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Pesome. @akrTop Hekposa onyxosiek (TNF) 6611 oTKphIT mouTH 50 j1eT Ha3am Kak B «CbIBOPOTOYHBIN (hak-
TOp» y MBIIIIEH TTociie MHMEKINA MM MHBEKIINU 0akTepruanbHoro gutornoimucaxapuna (JINIC) n obmamaio-
LIMI SIPKUM TPOTUBOONYXOJEBbIM 3bdekToM. MoOJIeKyIsIpHOE KJIOHMPOBAHUE YCTAaHOBUJIO, YTO 2TO aK-
TUBHOCTBIO 00J1afaeT HebonbiIoil 0enok (17 xJla), npuHaaaexaiuii K IUPOKOMY MHOXECTBY IMTOKUHOB.
B cury ocobeHHOCTH OopraHM3ani KOOUpPYoIei mociemoBareabHOocTH TNF B reHOMe, Bce KIIETKH, TIPO-
nyuupytome pactBopuMblii TNF, HecyT Ha cBoeif ITOBEpXHOCTA U MEMOpaHHO-CBI3aHHBIN UTOKUH. D11~
3nojiornueckue a¢pdexTol TNF orocpenoBaHbl mepegadeii CUTHAJIOB Yepe3 IBa TUTA BHICOKOCTEIM(UUHBIX
penentopoB. HecMoTpst Ha romeocTaTnaeckue 1 3ammnTHBIe GyHKOUM TNE, B ciydae ero n30bITOYHOM CH-
CTEMHOU WJIN JIOKAJIbHOM MPOIYKIIMKA MOTYT Pa3BUBAThCI Pa3IMUHBIC MATOJIOTUHA — OT CEIITUYECKOro IIoKa
0 XpoHU4YecKoro BocnajaeHus. [1o3ToMy B mpakTUUeCKO MMMYHOTEpAIIMM HAllUIM CBOE MPUMEHEHUE He
aroHUCTBHI TNF (OT KOTOPHIX OXKMAAIN TPOTUBOOITYXOJIEBEIX 3(P(PEeKTOB), a aHTaTOHUCTHI-0JIOKATOPHI, KOTO-
phie oKa3anch 3(PGeKTUBHBIMU TIPU JICUSHUHN IEJIOT0 psiia ayTOMMMYHHBIX 3a00JIeBaHUIA ¢ BOCIIAJIUTEIIb-
HBIM KOMITOHeHTOM. Hallm ncciienoBaHusi Ha MbIlIaX, OCHOBaHHbIC Ha TEXHOJOTUSIX OOPaTHOM T€HETUKU U
SKCIIepUMEHTAIFHBIX MOJIE/ISIX 3a00JIeBaHN, BEIIBUIIN ITapagokcaiabHoe cBoiicTBo TNE, cocTrosiiee B ToM,
YTO OJHU KJIETOUHBIC UICTOYHUKHU 3TOTO IUTOKWHA (TaK1e KaK MUEJIOMIHBIC KJIETKI) CIIOCOOCTBOBAIIN pa3-
BUTHUIO 3a00JIeBaHUI, a Ipyrue KiaeTKu (Hampumep, T-1uMbOLMNThI) TIPOU3BOAMIIN 3aIIUTHYIO (hDOPMY TOTO
Ke MUTOKMHA. MiMeeTcsa HECKOJIbKO BO3MOXKHBIX MEXaHUCTUICCKUX OOBSICHCHUI 3TOMY siBeHI0. OgHO U3
HUX MPEAIIoaraeT, YTO «IIaTOTeHHBII» MUTOKUH ITPOIYLIMPYETCS B pAaCTBOPUMOM BHIE Y MOXKET OKa3bIBaTh
cucteMHble 3 dekThl, neiicTBys yepe3d TNFRI1. I1pu aTom 3ammmnTHbIe 3(hPEKTHI CBSI3aHBI C MEMOpPaHHO-CBSI-
3aHHBIM TNF, KoTopsrit meiictByeT yepe3 TNFR2. M3BecTHO, 9YTO CHMCTeMHAs aHTULIUTOKITHOBAST TepaITHsl
COITPOBOXIAETCS HEXKeJTaTeIbHBIMUA IMTOOOYHBIMU 3(PdeKTaMU, KOTOPbIE TUITOTETUIECKN MOTYT OBITh OOBSIC-
HEHBbI HeMTpanu3alueil «moae3HbIx» (MYHKIIMI KOHKPETHOTO IIMTOKMHA. Ha ocHOBaHUM 3THUX COOOpaKeHU it
HaMu ObLIM pasdpaboTaHbl TpoToTUNBI 610KaTOpoB TNFE, KoTOphIE OrpaHMUYMBAIOT OMOAOCTYITHOCTH 9TOTO
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OUTOKMHA TOJBKO M3 €ro INIABHOTO «ITaTOIT€HHOTO» MCTOYHUKA — MUCIONIHBIX KIJIETOK. DTU OJIOKATOPHI,
HaszbiBaeMble MYSTI, npeacrasisitor coboii Oucneun@uuHble MUHUAHTUTENA, JUIIeHHble Fc-nomMeHa u
cBa3piBatonnre Kak TNF, Tak 1 moBepXHOCTHBIN MapKep MUEITOMIHBIX KileToK. MYSTI ynepxrBaeT BHOBb
cuHTe3upoBaHHbIN TNF Ha MOBEpXHOCTU KJIETKM-MPOAYLIEHTA, a 3aTeéM WHTEPHAJIM3YeT ero. DTOT HOBbIN
TUI UMMYHOTEpaneBTUYECKUX MpernapaToB yxKe nmokasaa 3O(GeKTUBHOCTh B psifie KCIIEPUMEHTATbHbIX 3a-
0oJieBaHUIA.

