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Hogbie METO/IbI JIeUEHH ST IPU CETICHCE:
MO/IeJIM Ha JKMBOTHBIX <He paboTaioT> (0030p)*
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New Approaches to Treat Sepsis: Animal Models «<Do Not Work» (Review)*

Jean-Marc Cavaillon

Institut Pasteur, 25-28 Rue du Dr Roux,75015 Paris, France

Cericuc, Kak 1 MHOTHE TIATOJIOTHYECKYE NH(MEKITHOHHDIE TPOTIECCDHI, B OCHOBHOM U3YYAETCsI i1 0iv0 C UCTIOIb30-
BaHUeM Mojiesieil Ha Mblinax. 3a nocsegaue 30 Jiet mog00HbIe UCCIeA0BAHUST TIPUBEIU K 3HAUMMBIM JIOCTUKEHUSIM
B IIOHMMaHuU narodusuonarosoruu cercrca. OIHAKO, K COKAJIEHIIO, HU OHO U3 HUX HE TPUBEJIO K KAKUM-I100
«OTKPBITUSIM» B TEPAITUK HAIMEHTOB. B HacTostieM 0630pe Mbl CTABUM 10/l COMHEHUE AKTYaIbHOCTD UCTIOJIb3YEMbIX
DKCIEPUMEHTAIbHBIX MOJIEJIEH, [IEPEYCIIUM HEKOTOPbIE 13 PEIKO IPUHUMAEMBIX BO BHUMAHUE ACIIEKTOB U 00CY UM

IIyTH BbIXO/la N3 CO3/IaBIIETOCA TyIINKa.

Kmoueeswvte caosa: mooenu na HCUBOMHDBLY, JleueHue cencuca

Like many other pathological infectious processes, sepsis is mainly studied in vivo using mice models. Over the
past 30 years, such studies have led to significant achievements in understanding of the sepsis pathophysiology. How-
ever, unfortunately, none of them led to any «discoveries» in the treatment of patients. In this review, we question
the relevance of the experimental models applied, list some aspects rarely taken into account and discuss ways to re-

solve the deadlock.
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59, 230, 58—60. ITepeBos ¢ (hpaHIY3CKOTO BHITIOJTHEH

bupmoii «Akanemnepeson», Mocksa, Poccus.

A KOpOJIBb-TO roJbIii!

3a nocsentue 30 jiet ObLIO0 BEJMKOJIEITHO TPOJIe-
MOHCTPUPOBAHO U JIOKA3aHO, YTO TIPU CETICUCE 3a/Ieli-
CTBOBAHBI KJIETOUHBIE U MOJIEKYJISIPHBIE MEXAHU3MBI,
MHOTOUHMCJIEHHbIEe MeinaTopbl. HeliTpanusaius aTux
ME/INaTOPOB U KJIETOUHBIX /MOJIEKYJISIPHBIX ITPOIIECCOB
MO3BOJIMJIA CIIACTH KM3HU ThICsdaM J1abopaTOPHBIX
Mblieii. [ToMOIJIM J1u 9T ycnenHblie JabopaTopHbie
UCIIBITAHUSA Ha )KUBOTHBIX BBIPAOOTATh XOTS Obl OUH
eIMHCTBEHHBIN MHHOBAIIMOHHBIN 1 1eMCTBEHHbBIN 101~
XOJI JIJIST JIeYeHUS] U YIIYUIIIEHUST COCTOSTHUS MTAllUEHTOB
c cenicucom? Otet — Het! Ho Beyiue criennaaucTbl
B 9TOI 00/1aCTH OTKA3hIBAIOTCI IPU3HABATD, YTO HEyAa-
Y1 B XOJI€ MHOTOYMC/IEHHBIX KJIMHUYECKUX UCCJIeI0BA-
HUI, TTPOBE/IEHHBIX TIOCJI€ UCIBITAHUI HA KUBOTHBIX,
KOTOPBIE BKJIIOYAJIN JIECSTKU THICSTY TIAIIMEHTOB U CTOU-

* The text is a translation of the article: Cavail-
lon J. M. New methods of treating sepsis: failure of ani-
mal models, Bull. Assoc. Anc. El. Inst. Pastor, 2017, 59,
230, 58—60. Translation from French by «Akadem-

perevod», Moscow, Russia.

The Emperor's New Clothes:
But He Hasn't Got Anything On!

Over the past 30 years, it has been perfectly demon-
strated and proven that sepsis involves cellular and mo-
lecular mechanisms, as well as numerous mediators.
Neutralization of these mediators and cellular/molecular
processes saved lives of thousands of laboratory mice.
Have these successful animal laboratory tests helped to
develop at least one innovative and effective approach to
the treatment of septic patients and improvement of their
state? The answer is «no»! But leading experts in the
field refuse to admit that the failure of numerous clinical
studies conducted after animal tests, which included tens
of thousands of patients and cost millions of dollars, is
due to the fact that the animal models «do not work».
We are not going to saw off the branch on which leading
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JIF MUJLTTUOHBI JIOJIJIAPOB, 00YCJIOBJIEHBI TEM, YTO MOJIE-
JIV Ha JKUBOTHBIX «He PaboTaioT». Mbl COBCeM He HaMe-
PEeHBI IIUJIUTh CYK, HA KOTOPOM «CHJIST» BEIyIIUe CIie-
[[MAJIUCTBI, U CTABUTH IOJ COMHEHWE W3JO0IEeHHbIE
MU MOJIEJTH, 6J1aroiapsi KOTOPBIM OHU TIPOAOJIKAIOT
U3/[aBaTh MyOJUKAIMH B JKyPHAJIAX ¢ HEM3MEHHO BBICO-
KuM peiituarom. Kro se moMmuut ucropuio AnznepceHa
«HoBoe 1atbe kopoJisa»? §1 yike He peOeHOK 1 0CcMe-
JIIOCh CKA3aTh: KOPOJIb TOJIBIIA, TO €CTh CYIIECTBYIOIINE
MOZIEJIN HA JKUBOTHBIX He MOAXO/ST!

