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Abstract

Chronic spontaneous urticaria is characterized jpgrevascular non-necrotizing cellular
infiltrate around small venules of the skin. Ihscsts primarily of CD4(+) lymphocytes, a
prominence of the Th-2 subtype but also Th-1 celi) Th 17 cell derived cytokines elevated
in plasma. There are also neutrophils, eosinopbésophils, and monocytes. Chemokines
derived from mast cells and activated endothebisdrive the process. While the role of the
cellular infiltrate has not previously been addegs®ach constituent contributes to the overall
pathogenesis and responsiveness to steroid, iicydart focus attention on its importance since
short-term steroids do not affect autoimmunity eginulation of mast cells, and act on
margination of cells along the endothelium and abtexis to enter the surrounding dermis. In
this review we address each cells contributioméodverall inflammatory response, as it is
currently understood, with a view toward developtradrtherapeutic options that impede the

function of critical cells and/or their secretompgucts.
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Introduction

The pathogenesis of chronic spontaneous urticgpiadlly focuses on mechanisms by which
cutaneous mast cells may be activated to inittegegrocess. So far there are multiple
possibilities however all have in common the pregstion that the disorder is fundamentally
autoimmune and therefore is not driven by expogueny exogenous agent. The autoimmune
process is viewed as serologic but leading to s@ssular infiltration (cellular) about small
venules in the skin. IgG antibody may react whté IgE receptor (30-45%) or IgE itself (5-

10%), activate the mast cell, fix complement via thassical pathway, and achieve further mast
cell activation by interaction of C5a with the Q®aeptor. Alternatively, IgE antibody may

react with a host of autoantigens (e.g. IL 24)altth one associated with the mast cell surface is
not yet defined. Here too activation can occut ihanore closely related to a typical allergic

reaction i.e. autoallergy.

These mechanisms have received much attentiorhanapies directed to this enhanced mast
cell function are routinely utilized and are effeet These would include omalizumab and

cyclosporine.

There is however another facet to this diseasehwitargely unexplained yet may be no less
pathogenically relevant; namely, the particulatutat infiltrate containing a mixture of T
lymphocytes (a mixture of Ttand Trpsubtypes with Thbeing the more prominent),
monocytes, eosinophils, basophils, variable numbengutrophils, and lymphoid subtypes not
yet well characterized. Migration of all of thesals from the blood to the tissue requires a

chemotactic response for each and interaction agtivated endothelial cells; the latter a key
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participant in the process. One piece of evidehatthis process is of particular importance is
the response to corticosteroid, at least acutBtgroids appear to have no effect on any of the
steps in the autoimmune activation of mast celtdoweliminate the chemotactic response that
produces the cellular infiltrate. Thus, targetihg infiltrate can work as an effective therapy
however steroids are the only one that does s@antbo toxic for sustained use and
cyclosporine might downregulate this cellular resgmbut acts on mast cells and basophils as

well.

In this review we will focus attention on each loé tmajor constituents of the cellular infiltrate,
assess the potential contribution of each (inclg@ndothelial cells) to the urticarial process, and
in addition, will address any role for the innergatof the skin, particularly sensory neurons, to

complete our assessment of non-mast cell contnigueoCSU.

Lymphocytes and involved cytokines in CSU pathogene

T cells involvement in wheal pathogenesis

A wheal is the consequence of “actors” involvediifferent times along its dynamic evolution.
The pathogenic relevance of lymphocytes per senlmhsbeen commonly addressed. In this

section we review current knowledge of its roleéha genesis of the wheal.

Cytokine expression has been studied in patierits @5U, both in plasma, serum, PBMCs and

skin. Naive T cells can differentiate into T helddrl, Th2, Th17, Th9, Th22 and regulatory T
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(Treg) cells depending on the environment, celenattions, and cytokines. The role of
autoimmunity is prominent, with disorders produdad T helper Thl, Th17 and Th22 cells.
Because key effector cells in CSU are MCs and Wbalsppghe cytokines acting on them will be
explored: either cytokines implicated in cell mation, or in the activation of MCs and/or
basophils. Finally, since IgE is implicated in CSahd more specifically, IgE autoantibodies

(AAbs), so that cytokines inducing class switchimd® cells will be also reviewed.

The primary function of Thl, Th2 and Th17 cellshisst defense. Yet Thl cells and related
cytokines can function as pro-inflammatory effestor autoimmune disorders (1J.h2 and Th9
cells are mainly implicated in allergic diseaseghsas asthma and allergic contact dermatitis (2-
4), and some Th2/Th9 cytokines are able to indbeestvitch of human B cells to produce IgE or
to promote MC, basophil and eosinophil activatio® role for Thl7 and Th22 cells in
inflammatory and autoimmune disease is well kno&n (L-17 cells promote recruitment of
monocytes and neutrophils and lead to chronic pphtlic inflammation. Th22 cells can also
play either a protective or a detrimental role incdmmune diseases, depending on the disorder.
Finally, regulatory T cells (Tregs), which producansforming growth factor beta (TGF-b) and
IL-10, are another subset of effector T cells tivetdulate the immune response in order to

maintain tolerance against self-antigens, and giragent development of autoimmune diseases

(6).

Th17 cytokines
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According to the hypothesis of an autoimmune pathegis, Th17 would seem the most likely T
helper cytokine profile implicated. Maintenancefvéeal and activation of Thl7 cells are
dependent on IL-23 (7). Th17 cells produce manylages, such as IL-17, IL-6, IL-8, IL-22,
IL-23 and TNFe. Among these cytokines, IL-6 is the most commastiydied in CSU and

higher IL-6 levels were found both in blood andkin biopsies of patients.

