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Abstract

It has been established that the synthetic peptide LKEKK affects the ability of IL-12 to regulate the secretory activity of kera-
tinocytes obtained from human psoriatic skin: in the concentration range of 100-1000 nM the peptide increases in a dose-de-
pendent manner the production of IL-10 and IFN-y as well as suppression of the production of IL- 17 induced by IL-12 in
vitro. The peptide with the inverted sequence KKEKL was inactive, which indicates the high specificity of the peptide LKEKK
action. An in vivo study of the peptide LKEKK activity in a model of imiquimod (IMQ)-induced psoriasis in mice showed that
its daily application to the ear (150 500 ug) together with Aldara cream containing 5% IMQ for 6 days significantly suppress-

es the development of the inflammatory process.
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Introduction

The skin is the largest organ of the mammals with three main
functions: protection, regulation and sensation. Mammalian skin
is composed of the epidermis, dermis and adipose tissue. The
outer layer epidermis consists mainly of keratinocytes with an
integral population of dendritic antigen-presenting cells. The
dermis is formed by connective tissue containing various im-
mune cells and several associated appendages (hair follicles,
sweat and sebaceous glands, as well as muscle fibers that give
the skin strength and elasticity). Adipose tissue forms the inner
layer of the skin [1]. Keratinocytes are the main cells of the epi-
dermis; they respond to various environmental factors and are
directly involved in the regulation of the inflammatory response
of the skin, producing pro- and anti-inflammatory cytokines [2,
3].

Several years ago we synthesized the peptide LKEKK and found
that it was able to suppress the inflammation in the human intes-
tinal epithelium in vitro and in vivo: the peptide bound to human
Caco-2 intestinal epithelial cells with high affinity and reduced
the TNF-o-induced expression of pro-inflammatory cytokines
IL- 6, IL-8, IL-1B and increased the expression of the anti-in-
flammatory cytokine IL-10 [4]. In addition, the ability of the
peptide to suppress the development of the inflammatory pro-
cess induced by sodium dextran sulfate was demonstrated in a
mouse model of colitis [5].

Recently we obtained similar results in the study of the effect of
the peptide LKEKK on human keratinocytes: the peptide bound
to these cells with high affinity, in the concentration range of 50
1000 nM it reduced IL-17A-induced production of pro-inflam-

matory cytokines (TNF-a, IL-6, IL-1a) and increased the pro-
duction of anti-inflammatory cytokine IL-10 in vitro The action
of the peptide was mediated by the activation of soluble gua-
nylate cyclase [6, 7]. We evaluated the anti-inflammatory activ-
ity of the peptide in mouse models of acute and chronic contact
dermatitis induced by 12-O-tetradecanoylphorbol-13-acetate
(TPA). Experiments have shown that topical application of the
peptide significantly reduced edema and associated pathological
changes in the epidermis [8]. Based on the results obtained, it
was concluded that the LKEKK peptide has significant thera-
peutic potential as an anti-inflammatory agent.

It is known that the protective functions of the skin provide a
variety of epidermal and immune elements that are part of the
associated lymphoid tissue (SALT). The response of these cells
to damage allows homeostasis to be restored. Vulgar psoriasis
is a widespread and most studied inflammatory skin disease, in
the development of which most elements of SALT are involved
to varying degrees [9]. In particular, keratinocytes are actively
involved in the regulation of immune responses in SALT of pso-
riatic skin [10]. It has been shown that IL-17, IL-23, and TNF-a
expressed by these cells play a key role in the development of
psoriatic inflammation [11]. The purpose of this study is to study
the effect of the peptide LKEKK in psoriasis in a mouse model
of the disease.

Materials and methods

Chemicals

Human Keratinocyte Medium EpiGro was obtained from Cell
Applications, Inc. (USA), IL-17A, TNF-a, IL-10, IL-12 and oth-
er chemicals were obtained from Sigma (St. Louis, MO).
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Peptides

Human thymosin-al and human interferon-a2 were obtained
from Immundiagnostik AG (Germany). Peptides LKEKK (Np5)
and KKEKL (iNp5) were synthesized on an Applied Biosyste-
ms Model 430A automatic synthesizer (USA) using the Boc/Bzl
tactics of peptide chain elongation as described previously [12].
The peptides were purified to homogeneous state by prepara-
tive reverse-phase HPLC (Gilson chromatograph, France) on a
Delta Pack C18 column, 100A (39x150 mm, mesh size 5 [Im;
flow rate 10 mL/min, elution with 0.1% TFA, gradient of ace-
tonitrile 10—40% in 30 min). The molecular masses of peptides
were determined by fast atom bombardment mass spectrometric
analysis (Finnigan mass spectrometer, San Jose, CA). The data
of amino acid analysis (hydrolysis by 6 M HCI, 22h, 110°C;
LKB 4151 Alpha Plus amino acid analyzer, Sweden) and mass
spectrum analysis are presented in Table 1.

