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AHHOTAIIUA

HeiipoBocnaneHue — COCTOSHUE, XapAKTEPUBYIOIIEeCs ITUPOKUM CIIEKTPOM PA3JINYUI KaK B OTHOIIIEHUH KJIETOYHBIX BJIe-
MEHTOB, yJaCTBYIOIUX B HHUIMAIUKA 3TOTO Mpoiiecca (MUKPOTJIUs, aCTPOIUTHI), TAK U B OTHOIIIEHHUU €ro MaToreHe3a B
nesioM. OTCYTCTBHE €IMHOTO MHEHUSI 10 BOIIPOCY IMAaTOT€HETHYECKUX MO/iesIell HEUPOBOCIIAJIEHUSI JIUIIb TTOTYEPKUBAET
HEeJTOCTaTOYHYI0 U3yYE€HHOCTh JJAHHOT'O MaTOJIOTHUYecKOoro ¢heHoMeHa. B HacTosIieM 0630pe paccMaTpUBAKOTCSA 0COOEHHO-
CTH HEWPOBOCITAJIEHUS KaK SIBJIEHUsI Ha IPUMepPe MOJie Tl NH(PEKITNOHHBIX 3a001€eBaHIH IIEHTPAIbHONW HEPBHOU CHCTEMBI,
TaKUX KaK MEHUHTUTh. HecMOTpss Ha 0coGEHHOCTH COOCTBEHHO HEHpPOBOCHAJIEHUs, B er0 3(pGEeKTOPHbIE MeXaHU3MBbI
BOBJIEUEHBI Te JKe ITATOKUHBI, YTO U IPU «KJIacCuyeckoM» Bapuante Bocrasenus (IL-6, IL-8, IL-18, TNF-a, MCP-1, IFN-y
U 7p.). DTO MO3BOJISIET pacCMaTPUBATh JJAHHBIE MOJIEKYJIBI KaK ITOTEHITHAIbHbIE MUIIIEHN BO3/IEHCTBUA, ITO3BOJISIOIINE
MpeIOTBpAIaTh KaK PAa3BUTHE OCTPOTO BOCHAJIEHUs, TAK U XPOHUYECKOTO IPOIIeCcca, CBA3AHHOTO C JOJITOCPOYHBIMU
HEBPOJIOTUYECKUMHU U KOTHUTUBHBIMU HAPYITIEHUSIMH.

Kuouessle croea: HelpoBocajieHre, BocnaaeHre, nHQEKIMOHHbIE 00JIE3HHU, TIeIUaTPUs, HEeUPOUHQEKIUN, HEBPOJIO-
TUsi, MEHUHTHUT.
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Immunopathogenesis of neuroinflammation — a modern concept
(literature review)

G.S. Karpovich*2, S.S. Andreev’, I.V. Kuimova?, 0.0. Obukhovas3, T.I. Ryabichenko3, V.F. Zalyalov?

'Novosibirsk State Medical University, Novosibirsk, Russia
2Children’s City Clinical Hospital No. 3, Novosibirsk, Russia

3Federal Research Center for Fundamental and Translational Medicine, Novosibirsk, Russia

ABSTRACT

Neuroinflammation is a condition characterized by a wide range of differences both in the cellular elements involved in this
process (microglia, astrocytes) and in its pathogenesis as a whole. The lack of consensus on the pathogenetic models of
neuroinflammation only highlights the insufficient study of this pathological phenomenon. This review examines the char-
acteristics of neuroinflammation as a phenomenon using infectious diseases of the central nervous system, such as menin-
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gitis. Despite the specific peculiarities of neuroinflammation itself, its effector mechanisms involve the same cytokines as
those found in “classical” inflammation (IL-6, IL-8, IL-13, TNF-a, MCP-1, IFN-y, etc.). This allows these molecules to be
considered as potential targets, enabling the prevention of both acute inflammation and chronic processes associated with

long-term neurological and cognitive impairment.

Keywords: neuroinflammation, inflammation, infectious diseases, pediatrics, neuroinfections, neurology, meningitis.
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BBEJIAEHUE

HelipoBocmasieHne Ha COBPEMEHHOM 3Talle
ABJIsIeTCS OAHUM H3 Haubojiee HHTEPECHBIX U
HEOJTHO3HAUHBIX BOMPOCOB, CBABAHHBIX ¢ MH(EK-
IIUOHHBIMU W HEeWHQEKIHMOHHBIMU 3aboJieBaHU-
SIMU IleHTpaJIbHOU HepBHOU cuctembl (I[THC). M13y-
YyeHHe JAHHOIO Ipoliecca TpebyeT TpUMeHeHUs
MEKTUCIUIINHAPDHOTO MO/IX0/a, B PAMKaX KOTO-
pOro aKKyMyJIUPYIOTCS 3HAHUS HECKOJIBbKUX HAYK,
TaKUX KaK HeHpoOUOJIOTHsA, UMMYHOJIOTHS, MOJIE-
KyJIIpHasi OMOJIOTUS W KJIWHUYECKas MeUIlHHA.
B pamMkax MeZWUITMHCKOW TPAKTUKH KOHIEHIHS
HEHPOBOCIIaJIEHUSI OXBATHIBAET IIUPOKUH CIIEKTP
3a00JIeBaHU, B OCHOBE KOTOPBIX JIEKUT JAaHHBIH
MaTOTeHeTUUYEeCKUH MexaHu3M. Ciieyer OTMETUTH
TOT (akKT, YTO MHOTHE W3 DTHUX IATOJOTUH 10
HEeJITaBHETO BPEMEHU HEPEJIKO CUUTAIU «UHCTO
HeBpoJioTHYecKuMu». CpeJiu TakuxX 3a00I€BaHUH,
nmomumo nHbeknui ITHC, B wacTHOCTH GakTepuU-
QJIBHBIX U BUPYCHBIX MEHUHTUTOB, SHIE(PATUTOB U
MOCTHH(MEKIIMOHHBIX  KOTHUTHUBHBIX  Hapylle-
HUH [1], TakKe BBIJIEAIOT U TPYIITy HEHPOAereHe-
paTuBHBIX OoJsiedHelr (0osie3Hb AJBIrelMepa,
0ose38b IlapkmHCOHA, OGOKOBOW amuoTpoduUUe-
ckuii ckiepos (BAC) [2]), psia ocTpbhIX Hapylie-
HUM, TaKUX KaK WHCYJIbT, YepermHO-MO3roBas
TpaBMa, a TakKKe HEKOTOPbhIe ICHUXHATPUYECKHE
paccrpoiicTBa — Aenpeccust, Iu30ppeHus u 6uIo-
JspHoe paccrpoiictBo [3]. C pocTom pacmpocTpa-
HEHHOCTH IIepeYHCIEHHBIX BbIIE 3a00J1€BaHUH, B
TOM YHCJIE U BCTPEYAEMOCTH PA3JUUHBIX HHDEK-
IIUOHHBIX areHTOB CpEau JIETCKOTO HaceJIeHWUs,
VBEJIUYUBAETCA U CONHAJIbHAsA 3HAYUMOCTb, a
MMEeHHO OpeMsi IOC/IeICTBUH epeHeCceHHbIX 3a00-
geBanuit I[HC, compoBOXAAWOIIUXCA BOCIase-
HUEM — B YaCTHOCTH, IIOCJIEJICTBUH MTOCTHH(DEKIH-
OHHBIX OCJIOKHEeHUH (HanpuMmep, mociae COVID-19
U DHTEPOBUPYCHBIX MEHUHTUTOB), KOTOPbIE TAKKe
MOTYT OBITH CBSI3aHBI C MEPCUCTHUPYIONHUM HEU-
poBoCHaJieHHeM ¥ KOTHUTUBHBIMH Hapylie-
HUuAMU [4].