Interleukin 6 (IL-6) is produced mainly by innatmmune cells (macrophages, dendritic cells,
and MCs), B cells, and to a lesser extent by Thellg @and eosinophils (8). IL-6 is implicated in
chronic inflammatory or autoimmune diseases (8proamotes Th17 cell lineage and maturation
of B cells and plasmablasts and inhibits the indactof Tregs (9). IL-6 interacts with
hepatocytes and induces proteins involved in theeaghase of inflammation such as CRP and
fibrinogen. IL-6 is able to increase MC prolifemtiand to promote a more reactive phenotype

of MC and induce its chemotaxis (10-12).

IL-6 seems clearly elevated in the sera or plasimpatients with CSU (13-24) although not
always confirmed (25-27). Moreover IL-6 levels @ate with disease activity (13, 17-21, 23)
and has been proposed as a biomarker (28-30). Howeo correlations were seen with ASST

results (14, 17-19, 26). (Table 1)

Recently, mMRNA microarray analyses showed an upaéign of IL-6 expression in spontaneous
urticarial wheals compared to unaffected skin @), To date, no trials have been performed to

assess the effectiveness of anti-IL-6 therapy inJGSg with tocilizumab that can also
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effectively reduce immunoglobulins (33-35). In &msic mastocytosis, a JAK1/JAK2 inhibitor,
ruxolitinib (which inhibited the production of IL-&mong other cytokines), showed a convincing

decrease in MC related symptoms (36-38).

Interleukin-17 (IL-17) mediates adverse effectsame autoimmune diseases (39). Neutrophils
are found in urticarial wheals and IL-17 could cinite to this neutrophil infiltrate.
Unfortunately, in CSU, serum levels of IL-17 ard oonsistent (40-42) with positive or negative
(14, 43) correlation with disease activity. However this instance a positive correlation with
ASST was shown (7, 14). Recently increased Th17leid expression in both CD4+ T cells
and mast cells, residing in close proximity to eattter, was described in the skin of severe CSU
patients (44).In an open study all the patients (n=8) treateth e anti-IL-17A antibody,

secukinumab, showed significant improvement in C&idase activity (45).

The upregulation of IL-beta (IlB) MRNA expression in skin samples of urticarial alse
deserves to be investigated further. [Li& a multifunctional cytokine, primarily of therate
immune system, and MCs are a source of fLRysfunction of IL-B pathways is implicated in
autoinflammatory disorders (46). In CSU, data rdgay IL-18 are few (47) and contradictory
results were found concerning Il3-I1serum levels (Table 1). [BIMRNA expression was
observed in skin biopsies of positive ASST testsrmt in patients with negative ASST and was
also up-regulated in the spontaneous wheals and@®Bkém patients with CSU. ILBlinduces
neutrophil recruitment and extravasation, promagpansion of Thl and Thl7 cells, and

induces a downregulation of Tregs (48).
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Interleukin 22 (IL-22) belongs to the IL-10 cytokifiamily and is expressed in several chronic
inflammatory or autoimmune diseases (49-50) inclgdpsoriasis (51, 52). No difference
between IL-22 serum levels in patients with CSUsuernormal controls were found whereas

CSU patients with a positive ASST tended towardhérdL-22 serum levels (14).

Interleukin 23 (IL-23) induces polarization, maimd&ce, survival and activation of Th17 cells
and secretion of IL-17 by non-T cells (7, 53). Bvedata are scarce, it seems interesting to
further explore the role of IL-23 in CSU.(Table 1(Z, 14, 54) Interestingly IL-23 serum levels
were found to be higher in patients with CSU (7), 8dpernatants of their PBMCs (7, 54) and in

those with a positive ASST compared to a negati8&A (7).

Tumor necrosis factor alpha (TNF-a) is quickly asled upon activation because it is stored in
MCs granules and induces neutrophil recruitmen}. (Blevated TNF-a serum levels (13, 14, 16,
21, 56) often correlate with disease activity (3, 14), although ASST correlation was variable
(7, 14) (Table 1). Conflicting results were fourwhcerning levels of TNF-a in supernatants of
cultured PBMCs (16, 57(Table 2) TNF-a has been shown to be elevatedantapeous wheals
and uninvolved skin of patients with CSU versussiéf normal controls (58). A few case

reports and small controlled studies showed ef§icdcTNF-a inhibitors in CSU (59-61).

Th1 cytokine



264 Thl cells mainly produce interferon gamma (IFN-g).CSU, data on detection of INF-g in
265 serum are contradictory and thus unconvincing @dbl (14, 15, 62, 63). Levels of INF-g in
266 supernatants of stimulated PBMCs are shown in TAKES, 54, 57, 62, 65). INF-g expression
267 was found to be elevated in spontaneous whealsivyemntrol skin (66), with fewer numbers of
268 cells expressing INF-g as compared with cells esging IL-4 or IL-5. Inconsistent results were
269 also found when non-lesional skin of patients Vt®U was compared with spontaneous wheals,

270 or control skin (67).

271

272  Th2 cytokines

273 Th2 cells produce many cytokines, mainly I1L-4, llabd IL-13, but also IL-9, IL-24, IL-31 and
274 IL-33. Th2 cells are mainly implicated in allergicseases, stimulating IgE production and MC,

275 basophil and eosinophil activation.

