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ABSTRACT

Autoimmune inflammatory diseases are pri-
marily characterized by deregulated expression
of cytokines, which drive pathogenesis of these
diseases. A number of approved and experi-
mental therapies utilize monoclonal antibodies
against cytokine proteins. Cytokines can be
classified into different families including the
interleukins, which are secreted and act on
leukocytes, the tumor necrosis factor (TNF)
family, as well as chemokine proteins. In this
review article, we focus on the interleukin
family of cytokines, of which 39 members have
been identified to this date. We outline the role
of each of these interleukins in the immune
system, and various dermatological inflamma-
tory diseases with a focused discussion on the
pathogenesis of psoriasis and atopic dermatitis.
In addition, we describe the roles of various
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interleukins in psychiatric, cardiovascular, and
gastrointestinal comorbidities. Finally, we
review clinical efficacy and safety data from
emerging late-phase anti-interleukin therapies
under development for psoriasis and atopic
dermatitis. Collectively, additional fundamen-
tal and clinical research remains necessary to
fully elucidate the roles of various interleukin
proteins in the pathogenesis of inflammatory
dermatologic diseases, and treatment outcomes
in patients.
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Key Summary Points

Pathogenesis of psoriasis and atopic
dermatitis is largely driven by a complex
cross-regulatory network of interleukins.

Atopic

Interleukins can drive metabolic and
psychiatric comorbidities associated with
inflammatory dermatologic conditions.

Continued characterization of pathogenic
roles of interleukin proteins will facilitate
development of novel biologic therapies.

A\ Adis


http://orcid.org/0000-0001-8654-9050
http://crossmark.crossref.org/dialog/?doi=10.1007/s12325-022-02241-y&amp;domain=pdf
https://doi.org/10.1007/s12325-022-02241-y

Adv Ther (2022) 39:4474-4508

4475

INTRODUCTION

The immune system comprises various effector
cells and associated cytokines that elicit adap-
tive and innate immune responses against
pathogens. While the innate immune response
is intrinsic to the human body since birth and is
nonspecific, the adaptive immune response
develops over time after exposure to an antigen
either from a pathogen or a vaccination, and
includes the production of specific antibodies
against a foreign antigen [1]. Antigen presenta-
tion on dendritic cell surface along with the
necessary costimulatory molecules can lead to
activation of naive T cells and their prolifera-
tion and subsequent differentiation to either
CD8+ cytotoxic T cells or CD4+ helper T cells
(Th cells) [1]. Thus, dendritic cells act as an
important link between the innate and adaptive
immune responses.

There are five major subtypes of CD4+ T
cells: Th1 cells, Th2 cells, Th17 cells, T follicular
helper cells, and regulatory T cells (Treg) [1].
Th1 cells are involved in intracellular immunity
and release interferon-y to activate macro-
phages. Th2 cells play a crucial role in mucosal
and barrier immunity and release interleukins 4
and 5 (IL-4 and IL-5) to recruit eosinophils and
basophils. Th17 cells produce Th17 cytokines
such as IL-17 and IL-22 that activate stromal
cells and epithelial cells, respectively, to pro-
duce various chemokines and antimicrobial
peptides that recruit neutrophils to eliminate
extracellular pathogens. T follicular helper cells
interact with naive B cells and regulate their
antibody production capacity. Finally, Tregs
suppress innate immunity and T-cell activation
thus acting as a safeguard against development
of autoimmunity. In addition, Treg pathways
exist in close interaction with each other, and
have associated feedback and feedforward reg-
ulatory mechanisms.

Both innate and adaptive immune cells are
able to generate inflammatory mediators to
combat infection and amplify or modulate the
immune response. These mediators can be cat-
egorized into chemokines and cytokines that
are secreted and act on other cells that harbor
the respective cognate receptors. Cytokines are

small proteins important in cell signaling and
important in immune-mediated diseases, while
chemokines are small cytokines or signaling
proteins secreted by cells that induce direc-
tional movement of leukocytes, as well as other
cell types. Cytokines are the principal determi-
nants of CD4+ T-cell lineage specification [1].
Exposure of a naive T cell to various combina-
tions of cytokines will allow it to differentiate to
any of the five mentioned subtypes above by
activating various members of the STAT family
of transcription factors as well as other lineage-
specific transcription factors.

It has now become abundantly clear that
interleukins play critical roles in the pathogen-
esis of inflammatory dermatologic conditions.
In this article, we conducted a literature review
to identify interleukins involved in the patho-
genesis of dermatologic inflammatory diseases
with a focus on psoriasis and atopic dermatitis.
We first describe the various known families of
interleukins and their main roles in the normal
immune response. We then describe important
preclinical and clinical data that support
pathogenic roles of interleukins not only in
psoriasis and atopic dermatitis, but also in a
number of associated comorbidities. These
include cardiovascular, psychiatric, and gas-
trointestinal comorbidities. Our last goal in this
review article was to highlight emerging anti-
interleukin therapies for the treatment of pso-
riasis and atopic dermatitis.

COMPLIANCE WITH ETHICS
GUIDELINES

This article is based on previously conducted
studies, and does not contain any new studies
with human participants or animals performed
by any of the authors.

INTERLEUKIN SUBFAMILIES
AND STRUCTURE

The term “interleukin” (between leukocytes)
was first coined in Switzerland in 1979 at the
second international lymphokine workshop to
describe factors that influence function of
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leukocytes [2]. A number of nomenclatures
have been proposed to classify interleukins
based on sequence homology, structural simi-
larity, bound receptors, as well as producing
cells. These nomenclatures were adopted by the
World  Health  Organization/International
Union of Immunological Societies (WHO/IUIS)
in 1990s [3, 4]. However, the advent of next-
generation sequencing and continued discovery
of additional interleukins increases the com-
plexity of existing nomenclatures. In a recent
report, Akdis et al. conducted a comprehensive
review of existing interleukin factors and clas-
sified them into various families based on
sequence homology, evolutionary relationship,
common receptor chains, and immunological
function [5]. From a structural standpoint,
interleukins can be classified into class I or class
II helical proteins. Their structural characteris-
tics are described in Table 1 [6, 7]. Table 2
summarizes the main interleukin families, their
structure, and main function in the immune

Table 1 Structural characteristics of various interleukins

(6, 7]
Structure Subclassification Interleukin
Class I: 4 o- Short chain IL-2, IL-3, IL-4, IL-

helices in an S, IL-7, IL-9, IL-
“up-up-down- 13, IL-15 and IL-

down” 21

conformation IL-6, IL-11, IL-12,
IL-23, IL-27, and
1L-31

IL-10, IL-19, IL-20,

Long chain

Class II: 6-7 o-

helices 1L-22, IL-24, IL-
26, IL-28, 1L-29
B-Trefoil IL-1 family
structure
made of 12
packed f3-
sheets
Neurotrophin- IL-17 family

like cysteine-

knot fold

system, their cognate receptors, and producing
cells [5, 6, 8-14].

