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Abstract—Rheumatoid arthritis (RA) is an autoimmune inflammatory disease characterized by joint damage as well as sys-
temic manifestations. The exact cause of RA is not known. Both genetic and environmental factors are believed to con-
tribute to the development of this disease. Increased expression of tumor necrosis factor (TNF) has been implicated in the
pathogenesis of RA. Currently, the use of anti-TNF drugs is one of the most effective strategies for the treatment of RA,
although therapeutic response is not observed in all patients. Furthermore, due to non-redundant protective functions of
TNEF, systemic anti-TNF therapy is often associated with unwanted side effects such as increased frequency of infectious
diseases. Development of experimental models of arthritis in mice is necessary for studies on the mechanisms of pathogen-
esis of this disease and can be useful for comparative evaluation of various anti-TNF drugs. Here we provide an overview of
the field and present our own data with two experimental models of autoimmune arthritis — collagen-induced arthritis and
antibody-induced arthritis in C57BI/6 and BALB/c mice, as well as in tnf~humanized mice generated on C57BI/6 back-
ground. We show that TNF-deficient mice are resistant to the development of collagen-induced arthritis, and the use of
anti-TNF therapy significantly reduces the disease symptoms. We also generated and evaluated a fluorescent detector of
TNF overexpression in vivo. Overall, we have developed an experimental platform for studying the mechanisms of action of
existing and newly developed anti-TNF drugs for the treatment of rheumatoid arthritis.
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The increased expression level of tumor necrosis fac-
tor (TNF) is associated with many chronic inflammatory
states including autoimmune diseases such as the
rheumatoid arthritis (RA), Krone’s disease, ulcerative
colitis, psoriasis, and ankylosing spondylitis (Bechterew’s
disease). Detection of high level of various proinflamma-
tory cytokines, including TNE, in biopsies and cell cul-
tures derived from RA patients suggests their key role in
sustaining inflammation in affected joints. This was fur-
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ther confirmed by the fact that significant amelioration of
the disease state is observed both in patients and in rele-
vant animal models receiving anti-TNF therapeutics.
Studies using genetically modified mice with a transgene
encoding human TNF (hTNF) locus (in addition to the
endogenous murine tnf'gene) has become one of the most
informative models that allow study of the role of TNFE. In
this model, the transgene containing the human #nf gene
sequence that was modified in the segment involved in the
repression of translation 3’-UTR (untranslated region)
led to a high and uncontrollable expression of hTNFE As a
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result, these mice developed erosive arthritis with a histo-
logical picture similar to that observed in patients with
RA [1]. Furthermore, mice bearing the same hTNF
transgene under the control of T cell-specific “locus con-
trol region” of the human cd2 gene, characterized by
hTNF overexpression in T-cells [2], were also generated.
Increased TNF expression only in T-lymphocytes was
sufficient to induce the development of arthritis, though
this result does not necessarily mean that T-lymphocytes
are the source of pathogenic TNF in arthritis. It is inter-
esting that injection of antibodies that blocked IL-1
receptor signaling completely prevented the development
of arthritis in these mice [3]. However, 1L-1-deficient
mice bearing hTNF transgene still developed arthritis,
though a reduction in erosion of bone tissue in compari-
son with control group was observed. Thus, these results
indicate that IL-1 is an important effector mediator in
this arthritis model and is regulated by TNF, as proposed
earlier for RA (Fig. 1). A similar erosive form of arthritis
developed in genetically modified mice with a deletion of
ARE (3'-AU-rich element) in the 3'-UTR of the tnf gene.
These mice were characterized by increased TNF expres-
sion; however, crossing of these mice to RAG-1-deficient
background did not rescue them from arthritis develop-
ment, which suggests that lymphocytes with TNF overex-
pression are not required for disease initiation [4, 5]. It
was shown that mice with complete TNF ablation are
resistant to collagen-induced arthritis, whereas mice with
a cell type-specific inactivation of TNF in macrophages
and neutrophils or in T-cells develop the disease (Kruglov
et al., manuscript in preparation).