276

277 Interleukin-4 (IL-4) is produced by Th2 cells andmby basophils and MCs (68, 69). IL-4
278 contributes to IgE synthesis induced by activat&€ or CD8+ T cells (70). IL-4 also up-
279 regulates the expression of high affinity IgE reocep (FeRI) (71). Circulating IL-4, as well as
280 IL-4 produced by PBMCs doesn’'t seem elevated inntlagority of patients with CSU and here
281 too results are conflicting. (Table 1,2) (54, 68, 64, 65, 68). Furthermore, no correlation with
282 disease activity or ASST could be made (14, 57)velbeless, IL-4 was elevated in skin
283 biopsies of spontaneous wheals compared with doskio (66). Like IL-4, interleukin 13 (IL-
284 13) induces class switch of B cells to IgE (72, B8) IL-13 serum levels in patients with CSU

285 do not correlate with disease activity (14). Relyerthe efficacy of dupilumab (monoclonal
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antibody blocking IL-4 and IL-13) was reported inpatients with CSU (74)A Phase 2a

multicenter (NCT03749135) and a Phase Il studyP@J are ongoing in CSU.

Interleukin-5 (IL-5) primes the eosinophil respange chemokines and is important for their
development and survival. IL-5 produced by MCs laasocrine effects by promoting MC
proliferation in the presence of stem cell factod ancreasing cytokine production (75). IL-5
serum levels in patients with CSU are conflictidg,(62)(Table 1), however IL-5 expression is

increased in wheals compared with non-lesional akih control skin (66) (Table 3).

Interleukin 24 (IL-24) belongs to the IL-10 cytokirfamily involved in autoimmune diseases
and skin inflammation (49, 51, 76-78). The IL24 gaand protein expression are increased in
PBMCs of a subset of patients with CSU. It is dietgén spontaneous urticarial wheals, but not
those induced by autologous serum injection (AS$M). Interestingly, Schmetzer et al.
detected IgE against I1L-24 in the sera of patignts CSU and correlated this directly with CSU
activity (80). They also showed that, in vitro, geoous IL-24 induced histamine release from
human MCs sensitized by IgE against IL-24 from Q&ltients, but not with IgE from normal

controls (80).

Interleukin 31 (IL-31) is produced by Th2 cells abiCs. IL-31 induces basophil recruitment
and secretion of IL-4 and IL-13. IL-31 also stintelaeosinophils to produced pro-inflammatory

cytokines such as IL-6, and chemokines (81) amdatmediator of pruritus apart from that seen
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with histamine.Table 1 showsIL-31 to be higher in CSU (40)IL31 can be modulated by

omalizumab treatment (82).

Interleukin 33 (IL-33) is a member of the IL-1 sufaenily (83). IL-33 induces CD4+ T cells,
MCs, eosinophils and basophils to produce typet8kayes. IL-33 could be produced by MCs
and causes their activation as well as their maturalL-33 therefore regulates IgE-dependent
inflammation. Existing data with regard to IL-33bt levels in CSU are variable (25. 40, 47,
78, 84)(Table 1). However, Kay et al. found higher IL-33%-25+ and TSLP+ cells in

spontaneous wheals than in uninvolved skin and abcontrols (85).

Th9 cytokines

Interleukin 9 (IL-9) is produced by Th9 cells, eagphils, neutrophils, and MCs. IL-9 is a
stimulus for recruitment of MCs (86). Experimentaddels in mice suggest that IL-9 and IL-10
contribute to CSU development via activation of d#&K/STAT signaling pathway (87)One

study found elevated IL-9 levels in patients witBULC(88) (Table 1).

Regulatory cytokines

Tregs produce mainly IL-10 and TGF-b. In CSU, dating Tregs (CD4+CD25+FOXP3+)
seems reduced and/or defective compared with ner(88).The reduced frequency of Tregs is
consistent with an autoimmune hypothesis for C0) @4, 92). IL-10 also has inhibitory effects

on eosinophil survival. Yetin CSU, IL-10 expressis not clearly reduced. Data concerning the
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IL-10 expression in patients with CSU versus cdatmr mRNA levels in PBMCs have no

consistent pattern (14, 16, 21, 43, 54, 57, 60(&)le 1, 2).

Transforming growth factor beta 1 (TGF-b1) in skould act as an anti-inflammatory cytokine
by reducing the expression ofdRi on the MCs. In studies investigating the rdl@ GF-b1 in
CSU, findings are interesting but not sufficientetaluate its role in CSU pathogenesis (14, 42,

43, 47, 54)(Table 1).

To conclude, new studies are in progress regatti@gole of T cells and cytokines in the wheal
pathogenesis. Recently IL6 and IL1b mRNA expressi@as increased in skin biopsies of
positive ASST versus negative ASST in patients Wi8U. IL6 and IL1b mRNA expression was
up-regulated in spontaneous wheals and PBMCs fatiers with CSU (93)Cytokines such as
TNF-a, IL-4 or IL-5 are involved in wheal pathogsige Data concerning others cytokines for
instance, IL-8 (94), IL-13, IL-15 (95), IL-21 (95)L.-22, IL-23, IL-24 (79), IL-35 (96) are
insufficient to allow conclusions but they desetode investigated. This knowledge may lead to

the development of future biotherapies.

Basophils

The basophil is thought to have an important molthe pathogenesis of CSU given its
similarities to the mast cell as a major sourchisfamine and expression of the high affinity
receptor for IgE. Developmentally, however, thdfed substantially. Basophils, as a

granulocyte, shares a common precursor with theepisil (97) whose final stages of
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differentiation are dependent on IL3 and IL5 respety, while the precursor of the mast cell is
derived from fetal tissue (connective tissue ma#is éncluding those of skin) and within the
bone marrow (inducible mucosal mast cells) as se¢pdineages (98), more closely related to the
monocyte. Their development is dependent on tteedation of stem cell factor with c-kit as

well as TGB. Final differentiation of all mast cells subtyp®scurs within the tissue to which

they migrate, so that cutaneous mast cells diffemiany respects from mast cells elsewhere.