Keratinocyte Cultures

Normal human epidermal keratinocytes (Cryopreserved HEK,
Adult: Frozen HEK (5x10"5), CAT.# 102-05a) were obtained
from Cell Applications, Inc. (USA) and were cultured for 24 h
in Keratinocyte serum-free medium EpiGro containing EpiLife
undefined growth supplement (Thermo Fisher Scientific, USA)
in a 5% CO2 incubator at 37°C and were used at the second or
third passage. Keratinocytes from the skin of psoriasis patients
were kindly provided by Dr. Shcherbatova Yu.A. ("State Scien-
tific Center for Dermatovenereology and Cosmetology" of the
Ministry of Health of the Russian Federation, Moscow). Cells
were cultured for 24 hours in a serum-free EpiGro medium con-
taining 10% fetal calf as described above. Cells were preincubat-
ed with LKEKK or KKEKL peptide (10-1000 nM) for 1 hour
before stimulation with IL-12 (250 nM).

Cytokine ELISAs
To measure the concentrations of cytokines in keratinocytes,
cells were homogenized in three volumes of ice-cold PBS con-

taining | mM PMSF, 10 pg/mL aprotinin, 10 pg/mL leupeptin,
and 10 pg/mL pepstatin A (Sigma-Aldrich) using a POLY-
TRON® PT 1200 E (Kinematica AG., Switzerland) and centri-
fuged at 12,000 xg for 10 min at 4°C. The protein concentration
was determined by the Lowry method using bovine serum al-
bumin as a standard was measured by ELISA [13]. Results are
expressed as cytokine amount per total protein concentration.
ELISAs were carried out using according to the manufacturer's
instructions (BD Biosciences, San Jose, CA). Data are presented
as mean = SEM.

In vivo Studies

In vivo experiments we used C57BL/6 mice at the age of 7-11
weeks (18-20 g, Nursery of Branch of Institute of Bioorganic
Chemistry, Russian Academy of Sciences, Pushchino, and Mos-
cow Region). All procedures described below met the require-
ments for working with laboratory animals. To create a model of
psoriasis used the method of van der Fits et al [14]. Inflamma-
tion was induced by daily topical application of 60 mg Aldara
cream containing 5% imiquimod (3M Health Care Ltd/UK) to
the upper and lower surface of the right ear of the animals for 6
days. Skin thickness was measured daily with a digital caliper.
The degree of inflammation was assessed by determining the
change in the thickness of the treated skin compared to the con-
trol (thickness of the untreated skin on day 0). Peptide treatment
(phosphate buffered solution 50 500 ng/ear) was administered
concurrently with Addara's cream daily for 6 days.

Statistical Analysis

Data are expressed as means + SEM. Student's t-test was used
when comparisons were made only between the two groups.
Differences were considered significant when p < 0.05.

Results and Discussion
The main characteristics of the synthesized peptides (purity,
amino acid content, and molecular mass) are shown in Table 1.

Peptide | Purity, % Amino acid analysis data Molecular mass, D
Np5 >98 Glu 1.08, Leu 1.00, Lys 3.32 | 645.4 (calculated value 644.87)
iNp5 >97 Glu 1.14, Leu 1.05, Lys 3.30 | 648.5 (644.87)

Table 1: Main characteristics of the peptides

The discovery of IL-6 and its receptor subunits laid the founda-
tion for understanding the biology of a family of related cyto-
kines: IL-12, IL-23, and IL-27. These cytokines have a similar
spatial organization, use common receptors, and affect the out-
come of infectious and inflammatory diseases [15].

Interleukin-12 (IL-12) a protein consisting of two 35 and 40
kDa subunits was isolated and characterized by Kobayashi et al.
in 1989 [16]. The IL-12 receptor is a heterodimeric complex that
includes unique o-chain providing specificity and gp130 chain
common for the IL-6-related cytokine subfamily that mediates
signaling through the JAK-STAT signaling cascade [17-19].

In the mid-1990s, mice deficient of the IL-12 subunits were ob-
tained, and, as expected, they were more susceptible to patho-
gens than wild-type animals [20-25]. These results could not be
explained by differences in IFN-y levels, although the effects of

IL-12 were initially believed to be due solely to its ability to
stimulate IFN-y production in T and NK cells [26]. Compared
to wild-type mice both, p40(-) and p35(-)mice showed IFN-y
deficiency; at the same time, p35(-) mice showed increased ex-
pression of IL-4 and IL-10, while levels of lymphotoxin-a and
TNF-o were reduced. These results suggested that there is a
molecule other than the pro-inflammatory protein IL-12p70, us-
ing both subunits, capable of mediating signaling from IL-12 to
SALT cells [27-31].

