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Mechanism of Bacterial Traversal across the Blood Brain Barrier
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Abstract

The BBB (blood brain barrier), composed mainly of specialized brain microvascular endothe-

lial cells, is an important membrane barrier that maintains biochemical homeostasis in the CNS (central nervous

system). Bacteria use a variety of different virulence factors that enable them to attach to and invade microvascular

endothelial cells or phagocytes through receptor-mediated recognition and adhesion mechanism. Endocytosis, exo-

cytosis, and migration can be manipulated by these bacteria through host cell signaling and inflammatory response

mechanisms, which will facilitate traversal of BBB via transcellular passage, paracellular passage and “Trojan

horse” mechanism. Based on the crossing mechanism of BBB applied by typical meningitis bacteria, hypothesis of

BBB traversal by Salmonella oral infection is proposed which may serve as hints for neuropathogenic mechanism

of this enterobacteria.
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PLI W eSS % .

| MRS R R T

BBB H fibi 3 1L & P 57 4 ffd(brain microvascular
endothelial cells, BMECs). AR 40 0. Jd 5 41 Ao .
AN BT A M R, B8 3% F(tight junction, TJ)
FN%Y b %42 (adherens junction, AJ) 7375514 B
1.1 AR I PR BT 2 B

BMECs&BBBI¥] 45 14 1 7y i B fili. BMECs(1
Tty 5 ML F A, 268 G I 5 Mo A e 3 422, T L L5 R
IHAR K 2> F Wi NI =, S5 4 i 1] o v
HAL A o -, ORI T e 2 B . BMECs3R [ 3%
KR EMAITIZ T, BREE R E, BRSNS N
F HLRH, BHASA RSS90 M. th4h, BMECsE [
2 3k B 3 2 A i 1) 8% B 40, TS A i
BV WIBHBEACNS, RIEFEIRE(E).
1.2 TIDF

TJ. AJF[a] B 3% $2(gap junction, GI)#4) B i 1l
Wk RAWEEZER A /£EBBBH, TIA T )% 4h
A0 JEE PR To B, 324 AE 4TS 18] A 2 4 L, %) 1l vy P, PEL 2 L
F bk, Z 58N AR N . TIE B phaFh
ALK, 7 5 ZOccludin. Claudin. %% It 79

@)

. o
Pericyte y/

Astrocyte

“F(junctional adhesion molecule, JAM)F1 A 57 4] ffd %
FEMEZN I 4> F (endothelial cell-selective adhesion mol-
ecule, ESAM). ‘e f1138 i 41 ffa Jofi A 1) P B0 42 B
(zonula occludin, ZO) 5 N3N A A& ZE4HIE. H
H1, Occludints G TI 45 4 ik, 2 5 TIHISCEE )
VR FRIER, e REN 21 2 BBB AR IEZE MY . Claudin
F E R A AN B R D e, PE TIR A% $5ME J R T
Z0-150ccludinffIC-%ii 45 75, 45 Occludin 5 41 g 7 52
AR, JFREIRAITIN &, LB E S0 7. i
RZO-1 5 TIH HAR AL 03 (ERE, 7T SR TIN 454 5
Dhae(E),
1.3 BBBEIEMIEIZS T

Z M A K 2R 7T T BBBIEIE M, 7R
07 B B S 98 RN A 2 3R G0 9ORE S B AR AL T
FEFFRFEMER U, Hodr, i AN R AE KR (vascu-
lar endothelial growth factor, VEGF). &4 85 H
fif (matrix metalloproteinase, MMP). — % 4L% (nitric
oxide, NO)FI J % (endothelin, ET)E 45 5% BBBiH
EHAEH . M 4 E -1(angiopoietin-1, ANG-1).
%78 AT (Sonic hedgehog, SHH) A & 2 AL K
F-1(insulin like growth factor-1, IGF-1)JlI| B A5 4 £F
BBB R IPE I (K1)

Tight junction

Basement
membrane

Abluminal
membrane

Neuron

A: BBBRUZEH4LEL; B: BMECs[H ITI 5 AJ4 1.