INTERLEUKINS IN PATHOGENESIS
OF PSORIASIS AND ATOPIC
DERMATITIS

Interleukins produced by innate and adaptive
immune cells can form cross-regulatory net-
works that are the driving force in many der-
matologic inflammatory diseases. Table 2
summarizes dermatologic and non-dermato-
logic diseases in which various interleukins are
implicated. In addition, it identifies relevant
approved or experimental therapeutics target-
ing each interleukin. In this section, we discuss
the roles of various interleukins in the patho-
genesis of two of the most common dermato-
logic inflammatory diseases, psoriasis (Fig. 1)
and atopic dermatitis (Fig. 2).

Psoriasis

In psoriasis, a number of stress triggers—rang-
ing from environmental to genetic—can stim-
ulate innate immune cells and keratinocytes to
synthesize tumor necrosis factor-a (TNF-a),
interferon-y (IFN-y), IFN-a, IL-6, and IL-1p [15].
These cytokines activate dermal dendritic cells
to produce IL-12 and IL-23, which promote
differentiation of naive T cells into Thl and
Th17 cells, respectively. Production of TNF-a
and IFN-y by Th1 cells and IL17A-F and IL-22 by
Th17 cells leads to activation and proliferation
of keratinocytes, which in turn produce a wide
range of proinflammatory cytokines and
chemokines that results in the phenotypic
manifestations of psoriasis. These inflammatory
mediators exist in a positive feedback loop
allowing transition from disease initiation to
disease maintenance and chronicity [15].
Several additional interleukins have been
documented to have complex roles in the
pathogenesis of psoriasis. Gene expression pro-
filing of generalized pustular psoriasis and pso-
riasis vulgaris lesional biopsies revealed elevated
IL-1, IL-17A, and IL-36 expression levels com-
pared to biopsies of normal skin [16].

A\ Adis



4477

Adv Ther (2022) 39:4474-4508

SOUTY014D TY, SIIQIYUI PUE SOUTY0IAD 7Y, SdIe[nwins
‘wononpoid 19pae[d pue sisarodoreway saremung

wzuu R.ﬂﬂrﬁ MUSﬁQM .EOUUB@OH& 05&080LU

95E2IDUT “UONIENUAIAJIP pue uoneldjioid 2o g pue T

Surpeudis 9¢- saqryur ‘osuodsox

0€1d3 0T T-T1

0€1d3 49-T1

S[[92 MOLIEUI JUO( ‘SISE[qOISO ‘$2IAD0TAOULS
S[[22 [erPYIopua S[ad [erpyarda ‘sise[qoIqry

$15€[q021S0

$91401pUOTD $21£00UTIEIY S[[3D Ter[3 ‘S[[2d

asewr ‘saafoonueid ‘syrydoursos sped 1 pue g

ﬁmGOu uﬂu .«O m:UU

IT-11

911 Apwrey 9-1

sunwiwt /£y L, SUQIYUIT ‘YY9E-T] 03 Te[Iuils s10y MOC-TI ‘TAI-TI g Sunesgyiord ur pue unys jo erpyudo eseq 8¢-1I
(NAIOIS)
uraroxd pareppr-1oidasar
uoneAnde 2 dnupuap ssoxddns -1 urnqofdounurwr SONSST) UBWINY SNOLIEA
‘soury01£> Arorewrwregurord paonpur-y T, sAqryu] ofdurs OYQT-TI  S91kdoumeIdy S[d g ‘sarkoouow S YN L€-TI
(Va9€
-TI 4q panqryur) asuodsor sunwwi-/ 1y ], dueyud
‘wondagur 10 Amfur anssn 01 asuodsar ur skemyaed erpyds Wi
Arorewrwregurord 19410 JO UOMEANDE ‘UOLIEANE gM-IN 9S-I unys “sahoounerdy S[pd [erpPyopud [euru]  /A/g/109¢-[]
sasuodsal sunwrwt 7y, Jo I01eAnde juaod 71S Ppaqre> uraoxd S[[2> dLLIPUDP ‘S[[3D
9fewep [[9> puUE ‘UONEWWEPUT S1S010u uodn pasea[ay] parepar-103dodar 11 Teryade padewrep ‘safeydoroewr ‘sisejqoiqry €¢I
uononpord A-N] seoueyud ‘sasuodsor sunuwrwr $21400115E ‘$15€[q02150 ‘$91K00UTIEIDY
Y.L pue Ty, sarowoid £1o1x010145 [[9d YN sdueyuy NIST-TI/PYT-TI ‘S|P Toygdny ‘sofeydomoewr s[pao onupusg ST-TI
srydonnau ‘safeydoroew ‘sa1l>ouneroy
Surpeuds ¢ /01-T] suqIyuy DII-TI S[[90 [EI[PYAOPUD ‘SISE[QOIQY ‘S2ILI0UOIAT Y111
S[[9> Te1AOUAS
sasejqoiqy ‘syrydonnou ‘sakoorexeSour
uononpoid surnjowayd aonpur ‘S[[2d (a1 “erfBororw ‘sa1kdounedy ‘sarkooydus]
g pue £IY], 2onput ‘souryoikd Lrorewwegutord juszog  -p) 1oadasar 1 odha 1-71 s[[2 snupuap ‘safoouow ‘safeydordei d/01-11 Aqrarey -]
(s) Aprarey
wa3sAS UNWWI Ul [0X UTeJy (s)103daday (S)[12> Supnporg UDMAINU]  UDNIMIIUL