Basophils account for about 1% of circulatory lexydes and are not normally found in tissues
unless they migrate there, a process dependenttokirtes and chemokines (chemotactic
cytokines). Here there is considerable overlap wibse factors causing eosinophil migration.
Among those are VLA expression for binding to ehetal cell VCAM-1 (99) and
responsiveness to chemokines MCP-1, MCP-3, MCPANHES, the eotaxins, the

prostaglandin D2 receptor CRTH-2, and the anapbyiatC5a (100-102).

Basophil number and functional properties appedetaltered in patients with CSU. Within the
circulation, basophil numbers are depleted in @tl®&0% of patient’s (103, 104) and may relate
to severity of disease (105). Further, when oreeks basophil function employing a stimulant
that acts thru the IgE receptor (rabbit anti IgEepor is often used), the basophils are
hyporesponsive (106) as if they had been desesditiActivation thru some other receptor is
normal e.g. histamine release due to C5a interagtith the C5a receptor. The most likely
explanation for the basopenia is migration of bagdegrom the circulation to the skin (103)
where the basophils are likely active since chentmtéactor are typically secretagogues.

Degranulated basophils within the circulation mespde missed (107). The
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Hyporesponsiveness of circulating basophils appsaego increased levels of intracellular
phosphatases (particularly src-homology-2 contgiimnositol phosphatase (SHIP)-1 and
SHIP-2) which remove phosphate residues from kgyaditransduction molecules that are
required for normal responsiveness (108). Dectebasophil CRTH2 receptors for P@likely
reflects internalization due to PGD2 exposure (If#fisistent with increased expression of other
markers associated with basophil activation (110)e cause of the increased phosphatases is
unknown, but its importance is highlighted by tiharges observed during symptom reversal.
Whether improvement is spontaneous i.e. remissiomduced by therapy such as use of
Omalizumab, the basopenia reverses and the basdygubme more responsive to anti IgE (104,
111). While these changes are coincidental witbravement it is perhaps paradoxical that
basophil histamine release (using circulating bhsgpincreases at a time that urticarial lesions
in the skin quiet down. The functional basophiépbtypes (normal or hyporesponsive) remain
stable in symptomatic subjects and are unrelatéget@presence or absence of autoantibodies
(112). Such basophils appear to have increaséaceuexpression of BRla, which correlates

with elevated IgE levels, and upregulation of resgpeeness to various agonists if exposed to
IL3 (113, 114) as reported previously for basopimlgeneral (115) and did correlate with a
positive autologous skin test (113) typically reflee of the presence of IgG autoantibody to

FcRla.

Basophil donors from normal subjects have typicadlgved as an indicator of the presence of
antibodies to the high affinity IgE receptor (116t activate basophils as well as mast cells
(116, 117). The incidence of such antibodies ganghin the literature from 25-45% in patients

with CSU and an additional 5-10% who have IgG . The anti-receptor antibody - Rda
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interaction activates the classical complementwayh(118) to liberate C5a (119) which
substantially augments histamine release when caudpa the purified auto antibody. Most
patients have lgGand/or IgG subclasses of anti-receptor antibody as expet®@).( The

second most common IgG subclass islg@ich when isolated did not cause histamine releas
although they were often positive by immunoblotheso chain of the IgE receptor emphasizing
the possibility of false positive binding resulsng ELISA methodology where the incidence of
such antibodies is reported as 55-65% (112). @iqodar note regarding specificity is the
increased incidence of such antibodies in a vaonégutoimmune diseases (121) all of which
were negative for histamine release, the sole gxeepeing positives for histamine release seen
in patients with SLE in a later study (122), yelobethe incidence seen in CSU. Basophils can
also be employed to verify the presence of IgEbaalies to putative autoallergens (autoallergy)
by passively sensitizing normal basophils with gattigE (123) and adding antigen or adding
the putative auto antigen to patients’ basophisamto have the requisite IgE antibody present.
A cell surface autoantigen or skin autoantigen tiaat stimulate mast cells or basophils is not yet

identified.

EOSINOPHILS IN CSU

Evidence for eosinophil involvement in CSU

Eosinophils are multifunctional leukocytes involviedhe host defence against infections as well
as in repair of injured tissue; however, eosinapaiso play critical roles in the pathophysiology
of allergic and inflammatory diseases (66). Althbugany allergic and inflammatory conditions
are associated with a peripheral blood eosinopluiraulating eosinophils numbers are only

rarely increased in patients with chronic spontasagticaria (CSU)(124), even if these cells are
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always present in the perivascular cellular irdilérthat characterizes the disease, particularly in
lesional skin (124, 125). Recent studies showtti@tecruitment of eosinophils in the skin may
lead to blood eosinopenia (125) by a mechanismrésaimbles very much the one leading to the
much more frequent basopenia. The recruitment sihephils in the skin is mediated by a
number of cytokines including interleukin-5 (IL-®ptaxin 1, eotaxin 2, monocyte chemotactic
protein-3 (MCP-3), chemokine C-C motif ligands 43(G), and Regulated upon Activation
Normal T cell Expressed and Secreted (RANTES)assd by several cell types, including T
helper 2 (Th2), type 2 innate lymphoid cells-2 (lY; mast cells, dermal fibroblasts, endothelial
cells, and basophil granulocytes (126). Once megratto the skin, eosinophils appear all but an
innocent bystander, and the more they are stutiedlearer it appears that they play an active
role within the inflammatory network that chara@zes chronic urticaria. In fact, there is little
doubt that in CSU, skin eosinophils are activaiéte eosinophil-derived major basic protein
(MBP) can be measured in urticarial lesions eveanndosinophils cannot be detected (127).
Interestingly, this seems the case mainly in p&itacking IgG autoantibodies to the high
affinity IgE receptor (i.e., those patients thatrad have a type Ilb autoimmune urticaria after
the Gell-Coombs classification) (124), that we noww have in several cases an IgE-mediated
autoimmune disease (that is, a type | autoimmuai{allergic] urticaria). Interestingly, MBP
has been detected in autologous serum skin teSTASite biopsies, along with eosinophil
infiltration (128). Notably, the major basic pratas able to induce mast cell activation and
degranulation (129) thus representing one posgileleghanism for histamine release. The
activation of eosinophils appears to occur viaedéght mechanisms in CSU. One is an
autoimmune mechanism mediated by circulating Igeantibodies directed against the low