In spite of the fact that anti-TNF therapy is widely
used in clinics (see the review by Astrakhantseva et al. in
this issue), the mechanism of its action is still not fully
understood. It is clear that anti-TNF blockers either bind
a soluble form of TNF or interfere with binding of TNF
to its receptors. At the same time, interaction of TNF
blockers with membrane-bound TNF can induce anti-
body-dependent or complement-mediated cytotoxicity,
reduce expression of other proinflammatory cytokines
that are regulated by TNF (such as IL-1 and IL-6), and,
in turn, lead to reduced TNF expression as a feedback
mechanism [6]. Furthermore, it was demonstrated that
expression of chemokines that attract cells to the site of
inflammation (RANTES, MCP-1, IL-8) is also reduced
as a result of anti-TNF treatment. This effect is also
observed due to a decreased expression of adhesion mol-
ecules on endothelial cells and a reduction in angiogene-
sis, both of which are TNF-dependent processes. In RA
patients subjected to treatment with infliximab, an
increase in the number of circulating regulatory T cells
was also observed [7]. In general, anti-TNF therapy effi-
ciently reduces the level of inflammation locally at the
affected sites, and it probably also results in systemic
effects on differentiating cells, including those in the lym-
phoid organs. In addition, the mechanism of action of
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TNF blockers on “pain receptors” was recently
described, which undoubtedly contributes to overall suc-
cess of this type of therapy in patients [8].

It is quite difficult to give an exact assessment of the
side effects associated with each anti-TNF therapeutic,
mainly because they are often prescribed in combination
with other drugs such as methotrexate or even
cyclosporin, which is immunosuppressive. The most fre-
quent and well-documented side effect is possible reacti-
vation of latent infections, the most serious being tuber-
culosis. This undesirable complication from anti-TNF
treatment is based on one of the non-redundant physio-
logical functions of TNF — its role in formation and
maintenance of the structural integrity of bactericidal
granulomas [9, 10]. In this regard, prior to the initiation
of anti-TNF therapy all patients have to undergo medical
examination to rule out mycobacterial infection. Side
effects from anti-TNF therapy are often associated with
other granulomatous diseases: histoplasmosis, coccid-
ioidomycosis, and cryptococcosis. Among fungal dis-
eases, such opportunistic infections as mucormycosis and
candidiasis have been reported. More often, leishmania-
sis and some chronic viral infections (such as the human
herpes virus type 3, hepatitis B, and cytomegalovirus)
arise or become aggravated [6]. There are also some data
suggesting that systemic TNF ablation may possibly
increase the risk of malignancy: skin cancer, lymphoma,
gastrointestinal cancers, etc. However, addressing this
issue is quite complicated since patients with psoriasis or
RA are already predisposed to an increased risk of lym-
phoma regardless of the treatment [6]. Moreover, there is
some indication that TNF inhibitors can actually be the
cause of some manifestations of autoimmune diseases.
Among such diseases are chronic inflammatory demyeli-
nating polyneuropathies with syndromes similar to a sys-
temic lupus erythematosus. The latter characterized by an
increase in autoantibodies to nuclear DNA and histones
is seen in the blood of patients. The most paradoxical is a
report on an increased number of cases of psoriasis in
patients undergoing anti-TNF therapy [6].

Thus, TNF plays a key role in maintenance of the
protective immune response to intracellular pathogens
and has an important homeostatic function, but at the
same time is one of the main cytokines associated with
the induction of autoimmune diseases. Reproducible
experimental animal models are necessary for study of the
mechanisms of action of different TNF inhibitors and for
understanding the nature of possible side effects. In the
current study, we describe two experimental protocols for
autoimmune arthritis induction in mice: collagen-
induced arthritis and collagen antibody-induced arthritis
in C57Bl1/6 and BALB/c mice, as well as in humanized
TNF knock-in mice recently generated in our laboratory,
in which the human #nf gene functionally replaces the
mouse gene. The latter mouse model allows evaluation of
all clinically approved TNF inhibitors in the context of
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experimental therapy in mice specific against human
rather than murine TNE The only exception is etaner-
cept, which inhibits both human and murine TNE. TNF-
deficient mice are protected against collagen-induced
arthritis. Treatment of BALB/c mice with etanercept
considerably reduces the symptoms of arthritis induced
by arthritogenic antibodies. /n vivo imaging of TNF
expression in the effected joint was performed using a new
fluorescent TNF detector.

