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Abstract



Inflammation is a hallmark of many airway diseasegroved understanding of the
cellular and molecular mechanisms of airway disealiacilitate the transition in our
understanding from phenotypes to endotypes, thamepsoving our ability to target treatments
based on pathophysiology. For example, allerdgicnaa has long been considered to be driven
by an allergen-specific Th2 response. Howeverjadirand mechanistic studies have begun to
shed light on the role of other cell subsets inga#ogenesis and regulation of lung
inflammation. In this review, we discuss the importe of different lymphocyte subsets to
asthma and other airway diseases, while highlightie growing evidence that asthma is a

syndrome that incorporates many immune phenotypes.
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Introduction

The Global Asthma Network estimates that approsetgeB34-million individuals
around the world suffer from asthin&arly definitions of asthma referred exclusiviely
shortness of breath. Today, asthma is recognizaddasease of reversible airflow obstruction,
accompanied by chronic airway inflammation, ainkgperresponsiveness (AHR) and airway
remodeling. Classically, allergic asthma, constiyapproximately 50% of all asthma cases, has
been viewed as a disease resulting from an unwaddype 2 inflammation that arises after
exposure to common environmental allergens. Howeapid advancements in mouse modeling
and disease phenotyping have demonstrated rolegHer T cell subsets in asthma that can in
some cases synergize with Th2 responses. Theseadviaave also revealed a broadened role
for Th2 T-cells in asthma pathogenesis than was tlrought. Here, we will review new

functions of Th2 T-cells, and the role of new Ttseibsets in the context of a Th2 disease.

Th2, T-cell mediated immunity in asthma

The identification of IL-2, -4 and -5, enabled gegregation of T-cells producing these
cytokines into Thl or Th2 ceflsThe ability of IL-4 and IL-5 to facilitate B-cetllass switching
and eosinophil recruitment, established a plausibiebetween T-cells expressing these
cytokines and allergic disease. Indeed, many ssuthge implicated enhanced levels of T-cells
producing type 2 cytokines (IL-4, -5, and -13) sttana; these cells are known to be enriched in
the bronchoalveolar lavage fluid (BAL) and lungstie of atopic asthmatit$ Moreover,
strategies attempting to deplete Th2 T-cells thhoilng reduction of GATA3 expression, a
required Th2 transcription facfothrough the use of a DNAzyme that targets anavels
GATA3 mRNA, has been demonstrated to ameliorateagirinflammation in murine models of
allergic airway diseaSend, in a randomized, double-blind, placebo-cdletidrial, to attenuate
allergen-induced early and late phase asthmatioreses in allergic subjeét&hese, and many
other studies, established the belief that asthammimarily the result of a Th2 mediated
immune response. Further confirming this belief thasestablishment of numerous murine
models wherein the selective ablation or blockadene or more of these cytokines lead to
complete resolution of disedge. Since these findings, numerous antibodies haea be
developed, with the goal of treating allergic desely selectively depleting IL-4, -5 and -13.

Some notable successes have been made with antiyfdi@ne antibodie$™® supporting the



importance of Th2 cytokines in allergic asthma. émi@antly, success of these trials has been
dependent upon identifying a target patient popadathrough disease phenotyping, that is
amenable to therapy; specifically, this entailsidging asthmatics with a predominantly Th2
asthmatic phenotype, through the use of high epsitoor periostin as enroliment or patient
stratification criterid”. In trials with less stringent patient stratificat, anti-cytokine strategies
have led to little improvement in disease. Whilis iplausible that there have been confounding
factors associated with potentiation of cytokingvay by treatment with anti-cytokine
antibodie®’, it is also possible that these strategies wese éfficacious than predicted due to the
heterogeneity of clinical asthma. Indeed, carelini@al phenotyping of patient populations, by
cluster analysis, has led to the establishmentioferous asthma ‘endotypes’, or known
subtypes of disease, with distinct pathological ma@ism$®*’. These studies, in the context of
failed anti-Th2 cytokine strategies have firmlyadgished that asthma can no longer be
considered a disease constrained to exaggeratete$p@nses, but rather, a heterogeneous

syndrome that culminates in airflow obstructiorotigh a variety of mechanisms.

