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[ Abstract ]

population of immune cells and is an important barrier and pathway for entering the CNS; however, the specific immune processes

The meninges, a four-layer membrane - like enclosure around the central nervous system (CNS) , house a significant

remain elusive. Recent identification of meningeal lymphatic vessels has shed light on the involvement of meninges in metabolite
clearance, immune surveillance and response. Here, we provide a comprehensive review of advancements in meningeal immunity
research and its implications for associated disorders. Additionally, potential avenues for future investigations in the realm of meningeal
immunity are suggested.
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H CSF 5 i 2 27 [a] 5T 7 (interstitial fluid, ISF) 43 f&
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B #% B (subarachnoid lymphatic - like membrane,
SLYM) ™' SLYM o7 T-Wk 5T B, 5 o B bk 5% 5
WHES, N A RS AL, O SLYM S 5 T
CSF K I 2 (8] /N 3 —F- 3 5T 4 ) ot s 46, - ik
TE /) IR DO 5T Bt T2 AR sk A LA Ko ), e B
SLYM ] LA BRI 22 %0/ N oy KR 8 11 B ok A T~
BV TR T 2 =2 R A2 48, T H 2 g i R A g ) M
RS BRI it — PR AR . IRk g FEEAN K
I LA R A (HL B 25 SLY MG & PR, S5 — M
ST E FEEE T EASRTE
1.2 AR % 0 S 9% 2a BE.

A FRASTR L S5 BT 5 A S AR A /)
JEE AL o AR B IR T I AR R S AR, 2 —
P2 B 5 J Tl 92 ot A0 AR AR S B B i . A,
L CSF 51, M I vt A7 e R U5 T B ot 20
JLFRIbK CURE T2 B P B e A . 3 S IR Bt G
JEE A R Y B S AR, an s 22 4t ( denderitic cell,
DC) AE K4 (mast cell, MC) | [ 45 K B2 21 Jfg (in-
nate lymphoid cell, ILC) . i 5 I 241 Jfd . T 241 Jid 1 B
RS SRR b A e A (/D T A
I, 3 25 A E VR . DC R MC™ . CSF H L
AICICT A D i B AN AR AZ AN . 7 T X
P2 ZR 8 IR /N BT L I 20 BB R o R B A O B
%41l (border-associated macrophages , BAM) , 1:f 2%,
JIT A 2R 2R S P B W AN A A A SR R TR e A
G, S T Ak RS LA i RNA I 7 23545 D A
PET, B fik 1525 i 457 g A 552 o B R 4 i 4 95 A
JVAS i BsF 09 %) BT BE R A AR AN, HAE VT 22 07 T S/
JI I 240 M 2 AL o i B L CP ORI i ot A5 R L 2 T e
BAM 75, H 3= SRR I Bibr %) CD206, 2 54t
JE R B AN 5 440 1- ki 5F = (blood - brain barrier,
BBB) Y 5e e At i IS i 1) JIEE DA AR o 28 R 2 1)
HAhER 3B 5 3k, DRI ZA 1 R S ) e 2
PR X NSO SC bk L A0 2 5 S e b ) EL A
B 9 1 i — PR

2 ERERE

2.1 BAAHERL

CSF TEAG PR R v 300 3 28 585 7 Mk i 285 )
Rl 1 LT e S 40 i (astrocytes , AC) 28 2, 5 ISF 4 7
EUIP A, Horp, CSF BIZesh kit i s, 2L
FIEAE B4 3 ik 5% [8] B (Virchow- Robin spaces , VRS) )
5 E L AE P BE RN AC 2 SRR AT L T S ARG A
XOGT WA T 8 5 ey PGB B, UESE 285 Wk )

