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Abstract:

A keenly sought therapeutic approach for the treatment of allergic disease is
the identification and neutralization of the cytokine that regulates the differentiation
of Th2 cells. Th2 cells are CD4 T cells differentiated to secrete IL-4. These cells are
exciting new targets for asthma therapies due to the key role they play in allergic
airway diseases. Recently the cytokine IL-25 has been shown to enhance Th2 cell
activity and play important roles in mediating allergic inflammatory responses. To
investigate this further we crossed IL-25 deficient mice with GFP-IL-4 reporter mice
and developed an assay of in vitro and in vivo IL-4 independent Th2 differentiation.
These assays were used to determine whether IL-25 was critical for the formation of
Th2 cells. We found there was no physiological role for IL-25 in either the
differentiation of Th2 cells or their development to effector or memory Th2 subsets.
In the strong Th2 setting of a helminth infection the absence of IL-25 resulted in no
defects in the effector type 2 responses associated with T helper type 2 immunity
including, mucous hyperplasia, class switching to IgE and protection against
challenge infections. Importantly this data challenges the newly found and growing

status of the cytokine IL.-25 and its proposed role in promoting Th2 responses.

The second part of this thesis investigated whether the genomic organisation,
which reflects commitment to Th2 cytokine expression, could provide a clearer
definition of a functional in vivo Th2 cell. Two distinct IL-4 reporter mice were
crossed and Th2 in vivo assays were developed that allowed tracking of the individual
alleles of IL-4 in a variety of tissue types and Th2 subsets. Interestingly in vivo
expression of IL-4 is mostly monoallelic yet there is a small highly activated
population of biallelic IL-4 expressing Th2 cells. Physiologically each allele of I1L-4
was required for a functional Th2 response with total serum IgE titres up to 4 fold
lower in IL-4"" heterozygous compared to the IL-4"" sufficient animals and a
significant loss in protective immunity against challenge infections with helminths
occurred in the IL-4*" heterozygous animals. The similarity in deficiencies in Th2
immunity in the IL-4"" heterozygous and IL-4" deficient compared to the IL-4"*

sufficient animals lead to the proposal that the generation of biallelic Th2 cells may



be required for specialised cell-to-cell mediated delivery of tailored activation signals
and higher quantities of IL-4 required to mediate fully developed Th2 immune

responses.
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Chapter One: General Introduction

An adaptive immune response evolves as a result of the directional leadership by a
subset of T helper (Th) cells that have differentiated in response to cognate antigen.
The signals initiating the mechanism of differentiation and the cellular and molecular
requirements for the maintenance of effector and memory functions of these T helper
subsets are key issues currently investigated by multiple groups around the world.
Differentiated T cells are generally classified into four subsets; Th1, Th2, Th17 and
inducible regulatory T (iTreg) cells with each subset classified as a result of their
signature cytokines that drive specific effector responses. The T helper type 2 immune
response is a poorly understood arm of the immune system, this lack of understanding
results in difficulty in development of effective treatment strategies against allergies
and asthma as well as parasitic helminths, highlighting a crucial need for further

investigations to increase our chances of success.

The T helper type 2 immune response can be segregated into two arms; the adaptive
CD4 or T helper (Th) 2 cell mediated responses and the innate or type 2 mediated
responses. The segregation of the T helper type 2 immune response into Th2 cell
responses and type 2 responses is useful as it allows one to compartmentalise and ask
particularly pointed questions about fundamental mechanisms underlying this
particular type of immunity. This thesis focus is on the adaptive CD4 Th2 cell
response and asks pertinent questions with regards to the development and definition
of this cell type. To honour the historically relevant definitions of helper cells, a Th2
cell herein is defined as a CD4 T lymphocyte that secretes IL-4, the signature cytokine
of a T helper type 2 immune response. This thesis set out to investigate whether a
novel T helper type 2 amplifying cytokine, IL-25, is involved in the differentiation
and development of effector and memory Th2 cells and further goes on to investigate

the classification of a Th2 cell by its ability to secrete IL-4 from independent alleles.

1. 1 Subsets of CD4 T helper cells and their involvement in immunity

The key to differentiation and subsequent polarisation of T helper subsets is the
cytokine milieu and co-stimulatory signals the naive T cell experiences upon cognate
antigen encounter. Naive CD4 T cells exit the thymus and enter the secondary

lymphoid organs, where they may be exposed to stimulation by antigen presented on
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the major histocompatibility complex (MHC) class II. This results in CD4 T cell
activation and IL-2 production '. Subsequent autocrine and paracrine IL-2 signalling
results in clonal expansion of these activated cells. Four distinct subsets of CD4 T
cells differentiate upon appropriate activation signals (See Figure 1. 1); the inducible
T regulatory cells (iTregs) > and three effector cell subsets, Th1 *°, Th2 ** and Th17
*!!. These four subsets comprise the commonly discussed arms of the helper T cell
response. Additionally, two further T helper cell subsets have been described recently:
the Th22 and the Th9 cell subsets. Th22 cells produce IL-22 and are theorised to have
a predominant role in maintaining skin homeostasis '>"* while Th9 cells produce IL-9
and are theorised to provide a form of specialised protection during helminth
infections '*'°. Both inducible and natural Tregs are responsible for maintaining
homeostasis and immune tolerance whereas the effector subsets induce protective
immune responses against pathogens. IFNy producing Th1 cells mediate immunity to
intracellular parasites, IL-4 producing Th2 cells mediate immunity to parasitic
helminths while IL-17 producing Th17 cells mediate immunity to extracellular
bacteria and fungi. Of note, the dysregulation of Th1 and Th17 effector arms results in
autoimmunity while dysregulation of the Th2 arm results in allergies or asthma .
These helper subsets play vital roles through directing immune responses, roles that
highlight a crucial need for understanding the signalling processes involved during
subset differentiation and development with the goal of providing future targets for

more effective drug design and therapeutic approaches.



Chapter One: General Introduction

Extracellular bacteria Intracellular pathogens
Fungi Autoimmunity
Autoimmunity

IL-21 IFNy

IL-17a IL-2
IL-17f @ Th1 LT
IL-22 (IL-10)
(IL-10) TGFB(IL-1)+ IFNy+IL-12

RORyt/Stat3 ‘wzm Tbet/Stat4

,/TGF[3+IL-2 Iwk\ IL-4
TGFB IL-3
IL-35 iTreg ‘Th2 IL-5
IL-10 < IL-13

IL-10
Foxp3/Statb GATA3/Stats
Immune tolerance
Lymphocyte homeostasis Extracellular pathogens
Regulation of immune responses Allergy and asthma

Figure 1. 1 Diagram illustrating the four well characterised T helper subsets: their polarising
cytokines, master regulator transcription factors, effector cytokines and immunological
functions (Adapted from /).
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1. 2 Interleukin-4: The signature cytokine of a T helper 2 cell

The suite of cytokines collectively described as Th2 cytokines include IL-2, IL-3, IL-
4, IL-5, IL-9, IL-10 and IL-13. IL-4, the signature cytokine of a Th2 response has
been extensively investigated with respect to its signalling pathway and regulation of
type 2 immunity. However, the factor critically required for differentiating naive CD4
T cells into IL-4 producing cells remains unknown. IL-4 was initially described as a B
cell growth factor '* and then as a B cell activation factor . Subsequently it became
know as the signature cytokine produced by Th2 cells that resulted in Th2 effector
functions °. IL-4 was shown to be required for the maintenance and development of
Th2 cells **° and the activation of B cells resulting in the increased expression of
MHC class II and class switching to IgG1 and IgE *'**. In addition to its potent effects

on lymphocytes, IL-4 serves to activate innate effector cells including mast cells >,

26 27

macrophages = and eosinophils “* and also induces alteration in a variety of non-

28-30

immune cells such as mucosal epithelial cells and goblet cells *'.

1. 3 Requirements for the differentiation of a Th2 cell

Th2 differentiation from the naive CD4 T cell requires TCR recognition of cognate
antigen bound to MHC complex, co-stimulation and a polarising cytokine milieu: as
summarised in Figure 1. 2. The exact properties of antigens that drive Th2 responses
remain largely unknown however certain in vitro conditions have been shown to skew
a naive CD4 T cell in the absence of polarising cytokine into a Th2 cell, these include

low concentrations of available antigen ****

and low avidity and affinity of the binding
of TCR to antigen MHC complex **. Whether these findings depict the in vivo setting

during allergic responses is the ongoing topic of debate *.

Dendritic cells are messenger cells of immunity, located in barrier sites searching for
antigen, processing this antigen and migrating through to the lymph node where they
can present it to naive CD4 T cells *’. Recent investigations however, have suggested
basophils could be the critical antigen presenting cell (APC) type required for the

differentiation of Th2 cells ***. Conversely, other studies identify basophils as
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augmenting the Th2 response, with a clear requirement for DCs facilitating antigen
presentation and Th2 cell differentiation *'**. Additionally, basophil depletion prior to
and during infection with the robust Th2 inducing helminth N. brasiliensis resulted in
no detrimental effects on Th2 differentiation *. Taken together, these data illustrate a
limited role for basophils in Th2 differentiation, development or maintenance,

however DCs are necessary and sufficient for the initiation of a Th2 response.

The stereotypical three part signals consisting of antigen TCR engagement, co-
stimulation and polarising cytokine signals were initially identified for the induction
of Th2 cells. Yet, the precise requirements for Thl and even Thl7 cells are
understood with much greater clarity. Several studies have attempted to delineate the
critical signals required from APCs to differentiate naive CD4 T cells into Th2 cells.
Notch signalling through jagged ligand **, OX40L ¥, ICOS ** and CD40 * have all
been shown to amplify Th2 differentiation. Additional co-stimulatory signals include
the engagement of the CD4 molecule ** and CD28 molecule *' with the TCR complex
assisting Th2 differentiation signals. Therefore, the activation status of the APC and
hence the co-stimulation provided will have a large impact on the polarisation of the

subset differentiated.
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Figure 1. 2 Fundamental signals involved in Th2 differentiation. Often termed as signal 1, 2
and 3 they constitute the core requirements for differentiation of a naive CD4 T cell into a
Th2 cell: they comprise the engagement of the TCR by cognate antigen presented on the
MHC class Il complex, the provision of co-stimulation and the provision of a polarising
cytokine milieu. The polarising cytokine milieu required for Th2 differentiation is unknown.

Initial investigations revealed a requirement for IL-4 along with IL-2 for the

differentiation of Th2 cells "®. The initial cell producing IL-4 remained a mystery.

Multiple cell types have been shown to produce IL-4 including mast cells **>,

basophils ***°, Natural Killer T (NKT) cells *** and eosinophils *’, along with more

% lineage negative innate

lymphoid type 2 cells (ILC2s) *' and naive CD4 T cells **®. It is unlikely these IL-4

controversial reports of IL-4 production by B cells

producing naive CD4 T cells are truly naive as these T cells require an initial
activation stimulus and TCR engagement in order to produce IL-4, and therefore
could be perhaps better classified as early-differentiated Th2 cells. The production of
IL-4 early during differentiation of naive CD4 T cells fuels speculation this cytokine,
acting in an autocrine manner, would reinforce Th2 development and its own
production. Nonetheless, while IL-4 may have a role during the development and
maintenance of a Th2 response *, it is not required for the differentiation of a naive
CD4 T cell to a Th2 cell ®*. The definition of the roles of IL-4 during development
and maintenance of a Th2 response are not fully described, and the innate cytokine

candidates, IL-33, TSLP and IL-25 have recently drawn substantial interest ®*%.
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1. 4 Regulation of IL-4 expression in the Th2 cell

The regulation of expression of IL-4 from a differentiated helper T cell occurs in a
biphasic manner; initially IL-4 is expressed following engagement of the TCR by
antigen on MHC II complex then expression is increased following the exposure to
appropriate polarizing signals. Controversy remains as to what exactly comprises
these polarizing signals that results in the differentiated Th2 cell. Initially a cytokine
milieu comprising IL-2 and IL-4 was accepted as a prerequisite for the differentiation
of Th2 cells *, however subsequent improvements in technology has lead to the
realisation that Th2 cells differentiate in the absence of IL-4 . However GATA-
binding protein 3 (GATA3) is accepted the master regulator of the production of IL-4
and is required for the differentiation of Th2 cells °”'. This was shown through its
overexpression in cell lines resulting in dominance of Th2 over Thl and its absence
resulting in the inability to express IL-4. Interestingly recent in vivo data raises queries
as to whether this is the only mechanism of Th2 differentiation with novel data
highlighting the production of IL-4 in germinal centres in cells that do not upregulate

GATA3.

Therefore there are multiple pathways to the production of IL-4 from a T helper 2 cell.
One of which is the engagement of IL-4 with its receptor resulting in the activation of
the transcription factor signal transducer and activator of transcription 6 (STAT6) and
upregulation of GATA3 . Although as mentioned previously IL-4 signalling
through STAT6 alone is not sufficient to induce Th2 differentiation, the binding of
STATS to the 114 locus is also required *. STATS5 binding occurs following ligation
of cell surface receptors with their STATS signalling molecules including IL-2, IL-7
and TSLP ™. The STATS5 enhanced expression of 1L-4 is GATA3, STAT6 and IL-
4Ra independent; STATS binds directly to the I/4 gene as a result of the ligation of
IL-2 or through the binding of other STATS signalling molecules . It is likely the
ligand responsible for activation of STATS is dependent upon the spatial location of
the CD4 T cell during Th2 cell development. For instance, STATS activating ligands

found in the lymph node include activated T cells releasing IL-2 or stromal cells
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releasing IL-7, while another STATS ligand, the innate cytokine TSLP, is more

prominently produced in non-lymphoid organs """,

Additional signals enhancing IL-4 production by Th2 cells consist of the innate
cytokines IL-33 and IL-25; IL-33 enhances the effect of STATS signalling * while IL-
25 maintains the expression of GATA3 ®'. Also, the Notch ligands were recently
shown to upregulate GATA3 expression independently of STAT6 activation ***%,
There are a multitude of intracellular signalling processes resulting in IL-4 production,
some dependent upon IL-4 and others independent, all likely acting in conjunction

with one another. Figure 1. 3 outlines the major intracellular activation pathways

involved in Th2 cell differentiation.
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Figure 1. 3 Pathways of T helper 2 cell differentiation, both IL-4 dependent and
independent, require activation of GATA-binding protein 3. Early IL-4 production occurs by T
cell receptor (TCR) binding cognate antigen that is thought to signal through NFKB and trigger
GATA3 expression. IL-4, from either an accessory cell or the CD4 T cell itself, upon binding the
IL-4R triggers STAT6 phosphorylation and translocation to the nucleus where STAT6 binds
unknown sites and upregulates GATA3 expression. IL-2 activates STAT5A and binds directly to
the second intron of IL-4 resulting in the production of IL-4. Co-stimulation of notch by its
ligand jagged results in translocation of intracellular notch to the nucleus forming a complex
with recombination- signal-binding protein for immunoglobulin-k J region (RBPJ),
Mastermind-like 1 (MAML1) and p300 that subsequently binds to and activates GATA3.
GATA3 then modifies the IL-4/IL-13/IL-5 locus to enable access for further transcription
factors and continued differentiation of the Th2 cell (Adapted from 84).
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1. 5 Regulation of expression of IL-4 in a T follicular helper (Tfh) cell

Germinal centres (GC) are located within antigen experienced B cell follicles in the
secondary lymphoid tissues and are responsible for the production of memory B cells
and antibody secreting plasma cells. GC formation requires CD4 T cell help as well as
the expression of transcription factor B cell lymphoma 6 (BCL6) ***. Spatially, the
mature B cell follicle comprises a GC, made up of dark and light zones, with the dark
zone adjacent to the T cell zone. The GC is capped by a follicular mantle of small
non-antigen experienced re-circulating B cells that is surrounded by non-circulating
mature marginal zone B cells (see Figure 1. 4). The formation of the GC allows
antigen specific naive B cells to undergo somatic hypermutation of the antibody
variable V-region genes in the dark zone as well as class switch recombination of
immunoglobulin heavy chain and affinity maturation of antigen binding capability in
the light zone **. This GC reaction gives rise to memory B cells and plasma cells
secreting high-affinity antibodies that are ultimately responsible for long term

8991

humoral immunity . An alternative pathway external to the GC reaction

(extrafollicular) gives rise to short-lived low-affinity antibody secreting plasma cells

92

The germinal centre dark zone consists of proliferating B cells known as centroblasts
while the light zone contains non-proliferating B cells known as centrocytes, and these
require survival signals from either the follicular dendritic cell or T cells to prevent
their apoptosis **. The T cell zone serves as an area in which antigen-specific B cells
can interact with cognate T cells that have been primed by dendritic cells specific for
the same antigen. To greatly enhance the chance of an encounter between cognate
antigen experienced B and T cells, antigen-bound B cells express both CCR7 and
CXCRS resulting in simultaneous attraction to both the T cell zone and the GC. CCR7
is the receptor for T cell zone cytokines CCL19 (ELC) and CCL21 (SLC), while
CXCRS is the receptor for B cell follicle cytokine CXCL13 (BLC/ BCA1) ***. This
combined expression results in the antigen-bound B cells hovering at the T/ B border
%% Antigen-activated CD4 T cells simultaneously up-regulate the expression of
CXCRS5 and down-regulate expression of CCR7 resulting in their subsequent

attraction towards the T/ B border **'®. Upon conjugation, the B cell and T cells

11
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migrate into the GC resulting in T cell up-regulation of additional Tth associated
markers BCL6, ICOS, PD-1 and CXCRS5 *'®'® Once in the follicle, this specialised
subset of CD4 T cells provide B cells with a variety of co-stimulatory interactions,
most importantly co-stimulation by CD40L (CD154), as well as cytokines that result
in B cell proliferation, maintenance, activation of maturation of the GC and long term

humoral immunity '**'%,

Marginal zone

Follicular mantle

Light zone

Dark zone

Marginal zone

Figure 1. 4 Photomicrograph of a rat spleen section showing a well-developed germinal
centre at the height of the germinal centre reaction. Most B cells found in the spleen
expressed IgM as noted by the gold staining, especially visible in the marginal zone of the
mature non-circulating B cells. The small circulating B cells of the follicular mantle stained
blue for IgD while there is a clear spatial distinction of the light zone, dark zone and T zone %,

Within the time span of the research contained in this thesis, the discovery was made
that the majority of IL-4 producing CD4 T cells within the lymph node also express
Tth markers '"'"". Th2 cells have been long thought of as the providers of T cell help
to B cells through their production of IL-4 and the resultant proliferation and antibody
class switch recombination that was initially noted in vitro '*''>. With the discovery of
Tth cells, immunologists remain divided as to whether these cells should be dealt with

as a separate subset of T helper cells or as the specialisation of a particular T helper

12
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subset. Tth cells were initially characterised by their increased surface expression of
C-X-C chemokine receptor type 5 (CXCRS) and the characteristic homing to the GCs
10319 “The recent discovery of a master regulator of transcription, BCL6 "' along
with distinct molecular and genetic expression patterns in the Tth compared with Th2

cells ''*'"* further supports the hypothesis of a new helper subset.

The upregulation of CXCRS results in Tth cells attraction to the GC light zone where
follicular stromal cells and follicular dendritic cells produce the CXCRS5 ligand,
CXCL13 (BLC, BCA1) ****'"°, The majority of CXCL13 in the B cell follicle is not
expressed in the GC but rather expressed in the follicular mantle with far less
expression in the light zone *. Both areas are rich in Tth cells as shown by in situ
imaging of B cell follicles ''°. A heterogeneous population exists within the CXCR5*
CD4 T cells found in the B cell follicles, and GL-7 has recently been proposed to
delineate GC specific populations '"’. Interestingly, these GL-7* GC specific Tth cells
were shown to exclusively produce IL-4 ', and express the highest levels of BCL6
transcription factor as well as the Tth signature cytokine, IL-21. Yusuf et al. propose
this expression of IL-4 by GC Tfh cells is independent to ‘conventional Th2 cell’
differentiation, as the GATA3 levels in these CD4 T cells remains unaltered '"’. This
concept of IL-4 production in specialised Tth cells through a mechanism independent
to ‘conventional Th2 cell’ IL-4 production (ie. through the master transcription factor
GATA3) had been proposed earlier by Reinhardt et al., describing the production of
IL-4 by Tth cells as independent of STAT6 signalling or upregulation of GATA3 ''".
Subsequently, Vijayanand et al. extended this theory of IL-4 production in Tth cells in
a manner independent to that of IL-4 production in ‘conventional Th2 cells’, by
describing the necessity of a conserved [l4 enhancer hypersensitivity site V for the
production of IL-4 by T helper cells in the lymph node but not the periphery ''*. These
recent discoveries illustrate how necessary it is to determine what really constitutes a
Th2 cell and whether the production of IL-4 by CD4 T cells is the best
characterisation of a Th2 cell. This is especially relevant with regard to the discovery

19121 "9 form of

that /l4 gene expression is subject to monoallelic regulation in vitro
regulation which could potentially offer an additional level of control in distinguishing

functional subsets of IL-4 producing CD4 T cells.
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1. 6 Regulation of class-switch recombination of B cells to IgE by IL-4

producing CD4 T cells

Class-switch recombination occurs in the germinal centres of lymphoid tissues with T
cell help and results in naive B cells, which express only IgD and IgM, altering their

12 Serum concentrations of

heavy chain expression to IgG, IgA or IgE
immunoglobulins vary, with IgM being prominent early in the immune response,
followed by IgG. IgE is found at low concentrations in the serum due to its markedly
short half-life '**. The majority of IgE antibodies usually have low binding affinity to
antigen, with the exception of certain autoimmune responses and during infections
with helminths '**. The binding of IgE by Fce receptors on basophils and mast cells
stabilises IgE and prolongs its half-life '**. Upon re-encounter with antigen, cross-
linking of bound IgE molecules causes activation and degranulation of the effector
cell. The low affinity IgE competes with the sparsely numbered high affinity IgE for
Fce receptors thereby preventing cross-linking and activation of the carrier cell '*°.
The generation of high affinity IgE antibodies have been shown to class-switch from
IgM to IgGl and then on to IgE "**'*” however the exact mechanism of IgE class
switch, memory cell and plasma cell formation remains highly debated due to the
difficult nature of detection of the immunoglobulin "**'**. Animals lacking IL-4 or
STAT6 have decreased IgGl and no IgE class switch recombination '''"*"!
indicating different polarising signals are required for IgG1 and IgE, with IL-4 critical
for the production of IgE **. IL-21 receptor signalling is required for regulation of IgE
production, with investigations demonstrating excessive IgE production in the absence
of IL-21 receptor '**. The mechanism resulting in increased IgE production has yet to
be fully elucidated. Both the production of IL-4 and the provision of help by the Tth
cell subset are required for the induction of the hallmark Th2 pathology of B cell class
switching to IgE '""'**. It is presumable that there are multiple as of yet unknown
regulatory processes involved in IgE production, especially considering increased
titres of high affinity antibodies would result in increased likelihood of anaphylaxis
and potential mortality. Of interest to this thesis is the regulation of the production of

IL-4 by the CD4 T cell that is responsible for the classical Th2 hallmark response of

class-switching to IgE.
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The definition of a Th2 cell is rather broad and in many respects poorly defined.
Originally Th2 cells were described as the CD4 T cell subset that produced IL-4 a B
cell growth, proliferation and class-switch signalling molecule °. However
subsequently CD4 T cells have been labelled as Th2 cells when making IL-4 mRNA
"** or when exhibiting up-regulation of GATA3 '* even though this does not mean that
these cells will produce IL-4 protein. In fact, debate remains as to whether CD4 T
cells producing IL-4 protein and expressing Tth markers should be labelled Th2 cells
10915 Perhaps the issue is the broad term Th2 cell; perhaps the Th2 cell subset
should be thought of in terms of multiple specialised subsets based on their effector
functions. For instance Th2 cells responsible for B cell class switch to IgE, Th2 cells
that are effector cell mediating eosinophilia or mucous hyperplasia and Th2 cells that
are responsible for the induction of memory against parasitic helminths and allergens.
This concept is summarised in Figure 1. 5 below and will be further investigated when
determining whether the genomic signature of the Th2 cell can be used to better

characterise the Th2 cell subset.
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Figure 1. 5 The differentiated Th2 cell population comprises multiple functionally distinct
subsets. Th2 cell subsets specialise to provide help for B cell class switch recombination and
germinal centre formation, for localisation to tissue sites with specific cytokine repertoire for
effector functions, for the establishment of central and effector memory responses.

1. 7 Interleukin-25: A Th2 associated innate cytokine

Interleukin-25 (IL-17E) is 1 of 6 cytokines that make up the IL-17 family, however
unlike the other members of its family, IL-25 recruits eosinophils rather than
neutrophils and enhances Th2 associated responses such as mucous hyperplasia and
class switching to IgE rather than autoimmune responses "**'*. IL-25 signals through
IL-17RB in conjunction with IL-17RA, initiating NF-xB signalling via MAP kinase
activation and the adaptor molecule TRAF6 '*'**. Activation of the naive CD4 T cell
by IL-25 is associated with the early expression of the master Th2 transcription factor
GATA3, even in the absence of signalling by IL-4 *' inferring signalling by IL-25
could potentially act as an early polarisation factor for the differentiation of naive

CD4 T cells into Th2 cells.
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Initially IL-25 proved a difficult cytokine to detect, and was originally thought to be
expressed exclusively by Th2 cells of a highly polarised phenotype **. Subsequently

other cell types including IgE cross-linked bone marrow derived mast cells '*,

allergen stimulated epithelial cells * and alveolar macrophages '**

along with a small
population of caecum resident CD4 and CD8 T cells in naive animals have been
shown to produce IL-25 constitutively '. Cells that respond to IL-25 include
macrophages, dendritic cells "**, memory Th2 cells ', a subset of NKT cells "**'* and

61,150-152

innate lymphoid type 2 (ILC2) cells . As resources improve a clearer
understanding of exactly which cells produce and respond to IL-25 in physiologically
relevant situations will develop. Original studies showed that administration of rIL-25
resulted in enhanced Th2 associated phenotypes in vitro and in vivo, and these data
lead to IL-25 being described as “an initiation factor as well as an amplification factor

for Th2 responses”™

. Current speculation places the production of IL-25 by initial
antigen barrier cells, such as the epithelium, altering the phenotype of the APC, that
potentially also secretes IL-25, resulting in the differentiation of the Th2 cell. IL-25 is
also proposed to have a role in maintenance of effector and memory Th2 cells,
supplied either by the Th2 cell itself or from an accessory cell type, that results in
expansion of the Th2 population and maintenance of IL-4 secretion (See graphic

summary in Figure 1. 6).
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Figure 1. 6 Potential roles for IL-25 during differentiation and development of a Th2
immune response. The innate cytokine IL-25 is associated with Th2 pathologies, yet how
signalling by IL-25 causes these Th2 responses remain unknown. Multiple opportunities for a
role for IL-25 during the differentiation and development of the Th2 response exist and these
include: Altering the phenotype and hence the signal given by the antigen presenting cell
(APC) to the naive CD4 T cell; acting as a polarising cytokine during differentiation of the Th2
cell; acting in an autocrine/ paracrine feedback supporting Th2 maintenance and/or
proliferation and production of IL-25 by Th2 cells for activation of effector cells involved in
Th2 immunity.

1. 8 IL-4 mediated immune responses to parasitic helminths

Immunity against parasitic helminths is mediated by the Th2 subset of helper T cells
133155 Nippostrongylus brasiliensis is a nematode whose lifecycle in mice closely
resembles hookworm infections in humans *°. These parasites enter their host through
the skin as L3 infective stage larvae, and are thought to migrate through the blood
vessels until they end up in the narrow capillaries of the lung where they break out
into the alveolar spaces resulting in both tissue damage and, as they moult to L4 stage
larvae, the deposition of antigen. The lung phase is associated with a Th2 mediated
allergic airways inflammatory response that becomes chronic and ultimately
resembles emphysematous disease '>"'®. The larvae are detectable in the lungs within
12 hours of infection and reach their highest numbers within 48 hours, with the

16! The L4 larvae make use of the

majority having passed through by 72 hours
mucociliary ladder, moving up the bronchiole to be swallowed and ultimately ending

up in the small intestine. Following a final moult in the small intestine, the sexually
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mature L5 larvae copulate and complete their lifecycle by producing eggs that are
expelled into the environment enabling the initiation of a new infection cycle '“. An
immunocompetent mouse will expel LS N. brasiliensis gut dwelling larvae within 8-
10 days; this expulsion is dependent upon CD4 T cells and signalling by innate cell
derived IL-4 and IL-13 via the STAT6 signalling pathway, that results in a ‘weep and
sweep’ expulsion mechanism. This ‘weep and sweep’ expulsion mechanism
comprises an increase in luminal fluids, mucous production, anti-parasitic molecules
such as Relm-f and an increase in peristaltic movements all ultimately leading to a

hostile environment for the parasite and its expulsion from the gastrointestinal tract

155,163-166

During the expulsion of N. brasiliensis from the small intestine, IL-4 can compensate
for the loss of IL-5 and IL-9 ', however for timely expulsion IL-13 is critical '®. The
expulsion from the small intestine is characterised by increased mucous production,
luminal fluids and smooth muscle contractility, and these in combination result in a
hostile environment and the associated ‘weep and sweep’ expulsion mechanism '*'7.
Key contributors to this ‘weep and sweep’ mechanism include signalling by IL-4/IL-

TLI72 a5 well as Muc5ac

13 through goblet cells that result in Relmf3 production
production '”°. Both molecules have been shown to directly inhibit parasite viability.
IL-4/IL-13 activates macrophages that in turn result in smooth muscle cell activation
', Conversely, IL-4/IL-13 signalling may activate smooth muscle cells directly '™,
resulting in hypercontractility and increased mucous secretion, all factors contributing

to parasite expulsion as summarised in Figure 1. 7. The source of this IL-4/IL-13 has

recently been described to be a novel subset of lineage negative innate lymphoid cells

61,150-152,175

This novel subset of lineage negative innate lymphoid cells associated with Th2
responses has been described under a variety of names including natural helper cells
(NHCs) ", multi-potent progenitor type 2 (MMP®*?) cells "*', nuocytes °' and innate
type 2 helper (Ih2) cells . It remains in debate as to whether these cells should be
described as independent cell types or under a composite term such as innate
lymphoid type 2 (ILC2) cell 7', The first in depth description of these innate
lymphoid cells was that of the NHCs, which were described as absent from fat
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associated lymphoid clusters in common-y chain deficient and IL-7 deficient mice.
Additionally, they were shown to be responsible for the production of type 2
cytokines involved in mucous production associated with N. brasiliensis infection **.
These NHCs were lineage marker negative, Sca-17, c-Kit", IL-7Ra*, CD25 (IL-2R)"
and resembled lymphocytes in both size and granularity. NHCs showed prolonged
survival or proliferation in vitro in response to the addition of rSCF (the c-Kit ligand),
rIL-7 and rIL-2. What was remarkable was the maintenance of the NHC phenotype
upon cytokine and polyclonal activation stimuli, illustrative of a terminal state of
differentiation for the NHC population. The expression of IL-13 and IL-5 by NH cells
occurred when stimulated with rIL-25 in combination with rIL-2 or rIL.-33 alone and
lead to the proposal that these cells could be the innate arm of a type 2 immune

response.