Th2 T-cells: Old dog(ma), new tricks

Classically, the Th2 component of asthma was thbtambe exclusively due to effector
cytokines produced by Th2 cells. However, the discy of type 2 innate lymphoid cells (ILC2)
in 2010° has challenged this framework. ILC2 lack lineagéace markers and an antigen
specific receptor, but act similarly to Th2 T-cetighat they facilitate the rapid propagation of
type 2 immune responses, through secretion of dind-13, following stimulation with I1L-33 or
IL-25 & IL-2, or TSLP®*? Indeed, ILC2s are critical effectors of the Thifriune response to
allergen&’, proteasés, and helminth infectiot}, while also mediating tissue repair following
virus infectiorf?. ILC2s were first identified in the mesenteric lympbdé?®, but they have since
been detected in the lungs of mice and humans améin nasal polyp$®. Indeed, ILC2 have
recently been implicated in asthfi&’. While the development of ILC2s is beyond the scop
this review, it is intriguing that they share maigmmonalities with T-cells, evolving from the
common lymphoid progenitor (CLP) and sharing seveaascription factors with Th2 T-cells,
including inhibitor of DNA binding 2 (ID2), Bcl1H and GATAZ®.

The activity of ILC2s in allergic asthma has dritbe development of numerous

therapeutic strategies. Neutralization of IL-25 dn@3, in murine models of allergic airways



disease, have protected mice from airway inflamonagind alleviated airway
hyperresponsiveness, similarly demonstrating theitance of ILC2 activating cytokin®s ™.
More recently, Lipoxin A4, a suppressive lipid megdr, was found to inhibit ILC2 functiam
vitro *2 Finally,a study examining the blockade of thymic stromal pyropoietin (TSLP), an
ILC2 activating cytokine, in mild allergic asthmagdiprovided encouraging results, suggesting
that targeting ILC2s will be an important featufeegolving anti-allergy therapeutits while

also serving to highlight the importance of theskiscto the disease.

Interaction with ILC2s represents a new functionTh2 T cells, as evidence of cross-
talk between these cell types has rapidly beenmatating. A number of studies have shown
that ILC2 can play a role in T-cell sensitizatiordalisease propagation. In mice, ILC2
facilitated T-cell sensitization to papain, in &R13-dependent fashion, by activating dendritic
cells within the lung, and stimulating their homitagthe lung draining lymph nod®&sILC2
facilitation of T-cell responses has also beenico@din vitro, and in a model of
Nippostrongylus brasiliensis expulsion, wherein antigen uptake, and presemtdyoMHC class
Il molecules by ILC2s was critical to the developrnef robust type 2 response®® These
studies also demonstrated that T-cell derived tries the activation and proliferation of
ILC2s® and that ILC2 can also potentiate Th2 T cell reses®’. The clinical relevance of T-
cell, ILC2 cross-talk will require extensive studf particular importance will be identifying
what factors lead to the termination of this T2 positive feedback loop. Intriguingly,
recent evidence from a trial of subcutaneous gvallsn immunotherapy, a treatment known to
induce regulatory T-cells, has demonstrated reiguiatf ILC2 recruitment, suggesting that T-
cells may be capable of regulating ILC2 functiorh&ther this is through the function of

immunosuppressive cytokines or consumption of Her@dains to be determined.