MATERIALS AND METHODS

Animals. C57Bl/6 and BALB/c mice as well as TNF-
deficient mice [11] and humanized hTNFKI mice gener-
ated on C57Bl/6 genetic background were 8-10 weeks of
age upon the initiation of the experiments. Only female
mice were used for the experiments. The mice were bred
and maintained under specific pathogen-free conditions
at the Pushchino Animal Facility of the
Shemyakin—Ovchinnikov Institute of Bioorganic
Chemistry of the Russian Academy of Sciences.

Fluorescent TNF detector for in vivo imaging. The
construct carrying a gene encoding one-domain camel
antibody Vhh41 [12] connected to a gene encoding red
fluorescent Katushka protein [13] by a flexible glycine-
serine linker was cloned into the expression vector pET28
(Novagen, Germany) in such a way that there is a hexa-
histidine sequence at the C-end. The resulting genetic
construct was used for transformation of E. coli
BL21(DE3) cells, which were cultured under the follow-
ing conditions: the bacterial culture was grown in LB
media in the presence of a selective antibiotic to ODy,, =
1.0, followed by addition of isopropyl f-D-1-thiogalac-
topyranoside to final concentration of 0.4 mM to induce
protein expression during 4 h at 37°C. The bacterial cul-
ture was then centrifuged, and the bacterial cells in the
pellet were lysed. Soluble protein was purified from the
cytoplasmic fraction of the bacterial lysate using Ni**-
affinity chromatography on agarose conjugated with Ni-
nitrilotriacetic acid (Invitrogen, USA) according to man-
ufacturer’s protocol. The purified fraction of the hybrid
protein was cleared of imidazole by dialysis and filtered
under sterile conditions. Final protein concentration was
measured using the BCA Protein Assay Kit (Pierce, USA)
according to the manufacturer’s protocol.

In vivo imaging and immunohistochemistry. /n vivo
imaging of TNF expression in the affected joint of
C57B1/6 mice after induction of experimental arthritis
was carried out as described earlier [13a] on the Kodak
Carestream in vivo FX PRO device (Carestream Health,
USA) with excitation at 570 nm and emission at 635 nm
with 30 sec exposure. Snapshots were taken every 5 min
following the intravenous administration 50 pM of the
fluorescent TNF detector (Vhh4l1-Katushka). The
immunohistochemistry of paraffin-embedded sections of
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affected and normal joints was carried out using second-
ary anti-Katushka-FITC antibodies, and images were
generated using a Leica TCS SP5 confocal microscope.
Tissue samples were collected following arthritis induc-
tion with collagen in C57Bl/6 mice. Fluorescent TNF
detector (Vhh41-Katushka) was administered i.p. at 200
ug per mouse. After 40 min, the mice were euthanized
and their joints collected for histology.

Collagen-induced arthritis. C57B1/6 and TNF~/~
females at the age 8-10 weeks were immunized with
emulsion containing 100 pg of chicken collagen type 11
(Sigma, USA) in complete Freund’s adjuvant (Sigma).
Dry collagen was dissolved in 10 mM acetic acid at
2 mg/ml for 10 h at 4°C with continuous shaking. Then
the collagen solution was mixed at ratio 1 : 1 with com-
plete Freund’s adjuvant that was additionally enriched
with 8 mg/ml of killed M. tuberculosis H37RA (Thermo
Fisher Scientific Inc., USA). The resulting suspension
was thoroughly mixed, transferred to Eppendorf tubes at
0.8 ml per tube, and then chilled on ice. Contents of each
test tube were subjected to disintegration using an ultra-
sonic homogenizer (BANDELIN SONOPULS,
Germany) repeatedly three times for 5 sec with the test
tubes embedded in ice to prevent the contents from over-
heating. The resulting mix was administered s.c. into the
tail base at 100 pul per mouse. On day 21, mice were sub-
jected to the second immunization. Pathology score was
evaluated macroscopically every 3-4 days based on the
following scale: 0 — normal joint; 1 — minor reddening
and edema; 2 — mild edema and reddening of a few joints;
3 — strong edema of all joints of a paw. The total score for
each mouse was calculated based on the sum of the scores
for each of the four paws.