Knroueguie crosa: UUMOKUHbL, AHMUUUMOKUHOBAA mepanusl, 6LICH€[4M¢H'1HbI€ aHnmumena, molulUHblE Moae./lll, eymanusayus

COMPLEXITY OF IMMUNOBIOLOGY OF TUMOR NECROSIS

FACTOR AND NOVEL ANTI-TNF THERAPY
Nedospasov S.A.

V. Engelhardt Institute of Molecular Biology, Russian Academy of Sciences, Moscow, Russian Federation

A. Belozersky Institute of Physico-Chemical Biology, M. Lomonosov Moscow State University, Moscow, Russian
Federation

Sirius University of Science and Technology, Federal Territory Sirius, Krasnodar region, Russian Federation

Abstract. Tumor Necrosis Factor (TNF) was discovered almost 50 years ago as “serum factor” detected
in mice following infections or administration of bacterial lipopolysaccharide (LPS), with a remarkable anti-
tumor effect. Molecular cloning showed that this activity is mediated by a small protein (17 kDa), which
belongs to a wide plethora of cytokines. Due to the particular organization of the TNF gene coding sequence,
all cells producing soluble TNF also carry a membrane-bound cytokine on their surface. The physiological
effects of TNF are mediated by signaling through two types of highly specific receptors. Despite established
protective and homeostatic functions of TNFE, when overproduced systemically or locally, it can trigger
pathologies ranging from septic shock to autoimmune diseases. Therefore, in clinical immunotherapy there
were not the TNF agonists, which were expected to induce anti-tumor effects, but rather the antagonistic
blockers, that proved effective in a wide range of autoimmune diseases with an inflammatory component.
Our studies in mice based on the technologies of reverse genetics and experimental disease models, revealed a
paradoxical feature of TNF: some cellular sources of this cytokine (such as myeloid cells) promoted diseases,
while other cell types (such as T lymphocytes) produced a protective form of the same cytokine. There are
several possible mechanistic explanations for this phenomenon. On the one hand, the "pathogenic" cytokine
is produced in a soluble form and can exert systemic effects via broadly expressed TNFR1. On the other
hand, protective functions are mediated by the membrane-bound TNF via TNFR2. Systemic anti-cytokine
therapy is known to be accompanied by undesirable side effects, which can hypothetically be explained by the
neutralization of these protective functions. Thus, we developed prototypes of TNF blockers which limit the
bioavailability of this cytokine only from its main “pathogenic” source — myeloid cells. This type of inhibitors,
called MYSTI, represent bispecific mini-antibodies binding both TNF and a surface marker on myeloid
cells and lacking the Fc domain. MYSTI retain newly synthesized TNF on the surface of the producing cell
and then internalize it. This novel type of immunotherapy drug has already shown efficacy in a number of
experimental disease models.