[$1-8 ‘9 ‘G] waisks JUNWIWI UT SUOMOUNJ UTEW Ppue ‘S[[22 95IN0s IdY3 ‘s103dadar 21eu8od 1o ‘sToquuiow A[Tuuej UTna[Iaaul jo 15T ¢ d[qeL,

I\ Adis



Adv Ther (2022) 39:4474-4508

4478

SISTITA SNOLIEA ISUTESE SINIALDE [EIIATIUE JABE]
s[[e> g ur uononpoid
3] pue D3] suqryur sjed [erppyards ur ©-INT.
pue ‘g-TI ‘9-I sounjo1kd> Krorewrwreguroid sonpuy
S[[2> g Arowow
pue ewse[d usomiaq dueeq saremdd1 SHNIJ
ur A-NAT pue ‘0-ANLL ‘9-1I JO uorssardxo soonpuy
oBewrep onssn 1uaasxd 01 skemiped onoidode
-UE pue dANEIANI[0Id 9IBATIDE DSUDJOP [EIqOINTWNUY
7-UIsuajop
- pue ursenrosd jo uonemgordn era uondayur

[er1210eq Jo 2oueIed]d UT pre ‘sisatodoreway sarendayy

€1 pue ‘01
‘G -] Jo uorssaxdxo saonpur ‘sosuodsar gy 1, soonpuy

uondnpoid surjowayd pue saUr01Ld

paonpur-astuode Y11, saqryur aarssarddnsounty

TIOT-TI/ T8I

40T T1/T90T-11

J0T-T1/140T
~1I 10 TJ0T-TI/TATT 1T

CTHOT-TII PU® T I

TI0T-TI/TTT 11
PUe 0T 11/ 14011

TdOCII PUu® THOTII

TJOT-TI PU® TIOI-TI

sa1600u0W ‘ST[2> PAIAUT

-snIIA ‘ST 321 1, SOINGJ S[[2° 2RUPULJ

S[22 SINL PU® S[[92 £TY.L S[[?° .1 A1owoy

s[> 3sewr ‘s;aakoouow S[[Pd I puUT g
S[[22

SIN P23BAIdR ‘S[[2 1, QA pu® 7TYL ‘LIYL

S[[P> TerpPyropud pue ferppyids

‘S[[°9 JMLIPUIP ‘$21L00UOW Pare[nuIns-§JT
S[[92 TeIPYIOpUD

‘speo TerpPyaids ‘saeydordewr ‘soakoouopy

sadeydorew

S[[P2 g ‘ST 21, ‘S92 dNHIIPUIP $21400UOIA

(1Y
-NAI) 6211

(€Y-N41)
q8z-TI

(T(-NHI)
V811

9711

Y1l

(44l

0¢-1I

61-T11

OT-T1  Arwrey o1-TI

wra1sAs dunwIwIr Ul 3[0I UTeJy!

(s)103daday

(s)12> Sumnpoig

(%) Aqrurey
ﬁ%w—uuuﬁm ﬁ—mv—n—uﬂ.ﬂu&ﬂm

penunuod g dqe ],

A\ Adis



4479

Adv Ther (2022) 39:4474-4508

S[[o2
ssuodsar [erPyaopuD ureiq s [erpPyads [eunssur <4
[1°9 ATY.L PUe TYL Saqryur ‘osuodsar [[25 7y T, sadueyquy DALT-TI Pue VILI-TI  ‘sokoonueid safeydoroewr e[osae s[> 7yl -TI/ALI-TI
uononpoid ¢-JIN Pue 17T ‘8-1I ‘9-TI seonued pue Gun|
sooueyud ‘vonerdiord (9> 1o1usdord propphw suqryuy umouy 10N]  “MIedy ‘onssny osodipe ‘ureiq OpPsnw [eI9[YS ALi-11
€11 22npur ued ‘9-[ pue 0-IN.L SOdAd pue
‘d1-TI se yons sourjoako Lrorewrweyurord soueyuy TIALI-TI (DINAS) S22 TeapnuoUOW Py [eTA0ULg ILI-TI
ausuwnnaI [rydonnau pue ‘sissusdorpuoyd SINSSI1 JUNWIWIUOU SNOLIEA
sruokiquia ‘Gurpesy armadey ur djo1 & Aefd Aepy TILT-TI ‘SOUTISAIUT [[EWS S11$2] ‘S[[2D pIod [eurdg qaL1-T1
sounyjoik> Arorewwreyurord VLI-TI 02 paredwod upys oya ur
PUE ‘SOUDOWaYD SIONPUT A1 Y/ ]-T] 01 Je[IwIg DULI-TL “VILI-TI  MUBPUNGE 2I0W £y /-] SE $IINOS [[2D Te[IWI§ IL1-T1
sprydonmnou
$3INI53Y "s35£2101dO[E1dW PUE SIULOWIYD sprydonnau S0 N S[P2 I, QA P2
‘saup014> Arorewwreguroxd jo uorssaxdxs aonpuy OULT-TI VIZIFTT L +8AD S[P2 LTY.L S[P2 L +HD Lrowdin VLI-TI Awey £1-11
sasuodsar sunwwr
LTI NQIYUT S[[9d GEITT aonpur 3217, Jo ey
20UBYUD puUE S[[9D T, 10199JJ2 Jo uonerdyiord aonpoy 0148 pue zdgzI-TI S[[eo g ‘soakoouowr parenwns S[ed 3o17, SE-TI
asuodsar o¢1ds S[[92 JRI[PYI0PUD S[[92 JNIIPUIP puE
[199 £TY.L sdzruoSerue ‘s[po [y ], Jo 1uswdopas(y pue (ey/7-TI) 1-XSA  s8eydorew se yons s[20 Sunuasard-usdnuy L7711
uonerdyijord [[9-, ‘UONIEATDE
1122 3N S[[?° ZI1Y.I JO UOLEMUDIdIP PuE uononpuy NST-TI sDQ pareande ‘safeydoroewr sppad onksodeyg €711
sadeydodew jo A11AIIdE [eIqOIdIWNIUE PUE S[[9D srydonnau 02921
JIN jo £Lrande o1[oils aduequd ‘A-NJ JO uondnpur ‘s[> snupusp pue sadeydorsew -1 pue
y3noxy o 1y, Jo dueunnurew pue 1uswdopadq g YTI-TI Put TYUCI-TI St yons s[ad Sunuosord usSnue sa1koouojy ovder-11  Arwey Z1-T1
(®) Aqrurey
uralsAs sunwrwi ur (oI Ure (QLOETERE) ()[1°2 Supnpoig UDMAIIU]  UDJNOMIAIUL