IL-25 deficient animals were shown to have a delayed induction of Th2 responses,
with delayed IgE production, delayed IL-13 and IL-5 production and delayed N.
brasiliensis expulsion '”. This has lead to the question of whether IL-25 is an
important factor required for initiation events during Th2 differentiation or effector
cell function. Subsequently, lineage negative non-T/non-B cell c-Kit", FceR1a  cells
(nuocytes) were adoptively transferred into IL-25R deficient animals and shown to
mediate N. brasiliensis expulsion in an IL-13 dependent manner ®'. Nuocytes were
described as the largest cell population producing IL-13 in the mesenteric lymph
nodes at day 5 following N. brasiliensis primary infection. Nuocytes were expanded
in the presence of rIL-25 and rIL-33 and were detectable at low frequencies in naive
animals in the spleen, mesenteric lymph nodes and bone marrow. Published
simultaneously was a description of MMP""** cells, which had similar characteristics
to NHC and nuocytes, except that upon additional stimulation MMP®?** cells had the
ability to differentiate into monocyte/macrophage or granulocytes and the ability to
promote Th2 cell differentiation '. These data strongly suggest signalling by the
cytokine IL-25 could potentially play a key role in the differentiation and/ or
maintenance of Th2 cells. The final name given to these lineage negative cells was
that of the Th2 cells, a deference to the traditional Th1/Th2 subset names, and this
report illustrated the wide-spread, albeit low frequency, of these cells in most tissues

at steady state "°. A summary of surface characteristics of NHCs, nuocytes, MMP¥*
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cells and Ih2s can be found in Table 1. It is thought these innate cells represent a key

effector cell crucial in mediating effective Th2 immune responses.

Table 1 Surface characteristics of the lineage negative
innate lymphoid cells (Adapted from *%).
Nuocyte |I1h2 |NHcell | MMPY*

c-Kit +/- +/- + +
CD45 + + + +
IL-7Ra lo ? + -/lo
Sca-1 + - + +
Thy-1 + + + ?
CD34 - ? - -/lo
CD25 - + + ?
CD44 + + + ?
FceR1a - ? - -
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Figure 1. 7 Expulsion of primary Nippostrongylus brasiliensis is dependent upon Th2
mediated immunity. L5 N. brasiliensis larvae burrow into the small intestine releasing
antigen, driving innate responses that could involve signalling by IL-25 from the epithelial
layer. Antigen presenting cells migrate to the lymph node differentiating naive CD4 T cells
into Th2 cells, which migrate back to the tissues and assist timely expulsion. IL-13 produced
by a non-T/ non-B cell, thought to be the nuocyte, activates macrophages, epithelial cell and
smooth muscle cells resulting in goblet cell hyperplasia, Muc5ac and Relmf production,
smooth muscle hypercontractility and increased luminal fluids all contributing to the
expulsion of the parasite (Adapted from 179)
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Memory responses to N. brasiliensis infections are slightly different to those observed
during primary infections. Unlike primary responses that critically require IL-13, the
generation of protective immunity has a crucial requirement for CD4 T cells and
signalling by IL-4 '*'. The most distinguishing factors of the generation of memory
include the rapid halting of the parasite infection cycle evidenced by significantly
lower worms travelling through the lungs and even fewer reaching the small intestine.
This protective immunity is observed within 24 hours in the lungs. The worm burdens
in this organ during a secondary infection are approximately 10 fold lower than that
detectable during primary infection '*'. The depletion of macrophages with clodronate
liposomes, however, results in significantly decreased protective response, as noted by
increased worm numbers, illustrating a role for these cells in early protective
immunity (Personal communication, Elizabeth Forbes. MIMR, New Zealand). The
exact mechanisms of protective responses driven by the CD4 T cell and IL-4
signalling remains to be defined; it is plausible a number of effector cells including
macrophages, neutrophils and eosinophils work in concert to halt the invasive parasite
migration at the lung site and thereby prevent completion of the parasite lifecycle and
transmission to a new host (See summary Figure 1. 8). This thesis investigates the
interplay between IL-4 signalling and protective immune responses to parasitic
helminths attempting to better understand how this immunity is generated, with a
particular interest in the innate cytokine IL-25. Specifically, whether this Th2
associated cytokine may lie upstream of these IL-4 signalling pathways, and mediate

the lung protective phenotype following challenge infections with N. brasiliensis.
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Figure 1. 8 Memory Th2 responses to Nippostrongylus brasiliensis are generated in the
lung. Memory Th2 cells are established in the lung following the primary response, these Th2
cells along with IL-4/1L-13 activated macrophages, mediate immunity to challenge infections.
Whether the Th2 associated cytokine IL-25 is required for establishment of the memory Th2

cells in the lung or for their subsequent effector function was examined in the studies within
this thesis.
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Infectious L3 stage Heligmosomoides polygyrus larvae are ingested, pass through the
stomach and enter the small intestine, where they bury into the sub-mucosa and
undergo two moults before entering the lumen as LS5 larvae. These L5 larvae exit the
sub-mucosa within 8-10 days of infection and take up residence in the lumen, where
they copulate and release eggs and are thought to survive by feeding on the epithelial

"% Immunocompetent mice take months to expel mature H.

layer of the villi
polygyrus larvae, illustrative of the strong immunomodulatory capacity of the parasite
on the host immune response *'. A rapid and effective Th2 memory response can be
induced if the primary infection is cleared artificially through administration of an
anti-helminthic drug. Following drug treatment, protective immunity enables the host
to expel the challenge infection within 2-3 weeks '*. Blocking IL-4 cytokine results in
a significant reduction in protective immunity, however, blocking the IL-4 receptor
results in complete loss of protective immunity '*. These data illustrate an important
role for IL-4, the signature Th2 cytokine, but also highlights a probable role for IL-13
given the IL-4R requirements for IL-13 signalling. Investigations into mechanisms of
protection ruled out, through IL-5 depletion, the necessity for eosinophils '**, but
highlighted a role for alternatively activated macrophages (AAMacs) and memory IL-
4 producing Th2 cells '**. Immunity to H. polygyrus occurs in two stages, according to
the niche the parasite occupies, whilst in the sub-mucosa a granulomatous lesion

183

surrounds the parasite where IL-4 mediated AAMacs, Th2 cells ™, antibody

184,185 186

producing B cells and granulocytes attack the parasite. The parasites that
escape this phase and enters the lumen are faced with further IL-4 mediated responses.
These include antibody reduced worm fecundity and a ‘weep and sweep’ mechanism
that involves changes in epithelial cell functions, goblet cell secretion of mucous and
Relmf and increased smooth muscle hypercontractility *'’>'¥". To date, no research
has been published with regard to the role of IL-25 signalling in the generation of
protective responses against challenge infections with H. polygyrus. As immunity to
H. polygyrus requires both memory Th2 cells, macrophages and a ‘weep and sweep’
mechanism it is quite plausible IL-25 may provide a critical innate signal for inducing

or maintaining this immunity (See summary Figure 1. 9).
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Figure 1. 9 Protective immunity against challenge infections by Heligmosomoides polygyrus
is dependent upon Th2 cells and alternatively activated macrophages (AAMacs). Infective
L3 stage larvae are ingested and travel to the small intestine where they enter the
submucosa, encyst and undergo 2 moults. They emerge between 8-10 days later as sexually
mature L5 adult larvae. Memory Th2 cells mediate an IL.-4/ 1L-13 specific AAMacs,
granulocyte and antibody specific immune reponse against the encysted larvae stage and a
‘weep and sweep’ mechanism results in increased luminal fluids, mucous and smooth muscle
hypercontractility against the adult L5 stage. It is unknown if signalling by the innate cytokine
IL-25 is involved in mediating immunity to this parasite (Adapted from 188).

1. 9 Cytokine reporter mice

The best-known method of Th2 cell characterisation is by monitoring the production

of the signature cytokine, IL-4. However monitoring IL-4 is not a simple undertaking,
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the cytokine has a very short half-life and is produced at low quantities and therefore
usually requires manipulation ex vivo for detection by traditional methods (e.g.
enzyme-linked immunosorbent assay (ELISA), intracellular flow cytometry and even
the more modern enzyme-linked immunosorbent spot (ELISPOT) assays). With the
advent of mouse reporter technology detection of IL-4 producing Th2 cells can now
be done directly ex vivo without additional manipulation. Cytokine reporter mice
generally make use of a naturally fluorescent or easily detectable and stable reporter
protein that is expressed under the control of the promoter of the gene of interest. This
reporter protein will therefore be produced either in concert or instead of the gene of

interest and serves as a valuable tool for reporting the local microenvironment.

The development of reporter technology rapidly expanded our understanding of in
vivo development and distribution of IL-4 producing cells with the generation of IL-4
reporter strains including the 4get mouse '**, the membrane bound IL-4 (mIL-4)
mouse '*’, the KN2 mouse '*, the hCD2 mouse '*!, and the G4 mouse '". These mice
were used to map IL-4 producing cells in various immune contexts but of interest to
this thesis is the use of these strains whilst mapping the generation of Th2 cells. The
4get mouse has an internal ribosome entry site—green fluorescent protein (IRES-GFP)
cassette inserted into the 3’ untranslated region of the //4 locus thereby enabling the
expression of both IL-4 protein and GFP reporter protein. This mouse continues to
report the expression of IL-4 reporter protein even when the Th2 stimulus has been
removed, unlike the mIL-4, hCD2, KN2 and G4 reporter mice strains that are all
knock in mice (i.e. there is a targeted insertion of a reporter protein that is now
expressed in the place of the wild type protein). Of interest is the difference in
expression patterns of IL-4 reporter proteins from CD4 T cells of the knock in IL-4
reporter strains versus the 4get bicistronic reporter strain, the knock in strains only
expressed IL-4 reporter protein during Th2 stimulation whilst the 4get strain
continued to express IL-4 reporter protein even after stimulation was removed. This
discrepancy lead to the discovery that the bicistronic reporter system of the 4get
mouse was reporting IL-4 mRNA transcription while the knock in reporter systems
were reporting IL-4 protein translation. The two knock in strains utilised in this thesis
are the G4 and KN?2 strains. Both reporter mice were constructed in a similar fashion:

the KN2 mice had exons 1 and 2 of the /4 gene replaced with an hCD2 reporter
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cassette while the G4 mice had exon 1 and 178 nt of intron 1 of the //4 gene replaced
with a GFP reporter cassette. This thesis made use of G4 and KN2 reporter mice,
thereby analysing the expression of IL-4 protein expression and ensuring the reporting

of differentiated Th2 cells.

These IL-4 reporter mice have enabled amazing breakthroughs in Th2 biology with a
particular highlight involving a recent publication from our laboratory *. Here the G4
mice were utilized as a homozygous strain G4/G4, with both alleles expressing GFP
reporter protein, resulting in an IL-4 deficient strain or heterozygous G4/IL-4, which
remained sufficient in IL-4 while still producing GFP-IL-4 reporter protein. Elegant
studies using multiple methods of inducing Th2 immune response in these
homozygous G4 mice clearly depicted that there is no deficiency in the differentiation
and development of Th2 when IL-4 is not present. A ground breaking study that
challenges current dogma on the requirement of IL-4 for the development of Th2 cells
and opens up multiple corridors of research into what potential factors could be

responsible for the polarisation of Th2 cells.

Of course all systems have their limitations and cytokine reporter mice are not without
their own. Of note are the different half-lives of reporter proteins versus their protein
of interest half-life or even other reporter proteins half-lives. This can translate into
false positives as a cell that is positive for a reporter protein may in real-time no
longer be expressing the cytokine of interest and therefore when monitoring the cell
the phenotype, location, interactions monitored could be altered from the time the
cytokine was secreted. Secondly, altering the locus of a gene can affect the expression
levels and binding abilities of transcription machinery and therefore alter the
expression of the reporter proteins. Thirdly, expression of a reporter protein into the
intracellular space may result in the cell becoming unstable and dying off earlier than
a non-transgenic cell or even the complete opposite may occur with the cell becoming
more stable and persisting for longer than a non-transgenic cell would. Therefore
when using reporter mouse strains caution has to be taken when interpreting results as
both the transcription of the gene of interest and the length of time the reporter protein
remains are not necessarily the same as that of the protein of interest but only give an

in situ snap shot of events that have occurred.
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1. 10 Research Objectives

The exact requirements for the differentiation of Th2 cells, their dispersion and
maintenance and the generation of effective Th2 memory cells remains uncertain. Not
only do many of these fundamental properties about Th2 cell development remain
unknown, the differentiated Th2 cell itself is inadequately characterised, with no
distinct surface markers to recognise the Th2 cell population from the other helper cell
subsets. The use of IL-4 protein reporters allowed us to map the differentiation and
development of Th2 cells in vivo and investigate the role of an innate cytokine IL-25
in the differentiation and development of a Th2 response. Secondly upon crossing the
two reporter mouse strains, the generation of a heterozygous IL-4 protein reporter
mouse allowed us to investigate the regulation of IL-4 allelic expression and
determine whether this regulation can be used as a biomarker for further

understanding of the character of Th2 cells.

Research Objective 1:
To determine whether a newly described polarising cytokine, IL-25, is required for

IL-4 independent differentiation of Th2 cells.

Research Objective 2:
To determine whether IL-25 is required for maintenance or recall responses mediated
by IL-4 producing Th2 cells in vivo during the generation of protective immunity

against parasitic helminths.

Research Objective 3:
To determine whether the allelic expression of the //4 gene in CD4 T cells could be
used to better characterise the Th2 subset and provide a clearer definition of an in vivo

functional Th2 cell.
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2.1 Labware

Table 2. 1 Labware

Supplier/ Manufacturer

Catalogue Reference

Alphatech Systems
Auckland, NZ

Ltd & Co,

Axygen Scientific Inc., Union City,
CA, USA

Becton Dickinson Pty Ltd, Mountain
View, CA, USA

28

Product
Acrodisc Serum Filter. Glass Fibre
prefilter, 0.2um Supor membrane,

Sterile, 37mm

0.5-20ul, 200ul, 1000ul Tips, Racked &
Pre-Sterilized

0.6ml, 1.7ml, 2.0ml
Recovery" Microtubes
18G, 25G Needle

"MAXYMum

BD Ultra-Fine & Ultra-Fine Il Insulin
Syringes - Bulk Packaged - Box/100

15ml, 50ml high-clarity polypropylene
conical centrifuge tube
5ml, 10ml, 25m|

serological pipet.

polystyrene

12x75 mm, 5 ml polystyrene round
bottom test tube, 1400 RCF rating.
Ideal for flow cytometry applications.
No cap. Non-sterile.

BD Falcon™ 175 cm?

Flask, 750 ml, tissue-culture treated,

Cell Culture
straight neck, black lined phenolic
screw cap.

BD Falcon™ CELLine™ CL - 1000
System Flask (3/ca)

BD Falcon™ 60 mm BD Falcon™ Cell
Culture Dish,
polystyrene.
BD Falcon™ 6-well Multiwell Plate.

Tissue-culture treated polystyrene, flat

tissue-culture treated

bottom, with low-evaporation lid.

BD Falcon™ 12-well Multiwell Plate.
Tissue-culture treated polystyrene, flat
bottom, with low-evaporation lid.

BD Falcon™ 24-well Multiwell Plate.
Tissue-culture treated polystyrene, flat
bottom, with low-evaporation lid.

BD Falcon™ Clear 96-well Microtest™
Plate. Tissue-culture treated
flat bottom, with
evaporation lid.

BD Falcon™ Clear 96-well Microtest™

Plate.

polystyrene, low-

Tissue-culture treated

PAL4525

T-400-R-S, T-200-Y-R-S, T-
1000-B-R-S
MCT-060-L-C,
MCT-200-L-C
302032, 301805

MCT-175-L-C,

326103

352096, 352070

357543, 357551, 357525

352008

353045

353137

353002

353046

353043

353047

353072

353077




Macalister Importers and
Distributers,
Auckland, NZ
Merck Ltd, Whitehouse Station, NJ,
USA

Sefar Filter Specialists Ltd, Heiden,

Swann-Morton,

Switzerland
Thermo Fisher Scientific, Waltham,
MA, USA
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polystyrene, U-bottom, with low-
evaporation lid.
BD Plastipak™ Syringes 30 mL, Luer-
Lok
BD Syringe 1ml, 3ml, 5ml,
10ml Luer-Slip Tuberculin
Cell strainer with 70 pm nylon mesh.
White frame color. Sterile.
Sterile Carbon Surgical Scalpel Blade

No.10

Costar® Traditional
Bottles
Mesh Screen 71u

Style Storage

Nunc CryoTube 1.0mL 1.8mL PP
sterile

Nunc-Immuno™ Plates Polystyrene,
without lids. 96 wells per plate. F96
MAXISORP.

Transfer pipette graduated 1ml large

bulb

T323-96 & -48 - Amplate™ Thin Wall
PCR Plates

T329-1 and -2 - SecureSeal™ Thermal
Adhesive PCR

application

Sealing Film for

Slide-A-Lyzer Dialysis Cassettes, 10K
MWCO
Glass pasteur pipette 150mm (p/1,000)

301229

302100,
302149
352350

302204, 302130,

11-8-114

Cos8396

BCNY-021-71

NU375353, NU375418

439454

BER222

SIMT-323-96N

SIMT-329-1

66810

D810
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2. 2 Reagents and Buffers

2.2. 1 2-mercaptoethanol (2 ME)
2 ME was from Invitrogen (Auckland, NZ, 21985-023) and stored in aliquots at 4°C.

2.2. 2 Alsever's Solution

20.5 g Dextrose (BDH Laboratory Supplies, Poole, England), 8 g sodium citrate
(BDH Laboratory Supplies, Poole, England) and 4.2 g NaCl (Sigma, Auckland, NZ)
were dissolved in distilled 1000 ml MQ H20 (MilliQ) and the pH was adjusted to 6.1
with 1 M citric acid (BDH Laboratory Supplies, Poole, England). Alsever's solution

was stored at room temperature.

2.2. 3 Collagenase type |
Collagenase 1 was purchased from Invitrogen (Auckland, NZ, 17100-017). The
lyophilised powder was reconstituted in cIMDM to a concentration of 2.4 mg/ml and

stored in aliquots at -20°C.

2.2.4 DNase |

DNase I was purchased as a lyophilised powder from Roche Diagnostics New
Zealand Ltd, (Auckland, NZ, 10104159001) dissolved in cIMDM to a concentration
of 10 mg/ml and stored at -20°C.

2.2. 5 Dimethyl sulfoxide (DMSO)
DMSO was purchased from Sigma-Aldrich New Zealand Ltd (Auckland, NZ, D2650)

and stored at room temperature.

2.2. 6 Ethylenediaminetetraacetic acid (EDTA)
EDTA was purchased from Invitrogen (Auckland, NZ, 15575-020) and stored at room

temperature until used.
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2.2. 7 Fluorescence Activated Cell Sorting (FACs) Buffer
0.01% NaN; and 2% FBS were made up in PBS and stored at 4°C.

2.2. 8 FACs Sort Buffer
0.002% DNase I and 2% FBS were made up in PBS, filter sterilised and stored at 4°C.

2.2. 9 Foetal Bovine Serum (FBS)
FBS was purchased from Invitrogen (GIBCO, Auckland, NZ, 12203C) and stored in
25 ml aliquots at -20°C.

2.2. 10 Complete Iscove's Modified Dulbecco's Medium (ciMDM)

IMDM was purchased from Invitrogen (Auckland, NZ, 31980-097) and supplemented
with 100 U/ml Penicillin-Streptomycin from Invitrogen (Gibco, Auckland, NZ,
15140-122), 55 uM 2 ME and 5% FBS. Media was filter sterilised and stored at 4°C

for a maximum of 14 days.

2.2. 11 Lipopolysaccharides (LPS)

LPS from Escherichia coli, serotype 0111:B4, was purchased as a lyophilised powder
from Sigma-Aldrich New Zealand Ltd (Auckland, NZ, 1.4391), dissolved in IMDM to
a stock concentration of 1 mg/ml and stored at 4°C. The stock concentration was
further diluted in IMDM to a working solution of 10 wg/ml, which was used

immediately.

2.2. 12 Lung Digestion Buffer
Collagenase type I at a final concentration of 2.4 mg/ml from stock at 24 mg/ml and
DNAsel at 120 pg/ml from a stock of 10 mg/ml were made up in cIMDM to the

required volume.

2.2. 13 Magnetic Cell Sorting (MACS) Running Buffer
2 mM EDTA, 0.5% BSA and 0.012% DNase I were made up in PBS, filter sterilised
and stored at 4°C.
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2.2. 14 Penicillin-Streptomycin
Penicillin-Streptomycin was purchased in liquid form from Invitrogen (Gibco,

Auckland, NZ, 15140-122) and stored as single use aliquots at 4°C until used.

2.2. 15 Phosphate Buffered Saline (PBS)
PBS powder containing no calcium or magnesium was purchased from Invitrogen

(Gibco, Auckland, NZ, 21600-069) and dissolved in dH,0.

2.2. 16 Red Blood Cell Lysing Buffer Hybri-Max  (RBC)
RBC Lysing Buffer was purchased from Sigma-Aldrich New Zealand Ltd (Auckland,

NZ,R7757) and stored at room temperature.

2.2. 17 Sodium Azide (NaNs)
NaN; was purchased in powder form from Sigma-Aldrich New Zealand, Ltd
(Auckland, NZ, S8032) and dissolved in PBS to give a stock concentration of 5%. The

solution was stored at room temperature.

2.2. 18 Tween® 20 (Tween)
Tween was purchased from Sigma-Aldrich New Zealand Ltd (Auckland, NZ, P2287)

and stored at room temperature until used.

2.2. 19 Trypan Blue Stain (Life Technologies™)
Trypan Blue was purchased from Invitrogen (Auckland, NZ, 15250-061) and stored at

room temperature.
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2. 3 Cytokines

2.3. 1 Fms-like tyrosine kinase ligand (rFlt3L)

A chinese hamster ovary (CHO) cell line that was modified to secrete FIt3L "' was
kindly supplied by Prof Nic Nicola (WEHI, Melbourne, Australia). The cell line was
cultured and supernatants containing FIt3L were harvested and filtered through a 0.2
uM serum filter. The Flt3L supernatant was titrated using BMDC cultures to select for
optimal concentration as determined by cell recovery and clear separation of DC
phenotypes, this determined concentration was used for future BMDC culture set ups.
Aliquots were stored at -80°C and working aliquots were kept at 4°C for no longer

than 1 week.

2.3. 2 Granulocyte-macrophage colony stimulating factor (rGM-CSF)

Murine X63 cell line was cultured to produce the full-length murine GM-CSF protein.
The harvested GM-CSF containing supernatant was tested using BMDC cultures.
Aliquots were stored at -80°C and working aliquots were kept at 4°C for no longer

than 1 week.

2.3. 3 Interleukin -2 (riL-2)

X62-IL-2 cell line was cultured to produce recombinant murine IL-2. Supernatants
containing IL-2 were tested using IL-2 dependent cell lines (HT2) to determine
bioactivity. Aliquots were stored at -80°C and working aliquots were kept at 4°C for

no longer than 1 week.

2.3. 4 Interleukin -4 (riL-4)

Chinese Hamster Ovary cell line CHO-mIL-4 was cultured to produce full-length
murine IL-4 protein. Supernatants containing IL-4 were tested using IL-4 dependent
cell lines (CT.4S) to determine bioactivity. Aliquots were stored at -80°C and working

aliquots were kept at 4°C for no longer than 1 week.
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2.3. 5 Interleukin 25 (rIL-25)

Recombinant mouse IL-25 was purchased as a lyophilized powder from R&D
Systems (Minneapolis, MN, USA, 1399-IL) and reconstituted at 10 ug/ml in sterile 4
mM HCL containing 0.1% FBS the further diluted in PBS to make up a stock solution
of 1 ug/ml and stored in aliquots at -80°C.

2. 4 Allergens and Peptides

2.4.11SQ peptide
Ova peptide ISQAVHAAHAEINEAGR (OVA*™*) was purchased from Mimotopes
Pty Ltd (Clayton, VA, Australia) and referred to as ISQ peptide. Lyophilized protein

was reconstituted in PBS to 1 mM and stored at -80°C.

2.4. 2 House Dust Mite (HDM)

HDM (Dermatophagoides Pteronyssinus) was purchased from Greer (Lenoir, N.C.,
USA, XPB82D3A2. 5) and reconstituted in sterile PBS to 100 ug/ 30 ul and stored at
-80°C.

2.4. 3 Dead L3 N. brasiliensis

L3 N. brasiliensis larvae were washed three times in sterile PBS placed into aliquots
with a concentration of 600 L3 N. brasiliensis/ 30 ul and put through three freeze-
thaw cycles. Larvae were checked for loss of viability through heat exposure and

stored at -80°C.
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2. 5 Antibodies and Fluorophores

2.5. 1 4 ,6-diamidino-2-phenylindole, dihydrochloride (DAPI)

DAPI was purchased as a lyophilised powder from Invitrogen (Auckland, NZ,
D1306), dissolved in dH,O to a stock concentration of 5 mg/ml and stored in aliquots
at -80°C. The stock solution was further diluted in FACs buffer to a working solution
of 200 mg/ml and stored protected from light at 4°C. Samples were incubated just

prior to acquisition with 40 ug DAPI.

2.5. 2 7-Amino-Actinomycin (7-AAD)
7-AAD was purchased from Becton Dickinson Pty Ltd (Auckland, NZ, 559925) and
stored protected from light at 4°C. Samples were incubated just prior to analysis with

0.25 ng 7-AAD for 10 minutes, washed in 3 ml FACS buffer and acquired.

2.5. 3 AbC™ Anti-Rat’Hamster Bead Kit (Molecular Probes®)

AbC compensation beads were purchased from Invitrogen (Auckland, NZ, A10389)
and stored protected from light at 4°C. Capture beads (Component A) were
resuspended for 30 seconds just prior to adding a droplet to each compensation tube.
Beads were stained for 15 minutes at appropriate antibody concentration, washed in 3
ml FACS buffer and resuspened in 500 ul FACS buffer. Finally a droplet of

resuspended negative beads (Component B) was added.

2.5. 4 Anti-Mouse Ig, k/Negative Control (FBS) Compensation Particles Set
Anti-mouse compensation beads were purchased from Becton Dickinson Pty Ltd
(Auckland, NZ, 552843) and stored protected from light at 4°C. BD™ CompBeads
Anti-Mouse Ig, k beads were resuspended for 30 seconds just prior to adding a droplet
per compensation tube. Beads were stained for 15 minutes at appropriate antibody
concentration, washed in 3 ml FACS buffer and resuspened in 500 ul FACS buffer.
Finally a droplet of resuspended BD™ CompBeads Negative Control (FBS) was
added.
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2.5. 5 LIVE/DEAD® Fixable Blue Dead Cell Stain Kit (Molecular Probes®)

Fixable Blue was purchased from Invitrogen (Auckland, NZ, L-23105) and stored
protected from light at -20°C. Once at room temperature 50 ul anhydrous DMSO
(Component B) was added to an aliquot of the fluorescent reactive dye (Component
A) to form a working solution. 1 ul working solution/ 1 ml PBS was used to stain each
sample for 30 minutes at 4°C, samples were then washed in 2 ml PBS whereby normal

process for staining for surface markers was followed.