Keywords: cytokines, anti-cytokine therapy, bispecific antibodies, mouse models, humanization
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Introduction

Tumor Necrosis Factor (TNF) was discovered
due to its anti-tumor effect in mice [3]. Molecular
cloning identified a small protein (17 kDa) that can
recapitulate TNF activity in vivo [14]. It was later
found that TNF is the founding member of a family of
cytokines that play an important role in the immune
regulation [9].

TNF gene is linked to class III region of the
MHC [11, 15] and is flanked by two related lympho-
toxin genes, the other members of TNF family [12].
TNF is transcriptionally regulated in response to
stimulation of various receptors of the innate immune
system, such as TLR4. The primary product of TNF
gene is a 26 kDa membrane-bound form of this
cytokine. Analysis of TNF-deficient mice ruled out
TNF as an enigmatic player in anti-tumor defense,
but at the same time uncovered several unexpected
functions, including proinflammatory activity [10,
13]. These functions are mediated by two distinct
receptors, TNFR1 (the main receptor for the soluble
TNF that is promiscuously expressed) and TNFR2
(responding to membrane-bound TNF and expressed
on hematopoietic cells) [9]. Therefore, TNF signaling
turned out to be more complex than originally
proposed and includes three distinct signals: by
soluble TNF through TNFRI1, by membrane-bound
TNF through TNFR2 and the “reverse signaling”
by membrane-bound TNF into TNF-expressing cell
(Figure 1). Unexpectedly, TNF was identified as an
obligatory mediator of a number of disease states,
including septic shock [2] and several autoimmune
diseases with an inflammatory component. As a
result, anti-TNF therapy was established as an
effective treatment for rheumatoid arthritis [6] and
several other diseases. However, such therapy cannot
be free from unwanted side effects due to TNF role in
protection from infections and its several homeostatic
functions.

Materials and methods

Mice. TNF-humanized hTNFKI mice (6-8
weeks) were housed in SPF conditions at the Animal
Facility of the Center for Precision Genome Editing
and Genetic Technologies for Biomedicine, EIMB
RAS. All manipulations with animals were carried
out in accordance with the protocols approved by the
Bioethics Committee of the EIMB RAS.

Primary cultures of bone marrow-derived macro-
phages (BMDM) and TNF-retention in vitro.
Bone marrow was isolated from tibias and femurs

Figure 1. Complexity of signaling patterns induced by TNF

Note. Signal 1 is triggered by soluble TNF through TNFR1,
signal 2 is triggered by membrane-bound TNF through TNFR2.
Signal 3 is triggered through intracellular part of transmembrane
TNF inside the producing cell

of hTNFKI mice. For BMDMs differentiation bone
marrow cells were cultured on non-treated cell culture
plates in DMEM containing 30% 1929 conditioned
medium as the source of M-CSF, 20% FBS (Capri-
corn Scientific), L-glutamine and antibiotics (Pen/
Strep, ThermoFisher). To analyze TNF production,
cells were activated with LPS 10 ng/mL (O111:B4)
for 4 hrs. Cytokine release in culture supernatants of
stimulated BMDM, as well as BMDM preincubated
with MYSTI for TNF-retention experiments, was
measured by enzyme-linked immunosorbent assay
(ELISA) using ready-made commercial kits "Human
TNFalpha ELISA Ready-SET-Go" (ThermoFisher)
according to the manufacturer's protocol.

Administration of MYSTI and Infliximab. Anti-
TNF reagents were administered i.p. at doses 1.5-
3 mcg/g of body weight every day for MYSTI and
every three days for Infliximab.

Germinal center (GC) formation. Induction of
full-scope immune response was carried out by
immunizing mice with 2 x 10 SRBC via i.p. injection
in 200 mcl of PBS. Assessment of germinal center
B cells and GC formation was carried out on day 8
following immunization by flow cytometry and IHC.