sKuBoTHblie u moan

Cerozinsg 1O BIOJIHE OYEBUIHBIM MPUUNHAM
MBIIITb OCTAETCS U3JTIOOJIEHHBIM KUBOTHBIM TIPU TIPO-
BeJIeHUU JKCIepUMeHTOB. PasMepbl, CTOMMOCTB,
JOCTYITHOCTH eIITHOKPOBHBIX UAEHTUIHBIX JKIBOTHbBIX
U JKUBOTHBIX C OTKJIIOYEHHBIM T€HOM, CKOPOCTh UX
Pa3MHOKEHUsT SIBJISIIOTCSI APTyMEHTAaMU B TI0JIb3Y
UCIIOJb30BaHUs Mbilieil. Mojenb cemncuca IyTem
HepeBI3KU 1 MyHKIUK cernoii kumku (cecal ligation
and puncture, CLP) 6bl1a paspaboTtana KOMaHION
Wpmaga Yayzapu (Irshad Chaudry) s 1979 roay na
KpbIcax, a 3aTeM 1 Ha Mbimax [ 1, 2]. Ona crana cBoero
POJIa «30JI0THIM CTAHAAPTOM», XOTsI 9KCIIEPUMEHTATO-
PBI U OTMEYAIOT HEKOTOPBIE ee HeJOCTaTKH [3].

Bepnap Tacmap (Bernard Gaspard), @pancya
Maskangu (Francois Magendie), Credan Tapube
(Stéphane Tarnier), Carypuen Apayan (Saturnin
Arloing), Buktop @enbi (Victor Feltz), Jleon Kos
(Leon Coze), Kapa Canomoncen (Carl Salomonsen)
u Hukomnaii Tamanea (Nikolai Gamaleia) noxasanu B
1822-1888 royax, 4To «rHUIOCTHBIE BEIIECTBA» COJIEP-
JKaT THUJIOCTHBIE GaKTePHU, KOTOPBIE BHI3BIBAIOT CETI-
CUC U TPUBOMAT K CMEPTH IKCIEPUMEHTATbHBIX
JKUBOTHBIX. HEKOTOpPBIE M3 HUX MCTIOIB30BAIN COOAK,
oBell, rosy6eii, KpoJIUKOB, CBUHEH, MOPCKUX CBUHOK,
OCJIOB, MHOT/IA ke My (HJIOHOB UJIH JIUC, HO HUKTO He
UCTIOJIb30BAJ MbiIIiieit. 1 aTo K jydiiieMy, HOTOMY 4TO,
6e3 COMHEHUsI, HHaYe, HAIIU TIPEINICCTBEHHUKY, ATH
yUeHbIe JIOKTOPA JIEBSITHA/IIIATOTO BEKa, MOTepIesn Obl
neynauy. Kazumup /lasen (Casimir Davaine) B 1863
TOJy BIIEPBBIE YCIIEINTHO TIPOIEMOHCTPUPOBAT HA KPO-
JIMKAX, 4TO OBEYbsl KPOBb, 3apaskeHHast cCUOUPCKOiL
SI3BOIA, iepeiaeT 60JIe3Hb 1 BBI3bIBACT cMePTh. [IpaBia
OH He TpPHIAJT MUPOKOI orjiacke TOT (GakT, YTO Ha
KpBbICaX TO eMY CJleJIaTh He y1anoch [4]!

bakrepun u moau

JlelicTBUTENIbHO, YCTOMYMBOCTH KUBOTHBIX K
BO3OYAUTENAM UH(PEKIMI CUTBHO PA3IMYaeTCs OT
OIHOrO BuAa K Apyromy [5]. Apyrumu ciaosamu, Gak-
TepHuajibHasl HArpPy3Ka, KOTOPYIO MOKET IePEHOCUTh
MbIIIb 03 PasBUTHS KaKOro-J1100 BOCIAIUTEIHHOIO
polIlecca, Ype3BbIYaiiHO BbICOKA IO CPABHEHUIO C TOH,
OT KOTOPOIl «CBAJUTCSI» KPOJIUK, HE TOBOPSI yKe O
yestoBeke. Hepenko npuxoaurses sBBoauthb 10 100 6ak-
tepuii (Escherichia coli, Staphylococcus aureus) Mpim,
4T0OBI BHI3BATH Yy HEE€ HEKOTOPOE PACCTPOICTBO JKU3-

experts experts are sitting and to question their favorite
models, thanks to which they continue to publish papers
in journals with consistently high impact factors. Who
does not remember Andersen's story «The Emperor's
New Clothes»? I'm not a child anymore and make bold
to say, «But the Emperor hasn't got anything on!» I
mean, current animal models do not work.

Animals and humans

Today, the mouse remains a favorite experimental
animal for obvious reasons. Their size, cost, availability
of consanguineous, identical animals and animals with
ainvalidated gene, and the speed of their reproduction
are arguments in favor of the use of mice. The cecal lig-
ation and puncture sepsis model (CLP) was developed
on rats and later on mice by Irshad Chaudry's team in
1979 [1, 2]. It has become a kind of a «gold standard»
despite certain defects noted by researchers [3].

In 1822—1888, Bernard Gaspard, Francois Ma-
gendie, Stéphane Tarnier, Saturnin Arloing, Victor
Feltz, Leon Coze, Carl Salomonsen, and Nikolai
Gamaleia proved that «putrefactive substances» con-
tain putrefying bacteria that cause sepsis and lead to
the death of experimental animals. Some of them used
dogs, sheep, pigeons, rabbits, pigs, Guinea pigs, don-
keys, sometimes even mouflons or foxes, but no one
used mice. And it's for the better, because otherwise,
and there is no doubt in it, our predecessors, these nine-
teenth-century erudite doctors would have failed. In
1863, for the first time, Casimir Davaine successfully
demonstrated in rabbits that sheep blood infected with
anthrax transmitted the disease and caused death.
However, he did not give wide publicity to the fact that
he could not reach similar observation with rats [4]!