Table 2. 2 Antibodies and Fluorochromes

Supplier/ Manufacturer | Product Catalogue Reference
Specificity Fluorophore Clone

Becton Dickinson Pty Anti-mouse CD11c PECy7 HL3 558079

Ltd, Auckland, Anti-mouse CD117 APC 2B8 553356

New Zealand/ BD (c-Kit)

Pharmingen Anti-mouse CD19 APC-H7 1D3 560143
Anti-mouse CD4 APCCy7 GK1.5 552051
Anti-mouse CD44 APC M7 552051
Anti-mouse CD44 PE M7 553134
Anti-mouse CD45R/ PE-Texas Red RA3-6B2 551489
B220
Anti-mouse CD45R/ Horizon V450 RA3-6B2 560472
B220
Anti-mouse CD62L APC MEL-14 553152
Anti-mouse CD62L PE MEL-14 553151
Anti-mouse CD69 PECy7 H1.2F3 552879
Anti-mouse CD8a PE 53-6.7 553033
Anti-mouse CD8a PECy7 53-6.7 552877
Anti-mouse CD86 PE GL1 553692
Anti-mouse CD86 Horizon V450 GL1 560449
Anti-mouse CXCR5 Biotin 2GB 551960
Rat IgG1, « isotype Biotin R35-95 553928
Control
Anti-human CD2 APC RPA-2.10 560642
Anti-human hCD2 PE RPA-2.10 555327
Anti-mouse I-A/I-E FITC 2G9 553623
Anti-mouse I-A/I-E PE M5/114.15.2 557000
Anti-mouse IFNy PE XMG1.2 554412
Rat IgG1, « isotype PE R3-34 554685
Control
Anti-mouse IL-2 PE JES6-5H4 554428
Rat IgG2b, « isotype PE A95-1 553989
Control
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Norrie Biotech,
Auckland, NZ/
Biolegend

Huntingtree
Bioscience, Auckland,

NZ/ eBioscience

Invitrogen, Auckland,
NZ
Malaghan Institute of

Medical Research

Anti-mouse IL-3
Anti-mouse IL-4
Rat IgG1, « isotype
Control

Anti-mouse IL-4
Biotin

Biotin

Biotin

Siglec-F
Anti-mouse Va2
Anti-mouse Vf5.1/5.2
Anti-mouse CD11b
Anti-mouse CD11b
Anti-mouse CD127
(IL-7Ra)
Anti-mouse CD279
(PD1)

Anti-mouse CD45
Anti-mouse CD45
Anti-mouse CD62L
Anti-mouse BCL6
Mouse IgG1 K isotype
Control

Anti-mouse CD3e
Anti-mouse CD49b
(pan-NK)
Anti-mouse FceR1a
Anti-mouse FceR1a
Anti-mouse GATA3
Rat 1gG2b « Isotype
Control

Anti-mouse IL-5
Rat IgG1, « Isotype
Control

Anti-mouse IL-13
Rat IgG1, « Isotype
Control

Anti-mouse IL-13
Biotin

Anti-mouse CD3e
Anti-mouse CD4
Anti-mouse CD16/CD32
(Feylll/Il Receptor)
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PE
APC
APC

PE

APC
APCCy7
PE

PE

APC

PE
Biotin
PerCP
PECy7

PECy7

Pacific Blue
APCCy7
Pacific Blue
PE

PE

PECy7
PECy7

Biotin

PE
PerCPeF710
PerCPeF710

PE
PE

AF647
AF647

PE
PECy7
AF488
QDot 605

MP2-8F8
11B11
R3-34

11B11
Streptavidin
Streptavidin
Streptavidin
E50-2440
B20.1
MR9-4
M1/70
M1/70
A7R34

RMP1-30

30-F11
C363-16A
MEL-14
mGL191e
P3.6.2.8.1

2C11
DX5

MAR-1
MAR-1
TWAJ

TRFK5

eBio13A

eBio13A
Streptavidin
500A2
RM4-5
2.4G2

554383
554436
554686

554435
349024
554063
554061
552126
560622
553190
101204
101230
135014

109110

103126
103310
104424
EBI-12-9887-80
EBI-12-4718-81

25-0031-81
25-5971-82

13-5898-85
12-5898-83
EBI-46-9966-41
EBI-46-4031-80

12-7052-82
12-4301-83

51-7133-80
51-4301-80

12-7133-82
EBI-25-4317-82
HM3420
Q10092
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2. 6 Mice

2.6. 1 Maintenance and Ethics Approvals

Mice were bred and maintained in the Biomedical Research Unit of the Malaghan
Institute of Medical Research. Mice were age and sex matched and experimental
procedures were approved by the Victoria University Animal Ethics Committee and
carried out in accordance with the guidelines of Victoria University of Wellington,

New Zealand.

2.6. 2 Mouse Strains

IL-4"" BALB/c breeding pairs were obtained from the Jackson Laboratories (Bar
Harbour, ME, USA). STAT6” (on BALB/c background) breeding pairs were obtained
from mice originally from Kaplan et al. . IL-4*"* C57BL/6 breeding pairs were
obtained from the Jackson Laboratories (Bar Harbour, ME, USA). eGFP (on C57BL/6
background) mice were obtained from the Hercus Taieri Research Unit, Dunedin, NZ
' G4*" (on C57BL/6 and BALB/c background) breeding pairs were obtained from
W .E. Paul (National Institute of Allergy and Infectious Diseases, National Institutes of
Health, Bethesda, MD, USA) ', IL-25" (on C57BL/6 background) breeding pairs
were obtained from M. Kleinschek (SP Biopharma, CA, USA) '**. KN2** (on BALB/c
background) breeding pairs were obtained from R. Locksley (University of California
San Francisco, CA, USA) ". OTII mice express transgenic TCR specific for
ISQAVHAAHAEINEAGR (OVA****) (on C57BL/6 background), were obtained

with the permission of Prof. Frank Carbone, Melbourne University, Australia '°.

2.6. 3 Genotyping G4"/*IL-25" mice

To determine whether signalling by IL-25 is necessary for in vivo Th2 differentiation,
a Th2 reporter IL-25 deficient in vivo system was developed. G4** reporter mice were
crossed with IL-25" mice to create an F1 heterozygous G4*" IL-25*" heterozygous
strain. These F1 generation mice were crossed against other F1 generation mice and
progeny were selected for global deficiency in IL-25. Heterozygous G4*" mice
provided an IL-4 sufficient system and homozygous G4** mice an IL-4 deficient

system, effectively generating a double cytokine deficient mouse.
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Genotyping was performed on DNA extracted from tail cuts. Tails were hydrolyzed in

50 mM NaOH (BDH Laboratory Supplies, Poole, England) at 95°C for 1 hour to

extract DNA. PCR was performed with primers from Sigma GenoSys (Sigma Aldrich,

Auckland, NZ) using the i-Tag™ DNA Polymerase kit (iNtRON Biotechnology,

Korea, 25022). PCR products were run on 1% Agarose gel (BDH Laboratory
Supplies, Poole, England), loaded with 10X BlueJuice™ Gel Loading Buffer

(Invitrogen™ , Auckland, NZ, 10816-015) and visualised with SYBR® Safe DNA Gel

Stain (Invitrogen™ , Auckland, NZ, S33102). TrackIt™ 1 Kb Plus DNA Ladder
(Invitrogen™ , Auckland, NZ, 10488-085) was used to determine PCR product sizes

as depicted in Figure 2. 1.

Gene target: 11.-4

114 gene yields a 688 bp product with primers a and b;

gfp gene yields 1600 bp product with primers a and b

a,5'-GTC TGA AAG GCC GAT TAT GG-3' (Rev musIL-4.N5)
b, 5'-GTT AAT CCA AGC AGG ACA GAG-3' (For musIL-4.N6)
Gene target: GFP

gfp gene yields a 550 bp product with primers ¢ and b

¢, 5'-GGG ATC ACT CTC GGC ATG GAC-3' (Rev. eGFP.N2)
b, 5'-GTT AAT CCA AGC AGG ACA GAG-3' (For. musIL-4N6)
Gene target: IL-25 WT

Wild type i[25 gene yields 300 bp product with primers d and e;
d, 5'-CCTGCTGCTTCAGGTAGGGCTTTG-3' (Rev.)

e, 5-CTACAGACAGGCTCCCACATGGACC-3' (For.)

Gene target: [L-25KO

Knock out lacZ gene yields 770 bp product with primers f and g;
f, 5'-CCTGCTGCTTCAGGTAGGGCTTTG-3' (Rev.)
g, 5-GCTGACTCTCAACATTCTACTCCTCC-3' (For.)
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Figure 2. 1 Genotyping of IL-4 reporter mice **|L-257 mice. DNA was extracted from tail cuts
of individually marked pups. DNA was prepared and the PCR products run on an agar gel. IL-
25 WT gel: 300 bp segment illustrating intact IL-25 gene. IL-25 KO gel: 770 bp fragment
illustrating LacZ insertion and deletion of IL-25. IL-4 gel: 1600 bp fragment indicating GFP
insertion in IL-4 allele while 600 bp denotes WT IL-4 allele. GFP gel: 500 bp product denotes
GFP insertion into IL-4 allele. Column 3: G47*IL-257"; Column 9: G4"1L-25""; Column 12: IL-
4""1-257; Column 13: G4"*IL-25""; Column 14: IL-4""1L-25",

2.6. 4 Genotyping OTIl and OTIl G4*/* mice

A lateral tail vein bleed of a few droplets of blood into 500 ul of Alsever’s solution
from each naive animal was washed at 650 g for 2 min. Red blood cells were lysed in
500 ul dH,0 for 30 seconds and topped up with 500 ul 1.8% NaCl and washed at 650
g for 2 min. Samples were blocked with 2.4G2 and stained for CD4 Fitc, V3 5.1/5.2
PE and Vo 2 APC and analysed on the BD FACSCalibur (Becton Dickinson, San
Jose, CA).
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2. 7 Drug Treatments

2.7. 1 Anti-helminthic
Noromectin worming paste (Drench, Lawrence, NZ), with active ingredient
ivermectin, was administered by oral gavage of 20 mg/ kg body weight in 0.2 ml total

volume. Dose was administered twice, 5 days apart.

2.7. 2 Anaesthetic
10x stock solution was diluted in sterile PBS to 8.6 mg/ ml ketamine and 0.26 mg/ ml
xylazine working solution. The anaesthetic was injected into the peritoneal cavity

(1.p.) at 10 ul/ g of mouse for a restraint dose and 50 ul/ g of mouse for lethal dose.

2. 8 Methods
2.8. 1 In vitro culture systems

2.8.1. 1 Polyclonal activation of CD4 T cells
Spleens, lymph nodes or thymi were collected from euthanized naive mice and
processed through a 70 um nylon filter into a single cell solution in cIMDM. CD4 T
cells with positively selected using Dynabeads FlowComp™ Mouse CD4 (Invitrogen,
Auckland, NZ, 114.61D) and incubated for 3-5 days in 24 well plates at 2x10° cells/
well on plate bound aCD3 (0.05,0.2, 1 or 10 ng/ ml) with soluble aCD28 supernatant
(1:50) and rIL-2 (50 U/ ml) with or without rIL-4 (1000 U/ ml) in 1ml cIMDM at
37°C and 5% CO,. Half the culture supernatant was replaced with fresh cIMDM and
cytokines at 2X concentration at 3 days and cells were harvested and analysed by flow

cytometry at 5 days after culture.

2.8.1. 2 Generation of bone marrow derived GMCSF dendritic Cells
G4*"* mice were euthanised and the hind legs were detached at the hip and all soft
tissue was removed and the bones were placed into IMDM. The knee joints and ends

of the femur and tibia were cut off and the bone marrow was flushed out into a 50 ml
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Falcon tube. Cell clumps were disrupted by vigorous repeat pipetting with the cell
suspension passed through a 70 um nylon filter. Live cells were identified by trypan
blue exclusion dye (GIBCO, Invitrogen, Auckland, NZ) and counted using a
haemocytometer. Cells were pelleted by centrifugation at 400 g for 4 minutes and
resuspended at 4 x 10° cells/ ml. Cells were plated out into 6 well plates at 2 x 10°
cells/ well containing 10 ng/ ml rtGMCSF and 20 ng/ ml rIL-4. Cells were incubated at
37°C and 5% CO, and cytokines were replenished on days 2, 4 and 6 by replacing 2.5
ml from each well with 2.5 ml of cIMDM containing 20 ng/ ml GM-CSF and 40 ng/
ml IL-4.

2.8.1. 3 Generation of bone marrow derived FIt3L dendritic Cells
Bone marrow was obtained as described in 2.8.1. 2 and cells were plated in cIMDM
into 6 well plates at 5 x 10° cells/ well containing appropriate concentration of FIt3L
supernatant as determined in section 2.3. 1. Cells were incubated at 37°C and 5% CO,
and FIt3L was replenished on days 3, 6 and 9 by replacing 2.5 ml from each well with

2.5 ml of cIMDM containing 2x FIt3L supernatant at working concentration.

2.8.1. 4 Activation of dendritic Cells
At day 6 for the remaining 18 hours of the GMCSF BMDC culture or day 9 of the
FIt3L BMDC culture, the BMDCs were activated with 100 ng/ml LPS or 125 ng/ml
rIL-25. Adherent cells were harvested the following day by gently rinsing the plates

with the supernatant 2- 3 times before collecting the supernatant.

2.8.1. 5 BMDC activation of OTII T cells
ISQ peptide was loaded onto activated GMCSF or FIt3L BMDCs by incubating
peptide from concentration of 0.001 — 10 uM and BMDCS in 50 ml Falcon tubes for 4
hours 37°C and 5% CO,. Spleens were collected from euthanized naive G4** OTII or
OTII mice and processed through a 70 um nylon filter into a single cell solution in
cIMDM. CD4 T cells with positively selected using Dynabeads® FlowComp™ Mouse
CD4 (Invitrogen, Auckland, NZ, 114.61D) and incubated with 0.5 x10° GMCSF or
FIt3L BMDCs/ well and 2x10° CD4 T cells/ well for 3 days in 12 well plates with rIL-
2 (50 U/ml) with or without rIL-4 (1000 U/ml) with or without allL-12 (10 ug/ml)
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with or without rIL-12 (10 ng/ml) in 3ml cIMDM at 37°C and 5% CO,. Following 3

days in culture, cells were harvested and analysed by flow cytometry.

2.8.1. 6 C57BL/6 BMDC activation of BALB/c CD4 T cells
1 x10° GMCSF C57BL/6 IL-4" BMDC/ well were incubated along with 2x10°
BALB/c G4** STAT6™ or BALB/c G4*"* STAT6" CD4 T cells/ well for 3 days in 12
well plates in the presence of rIL-2 (50 U/ ml) with/ without rIL-4 (1000 U/ ml) in
3ml cIMDM at 37°C and 5% CO,. Following 3 days in culture, cells were harvested
and analysed by flow cytometry.

2.8. 2 In vivo assay for differentiation of Th2 cells

Mice were anaesthetised and 30 ul of sterile PBS containing 600 dead L3 N.
brasiliensis or 100 ug HDM was injected into the dermis of the ear using a BD
Ultrafine 29 gauge needle. The singular auricular lymph node was harvested between
3 and 7 days later into PBS and processed through a 70 uM cell strainer into a single

cell suspension, ready to be prepared and analysed by flow cytometry.

2.8.2. 1 Helminth model: Nippostrongylus brasiliensis

2.8.2.1. 1 Maintenance of the Parasite

N. brasiliensis was maintained by passage through Wistar rats. 5000 infectious stage
L3 larvae per 500 ul PBS were subcutaneously (SQ) injected into rats. Faeces were
collected from days 7-10 post inoculation. Faecal pellets were softened and mixed
with granulated charcoal and placed in the centre of dampened Whatman filter paper
allowing eggs to hatch and migrate to the edges of the petri dish. Faecal cultures were
kept moist at 25°C and L3 larvae was harvested from 7 days to 28 days and used in

infection studies.

2.8.2.1. 2 Primary and Challenge Infection Models
L3 infectious stage larvae were harvested from faecal cultures and washed 3 times in

50 ml sterile PBS. Larvae were re-suspended 600 L3/ 200ul doses and administered
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SQ to the nape of the neck. In experiments involving IL-25 deficient animals,
challenge infections of 600 L3/ 200 ul were administered SQ at day 45 after primary
infection. All other challenge infections occurred 30 days post primary infection. At

indicted times, animals were sacrificed by administration of lethal anaesthetic.

2.8.2.1. 3 Worm burdens

At indicated days following primary or challenge infections either lungs for L4 stage
larvae or small intestines for LS5 stage larvae were removed from the sacrificed
animal. The tissues were finely minced, placed on cheesecloth and suspended at the
surface of a 50 ml tube containing PBS at 37°C for 2 hour for small intestines and
overnight for lungs. Viable worms were allowed to migrate out of minced tissue
sections and collect at the bottom of the tube where they were removed and

enumerated under the inverted microscope.

2.8.2. 2 Helminth model: Heligmosomoides polygyrus

2.8.2.2. 1 Maintenance of the Parasite

H. polygyrus was maintained by passage through STAT6" mice. 200 infectious stage
L3 larvae per 200 ul PBS were administered intragastrically (i.g.). Faeces from
infected mice were collected anywhere from 14 days to 4 months post inoculation
(PI). Faecal pellets were softened and emulsified in dH,0, large debris were removed
by passing through a sieve, centrifuged at 500 g/ 2 min and slurry was placed in the
centre of dampened Whatman filter paper to allow eggs to hatch. Faecal cultures were
kept moist at 25°C and L3 larvae was harvested from 7 days to 9 days washed in

sterile dH,0 and stored at 4°C until use in infection studies.

2.8.2.2. 2 Primary and Challenge Infection Models

L3 infectious stage larvae were harvested from faecal cultures and washed 3 times in
50 ml sterile PBS. Larvae were re-suspended 200 L3 H. polygyrus/ 200 ul doses and
administered i.g. with a feeding syringe. Animals were left for 21 days then

administered an anti-helminthic and 5 days later a second dose of anti-helminthic left
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for a further 10 days and challenged with 200 L3 H. polygyrus/ 200ul PBS i.g. At

indicated times, animals were sacrificed by administration of lethal anaesthetic.

2.8.2.2. 3 Worm burdens, egg counts and fecundity

Viable worm burdens were determined as for small intestines in section 2.8.2.1. 3.
Egg counts per caecum were determined by harvesting the entire caecum contents into
5 ml dH,0 resuspended vigorously and topped up with 5 ml saturated NaCl solution.
Upon vigorous resuspension a sample was removed and placed in the McMaster
counting chamber where eggs were enumerated using the stereoscopic microscope.
The total numbers of eggs per caeccum were determined by multiplying the slide count
by 400 and accounting for the dilution factor of the 150 ul volume of the McMaster
counting chamber that represents 10 ml of the initial caecum solution. The fecundity
was determined as total numbers of eggs per caecum divided by total numbers of

viable female worms.

2.8.2. 3 Helminth models: Tissue preparation and processing.

2.8.2.3. 1 Blood

Blood was harvested from animals following lethal anaesthetic by cardiac puncture
and 100 ul blood was placed into 500 ul Alsever’s buffer, centrifuged at 250 g for 8
minutes, incubated with red cell lysis buffer at 37°C for 2 minutes, washed and
resuspended in PBS. Live cells were identified by trypan blue exclusion dye (GIBCO,
Invitrogen, Auckland, NZ) and counted using a haemocytometer and numbers of live

cells per ml of blood was calculated.

2.8.2.3. 2 Lungs

Lungs were harvested into IMDM, cut up finely and digested in 5 ml Lung Digestion
Buffer for 60 minutes at 37°C. The digested lung was then passed through an 18
gauge needle and processed through 70 uM cell strainer into single cell solution. The
single cell solution was resuspended with MACS buffer and anti-mouse CD45 MACS
Microbeads from Miltenyi Biotec (Pharmaco NZ Ltd, Auckland, NZ, 130-052-001)
and incubated at 4°C for 15 min. Washed in 4-5ml of MACs buffer, passed through 40
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UM cell strainer and separated on the autoMACS Pro Seperator (Miltenyi Biotec,
Pharmaco NZ Ltd, Auckland, NZ). Live cells were identified by trypan blue exclusion
dye (GIBCO, Invitrogen, Auckland, NZ) and counted using a haemocytometer.

2.8.2.3. 3 Lymph nodes

Lymph nodes were harvested from infected animals into PBS, processed through 70
uM cell strainers into a single cell solution for analysis by flow cytometry. Live cells
were identified by trypan blue exclusion dye (GIBCO, Invitrogen, Auckland, NZ) and

counted using a haemocytometer.

2.8. 3 FACS analysis and staining
Flow cytometry data were acquired on a BD LSRII SORP (Becton Dickinson, San

Jose, CA) flow cytometer. Data were analyzed using FlowJo (TreeStar) software.

2.8.3. 1 Instrument Details: BD LSRII SORP (Becton Dickinson, San Jose, CA)

The flow cell is manufactured by BD Biosciences. The external quartz cuvette
surfaces are anti-reflection coated for maximum transmission of laser light. The
sheath flow velocity is 17.5 ml/ minute provided by a gas pressured sheath flow
pump, giving a sample flow velocity of 130 xl/ minute at the maximum flow rate of
‘hi’ and the pressure dial turned 10 times to the highest possible setting, the sample
flow pump is also gas pressured. The antibody and fluorochrome detectors of the BD
LSRII SORP are tabulated in Table 2. 3. The laser specifications for the BD LSRII
SORP are tabulated in Table 2. 4.

2.8.3. 2 Detection of surface marker expression
Single cell suspensions were counted and washed at 400 g/ 4 minutes in FACS buffer
and 2 x 10° cells were transferred into 5 ml polystyrene round bottom test tubes. Cells
were washed again and pellets resuspended vigorously, followed by incubating in
FACS buffer containing 10 ug/ ml 2.4G2 for 10 minutes on ice to block Fc receptors.

Fluorescently conjugated antibodies against cell surface markers of interest were
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added to the 2.4G2 containing cell suspensions at the appropriate dilutions and
incubated a further 30 minutes on ice. Cells were washed once with FACS buffer and
then incubated with the appropriate streptavidin-conjugated fluorochrome for 10
minutes on ice, where required. Cells were washed a further two times and
resuspended in 200 ul FACS buffer, a 200 ul DAPI stock solution was added directly

prior to acquisition to obtain a final concentration of 40 ng/ ml DAPI.

2.8.3. 3 Intracellular Staining
Prior to staining for intracellular cytokines, IL-13, IL-5, IL-10 and IFNy, cells were
resuspended at 2 x 10° cells/ well in cIMDM and transferred into a 24 well plate. Cells
were restimulated by incubating for 4 hours at 37°C on plate bound aCD3 (10 ug/ml)
and soluble aCD28 (1:50). GolgiStop™ (BD Pharmingen, Auckland, NZ. 554724)
was also added to give a final concentration of 1 ug/ml and was present to prevent the
export of proteins from the Golgi bodies. Cells were then harvested, washed in
IMDM, resuspended in FACS buffer and stored on ice in preparation for labelling of
intracellular markers. Intracellular staining for transcription factors GATA3 and

BCL6 was performed on cells directly ex vivo.

For visualisation of live cells, 1 ul working solution of LIVEDEAD® Fixable Blue
Dead Cell Stain in 1 ml PBS was used to stain each sample for 30 minutes at 4°C,
samples were then washed in 2 ml PBS whereby normal process for staining for

surface markers was followed.

For visualisation of GFP post fixation, FIX & PERM® Fixation and Permeabilization
kit (Invitrogen, Auckland, NZ. GAS-004) was utilised. The entire fixation and
permeabilization was done at room temperature while protecting samples from the
light. After staining to exclude dead cells and then for surface markers, cells were
washed in 3 ml FACS buffer at 400 g/ 4 minutes, resuspended and 100 ul Fixation
Medium (Reagent A) was added for 15 minutes. Cells were then washed in 3 ml
FACS buffer at 400 g/ 4 minutes, resuspended and 100 ul Permeabilization Medium
(Reagent B) containing fluorescently conjugated antibodies against intracellular

markers of interest at the appropriate dilutions was added and incubated a further 30
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minutes at room temperature. Cells were then washed and resuspended in 300 ul

FACS buffer and stored on ice until acquisition.

2.8.3. 4 BD LSRII SORP set up and antibody staining controls
To enable BD FACSDiva Software v6.1.1 to perform automatic compensation on data
acquired on the BD LSRII SORP, either compensation beads as outlined in section
2.5.3 and 2.5. 4 or naive splenocytes from C57BL/6 mice were stained at appropriate
concentration with antibodies and used as single stain controls. EtOH-killed
splenocytes were stained with 4',6-Diamidino-2-phenylindole dihydrochloride (DAPI)
for a single stain viability control while splenocytes from eGFP mice '** were used as

single stains for the GFP positive control.

To ensure multi colour antibody panels were compensated correctly, fluorescence
minus one (FMO) controls were used. FMO controls are the entire staining set minus
one indicated fluorescent antibody. The FMO controls are used to confirm where to
draw the gates and to confirm that auto-compensation is correct. If auto-compensation
performed by BD FACSDiva Software v6.1.1 is incorrect, the data was manually

compensated using the FlowJo (TreeStar) software.

The following are the hierarchical gating strategies used to analyse the indicated cell
subsets. Each gating strategy is written parent followed by child with example flow
cytometry plots attached as an appendix. The hierarchical gating strategy used to
analyse the Th2 cells involved gating on the Doublet, Live cells (DAPI), CD3",
CD4", IL-4 Reporter GFP* (Figure A. 1). The hierarchical gating strategy used to
analyse the allelic expression of IL-4 reporter in Th2 cells involved gating on Doublet
Live cells (DAPI'), Lymphocyte gate, CD4", IL-4 Reporter GFP* versus IL-4 Reporter
hCD2" (Figure A. 2). The hierarchical gating strategy used to analyse the Tfh cells
involved gating on the Doublet’, Live cells (DAPI'), Lymphocyte gate, CD4"B220",
PD1'CXCRS5" (Figure A. 3). The hierarchical gating strategy used to analyse
eosinphils involved gating on the Doublet’, Live cells (DAPI), SSC", CDllc,
CD16/32", CD49b (DX5), CD11b", SiglecF* (Figure A. 4). The hierarchical gating
strategy used to analyse basophils involved gating on the Doublet’, Live cells (DAPI),
non-B non-T cells (CD4 CD19), FceR1a*, CD49b (DX5)*, CD16/32*, CD45™ (Figure

A.5).The hierarchical gating strategy used to analyse nuocytes involved gating on the

48



Chapter Two: Materials and Methods

Doublet, Lymphocyte gate, Live cells (DAPI), CD45", Lineage (CD3, B220,
FceRla, CD4, CD8, CDI11c, GR1), Ly6A/E (Sca-1)", CD49b (DXS5), CD117 (Ckit)",
CD44" (Figure A. 6).

Table 2. 3 Antibody and Fluorochrome Detectors of the BD LSRII SORP (Becton Dickinson,
San Jose, CA)

LASER DETECTOR NAME (TYPE) LP MIRROR BP FILTER TYPE AMPLIFICATION
488 nm A (PMT) 640 685/35 Log

B (PMT) 505 515/20 Log

C (PMT) None 488/10 Linear

FSC Photodiode None None Linear
405 nm A (PMT) 670 705/10 Log

B (PMT) 630 660/20 Log

C (PMT) 565 605/40 Log

D (PMT) 535 560/20 Log

E (PMT) 505 525/50 Log

F (PMT) None 450/50 Log
355nm A (PMT) 635 670LP Log

B (PMT) None 450/50 Log
638 nm A (PMT) 740 780/60 Log

B (PMT) 685 710/50 Log

C (PMT) None 670/14 Log
532 nm A (PMT) 735 780/60 Log

B (PMT) 685 695/40 Log

C (PMT) 600 660/40 Log

D (PMT) 600 610/20 Log

E (PMT) None 575/26 Log

49




Chapter Two: Materials and Methods

Table 2. 4 Laser Specifications for the BD LSRII SORP (Becton Dickinson, San Jose, CA)

Laser Line uv Violet Blue Green Red

Wavelength 355 nm 405 nm 488 nm 532 nm 640 nm

Power 20 mW 50 mW 100 mW 150 mW 40 mW

Polarization >100:1 >100:1 vertical | >100:1 vertical | >100:1 vertical | >100:1
horizontal vertical

Beam 0.9+0.2mm 1.4 mm 070 + 0.05(0.34 =+ 0.02|1mm

Diameter at mm mm

1/e?

Beam <+ 8 mrad 0.4 mrad < 1.2 mrad 2.2 mrad 1 mrad

Divergence

Manufacturer | Lightwave® Coherent Coherent Coherent Coherent
Electronics

Model Name Xcyte Quasi- | CUBE Diode | Sapphire 488- | Compass '™ | CUBE Diode
Continuous Laser 405-50C | 100 Optically | 315M-150 Laser 640-
Wave Laser Pumped Continuous 40C

Semiconductor | Wave  Diode
Laser Pumped Laser

Part Number | CY-355-020- 1174298 1055516 1100419 1069417
6224

Amplitude <1% rms <1% rms <0.25% rms <0.25% rms <0.1% rms

Noise (10 Hz to 1| (10 MHzto 05 | (20 Hz to 2| (10 Hz to 1 | (20 Hzs to 10
MHz) GHz) MHz) GHz) MHz)

Repetition 100 + 10 MHz | N/A N/A N/A N/A

Rate

Pulse Width >10 ps N/A N/A N/A N/A

Power <+1% <+2% <2% < +2% < +2%

Stability

(8 hours)

Pointing < 20 prad/°C < 6 prad/°C < 30 prad/°C < 6 prad/°C < 6 prad/°C

Stability

Beam Quality | M*< 1.2 M*<1.3 M? < 1.1 M“<1.3 M“<1.3

Spatial Mode | TEMqo TEMoo TEMoo TEMoo TEMoo

(Far field)
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2.8. 4 Histology

The Department of Pathology and Molecular Medicine, University of Otago,
Wellington prepared and stained all histology sections. Tissue samples were fixed in
10% formalin and embedded in paraffin. Samples were cut into 4 wm sections and
stained with Mayer’s Haematoxylin and Periodic Acid Schiffs reagent (PAS). All
bronchioles with a diameter of between 200 to 600 um were counted and the number

of PAS-positive cells per bronchiole was reported.