T CSF A6 PR figi 52 Jot v #4978 5 ik A CSF, I & B
LY 36 AR R L PR A C 28 J2 AR I 7Kl T B 11 -4
(aquaporin 4, AQP4) . flfI T iX Ff CSF 5 ISF 2Z [
HEAT /N3 1) T3 A8 46 1) 3 Gt il 45 M glymphatic &
g8, VRO I R Ee . —Jr T, 1% R G s ik
WA S5 7K E 3 5 5 — T3 T, i BRI 0 i AL i) 3
MR E RGEARL . BE TR R G R TE R
FEPE , BF 98 388 3 5 BT 2R ¢ U R (Alzheimer” s
disease, AD) R A3F 45T, 4n AR tau & 1 TTAR
R F R A I EL I BT R e Y T REIR AT 7] B3 2K
ABEL tau £ HUTFR T 1 548 L B B8 7 DL 22 i
AD 9 B EFE A4 HAAHIL R Tl RN T i 7 1 — 20
R
2.2 JRBEM EE (meningeal lymphatic vessel , MLV )
MLV SR ik b 35 i ik 4l A HE S B A IR 25 4
R T K E e B U JE o ROk, B B E
BV ZHIFE M, A BRAE T R e s
4R ) KT 43 2 MR W) L A2 prospero homeobox-
1(PROX1) . IfiL 48 N K¢ £ K K 7524 3 (vascular endo-
thelial growth factor receptor 3, VEGFR3) | WEE N
Rz 175 B J R 57 /8- 1 (lymphatic vessel endothelial hyal-
uronan receptor-1, LYVE1) podoplanin F1 C-C F£) 74
A6 A F B 44 21 (chemokine ligand 21, CCL21) 4§, {H
JCV- i LA o SR G5 18 F0 o3 A SR AT BB
S 0 R L AN IR A 5 3R -9 (integrin a9)
SEMBLRFAE AR S HOE AR/ N T AN A
I3 AR BE, MLV /] REE 46 T IR AR, 17 T ik
FUrL 2 A BERORSEIAT . SR LA A AR
FE, MLV AFXF /N, T JSORH X 157 B X 28, 28 i AR
DRYHL S MLV BFFTERS 78 1 il A R A T X
M RGENAAAESE 1038 4, — SRR B CSF N Y
7N BT AT DL 2 Aok ok P S A fi S0 2 2R &5, A
AT Ry 7 B 500 I A0 ] 3 A2 T DA S 1
AL IR SR, MLV #5717 R S Ji 2
I 45 Jii S5 B O A L DR 5 A1 ] S 8 2R G A B
I H OB I S5 5 CSF R B33 200 b K 24 e Rl 7
DA D ST B 5 1 A TR 3 EL TS (deep cervical
lymph node, dCLN) , #8431 A 2535 Ik B 15 (superfi-

11-12]
o

cial cervical lymph node ,sCLN)'
2.2.1 MLV 3] CSF #9122

I 222 S 4y ek o) JRSEA S i 5 52 IR A ik A2 41, CSF
n] DL MU 2888, 3 MLV Bl [ I8 R STk
B TRASNEM LA, B A MG . Z M)
Preg R B AEIE SN R AR ) CSF i i
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2o R AR I B UK R G, s AR AR i B
PEFTN 3 = IR O N R FEAE T . BT, K
WEFE I 4R SR 2 CSF KL 511818 . Louveau 5
KB, a5 /0N B R T S5 B SCRE G 30 min J5 , JURHE
MLV 5 dCLN Hr ¥y A6 21, {575 J] [ % [ ok 2 20
L LA o0 A . S50 dCLN iy 5 A 2B T
EHRTF AR B2 AL, 453/ B dCLN JC B .
AREEFL, H ] WL, MLV A dCLN 2 [8] BB 1
Aspelund %55l 13 #3710V P 2 AR TR Bk R
LDV RS, & LMLV & B A B2 S 80Nk
53 F W) ST AR CSE L Be BELAS Ik I S 1) dCLN
M5 TR, FILAl L, MLV J2& ISF K R I8 i 41
LR o3 e AT v AR i i CSF 513 %) dCLN 1Y)
FERRE,