Bacteria and humans

Indeed, the resistance of animals to infectious
agents varies greatly from one species to another [5].
In other words, the bacterial load that a mouse can tol-
erate without developing any inflammatory process is
extremely high as compared to that sufficient to «tum-
ble» a rabbit, not to mention a human. Quite often, we
have to inject up to 10 bacteria (Escherichia coli,
Staphylococcus aureus) to a mouse in order to cause
just a slight indisposition. This dose is equal to about
three trillion bacteria for a human!

A low persistent potential of microorganisms used
for the research (in comparison with clinical situations)
is one of the errors revealed during experiments. What
matters is the use of clinical isolates rather than bacte-
rial strains stored in the laboratory. It has been demon-
strated that endotoxin lipid A (lipopolysaccharide,
LPS) isolated from Pseudomonas aeruginosa differs in
structure and activity depending on what these mi-
crobes are: clinical isolates or laboratory strains [6]. The
presence of virulence genes also affects the severity of
sepsis and the mortality [7]. But these differences in vir-
ulence are rarely taken into account in animal models.
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HezesTeabHOCTU. [[JIs1 yesoBeKa aTO HKBUBAJIEHTHO
PUMEPHO TPEM TPUILTHOHAM GakTepuiil

Huskuii mepcucTeHTHbII TIOTEHITMAT MIKPOOPTa-
HI3MOB, UCITOJIb3YEMBIX JIJIs MICCJIEIOBAHMIA, 110 CPaBHE-
HUIO C KIIMHUYECKUMU CUTYAIIUSIMH, SIBJISIETCST OTHOM 13
HOTPEIIHOCTEN, BBISIBIEMbIX IIPH 9KCIEPHMEHTaX.
NmeeT 3HaU€EHME UCIIOIB30BAHIE KIMHUIECKUX H30JI5I-
TOB WJIM IIITAMMOB GaKTEPHii, XpaHsIecs B 1abopartop-
HBIX YCJIOBUSIX. B0 I0Ka3aHO, 4TO JMIu/ A 9HIOTOK-
cunoB (smmonosucaxapuj, JIIIC), Bbienenusii n3
Pseudomonas aeruginosa, oTimyaeTcs mo cTpykType u
AKTUBHOCTHU B 3aBUCUMOCTH OT TOTO, YeM SIBJISIOTCST 9TH
MUKPOOBI — KJIMHUYECKUMK U30JISITaMU WK JTabopa-
TOpHBbIMU IITaMMam¥ [6]. Hasmave reHoB BUpYJIEHTHO-
CTH TaK’Ke BJIUSIET HA TSIKECTD CETICHCA U CMEPTHOCTD [ 7].
Pezixo xorna aTu pa3inyust B BUPYJIEHTHOCTH YYUThI-
BAIOTCS [IPU MCHBITAHUSAX B MOJENSIX HA SKUBOTHBIX.
Bostee Toro, Hajmune yCTOHYMBBIX K aHTHOMOTUKAM
MUKPOOPraHU3MOB BJIUsIET Ha 3((DEKTUBHOCT JIEUEeHNST
naieHToB. [Ipu ncnpITaHusIX B MOJIEJISIX HA SKUBOTHBIX,
B GOJIBINMHCTBE KOTOPHIX AHTHOUOTHKH He HCTIOMb3YIOT-
cs1, 9TO TakKe peqko Koryia yuuthiBaercs [8]. Caemyer
OTMETHTb, YTO MATO(I3NOIOrHsI OTBETA HA 3apasKeHue
[paM-TI0JIOKUTENBHBIMU GAKTEPUAME OTIUYAETCS OT
TAaKOro OTBeTa P 3apaxkeHun [paM-oTpuriarebHbIMI
GaxrepusimMu. Bblia j0Kkazana uaMeTpaibHO TPOTHBO-
nosoxnag posib CD137 npu 060KX THAX 3apakeHnit
[9]. E1te ostaa norpeniHocTs TPy TaKUX UCCIEI0BAHUSIX
— 3TO HeyMepeHHoe wucnoJb3oBanue mozgean CLP
(Moziesu TIepeBsI3KU ¥ ITyHKIIUU CJIENON KUIIKY), B TO
BPEeM:I, KaK OHA He COOTBETCTBYET OCHOBHBIM BXOJ[HBIE
BOPOTaM MHMEKIIU [TPU CETICHCE Y YeTOBEKA. JKCIIEPH-
MeHTasibHas Moziesib CLP uMuTupyer reputoHuT ¢ uie-
M€l TKaHell; O[HAKO Y HAIMEHTOB C CEIICCOM OCHOB-
HBIMM BXOJIHBIMU BOPOTAMU WHQEKIIUU SIBJISIOTCS
JIETKIE, B TO K€ BPeMs1 y 3HAYUTEIBHOM JI0JIH TTAI[IIETOB
CEIICHUC SIBJIIETCST OCJIOKHEHNEM NH(MEKIINU MOYEBbIBO-
JSIUX TIyTell WM UCIIOJIb30BAHUS BHYTPUBEHHOIO
KateTepa. Mexay TeM, MOJIe I Ha >KUBOTHBIX [TOKA3bI-
BaIOT, YTO MATO(MU3NOJOTNYECKIe MEXaHU3MBI IPU
JIETOUHBIX, KO3KHBIX WK OPIOMIMHHBIX HH(eKusix abco-
moTHO otamyatores [10—12].