Recently, lymphocytes (T-cells and ILC2s) haverbesognized as contributors to the
maintenance and restoration of tissue homeostaltisving exposure to epithelial derived
cytokines. 1L-33, in addition to its noted inflamtoey capacity, induces the differentiation and
maintenance of regulatory T-cells (Tregs) at efiitheurfaced’ and within muscl€. These
Tregs, in addition to dampening immune responsag been found to produce amphiregulin by
somé'*2 although but not by othéfs Amphiregulin is an epidermal growth factor thetsato

restore epithelial integrity following acute injuby inducing the proliferation and differentiation



of epithelial cells and keratinocyfé4® ILC2s also produce amphiregulin following actieat
which can mediate epithelial integrity in the alienf T-cells”’. Finally, IL-33 can also induce
the recruitment and differentiation of alternatwattivated macrophages, an innate cell that can
contribute to the resolution of inflammation anstozation of tissue homeostd$i&. Thus, as

our focus moves beyond inflammation, evidence tthg the importance of lymphocytes

interacting with the epithelium and innate immueésccontinues to mount.

T-cell plasticity and asthma heterogeneity

As mentioned, allergic asthma has long been thiotogbe primarily driven by Th2
responses. However, evidence indicates that ThIThBdesponses may coexist in asthma. A
study examining the Th1l and Th2 cytokine producapabilities of peripheral blood
mononuclear cells (PBMCs) and BAL cells from asthiosa atopics and nonatopic controls,
revealed that T-cells obtained from asthmatics pced significantly more IFN-upon
stimulation, with no differences in IL-4 productionted’. This observation led to the
suggestion that there may be a superimpositiorh@frésponses onto allergen-specific Th2
responses in asthma. Similarly, in a study of 84osdl resistant asthmatics, 14 subjects were
nearly devoid of eosinophils, while the remainisthanatics had expectedly high levels of
eosinophils and mast celtsin this report, it was suggested that perhapssitlematic disease in
the non-eosinophilic patients, had begun as tydib&l driven/eosinophilic disease and
progressed to the observed eosinophil deficienhgiype. In accordance with these findings, the
transfer of Thl polarized T-cells into mice withegaxisting Th2 allergic lung disease did not
inhibit disease but rather enhanced airway dysfontt In a study comparing mild-to-moderate
asthmatics against severe asthmatics (SA), anafsionchoalveolar lavage (BAL) fluid
revealed that SA possess four fold more Kpbsitive T-cells, significantly enhanced IFN-
levels in the BAL and enhanced secretion of bl ex vivo cultured T-cell&®. Intriguingly,
this study identified low levels of secretory legkte protease inhibitor (SLPI), a serine
proteinase inhibitor involved in wound-healtfigporoduced by airway epithelial cells, in addition

to high-levels of IFNy, be a marker of severe-asthma in both humans &® m

The dose of the allergen may affect the asthméaignptype. A mouse model of allergy
to fungi has supported this claim, as repeateddoge exposure of mice to fungi yielded

eosinophilic lung inflammation, while high-dose teage lead to neutrophilic & Th1l dominated



lung inflammatior®. Studies such as these have led to the hypotttegiasthma is a fluid
immune disorder, wherein Th2 and Th1/17 mediatedhaw@isms represent polar extremes of
disease, with patient phenotypes developing araduaiing between these poles as a result of

environmental pollutants and allergen exposuresids
Thl7

IL-17 producing cells are capable of inducing nearknflammation, predominantly
neutrophilic, and mediating the progression of tmitoimmune disease and allergic astima
Recently, the possibility of a blended Th2/Th17 bak arisen. In 2010, CD4+ Th2 T-cells that
produced IL-17 were found in the PBMCs of allerggthmatic®. Elsewhere, study of 52
asthmatics and 25 controls, found that the numbdual positive Th2/Th17 cells in the BAL
correlated with reduced airway function and inceedislood eosinophilfd These, and murine,
studies suggest Th2 cells may acquire a Th2/Th&nglype. Exposure of asthmatics to
environmental pollutants that enhance IL-6, maylitate differentiation from Th2 to
Th2/17°.The ability of Th2 T-cells to acquire Th17 likenfttion, and synergize with Thl cells
in the lungs of asthmatics, demonstrates how Tle2lTplasticity could facilitate diverging