2.8. 5 Enzyme-linked Immunosorbent assay (ELISA)

Nunc Maxisorp plates 96-well plates (Thermo Fisher Scientific, Auckland, NZ.
430341) were coated with 100 ul/ well of 6HDS (5 mg/ ml) for detection of IgE or
11B11 (2 ng/ ml) for detection of IL-4 diluted in carbonate coating buffer and
incubated for 2 hours at 37°C or overnight at 4°C. Plates were washed by submerging
in a bucket containing 4 litres of PBS and 0.05% Tween-20 then blocked with 200 wl/
well of 10% FCS in PBS at 2 hours for 37°C. Samples were serial diluted at 1:10,
1:100, 1:1000, 1:10000 and added 100 ul/ well. The standard was serial diluted with a
starting concentration of 100 ng/ ml. Plates were incubated for 2 hours at 37°C. Plates
were washed and secondary antibody R1E4-biotin (3 ug/ml) or IL-4-biotin (2 ug/ml)
in 10% FCS/ PBS was added 100 ul/ well and incubated for 2 hours at 37°C. Plates
were washed and 1 times solution HRP conjugate diluted in 10% FCS/ PBS was
added at 100 ul/ well for 1 hour at 37°C. Plates were washed and developed with 100
ul/ well TMB substrate A:B (1:1) and stopped with 100 wl/ well IM H,SO,.
Absorbance was read at 450nm on the Versamax Microplate Spectrophotometer

(Molecular Devices, Germany).
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2.8. 6 Multiplex Cytokine Detection

Single cell suspensions MACS sorted for CD45" cells from lungs or lymph nodes of
naive or infected mice were and re-stimulated for 24 hours at 37°C on Dynabeads®
Mouse T-Activator CD3/ CD28 (Invitrogen, Auckland, NZ. 114-56D) and rIL-2 (100
U/ml). Supernatant was stored at -20°C until further analysis. Levels of 1L-4, IL-13,
IL-5, IL-9, IL-17 and IFNy were determined according to the manufacturer’s
instructions using the Bio-Plex Pro™ Mouse Cytokine 23-plex Assay (Bio-Rad,
Auckland, NZ. M60-009RDPD). Briefly, a mixture of capture beads at the correct
concentration specific for each cytokine was prepared in bioplex assay buffer and the
plate was washed twice with bioplex assay buffer by adding 200 ul per well and
removing by vacuum manifold (Bio-Rad, USA). Supernatant samples were diluted at
1:2 in bioplex assay buffer and 50 pl was added to the wells. The plate was then
incubated with agitation for 2 hours at room temperature and then washed twice as
described above. Biotinylated detection antibodies were made up at a 1:30 dilution
and 25 pl was added to the plate followed by a 1 hour incubation with agitation at
room temperature. The plate was then washed twice and incubated with 100 ul of
Streptavidin-PE for 30 minutes at room temperature. The plate was washed three
times as described above and samples were then resuspended in 200 pl of bioplex
assay buffer and analysed using the Bio-Plex™ system. Cytokine concentrations were
determined against commercial standards (Bio-Rad, Auckland, NZ) and calculated

using the provided software (Bio-Plex manager software, Bio-Rad, USA).

2.8. 7 ELISpot

IL-4 production by CD4 T cells was analysed according to the manufacturer’s
instructions using Mouse IL-4 ELISpot assay (Mabtech, Auckland, NZ. 3311-2H).
Briefly, ELISpot plates were coated with 11B11 (15 pg/ ml) in sterile PBS. Washed 5
times in 200 wl sterile water/ well and removed by vacuum manifold (Bio-Rad, USA).
Incubated with 100 ul antibody solution overnight at 4°C and washed 5 times in 200
ul sterile PBS/ well. Wells are incubated for minimum of 30 minutes at room
temperature with 200 ul/ well of 10% FCS cIMDM. Cell suspensions in titration were
re-stimulated for 18 hours at 37°C with 5% CO, on Dynabeads® Mouse T-Activator
CD3/CD28 (Invitrogen, Auckland, NZ. 114-56D) and rIL-2 (100 U/ ml). Plates were
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washed in PBS and incubated at room temperature for 2 hours with 100 ul/ well of
0.5% FCS in PBS containing 1 pug/ ml detection antibody (BVD6-24G2-biotin). Plates
were washed in PBS and incubated at room temperature for 1 hour with 100 ul/ well
of Streptavidin-HRP in PBS-0.5% FCS. Plates were washed and 100 ul/ well of
substrate solution (1:1) was added to allow distinct spots to develop. Plates were

washed extensively in tap water, allowed to dry and spots were counted using an

ELISpot reader.

2. 9 Statistics

Statistical calculations were performed using the Graphpad Prism® Version 5.0c
statistical package (Graphpad Software Inc., San Diego, CA, USA). The type of

statistical test used is described in the appropriate figure legends.
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Chapter Three: Investigating the potential role of IL.-25 during the differentiation of
Th2 cells

3.1 Background

The differentiation of a naive CD4 T cell into a T helper 2 cell requires TCR
engagement of cognate antigen presented on MHC class II complex, co-stimulation
and a polarising cytokine environment. Seminal studies into polarising cytokines
required for the differentiation of naive CD4 T cells into Th2 cells, illustrated that IL-
4 was required to secure its own production *. In contrast more recent studies utilising
protein reporter technology have shown Th2 cells are able to differentiate and disperse
in vivo without the need for IL-4 signalling ®, indicating IL-4 is not the Th2 cell
polarising cytokine. As this polarising cytokine is required at the same time as the
antigen is presented to the naive CD4 T cells, the cell producing it is quite probably
part of the innate immune system and would be detectable in the lymph node T cell

zone.

The results of multiple studies have indirectly suggested that the innate cytokine I1L-25
has a role in Th2 cell differentiation. For example, the over-expression of IL-25 or
local administration of the recombinant protein have been described as driving Th2
“like” phenotypes; indicating a potential role for IL-25 in T helper type 2 immunity
136,138,196 " Qecondly, the mRNA for IL-25 receptor was detected in both naive CD4 T
cells and in differentiated Th2 cells; indicating naive CD4 T cells could potentially
respond to signalling by IL-25 81 Thirdly, the addition of rIL-25 to naive CD4 T cells
undergoing polyclonal activation resulted in the production of IL-4; indicating 1L-25
could potentially act as a polarising factor in the differentiation of Th2 cells *"'*’. The
experimental models and methods of these experiments however, created difficulty
discerning whether rIL-25 was acting as a cell proliferation factor or as a Th2 cell
polarising factor. These results also differed from data published by Wang et al. that
described rIL-25 as a factor involved in expanding memory Th2 cells, but unable to
act directly on naive CD4 T cells '*’. Therefore, this chapter set out to clarify these
conflicting results and investigate whether 1L-25 was required for the differentiation

of Th2 cells.

A confounding factor to investigating the differentiation of Th2 cells is the manner in

which these cells become IL-4 producers, whereby the production by the early-
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activated CD4 T cell results in IL-4 production that sustains and enhances its own
production in an autocrine manner **. As there is an IL-4 autocrine feedback loop the
differentiation of Th2 cells must be investigated in environments which are wholly
deficient in IL-4 signalling and hence enables the potential polarising signal of IL-25
to be teased out. Unlike previous investigations into the role of IL-25 in Th2
differentiation, this chapter used a previously described I1L-4 GFP reporter mouse
model (G4 model) '"* that allows in situ monitoring of IL-4 production on a cell-to-
cell basis. This model has a minimal requirement for manipulation, bypassing the
need for restimulation, fixation or intracellular staining. The G4 reporter mouse has
GFP inserted into the first exon of the i/4 allele. This insertion results in the
production of GFP protein instead of IL-4. The G4 reporter protein has been shown to
faithfully report the expression of IL-4 protein '"°. Animals homozygous for the G4

++

insertion are IL-4 deficient and are referred to as G4”" mice. Heterozygous G4

animals retain intact 1L-4 signalling pathways. To create an 1L-4 deficient antigen
specific CD4 T cell, a TCR transgenic (Tg) OTII mouse was crossed with the G4
mouse and the F1 litter backcrossed to obtain G4 OTII"" strain '*. This mouse was
used to design an in vitro culture system in order to investigate the role of IL-25 on
naive CD4 T cells in the absence of IL-4 signalling. The G4 reporter mice were also
crossed with IL-25 deficient animals ', to enable the investigation of in vivo Th2
differentiation in the absence of IL-25 with or without 1L-4 signalling. This reporter
system enables one to capture the in vivo generated Th2 phenotype and avoids any in
vitro re-activation, which may confound results. Utilising these novel reporter systems

the intent of this chapter was to investigate whether IL-25 was indeed a polarising

factor involved in the differentiation of Th2 cells.
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3.2 Research Objectives

The research objectives of this chapter were to develop novel in vitro and in vivo Th2
cell differentiation models and use them to investigate whether 1L-25 was required for
the IL-4 independent pathway of Th2 cell differentiation. It was hypothesised that an
in vitro 1L-4 independent Th2 cell differentiation system could provide a useful tool
for dissecting the signalling requirements for Th2 cell differentiation and enable the
investigation into whether the innate cytokine IL-25 could in fact be a Th2 polarising
cytokine. The in vivo Th2 cell differentiation assay optimised an allergen Th2 model
of differentiation utilising a single draining lymph node to ensure the earliest stages of
Th2 cell differentiation could be captured and thereby enabling an investigation into
whether the innate cytokine IL-25 plays a polarising role during in vivo Th2 cell

differentiation.

Summarised aims:

* Establish a simplified in vitro assay that allows us to isolate the core
components of early IL-4 independent Th2 differentiation and investigate
whether IL-25 is a polarising cytokine involved in this differentiation.

* Establish an in vivo assay that allows us to investigate the role of endogenous

IL-25 in the differentiation of a Th2 cell.
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3.3 Results

3.3.1 Optimisation of the in vitro assay for IL-4 independent differentiation of Th2

cells: Polyclonal differentiation.

The purpose of these studies was to investigate whether early Th2 differentiation in
vitro could occur in the absence of IL-4. A differentiated Th2 cell was defined as a
cell that produces IL-4, the hallmark Th2 cytokine. Cultures were set up with titrations
of naive G4"* CD4 T cells on plate bound a.CD3 and soluble aCD28 in the presence
of rIL-2, with or without rIL-4 to monitor the role of IL-4 in Th2 cell development.
Stimulation with aCD3/aCD28 is used to simulate the APCs activation of the T
lymphocytes TCR through antigen-MHC complex and co-stimulation through
CD80/CD86 binding CD28. Naive G4"* CD4 T cells were monitored over time for
the expression of GFP in the presence or absence of rIL-4. While IL-4 was required
for optimal Th2 cell differentiation there was a small yet persistent Th2 cell

population present even in absence of IL-4 (Figure 3. 1 A).

To confirm the GFP positive cells were accurately indicating IL-4 induction, wild type
IL-4"* CD4 T cells that contained no GFP reporter inserts were included to control for
autofluorescence (Figure 3. 1 B) and G4""STAT6™" cells were included to ensure no
contaminating IL-4 was present. It was noted that in the absence of IL-4, similar
levels of Th2 differentiation occurred in the G4"* and the G4"*STAT6™ cells (Figure
3. 1 B). Moreover, when rIL-4 was added to the culture the G4"* cells showed
increased frequency of GFP expression as expected, but the G4"*STAT6™ cells
maintained similar frequencies of GFP producing cells as the IL-4 deficient cultures
as these cells are unable to respond to IL-4. This data confirms the small population of
approximately 1% of the CD4 T cells that were GFP* observed in (Figure 3. 1 A Right
Panel) were indeed IL-4 independent Th2 differentiated cells.
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Figure 3. 1 Polyclonal activation of CD4 T cells differentiates Th2 cells even in the absence
of IL-4. Positively selected naive CD4 T cells from spleens were incubated on plate bound
aCD3 (10 ug/ml), soluble a.CD28 (1:50) and riL-2 (50 U/ml) with or without riL-4 (1000 U/ml)
for up to 5 days. Cells were stained and analysed by flow cytometry for the presence of GFP*
Th2 cells and A _Right Panel: Representative FACS plots at day 3 A Left Panel: enumerated
over 5 days in culture. B: Day 3 activated cells from IL-4"* reporter negative, G4** reporter
positive IL-4 deficient and G4**STATE” reporter positive STAT6 deficient mice were analysed
on by flow cytometry for the production of Th2 cells as reported by GFP. Data was compiled
from one experiment with triplicate samples.
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3.3. 2 Optimisation of the in vitro assay for IL-4 independent differentiation of Th2

cells: Titrating activation stimulus.

Th2 cell differentiation is favoured by low antigen concentrations or weak binding of
the TCR complex by MHC II ***>"**'° Hence, the strength of engagement of the TCR
was titrated out by reducing the concentration of plate bound aCD3. The lowest
concentration of aCD3 that still maintained cell proliferation and survival was
determined to be 0.05 ug/ml of plate-bound aCD3 (Figure 3. 2 B). For the entire CD4
T cell population to obtain an activated phenotype, measured by expression levels of
the activation marker CD44, 1 ug/ml aCD3 was required (Figure 3. 2 A). This
concentration was more effective at differentiating a greater frequency of Th2 cells
than the higher concentration of 10 ug/ml aCD3. Thereby supporting the theory that

lower activation stimulus is optimal for the initiation of Th2 cells.

When comparing primary and secondary lymphoid organs as sources of Th2 cells it
appears that CD4 T cells from the thymus far more readily differentiated into GFP
producing cells than the CD4 T cells from the spleen (Figure 3. 2 A). iNKT cells are
found in abundance in the thymus of younger mice and readily produce IL-4 cytokine
when stimulated *”. These investigations suggest that the aforementioned polyclonally
activated GFP" CD4 T cells could in fact be iNKT cells. To rule out this possibility it
was decided to develop an antigen specific activation system using OTII transgenic
mice. These mice do not respond to a—Galactosylceramide, the potent activator of
iNKT cells, inferring that these animals lack iNKT cells (personal communication

Franca Ronchese. MIMR, NZ).

61



Chapter Three: Investigating the potential role of IL.-25 during the differentiation of
Th2 cells

A

OTIl OTIl G4

10ug/ml 0.05ug/ml 0.2ug/ml Tug/ml

Splenocytes 4

0.0445

+ IL-4
20.2
Thymocytes
0.0341
+IL-4
3 42.2
D B
GFP >
B
Splenocytes Thymocytes
2.0x10%7+ 2.5x10%7+
= = 7 CINo IL-4
= 1.5x10 = 20x07 W+
) . B 15x1077;
D 1.0x1071 o}
o " O 1.0x10°1
[ [
E 5.0x10064 é 5.0x10064 Ill
0.0ty . Y . 0.0 . T r
005 02 1 10 005 02 1 10
Concentration of aCD3 (u g/ml) Concentration of aCD3 (u g/ml)

Figure 3. 2 Polyclonal activation of CD4 T cells requires sufficient concentrations of aCD3 for
proliferation and Th2 differentiation. Positively selected 1x10° naive CD4 T cells from spleens or
thymi were incubated for 3 days on plate bound a.CD3 at various indicated concentrations along with
soluble aCD28 (1:50) and rIL-2 (50 U/ml) with or without riL-4 (1000 U/ml) A: Activated cells from
reporter negative TCR Tg (OTII) and reporter positive IL-4 deficient TCR Tg (OTII G4+/+) were analysed
by flow cytometry for the induction of Th2 cells as reported by GFP. B: Total viable cells were

determined using trypan blue exclusion dye. Data was compiled from one experiment with triplicate
samples. Bar graphs show mean + SEM.
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3.3. 3 Optimisation of the in vitro assay for IL-4 independent differentiation of Th2
cells: TCR expression in transgenic mice does not alter Th2 responses to polyclonal

activation.

An alternative strategy to specifically activate CD4 T cells in vitro was employed;
involving antigen-presenting cells, antigen and TCR restricted antigen specific T
helper cells. The CD4 T cells of OTII TCR Tg mice express Va2 and VP5.1/5.2, a
TCR complex specific for the OVA peptide ISQAVHAAHAEINEAGR (ISQ peptide)
' These mice are on a C57BL/6 background and so were crossed with GFP reporter

+/+

mice on the same background thereby generating OTII G4 double Tg mice, which
have a high frequency of OVA specific G4 reporter T cells. To confirm the cells
functional abilities were not damaged by the TCR restriction, they were subjected to
polyclonal activation alongside wild type reporter T cells and monitored for Th2 cell
differentiation. The OTII G4™" T cells had a lower frequency of Th2 differentiation
but a higher proliferation rate in the absence of IL-4 (Figure 3. 3 A&B), inferring the
insertion of the transgenic TCR will not result in non-specific overproduction of GFP

by the TCR Tg CD4 T cells.

3.3.4 Optimisation of the in vitro assay for IL-4 independent differentiation of Th2

cells: Confirming TCR expression in transgenic mice.

To investigate the efficiency of the OTII transgene expression in OTII G4** mouse
strain, the frequency of double positive VB5.1/5.2 and Vo2 chains on naive blood
CD4 T cells was determined. Strains of TCR Tg mice are known to have different
levels of efficiency in expression of the transgenic o and f TCR chains *'. The
average frequency of dual expression of the transgenic o and B TCR chains was
usually around 92.51(+ 3.398)% per litter of animals tested (Figure 3. 4). This meant
the majority of CD4 T cells could respond to ISQ peptide upon presentation.
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Figure 3. 3 Polyclonal activation of TCR Tg OTII G4 €D4 T cells did not result in non-
specific GFP production. Positively selected naive CD4 T cells from spleens were incubated
on plate bound aCD3 at indicated concentrations, soluble aCD28 (1:50) and rIL-2 (50 U/ml)
with or without riL-4 (1000 U/ml) for 3 days. A: Cells from reporter negative TCR Tg
(OTII”*G4™) and reporter positive IL-4 deficient TCR Tg (OTII"*G4""*) mice and wild type (OTII
/"IL-4+/+) were stained and analysed by flow cytometry for the presence of Th2 cells. B: Total
cell counts per well in the presence or absence of riL-4. Data was compiled from one
experiment with triplicate samples. Bar graphs show mean + SEM.
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Figure 3. 4 The majority of CD4 T cells in TCR Tg OTII G4*"* mice express both transgenic o
and P chains. Blood from naive mice was processed and analysed by flow cytometry for Va2
and Vf5.1/5.2 expression. A: Flow plots depicting hierarchical gating strategy from ot IL-
4" wild type controls (top row) and TCR Tg OTIl G4”* reporter mice (bottom row) B:
Graphical representation of flow data frequency of dual expression of transgenic TCR chains
per total CD4 T cells. Mann-Whitney Test p<0.0001; n = 6 mice per/group all OTIl mice were
tested.

3.3. 5 Optimisation of the in vitro assay for IL-4 independent differentiation of Th2

cells: APC to T cell ratio for maximal Th2 cell differentiation.

An antigen specific in vitro culture system requires the presence of an antigen-
presenting cell (APC) such as bone marrow derived dendritic cells, which can present
antigen on the MHC class II molecule to CD4 T cells. These cells not only present
antigen but also provide co-stimulatory signals to the T cell. The optimal ratio of
APCs to T cells would result in maximal Th2 differentiation and sufficient cell
numbers for post culture analysis. A titrated ratio of 1:4, 1:16 and 1:64 bone marrow
derived dendritic cell (BMDC): T cell ratio was compared over the 3-day activation
period. LPS matured rGMCSF + rIL-4 differentiated BMDCs were pulsed with ISQ
peptide to load the MHC class II molecules then cultured at the indicated
concentrations with the OTII G4"* T cells in rIL-2 (100 U/ml) with or without rIL-4
(1000 U/ml). The Th2 cell frequencies remained low but similar throughout the
BMDC: T cell ratios in IL-4 deficient conditions. However the 1:4 BMDC to T cell
ratio was optimal for obtaining the best cell yield along with the highest frequency of
Th2 cells per well in IL-4 sufficient conditions (Figure 3.5 A&B). Future experiments
were set up with a 1:4 BMDC to T cell ratio.
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Figure 3. 5 BMDC to CD4 T cell ratio required for optimal cell counts and Th2 induction. OTII
Ga** reporter CD4 T cells were stimulated for 3 days with decreasing ratios of rGMCSF + rlL-4
BMDCs pulsed with 1 uM 1SQ in the presence or absence of rlL-4 (1000 U/ml). A: GFP* Th2
cells were determined by flow cytometry. B: Total cell yields were determined using Trypan
blue exclusion dye. Data was compiled from one experiment with triplicate samples that
were pooled and analysed.

3.3. 6 Optimisation of the in vitro assay for IL-4 independent differentiation of Th2

cells: IL-4 present in BMDC culture does not cross-contaminate T cell culture.

BMDCs were differentiated initially in rtGMCSF and rIL-4 for 7 days prior to harvest
and culture with naive CD4 T cells; this initial culture system containing rIL.-4 creates
the possibility of IL-4 carry-over into the T cell system and therefore could account
for Th2 cell differentiation that is noted in the absence of rIL-4 as seen in Figure 3. 5A
Top Panel. To test whether IL-4 cross-contaminated the T cell culture, CD4 T cells
that lacked STAT6, a crucial component in the IL-4 signalling pathway, were
cultivated with GMCSF/IL-4 BMDC. Theorising that if IL-4 was responsible for the
generation of Th2 cells then the STAT6 deficient CD4 T cells would not differentiate
into Th2 cells and would not express GFP. A caveat to this experiment was the lack of
access to STAT6 deficient animals backcrossed onto a C57BL/6 background resulting
in the inability to cross them with the OTII TCR Tg animals that were only available
on the C57BL/6 background. This called for an alternative strategy for a Th2 culture
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system that also made use of GMCSF/IL-4 BMDCs and could be used to query

whether IL-4 was carried over from the BMDC culture into the T cell culture.

For this purpose an allogeneic Th2 differentiation system was designed whereby the
BMDCs derived from IL-4 deficient C57BL/6 animals (from here on designated
GMCSF/IL-4 C57BL/6 IL-4" BMDCs) and the CD4 T cells derived from IL-4
deficient BALB/c animals (from here on designated BALB/c G4** reporter T cells)
would present self-antigens thereby driving CD4 T cell activation and differentiation.
GMCSF/IL-4 C57BL/6 IL-4" BMDCs were co-cultured with BALB/c G4** reporter
T cells with or without intact STAT6 signalling, in the presence or absence of rIL-4. If
contaminating 1L-4 was carried over from the BMDC culture system then the BALB/c
G4"* reporter T cells with intact STAT6 signalling would be expected to have
significantly higher GFP expressing CD4 T cells than that of the BALB/c G4
reporter T cells without intact STAT6 signalling. However as can be noted in the top
panel Figure 3. 6, the lack of STAT6 signalling in the CD4 T cells had no effect on
the expression of GFP in the CD4 T cell population, illustrating the Th2 cell
differentiation noted in the absence of rIL-4 was not as a result of a cross-
contaminating source of IL-4 originating from the BMDC culture system. The lower
panel serves as a control, illustrating lack of ability of STAT6™ T cells to respond to

IL-4 signalling.
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Figure 3. 6 IL-4 from the GMCSF/IL-4 BMDC culture is not responsible for differentiation of
CD4 GFP' T cells. C57BL/6 IL-4 deficient GMCSF/IL-4 BMDCs were co-cultured with STAT6
deficient or wild type BALB/c G4 CD4 T cells in rIL-2 (50 U/ml) with or without riL-4 (1000
U/ml). Data is representative of at least 2 experiments with triplicate samples.
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3.3. 7 Optimisation of the in vitro assay for IL-4 independent differentiation of Th2

cells: Maturing BMDCs with riL-25.

DCs provide co-stimulation and release soluble signalling molecules that are
responsible for polarising T helper cells. It is hypothesised DCs can be altered through
a variety of maturation signals resulting in a DC phenotype that is more inclined to
polarise Th2 cells **. To determine whether IL-25 could act as a signal that skews
BMDC:s to induce a stronger Th2 phenotype, the BMDCs were activated overnight in
rIL-25 (150 ng/ml) and analysed for cell surface activation markers. The cytokine
matured BMDCs showed no marked differences in CD11c, CD86 or MHC class 11
expression compared to the immature BMDCs (Figure 3. 7 A). These 1L-25 matured
BMDCs were co-cultured for 3 days with CD4 T cells in the absence of rIL-2 and in
the presence or absence of rIL-4 (1000 U/ml) and CD4 T cells were analysed for GFP
production. The IL-25 matured BMDCs were less effective at differentiating Th2 cells
than LPS matured BMDCs (Figure 3. 7 B). In summary, maturation of BMDCs with
the innate cytokine IL-25 provided no added benefits for increasing Th2 cell

differentiation in this culture system.
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Figure 3. 7 Maturation of BMDCs for initiation of Th2 differentiation in vitro. Bone marrow
derived dendritic cells were cultured with rGMCSF + rIL-4 then matured for 24hrs with rIL-25
(150 ng/ml) or LPS (500 ng/ml) A: Histograms depicting activation status of BMDCs B: Flow
data shows the frequency of Th2 differentiated cells as illustrated by their ability to produce
GFP. Data was compiled from one experiment with triplicate samples.
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3.3. 8 Optimisation of the in vitro assay for IL-4 independent differentiation of Th2

cells: FIt3L generated BMDCs.

GMCSF/IL-4 BMDCs resemble inflammatory dendritic cells *”*; however FIt3L
generated BMDCs resemble the majority of DC subsets more commonly described in
vivo ***. As Flt3L BMDCs possibly represent a more physiologically relevant APC it
was hypothesised they may differentiate Th2 cells more effectively than GMCSF/IL-4
elicited BMDCs. FIt3L BMDCs were pulsed with ISQ peptide and co-cultured with
OTII G4** CD4 T cells for 3 days in the presence of rIL-2 (1000 U/ml). Surprisingly,
Th2 differentiation was barely detectable in cultures without the addition of rIL-4
(1000 U/ml) (Figure 3. 8). To determine whether the lack of Th2 differentiation noted
in the culture system with only rIL-2 and no rIL-4 was due to a strong Thl polarising
stimulus such as the production of IL.-12, an IL.-12 blocking antibody was added to the
culture. However blocking signalling of IL-12 resulted in no changes in Th2 or Thl
frequency, as determined by the production of IL-4 reporter protein GFP or IFNy
respectively (Figure 3. 8). Notably the FIt3L generated BMDCs required a cytokine
milieu containing either the Thl or Th2 polarising cytokine rIL-12 or rIL-4
respectively, for noticeable Th1l or Th2 differentiation as seen through the production

of IFNy or IL-4 (GFP).

FIt3L BMDCs
OTIl IL-4+"* OTIl G4+
CD4 T cells CDA4 T cells

+riL-2 +rlL-2 +rlL-4

+rlL-2 +all-12  +rlL-2 +rlL-12

Figure 3. 8 Lack of frequency of Th2 cells by FIt3L DCs is not as a result of excessive
production of IL-12 and Th1 differentiation. FIt3L BMDCs were pulsed with 1 uM ISQ peptide
and co-cultured with OTII G4** CD4 T cells for 3 days in the presence of riL-2 (100 U/ml) with
or without riL-4 (1000 U/ml) /alL-12 (10 wg/ml) /riL-12 (10 ng/ml). Measured for the
production of IFNy and GFP by flow cytometry. Data was compiled from one experiment with
triplicate samples.
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3.3.9 Optimisation of the in vitro assay for IL-4 independent differentiation of Th2

cells: Altering antigen concentration to promote Th2 differentiation.

To determine what was the optimal antigen concentration for Th2 cell differentiation,
ISQ peptide concentration was titrated in GMCSF/IL-4 and FIt3L. BMDC cultures.
Either GMCSF/IL-4 or FIt3LL. BMDCs were co-cultured with CD4 T cells in the
presence of rIL-2 (100 U/ml) and ISQ peptide ranging from 10 uM — O uM. Titrating
out the ISQ peptide resulted in notably decreased recoverable numbers of cells per
well (Figure 3. 9B), despite this decrease in cell numbers, the frequency of Th2 cells
increased at the lower peptide concentrations (Figure 3. 9A). This was followed by an
experiment where antigen was titrated to even lower concentrations of 0.1 uM —
0.001uM resulting in increased proportions of Th2 cell differentiation in the 0.001
uM CD4 T cell population (Figure 3. 10). In summary, lower antigen concentrations
resulted in increased differentiation of Th2 cells but decreased proliferation rates and

therefore lower recoverable yields of CD4 T cells per well.
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Figure 3. 9 Decreased antigen concentration results in increased Th2 frequency. GMCSF/IL-4
or Flt3L BMDCs were co-cultured with OTII G4"* CD4 T cells in riL-2 (100 U/ml) with/without
riL-4 (1000 U/ml) for 3 days in presence of decreasing concentrations of ISQ peptide. A: Th2
cells were determined by flow cytometry. B: Total viable cells were determined by trypan
blue exclusion dye. Data is representative of at least 2 experiments where dot plots show
mean +SEM of triplicate samples.
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Figure 3. 10 Low concentrations of antigen are crucial for high Th2 frequencies. GMCSF/IL-4

or Flt3L BMDCs were co-cultured with OTIl G4

+/+

CD4 T cells in rIL-2 (100 U/ml) with/ without

riL-4 (1000 U/ml) for 3 days in presence of decreasing concentrations of 1SQ peptide. GFP*
CD4 T cells (Th2) cells were determined by flow cytometry. Data is representative of at least 2
experiments with triplicate samples.
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3.3. 10 Investigating the role of IL-25 as an early differentiation factor in the

antigen specific in vitro assay of IL-4 independent Th2 differentiation.

The antigen specific culture system was developed to determine whether IL-25 was
indeed a crucial factor for Th2 cell differentiation. Firstly, it was decided to ascertain
whether DC-derived IL-25 was required for Th2 differentiation. In order to assess
this, IL-25" GMCSF/IL-4 BMDCs were compared to IL-25"* BMDCs for their
effectiveness in generating Th2 cells. IL-25" BMDCs were cultured with OTII G4**
CD4 T cells, ISQ peptide and rIL-2 (100 U/ml) for 3 days and subsequent GFP
production by the CD4 T cells was analysed. The frequency of Th2 cells differentiated
by IL-25" BMDCs was slightly lower than the IL-25"* BMDC however neither in the
presence nor absence of rIL.-4 was Th2 cell differentiation ablated (Figure 3. 11).
Moreover, the addition of rIL-25 or a blocking antibody to prevent signalling of IL-25
had little effect on Th2 differentiation (Figure 3. 11). In summary, these data clearly
demonstrate there is no critical role for IL-25 during antigen specific in vitro

differentiation of Th2 cells.
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Figure 3. 11 Neither exogenous nor bone marrow dendritic cell derived IL-25 is required for
Th2 differentiation. IL-25

cultured with OTII G4

+/+

+/+

or IL-257 BMDCs were pulsed with 0.1 uM 1SQ peptide and co-
CD4 T cells for 3 days in rIL-2 (100 U/ml) with or without riL-4 (1000

U/ml) / alL-25 (10 ug/ml) / rIL-25 (62.5 or 125 ng/ml) and analysed by flow cytometry for
GFP* CD4 T cells (Th2) cells. Data is representative of at least 2 experiments with triplicate
samples.
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3.3. 11 Optimisation of the in vivo assay for differentiation of Th2 cells using worm

derived allergens.