ITapameTpbi, KOTOpPbIE OOBIYHO
He MPUHUMAaIOTCA BO BHUMaHuUe

CerosiHst Bce yarie TOBOPST O TMOSIBJEHUW W
HEeOOXOUMOCTH IIePCOHATN3UPOBAHHON MEUIIMHBL,
UMEHHO ITPU CEIICHCe TAKOH II0AX0 0COOEHHO He0OXO-
M. UTto 0611ero Mexay MOJTHUEHOCHBIM MEHUHIH-
TOM y MOJIOJIOTO YesioBeKa U WH(MEKIMeil MOYEBbIBO-
IAMMX  IyTed Yy JKeHIUHBI ¢ AuabeToM, WJIn
BHYTPUOOJbHIYHO THEBMOHUEH Y MOKIIOrO Yesio-
BeKa C COIYTCTBYIONIeH maTtosorueit? MoskHO Jin
HaJIe€ThCS HA MOJIEJTMPOBAHME CETICUCA, UCITOJIb3YS
O/IHY-eIMHCTBEHHYIO JJOKJIMHUYECKYIO MOJIEJb, U YTO
toro xyzxke — Mojiesib CLP? XoTst oTBeT KaxkeTcst oue-
BUJIHBIM, aBTOPBI IPOJIOJIKAIOT UCCIEI0BAHUS CETICH-
ca B 0o0111eM, B rJ100abHOM cMblcae. OHako, He0OX0-

Moreover, the presence of antibiotic-resistant microor-
ganisms affects the effectiveness of treatment. In animal
models, most of which do not use antibiotics, this is also
rarely taken into account [8]. It should be noted that
the pathophysiology of the response to Gram-positive
bacteria infection is different from that of Gram-nega-
tive bacteria. The diametrically opposite role of CD137
has been proved for both types of infections [9]. An ex-
cessive use of the CLP (cecal ligation and puncture)
model is another error in such studies, while it does not
correspond to the entry of infection in human sepsis.
The experimental CLP model simulates peritonitis
with tissue ischemia; however, in patients with sepsis,
the lungs are the most frequent entry of infection, while
sepsis can also be a complication of an urinary tract in-
fection or the use of an intravenous catheter. Mean-
while, animal models show that pathophysiological
mechanisms in lung, skin or peritoneal infections are
completely different [10—12].

Parameters That are Not Normally
Taken Into Account

Today, much is spoken about an emergence of and
a need for personalized medicine; and this approach is
especially required for sepsis. What is in common be-
tween fulminant meningitis in a young man, an urinary
tract infection in a woman with diabetes, or nosocomial
pneumonia with comorbidities in an elderly person?
Can we lay our hopes on sepsis modeling using one sin-
gle pre-clinical model, and, what is even worse, the CLP
model? While the answer seems obvious, the authors
continue to study sepsis in a general, global sense. Fur-
thermore, it is necessary to take into account many dis-
tinctive characteristics of mice, as well.

Genetics. Studies are mostly conducted on mice
of the same stain. However, not all mice are equally sus-
ceptible to pathogens. While most C57BL/6 line mice
survive after an intravenous injection of 107 of Staph. au-
reus, all A/J, DBA2 and BALB/c mice die within just a
week [13]. Similarly, in response to intranasal adminis-
tration of Streptococcus pneumoniae (10 CFU), 100%
of BALB/c mice survive, while 100% of CBA, SJL or
C3H/He mice die [14]. A similar observation is de-
scribed for viral infections [15]. As for the CLP model,
the use of the same experimental protocol leads to the
death of less than 50% of C57BL/6 mice and 100% of
BALB/cmice [16]. The importance of the genetic back-
ground has also been demonstrated with the use of
knockout mice. 129SV knockout 1L.-4 mice are more
sensitive to Staph. aureus infection, whereas a similar in-
validation of C57BL/6 mice reduces mortality [17].
Let's remind that C57BL/6 mice have a mutation of the
Nrampl gene  (natural resistance-associated
macrophages protein 1), which does not occur in mice
of other lines. In vitro transcriptomics studies on bone
marrow macrophages activated by endotoxins show
very different gene expression profiles depending on the
mouse strain (DBA/2, C57BL/6 or BALB/c) [18].
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IUMO TIPUHUMATh BO BHHMAaHHE €Ille U MHOTHE
OTJIMYUTEJIbHBIE TAPAMETPBI CAMIX MBIIIEN.

Tenertuka. Vccnenosanus, 1o 6osblieil yacTu,
BE/IyTCsI HA MbIIIAX OfHON ymHuu. OJHAKO He BCe
MBI OJIMHAKOBO BOCHPUUMYUBBI K BO3OYUTEIAM
Gosesneit. B To BpeMsi Kak GOJIBIIUHCTBO MBbIIIEit
gunnu C57BL/6 BbUKUBAIOT TIPU BHYTPUBEHHOM BBe-
nennn 107 Staph. aureus, Bce mbimn A/J, DBA2 u
BALB/c ymupaiot Bcero 3a neziestio [ 13]. Anamoruyano,
B OTBET Ha MHTPAHA3AJIbHOE BBeleHue Streptococcus
pneumoniae (105 KOE), BouxuBator 100% wmbiieit
BALB/c, B To Bpemst, kak 100% wmbrmieit CBA, SJL win
C3H/He noru6aior [14]. [Togo6Hoe Habmoa€HMe OII-
caHo u st BUpycHbIX nndexiuii [15]. Yro kacaercs
mozesn CLP, ucriosib3oBanue 0J{HOTO U TOTO JKe IKCIIe-
PUMEHTATIBHOTO IIPOTOKOJIA IPUBOIUT K CMEPTH MEHee
50% wobrmeit C57BL/6, u k cmept 100% Mbimeit
BALB/c [16]. Basxkuoctb reermdeckoro ¢pona ObLia
TaK)Ke IIPOJIEMOHCTPUPOBAHA C KCIOJb30BAHUEM
HOKayTHbIX Mbiiiell. HokayTabie mprin [L-4 munnnm
129SV 6Gosee uyBcTBUTENbHBI K nHbeKIur Staph.
aureus, TOr/J[a Kak MoJ00Hast MHBAJIU/IAIUA Y MbIIIIeit
gunnn C57BL/6 cumxaer cmeprrocts [17]. Hammom-
HuM, yro Mbimn C57BL/6 mMeior Mmyraiuio reHa
Nramp1 (natural resistance-associated macrophages
protein 1), KOTOPBII He BCTPEYAETCS Y MBIIIEN JAPYTUX
sunuii. VccnenoBanust TpaHCKPUIITOMUKHY i1 0ILF0 HA
Makpodarax KOCTHOTO MO3Ta, aKTUBUPOBAHHBIX 9HIO-
TOKCHHAMHU, JI€EMOHCTPUPYIOT OYeHb PA3JIUYHbIE [IPO-
uin aKCIpeccuyt TeHOB B 3aBUCUMOCTH OT JIMHUIH
mbiireir (DBA/2, C57BL/6 nau BALB/c) [18].