Collagen antibody-induced arthritis. For induction of
arthritis with arthritogenic antibodies, a cocktail contain-
ing five monoclonal antibodies against collagen type 11
and LPS from E. coli 0111:B4 as adjuvant was injected in
accordance with the manufacturer’s protocol (Chondrex,
USA). On the first day of the experiment, BALB/c mice
were injected i.p. or i.v. with 1.5 mg of 5-clone cocktail in
200 pl of PBS, and hTNFKI mice (on C57Bl1/6 genetic
background) were injected with 5 mg of 5-clone cocktail.
The control group was injected with 200 pl of sterile phos-
phate buffer (PBS; Thermo Fisher Scientific, USA).
After three days, each mouse was injected i.p. with 50 pg
of LPS dissolved in 200 pl of PBS. Pathogenesis of arthri-
tis was evaluated during 10 days following arthritogenic
antibody injection. Pathology score for each paw was
determined based on the following scale: 0 — no redden-
ing and swelling (normal joints); 1 — minor reddening
and/or swelling; 2 — mild reddening and swelling; 3 —
strong reddening and swelling; 4 — severe reddening and
swelling. The total score for each mouse was calculated
based on the sum of the scores for each of the four paws.

Statistical analysis. For statistical analysis of the
data, we used the GraphPad Prism 6 program (GraphPad
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Software). Statistically significant difference was estab-
lished using Student’s test. Data are presented in the form
of average values and standard error for each group of
mice (n = 5). Distinctions between groups were consid-
ered statistically significant with P value less or equal to
0.05.

RESULTS AND DISCUSSION

Induction of arthritis in C57Bl/6 mice with collagen
immunization. Pathogenesis of collagen-induced arthritis
carries many common features with the course of RA in
patients and, in particular, is characterized by synovial
hyperplasia, infiltration of the affected tissue with
mononuclear cells, and cartilage degradation [14].
Predisposition to the development of collagen-induced
arthritis, just as in the case of RA, depends on the pres-
ence of certain alleles in the MHC class II gene locus
[15], which results in varying sensitivity of different
inbred strains of mice to experimental arthritis. The pre-
ferred standard model for study of collagen-induced
arthritis is DBA/1 mice, which are highly sensitive to the
established disease induction protocol [16, 17]. However,
optimization of experimental conditions allows arthritis

b
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induction in other inbred strains, in particular, in mice on
the C57B1/6 genetic background, which are known to be
highly resistant to collagen-induced arthritis. It should be
pointed out that the majority of mice with genetic modi-
fications (such as knockout or transgenic mice) were gen-
erated on C57BI/6 genetic background. Just as in the case
of RA, this experimental model is characterized by TNF
expression in inflamed joints (Fig. 1), and the level of its
expression is so high that in vivo imaging during disease
onset using fluorescently labeled detectors is possible
(Figs. 1a and 1b).

TNF-deficient mice are resistant to collagen-induced
arthritis. For induction of the disease, the first and the
second (after three weeks) immunizations were carried
out with chicken collagen type II in complete Freund’s
adjuvant via subcutaneous injection [16, 17]. However, in
comparison with collagen-induced arthritis in DBA/1
mice, the disease onset in C57Bl/6 mice or mice on
C57B1/6 genetic background is characterized by lower
pathology score, in particular, reduced swelling of the
paws, and smaller frequency of disease induction. This
type of experimental arthritis can be induced in about 50-
60% of C57Bl/6 mice, in comparison with 90-100%
DBA/1 mice [17]. Mice with complete TNF ablation [11]
are resistant to collagen-induced arthritis (Fig. 2).

Fig. 1. Increased TNF expression in inflamed tissue of a mouse during collagen-induced arthritis. /n vivo imaging of TNF expression in the
affected joint after induction of autoimmune arthritis was carried out on a Kodak Carestream in vivo FX PRO device (a) prior to injection and
(b) after intravenous injection of 50 pM of the fluorescent TNF detector (Vhh41-Katushka). The image was taken 50 min after the injection
of Vhh41-Katushka. Collagen-induced arthritis protocol was applied to C57Bl/6 mice according to the standard protocol followed with
200-pg i.p. injection of the fluorescent TNF detector (Vhh41-Katushka). After 40 min, the mice were euthanized and joints of back paws were
collected for histology. The immunohistochemistry of paraffin-embedded sections was carried out with using secondary anti-Katushka-FITC
antibodies: (c) normal joint and (d) joint affected by arthritis, which is characterized by the increased TNF expression level in synovial tissue.
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Fig. 2. Development of experimental arthritis induced by immu-
nization with collagen in C57Bl/6 mice and TNF-deficient
(TNF~7) mice. The disease was induced by double immunization
with type II collagen in complete Freund’s adjuvant additionally
enriched with M. tuberculosis (5 mg/ml) with a three-week inter-
val between the immunizations. Arthritis in C57BI/6 mice devel-
oped in 50% of cases, while TNF-deficient mice were resistant to
arthritis.