A: structural constitution of BBB; B: TJ and AJ molecules between BMECs.

E1 BBBRIZEHIE (IR TES E SCHk[5-6]122%0)

Fig.1 Structure constitution of BBB (modified from references [5-6])
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1 BBBEEMIFIE S TR EAERILE

Table 1 Regulatory molecules of BBB permeability and its mechanism

WES T TR Y AL EE BN
Regulator Type of molecule Mechanism References
VEGF Cysteine knot growth Induce proliferation, migration and enhance microvascular leakage, [7]
factor superfamily regulate angiogenesis, VEGF-induced BBB permeability is associ-
ated with increasing matrix metalloproteinase activity
MMP Zinc dependent Degradation of extracellular matrix such as TJ, adhesin, collagen [8]
endopeptidase and fibronectin expressed in endothelial cells
NO Nitrogen oxide Endovascular dilators, induce endothelial cell apoptosis [9-10]
ET Vasoconstrictive peptide Promote monocytes through BBB, induce the production of inflam-  [11]
matory mediators
ANG-1 Secretory glycoprotein Bind to the tyrosine kinase Tie-2 receptor on endothelial cells and [12]
mediate the repair of TJ molecule
SHH Hedgehog family glycopro-  Astrocytes secrete SHH and bind to endothelial cell receptors to [13]
tein promote the formation and integrity of BBB, reduce the expression
of proinflammatory factors and leukocyte migration, promote the
immune quiescence of BBB
IGF-1 Insulin family protein Bind with IGF-1R receptor promotes the proliferation, survival and ~ [14-15]
differentiation of BBB-related cells
APOE Apolipoprotein family Regulation of lipid transport and injury repair in brain [16]

Q . Je% Bacteria
Lumen of blood vessel }
Y Receptor
Transcellular pathway Paracellular pathway “Trojan horse” mechanism
. \\ " . Phagocyte
L ) ? \. ?
vy vy = %
Y 7 ) ==  TJmolecule

Brain parenchyma

Effector or mediator

. BMECs

Basement membrane

@

E2 HEFEZFIEBBBIEE
Fig.2 Mechanisms of bacterial traversal of the BBB

2 FEEZFIEBBBHIYLE

7 EBBBXT T L CNSIER YL 2 e F 2, Hofi=¢
WL & 2 =vE. Bl PR KIMALE RS LT
JURR(E2).
2.1 BYHAIERE

I J5L B 15 2 i) 42 42 (transcellular pathway), H[Jfifd
T B4R, 3 5 B S P R A T s ) 5 T 52 A
GhEr, XN I P AR B, T 4 A s 1
Mk AR, SEELES 4 L N A=, 2 A E A IR TIN
BT 42 N 5 4 i %5 55 BBB. 4 [ X BMECsH] 2% [f 45
. BENERAE TiZEFICNSIZZE/E /1. ©

WEBH, K E KR (Escherichia coli K1)!'7'8, B
5 B% BR i (Group B Streptococcus, GBS)!'"'. 2= H K
B (Listeria monocytogenes)'™. 5173 Mk B (Myco-
bacterium tuberculosis)**, i i 75 7% 3 [Q B (Neisseria
meningitidis)*" R [ili %% B BR B (Streptococcus pneu-
moniae) ]I i 41 i 1842 % B BBB.
2.2 MWEEFEIER

2 ff 55 3 45 22 TR PN 2 4 i TR) T 437 38 21 4k 3R,
BBBiH 17 P 1 5%, 7 [ B 38 e 40 e [ B ACNSPY,
it 7L AUE 5K, L. monocytogenes'. M. tuberculosis. N.
meningitidis~ 1§ & W& i€ /& (Treponema pallidum)Z5 41
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P AT 38 O 4 55 R A2 0 #8 % iEBBBPY. TI5E B
T AR 1) DR DRI A LA AN T L B, 4
WS R TR T T, S EUBBBIEIE 11 1 5E;
55, A 0 S5 58 43 1155 X (pathogen-associated
molecular pattern, PAMP)$ ¥ 672 41 B 53 Wb 4 A Il -+
(cytokine)Fl &1k X -F-(chemokines) &% 48 14/ 5T, 51
A0 I, IS R ) R 4 2345149, BBBIE #E 1 i i
o EEEHLT, 22809 IR BRI AR P25 40 ik 12,
SCn] I A A 55 A ACNSESL,
2.3 “FERRARTHLE