ITon. [TosioBbIE TOPMOHBI OKA3bIBAIOT CUJIBHOE
BJIMSHUE HAa KauecTBO UMMYHHOTO oTBeTa [ 19]. Camirb
U CAMKU MBbIIIIeil UMEIOT Pa3HyIO YyBCTBUTEIbHOCTD K
nndexnuam. OzHa u Ta JKe nHbeKInd Strep. pyogenes,
MoJtyJieTaabHast JIJ1st caMoK, TpuBouT K 100-1iporient-
HOI CMEPTHOCTH Y caMII0B. V1 HATIPOTHUB, MBIIITN-CAMKH
GoJiee uyBCTBUTENbHBI K Listeria monocytogenes [20].
ITO paziuyre MeXK1y MOJaMH UCUe3aeT Y MBbIIIei,
JquieHHbix reHa naTepseiikuna-10 (I1L-10). Mcmomns-
3oBanue monean CLP B usosmpoBanHoM Buje, Uiu
OCJIe TPABMbI,/KPOBOIIOTEPH, TAK/KE BBISIBJISIET PA3HU-
Iy MeK/Iy caMI[aMU U caMKaMu B ripoacTpyce. Ilocen-
Hite Topaszo 6osee yeroituusbl [21]. VI cHOBa, BO3SMOXK-
HO, CKa3bIBAETCS BJUSIHUE TeHeTrnYeckoro Gona. Tax,
nocste uabeknuu JITIC copep:xkanue KOpTUKOCTEPOHA
B CBIBOPOTKE KPOBH HIEHTHYHO Yy CAMIIOB U CaMOK
mbiireit C57BL/6, Torma kak y mbiiieit BALB/c ono
BBIIIIE Y CAMOK, YeM y caMIloB [22].

Boaspact. HecmoTpst Ha TO, YTO B Pa3BUTHIX CTPa-
HAaX BO3PacT OOJIBIIMHCTBA MAIMEHTOB C CEIICUCOM
npesbimaer 65 Jer, nopaBisgioniee GOJIBIIMHCTBO
UCCJIeOBAHUI TIPOBOIUTCST HA «MBIIIAX-IOAPOCTKAX >
(7—8 nenennp). OnHaKO, MOJIOJIBIE MbILIK OOJIEE YCTOM -
YUBbl K JieTaJbHbIM fo3aM uHbexkunuii JIIIC, uem
<TIOKHJIBIE» MBIIITH, U BBIPAGATBIBAIOT MEHBIIIEE KOJIH-
YeCTBO IUPKYJAUPYONUX ITUTOKWHOB [23]. PeakTus-
HOCTb <ITOKUJIBIX»> MBIILIEH TPY UCIIOIb30BAHUN MOJIe-
JI IEPUTOHUTA BbIIIIE, YeM MOJo/bIX [24]. Kak nipu

Sex. Sex hormones have a strong effect on the
quality of the immune response [19]. Male and female
mice have different sensitivity to infections. The same
injection of Strep. pyogenes which is semilethal for fe-
males leads to a 100 percent mortality in males. In
contrast, female mice are more sensitive to Listeria
monocytogenes [20]. This difference between sexes dis-
appears in mice geneticaly rendered deficient for the
interleukin-10 gene (IL-10). The use of a CLP model,
an isolated one or the one after injury/hemorrhage,
also demonstrates the difference between males and
females in the proestrus. The latter are much more re-
sistant [21]. And again, perhaps, it is the effect of a ge-
netic background. For example, after an LPS injection,
the corticosterone serum concentration was identical
in male and female C57BL/6 mice, while in BALB/c
mice it was higher in females than in males [22].

Age. Although in developed countries the age of
most patients with sepsis is more than 65 years, the
vast majority of studies are conducted on «teenage
mice» (7—8 weeks). However, young mice are more
resistant to lethal doses of LPS than the «elderly»
mice and produce less circulating cytokines [23]. The
reactivity of the «elderly» in the peritonitis model is
higher than that of young mice [24]. Both in endotox-
inemia model [25] and in the cytokine storm model
[26], adipose tissue and its leukocyte infiltrates cause
formation of an excessive inflammatory response and
a lethal outcome. When comparing experimental
young mice with young human patients in clinical sit-
uations, there were still differences. For instance, a
transcriptome analysis revealed 131 genes modulated
by sepsis which were identified as common ones for
mice and children versus 486 genes specific for chil-
dren and 593 genes specific for mice [27].

Circadian rhythm. The circadian rhythm is very
rarely taken into account, and the time of the research
is rarely mentioned in the experiments. However, the
same dose of LPS administered in the daytime or at
night leads to different mortality rates [28]. The cir-
cadian rhythm disorders make mice more sensitive to
the endotoxin with the subsequent development of
shock [29]. Meanwhile, in some intensive care units,
the light is kept on all the time.

Housing of mice. Experimental mice are kept in
a nursery; they are provided with food ad libitum and
with the absence of any exercice. As a result, the mice
used for the experiment develop metabolic disorders
[30]. What is worse, the thermal neutral ility in mice
is about 32°C [31, 32 ]. When animals are kept at a
temperature of 20 to 22°C, their body temperature
does not increase, but, on the contrary, decreases,
which is not suitable to simulate a response to infec-
tion in humans. On the contrary, when mice are kept
at elevated temperatures, their body temperature rises,
and the infection is controled more easily [33].