penunuod g dqel,

I\ Adis



Adv Ther (2022) 39:4474-4508

4480

uoneInyewr 25 YN ‘vonerdjioid [9o-1, +¥JD

‘[EAIAINS [[90 ] 3N ‘UOTIEANOE PUE UOMEMUIJIP [ NIZ-TI S[P> 1IN PUe S[jod I 1211
¢cIdd
Pue ‘QYST-TI 0YST S[[92 dBLIpUdp
UOMEATDE [[90 YN PUe [[°° I, -TI Jo pasodwod yo1-11 sadeydordewr S[d I, +HD) $21400UOIA SI-TI
sasuodsar sunurwr gy 1, Sundueyud sourjoakd [yJ, jo 7€1AD put 06
UOMONPAI ‘S[3D ISBW pue s[[2d ], +8(D) JO uonemdjoiy  -TJ Jo pasodwod Y4-7] S[[° 6Y.L Pue ZYL 611
[EATAIDS [[2D- T, 7€1AD put 0L uido snarodoreway
aareu pue ‘snwdys oya ur 3udswdopasp akooydwdy -1 Jo pasodwos /-1 -uou jo s [erpPyaids pue Jewong LTI
S[[22 I 2ATeU WO} S22 7Y, Jo 3udwdopaadq IF-T1 11 pue 1 2dAT, (2D7TI) sy proydwid] saeuur 1 od£a pue gy, P11 Arurey
(ze1@o) suryoakd
4 pue ‘G-I ©AT ureyd
S[[o2 1, pue g 10109JJ9 jo 1uswdo[oadp pue uonedyoly - jo pasodwod Yz-T1 s[Po L +8dD pPue +¥dD T A uowrwo))
sprydoutsoa pue S[[ad Isew ‘sa14d0u0wW S[[°> onLIpUp
S[P9 I +8dD PUE +HD JO 1urIdEIIROWIYD) ¥dD ‘so1foouowr ‘syrydoutsoa S[[ad Iseur S[[od I, 91-11I
I8-1I
pue yyg8-TI :s101dodax S[[°0 [EIPYyI0pUd
a211s Anfur/uonosoyur 01 sjrydonnou Jo ausunNMIdIY aunjowayd HXD sprydonnou ‘safeydoroewr s21£00u0A 8]  sounjoway))
suornou A1osuss uo s101daoax (INSO)
st SuideSuo uodn Suryoar seonpur ‘saaoounersy g 101d2c0or Iy s[[o2 onupusp ‘sadeydorewr svkdouowr
Ul SOUTOWRYD $3onpul ‘uonduny [rydoursos sa1empojy  Une1soduo pue YYTE¢-TI S[[92 AseW ‘S[[92 UL, +H D PoILAIdY I1$-TI
soporewou 1sureSe SpudJop SouryoId Arorewrwepur sjrydoutsos ‘syrydoseq
saquyur ‘sjd g jo Suryoams od£10st sar0wor] [0YET-TI Pue 09511 ‘S[[o9 asewr ‘S[[2d TSN S[[°2 I, S[[> TU.L 111
dSO-NO
pue ¢-TJ £4q pazrudodar
(1€1@D) rungns SOUT014D
s[rydoutsoa Jo [eAIAINS PUE ‘UOMEINIEW ‘UOTIBATIDY ureyd ¢ ® pue oS-I s[> 1sew ‘sprydoursoa S[[ad Zy.I, S 11 L
(s) Aqrurey
uralsAs sunwrwi ur (oI Ure (QLOETERE) (s)1192 Supnporg  upmALIAIUY UD[nIpIIUY

penunuod g dqel,

A\ Adis



Adv Ther (2022) 39:4474-4508

4481

Table 2 continued

Main role in immune system

Receptor(s)

Interleukin  Producing cell(s)
(s)

Interleukin

family

Hematopoietic cell differentiation, synergizes with GM-

T cells, NK cells, eosinophils, macrophages IL-3Ra and CD131

IL-3

Other

CSF to induce granulocyte—macrophage lineage,

interleukins

enhance macrophage function

Enhances B cell proliferation, inhibits antibody

IL-14R

Normal T cells and B cells, and cancerous B

IL-14

production

cells

Induces monocyte to macrophage differentiation

T cells, NK cells, lung and intestinal epithelial Unknown

1L-32

cells

Proliferation of monocytes and macrophages

CSFIR

Splenic cells, neuronal cells

IL-34

Interestingly, IL-1 and IL-36 levels were more
elevated in pustular psoriasis vs. psoriasis vul-
garis. Immunohistochemical analysis showed
that IL-36 was particularly expressed in ker-
atinocytes surrounding neutrophilic pustules.
Importantly, loss of function mutations in the
IL36RN gene, which encodes for the IL-36
receptor antagonist, have been linked to
pathogenesis of a debilitating form of psoriasis,
generalized pustular psoriasis (GPP) in a mech-
anism that involves unrestrained IL-36 signal-
ing that causes IL-1 activation [17, 18].
Anakinra, an IL-1R antagonist, has been descri-
bed to improve pustular eruptions in general-
ized pustular psoriasis patients [19]. In addition,
it has also proven effective in a patient with
pustular psoriasis driven by IL36RN mutations,
although it remains unclear what weight 1L-1
vs. IL-36 have in pathogenesis of pustular pso-
riasis [20]. IL-36R inhibition blocks proinflam-
matory pathways underling GPP, and it has
been suggested that IL-36 inhibiting therapies
may provide more complete clinical benefit in
patients harboring IL36RN mutations [21-23].
In addition, data from the 12-week Effisayil-1
trial, which examined efficacy of spesolimab, a
humanized monoclonal IgG1 anti-IL-36R anti-
body, demonstrated superiority (vs. placebo) in
clearing flares in patients with generalized pus-
tular psoriasis [24]. Efficacy of imsidolimab,
another IL-36R monoclonal antibody, was
examined in the GALLOP phase 2 open-label
trial. Seventy-five percent of patients with gen-
eralized pustular psoriasis (6/8) receiving imsi-
dolimab achieved improvement in Clinical
Global Impression (CGI) based on the modified
Japanese Dermatology Association Severity
Index (mJDA-SI) both at week 4 and week 16
[25].