AR, A A BTSRRI 57 2R A CSF R, &
PR 8w AR AE R UL P b 7 3 ] i 5t i 1
AR , TFE 12 JTH8 A 15 7 8 SR, i ]
L, R F CSF 368 5 i Lk AR K B2 48 )i i o X
T CSF itk ez iy =, I HAT PRt miH s |
TGRS AR SR OC . Kwon S5O 5| ¢
(indocyanine green,ICG )3 A AD /N FRUFIEF A= 781/ )N ]
Wk O S, I FHIE LM AR BN B = Y
CSF 5 E O , & B ICG 7 Rk A BT A AL/ B ik
i N3 o 1 B 1= R B T A N I ]
AD /N ERIZ MK T 45 N 9O 0 B 2 FAAIR, ELAM ] itk
EL A5 A 4 AR B A, U B AD /N B CSF I 1 i 42
FEHE S, CSF G BRI AT , 7% 185 AN A T2
PAH G , IX RS S fl WL 2R 8 AR L 280 I A9 o ik 12
B IIRE N FE AR B0 A8 ZE , TR CSF
AU o AT UL, PRI i AR 34X CSFAAAE D [ AR
FH AR =38 BRCE R 512 MLV 513 0 EARPL ] i
FHRTT
222 MLV A5 9% fm Bt i 45

it EW AR, BBB Y A7 7E fef R Ak T H iz
AR BREE MLV B9 & B, #8755 1 Ik 52 5T A 1Y)
NS T 2 L, S04 T 40 L | I I 20 i 45 5 A
(AR A338 2 MLV 5190 , S8 W 2 R rr fi
AR, BRI MLV AE7Ez S Rk S e 0 ) Shee . #HF9E
KB, CSF A A T 4 3 %2 CD4'/CD45RA/CD27"/
CD69" 1L T 4l , 3 S 4 fifg 3 3k v Wk 2 1) CC-afk
K F3244& 7 (CC-chemokine receptor 7, CCR7) #1 L &
HIEFE R, 01 57 AE LIRS CSF R4 Jl [ DX 33 1)
S AL, IR B 2 5 A B S SOV AN R A — 4%
KL A8 B A DRE , RO A0 SR ok SE 0k T 40 e 7 s A A

H R & BB IS, St 23 3@ 1k MLV B A dCLN '
(R FRARAS LT 200 M ph 0L VARG P 0 G FE 1 e A A
3 4F SRR T I A RS b A A = G

VAL PN B 200 S B R I SR AE PR 5E Hh 2 4 B
P75k, Louveau 55 fifi H1 22 K PERE AL Sl P ——5i
Mk B B e e e R (experimental autoimmune
encephalomyelitis, EAE) 175 5 H X B 28 2 48 i 5 51
RAE o WFFEFRT, FEBR I IYT , A52 T 07 A Hh AN g
WRELAE P 5K , H MLV AR S B B¢ T 200 i 2 32
T, 33K TR G 5 | I I T 45 1% 5t 2 i 1 14
e R FARLEFL ACLN 918 AR A 2 4EIR EAE
AUERE . e Ah, 5 AR BN BURA FL IR L A8 e e
BB B Prox Lhet /)™ Bl A ISR i J5 T 240 0 1) 50k i 255
BN FESEA 2 A i Proxhet 7N U AY T 41
JL, AN BE AR A= BN BRUIR A A &b 5 | 9 31 dCLN
. 5 Proxylhet /)N SUA L, dCLN FAE AR B4 25
FLJ L 1 20 /0N B E A T 40 DC R RE A
dCLN. JXUE55 R B IR T 40 i 5 i s
WA RS Rk

CCR7-CCL21 A= BN 2 T 41 g A1 DC HEA
ME RGN E RGP TR R 125k,
Louveau 55 "4 CCR7-WT Hl CCR7-KO [ T 41l fitd A
12 11 Ho B 5 3 naive /)N BT BB, RIS
CCR7-WT T 4 i AH 1 , CCR7-KO T 4 ffl #£ dCLN
A5 R . AN DG EHOR (fluores-
cence activated cell sorting, FACS) 234t CCR7 )3 8l F
T3k GFP 1) /)N BRI S T 44t i, & 3824 40% 1) i i
CD4" T4 fFe 1K CCR7. 1%/ BB R G028 4 £, Bk s
CCR7" TN 3= 15 Fek CCL21 Ik EL Py B 20 Jif 2%
PIAH G o Ha b AT UL, T A0 BRRE U MLV B 28 A
dCLN, M T 5 IF i 5, 1t id # 4K#8 CCR7-CCL21 &%
o AH MLV X 6y 2 i 1 BRI RS AL o8 1 i —
WA S8, MLV X T 40 55 G 78 200 1 1 380
AR S AR WA AR AIRTT