INTRODUCTION

Neuroinflammation is currently one of the most
interesting and controversial issues related to infec-
tious and non-infectious diseases of the central ner-
vous system (CNS). Studying this process requires
an interdisciplinary approach, integrating know-
ledge from several disciplines, including neurobiol-
ogy, immunology, molecular biology, and clinical
medicine. In medical practice, the concept of neuro-
inflammation encompasses a wide range of diseases
based on this pathogenesis. It is noteworthy that,
until recently, many of these pathologies were often
considered purely neurological. Among such dis-
eases, in addition to CNS infections, in particular
bacterial and viral meningitis, encephalitis and post-
infectious cognitive impairment [1], there are also a
group of neurodegenerative diseases (Alzheimer’s
disease, Parkinson’s disease, amyotrophic lateral
sclerosis (ALS) [2]), a number of acute disorders
such as stroke, traumatic brain injury, as well as
some psychiatric disorders — depression, schizo-
phrenia and bipolar disorder [3]. With the increasing
prevalence of the above-mentioned diseases, includ-
ing the incidence of various infectious agents among
the pediatric population, the social significance also
increases, namely the burden of the consequences of
inflammation-associated CNS diseases, in particular,
the consequences of post-infectious complications
(for example, after COVID-19 and enteroviral men-
ingitis), which may also be associated with persistent
neuroinflammation and cognitive impairment [4].

FEATURES OF THE
NEUROINFLAMMATION MECHANISMS

Despite the high potential significance of neuro-
inflammation in the pathogenesis of infectious and
non-infectious diseases of the CNS, many aspects of
this topic remain insufficiently studied. The CNS iso-
lation, particularly the brain, as well as the complex-
ity of regulation and the specificity of anatomical

158

Journal homepage: http://jsms.ngmu.ru



Karpovich G.S. et al. / Journal of Siberian Medical Sciences Vol. 10, No. 1 (2026)

OCOBEHHOCTHU MEXAHU3MOB
HEWUPOBOCIIAJIEHUS

HecMmoTpst Ha BBICOKYIO MOTEHITUAIBHYIO 3HAYHU-
MOCTBb IIPOIIECCOB HEMPOBOCIIAJIEHUS B IATOTEHE3E
MHGEKITUOHHBIX U HEMH(PEKITMOHHBIX 3a001eBaHUI
ITHC, MHOTHE BOIIPOCHI 3TOH TEMbI U3YYEHBI HEZO-
cratouHo. HMzomupoBanHocets ITHC, ocobeHHo
TOJIOBHOTO MO3Ta, a TaKXKe CJI0KHOCTh Peryyauu u
cnerupUIHOCTh AHATOMHYECKUX CTPYKTYD, peau-
3yeMas KaK OHTOT€HETHYeCKH, TaK U B paMKax
pyTUHHOTrO (YHKIIMOHUPOBAHUA TOJIOBHOTO MO3Tra,
00yC/I0B/IMBAET 3HAUNMBbIE PA3JINUNs, BBISBIISEMbIE
IIpU CPpaBHEHUU HEUPOBOCHAJIEHUA M «KJacchuye-
CKOrO» BOCIQJIEHUs, IPOTEKAIONero B TKAHAX.
Takue pazanuus KacawTces Kak AuddepeHInpoBaH-
HOTO KJIETOYHOTO COCTaBa, TaK W CIENU(PUUHBIX
IIMTOKWHOBBIN peaknuii. Kpome Toro, xapakTepHOU
TOJIBKO JIJI1 HEHPOBOCIIATIEHNsSI 0COOEHHOCTBHIO ABJIA-
eTcs HaJTMYKe UHAYIUPYIOIIUX BOCIIaJIEHUE ITaTore-
HETUYECKUX MEeXaHU3MOB, TaKUX KaK MH(MEKINOH-
HBIA areHT, ayTOMMMYHHBIH IPOIlece U Imp. YKa3aH-
Hble (PAKTHI JIETJIM B OCHOBY HACTOSIIETO 0030pa,
KOTOPBII IOCBAIIIEH BOIIPOCAM IIaToreHe3a U Mexa-
HU3MOB HEHPOBOCHAJIEHUs, a TaK)Ke BO3MOXKHBIX
MHUIIIEHEH TeparneBTUUECKOTO BO3/IeHCTBUA.

IIpexxzie uem paccMaTpuBaTh HeHpoBOCIaIeHUE
Kak crnenuduueckuid mporece mopaxkenus ITHC,
CJIeflyeT OCTAaHOBUTBHCSA HA MexXaHU3Me U 0COOEeHHO-
CTAX 9TOTO IPOIlecca U ero OTIMYUAX OT «Kjlaccuye-
CKOTO» TKAaHEBOrO BocmaseHus. B mesom Bocmase-
HHUE OIpeJIesisAeTcs KaK KOMIUIEKCHAs MeCTHas COCy-
JIICTO-Me3eHXUMaJIbHAsA PeakIusa Ha IOBpeK/IeHue
TKaHU, HAIpaBJIeHHasd Ha YHUYTOXKEHHE AareHTa,
BBI3BABIIIETO STO IMOBPEXK/IEHUE, M HA BOCCTAHOBJIE-
HUE TIOBpeXeHHON TKkaHu. OCHOBHYIO POJIb B pea-
JIN3aId MEXaHNU3MOB BOCIAJIEHUS UTPAIOT KJIETKU
BPOXK/IEHHOTO MMMyHHTeTa (Makpodaru, HEHTpo-
(b1, TydHBIE KJIETKHM) U MeIUATOPhI BOCHATIEHUS
(IIUTOKMHBI, XeMOKHHBI, IIPOCTATJIAH/INHBI, KOMIIO-
HEHTHI KOMILIEMEHTA), KOTOPbIE 3aIyCKAIOT U IO/~
Jlep>KUBAIOT BOCHAJIUTEIBHBIN IIpoliece, HHAYIUPYH
aJlalTUBHBIE MEXaHU3Mbl UMMyHHTeTa [5]. Peann-
3amusg MEXaHU3MOB QJalTUBHOTO HMMYHHTETA
bazupyercs Ha crienupUIECKOM CeJIEKTUBHOM B3au-
MO/IEHCTBUH, B OCHOBE KOTOPOTO JIEXKUT IIpe3€eHTa-
OHsA aHTUTEHAa, SABJIAIONIAACA CKOpee TOYEYHBIM
BBICOK02((PEKTUBHBIM CIIOCOOOM BITUMUHAIIUY BO3-
OyauTesisi, HEXKEIU MPOIeCcOM, OA3UPYIOMUMCS Ha
MeXaHH3Max BOCIaIeHUs. B cBOIO ouepesp, 3aKOHO-
MEpHO, 4YTO HeWpOBOCHAJIeHHE — 3TO KOMILJIEKC
MMMYHHBIX U KJIeTOUHBIX peakiuil B IIHC, Bo3HUKa-
IOIIUX B OTBET HA WHQEKIHIO, TPAaBMYy, HIIEMUIO,
HelpoJiereHeparuio Wik ayTOUMMYyHHbIE DEaKI[UHU.