IL-6 has been reported to be highly elevated
in active psoriatic plaques from 35 psoriasis
patients compared to non-lesional biopsies. In
addition, IL-6 levels were increased in plasma of
these patients, which may also contribute to
epidermal hyperplasia given that IL-6 stimulates
Keratinocyte proliferation [26]. While this
might indicate that targeting IL-6 could be
beneficial in psoriasis treatment, clinical data
reveals the opposite. Tocilizumab, a mono-
clonal anti-IL-6R antibody indicated for
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moderate-to-severe rheumatoid arthritis (RA),
has been shown to induce psoriasis-like disease
in a number of RA patients [27-29]. It is note-
worthy that preclinical data originating from
mouse studies have shown that genetic deletion
of IL-6 can result in more severe psoriasis-like
disease, potentially through a mechanism
involving increased expression of proinflam-
matory cytokines that appear to compensate for
IL-6 deletion [30, 31].

IL-8 levels are increased in psoriatic scale
extracts as well as suction blister fluids in pso-
riatic skin lesions [32]. The major source of IL-8
in psoriatic tissue appears to be neutrophils
located immediately under the parakeratotic
stratum corneum (Munro’s microabcess) [33].
Given that IL-8 induces chemotaxis in neu-
trophils, and that neutrophils can synthesize IL-
8 upon activation, it is plausible that IL-8 acts in
an autocrine fashion to maintain neutrophil
infiltration in psoriatic tissue thereby con-
tributing to inflammation [33].

Given the anti-inflammatory properties of
IL-11, a phase I open-label clinical trial assessed
the efficacy of daily recombinant human IL-11
(rhIL-11) subcutaneous injections in 12 psoria-
sis vulgaris patients [34]. 11/12 patients had a
20-80% improvement in Psoriasis Area and
Severity Index (PASI) score after 8 weeks of
treatment, which was associated with reduced

IL-38 || TIL-1 || TIL-6 || TIL-8

IL-37 /[t
TIL-36 ot L2
~g Generahzed )
p?Sn”aZ,’s (GPP) / P TL-23

| TMIL-33 ] 33 NK and CD4+
k T-cell activation
TL-32 \4> Psoriasis Promﬂaﬁnma}ory
<«— cytokines/ —
hlb3°7r T
TL-19
TIL-29
. . Antimicrobial
Angiogenesis defense TIL-20
[ TL-27 / proteins
L2t

\
TIL-26 TILé25 24 ] [1IL-22

1

Fig. 1 Interleukins involved in pathogenesis of psoriasis.
An upwards arrow (1) indicates elevated expression. Many
interleukins contribute to psoriasis pathogenesis whereas
others may play a protective role through increased
expression of antimicrobial defense proteins

expression of proinflammatory cytokines such
as IFN-vy, IL-8, IL-12, TNF-a, IL-1p. Large clinical
trials remain necessary to confirm efficacy of
rhIL-11 as an anti-inflammatory agent in pso-
riasis patients.

Ustekinumab acts by targeting the p40 sub-
unit shared by IL-12 and IL-23, both of which
are involved in inflammation and NK cell and
CD4+ T-cell activation in psoriasis. Further-
more, both IL-23 and IL-23R are overexpressed
in human psoriatic tissue [35]. The individual
contribution of IL-12 and IL-23 in the imiqui-
mod-induced psoriasis mouse model was
recently examined [36]. As expected, mice
deficient in the p40 subunit had a significant
decrease in psoriatic plaque formation, how-
ever, mice that were engineered to be deficient
of the IL-12 specific p35 subunit or the IL-12
receptor (i.e., intact IL-23 signaling) suffered
from more severe inflammation and plaques
compared to their wild type counterparts. This
involved increased infiltration of IL-17A-pro-
ducing Vy4+ yd8T cells. Importantly, this phe-
notype was alleviated by exposure to IL-12,
suggesting that IL-12 has a protective effect and
limits skin inflammation in this psoriasis mouse
model. In human keratinocytes, IL-12 exposure
also counteracted the psoriatic transcriptional
signature, although the specific role of IL-12 in
patients with psoriasis is still questionable as no
monoclonal antibody targeting only IL-12 has
been studied in humans. These data may sug-
gest that concomitant targeting of IL-12 along

[ TIL-4 ][ TIL-13] Neuronal |
Inhibit expression
of skin barrier
molecules Chronic itch LTS
/ Neutrophil
infiree
‘ T||__33 / infiltration
Atopic
[ T dermatitis
TIL-31
\f L9
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Fig. 2 Interleukins involved in pathogenesis of atopic
dermatitis. An upwards arrow (1) indicates elevated
expression
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ith IL-23 may be counterproductive. Indeed, it
has been reported that guselkumab and risan-
kizumab, which target the p19 subunit of IL-23,
were both associated with superior clinical
responses in patients with moderate-to-severe
plaque psoriasis, compared to ustekinumab
[37, 38].