3 RIRRESHIRHBE RS

3.0 R A AR e R BT

i BB R HR AR 28 R GE Y ST B, AN S
R FEA IZ e, A oy W Pt LA 28 R EE 1Y
YE R, BE 5 A R BH 1k Js MR E A SE 5 . Van
Hove 25138 1 A 351 i 120 2% X 35 DL K2 RNA I s
YA BT A WS TR AR A BRR AR LA WA
WA A 5 2Rk, I K A L At
HX P28 22 G0 S e Bt i, B SEAH 5 DCJT 20 B 41
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NK 28 i 55 e A0 M K B g R e mT L, I
AR R R P22 R G S A A AR o
3.2 FER S EAR K e B T

200 i DR o B 2 A ML 7 A ) e A5 e O
T L [ 4 Wk 55 A3 WAL RV 2 LE M T RE
Z2 I GE B WY, i S A3 T A3 5 G D o 22 8 4 4
MDA e 2055, M2 I AR T2 A A
R 2 A LR ) AR AE PRl 57 £ R PR 1S fin e AiX
M2 G0 R BT BRI A 2B A TSR XU 2 S,
AT RIS 5 I I 15 24 e 05 8 R 2 24 i A 5~
P2 ST FCAZA TR RS T e 2 R DG A A 5
Xof FPAX A 28 R G REAF A I S THT 5200 >

AT 2 2 W1 I 5 T 240 60 20 ) 1 200 LA 2% Cimterr-
leukin , IL) -4 7 A i1 2iy 6 U7 1 & 4% 8 AR H 2.
0, TL-4 62K 1) /IS R IR 27 > B, 3l ool T s i
OFE S IL-4 A9 T AR n] AR EaAAG L. BLE WA
CD4 T 20 AT BE i TL-4 FITL-13 , F5PTAE 48 40 i 5
TXFACHIA FAER, PLHE AC ARG IR IE M 2275 57
[Al ¥ (brain-derived neurotrophic factor, BDNF) | i %
ZHEE KR T (insulin like growth factor, IGF)-1 ik
{4z K [H F (transforming growth factor, TGF) -B 4§,
MNTTSEMA A 2 ITTEPE . FERREAIE T ,CD4'yd T
£ 2 i PR e T~ 17 0 SR U, AT e 1 v
I b 228 TG 1) A 28 IR 2 fink AT 9 1 Sk 1 /) R 1) i
1E42 . AN, Filiano 55 % BHLAE R G 5w T 200 it
i F e A Ky TP E (interferon v, IFN-y) , =
IFN-y /N R B AL S B o DRI 1 1 oft 22
T G P T 0 A ) TR Ny 7= A 2, 51k y-24
BT IRAERN 2T R, 2 5/ N At S48

SRCE (A SRR TE R 1 A A PR 115 5 Xl
JUHITE . BIFSE A B/ U ARy T 4 e ik i AL T
T 574k 6 (chemokine receptor 6, CCR6) 2 11.-17a, J5
BN BB EAEAT N A A TR AR Shi
S SE ) A RNA I A U AR | 2 /)N
B P UG 1~5 J] P9 935 1k T 40 B s i K B, I
18 35 AT A B 2R (osteopontin, OPN ) B4 58 /N
Jo 2 L 8 S e, R 20 2 IS I A R P D R
FUR B R, 1000 IL-2 e B A1 A Bl T 44
15T LA K X il 22 2R GE R SR RE , DT IIE S5 R 5 3 75
PET 240 MR DY Al i DR 1A B T4 ik AR 2 . MC
43 WA A L PR -t A B 2 5 R e, L o3 A 1Y)
I1L-6 IL-1B TNF-a 54 [ 2 5 T M AR DL
I JSE [T A7 240 P 8 e 52 4T O . Chikahisa 55 38 i
IF5E MC R /I U , 22 R MLC R 1% 28 Jrg e