affinity IgE receptor expressed on the surfacéneté cells. These autoantibodies have been
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detected in about 65% of chronic urticaria pati€h89), and their presence was confirmed

recently (131).

Eosinophil interactions with other cells in CSU

In addition, eosinophils may be recruited and atéd by several mediators and cytokines
released by activated mast cells. These includg, tiimor necrosis factor alpha (TN
platelet-activating factor (PAF) and eotaxin (133)L The mast cell/eosinophil cross-talk
sustaining a reciprocal recruitment and activaisoshown also by the secretion of stem cell

factor (SCF), a growth and maturation factor fosstrells, released by activated eosinophils.

Although other cell types such as endothelial ddi8!) and peripheral monocytes (135) may
also show this feature, eosinophils are able tedtssue factor and to transfer it rapidly to the
cell membrane upon activation (136). The potentiadlevant role played by these cells in the
pathogenesis of chronic spontaneous urticaria @as turther highlighted by the observation
that patients with a severe disease are charaatidolz an intense activation of the extrinsic
pathway of the coagulation cascade (137-139). Inmhistochemical experiments using double
staining showed that in CSU skin, tissue factotomalizes with eosinophil cationic protein, a
classic cell marker of eosinophils (140). Notalslgyeral activated coagulation factors (e.g.,
thrombin, and FVIla/FXa/TF complex) are able tostiate histamine release from mast cells
via the activation of PAR-1 and PAR-2 receptorspeztively (141, 142). Activated coagulation

factors can induce mast cell and basophil degréinaléy activating fraction 5 of complement
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(143). Thrombin-induced inflammation is probabiyited by the mast cells themselves via the

secretion of protease 4 in a sort of feedback nresha(144).

Finally, a significant increase in vascular endb#&hgrowth factor (VEGF) has been detected in
patients with CSU (145). VEGF is the most potegutator of angiogenesis presently known,
and one major mediator of vascular permeabilitgthiermore, it exerts a vasodilator effect
through an increase of nitric oxide production hgethelial cells (146). Further, VEGF was
found to stimulate the activation of the extrinst@agulation pathway, including modulation of
tissue factor expression (147) and intercellulgr fgamation on vascular endothelial cells, an
effect that was synergistically increased in thespnce of TNF:and LPS (148). In CSU

patients, the main source of VEGF are eosinoph#$§).

Clinical relevance

The activation of eosinophils in urticaria lesioskin and the subsequent initiation of the
coagulation cascade may have clinical effects nbtio eliciting wheal eruption, but also at
systemic level. However, patients with CSU arerepbrted to have an increased risk for
thrombotic events probably due to the fact thatatievation of coagulation occurs mostly
locally (i.e., extravascularly (148)), where thraminay contribute to increase vascular
permeability and induce mast cell degranulatioresehfindings have provided the rationale of
both controlled studies and case series suppdhimeffectiveness of both oral anticoagulants

and heparin in some patients with refractory CS49¢151).
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Another potential clinical implication of eosinophivolvement in CSU may be related to the
presence of autoantibodies of the 1gG class todffinity IgE receptor that is expressed on
eosinophils (130, 131) and autoantibodies of bg &nd IgE classes to tissue factor in a

proportion of CSU patients (131) that may influettoe clinical response to the anti-IgE therapy.

Finally, interestingly, mepolizumab (anti IL5) abdnralizumab (anti IL5 receptor), two
monoclonal Abs leading to the abolition of eosinitphctivity by similar mechanisms were
found to be highly effective in a proportion of jeaits with severe, unremitting urticaria. With
benralizumab, 5 of 12 patients were asymptomaiictao others markedly improved, similar to

early studies of omalizumab (152).

In conclusion there is ample evidence supportiegibtion that eosinophils are leading actors in

the inflammatory processes that underlie chronomtameous urticaria.

The role of neutrophils in CSU

The evidence for PMN involvement in CSU

The presence of neutrophil infiltration in urtiGrskin lesions of patients with CSU has been
demonstrated by many studies. Sanchez et al. (E#)rted 3 histopathological patterns in 36
patients with CU: neutrophilic, lymphocytic, andxad type but there was no specific
association to the clinical presentation. Sugitalef154) reported an apparent infiltration of

neutrophils in 94% of biopsied wheals from 35 pasgevith CIU. However in only 5 patients
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were neutrophils the predominant cell seen. In casewhere eosinophil infiltration predominates,
neutrophils are still the dominant leucocyte in blmd and there was no eosinophilia. Martins et al.
(155) reported two histological groups 1) predominace of neutrophils or eosinophils (42.4%) 2)
predominance of lymphocytes (57.6%) in 93 CSU patids. There was no significant correlation

between histological group and laboratory tests.