While the general consensus is that Th17
cells are a major source of IL-17 in psoriatic
lesions, other cell types such as mast cells and yd
T cells are also important cellular players
[39, 40]. IL-17 production by Th1l7 cells is
stimulated by IL-23, which also promotes sur-
vival of these cells [41]. IL-17 stimulates ker-
atinocytes to produce antimicrobial peptides as
well as various proinflammatory cytokines (IL-
1B, TNF-a, IL-6) and chemokines (CXCL1/3/5).
The role of the IL-17/IL-23 axis in psoriasis
pathogenesis has been examined in IL-17 defi-
cient mice [42]. IL-23 exposure was sufficient to
induce epidermal hyperplasia in wild-type mice
but not in IL-17-deficient mice. In addition,
preexposure to anti-IL-17A antibodies pre-
vented IL-23-mediated epidermal hyperplasia.
These data suggest that IL-17A plays a critical
role in IL-23-mediated psoriatic pathology.
However, it remains unclear whether IL-17
upregulation alone is sufficient to initiate pso-
riatic disease, and whether it can be counter-
acted by IL-23 targeting antibodies or in an IL-
23 —/— genetic background. Finally, it’s note-
worthy that inhibition of IL-17F in addition to
IL-17A has been shown to provide more effec-
tive clinical responses compared to sole inhibi-
tion of IL-17A. Indeed, the BE RADIANT trial
showed that 61.7% of patients who received
bimekizumab (230/373), anti-IL17A/17F anti-
body, achieved a PASI100 response at week 16,
compared to 48.9% in the secukinumab arm
(181/370) [43]. Similar results were also seen
with sonelokimab, a novel trivalent nanobody
that comprises three monovalent camelid-
derived (i.e., from the Camelidae family of
mammals) monovalent nanobodies against IL-
17A, IL-17F, and human serum albumin.
Indeed, 76.5% of patients receiving soneloki-
mab achieved a PASI90 response (39/51) at week
12, compared to 64.2% in the secukinumab arm
(34/53) [44].

The IL-10 family of cytokines is comprised of
IL-10, IL-28, IL-29 and the IL-20 subfamily (IL-
19, IL-20, IL-22, 1L-24, and IL-26) [45]. These
cytokines are implicated in psoriasis. Expression
of IL-19 and IL-20 is elevated in basal and
suprabasal psoriatic keratinocytes, although
their expression was lower in the sera of psori-
asis patients compared to healthy volunteers
[46, 47]. Given that IL-19 is one of the main
cytokines induced by IL-1B, its elevated expres-
sion may be a consequence of elevated expres-
sion of IL-1P in psoriatic tissue as mentioned
earlier [48]. Both IL-19 and IL-20 can induce
expression of keratinocyte growth factor (KGF)
in CD8+ T cells. In a study of paired synovial
tissue and psoriatic skin lesions of patients with
psoriatic arthritis (PsA) and plaque psoriasis, IL-
20 expression positively correlated with disease
activity at baseline (PASI) and after treatment
with alefacept [49]. Interestingly, alefacept
treatment resulted in a significant reduction in
IL-20 expression in skin lesions whereas its
expression remained unchanged in synovial
tissue, suggesting a role of CD4+ and CD8+ T
cells in regulating its expression in psoriatic
lesions.

IL-21 expression is also elevated in human
psoriasis skin lesions, and intradermal exposure
of mice to this interleukin results in ker-
atinocyte hyperplasia [50]. Importantly, IL-21
antibody treatment was able to resolve inflam-
mation and epidermal hyperplasia in a human
psoriasis xenograft mouse model, suggesting
that IL-21 targeting therapy may be a potential
treatment avenue for psoriasis in the future.

IL-22 expression is increased in psoriatic skin
lesions and sera of psoriasis patients compared
to healthy volunteers [51]. It appears that IL-22
is responsible for expression of antimicrobial
defense proteins such as psoriasin, calgranulin
A, and calgranulin B, and keratinocyte mobility
proteins such as matrix metalloproteinases
(MMP1 and MMP3). In addition, IL-22 plasma
levels positively correlated with disease severity
as defined by PASI score, suggesting this inter-
leukin may be involved in psoriasis pathogen-
esis, although a monoclonal antibody targeting
[L-22, fezakinumab, was not effective in a phase
1 trial [52, 53].
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One of the main target tissues of IL-24 is the
skin, where its receptors IL-22R1/IL-20R2 or
IL20R1/IL-20R2 are highly expressed. In addi-
tion, IL-24 expression is elevated in psoriatic
lesions, and it is synthesized by both peripheral
blood mononuclear cells (PBMCs) and ker-
atinocytes [48]. Expression of 1L-19, IL-20, and
IL-24, all of which are of epidermal origin, was
drastically reduced by etanercept treatment in
psoriasis patients after 1 week [54]. In addition,
expression of various Kkeratinocyte-derived
chemokines and proinflammatory interleukins
was suppressed by etanercept. These changes
took place concomitantly or prior to reduction
in epidermal hyperplasia. Interestingly, expres-
sion of the IL-17/IL-23 interleukins IL-23p19,
IL-12p40, IL-17A was also reduced although
only after 3-4 weeks of treatment. These data
highlight the complex regulation of various
interleukins by TNF-a in the pathogenesis of
psoriasis.

IL-25 or IL-17E is highly expressed in human
psoriatic lesions, and is sufficient to cause pso-
riasis-like pathological features in mice such as
acanthosis, parakeratosis, and immune cell
infiltration [55]. Importantly, IL-25 (IL-17E) is
induced by IL-17 and also positively autoregu-
lates itself in keratinocytes via IL-17RB receptors
leading to increased expression of proinflam-
matory cytokines and chemokines. This
autoregulatory IL-25 circuit may therefore pre-
sent a novel target in psoriasis, with potentially
less adverse effects in patients particularly as its
inhibition does not affect IL-17-dependent host
defense mechanisms against infections [55].