Immunopathogenesis of collagen-induced arthritis relies
on both T-cell-specific and B-cell responses [18-22].
Experimental arthritis induced by transfer of autoim-
mune collagen-specific antibodies. Induction of the acute
form of collagen-induced arthritis depends on the pres-
ence of arthritogenic antibodies in the serum. Following
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this notion, a fast and reproducible model for autoim-
mune arthritis induction is based on the transfer of anti-
bodies specific to collagen. The important role of B-lym-
phocytes in the development of arthritis has been demon-
strated in a number of experiments as well as in clinical
data. In particular, treatment of RA with anti-CD20 can
successfully be applied [23-25]. In view of an established
role of B-cells and autoimmune antibodies in the devel-
opment of RA, some experimental models of arthritis are
based on transfer of autoimmune antibodies including
those specific to collagen or serum containing antibodies
to glucose-6-phosphate isomerase [26-30]. Autoanti-
bodies can also serve as markers for diagnosis of the dis-
ease.

In the model of arthritis caused by transfer of colla-
gen-specific antibodies, the disease is induced by sys-
temic injection of a cocktail of monoclonal antibodies
specific to certain epitopes of the collagen type II mole-
cule with subsequent injection of LPS as an adjuvant.
Injection of LPS reduces the quantity of antibodies nec-
essary for induction of arthritis [31]. Signs of the develop-
ing disease are very similar to those of RA. Mice develop
synovitis, the joints are infiltrated by leukocytes, pannus
is formed, and the cartilage degradation and bone erosion
are observed [32, 33]. Though it was shown that collagen-
specific antibodies bind to the cartilage surface, the exact
mechanism of development of the disease in this model
has not been established [34, 35]. It was assumed that
antibodies as a part of immune complexes are capable of

Disease score

Fig. 3. Assessment of arthritis score caused by transfer of arthritogenic antibodies. For induction of arthritis with arthritogenic antibodies,
BALB/c mice were injected i.p. with 1.5 mg of five-clone antibody cocktail in 200 ul of PBS. After three days, each mouse was injected i.p.
with 50 pg of LPS dissolved in 200 pl of PBS. Pathogenesis of arthritis was evaluated during 10 days following arthritogenic antibody transfer.
Pathology score for each paw was determined based on the following scale: 0 — no reddening or swelling (normal paw); 1 — minor reddening
and/or swelling; 2 — mild reddening and swelling; 3 — strong reddening and/or swelling; 4 — severe reddening and/or swelling.
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Fig. 4. Development of experimental arthritis induced by antibodies to collagen in BALB/c mice and ff-“humanized” mice (h"TNFKI) on
C57BI/6 genetic background. For induction of arthritis with arthritogenic antibodies (Ab), BALB/c mice were injected i.p. 1.5 mg of five-
clone antibody cocktail in 200 pl of PBS, and hTNFKI mice were injected with 5 mg of five-clone antibody cocktail. The control group was
injected with 200 pl of sterile phosphate buffer. After three days, each mouse was injected i.p. with 50 pg of LPS dissolved in 200 pl of PBS (a).
Development of arthritis in BALB/c mice was considerably reduced upon treatment with etanercept (200 pg per mouse), which is a clinical-
ly approved TNF inhibitor (b). Data are presented in the form of average values and standard error for each group (n = 5). Statistically signif-
icant differences were determined using Student’s test with * P <0.05 and ** P<0.01.

