— S AR 1 A9 G2 bkt 3R
W&, RS TS K SRy X e i AR R
FEBURUE P fg I

4 Evih,

BG40 it AR ZH 2L, 2 I 9 A B
WA M 2F A A3 AR TR o B AR R A
Siap A 5, RFRIE R, B I ALk 4=
EHAYS 2, BRI e R

Yao FFWVRBIE N ME T 4B ]38 5 A
IFN-y 175 5 ifi 0 5 W 2011 Bfd (alveolar macrophages,
AM)Z A RPEILAL ,, X FEAZHTE B 4 R
ST AL AN S A REH A AR, H AM AR
5 Ak R A R A B AR, AR R R
Y Gk P52 77 % B i 40 1 2% % . Jeyanathan 25481
RIER T i@k 8 bR FE BM FISkJE
MBS IR S5t , 14 BCG P2 1t
ATV S E R E AL . BRI RE A AR
7 0 ) B () AR e e A DA R it AR A ™ ) 25
AL, IF H RS T 002 AM I ZRfa s,
Mtz AM i3 S5TE AL A% TC G
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I, T TE WA WA A A 0 i et R A 4 S R A
PEICAL KB X TF A R WP T8 SR ) R — AR
e BA R R E X

5 NHA

51 N&REBES58S2RMHER

BRI S 1 ) T HEAE 2 A sk g,
R HBOE PTAE 30 B B RAEFN B B Sz
PRI AR, NS Kok RERE AL . XU 5 5
MZRAT YRS . R, Q0 SR AE A Y B ] R0
M SBTE 2 SR ez, S iRl LA
TEAERF AR B 7 1 R EVE R, R AR Y, W
ATl RPEN . AR K, R &R 2 b
(lipopolysaccharide, LPS) VIl %k ik 4 & 4¢ 14 1 1k
JiE (systemic sclerosis, SSc)/)s FURE T Hp () 41 44k,
FAAE , TR U GR e 1 28R b B P 5
SRR LPS Y251 B 240 it 855 5% mT RGN
LA SSc A8 AT 4E A0 M 1) £F 2 RAEFFAE, X
FUN LR G2 7 AT #E IR 9T SSct*l,
5.2 &4 BCG HIFX.

BCG HAKMMZAMHILL(EET£
FE Rt HER A, SR RN AEREE, W]
VS 5 4R 0 240 L 6928 S5 I0f () T 988 1 AR .
BCG 1EN TR, & BRIk SIS 40 i
N1 rBCG, A% SHUA ™ L Z Fh G g o 45 43
¥, IFIE R 2RI B R SR R R N A A A g
AR TR 254290 . Z2F0EAE . JREE . AFAE
W . SR PR RSN

2023 4£ 5 J1 5 H, 5 DA 20 2UE A i Y
SEEPR I BE B 4 BR T AR B 2RSS AR SR,
fxif SARS-CoV-2 fJ Omicron ZF{K 241 BA.S .
KP.3 Fll KP.2.3 S5 SRTE & 4B, [ e N BSChr g
2, JU I g KU 7 A B U A
IKIEEE M1 HSP65 S2A71ET BCG H ) EEHLA,
HSP65 5 SARS-CoV-2 |58 % [ (spike protein, S)

F %A FE B M (nucleocapsid, N)AF7E )7 51 #H {81
PE, ReslEf S P RA ) IZ A E,
[Fi) B 0,95 % B g b M A7 X3P, Nuovo S50
J I SARS-CoV-2 414 [ (envelope protein, E)
1) 12 A2 B R 74 5 0 BOFF A LytR 2511 C R
Uiy 25 A B A B I R . X R T L BCG
J AR T KT SARS-CoV-2 P 1 By Al 471k

76 K18-hACE2 /NEUARIN, HEFPIKG KX
SARS-CoV-2 i N il S 5438/ rBCG, il &
0 N F1 S &A% 1 (rChimera) LA K BHAL, #]
5 NE 20 L= 2 TFN-y F1 IL-6, FFFAAR 35
e 1 3 DL 5 S 30 BT rChimera B 1gG il
IgG2c PR ELT, [FAf, 5 BCG ML,
BCG::Ag85A iy C57BL/6 /N AT #1755 S 77
A B R B R S TRN-y B2 oy A B s 4 A4
TR, B4R BCG X H37Rv YL iy {54/ ES1,

IEAl, TERST rBCG S e 55 SR e A 0 22
# B5 7 X R PUEAE BCG IR IBRE S M
R S PR R T . Xu DY
8T BCG WIEMAEPUR Ag85A JIK)™ A I
TR N T )& Ag85A Ik-MHC 11 &%)
POl E I R B, [, AT R T ek,
WK IS, A AT B A A IR Hh R AR 4
IR0 S 4 L R ke BB B, DA i 2 A B T Ak
T I g S 100

R, RSB Rk 8kl pMV261
o % pMV361 %57E BCG #1335 SARS-CoV-2 [
S. N, E&EHEZS BCG ) Ag85A FHH AT
IR, FIRE IR ZE BTG SARS-CoV-2 %
A 40 BT TR S 0 D sl A 4 5 | e g N 3 R i
PRI

6 &%

N ZRG (4  BUAE 7R T — B IR AR A5 3 58
SPNRB AR e B A, FEERBUNSER
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PRSI P2 RE M, XAT AR T b
07 T B 338 1) 22 440 it A4 1 3 3 Ak B — R R
ML, T IR R T A A e s i Pl AR
BTk, Sk, AIRHEERN, 1Eemr e
RREES| LG, Bz N e AR Y G
HESh P B ICACRAE, A e TR T X 5 22
JERYL iy fR L1001

H HTATE SR e/ 5 7 240 e oy A gt i 2R 00 38t %
AR AL B TETE 4> AL A SRR AN Y . X s
Witpse 2K mE], LR eG4 T 40 i 1 i
VINLHISR A A . LAk, T2t — 098 DNA
HA A 55 00 bR U e A I 41 8 1 s A 22 1 1Y)
FHEAEA, DL B e AT IR 35 I 25 5% b i 1
. BCG i S MY 2 fa i Jg - R LAt IR etk
W RE AL TR . [FIR, FRATIE N ]
YIS G5 T EE S RE PR B 1 R THT S . A
FIFH BCG SFRIFIAE J bt St 2% 2k F T
W&, BB E P RTE BCG higERIAK
e, RS A PR e ik S e 5 RT e
FETERI PN
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