EME A, AZ M. 2 T2 % A MR 40 i
(polymorphonuclear neutrophils, PMN)%5 75 I 4] ity P4
MR A, Ak B4l B 72 28 ABBB 77 s B R i
AR Ty HL . BBBIE 7 14 3 5 2% Fo V7 Wik 240 e
TR ETSE. COuF s, AR G 6 FE 5 55 (human im-
munodeficiency virus, HIV)RJ 3 55 4 & FLAZ 41 i 75 i
BBBHIfE /), B{EBBBIEE M 5. FEHIVIHYER S
B, IR 2 R AR R L v T HIV T ) B T ik
Ab, TISEEEVE 5 15 2 2L 50 WA 41 i 55 Bkl 0E, 1R B4R,
55 B PRV AU oF [ W 240 i ) 3 A R A R R VR G,
M. tuberculosisVA }2 L. monocytogenes. RhoZ JtGTP
fifRhoA 1] i mDia FIROCKAZ 5 2 IO il 115 41
BARE ARG, A4 % iEBBB. STt
FUR I, PKCAS ‘Tl B¢t 2 1 7 BBB3d 1% M 11 1 7y,
Fe N FREE R B AL I B S aE g 2 — P
EAFVE R, 2 800 IR & I 4E R AR — ML) 28
iEBBB, WIL. monocytogenest n] il E5 A iR 1E, X
A 18 1 RhoA /1 3 IRV B R AL i) 3 ACNS, =
BB 50,

3 HAAKFEEZFIEBBBHINRHLE
3.1 KBEFEKIER

E. coli K152 % ) L4H B M fivi s 4 1) 32 227 K 2
—o K1JEME 2 RIO-JIg 22 08 5 i 5 98 B0 1) 5K
Rl ISR AT LE MR R K B3G5, i OmpA
R 14 6 55 5 M /EBMECs R [P, i )5, E. coli K1
[ 41 Ji 25 P 3K B8 K T 1(cytotoxic necrotizing factor
1, CNF)HllbeAZ 5 | Nz it B2, 7 S W30 & 2 4
Ji e B, il b BEAR CLEALH N AL A B[R]
I, E. coli K140 0] 3@ i Ca®' Py I I PKCA5 5 1l I,
i 13k B-1% 2R 2K (B-catenin) 5 L PN Bz 45 6 25 I (VE-
cadherin) i &, Jk 55 AJES32, LAk, E. coli KIKEH

(1) Tbe AZE 1t 7] 175 5 PMN 15 BMECsiE# . &%
IEWFFCRM, E. coli KIT[# T F#Er BMECsE
Casprl 244 T =t N A B 40

3.2 HEEKE

HEBR A 5 40 il i@ 42 B0 ABBB, 51k SECNS
IFRAEP, Horh, il 28 BEERTRI(S. pneumoniae) it id T
BRI 2R (rlrA-regulated gene A, RrgA)45 &5 BBBIN [
AR, R ERE (%2 MK (polymeric immunoglobulin
receptor, pIgR)FI IfiL /MR P41 12 201 i 85 BT 43 71 (platelet
endothelial cell adhesion molecule-1, PECAM-1), 1fij
PECAM-1 X AE Jy #1 £ 2 I i A(neuraminidase A, Nad
A 52K, 25 il 9 BERR TR I RN, AR S A A K A
“F-B(transforming growth factor-B, TGF-B){5 5 1K,
FARC BT I e B, S 75t 9% BE K TR 27 7 BBB, Ji A
BBBP I, 1y H, fili R BEER B W] - WA L ER, 5 5 4%
S B0 PR T Cerb 4 4 8 H (CERB-binding protein,
CBP)I1) 23, 1840 il B B TNF-ofHIL-6, 185 {2k 41
O T3 4 v L o ) 3o T