structures, realizing both ontogenetically and as part
of the brain’s regular functioning, determines the
significant differences revealed when comparing
neuroinflammation with “classical” inflammation in
tissues. These differences concern both the differen-
tiated cellular composition and specific cytokine
responses. Furthermore, a specific feature of neuro-
inflammation is the presence of inflammation-induc-
ing pathogenetic mechanisms, such as infectious
agents, autoimmune processes, and others. These
facts form the basis of our review, which focuses on
the pathogenesis and mechanisms of neuroinflam-
mation, as well as potential therapeutic targets.
Before considering neuroinflammation as a spe-
cific process of CNS damage, it is necessary to dwell
on the mechanism and characteristics of this process
and its differences from “classical” inflammation in
tissue. In general, inflammation is defined as a com-
prehensive local vascular-mesenchymal response to
tissue damage, aimed at destroying the causative
agent and at repairing the tissue damaged. The main
role in the operation of inflammatory mechanisms is
played by innate immune cells (macrophages, neu-
trophils, and mast cells) and inflammatory media-
tors (cytokines, chemokines, prostaglandins, com-
plement components), which initiate and maintain
the inflammatory process, inducing adaptive mecha-
nisms of immunity [5]. The operation of adaptive
immunity mechanisms is based on a specific selec-
tive interaction, caused by antigen presentation,
which is more of a targeted, highly effective way of
eliminating the pathogen than an inflammation-
induced process. In turn, it is natural that neuroin-
flammation is a set of immune and cellular reactions
in the CNS in response to infection, injury, ischemia,
neurodegeneration, or autoimmune reactions.
Neuroinflammation has several key characteris-
tics. Unlike “classical” inflammation, glial cells
(microglia, astrocytes, and oligodendrocytes), but
not neutrophils and macrophages, play a leading role
in this process beyond the blood-brain barrier (BBB).
The specific cell subset profile, as well as the isolation
of the pathological process, determine specific char-
acteristics. In particular, the inflammatory response
is limited by the BBB, which prevents the migration
of immune cells. In other words, the inflammatory
cascade within the BBB is realized via primarily by
local cell subsets rather than migrating cellular ele-
ments. In general, a number of certain analogies can
be traced within the inflammatory cascade, primarily
associated with the cytokines involved in inflamma-
tory reactions, in particular IL-1B, TNF-a, IL-6,
MCP-1, etc. However, it should be emphasized that
even in insignificant concentrations, these inflam-
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HetipoBocmasieHrie nMeeT pPsf KIIIOYEBBIX OCO-
OeHHOCTEH. B oT/inume 0T «KJIacCHYecKOro» BOCIa-
JIeHUsA, KJIIOUEBYIO POJIb B peayin3alluy JTaHHOTO
mmporiecca 3a IpefiesiaMu TeMaTOdHIepaTnIecKoro
O6apbepa (I'9B) urparoT riuaabHble KIETKH (MUKPO-
IJIVSI, aCTPOITUTHI U OJIUTOJIEHIPOLIUTHI), a He Hel-
Tpodmwibl u Makpodaru. Cmenuduyeckuii HabOp
KJIETOUHBIX 3JIEMEHTOB, a TAKXKe U30JIMPOBAHHOCTH
MaTOJIOTHYECKOTO Ipoliecca 00yCIOBIUBAIOT PE3H-
JIEHTHBIE 0COOEHHOCTH, B YACTHOCTH, TO, UTO BOCIIA-
JIUTENIbHASA peakius orpaHuyeHa ['DbB, KOTopbId
MPEMATCTBYeT MUTPAIUM UMMYHHBIX KJIETOK, T.€.
BOCITAJIUTETbHBIN KACKa/ B TIpejiesiax ['Ob peanu3sy-
eTCsl MIPEeNMYIIECTBEHHO 32 CUeT MECTHBIX KJIETOU-
HBIX TOMYJ/IANNH, a He MHUTPUPYIONIUX KJIETOUHBIX
5JIEMEHTOB. B 1e710M B paMKax BOCHAJIUTEIHHOTO
KacKajja IPOCJIeKUBAETCS PAJ, ONlpe/ieIeHHBIX aHa-
JIOTHH, TJIAaBHBIM 00pa30M 6a3UPYOIKUXCS Ha IUTO-
KUHAX, IPUHUMAIOIINX YYACTHE B BOCIATUTETHbHBIX
peakiusx, B uactuoctu IL-1, TNF-q, IL-6, MCP-1 u
np. OmHAKO ciiefyeT ceaTh aKIEeHT Ha TOM, 4TO
VKa3aHHBIe BOCHAJIUTEJIbHbIE MEQUATOPHI JJa’Ke B
He3HAYUTEJIbHBIX KOHI[EHTPAI[UAX MOT'YT OKa3bIBaTh
CaMOCTOSITEJIbHOE IOBPEXKJAoliee JlelicTBUE Ha
HEWPOHBI. YUUTHIBASA BBICOKYIO AuGdEpEHINAIIIIO
HEPBHOU TKAHU, €e BBICOKYIO UyBCTBUTEJIBHOCTH K
OKCUZIAaTUBHOMY CTpecCCy, IIpPOIlecC BOCHAJIEHUS B
IIHC MmokeT HOCUTD KpaliHe JIeCTPYKTHUBHBIHN Xapak-
Tep, 0OYCJIOBJIEHHBIN HE CTOJIBKO MTEPBUYHBIM IIPsi-
MBIM JIEHCTBHEM MOBPEKIAIOIIETO areHTa, CKOJIbKO
peakuaMu OTBeTa Ha MOBPEXK/IEHHE, B YaCTHOCTHU
peaknusaMu HelpoBocmaneHus. Takum o6pasom,
HEUPOBOCIIAJIEHHE  MOXKHO  paccMaTpUBaTh ¢
HECKOJIbKUX TOUEK 3PEHUs: 1) KaK 3aIUTHBIA MeXa-
HU3M (SJIMMUHAIUA TATOTEHOB, pemapars TKa-
Hell); 2) KaK MaTOJIOTUYECKUH IPOIlecC — Hapyle-
HUe PETyJISIIIH U CTEIIeH! BEIPAXKEHHOCTU HEHPOBO-
CHajeHus B OCTPOM IIEPHOJiE U, CJIEA0BATEJIHHO,
nopakenue TkaHedt IJHC BesescTBue rumepak-
CIIPeCCHUU MeIUAaTOPOB BOCHAJIEHNU; 3) Kak (aKTop,
3aIyCKAIINNA MeEXaHU3Mbl HEHpOJIereHepaIuu
(bonesunp Anbireiimepa, 6o0se3Hb IlapKkuHCOHA),
CJIEJICTBUEM KOTOPBIX SABJISIOTCSA JEMUETMHU3AIUS
(paccessuabiit  ckepo3 (PC), nerikosHnedaiona-
THUH), KOTHUTUBHBIE U TICUXUATPUUYECKUE PACCTPOI-
cTBa (menpeccus, musoppenus) [6—8].

IIATOTEHETUYECKUE MOJAE/JIU
HEWPOBOCIIAJIEHU A

Hesb3st He cka3aTh O CJIOKHOCTSX U3yUeHUsI HeH-
poBocnasienus. HelipoHayKu B 11€JIOM Ha CETOJHSIII-
HUH MOMEHT SIBJITIOTCS OOIIEMHPOBBIM TPEHOM,
OTHAKO KAaK CJIOKHOCTh OPTaHU3AIUU CTPYKTYPHI
IIHC B mesiom, Tak ¥ OTAEIBHO B3ATHIX COCTABJISIO-

matory mediators can independently damage neu-
rons. Given the high differentiation of nervous tissue
and its high sensitivity to oxidative stress, the inflam-
matory process in the CNS can be extremely destruc-
tive, caused not so much by the primary direct action
of the causative agent, as by the response to injury, in
particular, neuroinflammation reactions. Thus, neu-
roinflammation can be considered from several
points of view: (1) as a protective mechanism (patho-
gen elimination, tissue reparation); (2) as a patho-
logical process — disturbance of regulation and sever-
ity of neuroinflammation in the acute phase and,
consequently, damage to CNS tissues due to hyper-
expression of inflammatory mediators; (3) as a factor
triggering the mechanisms of neurodegeneration
(Alzheimer’s disease, Parkinson’s disease), leading
to demyelination (multiple sclerosis (MS), leukoen-
cephalopathies), cognitive and psychiatric disorders
(depression, schizophrenia) [6—8].