disease mechanisms.
Th9

In 1993, IL-9 expressing CD4+ T-cells were idaatf forming the basis for the Th9
subsef™. While the precise role of these cells in lunghpgenesis is unknown, mouse models
have demonstrated that IL-9 can mediate airwagmifhation and remodeling (reviewed
elsewher®). Indeed, in a murine model of allergic airwaylamimation, blockade of IL-9, using
a monoclonal anti-IL-9 antibody, protected micenrairway remodeling and airway
dysfunctiofi*. In contrast, IL-9 blockade, in humans, has beemeffective treatment of allergic
asthma, failing to enhance pulmonary function, oedmedication use or asthma exacerbation
rates, in populations of miff and moderate-to-severe asthméficsaken together, it appears as
though IL-9 can propagate allergic inflammationt the inability of IL-9 blockade to reduce
symptoms indicates that it may not do so indepettyléFhese findings align with early
research, wherein IL-9 was found to potentiate ilflammation, but be insufficient to drive

inflammation independentR?®”.



Recently, the ability of IL-9 to augment Th2 respes has been revisited. During
infection withNippostrongylus brasiliensis, IL-9 receptor deficient mice were found to have
impaired ILC2 accumulation and survival, that ledieficient Th2 cytokine production and
impaired lung repaif. Indeed, further examination revealed that IL®te the upregulation of
BCL-3 in lung derived ILC2s, an anti-apoptotic @iot required for ILC2 survival. Thus,
through interaction with ILC2s, IL-9 contributesttee persistence of and magnitude of Th2
inflammation. The development of Th9 augmented fEsponses may also signal the worsening
of disease, and represent an important diagnasilcRecently, expression of IL-9 by T-cells
was used to differentiate between peanut allenggests and individuals sensitized to peanut
(IgE positive) that tolerate peanut challefig€umulatively, these data highlight the ability of
Th9 cells to augment existing type 2 inflammation endicate that the induction of IL-9
expression may demarcate a worsening of diseadengn-9 expression a potentially useful

biomarker.

Th22

IL-22 is member of the IL-10 family whose receptcomposed of two subunits, IL-
10R2 and IL-22R1. While IL-10R2 is expressed byidewange of cell types, IL-22R1 is
expressed by cells at barrier surfaces, such dsnigs, gut and skiff; perhaps surprisingly, IL-
22R1 is not expressed by leukocyt&dmportantly, the production of IL-22 is not rested to
Th22 cells, and can be produced by Thl cells, NIs,aanate lymphoid cells and Th17 cells.
What separates Th22 cells from other IL-22-prodgdiell types is that Th22 cells do not
produce any other lineage-specific cytokines (exL7, IFN-y or IL-4)"".

Many studies have investigated the effect of ILaPBarrier surfaces. The conclusion of
these studies is that IL-22 can be pro-inflammatorissue protective. The pro-inflammatory
nature of IL-22 is demonstrated by its ability tthance the production of anti-microbial
peptides, chemokines and inflammatory cytokinesddition to enhancing the effects of
inflammatory cytokines such as TNF-IL-1 and IL-17"%7"2 In contrast, IL-22 can be tissue
protective by enhancing the epithelial barrier,rpoting wound healing via enhanced
proliferation and anti-apoptosis, reducing the amiai IL-25 produced by the airway
epithelium, and inhibiting symptoms of airway inflenation in mice"*"® Whether IL-22

exhibits pro-inflammatory or protective effects apps to depend upon the other cytokines co-



produced by the cell in questiénin a bleomycin lung injury model, Th17 cells wévend to