W, S SRR

DL RS R, 20 e A A EIA B a5
A5 25 v RX At 28 22 55 D) i B4 4 15 40058 1E 5 2 AH
S B PR 2K 2 4 1 i S G R AR S o T R
AT PR A B IR A A IR DI REA T S I
SRR o A, B2 1 G 5 e 2 A O 20 i R - e
ATTE = A B0 B ELARHLIEEAF R AFRTE o
33 WEANFPARSINE AR EER L

NG R Ay 2 J7 K pf 22 2R G e e R S Y
Ji B, TE G WA K N TR RS AR i RN, iR 2 A
T X 5 A1 E S B RS B A AN e 2 i
(AIERS SRS N S (7 B AR iR AR AP R AR A

UEAESR kot Bk 22 9% B0 W - X el
2 RGZ AFERRR IR R SR 520, e R 40
B2l Wh-lmih T Fitzpatrick 2528 % S7EAE B
ARATT B /N BRI S A7 — b TgA 43 8 78 5 2
L, L <608 s i S JDk 5%, - Uk R VR T 7 8, 3
ol J T A R ) 3K A0 B B T e b i B S AR S UK
Tk A AN ) S A R G R 1) AR R G 9
Benakis 253 12 ## 37 /N BUIR &S HPAR AR, % BRI A P
Je VAR T 41 25 M B 3 1 A% 28 s, 5 HL R
P 2GR AP T i 38 R 5 1 TL-10 FTTL-17 , WE B Ak
JE) G A Lt 2 5 G S ) A L e e L R . SR A B
TE T A AR A A 0 B TR AR O 4y T K
I BH T fii S S A M AFAE 2 BIFSR IR R,
HHI 4 AR R 1 B T PR RS A o2 A% B
PR IEDR R, IR T 3228/ N R A PEERR 3 V] R
55 B i R A R S IR DT RR AR . i-Ra
VE SRR 5 A1 il i RGBS B —Fh iR, (A
B IRAGG -

i RSSATE Ay Pk PN 28 240 P 3 B S, i 2ol e )
8 ) R LB 3 A1 % 200 L PR 4 g AL B R,
U 9 o (A VR T, Pl I SR B A %) B 8 W A
(L) o T P B 4 R i S AR S i R, 2
AT AE HA A1 R e A2 5 i A i A1 R IRl RE(E S

4 RIERESPIRME RFERRE

4.1 % &M IE (multiple sclerosis, MS)

MS VE Ay fi i DL A8 P P i 28 2R 8 R AE PRI
BERS P , 2 TAERR Lo, B840 JE 5 T RE i B
HTIRERERT , FAEAR BRI HERS B W N E ™ . Choi
S o e AL Ak A AT MS BRE R SR I 4, &
IR o i 4 i A4 1% J2 9 A R S T Sy )
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The dura mater can be divided into outer and inner layers, the arachnoid mater consists of a layer of closely connected outer cells, surrounding the

;:" b NK cell

subarachnoid space filled with cerebrospinal fluid (CSF). Recently, a structure called subarachoid lymphatic-like membrane (SLYM) was discovered
between the arachnoid and pia mater, dividing the subarachnoid space into superficial and deep compartments. The innermost layer of the meninges is
the pia mater, beneath which lies a membrane formed by closely connected astrocytes and their processes , known as the glia limitans. Together, the pia
mater and glia limitans constitute the final barrier above the brain parenchyma. The dura mater contains numerous immune cells , including dendritic
cells (DC) , mast cells (MC) , innate lymphoid cells (ILC) , meningeal macrophages , T cells and B cells. Immune cells on the pia mater are fewer
compared to the dura mater, mainly consisting of macrophages, DC and MC. The CSF primarily contains memory T cells, a small number of B cells, and
mononuclear cells. T cells in the CSF include CD4*/CD45RA/CD27'/CD69" memory T cells expressing high levels of CCR7 and L-selectin, responsible
for immune surveillance. If no antigens are detected , they flow back into the deep cervical lymph nodes (dCLN) through meningeal lymphatics. CD4 o8
T cells in the CSF release 1L.-4,1L-13 and IL-17, exerting brain-protective effects and participating in social behavior by producing IFN-+y. Meningeal
lymphatics, tube-like structures arranged along veins on the dura mater, are particularly developed around the skull base. They express classic markers
under physiological conditions, including PROX1, VEGFR3, LYVE1, podoplanin and CCL21, lacking smooth muscle cells and valves. Comparatively
smaller than lymphatics associated with the diaphragm, meningeal lymphatics form a relatively simple network covering fewer tissues. Carrying numerous
immune cells, they connect cytokines related to brain parenchyma with the peripheral immune system, draining immune cells and cytokines from the
subarachnoid space into dCLN and partially into sCLN.
E1 RRZEMRFEREIERX REE