PATHOGENETIC MODELS
OF NEUROINFLAMMATION

The complexities of studying neuroinflammation
cannot be overlooked. Neuroscience is currently a
global trend, but the complexity of both the structure
of the CNS as a whole and its individual components
significantly limits the ability to obtain objective
knowledge, not to mention its practical application.
Within medical science, the study of CNS damage,
primarily urgent and disabling conditions, was
undoubtedly based on the search for ways to influ-
ence the pathogenic process. However, the lack of a
comprehensive approach to studying this topic has
led to the emergence of numerous pathogenetic
models for the development of various infectious and
non-infectious CNS lesions, of which five are the
most substantiated and significant. According to the
infectious-immune model, viruses and bacteria acti-
vate microglia and astrocytes, followed by cytokine
activation and the development of neuroinflamma-
tion (e.g., HIV-associated dementia, post-herpetic
encephalitis). The autoimmune model is based on
data on MS and autoimmune encephalitis: according
to this model, there is a deterioration in the tolerance
of immune cells to myelin proteins, leading to auto-
aggression and demyelination. According to the neu-
rodegenerative model, microglia is activated by
B-amyloid (in Alzheimer’s disease), with the subse-
quent development of chronic inflammation, and in
Parkinson’s disease — by a-synuclein [6, 9]. Accord-
ing to the neurovascular model (stroke), non-pene-
trating and penetrating injuries lead to BBB disrup-
tion and subsequent infiltration of immune cells
(microglia and astrocytes) [8]. A separate dual-hit
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IUX ee eTUHUI] CYIIeCTBEHHO OTPAHUYUBAET BO3-
MOKHOCTh TIOJIyYeHUs OOBEKTUBHBIX 3HAHWH, HeE
roBOPs yke 00 MX MPUKJIAJHOM aciiekTe. B pamkax
MEIUIIMHCKOU HayKu uidyueHue mopakenus [[HC
KaK B OCHOBHOM YPT€HTHBIX ¥ HHBAJIUIU3UPYIOIIHX
COCTOSTHUM, 6e3yCcI0BHO, 6a3MPOBATIOCh HA IIOHMCKE
CII0COOOB BO3JIEMCTBHUS HAa MATOT€HETUYECKUI MPO-
necc. OJTHAKO OTCYTCTBHE KOMILJIEKCHOTO IO/IX0/1a B
U3yYEeHUM JAaHHOW TeMbI IMPUBEJIO K IOSBJIEHUIO
MHOJKECTBA IATOTEHETUYECKUX MOjesIel pa3BUTHUs
Pa3JIMYHBIX HHQEKIMOHHBIX U HEWH(PEKIHOHHBIX
nopaxkeauit ITHC, cpei KOTOPBIX BBIJEJAIOT IATH
Hanbosiee 0OOCHOBAaHHBIX M 3HAUMMBIX. CoryiacHO
WHOEKITMOHHO-UMMYHHON MOJIENTA, BUPYChI U OaK-
TEPUU AKTUBHUPYIOT MUKPOTJIUIO U ACTPOIUTHI C
MTOC/IEAYIONEN aKTHUBAIUEH NUTOKWHOB W Pa3BU-
THEM HelpoBocmanenus (Hampumep, BHWY-acco-
IUUPOBAHHAsI IEMEHITHs, IOCTTEPIIETHUECKUE FHITE-
danmuTer). AyTonMMyHHasi MOZIETb OCHOBaHA Ha JTaH-
HeIx no PC u ayrouMMyHHBIM 3HIedaTUTaM:
COTJIACHO 3TOM MOJIeJH, IPOUCXOUT HapyIIeHHe
TOJIEPAHTHOCTA UMMYHHBIX KJIETOK K OeJIKaM — Mue-
JIMHAM, IPUBOJISAIIEE K ayTOATPECCUH U JIEMUEJTHU-
3anuu. CorsiacHO HeHpOo/JereHepaTUBHOU MOJIeJH,
AKTUBANMS MUKDPOIJIMUA ITPOUCXOAUT IMOCPEACTBOM
B-ammnonza (mpu 6osie3Hu AsblirefiMepa), ¢ Aajib-
HEHIUM pPa3BUTHEM XPOHHUYECKOTO BOCIAJIEHUS,
a mnpu OosiesHu IlapkuHCOHA — TIOCPEACTBOM
a-cuHyKyIenHa [6, 9]. CoracHO HEHPOCOCYAUCTOH
Moziesiu (MHCYJIBT), HEIPOHUKAIOIINE U MIPOHUKAIO-
I[Fe TPaBMBbI IPUBOJAT K HapylleHuo ['9b u nocie-
JIyoleld  WHQUIBTpAIUY HUMMYHHBIX  KJIETOK
(Mmukpornu u acrporuToB) [8]. OT/esbHO BhIIESA-
eTcsl THUIOoTe3a «IByX yzaapoB» (mpemnoxkena C.H.
Hawkes et al., 2007), koTopas 4aiiie paccMaTpuBa-
eTCsl B KOHTEKCTe HeHpo/lerTeHepaTUBHBIX 3a001eBa-
HU# (IpeuMyIIeCTBEHHO B 3THOIIATOTeHe3e 00Ie3HU
[TapkuHCcoHa). CorytacHO 3TOU TUIIOTE3€e, HAYaJIbHbIE
cranuu  3a00JIeBaHUS MOTYT HHUIIMHUPOBATHCS
nHbekuelr (Hampumep, dYepe3 OOOHATEIHHYIO
JIYKOBHILYy U OJIy>KITAIONUA HEPB, BCJIEJICTBHE reMa-
TOT€HHOU Wiu JIUMGOTeHHOW JUCCEMHUHALNH) —
MEPBBIH «yZap», a BTOPBIM «yAapOM» SIBJISETCS
HapyIIeHUe 3JITUMHUHAIIUN aTOJIOTHYECKUX arpera-
TOB O-CUHYKJIEMHA, YCUJIUBAIOIee HelpojereHnepa-
nuio [10]. [Ipu gaspHeIeM U3ydeHuu OHOXUMUYe-
CKUX MEXaHW3MOB B paMKaxX JaHHOU THIIOTE3BI
BBISICHUJIOCH, YTO TIEPBBIN «yAap» CBSA3aH C JIOKAIb-
HBIM BOCIT&JIEHHUEM, OIIOCPE/IOBAHHBIM ITpOCTaTJIaH-
auHoM E, (PGE ) 1 BbI3BaHHBIM Pa3TMYHBIMHU I1aTO-
JIOTHYECKUMHU cOCTOSHUAMU (MHGEKITUAMU, TPaB-
MOWU, HeHpojereHepalueii), a BTOpOU «ymap» — ¢
BBIJIEJIEHUEM BHEKJIETOYHOTO aJIeHO3BUHTPHUDOC-
data (ATP) moBpeXkIeHHBIMU KJIETKAMH, KOTOPBIH

hypothesis, proposed by Hawkes et al., 2007, is often
considered in the context of neurodegenerative dis-
eases (primarily in the etiopathogenesis of Parkin-
son’s disease). According to this hypothesis, the ini-
tial stages of a disease can be initiated by infection
(for example, through the olfactory bulb and vagus
nerve, due to hematogenous or lymphogenous dis-
semination) — the first hit, and the second hit is dete-
rioration in the elimination of pathological aggre-
gates of a-synuclein, which enhances neurodegener-
ation [10]. Further study of the biochemical
mechanisms within this hypothesis revealed that the
first hit is associated with local prostaglandin E2
(PGE2)-mediated inflammation caused by various
pathological conditions (infections, trauma, neuro-
degeneration), and the second hit is associated with
the release of extracellular adenosine triphosphate
(ATP) by damaged cells, which enhances the inflam-
matory response due to the P2-receptor activation
and hyperproduction PGE2 hyperproduction. This
events forms a cycle that increases neuroinflamma-
tion [11]. By now, it has become clear that all of the
above-mentioned pathogenetic models of various
infectious and non-infectious CNS lesions have a
single pathogenetic mechanism — neuroinflamma-
tion. The specific features of this mechanism in each
individual case determine significant differences in
the course and prognosis of disease.

NEUROINFLAMMATION
IN INFECTIOUS DISEASES

To better understand the processes involved, we
believe, it makes sense to examine neuroinflamma-
tion using the example of benign infectious CNS
lesions, one of which is viral meningitis. The devel-
opment of neuroinflammation in other infectious
and non-infectious pathologies modifies this pro-
cess, leading to different types of clinical course and
potential consequences for these entities. It should
also be noted that infectious meningitis initiates
immune responses in the CNS that can vary in dura-
tion, including after an exacerbation, leading poten-
tially to long-term neurological and cognitive com-
plications. In infectious meningitis, neuroinflamma-
tion develops according to the following pattern:
activation of resident immune cells (microglia and
astrocytes) occurs, so microglia acts as primary
phagocytes and respond the first to damage. In case
of infectious damage to the dura mater, microglial
cells become activated and transit from the Mo (rest-
ing) phase to the M1 (pro-inflammatory) or M2 (neu-
roprotective/reparative) phases, caused by release of
pro-inflammatory cytokines (IL-1f, TNF-a, IL-6)
and reactive oxygen/nitrogen species [12]. Astro-
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VCHJIMBAET BOCIIAJTUTETHHBIN OTBET 32 CUET aKTHUBA-
nuu P2-penientopos u runeprpoaykiuei PGE2. 9to
dopmupyeT HUKJ, YCHIUBAIOIIUN HeipoBocmae-
Hue [11]. K HacTosIemMy BpeMeH! CTaHOBUTCS Ode-
BUJIHBIM, UTO BCE YKa3aHHBIE BBIIIE ITATOTEHETHYe-
CKHe MOJIEJTU PA3BUTHS PAa3TUYHbBIX NH(PEKITUOHHBIX
u HemHpeKIUOHHbIX Topaxkenni [IHC nmeror enu-
HBIA TaTOTEeHETUYECKUH MEeXaHU3M — HeHpoBoOcCIa-
senue. OcoOEHHOCTH YKa3aHHOTO MeXaHu3Ma B
KaXKZIOM KOHKDETHOM CJIydae OIpPeNesIioT 3HAJH-
MBble Pa3JINYUs B TEUEHUH U IPOTHO3€e 32001€BaHMUS.