To investigate whether 1L-25 is required for Th2 in vivo differentiation, an assay in
which all Th2 differentiation events are contained within a single draining lymph node
was utilised. To determine when the initial differentiation of Th2 cells can be detected
in this single draining lymph node assay and to confirm that the absence of IL-4
signalling has no effect on Th2 differentiation in an in vivo setting, 600 dead L3 N.
brasiliensis were injected into the dermis of the ear of IL-4 sufficient G4*" and IL-4
deficient G4** mice. The ear draining lymph nodes were harvested daily following
dead L3 N. brasiliensis injection and single cell suspensions were analysed by flow
cytometry for GFP® CD4 T cells (Figure 3. 12A), illustrative of the Th2 cell
population. The first distinct Th2 cell population was easily discernable in the ear
draining lymph node at day 3 after injection (Figure 3. 12A). As previously reported ®
the differentiation of Th2 cells occurs in the absence of IL-4 signalling as Th2 cells
differentiate in G4*"* mice (Figure 3. 12A). CD4 T cells were harvested 4 days after
administration of 600 dead L3 N. brasiliensis into the ear dermis of G4*IL-25"" mice
and G4*TL-25" mice. These cells were subsequently re-stimulated, and stained for
intracellular IL-4 and assessed by flow cytometry. The intracellular staining clearly
depicted no deficiency in either reporter protein or IL-4 protein expression in G4*"IL-
25" animals when compared to G4*1L-25"* control (Figure 3. 12B). In summary,
Th2 initiation occurs by day 3 after challenge with worm antigens, and this initiation

is not affected by the absence of IL-25 signalling.

3.3. 12 Optimisation of the in vivo assay for differentiation of Th2 cells using worm

derived allergens: Determining expression of Th2 associated cytokines.

The CD4 T cell populations that differentiated in the absence of IL-25 were analysed
for Thl and Th2 cytokines to determine if loss of IL-25 signalling resulted in a
skewing from Th2 to Th1 differentiation. Four days following dermal challenge with
600 dead L3 N. brasiliensis the ear draining lymph nodes were harvested, processed

and analysed by flow cytometry for the hallmark Th1 cytokine IFNy, as well as the T
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helper type 2 cytokines IL-5 and IL-13. Frequencies of IFNy, IL-5 and IL-13 were
similar in IL-25 sufficient and deficient animals inferring there is no role for IL-25 in

the production of these cytokines following challenge with worm antigens (Figure 3.

13).
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Figure 3. 12 Th2 cells can be tracked over time in response to intradermal adminstration of
type 2 inducers. Ear draining lymph nodes were harvested at indicated times after ear
intradermal administration of 600 dead L3 N. brasiliensis. CD4 T cells were analysed by flow
cytometry for A: the production of GFP as a surrogate for IL-4 protein B: intracellular IL-4 and
compared to GFP reporter production following 4hrs of polyclonal re-stimulation. Data is
representative of at least 2 experiments with n=4 mice per group.
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Figure 3. 13 Lack of IL-25 signalling has no effect on the expression of IL-4, IL-5 or IFNy in
response to worm antigens. Ear draining lymph nodes were harvested after intradermal
administration of 600 dead L3 N. brasiliensis. CD4 T cells were re-stimulated, intracellular
stained and analysed by flow cytometry for IL-13, IL-5 and IFNy in comparison to the
expression of GFP the reporter protein for IL-4. Data is representative of at least 2
experiments with n=4 mice per group.

3.3. 13 Using the in vivo assay for CD4 T cell differentiation to investigate the role

of IL-25 in Th2 differentiation.

As the earliest detectable induction of Th2 cells in the ear draining lymph node was
seen 3 days following injection of dead N. brasiliensis, this time point was chosen to
further investigate the differentiation of Th2 cells in IL-25 or IL-25 and IL-4 deficient
conditions. Two Th2 inducers were utilised, N. brasiliensis derived allergens and a
common allergen house dust mite. Comparing GFP* CD4 T cell frequencies generated
in response to dead N. brasiliensis or house dust mite in G4*IL-25" mice compared
to G4 IL-25"" mice showed no differences (Figure 3. 14 A). Even in double cytokine
deficient mice, which lack both IL-4 and IL-25 (G4"*IL-25" mice), there were no
differences in Th2 cell frequencies (Figure 3. 14 B). These GFP* CD4 T cells were
also analysed for activation marker CD44 and were found to express similar levels of
CD44 on the cell surfaces of Th2 cells whether they were differentiated in the absence

of IL-25 alone or both IL-4 and IL-25 compaired to sufficient animals (Figure 3. 14
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A&B). Overall, these results show there was no role for IL-25 during Th2 cell

differentiation in response to common innocuous allergens or worm-derived allergens.

A
Naive G4+ IL-25*"* G4+ IL-25"
A 0.0969 0.652 0.742 ‘ G425
Dead L3
N. brasiliensis 7* G4+L-25%"
3
=
& Naive
CD44 ———»
House Dust
Mite
<
[a)
(@]
GFP >
B .
Naive G4+*|L-25*" G4+"*|L-25"
N 0.0768 0.92 1.07 | Ga{L-25+
Dead L3
N. brasiliensis J G4™IL-25""
3
= .
x Naive

House Dust

Mite

0.0241

CD4

GFP

Y

CD44 ———»

Figure 3. 14 IL-25 is not necessary for Th2 differentiation in vivo. Ear draining lymph nodes
were harvested on day 3 after intradermal administration of 600 dead L3 N. brasiliensis or
house dust mite. CD4 T cells were analysed by flow cytometry for the production of GFP and
the expression of the activation marker CD44 on GFP" cells. A: In the presence of IL-4
signalling B: In the absence of IL-4 signalling. Data is representative of at least 2 experiments

with an n=4 mice per group.
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34 Discussion

The cellular and molecular events involved in the differentiation of Th2 cells are still
not fully understood. Traditionally, IL-4 was believed critical for the differentiation of
Th2 cells *'***”. However more recently, in vivo data has emerged which
demonstrates that Th2 cells differentiate in vivo without the need for IL-4 ®. The aim
of this chapter was to examine whether the innate cytokine IL-25 was a viable
candidate for differentiating Th2 cells in the absence of IL-4. Utilising sensitive
reporter mice, IL-4 independent Th2 cells were shown to differentiate in vitro
following polyclonal activation, albeit to a significantly lower frequency than those
differentiated in the presence of IL-4. To increase this IL-4 independent in vitro
differentiation, an antigen specific system was developed and optimised to induce the
highest frequency of IL-4 reporter producing CD4 T cells. Using this antigen specific
activation system the role of IL-25 on BMDC maturation and Th2 cell differentiation
was investigated. Of particular interest was the potential of IL-25 as an in vivo
differentiation factor. An assay of early in vivo Th2 differentiation was developed,

however the absence of IL-25 had no effect on the differentiation of Th2 cells.

The discovery of polyclonal in vitro 1L-4 independent Th2 cells was surprising;
especially considering previous research has described polyclonal activation as
insufficient for the differentiation of Th2 cells in the absence of IL-4 ®. It was decided
to utilise a CD4 T cell antigen specific differentiation system to ensure the GFP
producing cells were indeed CD4" Th2 cells and not CD4" iNKT cells. The use of
TCR transgenic CD4 T cells for activation in an antigen specific response and
resulting in Th2 differentiation in the absence of IL-4 has been reported in a 6 day
culture system **°, this chapter placed a novel twist on these data by investigating the
earliest detectable consistent IL-4 production as well as avoiding the need for re-
stimulation, fixation or intracellular staining to visualise this IL.-4 production through
the use of G4 reporter mice. The antigen specific IL-4 independent in vitro Th2
differentiation was notably reduced in frequency and median fluorescent intensity as
compared to IL-4 sufficient Th2 differentiated CD4 T cells. This is in stark contrast to

the data gathered in vivo in the ear draining lymph node following challenge with
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worm allergens where no differences were noted in the differentiation of Th2 cells in

the presence or absence of IL-4.

To increase the frequency of differentiation of Th2 cells in vitro in the absence of IL-4
signalling, antigen, cytokines and DC phenotypes were altered. Lowering the
concentration of antigen resulted in increased Th2 cell differentiation however the
frequency of differentiation never increased to frequencies similar to those of the CD4
T cells differentiated in the presence of IL-4. Alternate optimisation techniques were
attempted such as maturing DCs with the innate cytokine IL-25 in an attempt to skew
the DC to produce more favourable Th2 stimulatory signals. However this resulted in
no obvious differences to the frequency of Th2 cell differentiation. Alteration of
BMDC type from GMCSF + IL-4 ‘inflammatory’ DCs to FIt3L ‘plasmacytoid and
common’ DCs enhanced the frequency of Th2 initiation, but only at antigen
concentrations that were lower than 1 pug/ml. Notably even the addition of rIL-25
directly into the T cell culture system had no effect on Th2 differentiation. This
disagrees with previous literature reporting the addition of rIL-25 to naive CD4 T cells
results in increased IL-4 production *"'’. This discrepancy possibly arises due to the
different techniques used to measure IL.-4 production. In this chapter IL-4 is measured
on a single cell basis, through the use of reporter proteins, whereas the previous
reports measured IL-4 by ELISA and did not account for the increasing numbers of
cells due to proliferation in the presence of rIL-25. It is reasonable to assume the
increase in IL-4 detectable in the presence of rIL.-25 was due to the increased numbers
of CD4 T cells resulting from T cell proliferation to IL-25 rather than an increased
frequency of Th2 cell differentiation. This chapter conclusively illustrates that IL-25

was not the initiating factor required for in vitro IL-4 independent Th2 differentiation.

Unlike in vitro differentiation, differentiation of Th2 cells in vivo is equivalent in
magnitude, timing and character in the presence or absence of IL-4. This may suggest
additional signals are present in vivo that fail to be replicated in vitro. The question
raised in this chapter was whether this additional factor was IL-25, acting either on the
APC or directly on the naive CD4 T cells. The initiation of Th2 cells took three days
to develop following challenge with antigen. The absence of IL-25 had no effect on

the differentiation of these Th2 cells, whether or not IL-4 was present. This
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differentiation was not due to an immune modulating property of the worm derived
antigens as even the common allergen house dust mite was effective in differentiating
Th2 cells in the absence of IL-25. In summary, the data herein illustrates IL-25 is not
the polarisation factor that results in Th2 cell differentiation and the production of IL-

4.
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Chapter Four: The role of IL.-25 in the generation of protective T helper type 2
responses against infection by parasitic helminths.

4.1 Background

Administration or over-expression of recombinant IL-25 results in Th2 associated
pathologies including airway hyper-responsiveness, goblet cell hyperplasia and
mucous hyper-secretion, as well as the rapid expulsion of intestinal stage
Nippostrongylus brasiliensis 7'**'">'%° Additionally, studies using IL-25 deficient
mice demonstrate that the induction of both Th2 innate and adaptive responses are
impaired resulting in the delayed expulsion of N. brasiliensis from the small intestine
' or decreased resistance to Trichuris muris '**. Findings such as these have led to the
speculation that IL-25 may be a key component during the generation of Th2

immunity.

Helminth infections result in a robust Th2 immune response and are thought to
represent an evolutionary pressure for the development of Th2 immunity. The studies
herein utilise two helminth infections, a chronic entirely enteric helminth,
Heligmosomoides polygyrus, and an acute helminth, Nippostrongylus brasiliensis,
whose lifecycle traverses through the skin, lung and intestine. Importantly, both are
dependent upon the generation of Th2 responses for protective immunity '**".
Protective immunity has often been described as the ability to expel primary intestinal
stage worms, however in this study protective immunity is defined as the ability to
mount a rapid and effective memory response against re-infection that results in lower
worm burdens and faster resolution of infection. The precise effector mechanisms
required for protective immunity are poorly understood and with no effective vaccines
available against helminth infections and a third of the world’s population burdened
by parasitic worm infections, research to better understand mechanisms of protective
immunity remains a necessity. Given the known role IL-25 plays in timely expulsion
of intestinal phase helminths following primary infection, this cytokine presents itself

as a strong potential candidate involved in mediating protective Th2 immunity.

CD4 T cells are vital in the generation of Th2 immunity against N. brasiliensis, with a
specific requirement for their presence during primary infections to enable protective
responses to secondary infections '?%. The two key cytokines required for protective

immunity are IL-4 and IL-13. Expulsion of primary N. brasiliensis from the intestine
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is critically dependent upon IL-13 ', recent data suggests the source of IL-13 in this
setting is acquired from a newly discovered lineage negative innate lymphoid cell
subset (ILC2) """ IL-13 drives a “weep and sweep” mechanism resulting in
increased intestinal contractility along with increased mucous and luminal fluid all
resulting in the expulsion of the intestinal stage adult worms **. During challenge
infections protective mechanisms occur long before N. brasiliensis even reaches the
small intestine with significantly lower worm burdens evident in the lungs within 24
hours of the challenge infection '*' and yet this early mechanism of protection remains
largely a mystery, although a critical role for IL-4 and it signalling pathway STAT6

have been described '°'.

During primary infection basophils are the dominant source of IL-4 while Th2 cells
the predominant contributors of IL-4 during secondary infections *. In the past year
two published reports have suggested Th2 cells preferentially secrete IL-4 in the
lymph nodes and IL-13 in the lungs *'**"", bringing into question whether Th2 cells are
the dominant source of IL-4 during secondary infections. Of course there is the
possibility that the production of IL-4 by Th2 cells in the lymph node is sufficient for
the generation of protection from a challenge infection. However, there is a novel
potential cellular source of early lung IL-4 in the form of the ILC2s, a source of IL-4
never previously investigated during secondary infections to N. brasiliensis. Of the
ILC2 cells described, nuocytes are the most likely candidates as they have been
described to produce IL-4 and assist with helminth mediated protection ®'. The natural
helper cells share so many similarities with the nuocytes it is likely these cells are the

same subset '¥

. The innate helper type 2 (Ih2) cells are, however, unlikely
contributors to this source of IL-4 as they have been described exclusively as IL-13
producers that do not produce IL-4 ' and the multipotent progenitor type 2 cells
differentiate into a number of other cell types thereby not representing a mature
effector subset "'. Therefore this chapter seeks to investigate whether in the absence

of IL-25 either Th2 cells or nuocytes are reduced in their ability to produce IL-4

thereby resulting in loss of protection against challenge infections by helminths.
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4.2 Research Objectives

The aim of this chapter is to determine whether IL-25 has a role in protective type 2
immune responses against parasitic infections. The experiments described herein
specifically focus on whether IL-25 is required for the differentiation and maintenance
of Th2 cells and the stabilisation of typical Th2 immune responses including mucous
hyperplasia, eosinophilia, basophilia and B cell class-switching to IgE. The intent of
this chapter was to investigate whether a novel innate lymphoid cell population known
as nuocytes, which are reported to proliferate and become functionally active in
response to rIL-25, are responsible for the helminth protective immunity generated in

the lungs and gut.

Summarised aims:

* Establish an in vivo assay that allows us to investigate whether IL-25 is crucial
for the distribution and development of Th2 cell effector or memory formation
in lymphoid and non-lymphoid tissues.

* Establish whether IL-25 is necessary for helminth associated type 2 responses
including IgE isotype switching, mucous production, cytokines and
recruitment of effector cells.

* Establish whether IL-25 is required for the differentiation and expansion of
nuocytes in the lung and draining lymph nodes following N. brasiliensis
infection.

* Establish whether IL-25 has a role in protective immunity against challenge

infections of N. brasiliensis and H. polygyrus.
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4.3 Results

4.3.1 Helminth induced Th2 cells are not altered by the absence of IL-25

To determine whether IL-25 plays a role in the differentiation and maintenance of Th2
cells in a natural immune response setting, G4*", G4*"IL-25", G4*"* and G4"*IL-25"
mice were subcutaneously infected with L3 stage N. brasiliensis and left for 45 days.
At day 45 prior to re-infection (PTR), these animals were challenged again with L3
stage N. brasiliensis resulting in the rapid expansion of Th2 cells, which were easily
monitored in the G4 reporter mice (Figure 4. 1). To determine whether IL-25 played a
prominent role during the induction, maintenance or localisation of these Th2 cells,
the kinetics of Th2 cells during a primary and memory Th2 immune response to
parasitic infection were monitored in both lymphoid and non-lymphoid tissues (Figure

4.1 and Figure 4. 2 respectively).

Flow cytometic analysis of mediastinal lymph nodes and lungs allowed for the
enumeration of individual Th2 (CD3"CD4*GFP") cells that developed over the course
of both the primary and secondary N. brasiliensis infections. In both the IL-4
sufficient (Figure 4. 1A and Figure 4. 2A) and IL-4 deficient (Figure 4. 1B and Figure
4. 2B) mice, the lack of IL-25 had little affect on the over-all kinetics of Th2
differentiation. In both the mediastinal lymph nodes and lungs, Th2 cells were
detectable in these animals in similar frequencies and numbers with the only
differences noted in the numbers of the Th2 cells in the later time points of the lungs
following secondary infection. Overall, these data illustrated that the absence of IL-25
had no affect on the kinetics of Th2 cell differentiation in the mediastinal lymph node
or lung although they do illustrate a possible role for IL-25 in tissue resolution of Th2

cell responses.
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Figure 4. 1 1I-25 is not required for development of Th2 cells in a Th2 effector or memory T
cell mediastinal lymph node response setting Mediastinal lymph nodes (MdLN) were
harvested 3, 6 and 9 days following primary infection with 600 L3 SQ N. brasiliensis. Mice
were challenged at 45 days after primary infection and MdLNs were harvested 3, 6 and 9
days later to determine secondary immune responses. MdLNs were processed into single cell
suspensions, stained and analysed by flow in A: IL-4 sufficient mice (G4+/’) B: IL-4 deficient
mice (G4™") (i). Frequency of Th2 cells (Doublet DAPI'CD3*CD4'GFP* cells) and (ii). Total
numbers of Th2 cells per lymph node. *p=<0.01, **p=<0.001, ***p<0.0001; 2Way ANOVA with
a Bonferroni post test as compared to G4"" or G4™* Th2 cells. Line graphs show mean =SEM,
n=4 mice/group. PTR: prior to re-infection. MdLN: Mediastinal lymph node.
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Figure 4. 2 1I-25 is not required for development of Th2 cells in a Th2 effector or memory T
cell lung response setting. Lungs were harvested 3, 6 and 9 days following primary infection
with 600 L3 SQ N. brasiliensis. Mice were challenged at 45 days after primary infection and
lungs were harvested 3, 6 and 9 days later to determine secondary immune responses. Lungs
were processed into single cell suspensions, stained and analysed by flow in A: IL-4 sufficient
mice (G4") B: IL-4 deficient mice (G4"*) (i). Frequency of Th2 cells (Doublet DAPI
CD3'CD4'GFP" cells) and (ii). Total numbers of Th2 cells per lung. *p=<0.01, **p=0.001,
*%%5<0.0001; 2Way ANOVA with a Bonferroni post test as compared to G4” or G4"* Th2
cells. Line graphs show mean =SEM, n=4 mice/group. PTR: prior to re-infection.
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4.3.2 Type 2 cytokine profile in the lung is not altered by the lack of IL-25

To determine whether IL-25 was responsible for promoting or maintaining Th2
associated cytokines or suppressing Thl and Th17 cytokines, as has previously been
reported "' IL-4, IL-5, IL-9, IL-13, IL-17 and IFNy were assessed. Lung cells from
day 9 at the peak of the primary Th2 inflammatory response and at day 9 just after the
peak of the secondary Th2 inflammatory response of infected IL-25"* and IL-25"
animals were re-stimulated on aCD3/aCD28 in the presence of rIL-2 for 24hrs. The
supernatants were evaluated by multiplex cytokine analysis to determine whether the
loss in IL-25 signalling resulted in anomalies in cytokine production. Due to the time
point chosen during the secondary response, the cytokine production was markedly
lower than that detectable during the primary as the Th2 immune response has already
began to contract. Remarkably Th2 associated cytokines IL-4, IL-13, IL-5 and IL-9
showed no significant difference between controls and IL-25 deficient animals (Figure
4. 3). The Thl cytokine, IFNy, was significantly reduced while no significant
difference was noted in the production of the Thl7 cytokine, IL-17, in the IL-25
sufficient compared to deficient animals. This data illustrated there was no detectable
skewing of the immune response away from a standard Th2 phenotype associated

with immunity to N. brasiliensis infection.
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Figure 4. 3 Loss of IL-25 signalling has no effect on type 2 cytokines investigated in the lungs
following N. brasiliensis infection. Lungs from day 9 primary and secondary N. brasiliensis
infected IL-25"" and IL-25"" mice were processed and MACS sorted for CD45" cells. The CD45"
lung cells were restimulated on aCD3/a.CD28 beads for 24hrs in presence of 100U/ml IL-2.
Supernatant was assayed using bioplex analysis for cytokines and chemokines. *p<0.01,
**p=<0.001, ***p=<0.0001; 2Way ANOVA with a Bonferroni post test as compared to IL-25"*
animals. Bar graphs show mean =SEM, n=3 mice/group. BD: Below detection. ns: not
significant.
4.3. 3 lIsotype switching to IgE is unaffected by loss of IL-25

The isotype switching of B cells to IgE requires IL-4 and CD4 T cells ***'*. Serum

IgE titres serve as a good indication of the functional properties of the Th2 cell, which

are thought to provide class-switch signals in the form of CD40 ligation and IL-4 '*

"7 Wild type IL-25"* mice and IL-25" mice, were infected with N. brasiliensis and

peripheral blood was harvested from the lateral tail vein at 14 days after primary

infection and 9 days after challenge infection. The absence of IL-25 signalling

resulted in significantly higher serum titres of IgE in both primary and secondary

responses in comparison to wild type controls (Figure 4. 4). These data demonstrate

that the lymphoid CD4 T cells are functionally intact in their ability to provide B cell
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help for isotype class-switch to IgE. Additionally a function for intact IL-25 signalling

in repressing IgE class-switch is also evident.
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Figure 4. 4 Serum IgE titres are increased in mice deficient in IL-25 signalling. ELISA
determined total IgE titres from serum samples obtained at 14 days following primary and 9
days following secondary N. brasiliensis infection of IL-257* and I1L-257 mice. *p=<0.01,
**p<0.001, ***p<0.0001; Mann-Whitney Test; Bar graphs show mean =SEM and are
representative of 2 or more experiments; n=4 mice/group. BD: Below Detection Limit.

4.3. 4 Basophilia, eosinophilia and goblet cell hyperplasia continue unimpeded in

the absence of IL-25 signalling

The in vivo administration of recombinant IL-25 results in exacerbated type 2
responses 7% While IL-4 is the signature cytokine of a Th2 cell, this cell type is
not exclusively responsible for its production. Other cell types secreting IL-4 include
iNK T cells, basophils, mast cells and eosinophils '°. In fact, during primary N.
brasiliensis infections basophils are the major cell type responsible for production of
this cytokine in the lung *°. Basophils reportedly produce not only IL-4 but also IL-25
and are often depicted along with eosinophils as prominent sources of IL-25 '*’. To
investigate whether the loss of IL-25 would affect the helminth associated basophilia

and eosinophilia; numbers of basophils and eosinophils were determined.
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Basophils were quantified on day 8 in the blood following N. brasiliensis primary or
secondary infection. The enumeration of blood basophils following primary infection
in the IL-25 deficient or IL-4 and IL-25 double deficient animals compared to wild
type controls showed no significant differences (Figure 4. 5A). In contrast, at day 8
following secondary infection there was a significant increase in both the frequency
and numbers of basophils in the absence of IL-25 (Figure 4. 5B). On a single cell level
the ability of the basophils to produce IL-4, as determined by median fluorescent
intensity (MdFI) of GFP, was not impacted in the absence of IL-25 signalling (Figure
4. 5SA&B). In summary, the loss of IL-25 signalling resulted in an increase in blood

basophils in response to N. brasiliensis infection.
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Figure 4. 5 IL-25 deficiency results in increased blood basophilia following secondary N.
brasiliensis infections. Basophil (Doublet live Non-T Non-B cell CD16/32" CD45™ FceRla!
CD49b"* GFP" cells) frequencies, numbers and median fluorescent intensity of GFP expression
were determined by flow cytometry at A: day 8 following primary infection with N.
brasiliensis B: day 8 following secondary infection with N. brasiliensis. *p=<0.01, **p=<0.001,
***¥p<0.0001; 1Way ANOVA with a Tukey post test; Bar graphs show mean +SEM and are
representative of 2 or more experiments; n=5 mice/group. ns: not significant.

Total numbers of eosinophils and IL-4 producing GFP* eosinophils were enumerated
per millilitre of blood at day 8 following primary N. brasiliensis infection. The
primary response indicated no significant differences between IL-25 deficient animals
and their wild type controls, although there was a trend towards increased IL-4
producing eosinophils in the absence of IL-25 (Figure 4. 6A). This trend became a
significant difference in the secondary response to N. brasiliensis, with significantly
increased numbers of both total eosinophils and IL-4 producing eosinophils at day 8

after secondary infection with N. brasiliensis in IL-25 deficient animals (Figure 4.
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6B). In summary, the absence of IL-25 resulted in increased blood eosinophils

following secondary infection with N. brasiliensis.
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Figure 4. 6 A lack of IL-25 signalling resulted in increased blood eosinophilia following
secondary N. brasiliensis infections. IL-4 producing eosinophils were determined by the
expression of GFP. Eosinophil (Doublet’ DAPI" SSC™ CD16/32* CD49b  CD11c CD11b" SiglecF’)
frequencies, numbers and median fluorescent intensity of GFP expression were determined
by flow cytometry at A: day 8 following primary infection with N. brasiliensis B: day 8
following secondary infection with N. brasiliensis. *p<0.01, **p<0.001, ***p<0.0001; 1Way
ANOVA with a Tukey post test; Bar graphs show mean +SEM and are representative of 2 or
more experiments; n=5 mice/group.

A lymphocyte orchestrated adaptive immune response is required for recruitment and
expansion of innate effector cells, such as eosinophils, in the lung tissue following

infection with N. brasiliensis infection *"*. The intent of this section was to investigate
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whether production of the innate cytokine IL-25 had any effect on the recruitment of
eosinophils into the lung tissues. G4*", G4*"1L-25", G4*"* and G4*"*IL-25" mice were
infected subcutaneously with 600 L3 N. brasiliensis and lung tissues were perfused
and harvested 9 days later. For a memory immune response to the same antigen
animals were challenged with 600 L3 larvae and 9 days later lungs were perfused and
harvested to enumerate eosinophils. Eosinophils were determined by flow cytometry
as SSC" CD16/32* CD49b" CD11c¢” CD11b* SiglecF" cells and enumerated as total
cells per lung or for IL-4 producing eosinophils as total GFP* eosinophils per lung.
The lack of IL-4 significantly reduced the total numbers of eosinophils recruited into
the lungs following both the primary and the secondary challenges (Figure 4. 7 A&B).
The lack of IL-25 signalling, however, resulted in no defects in recruitment of either
total eosinophils or IL-4 producing eosinophils into the lung tissues following both
primary and secondary infection (Figure 4.7 A&B). In summary, these data
demonstrate no apparent role for IL-25 in recruitment of eosinophils into lung tissues

following N. brasiliensis infection.

Lastly, mucous production by goblet cells was investigated in mice deficient in IL-25
because this is a good indication of biologically active IL-13 '***", Primary and
secondary day 9 N. brasiliensis infected lung tissues were processed and stained with
Haemotoxylin and Periodic Acid-Schiff (PAS) for the comparison of mucous
production by goblet cells lining the bronchioles. Remarkably, in the absence of IL-
25, if anything, a trend towards increased mucous production was noted (Figure 4. 8),
indicating that a lack of IL-25 resulted in no significant deficiency in this IL-13

mediated effector response.
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Figure 4. 7 A lack of IL-25 signalling had little effect on eosinophilia in the lungs following
secondary N. brasiliensis infections. Eosinophil (Doublet DAPI ssc™ CD16/32" CD49b CD11c
CD11b" SiglecF’) numbers, the expression of IL-4 as reported by GFP and the median
fluorescent intensity (MdFl) of GFP were determined by flow cytometry at A: day 9 following
primary infection with N. brasiliensis B: day 9 following secondary infection with N.
brasiliensis. *p=<0.01, **p=<0.001, ***p<0.0001; 1Way ANOVA with a Tukey post test; Bar
graphs show mean =SEM and are representative of 2 or more experiments; n=5 mice/group.
ns: not significant.
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Figure 4. 8 IL-25 signalling is not required for production of lung mucous following infection
with N. brasiliensis. Lung sections from day 9 primary and secondary N. brasiliensis infected
mice were processed and stained with Mayer’s Haematoxylin and Periodic Acid Schiff (PAS).
Total numbers of PAS' cells per bronchiole were quantified and graphically represented.
*p=<0.01, **p=<0.001, ***p<0.0001; 1Way ANOVA with a Tukey post test; Bar graphs show
mean =£SEM and are representative of 2 or more experiments; n=5 mice/group.

4.3.5 Loss of IL-25 has no effect on the nuocyte populations detectable in lungs or

mediastinal lymph nodes

Recent investigations demonstrate IL-13 producing lineage negative innate lymphoid
cells, denoted nuocytes, are mediators of immunity necessary for gut expulsion of
parasitic helminths and demonstrate these cells are capable of inducing airway hyper-

61211

responsiveness in allergic airways inflammation models . The administration of

rIL-25 results in expansion of these cells in the airways, lymph nodes and the

peritoneal cavity '"?"