be the predominant producers of IL-22 and IL-1@dRhde of IL-22 during bleomycin
administration ameliorated airway inflammation, gesting that 1L-22 played a pro-
inflammatory role; however, in IL-17 deficient mjoghose T cells still produced high levels of
IL-22, there was also a significant reduction irwaiy inflammation, demonstrating that in the
absence of IL-17, IL-22 played a protective rolkefiefore, the pro-inflammatory function of IL-
22 was dependent upon synergizing with existing TLiL-22 may also have different effects
during different phases of disease. In an ovalb(@¥A)-asthma model, neutralizing IL-22
during the sensitization phase, which is analogouke bleomycin study just mentioned,
significantly reduced airway inflammation resultifigm intranasal challenge with OVA. In
contrast, neutralizing IL-22 after sensitizationridg the intranasal OVA-challenge lead to
increased airway inflammatidn. Presently, the majority of studies have reliedruplocking
IL-22 using neutralizing antibodies or administgrexogenous IL-22 to investigate the role of
IL-22. Since there are many sources of IL-22, difficult to interpret the findings in terms of
the role of Th22 cells. Studies that directly exaeni h22 cells are required to begin to determine
the role of Th22 cells in airway inflammation. Tinge of adoptively transferred Th22 cells in
models of airway disease, as has been done wighogratthogenic bacterfd might be

particularly enlightening in this respect.

Follicular B helper T-cells

Recently, a population of T cells expressing thencokine receptor CXC-chemokine
receptor 5 (CXCR5) was identified that could hom&#tcell follicles and proficiently help B
cells produce high-affinity antibodies. These celése termed follicular B helper T-cells
(Tth)’®. Tth cells are potent inducers of immunoglobulmss-switching and antibody
production by B cells. Furthermore, the prototypiti cytokine, IL-21, and surface markers
(CD40L, ICOS, etc) support the survival, activateord differentiation of B cells. Current
evidence suggests that Tfh can differentiate astanct T-cell lineage, evolving directly from
naive T-cells in the presence of IL’21or acquire Tth functionality after previous contment
to Th1**® or Th#2

To date, Tth function has predominantly been lthi® autoimmune diseases such as

systemic lupus erythematosus and Sjogren’s syndromith little information about their role



in allergic disease. The difficulties identifying@e for Tfh in allergic asthma may arise from
their apparent ability to impair IgE productiontdhgh secretion of IL-2f. However, a recent
study of mild and severe asthmatics found thafréguency of circulating Tth cells were
significantly greater in severe asthmatics andetated positively with IgE titefa Similarly, in

a study of individuals with allergic rhinitis, cutating Tth populations were notably skewed
towards a Th2-like Tfh céfl. Intriguingly, evidence from two mouse models ofige dust mite
allergy, suggest that the Tfh derived cytokine2ll may directly play a role in the development
of type 2 immune responses in the lung, as IL-2&mqtty enhanced Th2 cell cytokine production
and functiofi”® Thus, it appears that Tfh, through helping Bsalhd IL-21 secretion may
propagate lung inflammation. Elsewhere, it has lsggested that Tfh cells may precede and
govern subsequent type 2 responses as intrananalisiiation of house dust mite was found to
induce the generation of IL-4 positive Tfh cells-81+CXCR5+BCL-6+GATA-¥) detectable

in the mediastinal lymph nodes, but not the luhgt tould differentiate into effector Th2 T-cells
(IL-21°CXCR5°BCL-6°GATA-3") and migrate to the lung in response to subseddbiM
challenge®. Thus, it is possible that the plasticity of Tieéles the development of Th2
responses. Indirect evidence for a role of Tfasthma comes from studies of allergen

immunotherapy where effective therapy was linkeckthuctions in circulating Tth .

Requlatory T cells

The demonstration that the adoptive transfer o#®CD25+ T-cells could prevent
autoimmune pathology, elicited a renaissance irsthey of regulatory T-ceff& Following this
demonstration, T-cells with immunosuppressive caipials have been termed regulatory T-cells
that are predominantly split into two categoriesxiF3 thymus derived (natural) Tregs (nTreg)
and peripherally induced, FoxF"Scytokine secreting (IL-10 or TG} inducible Tregs (iTreg).
Problematically, the inability to rigorously difiemtiate iTreg from nTreg has limited the ability
to identify their relative contributions to the megnance of peripheral tolerance and progression
of allergic asthma. Several putative markers haenhised to delineate these cell populations,
such as Helids and Neuropilin-1#%> However, recent evidence has suggested thaiendstia
specific marker of nTreg cells. An elegant adoptramsfer study by Gottscha¢kal. observed
that adoptively transferred T-cells upregulatedi¢tebefore FoxP3 following intravenous