HEHNPOBOCIIAJIEHUE ITPU UTH®EKIIHU-
OHHDbIX 3ABOJIEBAHUN AX

JI1s1 JIydInero MOHUMAaHUS ITPOUCKXOAANIINX TIPO-
I[eCCOB HEHPOBOCIIAJIEHNE, C HAIIlE TOYKH 3peHus,
panuoHaIBPHO pacCMaTPUBATh HA IpUMeEpPe A00PO-
KauyeCcTBeHHBIX MHDEKITMOHHBIX nopaxkeHuuit [THC,
OJTHUM U3 KOTOPBIX SIBJISIETCS BUPYCHBIH MEHUHTUT.
PazBuTHe HEHPOBOCTIATIEHUS IIPU IPYTUX HHQEKIIH-
OHHBIX U HEMH(EKITNOHHBIX aTOJIOTUAX U3MEeHIeT
YKa3aHHBIN MPOIleCe, IPUBOASA K PA3JIMYHBIM BapHU-
aHTaM KJIMHUYECKOTO TEUEHUS U MOTEHI[UATIHHBIX
MOCJIEZICTBUI YKa3aHHBIX Ho3oJsiorui. Takske cie-
ZIyeT OTMETHTh, UTO WH(QEKIHMOHHbIE MEHUHTUTHI
WHUOUUPYIOT UMMYyHHBIe peakiiuu B ITHC, koTopsie
MOTYT OTJINYATHCA JIJIUTEJIBHOCTBIO, B TOM YHCTIE U
mmocJyie 060CTpeHus, MOTEHIIMATHLHO TPUBO/S K JI0JI-
TOCPOYHBIM HEBPOJIOTUYECKUM U KOTHUTHUBHBIM
ocyiokHeHUAM. [Ipu MHQEKIMOHHBIX MEHUHTUTAX
HEeHpOBOCIAJIEHWe Ppa3BUBAETCA 10 CJIEAYIOIIei
cxeme. IIpoucxomauT aKTHUBAaLUA PE3UAEHTHBIX
HMMYHHBIX KJIETOK (MUKPOTJIMH M acTPOIUTOB) (B
JTAHHOM CJIyuae MUKPOTJIUS BBIMOJIHSET QYHKITUIO
(paronuToOB MEPBOTO MOPSAKA U IIEPBOU pearupyer
Ha noBpexzeHue). [Ipn MHOEKITNOHHOM IOopaske-
HUH TBEPAOU MO3TOBOH 000JIOYKU KJIETKU MHUKPO-
IJIMU aKTUBUPYIOTCA M IepexoasaT u3 ¢assl MO
(mokoit) B paspl M1 (mpoBocnanuTebHas) wid M2
(HefiponpoTeKTUBHAs/pelapaTUBHAsA), W BBICBO-
00KTAIOTCA TPOBOCHIATUTENbHBIE TUTOKUHBI (IL-
1B, TNF-q, IL-6) u akTuBHBIE (pOPMBI KHCIOpOAIA/
azorta [12]. ACTpPOIUTHI, B CBOIO OUEPE/b, IIO/IBEPTa-
IOTCSI PEAKTUBHOMY aCTPOIJIHO3Y, UTO TAK)Ke ITPUBO-
IUT K IPOAYKIINN ITUTOKUHOB, XEMOKHHOB U U3Me-
HeHHIO0 mpoHuraemoctu I'9b. B manpHelmeM 3To
MIO3BOJISIET MPOHUKATH MepUPEPUIECKIM HMMYH-
HBIM KJIETKaM 4Yepe3 TIeMaTO3HIeDaTHIecKuil
6aprep (T-mumdonmram, MOHOIIUTAM, HEUTPODHU-
JlaM), 9YTO JIUIIb YCHJIMBAeT HEUPOBOCIAJIEHUE.
Hefitpodusbl ABisoTcs Hanbosee paHHUMU W3
nepudepuuecKnX KJIETOK, OBICTPO BBIBOIATCS U3
KPOBOTOKA DU aKTUBALIMH DH/IOTEIUS U TPaIUeH-
Tax CXCL-XeMOKHNHOB, a JaJIbHeHIIIee BEICBODOXKIe-

cytes, in turn, undergo reactive astrogliosis, which
also leads to cytokine and chemokine production and
changes in BBB permeability. Further, this allows
peripheral immune cells (T-lymphocytes, mono-
cytes, neutrophils) to penetrate the BBB, which only
increases neuroinflammation. Neutrophils are the
earliest of the peripheral cells, and are rapidly
removed from the blood circulation by endothelial
activation and CXCL chemokine gradients, while the
subsequent release of proteases/metalloproteinases
and proinflammatory mediators leads to increased
tissue edema and microvascular dysfunction [13]. In
turn, recruited during acute injury blood monocytes
actively penetrate the CNS via the endothelial path-
way and through brain-border niches (a significant
axis being CCR2+ monocytes), influencing the pro-
duction of TNF, IL-1, ROS/NO and proteases,
enhancing barrier dysfunction, and recruiting other
immune cells in the acute phase. In the reparation
phase, their role is reduced to phagocytosis of detri-
tus, tissue remodeling, and maintenance of angio-
genesis/remyelination processes [14].

Among T cell subsets, CD4+ cells, using the Th1/
Thi7-like effector response mechanism (IFN-y,
IL-17, etc.), maintain inflammatory activation of
microglia/astrocytes, enhance the recruitment of
myeloid cells, and tissue damage. CD8+ cells may be
responsible for direct cytotoxicity and maintenance
of chronic inflammation (most often in demyelinat-
ing diseases), while Treg are often considered as an
anti-inflammatory/pro-reparative component, a
decrease in its function or disbalance in the effector
cell/Treg system toward the former is associated
with the chronification of inflammation [15]. Changes
in BBB permeability are observed in both bacterial
and viral meningitis, although in bacterial meningi-
tis it usually causes more severe sequelae [12, 16].
Both bacterial and viral meningitis are associated
with increased levels of I1L-6, TNF-a, MCP-1, and
IFN-y in the cerebrospinal fluid (CSF). In viral
(serous) meningitis, cytokine levels increase less
intensely but can persist longer, potentially leading
to the development of chronic neuroinflammation.
Ultimately, microglial hyperactivation leads to indi-
rect synaptic pruning and neuronal apoptosis. This
pathway is largely associated with cognitive decline
after meningitis [12, 16—19].

Despite significant differences, the presence of a
common link between neuroinflammation and “clas-
sical” inflammation — cytokine responses — is clear.
The same cytokines are involved in both infection-
induced neuroinflammation and “classical” inflam-
mation, which essentially allows them to be consid-
ered potential targets for further pathogenetic ther-
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HUe MpoTea3 / MeTa/UIONPOTENHA3 U MIPOBOCIIATH-
TEJIbHBIX METUATOPOB IIPUBOIUT K YCUJIEHUIO OTEKA
TKAaHU W MUKpoOcocyaucTod auchyHkuuu [13]. B
CBOI0O OYepeNlb, PEKPYTHpPyeMble TIPU OCTPBIX
MMOBPEXKAEHUSAX MOHOITUTHI KPOBU aKTUBHO IPOHU-
kaoT B ITHC mo sHAoTeNnasibHOMY IIyTU U 4Yepes
rnmorpaHuyHple HUIKM (3HauuMass ocb — CCR2+
MOHOITUTHI), B OCTPOU (haze OKa3bIBasl BIUSHUE HA
npoayknuio TNF, IL-18, ROS/NO, nporeas, ycuie-
Hue TuchYHKIUU OapbepoB, PEKPYTUPOBAHUE JAPY-
rUX IMMYHHBIX KJIE€TOK. B ¢aze pemapanuu ux poyb
CcBOAUTCA K (ParomurTosy JAEeTpUTa, PEMOEIUPOBa-
HUIO TKAHU U MOJJIEPIKKe IIPOIECCOB aHTHOTeHe3a,/
peMuesmHu3anuu [14].