LPS/D-gal hepatotoxicity model. Mice were
injected with MYSTI or Infliximab 30 min or 12-48
hours prior to of acute hepatotoxicity, which was in-
duced by i.p. administration of 400 ng/g LPS (Sigma-
Aldrich, 1.2630) and 800 ug/g D-Galactosamine
(Sigma-Aldrich, G1639). Control group received
vehicle buffer only (PBS). Mice were observed for
800 min after LPS/D-Gal injection. Moribund ani-
mals were euthanized, and time of death was noted.
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Collagen antibody-induced arthritis. For induction
of arthritis with arthritogenic antibodies, a cocktail
containing five monoclonal antibodies against collagen
type Il and LPS from E. coli O111:B4 as adjuvant
were injected in accordance with the manufacturer’s
protocol (Chondrex, USA, cat #53040). Clinical as-
sessment for each paw was determined based on the
scale as previously reported [8].

DSS-induced colitis. Mice were subjected to 5%
DSS in drinking water for five consecutive days. Body
weight changes and survival was measured during
the three weeks following colitis induction. Colon
length, weight and spleen index were measured upon
termination of the experiment.

Experimental autoimmune encephalomyelitis. Mice
were s.c. immunized with 50 pg of MOG;sss pep-
tide (Gene Script) emulsified in complete Freund’s
adjuvant (CFA) supplemented with 5 mg/mL Myco-
bacterium tuberculosis (Difco), followed by 150 ng
of Pertussis toxin (List Biological Laboratories)
administration on day 0 and 2. Mice were scored daily,
and clinical signs were assessed according to standard
protocol.

Results and discussion

Systemic anti-cytokine therapy may have unde-
sirable side effects due to neutralization of the
“beneficial” functions of a particular cytokine, which
underlie its evolutionary selection, in particular, the
role in protection against infections.

In this study we used engineered mice with
humanization of the TNF system to compare the
efficacy of two types of TNF inhibitors in several

INFLIXIVMIAB

Normal microarchitecture
of lymphoid tissues in
immunized mice

MYSTI MYsTI ¢

INFLIXIMAB -

experimental disease models. We also addressed
possible homeostatic effects of TNF inhibitors on
microarchitecture of peripheral lymphoid tissues,
known to be TNF-dependent. Earlier we used a panel
of engineered mice with TNF deletions in specific cell
types [7, 8] to define cellular sources of “deleterious”
TNF in several experimental diseases. Surprisingly,
in experimental arthritis “pathogenic” TNF is
produced by myeloid cells, such as macrophages,
while TNF produced by T lymphocytes provides
protection [8]. Based on this unexpected observation
we proposed a new type of anti-TNF therapy that
relies on pharmacological neutralization of TNF
from myeloid cells — the main source of pathogenic
TNE This therapeutic strategy is based on the
administration of bispecific mini-antibodies that
retain newly synthesized soluble TNF on the surface
of macrophages and prevent it from diffusing out
and triggering systemic TNFRI1-mediated events [4,
5]. Such reagents, called MYSTI (from myeloid
cell-specific TNF inhibitors), lead to retention and
subsequent TNF internalization in vitro in the model
of bone marrow-derived macrophages activated with
LPS [4]. Side-by-side comparison with the efficacy
of chimeric full-size therapeutic antibody, Infliximab,
and MYSTI in vivo was performed throughout this
study (Figure 2).

Specifically, both types of inhibitors protected
mice from lethal hepatotoxicity and ameliorated
experimental arthritis. However, only MYSTI
was protective in experimental colitis and, unlike
Infliximab, did not interfere with germinal center
formation in SRBC-immunized mice. The lack of

Experimental
Autoimmune
Encephalomyelitis

Experimental
arthritis

LPS-Dgal-induced
hepatotoxicity

Experimental
colitis

* %

* . . . 0]
as in control mice, no disease exacerbation
% . .
disease exacerbation at late stages

Figure 2. Comparison of the efficacy of systemic and myeloid cell-restricted TNF neutralization after inmunization and

in several disease models in humanized mice
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staining for germinal center markers were previously
noted in patients undergoing systemic anti-TNF
therapy [1]. In EAE, a mouse model for multiple
sclerosis (MS), both reagents failed to protect mice
from disease development, but only Infliximab
caused exacerbation at the late stage of the disease,
reminiscent of the effects in patients that led to
termination of a clinical trial with another systemic
blocker in MS.

Conclusion

MYSTI represents a promising platform for further
preclinical and clinical drug development.
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