IL-26 is increased in psoriatic tissue, and is
implicated in vascularization and immune cell
infiltration [56]. IL-26 can stimulate human
keratinocytes to produce high levels of fibrob-
last growth factors that are involved in angio-
genesis [56]. Not only are these factors known
to be elevated in plasma of psoriasis patients,
but they also correlate positively with disease
severity [57]. IL-27, IL-30 and IL-33 serum levels
were increased in psoriasis patients and corre-
lated with disease PASI scores [58-60]. IL-29,
which is mainly produced by Th17 cells, is also
highly expressed in human psoriatic lesions
[61]. Exposure of human keratinocytes to IL-27
or IL-29 results in enhanced expression of

various chemokines such as CXCL9 and
CXCL10 known to be induced in human pso-
riatic lesions [58, 62, 63]. IL-32, IL-33, and IL-
360 are all elevated in the plasma of psoriasis
patients or psoriatic lesions with less character-
ized roles in pathogenesis of the disease [64, 65].
IL-37 and IL-38 follow a distinct mechanism
of action in psoriasis pathogenesis compared to
previous interleukins. IL-37 is an inhibitor of
innate immunity and has potent anti-inflam-
matory activity whereby it suppresses expres-
sion of proinflammatory genes CXCLS, IL-6,
and S100A7 in human keratinocytes [66]. IL-37
exposure was also able to diminish psoriasis
symptoms in the K14-VEGF-Tg human psoriasis
mouse model [66]. Additional studies remain
necessary to understand the anti-inflammatory
properties of IL-37 and whether these can be
harnessed for treatment of human psoriasis.
Expression of IL-38, also known as a receptor
antagonist for 1L-36, is reduced in serum and
psoriatic lesions in psoriasis patients [67].
Interestingly, IL-38 expression is enhanced by
secukinumab (anti-IL-17A) treatment and is
correlated with its therapeutic efficacy [67]. It
remains important to investigate any potential
clinical efficacy of IL-36 pathway inhibitors
such as imsidolimab and spesolimab, or
recombinant IL-38 in treatment of psoriasis.

Atopic Dermatitis

Atopic dermatitis (AD) is a common inflamma-
tory disease that usually begins in childhood
and continues into adulthood, although it may
less often also start later in life [68]. AD is
characterized by pruritus and disease flares, and
its pathogenesis primarily involves skin barrier
dysfunction together with immune cell dysreg-
ulation [68, 69]. Disruption of the epidermal
layer along with environmental triggers acti-
vates keratinocytes to begin production of var-
ious proinflammatory cytokines, which in turn
can activate dendritic cells. Dendritic cells sub-
sequently stimulate production of Th2 cell
cytokines IL-4, IL-5, IL-13, IL-31, and IL-33,
which lead to barrier dysfunction, inhibition of
keratinocyte differentiation and pruritus. The
chronic phase of the disease is characterized by
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activation of additional Th cells such as Th17,
Th1, and Th22 cells that produce IL-17, IFN-y,
and IL-22, respectively, leading to T-cell
chemotaxis, abnormal keratinocyte prolifera-
tion, and thickening of the epidermal layer [69].

Consistent with a pathogenic role of 1L-4 and
IL-13 in AD pathogenesis, dupilumab, which is
an approved anti-IL-4Ra monoclonal antibody,
improved AD signs and symptoms, including
pruritus, and quality of life, compared to pla-
cebo in the SOLO 1 and SOLO 2 trials [70]. As
mentioned above, Th2 cytokines are the main
hallmark of AD disease. Both IL-4 and IL-13 can
inhibit expression of skin barrier molecules
such as filaggrin, loricrin, and involucrin, which
in turn further disrupts tight cell junctions, and
may increase susceptibility to infections
[71, 72]. In addition, neuronal IL-4Ra signaling
has been shown to be a crucial component of
chronic itch, given that Th2 cytokines can
sensitize sensory neurons to a number of pru-
ritogens [73]. IL-5, which plays an important
role in eosinophil development, survival and
proliferation, leads to increased infiltration of
eosinophils in the epidermis in AD together
with increased neuronal branching [74]. Th9
cell numbers, IL-9 expression in AD lesions, and
IL-9 serum concentration were all elevated in
AD patients compared to psoriasis patients and
healthy volunteers [75]. IL-11 and type I colla-
gen deposition consistent with papillary dermal
fibrosis were found to be increased in chronic
AD lesions [76]. IL-22 producing CD4+ and
CD8+ T cells were significantly increased in AD
skin lesions compared to psoriatic lesions, and
correlated with AD disease severity [77]. IL-31,
also known as the pruritic interleukin, was
highly expressed in pruritic AD skin tissue
compared to nonpruritic psoriatic skin lesions
[78]. Mice treated with IL-31 had itch-associated
scratching behavior similar to that observed in
human AD [79]. IL-33 serum levels were ele-
vated in AD patients compared to patients with
urticaria and psoriasis or healthy volunteers,
and correlated with disease severity [80]. Inter-
estingly, transgenic mice that overexpress IL-33
develop itchy dermatitis with epidermal thick-
ening and eosinophil infiltration, which are
disease hallmarks reminiscent of human AD
[81].

With regards to emerging therapies for
treatment of AD, IL-13 inhibitors and IL-31
inhibitors have all demonstrated efficacy to
reduce signs and symptoms of AD. Lebrik-
izumab is a monoclonal antibody against sol-
uble IL-13 that is currently being assessed in the
ADvocate 1 and ADvocate 2 phase 3 trials for
treatment of patients with moderate-to-severe
AD. It was recently announced that the trials
met their primary endpoints, with EASI 75
achieved in > 50% of patients, and this was
associated with significant itch improvement
[82]. Tralokinumab, which has received regula-
tory approval by Health Canada, is a humanized
IgG4 monoclonal antibody that binds with
high affinity to IL-13, and prevents its interac-
tion with IL-13R. Data from the ECZTRA 1 and
ECZTRA 2 trials in patients with moderate-to-
severe AD revealed that compared to placebo,
significantly more patients who received
tralokinumab achieved an IGA score of O or 1
(ECZTRA 1: 15.8% vs. 7.1%; ECZTRA 2: 22.2%
vs. 10.9%) or EASI 75 (ECZTRA 1: 25% vs.
12.7%; ECZTRA 2: 33.2% vs. 11.4%) [83].
Nemolizumab is a humanized monoclonal
antibody against IL-31 receptor A whose efficacy
was examined in a double-blind phase 3 trial in
Japan in patients with AD and moderate-to-
severe pruritus. The mean % change in the
visual-analogue scale (VAS) score at week 16 was
— 42.8% in the nemolizumab group compared
to — 21.4% with placebo (p < 0.001) [84].