Characteristics that are unique to mice. Nu-
merous immunological parameters differ in mice and
humans [34]. Let us mention some of the differences:

GENERAL REANIMATOLOGY, 2018, 14; 3

www.reanimatology.com



50

DOI:10.15360,/1813-9779-2018-3-46-53

Reviews

MOJIEJIN AHIOTOKCUHEMHU [25], Tak U MpU MOjen
IIUTOKUHOBOTO MITOpMA [ 26], 5KMpOBasi TKaHb U ee Jieii-
KotuTapubie HHGUIBTPAThl 00ycaaBauBaoT hopMu-
poBaHue YPe3MepPHOIl BOCIAIUTEIBHYIO PEAKITNU U
JieTasbHbli ncxo. Ilpu cpaBHeHUN SKCIIepUMEHTAb-
HBIX MOJIO/IBIX MBIIIEN C MOJIOJIBIMY MAI[UEHTAMU B
KJIMHUYECKUX CUTYAIUSIX, PA3JIUIHsI BCE PABHO OY/IyT
OPUCYTCTBOBATh. TakK, TPAHCKPHUIITOMHBIN aHAJIU3
BbIgBUI 131 TeH, MOy IMPOBAHHBIN CETICUCOM, KOTO-
pble ObLIN WACHTU(DUIMPOBAHDI, Kak O6IIne st
MBIIIEN U fieTeit, IpoTuB 486 crielnuIHbIX JI715 IeTei
n 593 crieruduunbIX 1715 MbIiei [27].

Hupkagueiit purm. [{upkagHblii pUTM OYEHb
PeIKOo MPUHUMAETCs] BO BHUMAHIE, B 9KCIIEPUMEHTAX
PEZIKO YIIOMIHAETCST BPEM:I IIPOBEIEHNUST UCCIIEIOBAHUIL.
Opnaxo, oiHa 1 Ta ke 1o3a JIIIC, BBoanmas rHem 6o
HOYBIO, TPUBOJIUT K pas3Hoii cmeprHoctu [28]. Hapyiie-
HUSI [UPKA/THOTO PUTMA JIEIAET MbITIieli oJiee 4yBCTBY-
TEJIbHBIMU K 9HIOTOKCUHY C IOCJIEYIONIM PA3BUTHEM
moka [29]. Mexx/y Tem, B HEKOTOPBIX OT/IEJIEHUSIX pea-
HUMAIIMU CBET [TOCTOSTHHO JIEPSKUTCST BKITIOUEHHBIM.

Copnep:xanue Mpiieii. l13yyaembie MbIlm conep-
JKaTcst B yCIOBUAX MUTOMHUKA, UX BBOJIO obecredn-
BAIOT IHIIEl U He «IIPEJIaraloTs UM HUKAKUX HArpy-
30K. B pesysisrare aTOr0 y MbIIlleii, UCIO0Ib3YEeMBbIX JIJIst
IKCIIEPUMEHTA, PA3BUBAIOTCST METAOOIMYECKUE HAPY-
menus [30]. Uro emne Xyske, TepMOHENTpaIbHAS 30HA
y Mbitiel cocrasssiet okosio 32°C [31, 32]. Ilpu cozep-
JKAaHWM [P TeMIIepaType oKpysKaioleil cpest ot 20
110 22°C y MblIIIel He MOBbIIIAeTCs], a HA06OPOT MOHU-
JKAeTCsT TeEMIIepaTypa TeJja, YTO COBCEM He MOIXOIUT
I UMUTAIMK Peakiny Ha uHdexiwio y mogeil. U
HAIIPOTUB, IIPU COJIEPKAHUU MBIIIIEil TIPU TOBbIIIEH-
HBIX TEMIIEPATYPAX Y HUX [OBBIIIAETCST TEMIIEPATYPA
Tesa, M nHGEKIMS TojaBsiercs jerde [33].

XapaKTepHCTHKY, CBOWCTBEHHbIE HMCKJIOYH-
TeJbHO MbIIIaM. Y MbIIell U Jo[eil Pa3iIndaioTcs
MHOTOYKCJIEHHBIE UMMYHOJIOTUYECKUE TapaMeTphl
[34]. Lt mpumMepa yrioMstHEM HEKOTOPbBIE PA3TUUMSI:

* Y Mblllleif, B OTJINYKE OT JIOJEN, TIOJTUHYKIIe-
apHble HETPODUIIBI IPECTABAAIOT COOON MEHBIIYIO
HOITYJISIINIO KJIETOK HUPKYyaupyioeit kposu (15%).
Bosee Toro, pepMeHTaTHBHASA CIIOCOOHOCTD MBIIITH-
HBIX HENTPOMUIOB TOPA3IHO HIKE, YEM YEM Y YEIO-
BeYeCKNX HEUTPODUIOB, OHU HE BBICBOOOKIAIOT
anbda-nedeH3nHbL.

*  AKTHBHOCTb CUCTEMbBI KOMIIJIEMEHTA YPE3BbI-
YaifHO HU3KA B I1JIa3Me KPOBH MBIIIIEl 110 CPABHEHUIO
C IPYIMMHU BUIAMH KUBOTHBIX 1 4eJI0BeKoM |35, 36].

* Passmunbie Gesiku 0CTPON (has3bl BOCTIATEHIISI
YUYACTBYIOT IIPU BOCIAJIUTETBHOM ¥ MHGEKIIMOHHOM
npoiiecce. B orsmune ot Jiozieit, Ipu BOCIIaleHUN Yy
MBIIIIeil He YBeJTMYNBAIOTCS KoHlleHTpanuu C-peak-
TUBHOTO GeJika 1 anbha-1 aHTH-TPUTICHHA.

*  MblIiIu 4pe3BBIYANHO YCTOUYMBBI K TOKCU-
Ham. Eciiit emepresibHas n1o3a 1udTepuitHoro TOKCHHa
cocrasisieT MmeHee 100 Hr/KT 111 Yesl0BEKa WM KPO-
JIKa, TO 4T0OBI YOUTH MbIIIb HoTpedyercsa 1,6 Mr/Kr
TokcuHa. Takke cunrtaercs, uro mbinu B 10° pas 6osee

¢ Unlike humans, in mice, polynuclear neu-
trophils represent a smaller population of circulating
blood cells (15%). Moreover, the enzymatic capacity
of mouse neutrophils is much lower than that of human
neutrophils, and they do not release alpha-defensins.