, while animals lacking the IL-25 receptor exibit a delayed
expansion of nuocytes in mesenteric lymph nodes in response to parasitic infection *'.
Nuocytes are described as resembling lymphocytes yet lacking all lineage markers
associated with haematopoietic cells. Reports vary on expression levels of key

extracellular markers including Sca-1 and c-Kit '?"*'°

. However nuocytes do
consistently express IL-7Ra and ICOS. In this thesis, nuocytes were determined by

multicolour flow cytometry by excluding doublets and dead cells then selecting a
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lymphocyte gate with SSC low cells that were CD45" but lineage negative (CD3,
B220, CD11b, FceR1a, CD4, CD8, CD11c, GR1, CD49b), Sca-1, IL-7Ra and ICOS

positive. c-Kit was excluded from the description of these cells, as the expression
levels were negligible (Figure 4.9). To determine IL-4 expression, nuocytes were
investigated for the expression of GFP and enumerated as total numbers of GFP
producing nuocytes per organ. Figure 4.9 illustrates the identification and
characterisation of nuocytes in the mediastinal lymph nodes and this is representative
of gating strategies used for identification of nuocytes in both the lungs and

mesenteric lymph nodes in subsequent figures.
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Figure 4. 9 Identification and characterisation of nuocytes in the lung, mediastinal and
mesenteric lymph nodes following N. brasiliensis infection. Mediastinal lymph nodes from
day 9 secondary infected mice were processed and stained for multicolour flow cytometric
analysis. Nuocytes were determined as doublet DAPI” SSC° CD45" Lineage Scal® IL-7Ra’
ICOS" c-Kit'. Open lines represent nuocytes overlaid onto grey filled lines representing isotype
controls (except for lineage plot that represents all live cells in the sample).

To determine whether nuocytes were present in the lungs and the mediastinal lymph

node of mice infected with N. brasiliensis, the frequency and total number of IL-4
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producing nuocytes were determined over the course of the primary and secondary
immune responses. G4*", G4""IL-25", G4*"*, G4**IL-25" animals were infected with
600 L3 N. brasiliensis, 45 days later these same animals were challenged with the
same number of parasites to induce a secondary immune response. Flow cytometry
was used to determined the frequency of nuocytes in naive animals and on days 3, 6
and 9 following primary infection, following 45 days rest and then subsequently 3, 6
and 9 days after re-infection. In the absence of IL-25 and IL-4 there was no defect in
nuocyte population expansion in either the lymph nodes or lungs following primary
and secondary infections (Figure 4. 10, Figure 4. 11, Figure 4. 12 & Figure 4. 13). The
only differences were noted in the lungs of IL-4 sufficient IL-25 deficient animals at
day 6 following re-infection with N. brasiliensis where the numbers of nuocytes were
significantly less in the absence of IL-25. However by day 9 the numbers were similar
to the IL-25 wild type control once again (Figure 4. 12). This did not occur in the
lungs of animals lacking signalling from both IL-25 and IL-4 (Figure 4. 13). Taken
together these data demonstrate that the absence of IL-25 had no effect on the influx
or expansion of nuocytes to the lung or mediastinal lymph node following primary or

secondary N. brasiliensis infection.

As IL-4 is required for the generation of protective immunity against N. brasiliensis it
was decided to investigate whether these newly described nuocytes were contributing
large quantities of IL-4 to the immune response. Total numbers of GFP" nuocytes
were compared to total numbers of GFP* Th2 cells in the mediastinal lymph nodes
and lungs following primary and secondary N. brasiliensis infection. IL-4 producing
Th2 cells significantly outnumbered the IL-4 producing nuocytes (Figure 4. 14A). The
total number of CD4 T cells significantly outnumbered the total numbers of nuocytes
in both the mediastinal lymph node and lung during both the primary and secondary
immune response to N. brasiliensis infection (Figure 4. 14B). In summary, in the
lymph nodes and lungs of an N. brasiliensis infected animals the Th2 cells constitute
the greater proportion of IL-4 producing cells in comparison to the nuocyte

population.
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Figure 4. 10 IL-25 is not required for expansion of the nuocyte population in the mediastinal
lymph node following N. brasiliensis infection. Mediastinal lymph nodes (MdLN) were
harvested 3, 6 and 9 days following primary infection with 600 L3 SQ N. brasiliensis. Mice
were challenged at 45 days after primary infection and MdLNs were harvested 3, 6 and 9
days later to determine secondary immune responses. MdLNs were processed into single cell
suspensions, stained and analysed by flow for A: frequency of Nuocytes (doublet DAPI ssc
CD45" Lineage Scal’ IL-7Ra’ ICOS") that were enumerated as total nuocytes per lymph node
and B: frequency of IL-4 producing GFP* Nuocytes that were enumerated as total GFP*
nuocytes per lymph node *p<0.01, **p<0.001, ***p=<0.0001; 2Way ANOVA with a Bonferroni

post test as compared to G4"". Line graphs show mean =SEM, n=4 mice/group. PTR: Prior to
re-infection.
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Figure 4. 11 IL-25 is not required for nuocytes expansion in the mediastinal lymph node
following N. brasiliensis infection in the absence of IL-4. Mediastinal lymph nodes (MdLN)
were harvested 3, 6 and 9 days following primary infection with 600 L3 SQ N. brasiliensis.
Mice were challenged at 45 days after primary infection and MdLNs were harvested 3, 6 and
9 days later to determine secondary immune responses. MdLNs were processed into single
cell suspensions, stained and analysed by flow for A: frequency of Nuocytes (doublet” DAPI
SSC° CD45" Lineage Scal® IL-7Ra’ ICOS') that were enumerated as total nuocytes per lymph
node in B: frequency of IL-4 producing GFP* Nuocytes and enumerated as total GFP* nuocytes
per lymph node *p=<0.01, **p=<0.001, ***p<0.0001; 2Way ANOVA with a Bonferroni post test

as compared to G4 Line graphs show mean +=SEM, n=4 mice/group. PTR: Prior to re-
infection.
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Figure 4. 12 IL-25 is not required for nuocytes expansion in the lung following N. brasiliensis
infection. Lungs were harvested 3, 6 and 9 days following primary infection with 600 L3 SQ N.
brasiliensis. Mice were challenged at 45 days after primary infection and lungs were
harvested 3, 6 and 9 days later to determine secondary immune responses. Lungs were
processed into single cell suspensions, stained and analysed by flow for A: frequency of
Nuocytes (doublet’ DAPI" SSC° CD45" Lineage Scal® IL-7Ra’ ICOS’) that were enumerated as
total nuocytes per lymph node in B: frequency of IL-4 producing GFP* Nuocytes and
enumerated as total GFP* nuocytes per lymph node *p=<0.01, **p=<0.001, ***p=<0.0001; 2Way
ANOVA with a Bonferroni post test as compared to G4, Line graphs show mean +SEM, n=4
mice/group. PTR: Prior to re-infection.
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Figure 4. 13 Even in the absence of IL-4, IL-25 is not required for nuocytes expansion in the
lungs following N. brasiliensis infection. Lungs were harvested 3, 6 and 9 days following
primary infection with 600 L3 SQ N. brasiliensis. Mice were challenged at 45 days after
primary infection and lungs were harvested 3, 6 and 9 days later to determine secondary
immune responses. Lungs were processed into single cell suspensions, stained and analysed
by flow for A: frequency of Nuocytes (doublet’ DAPI" SSC° Lineage” Scal® IL-7Ra’ I1COS") that
were enumerated as total nuocytes per lymph node in B: frequency of IL-4 producing GFP*
Nuocytes and enumerated as total GFP" nuocytes per lymph node *p=0.01, **p=<0.001,

***¥p<0.0001; 2Way ANOVA with a Bonferroni post test as compared to G4

+/+

, Line graphs

show mean =SEM, n=4 mice/group. PTR: Prior to re-infection.
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Figure 4. 14 Th2 cells rather than nuocytes are the predominant source of IL-4 in the
mediastinal lymph node and lung during N. brasiliensis infection. Lungs and mediastinal
lymph nodes (MdLN) were harvested 3, 6 and 9 days following primary infection with 600 L3
SQ N. brasiliensis. Mice were challenged at 45 days after primary infection and lungs and
MdLNs were harvested 3, 6 and 9 days later to determine secondary immune responses.
Lungs and MdLNs were processed into single cell suspensions, stained and analysed by flow
for numbers of A: IL-4 producing Th2 cells (Doublet DAPI'CD3'CD4"GFP" cells) and GFP" IL-4
producing nuocytes (doublet’ DAPI' SSC* Lineage” Scal® IL-7Ra’ ICOS™ GFP" cells) B: Total CD4
T cells (Doublet DAPI'CD3*CD4" cells) and total nuocytes (doublet’ DAPI” SSC° Lineage Scal®
IL-7Ra’ ICOS" cells) *p=0.01, **p=0.001, ***p=<0.0001; 2Way ANOVA with a Bonferroni post
test. Line graphs show mean =SEM, n=4 mice/group. PTR: Prior to re-infection.
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4.3.6 Lung protective immunity to N. brasiliensis continues in the absence of IL-25

signalling

Previous investigations have demonstrated that animals deficient in IL-25 have a
delayed ability to expel intestinal N. brasiliensis '”. To further expand on these
findings, we performed a kinetics study using IL-25 sufficient and IL-25 deficient
animals in which worm counts were measured regularly in the lung and small intestine
following a primary (Figure 4. 15A) and a secondary infection (Figure 4. 15B) with N.
brasiliensis. The majority of the parasites passed through the lung by day 2-post
infection with little variability between IL-25 deficient animals and the wild type
controls (Figure 4. 15A). The highest worm counts in the guts were observed after 4-6
days of infection, followed by a rapid drop in worm numbers with complete expulsion
in the wild type by day 9-post infection (Figure 4. 15A). A relatively small but
persistent worm population was maintained in the IL-25 deficient animals from day 9
until about day 12 (Figure 4. 15A). This data is consistent with two phases (lung and

guts) of N. brasiliensis infection.

One of the research objectives of chapter four was to determine whether IL-25 played
a role in protective immunity against N. brasiliensis. Protective immunity was defined
as the significantly decreased worm burden noted in the lungs of the wild type mice,
in comparison to their primary infection worm burdens, following a challenge
infection. This was noted in the lungs of wild type challenged mice in comparison to
the worm burdens seen in those same animals during a primary infection (Figure 4.
15B). Numbers of viable worms recoverable from day 2 lungs dropped off
significantly, from approximately 150 worms during the primary to less than 25
during the secondary infection, this is indicative of a faster more efficient immune
response preventing the parasites from establishing their usual infection cycle (Figure
4. 15B). In the absence of IL-25 there were no differences in the worm burdens in the
lung following challenge infection when compared to the wild type control (Figure 4.
15B). As expected there were less worms seen in the gut in the secondary response,
however, delayed expulsion of the worms could again be seen in the IL-25 deficient
mice (Figure 4. 15B). These data illustrate there is no significant impairment of

protective responses against N. brasiliensis in IL-25 deficient animals during the lung
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phase of infection, however there is a minor role for efficient expulsion of L5 stage

larvae from the small intestines.
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Figure 4. 15 Lung worm burdens are unaffected by loss of IL-25 signalling however a minor
delay in expulsion from the small intestine is noted following both primary and secondary
infections. Viable worms were counted following migration out of harvested and processed
lungs or small intestines following A: primary N. brasiliensis infection or B: secondary N.
brasiliensis infections at times indicated. *p=<0.01, **p=<0.001, ***p<0.0001; 2Way ANOVA
with a Bonferroni post test, Bar and line graphs show mean =SEM and are representative of 2
or more experiments, n=5 mice/group. ns: not significant.

The Th2 associated cytokines IL-4, IL-5, IL-9 and IL-13 work co-operatively towards
expulsion of N. brasiliensis from the small intestine '*’. IL-4 compensates for the
absence of IL-5 and IL-9 but cannot compensate for the loss of IL-13 during a primary
infection '*"'®*, However, IL-4 has been determined as a critical factor for maintaining
immunity and low worm burdens during the lung phase of N. brasiliensis secondary
infections '*'. This section set out to investigate whether the loss of signalling of both

IL-4 and IL-25 would result in loss in protection in either the lung or the gut phases of
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N. brasiliensis secondary infections. IL-25 deficient animals on IL-4 sufficient, IL-4
heterozygous and IL-4 deficient backgrounds were infected with N. brasiliensis
alongside IL-25 sufficient controls with matching IL-4 backgrounds. To determine
viable worm burdens, lungs were harvested 2 days after infection while small
intestines were harvested 6 and 9 days after infection. For secondary worm burdens a
challenge infection was administered 45 days following the primary infection and
worm burdens were determined similarly following 2, 6 and 12 days. Dual cytokine
deficient IL-4"1L-25" animals had similar worm burdens in the lungs to those
detectable during the primary infections (Figure 4. 16A). In the lungs there was no
difference between the worm burdens enumerated from the IL-25" animals as
compared to the respective control mice. The loss of an allele of IL-4 had significant
implications in the lungs on the worm burdens but no effect was detectable in the
small intestines following secondary infection in comparison to the wild type IL-4**
worm burdens (Figure 4. 16B). Moreover, worm burdens in the small intestine 6 days
following secondary infection was significantly higher in the IL-4 deficient and with a
trend for higher numbers in the dual IL-4 and IL-25 deficient animals (Figure 4. 16B).
This suggests a role for IL-4 in protection against re-infection from N. brasiliensis
generated in the lungs that results in more worms making it through to the small
intestine and therefore higher worm burdens are noted in this organ. Little role was
noted for IL-25 in expulsion of worms from the small intestine following both primary
and secondary infections, even though a clear role has been previously documented

for expulsion following primary infection ®'.
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Figure 4. 16 IL-4 and IL-25 dual cytokine deficient animals have significantly impaired
protective responses against secondary infections with N. brasiliensis. VViable worms were
counted following migration out of harvested and processed A: lungs or B: small intestines
following primary and secondary N. brasiliensis infections at times indicated. *p=<0.01,
**p=<0.001, ***p=<0.0001; 2Way ANOVA with a Bonferroni post test as compared to IL-4/1L-4,
Bar graphs show mean +SEM and are representative of 2 or more experiments, n=6
mice/group. PTR: Prior to re-infection.
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4.3.7 Th2 cells, type 2 cytokines and nuocytes in the mesenteric lymph node show

no deficiency in the absence of IL-25

The delay in expulsion of worms from the intestine is thought to arise due to a delay
in the type 2 responses in the local tissue or the draining lymph node. The lack of
expansion of IL-13 producing nuocytes in the absence of IL-25 is theorised as the

cause for this delayed expulsion °"'7

. To determine whether the Th2 adaptive
immunity was similar in the small intestine in the absence of IL-25 following
infection with N. brasiliensis, the proportion and numbers of mesenteric lymph node
Th2 cells at day 9 following primary infection were investigated. While the frequency
of Th2 cells in the absence of IL-25 was significantly lower in comparison to the IL-
25 sufficient control, no differences were evident in the total numbers of Th2 cells in
both the presence and absence of IL-25 regardless of the ability to signal through IL-4
(Figure 4. 17). A multiplex cytokine assay was also used to determine the type 2
cytokine responses 9 days following either primary or secondary infection with N.
brasiliensis. Mesenteric lymph nodes were re-stimulated with aCD3/aCD28 beads in
the presence of rIL-2 for 24 hours and the amount of IL-4, IL-13, IL-5 or IL-3 was
determined in the supernatant. No deficiencies were noted in any of the cytokines
tested, in fact a trend towards higher concentrations of IL-4, IL-5 and IL-3 were
detected in the absence of IL-25 signalling with IL-13 concentrations of a
significantly higher concentration during the primary response (Figure 4. 18).
Remarkably a time course following the expansion of mesenteric lymph node
nuocytes after primary infection of N. brasiliensis determined no significant
differences in frequencies or numbers of the innate effector cells (Figure 4. 19). Of
note however is the possibility that the delay in nuocyte induction occurred earlier
than day 6. This would be supported by data from IL-17BR” (IL-25 receptor
deficient) animals where a deficiency in nuocyte numbers is noted on day 4 but by day
11 post primary infection markedly higher numbers of nuocytes are already detectable
as compared to the IL-17BR** controls *'. In summary these data illustrate that in the
absence of IL-25 signalling there are no detectable defects in Th2 cell numbers, Th2
associated cytokines or nuocytes in the mesenteric lymph nodes following infection

with N. brasiliensis.
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Figure 4. 17 Mesenteric Th2 cells differentiate in the absence of IL-25 following infection
with N. brasiliensis. Mesenteric lymph nodes (MesLN) were harvested 9 days following
primary infection with 600 L3 SQ N. brasiliensis and processed into single cell suspensions,
stained and analysed by flow for frequency of Th2 cells (Doublet DAPI'CD3'CD4'GFP" cells)
that were enumerated as total numbers of Th2 cells per lymph node. *p=<0.01, **p=<0.001,
***¥p<0.0001; 1Way ANOVA with a Tukey post test. Bar graphs show mean +SEM and are
representative of 2 or more experiments, n=5 mice/group. ns: not significant.
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Figure 4. 18 Type 2 cytokines from the mesenteric lymph nodes of IL-25 deficient mice were
similar to those of the IL-25"* controls following N. brasiliensis infection. Mesenteric lymph
nodes from day 9 primary and day 9 secondary N. brasiliensis infected IL-25"* and IL-257
mice were processed into single cell suspensions and re-stimulated on a.CD3/aCD28 beads
for 24hrs in presence of 100U/ml IL-2. Supernatant was analysed using bioplex analysis for IL-
4, IL-5, IL-13 and IL-3. *p=<0.01, **p=<0.001, ***p=<0.0001; 2Way ANOVA with a Bonferroni
post test; Bar graphs show mean +SEM, n=3 mice/group.
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Figure 4. 19 Nuocyte frequency and numbers in the mesenteric lymph nodes of IL-25
deficient mice were similar to those of the controls following primary N. brasiliensis
infection. Mesenteric lymph nodes from naive, day 6 and day 9 primary N. brasiliensis
infected IL-25"* and IL-257 mice were processed into single cell suspensions, stained and
analysed by flow cytometry for frequency of Nuocytes (doublet” DAPI ssc° Lineage Scal® IL-
7Ra’ 1COSY) that were enumerated as total nuocytes per lymph node. *p=0.01, **p=<0.001,
***¥p<0.0001; 2Way ANOVA with a Bonferroni post test. Line graphs show mean +SEM, n=4
mice/group.

4.3.8 H. polygyrus expulsion from the gut is delayed in IL-25 deficient animals

Similar to immunity against N. brasiliensis, the cytokines IL-4, IL-13 along with CD4
T cells play an integral part in generating protective immunity against challenge

infections with H. polygyrus 153217

. The primary infection is a chronic infection,
however treatment with anti-helminthic drugs inducing parasite expulsion results in
immunity to challenge infections in the animals. H. polygyrus is an entirely enteric
parasite where the initial 8-10 days are spent burrowed into the submucosa of the
small intestine. During challenge infections the immune system is seen to form a
granulomatous mass with associated limits in worm numbers, size and fecundity noted
upon exit into the lumen '**. Once adult worms have exited the submucosa and entered
the lumen the ‘weep and sweep’ mechanisms similar to those reported during N.

brasiliensis infections are likely to occur enabling the removal of adult L5 stage

worms 2.

To determine whether delayed expulsion following helminth infection in IL-25

deficient animals also occurred with the gut dwelling nematode H. polygyrus, IL-25"
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and IL-25"" control animals were infected intragastrically (i.g.) with 200 L3 H.

polygyrus, treated with anti-helminthic drug and re-infected 36 days later. Viable
worms were recovered from the small intestines 10 and 20 days following primary
and secondary infections. At these same time points, total numbers of eggs per
caecum were determined using a modified McMaster’s technique. The McMaster’s
technique makes use of a known mass of faeces resuspended in a known volume of
water, counted in a McMaster counting chamber of which a known volume is counted,
therefore the numbers of eggs can be calculated per gram of faeces. Delayed
expulsion was noted following secondary infection but only after 20 days (Figure 4.
20). At day 10 following secondary infection, shortly after the worms have emerged
into the lumen, no differences were observed between IL-25" or control animals.
Apart from 10 days after primary infection with H. polygyrus, no significant
differences were observed in the egg counts or fecundity of worms recovered from the
intestines in the absence of IL-25 signalling. These data illustrate a role for IL-25 in
the expulsion of the entirely enteric helminth H. polygyrus. Further experiments

would be needed to determine whether nuocytes could possibly be responsible for this

altered phenotype.
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Figure 4. 20 Loss of IL-25 resulted in delayed expulsion from the gastrointestinal tract
following secondary infection with H. polygyrus. IL-25"* controls and IL-257 mice were
infected i.g. with 600 L3 H. polygyrus, treated with anti-helminthic and re-infected 36 days
later. Viable worm burdens, egg counts and fecundity of worms were determined 10 and 20
days following both primary and secondary infections. Viable worms were counted following
migration out of harvested and processed small intestines, total eggs per caecum were
counted using the modified McMaster technique and fecundity was determined as number
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of eggs per worm. *p=<0.01, **p=<0.001, ***p=<0.0001; 2Way ANOVA with a Bonferroni post
test as compared to IL-25"". Line graphs show mean =SEM, n=5 mice/group.
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4.4 Discussion

It was hypothesised that the absence of IL-25 would result in delayed and quite
possibly decreased T helper type 2 responses. Surprisingly this was not the outcome
of the research contained within this chapter. There were no delays or deficiencies
between the IL-25 deficient animals and their wild type controls in either the innate or
adaptive Th2 responses measured. Neither was there any role determined for IL-25 in
the generation of protective immunity against re-infection. The protective response
was mediated by a fully developed Th2 immune response where total numbers of Th2
cells in the lymph nodes and lungs resembled that of IL-25 sufficient controls. The
increased blood basophilia, eosinophilia, serum IgE titres and trend towards increased
mucous secretion and all infer a role for IL-25 in regulation of over production of type
2 responses associated with helminth infections rather than induction of these
responses. The only apparent roles for IL-25 inducing Th2 immunity were that of
timely expulsion of both primary and to a lesser degree secondary infections of N.
brasiliensis from the small intestines. Additionally a role for IL-25 during intestinal
helminth expulsion was noted in H. polygyrus secondary infections. In summary, this
chapter showed no role for IL-25 in initiating or maintaining a Th2 immune response,
with the only detectable role in mediating timely expulsion of helminths from the

intestine.

Unlike previous allergic airways inflammatory (AAI) models where IL-25 was
required during sensitization and challenge for the development of the Th2 responses

and associated pathologies *'**'

, this chapter reported no role for IL-25 in mediating
Th2 driven inflammatory responses in the lung that resulted from infection with N.
brasiliensis. The airways inflammatory response to N. brasiliensis resembles allergic
airway models with features such as lung eosinophilia, airways hyperreactivity and
mucous production **'*** In the absence of IL-25 similar numbers of both adaptive
and innate AHR responses, the Th2 cells and eosinophilia, were detectable to similar
degrees in the lungs. Blood basophilia, eosinophilia and serum IgE titres were
increased and mucous production in the bronchioles was also slightly increased. The

reduced Th2 responses described previously when IL-25 signalling was ablated were

associated with an altered immune phenotype, with decreased IL-5 and IL-13
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production and increased IL-17 production. This switching of immune phenotypes in
the absence of IL-25 from the Th2 dominated arm to that of Th17 or Thl dominated

arm was reported in response to T. muris infection '*

. During autoimmune
encephalomyelitis (EAE) IL-25 was also shown to promote the Th2 arm to down-
regulate the autoimmune Th17 arm '*. Unlike these previous reports, this chapter
found no changes in IL-4, IL-5, IL-13, IL-9 or IL-17 during the lung allergic
inflammatory responses. A possible explanation for the differences noted for the role
of IL-25 in other models of AAI, T. muris infections and EAE could be explained by
the relatively weak immune Th2 phenotypes induced by 7. muris infections and OVA
models of AAI, unlike the robust Th2 induction and all round activation associated
with an N. brasilienis or H. polygyrus infection. The comparison between weak and
robust Th2 immune phenotypes can be noted due to the markedly higher levels of
serum IgE, basophilia, eosinophilia and mucous producing goblet cells in an N.
brasilienis and H. polygyrus infection in comparison to OVA models of AAI and
infection with 7. muris. Another explanation could be the reliance on IL-13 for
mediating AAI, T. muris infections and EAE whereas N. brasiliensis and H. polygyrus
protective immunity relies upon the production of IL-4. Indeed, IL-4 was confirmed in
this chapter as predominantly produced by Th2 cells during secondary infections in
the lung. While previous studies infer IL-25 may have a role in negative regulation of
the Th1/Th17 arms of the immune response the studies in this chapter did not support
this theory, with similar levels of Th1l and Th17 cytokines in both the IL-25 deficient

and sufficient animals.

Of interest is the delayed intestinal expulsion observed during both N. brasiliensis and
H. polygyrus infection. H. polygyrus challenge infections require CD4 T cells during
larval development stages until day 8 after challenge then a CD4 T cell independent
luminal resistance occurs day 8 onwards '¥, timing that coincides with the delayed
expulsion seen in Figure 4. 20. A possible explanation for the delayed expulsion of H.
polygyrus 1is, the ablation of IL-25 signalling through parenchymal cells such as the
smooth muscle cells resulting in a defect in the ‘weep and sweep’ mechanisms of the

intestine. IL-25R is present on smooth muscle cells **' and IL-25 is produced by Th2

138 147 144,

cells '**, mast cells '*, basophils '*" and eosinophils '*; all effector cells readily found

in the small intestines of N. brasilienisis infected animals. Although Ballantyne et al.
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were unable to demonstrate a direct effect of IL-25 on airways smooth muscle cells
* in a paper published subsequently the validity of the rIL-25 used in those
experiments was questioned *'*. Another explanation for the delayed expulsion could
be as a result of a deficiency in IL-13 producing nuocytes as has previously been
proposed ', however this chapter determined no significant defect in nuocyte numbers
in the mesenteric lymph nodes. There is the possibility that this chapter determined no
differences in numbers of nuocytes as the time course evaluated began too late. The
delay in nuocyte expansion in the intestine has been previously reported as early as 4
days post infection ®', this chapter investigates nuocytes numbers at 6 and 9 days after
infection. However what is striking to note is the lack of correlation between early
deficiency in nuocyte numbers that occurs prior to 6 days after infection and increased
worm burdens that are noted from day 7 after infection. Although it is possible with
the lack of an IL-13 reporter the IL-13 positive nuocytes were significantly ablated
and thereby unable to effect expulsion of the parasite. Another possibility may include
the necessity for lineage negative cells to become activated by IL-25 to mediate their

130211 Thus, whilst there were no

effects in the small intestinal environment
differences in nuocyte numbers detectable in this chapter, there may be a marked
difference in effectiveness of these enumerated cells. In vivo data substantiating this
theory illustrates that both innate helper 2 (Ih2) cells "*° and nuocytes *'' require rIL-25
to induce effector responses following adoptive transfer of these innate cells, inferring
IL-25 is required to activate nuocytes to enable them to perform their effector
functions. This theory also correlates with previously published IL-25 mRNA levels
detectable in the small intestine following primary infection with N. brasiliensis. IL-
25 mRNA levels are shown to increase only after 7 days of primary infection ",
coinciding with the delayed expulsion in IL-25 deficient mice that is quantifiable from
7-12 days. These studies suggest that nuocytes require activation by IL-25 for
subsequent expulsion of parasites from the intestine. As such this theory would also

offer a possible explanation for the increased worm burdens noted later during H.

polygyrus infection.
In conclusion, these data demonstrate no role for IL-25 in the induction and

maintenance of adaptive T helper type 2 responses to infection with N. brasiliensis.

However this research does demonstrate distinct differences between Th2/type-2
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effector responses in the lung and the intestines and highlights the importance of using

a variety of Th2 models to determine the functional effects of novel cytokines.

119












Chapter Five:

Characterisation of a Th2 cell: The allelic expression of IL-4.
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5.1 Background

Functionally distinct T helper subsets were originally defined in the 1980°s when the
Th1 and Th2 subsets were described on the basis of the production of their canonical
cytokines, IFNy or IL-4 °. Visualising intracellular production of IL-4 is technically
difficult due to the short half-life of the protein. Less invasive methods of
distinguishing Th2 cells based on surface molecule expression would be beneficial for
Th2 cell isolation and analysis. A variety of surface molecules have been investigated
including: the IL-2 receptor (CD25) ** that was shown to be expressed early during
the development of Th2 cells, the IL-4 receptor (CD124) that was shown to be
upregulated early after antigen experience but downregulated in differentiated Th2
cells *** and the chemokine receptors CCR3 (CD193) ***, CCR4 (CD194) ****, CCRS8
(CD198) **’, CRTh2 ** and the innate cytokine receptors, IL-33 receptor (T1/ST2)
229230 and IL-25 receptor (IL-17RB) *"'*7 all of which vary in their levels of expression
within the Th2 cell population. Therefore researchers rely on the intracellular

detection of IL-4 for confirmation that the CD4 T cell can be classified as a Th2 cell.

The production of IL-4 by Th2 cells is closely regulated as IL-4 signalling

182,217 and

orchestrates both protective responses against parasitic helminth infections
aberrant inflammatory responses to allergens *'**’. There are multiple methods of
regulating the production of IL-4, however the interest of this chapter is how IL-4
expression is regulated on an allelic basis. Diploid genomes were theorised as a safety
mechanism whereby biallelic expression ensured any deleterious mutation on a single
allele would still result in the functional expression of the gene product from the
opposite allele. More recently however, it has been demonstrated that not all alleles
are expressed in pairs, that in fact, certain genes express one allele independently from
the other; this form of gene regulation is termed monoallelic expression. Monoallelic
expression was initially considered a rare event however breakthroughs in molecular
technology have led to speculation that monoallelic expression may be far more
common than initially thought. This has led to the suggestion that monoallelic
expression may be providing the cell with a chance for diversity which would be

unobtainable if both alleles are always expressed simultaneously ***.
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The discovery of predominantly monoallelic expression of IL-4 by in vitro generated
Th2 cells and the simultaneously reported low frequency of total T helper cells that

119-121

actually become IL-4 producers , lead to speculation that either there is an

235236

inefficient process of inducing accessibility at the /L4 gene or there is some

stochastic process that determines which cells produce IL-4 and which cells don’t '°.
The idea being that the stochastic opening of an allele is an infrequent occurrence. The
‘on/off” or probabilistic manner in which IL-4 alleles were shown to be expressed
resulted in a further intriguing theory as to how this may serve as a regulatory
mechanism during a Th2 immune response *’. To elaborate, IL-4 is thought to be
secreted in a polarised fashion through a synapse to the cell of interest (e.g. a Th2 cell
helping a B cell), therefore considering only a limited number of T helper cells are
producing IL-4 they will only be able to interact with a limited number of B cells and
therefore limit the downstream effects of IL-4 signalling. This creates a stringent form
of regulation as the greater the number of Th2 cells the greater the effector responses.
If however IL-4 acts not only in the local vicinity but also has far reaching effects,
then the overall quantity of IL-4 released by the total Th2 cell population would be of
vital importance for the effector response and tailoring the quantity released by Th2
cells rather than tailoring the quantity of Th2 cells would be a far more tricky system
to regulate. Interestingly this theory of cell to cell mediated signalling by IL-4 does
raise a query as to what happens when both alleles of L4 are expressed
simultaneously, do these helper T cells have twice the concentration of IL-4 to secrete

in a polarised fashion at the cell synapse and therefore twice the downstream effects?