Figure 1 Structure and immune function of meninges

12, R 5 1 i 28 25 O bl 22 % A i 5 4 1)
P YRS MS 1 R AT R IR A G
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B E AR E MS TR EE = T RE LT 1 RO
AR, 7E MSHRFRE T, MRS M T 40 AR A
MRS5S A TR RE SOV & A, T 40 i
I 5 7 M S ORI T LA R
PRAER B H PR, 14 CSF FR L & B 1 T 4 iz g
F I AT AL 3G A S 5 MS 4 2 L Fi X A O
HF MS HBE bR AR ) 2k B, i AR BfF 9 A

RUE EAEALTY B, H AT E 2@t [ 5 2 T 4 i
I REERS 1 S sk EAE AR R, Bl i BE RSt
[ R SAE S Eah ik EAE BT RS Ao AE
EAE B8 BLLL A oW S, A 16 PR T 240 ik A
I S S5, T G 4 Y T 40 B DUk A CSF, 28830 50 ik s
(A7 36 , T 240 A5 DAz b e D, 5 LR A 2L 2451 47, 5
S MS G AR Furtado 2577 & BH, 7 EAE Ji5
FRUEFR A, T A0 6 A 7 R A A Sk L 4, AR
4% 207k B 25 AT DL A3 EAE AR BRSO, HE— B TE S
T EAE M RA: SN T 4HAEE ALAR DG . Louveau 5
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WFFE R, 76 EAE 1% BRI, I f5EH CD4" T 40 it (1) 12
TR = TINS5, R MLV A B T 4E 5% EAE (1995
FUERE , 403 AR AR RAGRER . DA & BNk
UE T 76 FPA A 28 3R 40 AR E o I PR IR T 1 T 240 i
MMLV 513 A dCLN X — 3 16 b ik 25 , I IR
TRIT MS AT B S8 %

BRT 4 fh , MC BN NS5 T EAE YR
SR TE AR, A0 R ki AR 5 ) MLC 3 o R
TNF-cifs 4 08 H - 40 2E A B B, o ) i e 2
RS RE A IR A EAE W15 %Ak . I 5, I
FEEH MC A T DA R JHEAH DG v P r 4 12 11 i TA
S & AHEAE EAE FUBA B 2 LI R IR i B,
FEWFFEE I, e R AT REHE T BBB, S ECKE A
P 20 IR R AR R 28 R BT, AT 51 R 9 9E ™
Russi 45°% 10 1 % FLBFA: /N BURIg AP MC k= /)
R, & BUS E RIS 2 B B B S T 40 SR 4
FIBRGE  IEII MC HAT FHZE T A0 A M R SR SE A T RE
AL AL, MCALLSF-38 23385 [ 5 Sy T 40 ) 6
PENE