¢ The complement system activity is extremely
low in the plasma of mice as compared to other animal
species and humans [35, 36].

¢ Various acute-phase proteins are involved in the
inflammatory and infectious process. Unlike humans, in-
flammation in mice does not increase the concentrations
of C-reactive protein and alpha-1 anti-trypsin.

e Mice are extremely resistant to toxins.
Whereas the lethal dose of diphtheria toxin is less than
100 ng/kg for a human or a rabbit, 1.6 mg/kg of toxin
will be required to kill the mouse. It is also believed
that mice are 10° times more resistant to endotoxins
of Gram-negative bacteria than humans.

¢ Unlike humans, mice do not have genes re-
sponsible for interleukin-8, interleukin-32, inter-
leukin-37 and TLR10 production.

Comorbidities. In humans, reactivation of some
viral infections, for example, caused by cy-
tomegalovirus or Herpes simplex, is often observed in
sepsis (in 25—33% of cases) [37, 38]. This is rarely
taken into account in studies with murine models, al-
though such concomitant infections significantly af-
fect the sensitivity of mice to endotoxins and bacterial
infections [39—41].

Possible ways to break the deadlock

It is necessary to ban the «<mouse is our only op-
tion» approach and start using experimental animals
of other species, especially rabbits, which are very sen-
sitive to bacterial infections, and whose inflammatory
response to an infection caused, for example, by Staph.
aureus, is similar to that in humans [42]. Swine genes
are much closer to human genes than those of mice,
which is manifested upon activation of macrophages
and in homeostasis [43, 44]. In experiments, non-
human primates can also be used, although they are
different from humans, even in reactions to LPS ad-
ministration. However, it is complicated by their high
cost and their use raises critical ethical issues [45, 46].
There are humanized mice, the use of which is often
considered the best solution to the problem when cre-
ating remarkable models that simulate certain clinical
situations in humans [47]. However, although today
there is an opportunity to create more «complex» hu-
manized mice [48], at present, their endothelium, ep-
ithelium, and peripheral nervous system remain
murine, and, I think, no one will deny the involvement
of these tissues in the septic reaction. Progress in un-
derstanding the pathophysiology of sepsis can also be
expected from organ-on-a-chip [49] technologies or
the use of organoids [50, 51], but it is also necessary
to review the development of models for animal stud-
ies of human diseases. A step in the opposite direction
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yCTOMYMBA K IHAOTOKCUHAM IPAMOTPHIIATETbHBIX
GakTepUi, YeM JIIO/IH.

* B orsmune ot siozieil, y Mbliiieil HET T€HOB,
OTBEYAIOIINX 32 IPOAYKIUIO MHTEPJIeHKITHA-8, UHTep-
aefikuna-37 u TLR10

ComnyrcrByiomue 3a0oneBanus. Y uel0BEKa
npu cercuce dacto (B 25—33% ciydaen) Habiroaer-
Cs1 PeakTUBAIUSI HEKOTOPBIX BUPYCHBIX MHMEKIUI,
HAIIPUMED, BBI3BIBAEMBIX ITUTOMETATIOBUPYCOM HJIH
Herpes simplex [37, 38]. 910 peaxo npuHUMAaeTCs BO
BHUMAaHUE TIPU UCCIEOBAHUIX HA MOJIEJSIX, XOTS
MO06HBIE COTYTCTBYIONIE WHMDEKIMH 3HAUMTENHHO
BJIUSIIOT HA YYBCTBUTEIBHOCTD MBIIIEN K 9HAOTOKCH-
HaM 1 GakTepuaibHbiM nHbeKam [39—41].

Boamo:xHbie IIyTHU BbIXO/Ia U3 TYIINKaA

Heo6X0/11MO 3apeTHTh MOJIXO/] «MBITIb HAITIE BCE>
Y HAYATb MCIIOJIB30BATh KCIIEPUMEHTAIBHBIX KHBOTHBIX
JPYTUX BUIOB, 0COOEHHO KPOJMKOB, KOTOPbIE OUEHb Yy B-
CTBUTEJIBHBI K GAKTEPUATIBHBIM HHMEKIIUAM, U Y KOTO-
PBIX [IPH 3apaskeHnu, HATpumep, Staph. Aureus, Bocna-
JINTEJIbHAS PEAKITHs TIOXO0Ka Ha PeaKInio yesioBeka [42].
Tenbl cBuHel HAaMHOTO GJIMKE K TEHAM YeJIOBeKa, 4eM
MBIIIIEl, UTO MTPOSIBJISIETCS IPU AKTUBAIIUE MAKPO(haros
u ipu romeoctase [43, 44]. B akcriepumenTax MOXKHO
TaKyKe MCTIOJIb30BaTh HEKOTOPHIX HEYETOBEKOOOPA3HBIX
00€3bsTH, XOTSI OHU U OTJIMYAIOTCS OT JIOZIEH, IaKe B peak-
msix Ha Beezienve JIIIC. Do, oHAKO, OCIOKHEHO UX
BBICOKOII CTOMMOCTBIO U BBI3BIBAET OCTPbIE BOITPOCHI TH-
YecKoro xapakrepa [45, 46]. CyIecTByIOT elile ryMaHu-
3MPOBAHHbIE MBIIIIH, UCTIOJIb30BAHIE KOTOPBIX YaCTO Pac-
CMaTPUBAETCS KAK HAVJTyUIIiee PeliieHne podJieMbl Tpu
CO3/IAaHNU 3aMeYaTebHbIX MOJIENEel, KOTOpble MMUTH-
PYIOT OIpeziesieHHble KJIMHUYEeCKIe CUTYAITIH Y YeIoBe-
ka [47]. Onnako, XOTsT Cero/iHsI €CTh BO3MOKHOCTb CO3-
HnaHusi Bce 0OJiee <«CJOKHBIX» TYMAHH3UPOBAHHBIX
MbIIIei [48], Ha JaHHbIIT MOMEHT UX 9HJIOTEJINT], SITUTe-
Jmii, u nepudepryeckast HepBHAsI CHCTEMA OCTAIOTCS
BCe-JKe MBIITUHBIMY, 4, 51 JIyMalo, HUKTO He OyIeT OTpu-
1aTh y4acTHe 9TUX TKaHell B CENTUYECKOI PeaKIiiuu.
[Tporpecc B monumanuu naTopU3NOJOTUU CETICUCA
MOKHO OKMIATh U OT TEXHOJIOTHI «OpraHa Ha Yuiie»
(organs-on-a-chip) [49], wiu ¢ rcnonb30BaHKEM Opra-
Hounos [50, 51], HO Bce Ke HEOOXOAUMO TaKKe Iepe-
cMOTpeTh (hOPMUPOBAHIE MOJIETIEN JIJIST NCCIIEIOBAHNST
Gosesneil yemoBeka Ha KuBOTHBIX. I1lar B o6paTHOM
HAIPaBJICHUH, C TeM, YTOObI UMUTUPOBATH HA MBIIIAX
oripe/iesleHHbIN crienuduueckuii heHoTut, niaeHTudu-
IIPOBAHHBIIT U CBSI3AHHBIN C PA3BUTUEM CETICHCA, HAUTH
IIPU 9TOM a/IeKBATHbIE METOJIbI JIEUEHNST, & 3aTEM <Bep-
HYThCsT» K MIAIUEHTY, KAJKETCsT MHe HeOGOTBIITNM, HO a0Co-
JIOTHO HeoOxoxuMbIM [52].