Cpenn nonynsanuil T-xierok CD4+, ucmnosnb3ys
mexanu3M Thi/Thi17-mogo6HOTO 3ddEKTOPHOTO
otBeta (IFN-y, IL-17 u Ap.), HOJJIEPKUBAIOT BOCIIA-
JIUTEJIPHYIO aKTHBAIUI0 MUKDPOIJIMHU / aCTPOIUTOB,
VCUJIMBAIOT PEKPYTHPOBAHUE MHUEJIOUHBIX KJIETOK
u noBpexaeHue TkaHu. CD8+ MoryT OBITH OTBET-
CTBEHHBI 32 MPAMYIO IIUTOTOKCUYHOCTh U TIOAJIEP-
JKaHUEe XPOHHUYECKOTO BOCHaeHus (Jaie BCEro —
MY IEMUEJTMHU3UPYIOIKUX 3a00JIeBaHusAX), a Treg
YacTO PaCCMaTPUBAIOTCS KAK MPOTHBOBOCIIAIUTEIb-
HBIN/TIPOPENapaTUBHBI KOMIIOHEHT, CHIDKEHHE
(GYHKIM KOTOpPOTO WJIM HW3MeHeHHe OayiaHca B
cucreme a¢pexTopHble KaeTku/Treg B CTOPOHY 1ep-
BBIX CBSI3BIBAIOT C XPOHMB3AIlMEed BocmajeHus [15].
N3menenune nporunaemoctu I'Ab Hab0g2€TCA KaK
npu 6aKTEPUATLHOM, TaK U IMPU BUPYCHOM MEHHH-
TUTE, XOTS B C/Iy4asx OaKTephaJIbHBIX MEHUHTHUTOB
OHO OOBIYHO BBIBBIBAET 00Jiee TsKEJbIE IOCTIEN-
cTBus [12, 16]. Kak 6akTepuasibHbINA, TaK U BUPYC-
HBII MEHWHTHUT CBSI3aH C IIOBBIIIIEHNEM YPOBHEH
IL-6, TNF-a, MCP-1 u IFN-y B 1ukBope. [Ipu Bupyc-
HOM (Cepo3HOM) MEHWHTHUTE YPOBEHb HIHUTOKHHOB
MOBBIIIIAETCS MeHee NMHTEHCUBHO, HO MOJKET CoXpa-
HATBCS JIOJIBIIE, BCJIEICTBUE YEr0 BO3MOXKHO Pa3BH-
THE XPOHHYECKOTO HelpoBocHaieHus. B koHeuHOM
cyeTe THUIIEPAKTUBANMS MUKPOIJIMU TPUBOJUT K
OIIOCPEJIOBAHHOMY COKPAI[€HHI0 CHHAIICOB U aIlol-
TO3y HEHPOHOB. DTOT MyTh B OOJIbIIIE CTEIIEHU CBSI-
3aH C yXyAllleHHeM KOTHUTUBHBIX (QYHKIUU IOcje
IepeHeCEHHOT0 MEHUHTHUTA [12, 16—19].

HecmoTpsi Ha 3HAUWMBble OTJIMYHUSA, OUYEBHUIHO
HaJIMYWe eIMHOIO CBA3YIOIIETr0 3BeHa MeXAy Hel-
POBOCHIAJIEHUEM U «KJIACCUYECKUM» BOCITAJIEHHEM —
IIUTOKWHOBBIX peakiuil. Kak mpu wHOEKINOHHO-
00yCJIOBJIEHHOM HEHpPOBOCIAJIEHUH, TaK U IPH
«KJIACCHYECKOM>» BOCITJIEHUH UTPAIOT POJIb OJTHU U
Te JKe IUTOKUHBI, YTO, 110 CYTH, ITO3BOJISIET paccMa-
TPUBATh UX KAK MIOTEHI[HATbHbIE MUIIIEHH JIJIs JAJTb-
HEUIeN MaToreHETHYEeCKOU TepaIiy BhIIEyKa3aH-
HBIX cocTossHuU. Cpeau KIIOUEBBIX IUTOKHHOB

apy of these conditions. Among the pivotal cytokines,
several molecules deserve special attention.

Interleukin-6 (IL-6) is a multifunctional cytokine
of the acute phase and a key mediator between innate
and adaptive immunity. IL-6, whose level rapidly
increases in the CSF in bacterial and viral meningitis,
provides hyperproduction of acute-phase proteins in
the liver and is involved in Th17 cell differentiation,
which enhances the recruitment of neutrophils to the
CNS [20]. In serous (in particular, enteroviral) men-
ingitis, IL-6 levels in the CSF are often moderately
elevated and correlate with the severity of headache
and meningeal syndrome, but not always — with the
severity of outcome [21].

Tumor necrosis factor-a (TNF-a) is one of the
main proinflammatory cytokines that triggers the
inflammatory cascade. In meningitis, it activates
endothelial cells, increases the expression of adhe-
sion molecules (ICAM-1, VCAM-1), which facilitates
the migration of neutrophils into the CNS [22], and
increases BBB permeability, which can lead to cere-
bral edema and increased intracranial pressure. In
high concentrations, it can induce apoptosis of neu-
rons and oligodendrocytes. In bacterial meningitis,
the level of TNF-a in the CSF significantly correlates
with severity of the course and an unfavorable prog-
nosis [23]. In serous virus-induced inflammation,
TNF-a is moderately elevated, but is still associated
with fever and meningeal symptoms. It should also
be noted that the study of the cytokine profile in
aseptic lesions of the dura mater (aseptic meningitis)
also demonstrated an increase in the concentration
of these cytokines, which confirms the generality of
the pathogenetic mechanisms of neuroinflamma-
tion [24].

Monocyte chemoattractant protein-1 (MCP-1) is a
chemokine responsible for migration monocytes,
macrophages, and T-cells to sites of inflammation. In
meningitis (especially in viral serous), it plays a lead-
ing role in recruiting monocytes to the CNS. Elevated
levels of MCP-1 in the CSF are observed in enterovi-
ral and herpetic meningitis; their concentration cor-
relates with lymphocytic pleocytosis [25]. MCP-1
causes a chronic or lingering course of serous menin-
gitis, promoting the persistence of inflammatory
infiltrates in the pia mater. Recently, the role of this
cytokine in various inflammation-induced patholo-
gies has been increased. Data on its significant con-
tribution to the immune response differentiation, in
particular, type I and II hypersensitivity reactions,
began to appear [26, 27]. A significant role of MCP-1
in the development of a number of conditions associ-
ated with systemic inflammation, especially in pedi-
atric practice, has also been reported [28].
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MOXKHO BBIJIEJIUTD PSAJ, MOJIEKYJI, 3aCIIYKHUBAIOIIIX
0c060r0 BHUMAHHUS.