F LM T IAL o R SE B2 240 K 200 D5 -7 MIS
1) R AR Hh & H5 A S50 B eV E R ol A R e
T S5
42 AZIBATEE A

VI 22 55 5 I AH 56 1 o 2238 17 P 3 s 1 % A A
KIS AR PR A 56 . MLV HoA TE Rk
PRI B e A L K A AR A S BE , %R
IO A B M

AD & —Flas w0 LAY LA S RE B i S RRAE A
PZARTTHEEN , H A Hoh 28 B U A 55 1
PCAH M X ABUTFR T 20 o JE TR IR 245 44 1 2% Ak A i
TE WA 2T 2k | Tau 25 11358 B B R £k T S0 pil 22
JREFYEgLE Mhaos SR ERES, AR E
IAEPERN 2 S E I T P 20T RE , T80 Rk
IR ERAR AR TR SAE KA B RO ——
BN A AD S AR AL A BN 2R i A2 45, M A
HH O A2 240 LA 2 S RIBO NS P v A, Sl L e 240 i
1 BBB IR AL SIS M 2 B MR R R, 245
M4 5% CSF A1 ISF K53 T-5 1 -5 Y 2s e i, M
M F8— RAN N REFA R FE >, 9% Kk B
e U2 5 TR LR MLV, & B0 s 9 A BT AR
TGRS ADBLRL/INER A MLV D RE T DL ks HaA
HITRERERS , UFBH T AD FRRAR L5 i B 12 DT RERE:
A E™' . Da Mesquita ¢ /38 11 BHL KT AD /)N B A9
MLV, . % B ABTTAL AN /NI J57 20 B 11 58 A oy 255 5
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Healthy state

Disease state

Reduced coverage along veins
Compromised structural integrity
Insufficient quantity

Closely aligned along veins
Structurally intact
Sufficient quantity

Reduced flow speed
Complete removal of Accumulation of metabolic waste

metabolic waste

Infiltration of
abundant immune cells

Normal migration of
immune cells

+ Cognitive dysfunction
* Occurrence of neurodegenerative diseases

+ Poor prognosis for cerebral vascular events
Maintenance of homeostasis

. . ’ . * Occurrence and metastasis of brain tumors
in the meninges’ immune system

In a healthy state, meningeal lymphatic structures are intact, plentiful , and harbor an appropriate quantity and variety of immune cells. They effi-
ciently clear metabolic byproducts from the brain through cerebrospinal fluid (CSF) during various physiological processes such as sleep and respiration.
This ensures the maintenance of a normal immune microenvironment in the brain, playing a role in immune surveillance. In diseased states , meningeal
lymphatics exhibit reduced coverage along veins, structural irregularities and decreased quantity. Under such conditions , certain diseases like aging and
stroke may compromise the blood-brain barrier(BBB). Consequently, the rate of clearing metabolic waste by meningeal lymphatics diminishes, potentially
turning them into sites for central antigen accumulation or even serving as a direct pathway for tumor metastasis. This situation leads to the accumulation
of a significant number of immune cells and anti-inflammatory factors within the meningeal lymphatic system and brain parenchyma. This exacerbates
existing pathologies, resulting in cognitive dysfunction, the occurrence of neurodegenerative diseases, and poor prognosis for cerebral vascular events
and brain tumors.

B2 ZHHERESTMLYHERMERINGER £ME
Figure 2 Struchural and immunological changes of MLYV in disease state
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Table 1 Immune changes in the meninges associated with various central nervous system disorders

MLV

Disease Cell type Cytokine Conduction pathway drainage Condition  Reference
MS CD4'T 1 IFN-y T, OPN 1 - } deterioration  [71]
CD8 CD122°T 1 IL-10 1 - T amelioration  [72]
APC 1 CCL5 1 ,CXCL9 T ,CXCL10 T ,CXCL11 1 - ! deterioration  [36]
Microglia 1 I.-121,IL-23 T ,NO T ,MCP-1 1 - | deterioration  [32]
MC 1 TNF-a T - 1 deterioration [38]
AD Thl 1 IFN-y 1 - 1 deterioration [73]
Th2 1 41 - 1 amelioration [74]
Stroke v T 1 CXCL1 T ,CcXcr2 1 ,IL-17 1 - | deterioration  [54]
DC T MAP2 T, MBP 1 CCR7/CC1.21 - - [51]
CD69* T - - - - [51]
Brain tumor DC T - VEGF-C-CCL21/CCR7 1 deterioration [59]
]

CD8'T cell 1 TNF-o T

VEGF-C 1

amelioration [75

MS: multiple sclerosis; AD: Alzheimer’s disease; MLV : meningeal lymphatic vessel; DC: dendritic cell ; APC : antigen-presenting cell.
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