For autologous serum induced wheals in chronic autommune urticaria, Grattan et al. (156)
performed serial biopsies of ASST wheals. Perivastar neutrophils and eosinophils were seen as
early as 30 min, becoming more intense and diffusgver 2 h. T l[ymphocyte numbers were
increased by 2 h. By 48 h, the neutrophils were céging, but eosinophils and lymphocytes
persisted. The inflammation resembled the late phasof IgE-mediated immediate

hypersensitivity reactions. Caproni et al. (157) exmined 28 CU patients with positive ASST at
different evolutive stages, measuring expression @D3, CD4, CD8, tryptase, eosinophil

cationic protein, myeloperoxidase, basophil granulaprotein, IL-4, IL-5, IL-8, CCR3 and

CXCR3, ICAM-1, VCAM and ELAM. ASST-induced wheals involve a prevalent role of

lymphocytes, with strong neutrophil infiltration and activity and involvement of CXCR3 and
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Neutrophils accumulate in allergic late-phase reaains (LPRS)

A recent study suggested the role of neutrophils @tigen presenting cells in LPRs (159). After
cutaneous allergen challenge, there were significaincreases in the numbers of intradermal
CD3+, CD4+, cD8"and CD25+ T cells, eosinophils, neutrophils, bashits and macrophages in
patients with CSU compared with nonatopic control gbjects (66). The profile of inflammatory
infiltrate of CSU was similar to that of allergen-induced skin LPR (66) with a mixed T cell
subclass distribution of Th 1 and Th2 cells as waalso reported in biopsies of ASST reactions
(157). Later, another study reported increased expsssion of Th2-initiating cytokines (IL-33, IL-

25 and thymic stromal lymphopoietin) in lesional sk of CSU patients (67).

How are PMN recruited in the skin?

The major mediators involved in the recruitment ofneutrophils to sites of active inflammation
including bacterial components, C3a and C5a, TN, intedeukin 17 (IL-17), CXCL8/IL-8, IL-
36, IL-1, lipocalin-2(LCN2), leukotriene B4, PAF, pasma kallikrein, matrix metalloproteinases,
and myeloperoxidase inhibitors (160). Lesional skim CSU had significantly more CD31+
endothelial cells; CD31+ blood vessels, neutrophiland eosinophils than uninvolved skin
suggesting a link between inflammatory cells and saular leakage (161). Basophils and
macrophages and CD3+ T cells were also increased bess marked. This may explain how in
CSU, as with the LPR, mast cell activation leads tthe release of IL-8 and eotaxin, chemotactic
factors for neutrophils and eosinophils, respectiig (161-164). Another study reported that

lesional skin in CSU contained significantly more GRP+ and VEGF+ cells than non-lesional
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skin (165). CGRP was expressed mainly by neutropliland eosinophils. Increased expression of
CGRP and VEGF was detected only in lesional skin wibh indicated that they might have a role

in whealing and tissue edema.

The levels of neutrophil activation and related cydkines were studied in 88 patients with ASA-
intolerant CU. The serum levels of myeloperoxidasand IL-18 were higher than normal controls
(166). Another study reported mean levels of seruhCN2, TNF-a, IL-6, and IL-10 that were
significantly higherin 191 CU patients than in cotrols (167). LCN2 levels decreased
significantly in refractory CU compared to patients who responded to antihistamines. Increased

serum LCN2 in CU patients was associated with a dezase in urticarial activity scores.

What is the clinical relevance?

Elevation in the absolute neutrophil count and neubphil/lymphocyte ratio were reported to be
associated with a poor prognosis in childhood CSUna neutrophil/lymphocyte count can be used
as a remission marker (168). A study of 74 CSU pahnts receiving omalizumab 300 mg every 4
weeks for at least one year resulted in a substaatiy increased peripheral blood basophil count,
and reduced peripheral blood neutrophil especiallyin the first 3 months (169). The authors
proposed that the alterations in peripheral blood ell ratios might contribute to or reflect the
therapeutic effect of omalizumab in CSU. Another rerospective study of 74 CSU patients
receiving omalizumab 300 mg every 4 weeks, the neophil count, the neutrophil/lymphocyte
ratio and neutrophil/monocyte ratio showed a statically significant reduction after 12 weeks of

omalizumab treatment (170).
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Taken together, the data suggest that neutrophils ight contribute to the pathogenesis of CSU, at

least in a subgroup of patients, however mechanistidetails are not yet known.

The role of vascular endothelial cells in CSU.

Plasma leakage from skin micro vessels in the demnis crucial to produce edema and the flare reactig
clinically recognized as wheals of urticaria. The mitical role of histamine released from skin mast ells
and/or basophils for vascular pemeability in the @thogenesis of CSU has been proven by the
effectiveness of H1 antihistamines. Besides histamsi, other mediators, such as vascular endothelial
growth factor (VEGF), thrombin, bradykinin and/or p latelet active-activating factor (PAF) may induce
plasma leakage through gap formation of vascular edothelial cells via specific receptors (171).
Moreover, increase of leukocytes, such as eosinofghineutrophils and basophils, is observed in the

lesional skin of CSU (140, 141, 172).

To date, several reports suggest that the expressitevels of cell adhesion molecules, such as P-stilg
E-selectin, intercellular adhesion molecule (ICAM)yascular cell adhesion molecule (VCAM) and
platelet endothelial cell adhesion molecule (PECAMCD31) are up-regulated in the lesional skin of
patients with CSU (173, 174, 161). Histamine andrbmbin rapidly induce surface expression of P-
selectin stored in endothelial cells within few miates (175). Moreover, inflammatory cytokines, suchs
TNF-a and IL-18, contribute to the late phase (4-24hr) expressionf P-selectin, E-selectin, ICAM and
VCAM on the surface of endothelial cells (176). Sre P-selectins and E-selectins are required for the

rolling process, and ICAM, VCAM and PECAM are required for the firm adhesion process of leukocytes
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and/or for passing through the blood vessel wallt is feasible that up-regulation of cell adhesion

molecules expressed on the vascular endothelial etontribute to the infiltration of leukocytes into
demis in the pathogenesis of CSU. However, detadaoles of adhesion molecules expressed on
endothelial cells other than the role in inflammatay cell infiltration as a consequence of mast cell

activation, remained unknown.