Nureprnetikun-6 (IL-6) — MypTHGOYHKIIMOHATb-
HBIA IIUTOKUH OCTPOU (hasbl, KJIIOUEBOH MeETUATOP
MEKTy BPOXKAEHHBIM U aJJAlITUBHBIM HMMMYHUTE-
ToM. IL-6, ypoBEeHBb KOTOPOTO OBICTPO MOBBIIIAETCS B
crimHHOMO3TOoBOU >kuakocta (CMOK) npu OGakrepu-
aJIbHBIX W BUPYCHBIX MEHUHTUTAX, CTUMYJIUPYET
MIPOAYKIIUIO OEJTKOB OCTpOU (pa3hl B IEUEHH, yda-
crByeT B nuddepennuposke Th17-Ki1eTok, 4To ycu-
JIuBaeT pekpyrupoBanue HeliTpoduaos B ITHC [20].
IIpu cepo3HbIX (B YACTHOCTH, 3SHTEPOBUPYCHBIX)
MeHuHTruTax ypoBeHsb [L-6 B CM2K yacto ymepeHHO
TIOBBIIIIEH U KOPPEJIUPYET € BBIPAXKEHHOCTHIO TOJIOB-
HOH OOJIN W MEHUHTeaJbHOTO CHUHAPOMAa, HO He
BCera — ¢ TSKeCThIo ucxona [21].

daxTop Hekposa omyxosu-a (TNF-a) — ogun us
IJIaBHBIX IIPOBOCHAJIUTEJIbHBIX IIUTOKWHOB, 3aIly-
CKAIOIMHU Kackaj BocraysieHudA. [Ipy MeHHMHTHTaxX
aKTUBUPYET SH/IOTEIUAIbHbIE KJIETKH, IOBBIIIAET
sKcmpeccruio mosiekys aare3un (ICAM-1, VCAM-1),
uro obJieryaer murpanuio HedtpodpwiaoB B I[HC
[22], moBeIaeT mpoHUAaeMocTh I'DB, UTO MOKeT
npuBecTd K GOPMUPOBAHHUIO OTEKA MO3Ta U IOBBI-
[IEHUI0 BHYTPUYEDPEIHOTO JaBJIeHHA. B BBICOKHX
KOHI[EHTPAIIUAX MOKET HHAYIHPOBATh aIoITo3
HEUPOHOB U OJIUTOJIEHAPONUTOB. [Ipu 6akTepmab-
HBIX MeHUHrurax ypoBeHb TNF-a B CMXK 3naun-
TEJIbHO KOPPEJIUPYET C TSKECTHIO TeUueHus U Hebia-
TONPUATHBIM IporHo3oM [23]. IIpu cepo3HoM Boc-
MMaJIeHU Y, UHAYIIIPOBAHHOM BHPYCHBIMU areHTaMU,
TNF-a noBblllleH yMEPEHHO, HO Bce K€ aCCOLUUPO-
BaH C JIMXOPAJKOM M MEHUHTeaJIbHBIMU CHUMIITO-
mamu. CiefyeT TakKe OTMETUTb, YTO H3YUYeHUE
IIUTOKUHOBOTO NPOMWIA MPHU acENITUIYECKOM Iopa-
JKEHUHM TBEPJIOH MO3TOBOU 000s10uKu (acemTuue-
CKUU MEHUHTHUT) TaK)Ke MPOJEMOHCTPHUPOBAJIO yBe-
JINYEHNE KOHIIEHTPAIlMH YKAa3aHHBIX ITUTOKUHOB,
UTO TOATBEPIKAAET OOIIHOCTh IATOTEHETHYECKUX
MeXaHU3MOB HeHpoBocaieHus [24].

MOHOITUTAPHBIA XE€MOATTPAKTAHTHBIA OeToK-1
(MCP-1) — XeMOKHH, OTBETCTBEHHBIN 3a IIPHUBJIEUe-
HHEe MOHOLMTOB, MakpodaroB u T-KjJeTok B ouar
BocliayieHUs. [IpM MEHMHIHUTaX HIPAET BEAYIIYIO
posb B pekpyrupoBaHuu MoHonutoB B ITHC, oco-
0EHHO TIpU BUPYCHBIX CEPO3HBIX MEHUHTHUTAX.
IToBbimennbie ypoau MCP-1 8 CM2K Habmoqat0TCA
IIpU HHTEPOBUPYCHOM M TepIeTHYecKOM MeHUH-
TUTe; UX KOHI[EHTPAIUs KOPPeIUpyeT ¢ JUMQOIU-
TapHBIM ILTe0IIUTO30M [25]. MCP-1 06ycitoB/IMBaeT
XPOHHYECKOe WU 3aTsKHOe TeueHHe CepO3HBIX
MEHHHTHUTOB, CIIOCOOCTBYSI IIEPCUCTEHITUN BOCIAIU-
TEJIbHBIX UH(PUIBTPATOB B MIATKUX MO3TOBBIX 060-
Jloukax. B mociiesiHee BpeMs BO3pacTaeT poJib yKa-

Interferon-y (IFN-y) is a key cytokine of the Th1
response, an activator of macrophages and microg-
lia. In meningitis, it enhances the expression of
major histocompatibility complex class II (MHC-II)
molecules, increases the potential for antigen pre-
sentation, and stimulates the production of nitric
oxide and reactive oxygen species [29]. Viral serous
meningitis (e.g., infection caused by the Epstein-
Barr virus (EBV) or herpes simplex virus (HSV),
mumps) is accompanied by a significant increase in
the CSF level of IFN-y. This cytokine maintains lym-
phocytic inflammation, and its level correlates with
fever, as well as cellular and protein pleocytosis.
High levels of IFN-y are sometimes associated with a
more lingering course of the disease [30].

It is well known that levels of proinflammatory
cytokines increase significantly during the acute
phase, often even before the onset of pleocytosis, and
then often decrease to reference values during the
recovery phase. This was demonstrated in a series of
prospective studies with repeated lumbar punctures
in children with enteroviral meningitis [29].

The influence of the etiologic agent on the cyto-
kine profile is also significant. When comparing bac-
terial and viral processes, the level of cytokines dif-
fered significantly: in viral meningitis, the concen-
tration of IL-6, MCP-1, IL-8 and IFN-y was higher
than in the control group, but dramatically lower
than in bacterial meningitis, while a significant role
of MCP-1 in the viral process was noted [31]. With
regard to the relationship between cytokine status
and clinical manifestations, serous meningitis in the
vast majority of cases is associated with a milder
course compared to bacterial meningitis. However, it
is worth noting that in serous meningitis, a long-
term increase in the CFS level of IL-6 and MCP-1 is
often observed. Considering the fact that even in
moderate concentrations, cytokines can damage
neurons via microglial cell hyperactivation, their
long-term production forms a negative basis for the
possible maintenance of a site of chronic inflamma-
tion, which can clinically manifest as long-term neu-
rological and cognitive impairment.

Among the specific, rare forms of meningitis,
Mollaret’s meningitis is distinguished — recurrent
aseptic (serous) meningitis first described by the
French neurologist Pierre Mollaret in 1944. The dis-
ease is characterized by recurring episodes of menin-
geal syndrome (headache, stiff neck, photophobia,
fever), interspersed with long-term asymptomatic
remissions. This disease was considered idiopathic
for the longest time, but modern research points to
the leading role of herpes viruses, primarily HSV-2,
and, less commonly, HSV-1, varicella zoster virus,
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3aHHOTO ITUTOKWHA IIPU DPA3JIMYHBIX IATOJIOTHUSX,
CBA3AHHBIX ¢ BocnasieHueM. [oABIIA0TCA TaHHbBIE O
€ro 3HAYUTEJHLHOM BKJIaZle B AuddepeHInanuio
TUIIA UMMYHHOI'O OTBETa, B YAaCTHOCTU DPeaKIINi
runepuyBcrButesnbHoctt I u II tumor [26, 27].
Taxske coobmiaercs o 3Haunmou posu MCP-1 pa3su-
THUU PAZIA COCTOSHUMN, aCCOITMUPOBAHHBIX C CHCTEM-
HBIM BOCIIaJIEHUEM, OCOOEHHO B IMEAUATPUUECKOM
npakTuke [28].

NaTepdepon-y (IFN-y) — KI04YEBOU LHUTOKUH
Thi-otBera, akTUBaTOpP MaKpoharoB U MUKPOTJIUU.
IIpu MeHUHTUTAX YCUJIUBAET HKCIIPECCUI0 MOJIEKYJI
IJIAaBHOT'O KOMILIEKca rucrocoMecrumoctu II tuna
(MHC-II), moBbIllIaeT IOTEHIHAT IIPE3EHTAIUU
AHTUTEHA, CTUMYJIMPYeT MPOAYKIIUIO OKCU/A a30Ta U
peakTuBHBIX (opMm Kucioposma [29]. BupycHble
Cepo3Hble MEHUHTUTHI (HapuMep, Npu HHQEKINH,
BBI3BAHHOU BUpycoM Jmmreiina — bapp (BIB) wim
herpes simplex virus (HSV), snuaemMuyeckoM mapo-
TUTE) COMPOBOXK/IAIOTCA 3HAUUTEHHBIM IOBBIIIIE-
"ueM IFN-y 8 CM2K. 3TOT IUTOKUH NOAAEP>KUBAET
suMdonuTapHOe BOoCIaJIeHNe, a eT0 YPOBEHb KOppe-
JIUPYET C JINXOPAJKOH, a TaK:Ke KJIETOUHBIM U OeJi-
KOBBIM IIEOIIUTO30M. Bricokue ypoBau IFN-y nHO-
I7la aCCOLMUPOBAHEI ¢ OoJlee 3aTSKHBIM TeUeHHEM
3aboseBanus [30].