The trigger of chronic skin inflammation in psoriasis is epider-
mal damage, followed by activation of mononuclear phagocytes
and an increase in their secretion levels of IL-12, TNF, and IL-
23. Subsequent immune responses, including the production
of IL-17, 1L-22, and IL-21 by T-helpers, provoke neutrophil
infiltration and hyperactivation of keratinocytes which further
fuel the pro-inflammatory cascade of reactions [32]. The first
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psoriasis drugs targeted TNF followed by a second generation
that inhibited 1L-12/IL-23 and IL-23 [33]. IL-12 and IL-23 have
a common p40 subunit associated with p35 and p19 subunits,
respectively [34]. Mice that lacked the p40 subunit showed re-
sistance to various patterns of chronic inflammation [27, 29,
35]. Ustekinumab, the first monoclonal antibody (mAb) directed
against p40, proved to be a more effective and safer treatment for
psoriasis than TNF inhibitors [36].

Later, after preclinical trials of Ustekinumab, the pl19 pro-
tein and, as a result, IL-23 were discovered [37]. Subsequent
preclinical studies have shown that although mice lacking the
IL-23-specific p19 subunit were resistant to the induction of
many inflammatory diseases, including psoriasis, deficiency of
IL-12p35 or the IL12rP2 subunit of the IL-12 receptor resulted in
an exacerbation of inflammation. On this basis, it was concluded
that IL-23 mediates the development of psoriatic inflammation,
while IL-12 plays a regulatory rather than pathological role in
the pro-inflammatory cascade [38]. Recently, IL-23p19-specific
mAbs, Guselkumab and Risankizumab have been obtained that
are more effective than p40-targeted mAb Ustekinumab in the
treatment of psoriasis [39]. Taken together, these data indicated
the dominant role of IL-23 in stimulating inflammation, while
IL-12 performs regulatory and protective functions. However,
it should be noted that although the protective role of IL-12 has
been proven in preclinical models of psoriasis, the cellular tar-
gets and mechanisms underlying it have not been established
until recently [40].

A strain of 1112rb2 (KO)/reporter knockout mice was recently
obtained [41]. The creation of a conditional knockout (KO) and
an I112rb2 reporter allele in mice made it possible to identify
IL-12 sensitive cells and their systematic deletion in the skin
stroma and hematopoietic compartment. It was found that the
deletion of 1112rb2 in the hematopoietic compartment does not
affect the development of Aldara-induced psoriasis-like inflam-
mation. At the same time, depletion of IL12rb2 in keratinocytes
exacerbated the development of the disease. Thus, protective IL-
12 signaling blocks keratinocyte hyperproliferation, maintains
skin barrier integrity, and counteracts inflammation. The fact
that IL-12 has a strong effect on the stroma of affected tissue
supports the suggestion that psoriasis is not primarily the result
of immune dysfunction, but may be a consequence of altered
tissue homeostasis. Thus, it was found that the protective effect
of IL-12 in psoriasis is directed to keratinocytes and consists in
blocking the hyperproliferation of these cells, maintaining the
integrity of the skin barrier and, as a result, counteracting the
development of inflammation.

The results presented in this work show that the peptide LKEKK
in the concentration range of 10 1000 nM does not affect the
secretion of IL-10, IL-17, IFN-y and TNF-a by keratinocytes ob-
tained from the skin of patients with psoriasis; at the same time,
IL-12 at concentrations of 50—1000 nM significantly increases
the production of IL-10 and IFN-y by these cells, suppresses
their secretion of IL-17, and does not affect the level of TNF-a
secretion (Table 2).

Np5/IL-12 (nM) | IL-10 IL-17 IFN-y TNF-a,
(pg/mg protein = SEM)

- (Control) 10+2 336 +42 95+ 14 272 +£23

10 11+£2/12+2 330 +45/324+£45 [90+12/99+ 12 274 £27/ 278 +£29
20 12+2/15+3 339 +40/308 £44 |90+ 15/120+ 13* |270+£22/275+25
50 10+2/26 £ 4* 335+39/265+32*% (98 +£14/163 £19* |272+£20/277 +28
100 12 £2/44 + 4% 333 +£46/237 £28*% |96+ 15/276 +£29* | 269 +24/273 £23
500 10 £2/43 + 6* 330 £38/228 £32*% |95+ 13/282 £34* |279+28/271+27
1000 11 £2/46 + 5% 338 +£45/230 £36* |97 +16/289 +37* |273£24/275+26

* Significant difference from the control (P < 0.05).
Table 2: Effect of peptide LKEKK (Np5) on IL-12-induced production of IL-10, IL-17, TNF-a by keratinocytes from human

psoriatic skin

We studied the effect of the LKEKK peptide on the ability of IL-
12 to regulate the secretory activity of psoriatic keratinocytes in
vitro. For this, the cells were treated with peptide (10 1000 nM)
and IL-12 (250 nmol/mL) was added to induce cytokine secre-
tion. In parallel, the peptide with an inverted KKEKL sequence
was tested as a negative control. Experiments showed that treat-

ment of keratinocytes with the peptide LKEKK in the concen-
tration range of 50 1000 nM increased the production of IL-10
and IFN-y in a dose-dependent manner, decreased the secretion
of IL-17, and did not affect the production of TNF-a (Table 3).
The peptide with the inverted sequence was inactive, indicating
a high specificity of the LKEKK peptide action.