The total Th2 cell subset is not a homogeneous population but comprises instead of
further subsets of specialised Th2 cells with particular roles including for example:

153-155

effector Th2 cells that mediate immunity against parasitic helminths , central

memory and effector memory Th2 cells that are located respectively in the lymph

161,183’ and

nodes or tissues and produce a rapid recall response upon antigen challenge
possibly the T follicular helper (Tth) cells or a subset of CD4 T cells that are
responsible for class switch recombination to IgE through the production of IL-4 '*-
"', The similarity between these subsets of CD4 Th2 cells is their production of IL-4.
Since il4 allele expression by CD4 T cells is highly regulated in vitro, this chapter

queried whether the //4 gene is subject to monoallelic or biallelic expression in vivo.

125



Chapter Five: Characterisation of a Th2 cell: The allelic expression of I11.-4.

IL-4 producing CD4 T cells in vivo have recently been shown to utilise different

HLITIE therefore it

transcription factors in lymphoid compared to tissue environments
was also decided to determine whether the genomic organisation in terms of allelic
expression of IL-4 was also subject to specific regulation within these various

specialised Th2 cells.
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5.2 Research Objectives

To determine whether the genomic organisation, which reflects a commitment to Th2
cytokine expression, could provide a clearer definition of an in vivo functional Th2

cell.

Summarised aims:
* Investigate whether T helper cell stage of development, tissue location or type
of initiating stimulus is associated with particular allelic expression of IL-4 by
Th2 cells.
* Determine whether the presence of one or both alleles can be linked to a
functionally relevant mechanism involved in the generation of protective

immunity against parasitic helminth infections.
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5.3 Results

5.3.1 Monoallelic expression of IL-4 is the predominant form of regulation in both

effector and memory Th2 cells

Previous investigations into the allelic expression of IL-4 have used methods of in
vitro Th2 differentiation. This chapter set out to examine the regulation of allelic
expression of IL-4 after in vivo Th2 differentiation. Homozygous KN2/KN2 ' and
G4/G4 '"° IL-4 reporter mouse strains were crossed, to generate an il4 allele specific
reporter mouse. The KN2 reporter mice express modified human CD2 (hCD2) while
the G4 reporter mice express green fluorescent protein (GFP) instead of IL-4 protein.
This combination generated a novel tool, the KN2/G4 mouse, which enabled direct ex
vivo monitoring of the expression of independent alleles of the [l4 gene through

assessment of the protein product.

A Th?2 allergen model involving a activation of a single draining lymph node through
various known Th2 allergens was used to determine whether Th2 cells generated in
vivo were subject predominantly to monoallelic expression, similar to in vitro
generated Th2 cells. It was also of interest to further determine whether this
expression pattern differed depending on the effector or memory status of the Th2
cell, a Th2 allergen model was used. The allele specific reporter mice (KN2/G4 mice)
were injected with the common allergen, house dust mite (HDM), in the dermis of the
ear that results in the differentiation and expansion of Th2 cells reaching maximum
numbers within 7 days of the injection. Thirty days later once the immune response
had subsided, these animals were challenged with the same allergen dose to induce a
rapid memory response. The draining lymph nodes were harvested, processed into
single cell suspensions and counted using trypan blue exclusion dye to determine total
viable cells (Figure 5. 1A). A memory response was detectable upon secondary
challenge with the same antigen; the total number of cells recruited to the lymph node
within the three-day period following challenge was higher after secondary challenge
in comparison to the primary immune response. The total numbers of lymphoid cells

dropped markedly following primary infection but were still significantly higher than
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naive numbers at day 30 following primary infection. To confirm the Th2 immune
response had subsided at 30 days after the injection, the CD4 T cells were monitored
for the expression of GFP protein, indicative of Th2 cell commitment to IL-4
production. The total frequencies of Th2 cells were at least 3 times lower at day 30,
the day of HDM challenge, compared to frequencies of Th2 cells during the height of
the primary response or secondary response (Figure 5. 1A). This model system was
used to determine whether the expression of in vivo generated Th2 cell IL-4
production was monoallelic or biallelic and whether there was a tendency towards
either monoallelic or biallelic expression during the primary or secondary immune

response.

To monitor expression of IL-4, the lymph node cells were harvested, processed,
stained and analysed by flow cytometry and the Th2 cells were monitored for the
expression of reporter proteins (Figure 5. 1B). The expression of either monoallelic
GFP or hCD2 or biallelic GFP and hCD2 together were graphically represented as
frequency of reporter protein expression per CD4 T cells (Figure 5. 1C), this analysis
illustrated that in the majority of Th2 cells monoallelic expression of IL-4 was
significantly higher than biallelic expression of IL-4 during both the primary and the
secondary immune response. The only exception was in the small memory Th2 cell
population visible prior to challenge at day 30 where the differences between the
frequencies of CD4 T cells with monoallelic or biallelic expression of IL-4 is
markedly less striking. In summary, as had been seen previously in vitro, the majority
of Th2 cells in vivo regulated IL-4 through monoallelic expression with little variation

during primary and secondary lymphoid immune responses.
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Figure 5. 1 IL-4 expression is predominantly monoallelic, however the biallelic IL-4 population
increases as the immune response increases. House dust mite was injected into the ear dermis with a
challenge injection administered at 30 days after the primary injection. The draining lymph node
immune response was tracked over time monitoring A: the total numbers of cells present in the
lymph node as determined by viable exclusion dye and the frequency of CD4 T cells expressing IL-4
reporter proteins was represented as a line graph. B: the expression of hCD2 or GFP by the CD4 T cells
determined by flow cytometry. Contour plots representative of day 0, 3, 30 and 33 and inset numbers
representing frequency of reporter positive cells per CD4 T cells. C: The frequency of monoallelic or
biallelic reporter positive cells per CD4 T cells. D: The frequency of biallelic cells per CD4 T cells and
total biallelic cells per lymph node plotted over time. *p=<0.01, **p<0.001, ***p<0.0001; 2Way
ANOVA with a Bonferroni post test as compared to biallelic Th2 cells. Data is representative of at least
2 independent experiments with bar and line graphs showing mean + SEM for n=4 mice per group.
i.d.: intradermal
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5.3.2 Th2 cells with biallelic IL-4 expression have a higher activation status than

Th2 cells with monoallelic IL-4 expression

An interesting correlation was observed between the increasing total Th2 immune
response and both the frequency and total numbers of biallelic IL-4 expressing Th2
cells (Figure 5. 1 D). This observation of a possible link between the increasing Th2
immune response and the proportion of biallelic IL-4 expressing Th2 cells lead to a
theory that Th2 cells with biallelic IL-4 expression may be functionally distinct from
monoallelic IL-4 expressing Th2 cells. To investigate this theory further, the Th2 cells
derived from allergen-induced primary and secondary responses (as described in
Figure 5. 1) were stained for cell surface markers discerning their activation status.
The median fluorescent intensity of the early activation marker CD69 along with the
activation marker CD44 were significantly increased in the biallelic cells compared
with the monoallelic or reporter negative cells while the memory cell associated
markers CD45RB and CD62L remained similar to that detected on the surface of the
monoallelic cells (Figure 5. 2). Interestingly not only did Th2 cells with biallelic IL-4
expression have higher levels of activation markers, they also produced significantly
more [L-4 reporter protein on a per cell basis (as measured by the median fluorescent
intensity) compared to their monoallelic counterparts (Figure 5. 3). When re-
stimulated and stained for the presence of additional cytokines a discrepancy arose
between the GFP monoallelic cells and the hCD2 monoallelic cells with GFP
monoallelic cells far more likely to express an additional cytokine, IL-13, IL-5, IL-10
or IFNy whilst expressing the IL-4 reporter protein in comparison to their hCD2
monoallelic counterparts (Figure 5. 4). In summary, the Th2 cells with biallelic IL-4
expression had a higher activation status and had increased per cell expression of

reporter proteins than the Th2 cells with monoallelic IL-4 expression.

131



Chapter Five: Characterisation of a Th2 cell: The allelic expression of I11.-4.

132

1500 30000+ . .

5 z -® Biallelic
8 1000 8 20000 # GFP Mono
2 1 3 1 4 hCD2 Mono
aQ aQ > Negative
E 5001 E 10000
o o
= =

0 T T T 0 T T T

Naive Primary Secondary Naive Primary Secondary
House Dust Mite i.d. House Dust Mite i.d.

5 20000+ % 5000-
8 150001 o 4000
N @ 30001
& 100001 <
O 8 2000+
iL 50001 o 1000
S ©

0 . ' = 0 ; . :

Naive Primary Secondary Naive Primary  Secondary
House Dust Mite i.d. House Dust Mite i.d.

Figure 5. 2 Biallelic cells have a higher expression of activation markers compared to
monoallelic cells. House dust mite was injected into the ear dermis with a challenge injection
administered at 30 days; the draining lymph node immune response was tracked over time.
The median fluorescent intensity of CD69, CD44, CD62L and CD45RB of CD4 T cells of hCD2
monoallelic or GFP monoallelic or reporter negative were compared to the biallelic
(expressing both reporters) cells. ¥*p<0.01, **p<0.001, *** p<0.0001; 2Way ANOVA with a
Bonferroni post test as compared to biallelic cells. Data is representative of at least 2
independent experiments with line graphs showing mean = SEM for n=4 mice per group. i.d.:
intradermal. edLN: ear draining lymph node.
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Figure 5. 3 Biallelic cells express more IL-4 reporter proteins per cell than monoallelic cells.
House dust mite was injected into the ear dermis with a challenge injection administered at
30 days; the draining lymph node immune response was tracked over time. The median
fluorescent intensity of hCD2 and GFP of CD4 T cells that were hCD2 monoallelic or GFP
monoallelic were compared to the biallelic (expressing both reporters) cells. *p=<0.01,
**p=<0.001, *** p<0.0001; 2Way ANOVA with a Bonferroni post test as compared to biallelic
cells. Data is representative of at least 2 independent experiments with line graphs showing
mean = SEM for n=4 mice per group. id.: intradermal. edLN: ear draining lymph node.
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Figure 5. 4 GFP Monoallelic compared to hCD2 monoallelic reporter positive CD4 T cells are
more likely to secrete a second cytokine. House dust mite was injected into the ear dermis
with a challenge injection administered at 30 days; the draining lymph node immune
response was tracked over time. Cytokines were determined in CD4 T cells by flow cytometry
following polyclonal restimulation for 4 hrs and intracellular staining. The frequency of dual
cytokine producers of IL-13, IL-5, IL-10 and IFNy of CD4 T cells that were biallelic if expressing
both reporters or hCD2 monoallelic or GFP monoallelic or reporter negative were compared
over time. *p=<0.01, **p=<0.001, *** p<0.0001; 2Way ANOVA with a Bonferroni post test as
compared to biallelic cells. Data is representative of at least 2 independent experiments with
bar graphs showing mean = SEM for n=4 mice per group. i.d.: intradermal.
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5.3.3 Th2 cells in lymphoid and tissue environments have similar monoallelic

dominant patterns of IL-4 allelic expression

To determine whether the tissue location of the Th2 cell or type of Th2 inducing
stimulus had any effect on the regulation of the expression of independent alleles of
1l4, KN2/G4 mice were infected with the parasitic helminth N. brasiliensis.
Mediastinal lymph nodes and lungs were analysed at day 9, the peak of the lung
inflammatory response, and day 14, when the Th2 response begins to diminish. N.
brasiliensis 1is a potent inducer of a Th2 immune response and unlike injection of the
common allergen house dust mite, the helminth infection is not confined to a single
draining lymph node but instead migrates through the body creating multiple areas of
antigen deposits and associated Th2 inflammation. IL-4*"* animals were infected
alongside KN2/G4 (IL-4") animals to serve as controls for a wild type response in the
presence of IL-4. The total cell counts in the mediastinal lymph node but not the lung,
at both day 9 and day 14 following infection with N. brasiliensis, were markedly
higher in the IL-4""* animals than the KN2/G4 animals (Figure 5. 5 A), indicative of a
role for IL-4 in the development of the Th2 response in the lymphoid compartment.
The expression of IL-4 reporter proteins was tracked over time in the mediastinal
lymph node and lung. At day 9, the peak of the Th2 inflammatory response, the
highest frequency of IL-4 reporter positive cells per CD4 T cells was observed and
this frequency dropped off slightly by day 14 (Figure 5.5 A). The expression of IL-4
in both the mediastinal lymph node and the lungs was predominantly monoallelic
(Figure 5.5 B&C). In summary the pattern of IL-4 allelic expression by Th2 cells was
unaffected by the tissue location of the Th2 cell or the type of Th2 inducer, whether it

is common allergen or parasitic helminth.
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Figure 5. 5 IL-4 expression is predominantly monoallelic whether the Th2 cells are located
in the lung or the mediastinal lymph node. IL-4" and IL-47 (KN2/G4) mice were
subcutaneously infected with 600 L3 N. brasiliensis and 9 and 14 days later mediastinal lymph
nodes and lungs were harvested, processed and A: analysed by trypan blue viability dye to
determine live leukocyte counts and stained and analysed by flow cytometry for frequency of
reporter positive cells per CD4 T cells B: Contour plots of hCD2 and GFP reporter expression
on CD4 T cells indicated allelic expression at day 9 and day 14 following infection in the
mediastinal lymph node and lung C: The frequency of monoallelic or biallelic reporter
expression per mediastinal lymph node or lung CD4 T cells were represented graphically.
*p=<0.01, **p=<0.001, *** p<0.0001; 2Way ANOVA with a Bonferroni post test as compared to
IL-4"* animals or biallelic cells. Data is representative of at least 2 independent experiments
with bar graphs showing mean + SEM for n=4 mice per group. MdLN: Mediastinal lymph
node.
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5.3.4 Functional relevance of both alleles of IL-4 in protective immunity against

parasitic helminth infections

Protection against infection by N. brasiliensis is generated in the lung and is necessary
for immunity against challenge infections '*'. This protective response is demonstrated
as the significantly reduced recovery of viable worms from the lung during the
challenge infection when compared to a primary infection. IL-4 is critical for efficient
lung generated protective responses '*'. To investigate whether individual alleles of
IL-4 have a role in generating this protective immunity against N. brasiliensis, wild
type IL-4*"*, heterozygous IL-4*" and deficient IL-4" animals were challenged
subcutaneously with 600 live N. brasiliensis L3 larvae 30 days after a primary
infection. Lungs were harvested two days after infection, processed in a manner to
allow live L4 stage larvae to migrate out of the tissue following which the total viable
worms per lung were enumerated. Following challenge infection, significantly fewer
viable worms were recoverable from the lungs of IL-4*" animals than were
recoverable during the primary infection (Figure 5. 6), which demonstrates the
generation of a protective immune response. IL-4"" animals had similar viable worm
counts as those recovered during a primary infection (Figure 5. 6), indicating the
complete loss of protective immunity in the absence of signalling by IL-4. The
heterozygous IL-4*" animals retained only a limited amount of protective immunity
with worm burdens close to those seen during the primary infection (Figure 5. 6).
These data illustrate a definitive role for two functional IL-4 alleles in generating the
protective immunity required for reducing worm burdens following challenge

infections with N. brasiliensis.

IL-4 is critical not just for the generation of protective immunity to challenge
infections with N. brasiliensis, but also for the production of IL-4 and the presence of
CD4 T cells are also required for the high levels of serum IgE associated with
helminth infections '**”. IgE production was determined at 14 days post primary
infection with N. brasiliensis. As previously reported ®, IgE titres were below
detection levels in the IL-4" deficient mice. Heterozygous IL-4*" mice were able to
mount an IgE response, however it was significantly reduced in comparison to the

titres of IgE detectable in the serum of wild type IL-4*"* mice (Figure 5. 6). These data

136



Chapter Five: Characterisation of a Th2 cell: The allelic expression of IL-4.

illustrate the necessity of both alleles of IL-4 in the class-switch process by B cells

that leads to the production of IgE.
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Figure 5. 6 IL-4 heterozygous mice have a significantly impaired protective response against
N. brasiliensis. 1L-4"", IL-4"" and IL-4”7 mice were subcutaneously infected with 600 L3 N.
brasiliensis left for 30 days and challenged with same dose of parasite. Serum was obtained
14 days after primary infection and total IgE ELISAs were performed to obtain IgE titres. Live
L4 worms were allowed to migrate out of lungs to determine worm burdens 2 days after
primary or challenge infections. *p=<0.01, **p<0.001, *** p<0.0001; 1Way ANOVA with a
Tukey post test. 2Way ANOVA with a Bonferroni post test as compared to all experimental
groups. Data is representative of at least 2 independent experiments with bar graphs
showing mean + SEM for n=4 mice per group. BD: Below Detection Limit.

To confirm the finding that two intact alleles of IL-4 are required for an IL-4 mediated
protective immune response against parasites, infection with the entirely enteric
parasitic helminth Heligmosomoides polygyrus, which is expelled upon treatment with
rIL-4, was also assessed *"". IL-4*"* sufficient, IL-4*" heterozygous and IL-4" deficient
mice were infected with H. polygyrus and 21 days following infection these mice
were treated with an anti-helminthic to expel the worms. Fifteen days later mice
received a challenge infection of H. polygyrus to determine whether protection
remained intact in the IL-4"" heterozygous animals. The intestinal worm burden, egg
counts and relative fecundities of worms recovered from the 3 strains of mice were

enumerated and compared to that of the IL-4*"* sufficient primary infection. Viable
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male and female worms were allowed to migrate from the small intestine, after which
they were photographed (Figure 5. 7B), enumerated and worm burdens were
compared between the three strains. In comparison to the IL-4"* worm burdens, the
IL-4" animals had significantly higher numbers of worms after a secondary infection
illustrating the loss of protective immunity in the absence of IL-4 (Figure 5. 7C).
Worm burdens of IL-4*" mice more closely resembled the IL-4" than the IL-4"*
animals, illustrating the loss of even a single allele of IL-4 results in significant
impairment to the generation of a protective response (Figure 5. 7C). The numbers of
eggs present in the caecum was also determined and used as a measure to indicate the
fecundity of the worms residing in the small intestine. Both the IL-4*" and IL-4"
animals harboured worms in their small intestines that over time produced
significantly more eggs and were significantly more fecund than the IL-4"" mice. The
serum titres of IgE were significantly reduced in heterozygous IL-4"" mice following
infection with H. polygyrus, and were below detection in the IL-4" deficient animals
(Figure 5. 7A), as seen in the N. brasiliensis infection (Figure 5. 6). Taken together,
these data demonstrate the requirement for two intact alleles of IL-4 in the generation
of protection from re-infection with either N. brasiliensis or H. polygyrus parasitic

infections.
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Figure 5. 7 IL-4 heterozygous mice have significantly impaired protective responses against
infection with H. polygyrus. IL-4"*, IL-4""" and IL-4”" mice were intragastrically challenged
with 200 L3 H.polygyrus left for 21 days, treated with anti-helmithic, left for a further 15 days
and challenged with same dose of parasites. A: Serum was obtained 21 days after primary
infection and total IgE ELISAs were performed to obtain IgE titres. B: Live L5 worms were
allowed to migrate out of small intestines and photographed C: or enumerated to determine
worm burden per small intestine at 10 and 20 days after primary and secondary infection.
Eggs were obtained from contents of the caecum resuspended in salt solution and counted
with McMaster counter. Fecundity was determined as numbers of eggs per numbers of
viable worms. *p=<0.01, **p=<0.001, *** p<0.0001; Mann-Whitney test. 2Way ANOVA with a
Bonferroni post test as compared to IL-4"* animals. Data is representative of at least 2
independent experiments with bar and line graphs showing mean + SEM for n=4 mice per
group. BD: Below Detection Limit.

139



Chapter Five: Characterisation of a Th2 cell: The allelic expression of I11.-4.

5.3. 5 Functional relevance of both alleles of IL-4 in generating full lymphocyte

compartments of the Th2 response

The majority of IL-4 producing cells have a T follicular helper (Tth) phenotype (PD-1
and CXCRS surface expression) and are located in the follicular regions of the lymph
node """, IgE class switching occurs through T cell help, via the engagement of
CDA40 ligand with CD40 and IL-4 binding through its receptor on B cells, activating
transcription of the IgE heavy chain that possibly involves a follicular pathway *****.
To determine whether the significant drop in IgE titres observed in the heterozygous
mice in Figure 5. 6 and Figure 5. 7 was accompanied by a defect in the follicular
compartment, the mediastinal lymph node was investigated for Tth formation as well
as numbers of B cells. A distinct population of CD4 T cells that were expressing the
Tth markers PD1 and CXCRS were clearly discernable in the mediastinal lymph node
of wild type IL-4*"* mice (Figure 5. 8 A). These Tfh cells were found in significantly
lower frequencies in the heterozygous IL-4"" and IL-4” deficient animals.
Additionally, the total number of cells, the total numbers of B cells and the total
numbers of Tth cells were significantly reduced in the mediastinal lymph nodes of the
heterozygous IL-4*" and IL-4" deficient animals compared to the wild type IL-4"*
animals (Figure 5. 8 B). To determine whether Tth cells were detectable within the
lung, 14 days following primary infection with N. brasiliensis the lungs were
harvested and analysed by flow cytometry for Tfth markers PD1 and CXCRS5. The
CD4 T cells in the lungs did not express Tth markers (Figure 5. 8A) as has been
reported previously by Liang et. al. *"°. The heterozygous IL-4*" and IL-4" deficient
animals showed a trend towards fewer total leukocyte numbers per lung with
significantly fewer B cells detectable in the lungs of the IL-4" deficient animals
(Figure 5. 8 C). These data illustrate a requirement for two functional alleles of IL-4
for the Tth and B cell compartments to effectively develop during infections with

helminth parasite N. brasiliensis.
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Figure 5. 8 IL-4 heterozygous and IL-4 deficient mice have a significantly impaired B and Tfh
cell compartment during infection with N. brasiliensis. IL-4"", IL-4"" and IL-47 mice were
subcutaneously infected with 600 L3 N. brasiliensis, mediastinal lymph node and lung tissues
were harvested 14 days later and processed for flow cytometry. A: Tfh cells were determined
as CD4 T cells which expressed both CXCR5 and PD1. B: Total cells, numbers of B cells and
numbers of Tfh cells were enumerated in mediastinal lymph node C: and lung *p=<0.01,
**p<0.001, *** p<0.0001; 1Way ANOVA with a Tukey post test. Data is representative of at
least 2 independent experiments with bar graphs showing mean = SEM for n=3 mice per
group. MdLN: Mediastinal lymph node.
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An entirely enteric helminth infection, H. polygyrus, was investigated to determine
whether similar deficiencies in the follicular compartment in the lymph node were
present in IL-4"" and IL-4" animals in comparison to IL-4*"* sufficient controls.
Following secondary infection at days 10 and 20, the mesenteric lymph nodes were
harvested, processed and analysed by flow cytometry. In comparison to the IL-4"*
animals the IL-4" animals had significantly fewer total numbers of cells at both day
10 and day 20 after challenge infection while the IL-4*" animals had significantly
lower total cell numbers by day 20 after challenge infection (Figure 5. 9 A). The total
numbers of B cells reflected the total cell counts per mesenteric lymph node with
significantly fewer B cells in the IL-4*" and IL-4" animals in comparison to the IL-4*"*
animals at day 20 after challenge infection (Figure 5. 9 A). Unlike the total leukocyte
numbers and B cell numbers, the CD4 T cell numbers were similar at day 20 between
all strains, only at day 10 after challenge were there significantly fewer CD4 T cells in
the IL-4" animals than the IL-4"* animals (Figure 5. 9 A). This similarity in CD4 T
cell number was reflected in similar numbers of Tth cells at day 10 after challenge
with significantly increased numbers of Tth cells in the IL-4” animals at day 20 after
challenge (Figure 5. 9 A). The numbers of IL-4 reporter positive CD4 T cells
following H. polygyrus challenge infection while not significant showed a trend
towards fewer Th2 cells in the IL-4 deficient animals along with significantly less
GFP production per cell as measured by median fluorescent intensity at day 10 after
challenge (Figure 5. 9 B). Increased worm burden in IL-4” and IL-4"" mice at day 10
post secondary infection demonstrates the necessity of CD4 T cells and IL-4 during
the first 10 days of the larval stage of H. polygyrus infection (as seen in Figure 5. 7).
In summary, the mesenteric lymph nodes of H. polygyrus infected IL-4"" and IL-4"
animals have significantly fewer B cells but no deficiency in Tfh cell numbers
indicating that IL-4 signalling is not required for the differentiation of Tth cells in

response to this particular parasitic helminth.
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Figure 5. 9 IL-4 is required for a complete Th2 immune response against secondary
infection by H. polygyrus. Following primary infection and anti-helminthic treatment IL-4+/+,
IL-4"" and IL-47" mice were challenged with 200 L3 H. polygyrus, the mesenteric lymph nodes
were harvested 10 and 20 days later and processed for flow cytometry. A: The total viable
cells were determined by trypan blue exclusion dye and used to enumerate the flow
cytometry data to numbers of B, CD4 T and Tfh cells B: as well as the numbers of GFP'CD4 T
cells and the median fluorescent intensity of the GFP reporter protein. *p<0.01, **p=<0.001,
*** p<0.0001; 2Way ANOVA with a Bonferroni post test comparing all groups. Data is
representative of at least 2 independent experiments with bar graphs showing mean + SEM

for n=3 mice per group.
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5.3.6 T helper cells with biallelic IL-4 expression are more likely to be Tfh cells

than the T helper cells with monoallelic IL-4 expression.

Whether Tth cells represent a specialised Th2 cell or an independent T helper subset,
these cells have recently been described as the major IL-4 producing CD4 T cell
subset in the lymph node of helminth infected animals '*'"". To determine whether
these specialised T helper cells also have specialised regulation of the expression of
individual alleles of IL-4, the monoallelic GFP, monoallelic hCD2 and biallelic GFP
were analysed to see whether monoallelic expression or biallelic expression of I1L-4
enhanced the likelihood of the CD4 T cell also expressing Tth markers. KN2/G4 mice
were infected with N. brasiliensis and the mediastinal lymph node at both day 9 (the
peak of the lung inflammatory response) and day 14 (when IgE antibodies can easily
be detected in the serum) were harvested, processed and stained for Tth markers PD1
and CXCRS. The expression of Tth markers CXCRS5 and PD1 were analysed on the
GFP monoallelic, hCD2 monoallelic, biallelic double reporter positive and reporter
negative cells of the CD4 T cell population (Figure 5. 10A). The double reporter
positive biallelic cells were significantly more likely to express Tth markers CXCRS
and PD1 than the monoallelic IL-4 expressing CD4 T cells at day 14 post infection
(Figure 5. 10B). A factor to note was the increased likelihood of all reporter-positive
CD4 T cells (whether monoallelic or biallelic) over reporter-negative CD4 T cells of
expressing the Tth cell surface markers. In summary, the Th2 cells with biallelic IL-4
expression are more likely to express Tth markers PD1 and CXCRS than the

monoallelic IL-4 expressing Th2 cells or reporter negative CD4 T cells.
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Figure 5. 10 Biallelic IL-4 reporter positive CD4 T cells are more likely to express Tfh surface
markers PD1 and CXCR5 than monoallelic IL-4 reporter positive CD4 T cells during N.
brasiliensis infection. KN2/G4 mice were subcutaneously infected with 600 L3 N. brasiliensis.
Mediastinal lymph nodes were harvested 9 and 14 days later. A: CD4 T cells were processed
and analysed by flow cytometry for hCD2 or GFP reporter expression and gated on PD1 and
CXCRS5 to determine Tfh cell status. B: The frequency of Tfh cells found within the monoalleic
GFP, monoallelic hCD2, biallelic GFP/hCD2 and reporter negative cells were represented
graphically. *p=<0.01, **p=<0.001, *** p<0.0001; 2Way ANOVA with a Bonferroni post test as
compared to the biallelic cells. Data is representative of at least 2 independent experiments
with bar graphs showing mean + SEM for n=4 mice per group.
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5.3.7 The loss of a single allele of IL-4 compromises the numbers of IL-4 producing

CDAT cells.