WL R W, BALEEER 1H ShBMECs ELIZ A, &
BEBBBIF {2 YCNS!. GBS% i 5 # /IGBSH Mt &
(hypervirulent GBS adhesin, HVGA), 3 il xfBBB P J
YHHL IR P, H AT L E, BEABBB S R LD AER.
Fi4b, GBSl i 75 5 2 — 4 b & & B (inducible ni-
tric oxide synthase, iNOS)_FiHIL-8. ICAM-1HINOF]
FILIKF, BIABBBP,

FEBEER T (Streptococcus suis) 27 3 HL i@ 12 41 i
558152 g iIBEBBBI . S suish] DL B IF: 43 Wb A v
i %, ) HBMECs/= EIL-6. IL-8. MCP-1% 41l ffg
+, YA e aE P, 5 EBBBRITIS H(ZO-1.
OccludinfliCluadin-1)ELHE, BRI 4 RLRILEIEER, %
i#EBBBHEACNS.

3.3 TR

2% W e TR T R 22 PPL L ENCNS. ()4 TR
F 105 /7 ¥ 5 48 i J15E 2% 10 25 1 E-cadherinF 7% 24
TR B 52 AR 25 4, WUEMAPKAE 5l i, 18 i 25 4
JL 4 B 5% A% DL S 2 A TA) 9 kB B2 ABBBPY.,
(2)2F 17 % T 43 Wb 1 2= 307 KR B I R 3 O(listeriolysin
O, LLO)n] {ig it H AT Bk —E MR 4 iy 9 A7 3 JF H., 2=
R B I8 R LLOA 41 14 3% I BiFPlc A NTPLeB i 4% 14
2, AN B ELEI MK, 2 ABBB; BB LLOfE
1 4k Z C(internalin C, InlC) 5 IxB# M £ & #)(1IkB
kinase complex, IKKo) V. % A, BIENF-«B/E 5 i
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%, FEARTE T N, JEABBBF, (3) 2 HikE A
FE IR 20 3l 5 N AT I 22 K IPY
3.4 REEXFERE

N. meningitidis 3= EAE N 1) 5 W8 40 41 5 1, 3@
/v ST N (1 7 RN i) L o 3N
MLy, ¢ 3% BBBAI i ¥ i 5F [#(blood-cerebrospinal
fluid barrier, BCSFB), S 4H B VE R 4 . B AR IHI
(RSN 22 h R % P 3R 55 i o0 A BT 26 e 22
AAER . TERN BN B, 40 BEIVEY B E 7] 5BBB#
IEHICD147532 R 85409, ¥ & fOpatk H ¥ e b bt
P BA R R, Hodr, Opath B AT 45 & Pt )5
#H ¢ 41 i 26 fF 43 1 (carcinoembryonic antigen-related
cellular adhesion molecule, CEACAM)SZ 1A 4] 4 45
A H NI/ G 3 AR AR I AR B R A, T Ope il T
e 2 Opa 5 4155 ot 85 1 &5 &, P B 40 B AR,
AR, 2% 3 K B 26 Bt 35 A(neisseria adhesin A, NadA)
CIEEPN $53 3  NI2-N )4 i = i e SN
1(low-density oxidized lipoprotein receptor 1, LOX1)
g5, RN TH TR B B 7, (k< B2 Jon B T B
AP 2R A, A FAHE N, N. meningitidisidl
It — RAN L NG 5 187155 TR MMP-8, 2 fi#oc-
cludingy ¥, 1] 24 Par3/Par6/PKCHAL B &4, B
SR B 4TI S 1, B4 BBBIHIE PE, 70 VF4H 1 A2
J 55 i 422 ACNS!HT,
3.5 BiLTIRE