Peptide (nM) Cytokine (pg/mg protein £ SEM)

IL-10 IFN-y IL-17
Control (250 nM IL-12) 433 +3.6 273 £24 332+ 36
10 46.7+4.3 282 +£27 305+ 39
50 60.9 + 4.6* 303 +£29 270 £21*
100 68.8 £ 6.0* 347 £ 35* 242 +£25%
250 78.5 £ 6.2% 359 +30* 232 +23%*
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500

79.3 £6.7*

363 + 32 224 + 32%*

1000

78.8 £7.3*%

366 + 38* 220 + 36*

* Significant difference from the control (P < 0.05).
Table 3: Effect of the peptide LKEKK on IL-12-induced production of cytokines by keratinocytes from the skin of patients

with psoriasis

As noted above, we recently showed that the LKEKK peptide
binds with high affinity and specificity to normal human kerati-
nocytes and, in the concentration range of 50—1000 nM, reduces
IL-17A-induced production of TNF-a, IL-6, IL-1a and increas-
es production of IL-10 in vitro [5, 6]. The results presented in
this work show that the peptide is not able to directly influence
the secretory activity of keratinocytes in psoriasis-affected skin:
its effect on the production of IL-10, IFN-y, and IL-17 by these
cells mediates IL-12.

An in vivo study of the activity of the LKEKK peptide in a mod-
el of IMQ-induced psoriasis in mice showed that its daily ap-

plication to the ear (150 500 pg) together with Addara's cream
containing 5% IMQ for 6 days significantly suppresses the de-
velopment of the inflammatory process (Table 4): it can be seen
that the effect of the peptide depended on its dose. It is known
that IMQ-induced dermatitis in mice closely resembles human
psoriasis lesions in terms of phenotypic and histological char-
acteristics, and that the development of the lesion is critically
dependent on IL-23 and IL-17 [42]. Since the ability of IL-12
to suppress the secretion of IL-17 in vitro increases significantly
in the presence of the peptide LKEKK, it can be assumed that a
similar effect also occurs in vivo.

Action Increase in ear thickness (mm)/experiment day

1 2 3 4 5 6
Aldara! 0.7£0.1 [1.5£0.2 1.8+£02 [2.7+£0.2 32+03 3.8+£0.2
Aldara + Np5? [0.8+0.1 [1.4+0.3 1.7+0.3 25+0.2 29+04 32+03
Aldara+Np5* |0.6+02 [1.2+0.2 1.4+£0.2 1.8+£03* [23£03* |2.5+£0.2%
Aldara+Np5* [0.5+02 [0.8+0.3 1.0£02* [1.5+0.2* |1.7+£03* |1.9+0.3*
Aldara+Np5° [05£0.1 [0.7£0.2 ]0.9+0.2 1.3£02* |1.6+02*% |1.7+0.3%

Note: 1 Aldara cream 60 mg daily for 6 days; 2 Addara 60 mg + Np5 50 mcg/ear daily for 6 days; 3 Addara 60 mg + Np5 150
mcg/ear daily for 6 days; 4 Addara 60 mg+ Np5 300 mcg/ear daily for 6 days; 5 Addara 60 mg+ Np5 500 mcg/ear daily for 6 days.
*P<0.05 compared with Addara's cream treatment, mean values + SEM are shown.

Table 4: Effect of the peptide LKEKK (Np5) on changes in ear thickness in mice treated with Aldara cream

Conclusion: Peptide with simple structure LKEKK has signifi-
cant anti-inflammatory activity and is suitable as a basis for the
development of treatments for psoriasis and other inflammatory
skin diseases.

Funding: This study was funded by Fundamental Research Pro-
gram of the Presidium of RAS "Molecular and Cell Biology"
(Grant # 0101-2014-0086).

References

1. Breitkreutz, D., Mirancea, N., & Nischt, R. (2009). Base-
ment membranes in skin: unique matrix structures with
diverse functions?. Histochemistry and cell biology, 132,
1-10.

2. Guilloteau, K., Paris, 1., Pedretti, N., Boniface, K., Juchaux,
F., et al. (2010). Skin inflammation induced by the syner-
gistic action of IL-17A, IL-22, oncostatin M, IL-1a, and
TNF-a recapitulates some features of psoriasis. The Journal
of Immunology, 184(9), 5263-5270.

3. Rabeony, H., Petit-Paris, 1., Garnier, J., Barrault, C., Pedret-
ti, N., et al. (2014). Inhibition of keratinocyte differentiation
by the synergistic effect of IL-17A, IL-22, IL-1a, TNFa and
oncostatin M. PloS one, 9(7), ¢101937.

4. Navolotskaya, E. V., Sadovnikov, V. B., Lipkin, V. M., &
Zav'yalov, V. P. (2018). Binding of cholera toxin B subunit
to intestinal epithelial cells. Toxicology in vitro, 47, 269-
273.