MMMyHHas1 HeJIOCTaTOYHOCTh
u cemcuc 3.0
HOC]IG TOT'O, KaK Mbl HOTepHe.HI/I nopayKeHHe, IIbITa-

SICh CIACTHU TALMEHTOB C CEIICHCOM, OOPSICh C Ype3Mep-
HOM BOCIIJIUTEIHOM peakIueii, BeyIue CrieluaauCThl

in order to simulate a specific phenotype on mice,
identified and associated with the development of sep-
sis, in order to find adequate treatment options, and
then «return» to a human patient seems to me a small
one, but absolutely necessary [52].

Immunodeficiency and sepsis 3.0

While we suffered a defeat trying to save patients
with sepsis, struggling with an excessive inflammatory
reaction, leading experts in the field are now proposing
to focus on changes in the immune system after the suc-
cess in rescuing laboratory mice [53]. In fact, in humans,
as in mice, immune cell response is impaired, but the na-
ture of this disorder is completely different and opposite
depending on the studied compartment [54]. Moreover,
stimulation of the immune system can have harmful
consequences [55]. Again, in the case of mindless inter-
polation of approaches that have been successful for
mice to clinical cases with humans, there is a great risk
of new frustration. In addition, a new definition of sep-
sis (sepsis 3.0) states: «Sepsis is a life-threatening organ
dysfunction caused by a dysregulated host response to
infection». Therefore, it will be quite difficult to simu-
late sepsis in an animal, because then it will be necessary
to change its immune system to make the response
«dysregulated». But what are we talking about? In
short, we should fear that years will pass, and scientists
will not agree to make a «freeze-frame» to offer new rel-
evant solutions that will ultimately save the lives of not
only mice but also humans.

B 9TOI 06JIACTH TETEPh TPEJIATaloT COCPEIOTOYNTRCS Ha
M3MeHEeHUN IMMYHHOH CHCTEMBbI YeJIOBEKa MocIe yerie-
XOB, JIOCTYTHYTBIX B CIIACEHUH JTaBOPATOPHBIX MBITIEN
[53]. Dakruyecky, y JTojel, KaK U Y MBIIIEH, PEaKIust
UMMYHHBIX KJIETOK HApYIIAeTCcsl, HO XapaKTep 3TOro
M3MEHEHVsT aGCOITIOTHO OTTHYACTCST K IPOTHBOTIOMNOKEH,
B 3aBHCHMOCTH OT M3y4acMOro KoMIapTMeHTa [54].
Bonee Toro, ctumMyIsIis MMMYHHOI CHCTEMbBI MOKET
uMeTh naryonsie mocsieacTsus [55]. Omsrs xe, mpu 6es-
JIYMHOM KOITMPOBAHUU TOJXO0B, KOTOPBIE OBLIN
VCIIENTHBIMU [IJTsI MBIIIEH, HA KJIMHUYECKIE CAYYau y
JIojieii, ecTb GOJIBIIOI PUCK HOBOTO Pa304apOBAHMUSI.
Kpowme toro, HoBoe onpenesnenne cercuca (sepsis 3.0)
rmacuT: «Cercuc aTo yrposKaromast KIU3HU TIChHYHKITIS,
00y CIIOBJICHHAS Pa3PEryTUPOBAHHBIM OTBETOM OPTaHN3-
Ma X03sa1Ha Ha nHeknuo» (Sepsis is caused by a dys-
regulated host response to infection). Takum oGpasom,
Gy/IeT IOBOJIBHO CJIOKHO UMUTHPOBATH CETICUC Y KUBOT-
HOTO, Be/lb TOT/Ia HEOOXOMMO GYJIET TIPEABAPUTETHLHO
TaK U3MEHUTH €T0 MIMMYHHYIO CUCTEMY, YTOOBI PEaKI[Hst
OpraHM3Ma OKa3aJIach «pasperyauposantoii». Ho o uem
MBI TOBOPHM? CJIOBOM, CIIG/IYET OTACATHCS, UTO OIInsKaii-
TIIHe TOJTBI ITPOIYT, & YUEHbIE TAK U He COTIIACITCS Clie-
JIATh «CTOT-KAJIP», YTOOBI TIPE/IJIOKUTE HOBBIC PEJIEBAHT-
HBIE PelIeH s, KOTOPble, B KOHEUHOM UTOTE, COXPAHST
JKM3HD HE TOJIBKO MBbIIITaM, HO ¥ JTIO/ISIM.
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