XopoII0 M3BECTHO, YTO YPOBEHBb IIPOBOCIAJIU-
TeJIbHBIX IIUTOKWMHOB 3HAYHUTEJIFHO BO3pAacTaeT B
OCTPOM IIEPUO/IE, HEPEJIKO JaKe /10 TOSIBJIEHUS TIJIe-
OIIUTO33, a 3aTEM 3a4aCTyI0 CHUKAETCH JI0 HOPMaJIb-
HBIX 3HAUEHUU B (pa3e BBI3ZIOPOBJEHUA. ITO OBLIO
MIPOZIEMOHCTPUPOBAHO B CEPUU IPOCHEKTHBHBIX
HCCJIEIOBAHUH € TOBTOPHBIMU JIIOMOAJIBHBIMU
IIyHKIUSAMH y IeTell ¢ SHTEPOBUPYCHBIMHU MEHUHTH-
Tamu [29].

BiuaHue 3THOJIOTMYECKOrO areHTa Ha IJUTOKH-
HOBBIN ITPOodUIIb TaKKe 3HAUUTENbHO. [Ipu cpaBHe-
HUH OaKTepUaJIbHOTO W BHUPYCHOTO IpOIlecca ypo-
BeHb IIUTOKHMHOB CYIIECTBEHHO OTJIWYAICA: IIPU
BUPYCHOM MeHUHTHUTe KOoHIeHTparusa 1L-6, MCP-1,
IL-8 u IFN-y ObLn BbIllle, YeM B KOHTPOJIHHOM
rpyIIe, HO 3HAYUTEJIPHO HIKE, YeM IpU GaKTepu-
aJIbHOM MEHUHTHUTE, IIPU 3TOM OTMeYasach 3aMeT-
Hast posb MCP-1 B BupycHom mporiecce [31]. Uto
KacaeTcs CBA3M LIUTOKUHOBOTO CTaTyca U KJIWHUYe-
CKUX IIPOSIBJIEHUH, TO CEPO3HbIE MEHUHTUTEHI B IIO7A-
BJISIIOIIEM OOJIBIITUHCTBE CJIyYaeB aCCOIMHUPOBAHBI C
0oJ1ee JIETKUM TeUeHHEM B OTJINYHE OT OAKTEPHAIIb-
HBIX MEHUHTUTOB, OJJHAKO CTOUT OTMETUTD, UTO IIPHU
CEPO3HBIX MEHUHTHUTAX HEPEIKO HAOJII0IaeTCs JJTu-
TeJbHOE TIoBBIIIeHUe ypoBHA IL-6 1 MCP-1 B suk-
BOpe. YUHUTHIBAasA TOT QaKT, UYTO Jla’Ke B YMEPEHHBIX
KOHI[EHTPAIUAX [TUTOKUHBI MOTYT IIOBPEXK/AATh HEH-
POHBI IIyTeM THIIepaKTHUBAIlUU KJIETOK MUKPOIJINH,

EBYV, and cytomegalovirus. Unlike bacterial menin-
gitis, Mollaret’s meningitis is mild and is not associ-
ated with a high mortality rate. It differs from other
viral meningitis by the recurrent nature and typical
association with HSV-2 [32—34]. The cytokine pro-
file in Mollaret’s meningitis is characterized by a
strong local chemokine response in the CNS with a
minimal systemic reactions (high levels of
CXCL10/11, etc.), which confirms the leading role of
“intracerebral” generation of mediators [35].

CONCLUSION

Cytokine responses are the backbone of neuroin-
flammation, and studying their characteristics in
various neuroinflammation-associated diseases pro-
vides the basis for developing effective programs to
target inflammatory processes localized beyond the
BBB. This, in turn, provides a possible modality for
therapy of these infectious and non-infectious dis-
eases. The characteristics of neuroinflammation,
including new data obtained in studying the cytokine
role in inflammation, are fundamental to under-
standing the course and outcome of CNS patholo-
gies. Taking into account the above, targeting cyto-
kine responses can be considered a potential mecha-
nism for modulating neuroinflammation and,
consequently, for the treatment of inflammatory dis-
eases of the CNS.
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UX JUINTEJbHAs TPOAYKIUS (OPMUPYET HEraTHB-
HyI0 6a3y Il BOBMOXKHOTO IO/IZIEPKAHMSA odara C
Pa3BUTHEM XPOHHUUECKOTO BOCITAJIEHUS, YTO KJIIMHU-
YECKU MOKET MIPOSIBIISITHCS JOJITOCPOYHBIMU HEBPO-
JIOTUYECKUMU ¥ KOTHUTUBHBIMU HaPYIIEHUAMHU.
Cpenu crienuduueckux, peIKUx GopM MEHUHTH-
TOB BbIAessAiOT MeHuHTHT Mosutape (Mollaret’s
meningitis) — pelnuaUBUPYIONINN acenTUYeCKUi
(cepo3HBIIT) MEHUHTHT, BIIEPBbIE OITMCAHHBIN QpaH-
my3ckuM HeBposiorom Pierre Mollaret B 1944 r.
3aboseBaHNEe XapaKTePU3YeTCsA MOBTOPSAIOTUMUCS
SMHU30/IaMU MEHHHTEeIHHOTO CHHApPOMa (TOJIOBHAS
060JIb, PUTHAHOCTh 3aTHIJIOYHBIX MBI, (HOTOdO-
Ous1, TUXOPa/iKa), MKy KOTOPBIMU HAOJIIOAAI0TCS
JUTATEIbHbIE OeCCUMIITOMHBIE pemuccuu. JanHoe
3a00sieBaHUE JI0JITO€ BPEMS CUMTAJIOCHh WUJIUOTIATH-
YECKUM, OJTHAKO COBPEMEHHbIE UCCJIEIOBAaHUA yKa-
3BIBAIOT HA BEIYIIYIO POJIb T€PIIEC-BUPYCOB, IIPEKE
Bcero HSV-2, pe:xke HSV-1, varicella zoster virus,
B3B u muromerasioBupyca. B ominunie ot 6akTepu-
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JIBHBIX MEHUHTUTOB, MEeHUHTUT MoJsutape mporte-
KaeT He B TsOKesJod (opMe U He acCOIMUPOBAH C
BBICOKOHM JIETAJIBHOCThIO. OT JPYTMX BUPYCHBIX
MEHHUHTHUTOB OTIMYAETCS PEIUANBUPYIOIINM XapaK-
TEpOM W TUIIMYHOU accoruanuen ¢ HSV-2 [32-34].
B oTHOIIIEHUY IUTOKUHOBOTO TPOM IS /I MEHUH-
ruta MoJsutape xapakTepeH MOIIHBIM XeMOKHUHOBBIN
oTBeT JoKasibHO B [IHC mpu MUHUMaIbHOM CHCTEM-
HOM ¢oHe (Bpicokuii ypoBenb CXCL10/11 1 /ip.), 4TO
IIO/ITBEPIK/IAET BEAYIILYI0 POJIb «BHYTPHMO3TOBOM»
reHepamnuy MeJInaTopoB [35].

3AK/JIOYEHUE

[IUTOKWHOBBIE PEAKIIUU COCTABJISIIOT OCHOBY
HENPOBOCITAJIEHHs, 2 U3yUYEeHHE UX OCOOEHHOCTEH
[IPY Pa3JINYHBIX 3a00I€BaHUAX, B TATOTEHE3€E KOTO-
PBIX Beaylas poJyib IPUHAJIEKUT HEUPOBOCIAJIe-
HUIO, SIBJIsIeTcsA 0a30¥ s pa3paboTku apdekTuB-
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