5. Navolotskayaa, E. V., Sadovnikov, V. B., Lipkin, V. M., &
Zav’yalov, V. P. (2019). Chol-era Toxin B Subunit and Pep-
tide LKEKK Inhibit TNF-a Signalin g in Intestinal Epithe-
lial Cells and Reduce Inflammation in a Mouse Model of
Colitis. J Clin Exp Immunol, 4, 1-6.

6. Navolotskaya, E. V., Sadovnikov, V. B., Zinchenko, D. V.,
Zolotarev, Y. A., Lipkin, V. M., et al. (2020). Effect of the
LKEKK Peptide on Human Keratinocytes. Russian Journal
of Bioorganic Chemistry, 46, 1038-1043.

7. Navolotskaya, E.V., Sadovnikov, V.B., Zinchenko, D.V.,
Zav’yalov, V.P., Murashev, A.N., (2021a). Anti-inflamma-
tory Effect of the Peptide LKEKK. J. Clin. Exp. Immunol.,
6,356 361.

8. Navolotskaya, E.V., Sadovnikov, V.B., Zav’yalov, V.P., Mu-
rashev, A.N., 2021b. Anti-inflammatory Effect of Peptide
LKEKK on Keratinocytes. J. Clin. Immunol. Immunother.,
7, 064.

9. Lowes, M.A., Suarez-Farinas, M., Krueger, J.G., (2014).
Immunology of Psoriasis. Ann. Rev. Immunol., 32, 227
255.

10. Lowes, M. A., Russell, C. B., Martin, D. A., Towne, J. E.,
& Krueger, J. G. (2013). The IL-23/T17 pathogenic axis in
psoriasis is amplified by keratinocyte responses. Trends in
immunology, 34(4), 174-181.

11. Bouchaud, G., Gehrke, S., Krieg, C., Kolios, A., Hafner, J.,
et al. (2013). Epidermal IL-15Ra acts as an endogenous an-
tagonist of psoriasiform inflammation in mouse and man.

] Clin Exp Immunol, 2023

Volume 8 | Issue 3 | 593


https://link.springer.com/article/10.1007/s00418-009-0586-0
https://link.springer.com/article/10.1007/s00418-009-0586-0
https://link.springer.com/article/10.1007/s00418-009-0586-0
https://link.springer.com/article/10.1007/s00418-009-0586-0
https://journals.aai.org/jimmunol/article/184/9/5263/83302
https://journals.aai.org/jimmunol/article/184/9/5263/83302
https://journals.aai.org/jimmunol/article/184/9/5263/83302
https://journals.aai.org/jimmunol/article/184/9/5263/83302
https://journals.aai.org/jimmunol/article/184/9/5263/83302
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0101937
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0101937
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0101937
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0101937
https://www.sciencedirect.com/science/article/pii/S0887233317303776
https://www.sciencedirect.com/science/article/pii/S0887233317303776
https://www.sciencedirect.com/science/article/pii/S0887233317303776
https://www.sciencedirect.com/science/article/pii/S0887233317303776
https://www.opastpublishers.com/table-contents/jcei-volume-4-issue-4-year-2019
https://www.opastpublishers.com/table-contents/jcei-volume-4-issue-4-year-2019
https://www.opastpublishers.com/table-contents/jcei-volume-4-issue-4-year-2019
https://www.opastpublishers.com/table-contents/jcei-volume-4-issue-4-year-2019
https://www.opastpublishers.com/table-contents/jcei-volume-4-issue-4-year-2019
https://link.springer.com/article/10.1134/S1068162020060229
https://link.springer.com/article/10.1134/S1068162020060229
https://link.springer.com/article/10.1134/S1068162020060229
https://link.springer.com/article/10.1134/S1068162020060229
https://www.opastpublishers.com/table-contents/jcei-volume-6-issue-5-year-2021
https://www.opastpublishers.com/table-contents/jcei-volume-6-issue-5-year-2021
https://www.opastpublishers.com/table-contents/jcei-volume-6-issue-5-year-2021
https://www.opastpublishers.com/table-contents/jcei-volume-6-issue-5-year-2021
https://www.heraldopenaccess.us/openaccess/anti-inflammatory-effect-of-peptide-lkekk-on-keratinocytes
https://www.heraldopenaccess.us/openaccess/anti-inflammatory-effect-of-peptide-lkekk-on-keratinocytes
https://www.heraldopenaccess.us/openaccess/anti-inflammatory-effect-of-peptide-lkekk-on-keratinocytes
https://www.heraldopenaccess.us/openaccess/anti-inflammatory-effect-of-peptide-lkekk-on-keratinocytes
F:\opast pdf\Sharmila\JCEI\2023\Jan\JCEI-23-11\10.1146\annurev-immunol-032713-120225
F:\opast pdf\Sharmila\JCEI\2023\Jan\JCEI-23-11\10.1146\annurev-immunol-032713-120225
F:\opast pdf\Sharmila\JCEI\2023\Jan\JCEI-23-11\10.1146\annurev-immunol-032713-120225
https://www.sciencedirect.com/science/article/pii/S1471490612001998
https://www.sciencedirect.com/science/article/pii/S1471490612001998
https://www.sciencedirect.com/science/article/pii/S1471490612001998
https://www.sciencedirect.com/science/article/pii/S1471490612001998
https://rupress.org/jem/article-abstract/210/10/2105/41423
https://rupress.org/jem/article-abstract/210/10/2105/41423
https://rupress.org/jem/article-abstract/210/10/2105/41423