INTERLEUKINS IN METABOLIC
AND PSYCHIATRIC COMORBIDITIES
ASSOCIATED

WITH DERMATOLOGICAL DISEASES

Metabolic, cardiovascular, gastrointestinal, and
psychiatric conditions are amongst the most
common comorbidities known to be associated
with dermatologic diseases. IL-1B has been
linked to etiology of type 2 diabetes mellitus,
which is characterized by B cell destruction.
Activation of nod-like receptor protein 3
inflammasomes in macrophages and dendritic
cells via islet amyloid polypeptides (IAPP) leads
to enhanced production of IL-1p that acts on IL-
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1B receptors on P cells and causes B cell death,
and defective insulin production [85]. Obesity
can also lead to enhanced inflammasome acti-
vation in adipose tissue and increased IL-1§
synthesis, which induces adipocyte differentia-
tion and decreases fat oxidation [85]. Impor-
tantly, anakinra, a recombinant human IL-1-
receptor antagonist, has been shown to improve
glycemia and beta-cell secretory function in
patients with type 2 diabetes [86]. IL-1 through
activation of IL-6 signaling also plays a role in
cardiovascular disease. Canakinumab, an anti-
IL-18 antibody, results in reduction of plasma
levels of IL-6 and high-sensitivity C-reactive
protein, which are inflammatory biomarkers
associated with increased risk of cardiovascular
disease [87]. In addition, the CANTOS trial
showed that canakinumab resulted in a signifi-
cantly lower rate of recurrent cardiovascular
events in patients with previous myocardial
infarction, although it did not reduce incident
diabetes [88, 89].

IL-23 plays an important role in inflamma-
tory bowel disease (IBD). Genome-wide associ-
ation studies have identified a strong
association between IL23R and ulcerative colitis
[90]. Furthermore, Thl17 interleukins are
increased in intestinal tissue of patients with
IBD [91, 92]. This is consistent with increased
activation and expression of IL-23, which as
mentioned earlier, is a robust activator of Th17
signaling [93]. Indeed, ustekinumab resulted in
significantly higher clinical response rates and
remission rates compared to placebo in patients
with Crohn’s disease or ulcerative colitis in the
UNITI-1, UNITI-2, and IM-UNITI trials [94].

Psychosocial stress and some dermatologic
conditions exist in a positive feedback loop
where each condition exacerbates the other.
Patients with psoriasis may develop anxiety
because of associated chronic pruritus and skin
disfiguration [95, 96]. Pruritus intensity posi-
tively correlates with patients’ quality of life,
and feelings of stigmatization [97]. In addition,
perceived poor social support has been associ-
ated with exacerbation of psoriasis [98]. Also,
patients with moderate or severe depression had
a significantly higher risk of developing psoria-
sis [99]. Early maladaptive schemas such as
emotional deprivation, social isolation, failure,

and vulnerability to harm were all more preva-
lent in patients with psoriasis [100]. On the
other hand, there are several mechanisms by
which psoriasis can trigger or exacerbate anxi-
ety. Psychological stress can perturb homeosta-
sis of epidermal permeability barrier [101].
Activation  of the  hypothalamus-pitu-
itary-adrenal (HPA) axis and sympathetic adre-
nomedullary (SAM) axis is a response to stress.
These processes are deregulated in psoriasis
patients, which results in reduced secretion of
cortisol and elevated epinephrine and nore-
pinephrine [102, 103]. This in turn may trigger
activation of mast cells and upregulation of
proinflammatory cytokines, which creates a
self-maintaining cycle [96].

A comprehensive literature review con-
ducted by Gananga et al. to assess cytokine roles
in suicidal behavior identified IL-6 elevations as
the most robust association with suicidal idea-
tion, trait aggression, impulsivity, and hope-
lessness [104]. Patients who have major
depressive disorder have also been shown to
have higher levels of IL-6, and other proin-
flammatory cytokines such as IL-1p, TNF-q, all
of which may contribute to psoriatic patho-
genesis [105-107]. In addition, several reports
point to involvement of the nervous system in
the development of psoriasis skin lesions, and as
such IL-12 can also serve as a potential link
between the skin immune system and the ner-
vous system as it is produced by peripheral
nerve cells [108, 109]. Cytokines are also known
to stimulate activity of indoleamine 2,3-dioxy-
genase, which catalyzes conversion of trypto-
phan to kynurenine [110]. Kynurenine
metabolism alterations are strongly associated
with progression of various neurological dis-
eases [111]. In addition, plasma kynurenine
levels are increased in individuals who attemp-
ted suicide [112]. It remains unclear whether
increased production of proinflammatory
cytokines in dermatologic diseases influences
kynurenine metabolism.

With increased prevalence of mental health
disorders such as depression and suicidal idea-
tion in psoriasis patients, it becomes important
to utilize tools to measure quality of life and
psychiatric comorbidities in the clinic. Some of
these validated tools include the patient health
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questionnaire (PHQ), psoriasis quality of life
questionnaire (PQOL-12), psychological general
well-being (PGWB) index, Columbia suicide
severity rating scale (C-SSRS), and Columbia
classification algorithm for suicide assessment
(C-CASA) [110].

FUTURE DIRECTIONS

Pathogenesis of psoriasis and AD is largely dri-
ven by a complex cross-regulatory network of
interleukins (Figs. 1, 2). As previously discussed,
expression of many interleukins is elevated in
psoriatic and AD affected areas as well as in
patient sera. Targeting these pathogenic inter-
leukins for treatment of psoriasis and AD
patients has proven successful in the clinic,
although some patients may require dose
adjustment, combination therapy, or switching
to other biologic or nonbiologic agents due to
intrinsic or acquired resistance. Trivalent anti-
bodies that can target more than one inter-
leukin may prove beneficial, although
combined inhibition of several interleukins
may be a concern from a safety standpoint.
Continued discovery of interleukins and
cytokines, elucidation of their structure and
immune functions, along with next-generation
sequencing of pathogenic tissues is critical in
identifying new targets in pathogenesis of
inflammatory skin diseases. In addition, iden-
tifying immune biomarkers that can predict
patient response to therapy will be important in
improving patient outcomes.
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