As described in the sections above, a number of slies have suggested the involvement of the blood
coagulation/fibrinolysis system, especially of TFaggered extrinsic coagulation pathway, in the
pathogenesis of CSU. In patients with CSU, plasmavels of prothrombin fragment 1+2 (PH+) and D-
dimer are higher than those in nomal controls ancconelate with disease severities (177, 139). Sakiet
al revealed the elevation of extrinsic blood coagation potential in the patients with CSU (178).
Plasminogen activator and urokinase released fromascular endothelial cells may contribute to the
activation of fibrinolysis process which produces BEdimer (179). Moreover, in vitro studies focused on
the role of vascular endothelial cells have unveitea role of vascular endothelial cells in the casda of
blood coagulation pathway triggered by histamine ad inflammation in the pathogenesis of CSU (134,
180). Both human umbilical vein endothelial cellsHUVECs) and human demal microvascular
endothelial cells (HMVECSs) express a large amountfa'F on the surface of cells in response to the
combination of two categories of TF-inducers; onencluding histamine, and VEGF, and the other
including LPS, TNF-g, IL-33 and IL-1p (134, 181). Moreover, TF expressed on HUVECs indas
activation of the extrinsic coagulation pathways ath produce activated coagulation factors, such as dsor
Xa (FXa) and factor lla (Flla). FXa and Flla then induce gap-formation of vascular endothelial cellsia
protease activated receptor-1 (PAR-1) and leakage plasma with autoantibodies against IgE or FCRI,
and autoantigens for specific IgE on mast cells ithe skin, resulting in the activation of the mast ells and
edema formation (134, 180). Thus, TF on endotheligkells may be a good target to prevent TF-extrinsic

coagulation pathway-plasma leakage axis in the trément of severe and refractory CSU. However,
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patients with CSU do not usually show apparentrttrasis, presumably due to homeostatic activation of
fibrinolysis. The actual expression of TF on vaac@ndothelial cells in the lesion of CSU remaiteetle

confirmed in the patients.

Neuroinflammation and The Afferent Nervous System

A relationship between hives that persist and tiegvous system’ has been assumed once
physicians/researchers began to consider the p@ssibse of CSU. While few believe that an
underlying psychogenic condition (e.g. chronic atyiis the cause, most are of the opinion that
stress can exacerbate hives, and all agree thedniatis certainly a cause of stress. For those
who see no effect of stress on any objective mstafen of urticaria, the interpretation is that
tolerance for the discomfort, including itch, issened by stress, leading to complaints of

“worsening”.

Anatomically, efferent nerve cells are in proximitymast cells (182) and we know that
histamine stimulation of sensory nerves (type C yglmated neurons) can initiate impulses
migrating through the dorsal root ganglion to thimal cord which then branch or interconnect
in multiple ways. Some have connections (pre-dmoal) that meet adjacent nerves which
conduct back to the skin (antidromic conduction)ahHead to release of neuropeptides,
particularly Substance P. This causes “reflex’oddlatation of arterioles and is responsible for
the axon reflex, the third element of the “tripésponse of Lewis”. The axon reflex causes
redness far beyond histamine diffusability. SubstaP also has the ability to further activate
cutaneous mast cells if sufficiently high levels e#ached (183) and blood levels are indeed
elevated in CSU (184) and produce a positive whedlflare on skin testing that is augmented

in CSU (185).
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Besides the aforementioned branch points, synapgieis the spinal cord then project to the

brain and lead to the perception of itch. For gesiwas assumed that fibers mediating pruritus
and pain were identical, and that differing exteingtimulation might be responsible for different
sensations. We have recently discovered that t#rereeparate nerve fibers mediating itch that

travel along with fibers mediating pain within tlageral spinothalamic tract (186).

Neuropeptide release from nerve endings that coamtribute to the pathogenesis of CSU are
many, and further work is needed to delineate §ipamntributions of each assuming many are

relevant. These include Substance P, Neurokinianél, Calcitonin-Gene-Related Peptide.

Substance P and Neurokinin A are derived by altemaplicing from the same
preprotachykinin A gene and interact with the s&Kel receptor. Inhibitors of the NK-1
receptor are being developed which is most likelgvant to histamine-dependent pruritis (185).
There is also a receptor on skin mast cells, telRGPRX2 that is responsive to Substance P

as well as other neuropeptides (187).

Since the pruritis of CSU is as responsive to {nees are the urticarial lesions (188) the
mediators downstream are ultimately dependent st o&dl activation. In this respect the
circumstance may differ from other causes of prutitat are chronic (e.g. kidney disease, liver
disease, lymphoma, or prurigo nodularis) and theay mclude atopic dermatitis in which normal

appearing (but often dry) skin can be pruritic antihistamine resistance is the norm. A role for
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other receptors, such as opioid and cannabino&pters, PAR receptors or receptors for

cytokines such as IL31, IL4, and IL13 appears 1iK&RB9).