Fig. 5. Schematic representation the joint affected with RA, which is characterized by inflammation of the synovial lining. Macrophages, the
main source of TNF, activate endothelial cells, which leads to increased local infiltration and activation of monocytes and T-cells, increased
angiogenesis, and proliferation. TNF has a direct impact on osteoclasts, which leads to their activation and an increase in bone resorption with
assistance from activated T-cells producing RANK ligand. The activated synovial fibroblasts are the main source of IL-6, which promotes dif-
ferentiation of B-cells towards plasma cells producing large quantities of autoreactive antibodies.

inducing inflammatory reactions either by activating the
complement system [36, 37] or by interacting and acti-
vating Fc-receptor-expressing cells [36, 38]. Components
of the complement system, in turn, are involved in

opsonization, which increases the activity of phagocytes
and autoantigen presentation. Moreover, some of the
components (CS5a, C4a, C3a) can serve as activators of
inflammation, inducing increased permeability of vessels
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and attracting and activating phagocytes. It was shown
that the complement system components C3, C5, and B-
factor as well as C5a-receptor are necessary for the induc-
tion of disease in recipient mice [39-42]. It has also been
shown that C3a and C5a increase the translation of IL-1
and TNF in monocytes [43, 44], which may play a patho-
genic role.

In this study, we established an arthritis model using
BALB/c mice (Fig. 3) and in “humanized” hTNFKI mice
generated on C57Bl/6 genetic background (Fig. 4a). We
were also able to demonstrate the therapeutic effect of
TNF inhibitors in this model (Fig. 4b). For induction of
disease, we used a cocktail consisting of five monoclonal
antibodies to collagen type II (Chondrex). In BALB/c
mice, arthritis was induced by intraperitoneal or by intra-
venous administration of 1.5-3.0 mg of five-component
cocktail of antibodies, while for the induction of the proto-
col in mice resistant to the development of arthritis, such as
hTNFKI mice on C57Bl/6 genetic background, the
amount of antibodies required for arthritis induction was
5 mg/mouse (Fig. 4a). Disease pathogenesis was assessed
during the two weeks after the initiation of the experiment.
However, the first manifestations of arthritis were already
noticeable on the next day following LPS injection (Fig. 3).
The peak of disease pathogenesis fell between 7-10 days of
the experiment, after which the symptoms decreased.
Induction of arthritis in BALB/c mice was blocked by
injection of anti-TNF preparation used in the clinic,
i.e. etanercept (Fig. 4b), which unlike all other clinically
available inhibitors is active against murine TNFE.

Based on the literature as well as our own data, the
overall picture of RA progression can be presented as fol-
lows: during the initial stage of RA, inflammation of the
synovial surface of a joint occurs. This develops as a result
of migration to the affected area and/or local activation of
a large number of T- and B-cells, antibody-producing
plasma cells, dendritic cells, macrophages, and mast
cells, and the induction of neoangiogenesis. As a result,
the synovial lining becomes multilayered, and the syn-
ovial membrane extends and forms extrusions. The osteo-
clast-rich site of synovial surface, or pannus, is the main
source for bone destruction, and the enzymes released by
neutrophils, synoviocytes, and chondrocytes lead to car-
tilage degradation [45, 46] (Fig. 5). In addition to local
symptoms in the joints, approximately 50% of RA
patients also exhibit systemic manifestations of the dis-
ease, which may include development of rheumatic nod-
ules in the skin, vasculitis, pericarditis, uveitis, rheumatic
lung, anemia, cardiovascular diseases, osteoporosis,
chronic fatigue, and depression [47-49].

When studying the mechanisms leading to the devel-
opment of RA in humans and when testing new thera-
peutics, the contribution of experimental animal models
is invaluable. There are a number of RA animal models
available; however, due to a large variety of factors influ-
encing the development of this disease, it is not possible
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to choose a uniform and universal model. In this article,
we considered the existing experimental approaches to
study anti-cytokine therapy in the treatment of autoim-
mune diseases. We established two experimental models
of arthritis whose pathogenesis is dependent on TNEF,
including mice with the “humanized” tnf gene generated
on C57BIl/6 genetic background. Mice with complete
TNF ablation are resistant to collagen-induced arthritis.
Studying the “humanized” h'TNFKI mice in the context
of experimental arthritis will in future allow more ade-
quate assessment of the efficacy and side effects of differ-
ent TNF inhibitors (existing, as well as newly developed).
Treatment with TNF inhibitors significantly reduces the
symptoms of the disease both in the model of arthritis
using collagen-specific antibodies, as well as in collagen-
induced arthritis. Finally, we developed and tested a new
fluorescent TNF detector suitable for in vivo imaging of
TNF expression in mice.
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