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Journal of Experimental Medicine, 210(10), 2105-2117.
Schnolzer, M., Alewood, P., Jones, A., Alewood, D., &
Kent, S. B. (1992). In situ neutralization in Boc-chemistry
solid phase peptide synthesis: Rapid, high yield assembly
of difficult sequences. International journal of peptide and
protein research, 40(3-4), 180-193.

Lowry, O. H., Rosebrough, N. J., Farr, A. L., & Randall, R.
J. (1951). Protein measurement with the Folin phenol re-
agent. Journal of biological chemistry, 193, 265-275.

Van Der Fits, L., Mourits, S., Voerman, J. S., Kant, M.,
Boon, L., et al. (2009). Imiquimod-induced psoriasis-like
skin inflammation in mice is mediated via the IL-23/IL-17
axis. The Journal of Immunology, 182(9), 5836-5845.
Wojno, E. D. T., Hunter, C. A., & Stumhofer, J. S. (2019).
The immunobiology of the interleukin-12 family: room for
discovery. Immunity, 50(4), 851-870.

Kobayashi, M., Fitz, L. O. R. I., Ryan, M. A. R. Y., Hewick,
R. M., Clark, S. C., et al. (1989). Identification and purifica-
tion of natural killer cell stimulatory factor (NKSF), a cyto-
kine with multiple biologic effects on human lymphocytes.
The Journal of experimental medicine, 170(3), 827-845.
Hirano, T., Matsuda, T., & Nakajima, K. (1994). Signal
transduction through gp130 that is shared among the recep-
tors for the interleukin 6 related cytokine subfamily. Stem
cells, 12(3), 262-277.

Taga, T., & Kishimoto, T. (1995). Signaling mechanisms
through cytokine receptors that share signal transducing re-
ceptor components. Current opinion in immunology, 7(1),
17-23.

Presky, D. H., Yang, H., Minetti, L. J., Chua, A. O., Nabavi,
N., et al. (1996). A functional interleukin 12 receptor com-
plex is composed of two B-type cytokine receptor subunits.
Proceedings of the National Academy of Sciences, 93(24),
14002-14007.

Magram, J., Connaughton, S. E., Warrier, R. R., Carvajal,
D. M., Wu, C. Y, etal. (1996). IL-12-deficient mice are de-
fective in IFNy production and type 1 cytokine responses.
Immunity, 4(5), 471-481.

Mattner, F., Magram, J., Ferrante, J., Launois, P., Padova, K.
D., etal. (1996). Genetically resistant mice lacking interleu-
kin-12 are susceptible to infection with Leishmania major
and mount a polarized Th2 cell response. European journal
of immunology, 26(7), 1553-1559.

Decken, K., Kohler, G., Palmer-Lehmann, K., Wunderlin,
A., Mattner, F., et al. (1998). Interleukin-12 is essential for a
protective Th1 response in mice infected with Cryptococcus
neoformans. Infection and immunity, 66(10), 4994-5000.
Cooper, A. M., Kipnis, A., Turner, J., Magram, J., Ferrante,
J., et al. (2002). Mice lacking bioactive IL-12 can generate
protective, antigen-specific cellular responses to mycobac-
terial infection only if the IL-12 p40 subunit is present. The
Journal of Immunology, 168(3), 1322-1327.

Elkins, K. L., Cooper, A., Colombini, S. M., Cowley, S. C.,
& Kieffer, T. L. (2002). In vivo clearance of an intracellular
bacterium, Francisella tularensis LVS, is dependent on the
p40 subunit of interleukin-12 (IL-12) but not on IL-12 p70.
Infection and immunity, 70(4), 1936-1948.

Lieberman, L. A., Cardillo, F., Owyang, A. M., Rennick, D.
M., Cua, D. J., et al. (2004). IL-23 provides a limited mech-
anism of resistance to acute toxoplasmosis in the absence

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

of IL-12. The Journal of Immunology, 173(3), 1887-1893.

. Trinchieri, G. (2003). Interleukin-12 and the regulation of

innate resistance and adaptive immunity. Nature Reviews
Immunology, 3(2), 133-146.

Brombacher, F., Dorfmiiller, A., Magram, J., Dai, W. ],
Kohler, G., et al. (1999). IL-12 is dispensable for innate and
adaptive immunity against low doses of Listeria monocyto-
genes. International immunology, 11(3), 325-332.