peptide administration to recipient mice, therebyndnstrating the expression of Helios by



iTregs*. Similarly, high Neuropilin-1 expression was folindmice that predominantly generate
iTregs”. Thus, we continue to lack a reliable marker tzat differentiate iTreg from nTreg;
such a tool would enable better understandings#atie aetiology and the design of therapies
that rely on expansion of regulatory T-cell subsktisiguingly, Neuropilin-1 positive Tregs
were found to possess impaired suppressive capamitpared to Helios+ Tre¥sa feature
attributed to reduced expression of IL-10, CTLArtl &pstein-Barr virus induced gene 3
(EBI3).

IL-10 and CTLA-4 are well known effectors of immasuppression. In contrast, EBI3 is
a relatively new suppressive molecule, that defanasw subset of suppressive regulatory T-
cells. IL-35 is heterodimeric cytokine from the 1I2-family, consisting of EBI3 and IL-
12a/p35”". IL-35 was found to be exclusively, and constitely, secreted by mouse FoxP3+
Tregs. The robust regulatory activity of IL-35 waemmonstrated i&bi3-/- andll12a-/- Tregs, as
these cells lacked the ability to regulateitro immune responses and failed to cure
inflammatory bowel diseaSe Similarly, recombinant IL-35 suppressed T-cedljferation and
ectopic expression of IL-35 conferred regulatorgamty to T-cells. Of particular interest is the
ability of IL-35 to generate a population of regoly T-cells, termed iTr35s. Indeed, expression
of IL-35 by Tregs is sufficient to induce the pration of IL-35 by effector T-cells. In this
manner, IL-35 facilitates infectious tolerance, sipeead of antigen-specific regulation, as
effector cells that acquire the capability to proelllL-35 become potent regulatory cells as
evidenced by the observations that iTr35 celleegated in this manner possess the capability to
regulate lethal autoimmunitfoxp3’” mice), EAE, inflammatory bowel disease and contabu
to the regulatory milieu that fosters tumour groWtin a mouse model of allergy to ovalbumin,
regulation of disease and AHR were associated twétpresence of I1L-35 producing T-cells, as
Ebi3-/- deficient mice failed to develop OVA tolerance:10 and TGFB were dispensabl®
Similarly, transfecting pulmonary cells with an 85 DNA construct protected mice from the
development of allergen-specific IgE and eosinopbdumulation, in a model of house dust mite
allergy®. In a study of newly diagnosed asthma, IL-35 veasfl to be significantly reduced in
patients with asthma compared to healthy coriftblg contrast to these studies, in a mouse
model of allergic sensitization, challenge and plpimmunotherapy, we were unable to detect
altered levels of IL-35 in the blood, lung or BAEmice, following effective therag{?. Taken

together, these studies indicate that IL-35 an@5Tpossess robust immunomodulatory



functions, however, the role of IL-35 in human asthand its therapeutic potential remains to be

examined.
Conclusion

Historically, allergic lung disease has been abergd the result of excessive, aberrant
Th2 T cell responses. This outlook provides a neaBle foundation for understanding allergic
disease, accurately conveying many of the domimathanisms engaged in allergic asthma. As
disease phenotyping tools become more sophisticaitédlinical disease is better understood,
we must begin to consider how cross-talk betwe#ardnt Th subsets may augment established
Th2 disease. In a similar manner, resolution oéake through T cell mediated regulation can no
longer be viewed as exclusively the role of IL-1TG§F$+ and FoxP3+ cells. To obtain
maximal efficacy in the clinic, strategies suchramunotherapy that attempt to expand
regulatory T-cells will need to consider new tasgsuch as iTr35 regulatory T-cells. In
conclusion, established paradigms in the immuneated pathogenesis and regulation of lung
disease have evolved due to a preponderance @dreadnew subsets and functions of T cells

should be entwined with these existing concepteflect the spectrum of disease.
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