Concluding Comments

The presence or absence of any significant celinfdirate within the dermis differentiates

many types of chronic urticaria. Most inducibléiearias lack such an infiltrate perhaps because
the stimulus is fleeting, even if repetitive. Téegould include cold urticaria, symptomatic
dermatographism, cholinergic urticaria, solar artig, local heat urticaria, aquagenic urticaria,
and vibratory urticaria/angioedema. On the otlardy) CSU has a prominent cellular infiltrate
(190) with features similar to the allergic lateagk reaction (156). Perhaps a sustained stimulus
leads to this result. The one inducible urticéinet has a significant cellular infiltrate is dedaly
pressure urticaria (191). While the lesion appé@urs after the stimulus, the initiating

stimulus is typically sustained (walking or beirgated a long time) or repetitive (hammering)
relative to the other inducible urticaria whererstli ranging from a few seconds to a few

minutes suffices.

The cellular infiltration seen in patients with C8wolves all the cellular elements of blood
many of which have been considered in this reviey.(1). We have not discussed monocytes,
in particular, although they are plentiful whenlge&lithin skin biopsies are counted (190), and
have enhanced tissue factor expression (135). egition, monocyte chemotactic proteins 1-4
i.e. MCP 1-4 may be responsible for their accunnte&long with the other cell types.

Lymphocyte subtypes that have not been considecddde NK cells, and NKT cells. We have
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not considered B lymphocytes because they areesot within the urticarial lesions although

they certainly have a systemic role in the produrctf the autoantibodies described above.

While methods such as immunohistochemistry (66)ceatainly shed light upon the function of
cells within the perivenular infiltrate, their coiution in vivo, can perhaps best be inferred
from clinical studies of efficacy of drugs thatdat particular cells or their products. Rituximab
is reported to be effective (case reports) (198%pmably by preventing autoantibody synthesis
although it is not generally recommended. Cortiexasds inhibit the function of T lymphocytes
and eosinophils, and prevent egress of virtuallgell types from the blood stream into tissues,
including skin. The latter effect certainly inckgdT lymphocytes, basophils, and eosinophils,
and possibly monocytes. Neutrophil egress andtiimmeas is seen in asthma, may be more

resistant to steroid effects.

For the future, we envision studies of drugs wittreéasing specificity to determine the effect on
the clinical course of CSU. We can target IL1€(@@numab), TH-2 dependent cytokines, IL4
and IL13 (dupilumab), TH2 and eosinophil-dependsmtdkines, IL5 and its receptor
(mepolizumab, reslizumab, and benralizumab), compte C5a receptor (Avdoralimab), and
mast cell and eosinophil cell surface Siglec-&(itelimab) to name some being studied at

present. This has been recently reviewed (193).



711  Table 1. Summary of reports studying circulating cyokines in plasma or serum of patients with
712 CSU compared with HCs
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response was investigated. Only statistically sigintant data with a P value <0.05 were included. Ithe
difference between the 2 groups analysed was 0.05, it was reported in « no difference ».; GM-CBE:
granulocyte-macrophage colony—stimulating factor, TGF: transforming growth factor; IL: intedeukin;
TNF: tumor necrosis factor; IFN: interferon



723 Table 2: Summary of reports studying cytokine egpi@n in (cultured) PBMCs of patients with
724  CSU (including mRNA expression and protein exgoess supernatant) compared with HCs
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732 Table 3: Summary of reports studying cytokines in vineals of patients with CSU.
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Figure legends:
Figure 1 - Skin Biopsies representative of chramiontaneous urticaria with a non-
necrotizing perivascular infiltration of cells.A)(Predominance of T lymphocytes and

monocytes. (B) Mononuclear cells with prominenteosinophils.

Figure 2 - Functions of basophils, eosinophils troghils, T lymphocytes, and Endothelial

cell in Chronic Spontaneous Urticaria
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Mast Cells

Cytokines (priming, receptor upregulation)

Chemokines (chemotaxis)

Basophils
1. Basopenia (blood)

and increased
basophils in skin
lesions.

2. Diminished response
to agonists active
through the IgE
receptor (blood
cells).

3. Release in situ of
histamine,
leucotrienes,
cytokines, etc. due tg
activation through
the IgE receptor or
C5a receptor.

4. Abnormalities
reverse with therapy
or spontaneous
remission.

Figure 2

Eosinophils
1. Eosinopenia (blood)

and increased
eosinophils in skin
lesions.

2. Gradual cell
activation and
secretion (relative to
basophils and mast
cells).

3. Mast cell activation
by granule proteins
(MBP, ECP).

4. Release of tissue
factor to initiate local
coagulation reflected
in blood chemistries
(D-dimer).

Neutrophils
1. Recruited by

VEGF; secrete IL 18

chemotactic factors
released by mast cells,
endothelial cells.
Express CGRP and

and myeloperoxidase
Elevated absolute coun
implies poor prognosis
in childhood CSU.
Prominent neutrophil
infiltration into skin
associated with
resistance to therapy.
Neutrophil/Lymphocyte
ratio declines with
omalizumab therapy

T lymphocytes

1. Most predominant
cell in skin
biopsies of CSU.

2. Predominance of
Th 2 type
lymphocytes in
skin lesions of
CSU; Th 1,and Th
17 cells also
present.

3. IL-6 and IL-BB
MRNA increased in
skin biopsies of
ASST (+) patients.

4. Affected acutely by
corticosteroid and
cyclosporine

Endothelial Cells

1. Plasma leaks through gaps

endothelial cells in response
to histamine, VEGF, PAF,
and coagulation factors.
Upregulation of cell
adhesion molecules allows
transport of blood cells of al
types into the skin —
prominent examples are P-
selection, E-selection, ICAM
and VCAM.

. Tissue factor expression

which may initiate the blood
coagulation cascade.

. Coagulation factors Xa and

thrombin induce gap
junctions (u-PAR-1)
facilitating plasma leakage.
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