Becher, B., Durell, B. G., & Noelle, R. J. (2002). Exper-
imental autoimmune encephalitis and inflammation in the
absence of interleukin-12. The Journal of clinical investiga-
tion, 110(4), 493-497.

Cua, D. J., Sherlock, J., Chen, Y. 1., Murphy, C. A., Joyce,
B., et al. (2003). Interleukin-23 rather than interleukin-12
is the critical cytokine for autoimmune inflammation of the
brain. Nature, 421(6924), 744-748.

Gran, B., Zhang, G. X., Yu, S., Li, J., Chen, X. H., et al.
(2002). IL-12p35-deficient mice are susceptible to exper-
imental autoimmune encephalomyelitis: evidence for re-
dundancy in the IL-12 system in the induction of central
nervous system autoimmune demyelination. The Journal of
Immunology, 169(12), 7104-7110.

Lynde, C. W., Poulin, Y., Vender, R., Bourcier, M., & Khalil,
S. (2014). Interleukin 17A: toward a new understanding of
psoriasis pathogenesis. Journal of the American Academy
of Dermatology, 71(1), 141-150.

Perera, G, K., Meglio, P .Di., Nestla, F.O., (2012). Psoriasis.
Annu. Rev. Pathol., 7, 385-422.

Becher, B., & Pantelyushin, S. (2012). Hiding under the
skin: Interleukin-17—producing y6 T cells go under the
skin?. Nature medicine, 18(12), 1748-1750.

Croxford, A. L., Kulig, P., & Becher, B. (2014). IL-12-and
IL-23 in health and disease. Cytokine & growth factor re-
views, 25(4), 415-421.

Pantelyushin, S., Haak, S., Ingold, B., Kulig, P., Heppner, F.
L., et al. (2012). Roryt+ innate lymphocytes and v T cells
initiate psoriasiform plaque formation in mice. The Journal
of clinical investigation, 122(6), 2252-2256.

Leonardi, C. L., Kimball, A. B., Papp, K. A., Yeilding, N.,
Guzzo, C., et al. (2008). Efficacy and safety of ustekinum-
ab, a human interleukin-12/23 monoclonal antibody, in pa-
tients with psoriasis: 76-week results from a randomised,
double-blind, placebo-controlled trial (PHOENIX 1). The
Lancet, 371(9625), 1665-1674.

Oppmann, B., Lesley, R., Blom, B., Timans, J. C., Xu, Y., et
al. (2000). Novel p19 protein engages IL-12p40 to form a
cytokine, IL-23, with biological activities similar as well as
distinct from IL-12. Immunity, 13(5), 715-725.

Gordon, K. B., Strober, B., Lebwohl, M., Augustin, M.,
Blauvelt, A., et al. (2018). Efficacy and safety of risanki-
zumab in moderate-to-severe plaque psoriasis (UltIMMa-1
and UltIMMa-2): results from two double-blind, ran-
domised, placebo-controlled and ustekinumab-controlled
phase 3 trials. The Lancet, 392(10148), 650-661.

Langley, R. G., Tsai, T. F., Flavin, S., Song, M., Randaz-
zo, B., et al. (2018). Efficacy and safety of guselkumab in
patients with psoriasis who have an inadequate response
to ustekinumab: results of the randomized, double-blind,
phase III NAVIGATE trial. British Journal of Dermatology,
178(1), 114-123.