YT PR 228 o BB (1) Jip 4 B PR T I 8, 5 51
AR LEREE LR, RO B, (HAE T R, B
1 FEVY T TR B (Salmonella enterica serovar Typhimurium,
STm) 7 W A 5 AE AT 5| A AR i i 28 N i o8 v 22
MUiE. A B ERER, HEEERE MR K
JHE AR T i PR RS S AP 22 S B ERY. H R, YT
DT o 5 4 PR S0 AL 1] 1 A B . WICKHAMSE!
T8I R G ST 7 STm) /) B 5 28 A58, AT 4k
FA 00 1T PR LE DK 1Y) S e 3l ) 2% A E IR AE R AL
W9, VAN SORGESFl 1 4 41 Bk et B
B, STmH] &t =2 A FF % EhBMECs, 1] %5 F4f
ML B g 5 40 e B E, SRz R R
TERENGH IR . SRTH 5 i b B 2 i P AL AN 7]
)5, N ZhBMECsH it F2 &1 A8 V0 171 TR 200
5 -1(Salmonella pathogenicity island-1, SPI-1)Zmf5 ]
375U R G (type 3 secretion system, T3SS). 5 51%
AR IR 2808 R 7 M A AT R B 4, STm 5 BBB

HARIE WS FIL-8. CXCL-1(chemokine C-
X-C motif ligand-1). CXCL-2(chemokine C-X-C motif
ligand-2)-5 CCL-20(chemokine C-C motif ligand-20)]
IR, Vi W STm/RE GL 0T 1 Hp PAOAE 290 i 9k 2
iR R e M

BEAb, A B I PR K B 2R DR 4 1k 6 A A4 4b
BBBIE YL AR I, 1 K FEVD 11 IR TR (Salmonella en-
terica serovar Enteritidis, SE) 7 i fff A\ {ZhBMECs, Jf
Al ¢ 1% BBB, i U SE AT 8 i 5 2 i M1/ B2 g 55 G
ANIZBBB. 58RIV 1T G AT B0 1 7 W 240 Y
WAHEAE Sy, JF H Tl BBB LR bR 7, S5
L 240 Jf A0 96K EL 4 i, A U SEE W e i 1A i R
L ZFEBBBR K ). AN, FATIATFEL W,
AR & e SEAR AT 5 EUBALB/c/IN BUE A2 V0 1] B T fiti
JEE 48, I KMo N 73 B9 BISEAN HoAth &) A7 B, 15 ISE
AR /N EBBB A It 7] B fig 1 1 A 40 1R 1 2 47
(RKF)-

4 EESRE

I 7T, 7 40 B Y i I 98 1) B0 WL o D7 T,
BBB {2 WLl (1) 5> T3 5 S0 LA T — s IR, {81
395 J5% B 0T BB 375 14 1) Y42 WL o AR 5 4 2, Y
4 IS 4 O TR RIS R 7 . A S BBB
FIBCSFBI 12 1) v 5 B - 7T A Ay 87 57 15 14 43
THIAR, % M40 T WL R % BEL D 40
AR 75 PRS00, AHE U5 900537 40 B 39 A CNS.
SHE A, A [ 40 O S 4 ) ol 2 055 % s L
S TR I, 7E 2993 M50 993 5 T RS Y 2 T
BT A (IR TT

W53 S5 B 0 7 = 7 77 T % 5E BBBIS 35 1 1 45
PR, T HCNSHE 44 25 1 2500 1 10 4 4
BB I I B2 . 3 (1 BBB 58 M VEALIE 15 155 [ 7
BBBIF 5112 i B H 71 % 5 5 T R AECNS R etk e
IRV 7 18 37 EL A 7R A PR

I 5 70 11 U T i 4 1 4 5 R e 09 84
K4, ¥ 1 BT ES BBBIK YL WL 7 T 7 2 51
R, AN R AR B 2 SR
AR I 208 D - BBBA 43 1045 5 L i 25 4 2 2
BRI WIRRHLR R R 26/ B P
HUeR, % ECNS NAR I EE J1 R T\ e 40 5 2
R 2% FAE PSR 4 8 T M ok 7 B B T
A OB 6 (0 BRI AL R A, Y 1T IR e
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