] Clin Exp Immunol, 2023

Volume 8 | Issue 3 | 594


https://rupress.org/jem/article-abstract/210/10/2105/41423
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1399-3011.1992.tb00291.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1399-3011.1992.tb00291.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1399-3011.1992.tb00291.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1399-3011.1992.tb00291.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1399-3011.1992.tb00291.x
https://www.cabdirect.org/cabdirect/abstract/19511404458
https://www.cabdirect.org/cabdirect/abstract/19511404458
https://www.cabdirect.org/cabdirect/abstract/19511404458
https://journals.aai.org/jimmunol/article/182/9/5836/104045
https://journals.aai.org/jimmunol/article/182/9/5836/104045
https://journals.aai.org/jimmunol/article/182/9/5836/104045
https://journals.aai.org/jimmunol/article/182/9/5836/104045
https://www.sciencedirect.com/science/article/pii/S1074761319301281
https://www.sciencedirect.com/science/article/pii/S1074761319301281
https://www.sciencedirect.com/science/article/pii/S1074761319301281
https://rupress.org/jem/article-abstract/170/3/827/50070
https://rupress.org/jem/article-abstract/170/3/827/50070
https://rupress.org/jem/article-abstract/170/3/827/50070
https://rupress.org/jem/article-abstract/170/3/827/50070
https://rupress.org/jem/article-abstract/170/3/827/50070
https://stemcellsjournals.onlinelibrary.wiley.com/doi/abs/10.1002/stem.5530120303
https://stemcellsjournals.onlinelibrary.wiley.com/doi/abs/10.1002/stem.5530120303
https://stemcellsjournals.onlinelibrary.wiley.com/doi/abs/10.1002/stem.5530120303
https://stemcellsjournals.onlinelibrary.wiley.com/doi/abs/10.1002/stem.5530120303
https://www.sciencedirect.com/science/article/pii/0952791595800247
https://www.sciencedirect.com/science/article/pii/0952791595800247
https://www.sciencedirect.com/science/article/pii/0952791595800247
https://www.sciencedirect.com/science/article/pii/0952791595800247
https://www.pnas.org/doi/abs/10.1073/pnas.93.24.14002
https://www.pnas.org/doi/abs/10.1073/pnas.93.24.14002
https://www.pnas.org/doi/abs/10.1073/pnas.93.24.14002
https://www.pnas.org/doi/abs/10.1073/pnas.93.24.14002
https://www.pnas.org/doi/abs/10.1073/pnas.93.24.14002
https://www.sciencedirect.com/science/article/pii/S1074761300804136
https://www.sciencedirect.com/science/article/pii/S1074761300804136
https://www.sciencedirect.com/science/article/pii/S1074761300804136
https://www.sciencedirect.com/science/article/pii/S1074761300804136
https://onlinelibrary.wiley.com/doi/abs/10.1002/eji.1830260722
https://onlinelibrary.wiley.com/doi/abs/10.1002/eji.1830260722
https://onlinelibrary.wiley.com/doi/abs/10.1002/eji.1830260722
https://onlinelibrary.wiley.com/doi/abs/10.1002/eji.1830260722
https://onlinelibrary.wiley.com/doi/abs/10.1002/eji.1830260722
https://journals.asm.org/doi/abs/10.1128/iai.66.10.4994-5000.1998
https://journals.asm.org/doi/abs/10.1128/iai.66.10.4994-5000.1998
https://journals.asm.org/doi/abs/10.1128/iai.66.10.4994-5000.1998
https://journals.asm.org/doi/abs/10.1128/iai.66.10.4994-5000.1998
https://journals.aai.org/jimmunol/article/168/3/1322/34601
https://journals.aai.org/jimmunol/article/168/3/1322/34601
https://journals.aai.org/jimmunol/article/168/3/1322/34601
https://journals.aai.org/jimmunol/article/168/3/1322/34601
https://journals.aai.org/jimmunol/article/168/3/1322/34601
https://journals.asm.org/doi/abs/10.1128/IAI.70.4.1936-1948.2002
https://journals.asm.org/doi/abs/10.1128/IAI.70.4.1936-1948.2002
https://journals.asm.org/doi/abs/10.1128/IAI.70.4.1936-1948.2002
https://journals.asm.org/doi/abs/10.1128/IAI.70.4.1936-1948.2002
https://journals.asm.org/doi/abs/10.1128/IAI.70.4.1936-1948.2002
https://journals.aai.org/jimmunol/article/173/3/1887/72320
https://journals.aai.org/jimmunol/article/173/3/1887/72320
https://journals.aai.org/jimmunol/article/173/3/1887/72320
https://journals.aai.org/jimmunol/article/173/3/1887/72320
https://www.nature.com/articles/nri1001
https://www.nature.com/articles/nri1001
https://www.nature.com/articles/nri1001
https://academic.oup.com/intimm/article-abstract/11/3/325/777132
https://academic.oup.com/intimm/article-abstract/11/3/325/777132
https://academic.oup.com/intimm/article-abstract/11/3/325/777132
https://academic.oup.com/intimm/article-abstract/11/3/325/777132
https://www.jci.org/110/4/493?content_type=full
https://www.jci.org/110/4/493?content_type=full
https://www.jci.org/110/4/493?content_type=full
https://www.jci.org/110/4/493?content_type=full
https://www.nature.com/articles/nature01355
https://www.nature.com/articles/nature01355
https://www.nature.com/articles/nature01355
https://www.nature.com/articles/nature01355

40. Kulig, P, Musiol, S., Freiberger, S. N., Schreiner, B., mation. Science immunology, 6(64), eabg9012.
Gyiilveszi, G., et al. (2016). IL-12 protects from psorias- 42. Chorachoo, J., Lambert, S., Furnholm, T., Roberts, L., Re-

iform skin inflammation. Nature communications, 7(1), ingold, L., et al. (2018). The small molecule rhodomyrtone
13466. suppresses TNF-a and IL-17A-induced keratinocyte inflam-

41. Zwicky, P., Ingelfinger, F., Silva de Melo, B. M., Ruchti, F., matory responses: A potential new therapeutic for psoriasis.
Schirli, S., et al. (2021). IL-12 regulates type 3 immunity PLoS One, 13(10), €0205340.

through interfollicular keratinocytes in psoriasiform inflam-

Copyright: ©2023 Elena V. Navolotskaya, et al. This is an open-access
article distributed under the terms of the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original author and source are credited.

J Clin Exp Immunol, 2023 https://opastpublishers.com Volume 8 | Issue 3 | 595