As it has previously been described that IL-4 producing Th2 cells develop and
disperse to the same degree in the presence or absence or IL-4 ©, two different
measurements of IL-4 production were utilised to determine whether IL-4 expression
was similar between the strains of IL-4"*, IL-4"" and IL-4” mice: the measurement of
IL-4 reporter proteins and the measurement of IL-4 protein. IL-4"* animals have wild
type il4 alleles whereas IL-4"" heterozygous and IL-4" deficient animals have either a
single allele of g4 inserted into the i/4 allele or both il4 alleles replaced with a g4 and
a kn2 allele. These transgenic animals provided an effective tool for determining the
CD4 T cell production of IL-4 as measured by the expression of the reporter proteins.
Mice were infected with 600 L3 N. brasiliensis and 14 days later the mediastinal
lymph nodes were processed, stained and analysed by flow cytometry for CD4 T cells
and GFP-IL-4 reporter protein. The frequency of CD4 T cells was similar between IL-
4*"* TL-4"" and IL-4" strains (Figure 5. 8 B), however the total cell numbers (Figure 5.
8 A) and the total numbers of CD4 T cells (Figure 5. 8 B) present in the lymph node
were significantly lower in the IL-4*" and IL-4" strains compared to the IL-4"*
animals. When comparing IL-4 reporter positive CD4 T cells or Th2 cells, the
frequencies, total numbers and median fluorescent intensities were similar between
the IL-4*" and IL-4" strains (Figure 5. 11 C). In summary, the production of IL-4 as
determined by reporter protein expression is similar in the IL-4 heterozygous and the

IL-4 deficient animals in response to infection with N. brasiliensis.
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Figure 5. 11 IL-4 heterozygous and deficient mice have no difference in IL-4 reporter
expression by Th2 cells during infection with N. brasiliensis. IL-4"", IL-4"" and IL-4” mice
were subcutaneously infected with 600 L3 N. brasiliensis. Mediastinal lymph nodes were
harvested 14 days later and processed for flow cytometry. A: Total cells were determined by
trypan blue exclusion dye B: Frequency and numbers of CD4 T cells C: Frequency, numbers
and median fluorescent intensity of GFP* Th2 cells. ¥p=<0.01, **p=0.001, *** p=<0.0001; 1Way
ANOVA with a Tukey post test. Data is representative of at least 2 independent experiments

with bar graphs showing mean + SEM for n=3 mice per group. MdLN: Mediastinal lymph
node. ns: not significant.

While IL-4 reporter proteins illustrate the Th2 cells commitment to IL-4 production in
IL-4 heterozygous and deficient conditions, other techniques for measuring IL-4 were
employed to determine the production of IL-4 in IL-4"* mice. ELISPOT and ELISA
techniques were used to measure the production of IL-4 protein in CD4 T cells from
IL-4"" and IL-4*" animals. Lung CD45" cells from day 9 N. brasiliensis infected IL-
4" and IL-4"" mice were stimulated overnight with aCD3, aCD28 and rIL-2 to
induce IL-4 protein production. Following 18 hours of stimulation the lung cells from
IL-4"" animals had significantly greater numbers of IL-4* spots per 2 million CD45*
cells than the lung cells from IL-4"" animals (Figure 5. 12 B). Even in cells that were
not re-stimulated but left overnight to spontaneously release IL-4, the IL-4*"* cells still
produced significantly more IL-4" spots (Figure 5. 12 A). IL-4 protein quantified by
ELISA also showed a greater concentration of IL-4 produced by the IL-4"* animals
than the IL-4"" animals (Figure 5. 12 C). This IL-4 concentration released into the

supernatant per 2x10° cells was used to determine the concentration of IL-4 produced
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per IL-4" cells enumerated through the ELISpot technique. A trend was noted with the

IL-4"" animals appearing to produce slightly less IL-4 per cell than that of the IL-4"*

animals (Figure 5. 12 D). Analysis of reporter expression showed similar numbers of

IL-4 producing CD4 T cells and similar per cell quantities of IL-4 by the IL-4""

animals and IL-4" animals (Figure 5. 11), the presence of both alleles of functional

IL-4 significantly increased the total numbers of IL-4 producing cells compared to the

IL-4"" animals and showed a trend towards the production of more IL-4 produced per

cell in the IL-4"" compared to IL-4"" animals. These data infer a positive feedback

role for dual alleles of IL-4 in the development of the Th2 immune response.
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Figure 5. 12 IL-4 wild type mice produce significantly more IL-4 secreting cells during N.

brasiliensis infection when compared to IL-4 heterozygous mice. IL-4

+/+

and IL-4"" mice were

subcutaneously infected with 600 L3 N. brasiliensis. Lung CD45" cells were harvested 14 days
later and IL-4 production was determined by A: ELISPOT without polyclonal activation B:
ELISPOT with aCD3/ a.CD28 polyclonal activation C: ELISA D: the concentration of IL-4 per IL-
4 producing cell was determined. *p=<0.01, **p<0.001, *** p<0.0001; Mann-Whitney test.
Data is representative of at least 2 independent experiments with bar and line graphs
showing mean + SEM for n=3 mice per group.

148



Chapter Five: Characterisation of a Th2 cell: The allelic expression of IL-4.

5.3. 8 Role of IL-4 in the induction of Th2 and Tfh transcription factors GATA3 and
BCL6 in CD4 T cells

To further define the role of IL-4 in developing the phenotype of Th2 cells, IL-4""* and
IL-4" animals were infected with N. brasiliensis and lymph nodes and lungs were
harvested 9 days later at the peak of the lung Th2 inflammatory response, processed
and intracellular stained for the Tfh transcription factor BCL6 "' and the Th2
transcription factor GATA3 "'. The lung CD4 T cells from both IL-4** and IL-4"
animals barely expressed BCL6 or GATA3 and were notably lower in frequency in
comparison to the mediastinal lymph node cells (Figure 5. 13 A&B). Unlike in the
lung, the CD4 T cells in the mediastinal lymph node 9 days after infection had
significantly higher median fluorescent intensities and frequencies of both GATA3
and BCL6 transcription factors compared to the IL-4" animals (Figure 5. 13 A&B).
This indicated a clear phenotypic difference between activation statuses of CD4 T
cells in the presence or absence of IL-4 signalling that could possibly explain the lack
of Tth formation and IgE class switching responses noted in these animals (Figure 5.
6, Figure 5. 7 & Figure 5. 8). It is tempting to speculate that CD4 T cells from IL-4""
heterozygous mice would express similar levels of transcription factors to the IL-4"
deficient strain rather than in the IL-4*"* wild type animals, but this remains to be
determined. However from this data it is evident that lymph nodes undergo a
significant upregulation of levels of transcription factors in the presence of IL-4
illustrating a clear role for IL-4 in the maintenance and development of a Th2

response.
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Figure 5. 13 The presence of IL-4 results in significantly elevated levels of transcription

factors GATA3 and BCL6 in the lymph node but not the lung. CD4 T cells from IL-4

+/+

and IL-

4" strains of N. brasiliensis infected mediastinal lymph nodes and lungs were intracellular
stained for BCL6 and GATA3 and analysed by flow cytometry. A: Flow plots showing BCL6 or
GATA3 frequencies of CD4 T cells. B: Median fluorescent intensity of BCL6 and GATA3 in
lymph nodes and lungs. *p=<0.01, **p<0.001, *** p<0.0001; 2Way ANOVA with a Bonferroni
post test comparing all groups. Data is representative of at least 2 independent experiments
with line graphs showing mean + SEM for n=3 mice per group. MdLN: Mediastinal lymph

node.
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5.4 Discussion

Th2 cells are characterised by their ability to produce IL-4, the hallmark cytokine of a
T helper type 2 response. The production of IL-4 by in vitro generated Th2 cells has
been previously demonstrated to be predominantly monoallelic in expression '"*'*'.
This chapter investigated whether monoallelic expression occurred in vivo and
whether this genetic regulation had any functional role in the development of Th2
immunity and could therefore be associated with functionally specialised Th2 cells.
The development of a novel heterozygous IL-4 reporter mouse provided a unique tool
with which to visualise the expression of individual alleles of IL-4 directly ex vivo. It
was determined that the expression of IL-4 in vivo was predominantly monoallelic and
this dominance was persistent regardless of the tissue location of the Th2 cell,
specialised subset of the Th2 cell or Th2 inducing stimulus. There was however a
small biallelic population that increased in conjunction with the increasing Th2
immune response displayed a more activated phenotype and was more likely to
express Tth surface markers than their monoallelic counterparts. Both alleles of 1L-4
were required for protective immunity to re-infection by parasitic helminths, for

effective class switching of B cells to IgE and for full differentiation of lymphoid CD4

and B cell compartments.

Due to the nature of IL-4 and its extremely short half-life it is a difficult protein to
detect in vivo, the precise reason for which IL-4 reporter mice were generated.
Without the use of IL-4 reporter mice, CD4 T cells are restimulated in the presence of
a protein transport inhibitor to enable detection of the IL-4 protein. This is an effective
but artefactual way of recording the production of IL-4 in CD4 T cells in vivo. The IL-
4 reporter animals overcome the short half-life of IL-4 by producing stable reporter
proteins instead of unstable cytokines and allow for the measurement of IL-4 as it was
expressed in situ without any need for ex vivo manipulation. The reporter proteins are
not without their limitations, firstly the detection of hCD2, a surface protein, was
easier to detect with certain anti-human CD2 clones than others. Secondly the two
reporter proteins, GFP and hCD2, were not expressed at the same frequencies for
monoallelic GFP or monoallelic hCD2 Th2 cells (Figure 5. 1 and Figure 5. 5). The

reasons for this reporter expression discrepancy could be multiple and as of yet the
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cause remains uncertain, however we theorised either hCD2 requires some sort of
additional support on the cell surface such as the TCR complex for stability of
expression, or there is some sort of genetic regulatory factor that has been altered that
associates with the il4 allele, or it is due to the half-lives of the proteins. Of note is the
intron 2 regulatory site utilized by mast cells for IL-4 expression which would likely
be altered in the hCD2 allele but not the GFP allele ****, as GFP only deletes the first
exon and 178nt and the first intron whereas hCD2 deletes exon 1 and 2 of the IL-4
gene "', Another explanation for the variability noted in the expression profiles of
the hCD2 versus GFP may quite possibly be explained due to the longer half-life of
GFP compared to hCD2. Following in vitro differentiation, Th2 cells were left to rest
in rIL-2 (100 U/ml) where it was noted that hCD2 expression reduces to <2% reporter
expression in the CD4 T cell population within 2 days whereas GFP signalling takes
up to 5 days to decrease to this level (Personal communication M. Robinson. MIMR,
New Zealand). These data infer the GFP expression detectable during experiments
performed for this chapter might be a result of earlier activation of the //4 gene and
expression of GFP protein than that of the hCD2 expressing cells. The expression of
IL-4 was predominantly monoallelic with an interesting discrepancy between the GFP
monoallelic cells and the hCD2 monoallelic cells where the GFP monoallelic cells
were more likely to co-express an additional cytokine than the hCD2 monoallelic cells
(Figure 5. 4). This increased frequency of cytokine co-expression could indicate an
earlier activation status of GFP' monoallelic Th2 cells compared with hCD2*
monoallelic Th2 cells. This infers that these cytokine co-expressing cells may
represent cells ready to exit the lymph node and enter the periphery as peripheral Th2
cells are more likely to produce additional effector cytokines than lymphoid cells **'.
However despite these differences in reporter protein expression, this chapter clearly
showed these heterozygous KN2/G4 reporter mice can be used to determine three
distinct populations of CD4 T cells: monoallelic IL-4 producers, biallelic IL-4

producers and cells that do not express reporter proteins.

The biallelic IL-4 expressing Th2 cells were shown to have increased expression of
the activation markers CD69 and CD44 as compared to monoallelic cells (Figure 5.
2). Additionally, CD62L and CD45RB were down regulated on the biallelic Th2

population, marking them as highly activated effector or effector memory cells. This
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highly activated effector and effector memory cell phenotype of the biallelic cells
drew attention as the largest proportion of biallelic as compared to monoallelic IL-4
expressing Th2 cells was observed the day prior to challenge when the IL-4
expressing cells most likely represent a pool of memory cells lingering from the
earlier exposure to house dust mite antigens (Figure 5. 1). The T helper type 2
immune response is mediated in part via cell-to-cell contact; a contact that includes
CD4 T cell help provided to the B cells during class switch recombination. Therefore
the quantity of IL-4 secreted per cell could affect the stimulation signal received by
the target cell especially if IL-4 is passed on to the target cell through the formation of
a synapse >**. Experiments using the reporter mice indicate that biallelic Th2 cells
produce more IL-4 on a per cell basis than the monoallelic Th2 cells (Figure 5. 3) and
the analysis of IL-4 protein produced by IL-4"* and IL-4"" CD4 T cells indicate
potentially more IL-4 is produced by the IL-4** CD4 T cells than the IL-4"" CD4 T
cells (Figure 5. 12). Lastly the biallelic Th2 cells were shown as more likely to
express a Tth cell phenotype and therefore more likely to be found in the germinal
centre than the monoallelic Th2 cells and even more so than the reporter negative cells
(Figure 5. 10). This increased production of IL-4 by biallelic Th2 cells supports the
theory that biallelic IL-4 expression may serve as a means for a specific specialised

portion of Th2 cells to provide a stronger stimulus to the target cell.

While IL-4 may not be required to initiate Th2 differentiation * it certainly is required
for the full development of a T helper type 2 response . This chapter highlighted the
necessity for sufficient quantities of IL-4 during the maintenance of effector Th2
responses as illustrated by the loss in protection against helminth challenge infections
and the drop in total IgE titres in the serum of IL-4" and IL-4*" mice (Figure 5. 6 and
Figure 5. 7). Although the T follicular helper responses were deficient in the lymph
nodes of IL-4"" and IL-4" animals following the brief encounter with N. brasiliensis
(Figure 5. 8) and enhanced during the prolonged exposure to an infection with H.
polygyrus (Figure 5. 9), both infection models resulted in significant deficiencies in B
cell numbers in IL-4 heterozygous mice and IL-4 deficient mice compared with the
IL-4 wild type strain. The deficiency in B cells is not surprising as IL-4 was first
described as a growth and proliferation factor '***. It is interesting, however, that the

IL-4 heterozygous animals show similar B cell deficiencies to the IL-4 deficient
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animals, which may indicate that the quantity of IL-4 provided by the CD4 T cell
rather than the overall quantity available within the lymphoid environment, is
important for B cell compartment development. A possible explanation for the
difference in Tth cell formation in the absence of IL-4 between the two parasite
infections could be accounted for due to the chronic nature of H. polygyrus infection
and the maintenance of antigen through high worm burdens in the intestines of the IL-
4 deficient and heterozygous animals, where alternative pathways of Tth formation
not involving IL-4 may come into play. It is tempting to further surmise that the lack
of ability of individual CD4 T cells to express two alleles of IL-4 simultaneously and
therefore stimulate their target cells in the appropriate manner for a fully functional
Th2 immune response to occur. This theory highlights the possibility that biallelic IL-
4 expressing CD4 T cells may play an active role in the initial follicular interaction

and/or the extrafollicular T cell help given to the B cells to generate IgE.

This project has clearly outlined a distinct role for signalling through both alleles of
IL-4 for the generation of an effective Th2 immune response, that mediates protection
from re-infection of helminths as well as inducing allergic responses. An open ended
question remains as to whether this functional effect is due to a gene dosage effect or
due to the lack of specialised T cells expressing biallelic IL-4. Unfortunately due to
the current limitation of the tools available to study IL-4 allelic expression in vivo
these queries cannot be answered however the highly activated biallelic Th2 cells
provide an interesting target for future investigation into the genomic organisation of
specialised subsets of Th2 cells. No current vaccine exists for the prevention of
infection by helminths and whilst symptoms of allergic responses are treatable to an
extent, there is still no cure. Both of these families of diseases lead to significant loss
of quality of life resulting in major public health burdens. Moreover, hookworm
immunity does not appear to be mediated by neutralizing antibodies, instead it is
theorised that generation of an effective T cell based vaccine that generates sufficient
numbers of quality long-lived effector cells would mediate protection against
helminths. If biallelic Th2 cells are specialised functional cells mediating Th2
immunity, they may serve as good targets for the generation of an effective vaccine
strategy against helminth infection, or as targets in immunotherapies in the prevention

of allergies.
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6.1 General Discussion

The main aim of this thesis was to expand the current understanding of the
requirements for the generation and regulation of IL-4 producing T helper 2 cells.
Chapter three investigated the polarisation signals required for Th2 cell differentiation
with specific focus on the role of a novel Th2 innate cytokine, IL-25. Chapter four
investigated whether IL-25 had any role in the circulation and maintenance of Th2
cells in both lymphoid and tissue environments and further investigated whether IL-25
was required for the generation of protective T helper type 2 immunity against re-
infection by parasitic helminths. Finally, chapter five investigated whether the level of
expression of alleles of IL-4 reflected a critical stage in genomic organisation and

commitment to an in vivo functional Th2 cell.

6.1. 1 Investigating the potential polarising role of IL-25 during the
differentiation of Th2 cells.

The aim of chapter three was to determine whether a newly described potentially
polarising cytokine, IL-25, was required for IL-4 independent differentiation of Th2
cells. To achieve this a novel in vitro antigen specific IL-4 independent culture system
was developed that could detect early differentiation of Th2 cells with regards to their
production of IL-4. This novel in vitro culture system was used to determine whether
the maturation of bone marrow derived dendritic cells (BMDC) with rIL-25 would
alter the activation phenotype of these cells and therefore increase the frequency of the
differentiation of IL-4 producing CD4 T cells. The maturation of BMDCs with rIL-25
had no effect on the frequency of Th2 differentiation; this was unlike reports of TSLP
** and IL-33 **?* matured DCs that upregulated T helper type 2 responses, although
this upregulation was mostly through the production of IL-5 and IL-13 rather than IL-
4. Secondly the T cell and antigen pulsed BMDC culture system was utilised to
determine whether the addition of rIL-25 would provide a polarising stimulus to the
naive CD4 T cell and therefore result in increased IL-4 independent Th2

differentiation. The addition of rIL-25 to the T cell cultures, however, had no effect on
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the differentiation of IL-4 producing Th2 cells. To overcome the lack of multiple
additional signals provided by accessory cells, stromal cells and conditioning
environment experienced in the in vitro culture system, an in vivo method was
developed. This in vivo method detects early differentiated Th2 cells following
exposure to a common allergen, house dust mite, or worm derived allergens from N.
brasiliensis. Within 3 days of exposure to allergen the naive CD4 T cells
differentiated into IL-4 producing Th2 cells, a process that occurred in both the
absence of IL-25 and the dual absence of IL-25 and IL-4, illustrating no role for IL-25

during the polarisation of in vivo generated Th2 cells.

Chapter three demonstrated that IL-25 was not the innate derived polarising factor
involved in IL-4 independent Th2 differentiation. The original question remains
however as to what factor is responsible for the polarisation of naive CD4 T cells into
Th2 cells. It is possible different epithelial or stromal cell derived innate factor such as
TSLP or IL-33 could be responsible for polarising Th2 differentiation. These
cytokines are proposed to induce Th2 differentiation either through the maturation of
the DC phenotype or by directly altering the naive CD4 T cell into Th2 cells.
However there is data debating the likelihood of the role of these innate cytokines (IL-
33 and TSLP) in Th2 differentiation. Firstly, IL-33 matured DCs induce Th?2 cells to
produce IL-5 and IL-13 but not IL-4, the hallmark Th2 cytokine ***. Secondly, IL-33 is
seldom expressed by haematopoietic cells and therefore unlikely to be expressed by
DC:s or other innate effector cells present in the lymph node during Th2 differentiation
*7_ TSLP appears a good candidate because it is produced by DCs and utilises the
STATS signalling pathway ***, a pathway that when over-expressed results in Th2
induction in a manner independent of IL-4 and STAT6 signalling ”. However TSLPR"
" animals show no defects in class switching of B cells to IgE in response to N.
brasiliensis infection **. IgE class switching is strongly correlated with CD4 T cell
production of IL-4, therefore the normal IgE titres in TSLPR™ animals imply there is
no defect in the differentiation of Th2 cells in the absence of TSLP signalling. These
data discussed here, while they do not directly address the action of TSLP or IL-33 on
naive CD4 T cells in vivo in the absence of IL-4, do result in sufficient queries as to
whether IL-33 or TSLP present as good potential candidates for the role of polarising
Th2 cells from a naive CD4 T cell.
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It is still possible that another Stat5 activator could be responsible for IL-4
independent Th2 differentiation, as multiple cytokines are known to activate STATS
including IL-2, IL-15 and IL-7. IL-2 could be considered a candidate for Th2
differentiation as it is produced by DCs early after activation **° and naive CD4 T cells
shortly after TCR engagement "°. IL-2 would therefore be readily available to polarise
a naive CD4 T cell upon recognition of cognate antigen. However in agreement with
previous research where IL-2 was shown to stabilise the transcription of IL-4 ', the in
vitro data generated in chapter three suggests there is more to the differentiation of IL-
4 independent Th2 cells than a requirement for IL-2 polarisation. DC activation and
the expression of specific cell-to-cell contact molecules, such as OX40L and Notch
4024 could provide the polarising stimulus for Th2 differentiation and the
upregulation of GATA3. Upregulation of GATA3 causes expression of IL-4 that
could then act in an autocrine or paracrine manner to increase the frequency of Th2

cells . In summary, chapter three demonstrated that IL-25 is not responsible for

differentiating Th2 cells and the polarising signal remains elusive.

6.1. 2 The role of IL-25 in the generation of protective T helper type 2

responses against infection by parasitic helminths.

IL-25 plays a role in timely expulsion of primary infections of N. brasiliensis from the
gut a process mediated by an IL-25 responsive lineage negative innate lymphoid cell
or nuocyte °"'”. It is unknown, however, if IL-25 has a role in generating memory
responses to N. brasiliensis. Protective immunity against re-infection by N.
brasiliensis is generated in the lungs in a CD4 T cell and IL-4 dependent manner '°'.
The aim of chapter four was to determine whether 1L-25 was required for memory
responses mediated by IL-4 producing Th2 cells during the generation of protective
immunity against infection with parasitic helminths. To determine whether the
generation of IL-4 secreting Th2 cells was impaired in the absence of IL-25, an in vivo
assay was established that enabled assessment of the differentiation and distribution of
IL-4 producing Th2 cells in either the presence or absence of IL-25. The absence of

IL-25 neither affected the frequency nor the numbers of Th2 cells in the lung and

160



Chapter Six: General Discussion

lymphoid environments immediately following infection with N. brasiliensis. The
only differences were noted in the later time points once the Th2 inflammatory
response had begun to contract, at which time significantly fewer numbers of Th2
cells were noted in the lungs in the absence of IL-25. These data support a previously
described role for IL-25 in the maintenance of Th2 memory cells '*’ although the
comparable worm burdens seen in the IL-25 sufficient and IL-25 deficient animals
demonstrates that Th2 memory remains intact in the absence of IL-25.
Characterisation of the Th2 population within the mediastinal lymph node and lung
demonstrate signalling by IL-25 is dispensable for the dispersion and expansion of the
Th2 population in both lymphoid and lung environments during an N. brasiliensis
infection. The results generated in chapters three and four seemingly contradict earlier
reports involving transgenic expression or administration of rIL-25 that resulted in

exacerbated T helper type 2 responses 719

. These initial reports led to the
assumption that IL-25 was responsible for the differentiation, dispersion or
maintenance of Th2 cells and subsequently the type 2 immune responses. However
data depicted in chapter four demonstrates that while IL-25 may play a role in
maintenance of cell numbers within the lung during chronic inflammatory responses,

IL-25 is not required for Th2 differentiation, dispersion, population expansion or the

establishment of functional Th2 memory cells.

The absence of IL-25 signalling has been reported to skew the Th2 response towards a
Th1/Th17 response following infection with the helminth Trichuris muris '*. T.
muris, however, is known for inducing a weaker Th2 response than those associated
with both N. brasiliensis and H. polygyrus, which is associated with the inability of 7.
muris to inhibit inflammatory cytokines from dendritic cells **. The loss of IL-25
during N. brasiliensis infection did not result in a skewing away from a Th2 immune
phenotype or deficiency in the production of T helper type 2 cytokines. Hallmarks of a

T helper type 2 response associated with N. brasiliensis infection include lung

251 15

eosinphilia and lung mucous hypersecretion '; however neither the type 2
cytokines, eosinophilia nor mucous hypersecretion were impaired in the lungs of IL-
25 deficient animals. An additional T helper type 2 hallmark associated with N.
brasiliensis infections is the high titres of serum IgE ', which were significantly

higher in the absence of IL-25. This increased serum IgE was accompanied by
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significantly increased numbers of basophils and eosinophils in the blood. The
increased numbers of eosinophils and basophils are likely to reflect the increased
antigen load resulting from ongoing parasitic burden in the gut of IL-25 deficient
animals. The IgE data infers IL-25 may play a regulatory role in modulating the T and
B interactions within the lymph node although the exact nature of that regulatory role
is unclear. Animals deficient in IL-21 signalling (the hallmark cytokine for Tth cells)
also have increased serum IgE titres '** and it is possible that the lack of signalling by
IL-25 could result in a defect in the production of IL-21 and hence an increase in IgE
*2_ Due to the similarities in IL-4 producing CD4 T cell numbers in the IL-25
deficient and sufficient animals, a query is raised as to whether IL-25 is involved in
either differentiating or enabling effector functions of Tth cells within the lymph node
even though it is not involved in differentiating Th2 cells. Another explanation could
include an impaired regulatory T cell response that would thereby enable increased

class switching >,

Due to the role nuocytes play in mediating primary gut expulsion of N. brasiliensis it
was decided to investigate whether nuocytes were involved in mediating protective
immunity in the lung. Lungs and mediastinal lymph nodes were analysed for the
presence of nuocytes in IL-25 sufficient and deficient animals where it was noted that
the absence of IL-25 had no discernable effect on the frequency or numbers of these
cells. In agreement with Van Panhuys et. al. a comparison between the IL-4 reporter
positive Th2 cells and the IL-4 reporter positive nuocytes confirmed that Th2 cells
were the major contributors of IL-4 during secondary infections of N. brasiliensis .
Protective immunity is characterised by the drop in worm burden in the lungs of wild
type mice following secondary infection in comparison to primary infections '°'.
Worm burdens in the lungs of secondary infected IL-25 deficient animals were the

same as those determined in IL-25 sufficient animals, illustrating no role for IL-25 in

the generation of protective immunity against re-infection with N. brasiliensis.

Remarkably though, the expulsion of worms from the small intestines of both primary
and secondary IL-25 deficient animals was not as efficient as those of IL-25 sufficient
animals, demonstrating a tissue specific role for IL-25 in mediating immunity against

parasitic helminth infections. The increased intestinal worm burdens were not specific
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to infection with N. brasiliensis as IL-25 deficient animals infected with H. polygyrus
also had significantly increased gut worm burdens following secondary infection.
These immunological differences highlighted between the lungs and the gut during the
generation of a protective immune response imply different mechanisms are involved
in stopping the worms in the lungs versus expelling the worms from the gut. A recent
paper from Hepworth et. al. illustrate an interesting link between mast cells and early
innate events one of which is the initiation of IL-25 mediated gut immunity to
infection with H. polygyrus **. Hepworth et. al. theorises that mast cells respond to
helminths by degranulating and inducing the production of the innate cytokines IL-25,
IL-33 and TSLP and subsequent Th2 immunity. This mast cell mediated IL-25
induction is interesting as it could account for the differences noted between lung and
gut, as during helminth infections few mast cells are detectable in the lung ** while
the gut experiences mastocytosis *°. A schematic illustrating the proposed roles of IL-

25 during expulsion of N. brasiliensis from the gut is depicted in Figure 6. 1.
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Figure 6. 1 A schematic describing the proposed roles for IL-25 during infection with gut
dwelling helminthic stages of N. brasiliensis. Mast cells are abundant in the gut and have
the potential to act as sentinels. Upon encounter with helminth induced damage or antigens,
mast cells degranulate and release signalling factors that are likely to result in the
upregulation of epithelial cell production of IL-25. Antigen loaded dendritic cells differentiate
Th2 cells in the draining lymph node; these Th2 cells migrate to the gut and are required for
both the induction and maintenance of the nuocyte population. IL-25 has a potential role as
an activation factor for the expanded nuocyte population, upon activation nuocytes secrete
IL-13 resulting in the ‘weep and sweep’ associated mechanisms of helminth expulsion. IL-25
while not required for the differentiation of Th2 cells may be required for the differentiation
of Tfh cells and their subsequent production of IL-21, a cytokine required for regulation of B
cell Ig production.
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6.1. 3 Characterisation of a Th2 cell: The allelic expression of IL-4.

The aim of chapter five was to determine whether the allelic expression of the 7/4 gene
in CD4 T cells could be used to provide new information on the molecular features of
functional subsets of in vivo generated Th2 cells. A novel IL-4 reporter mouse was
generated containing hCD2 to report one allele and GFP to report the other allele of
the /l4 gene on chromosome 11. When T cells from this mouse were stimulated to
produce IL-4 it was possible to independently follow the expression of both IL-4
alleles. This allelic reporter mouse illustrated that the expression of IL-4 in vivo was
predominantly monoallelic in Th2 cells. This predominantly monoallelic expression
remained regardless of whether those Th2 cells were generated in response to the
common allergen house dust mite or to the parasitic helminth N. brasiliensis, whether
the Th2 cells were located in the lymph nodes or lungs and whether these Th2 cells
were generated in a primary or memory response. The small population of biallelic
Th2 cells expressed the highest levels of activation markers CD44 and CD69 as well
as the highest levels of IL-4 reporter protein expression and the most chance of
expressing T follicular helper markers CXCRS and PD1. This implied these cells were
a specialised subset of Th2 cells possibly ready for priming their potential cognate

target cell such as a B cell or a tissue macrophage.

The effect on the generation of protective immunity in animals deficient in a single
versus both alleles of IL-4 was investigated and it was discovered that the loss of a
single allele resulted in significantly decreased protective immunity. The decreased
lung worm burden observed in the IL-4"" mice during secondary infection with N.
brasiliensis or H. polygyrus was similar to that seen in the IL-4” mice, demonstrating
that the loss of a single allele is as crippling as the loss of both. This significant loss in
protection was also accompanied by a significantly decreased concentration of serum
IgE titres; with serum titres ranging from 2 — 4 fold lower in the IL-4*" heterozygous
mice compared to the IL-4"" sufficient animals. The lymphoid compartments in the
IL-4"" heterozygous and IL-4" deficient animals were also markedly similar in their
significantly lower frequencies and numbers of B cells and Tth cells generated in
response to N. brasiliensis infection. To recap, the allelic IL-4 reporter illustrated a

predominantly monoallelic expression of IL-4 by Th2 cells but also highlighted a
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highly activated biallelic Th2 cell subset that produced more IL-4 per cell than the
monoallelic cells. These data together demonstrated the production of IL-4 by a single
allele was insufficient to generate a full and productive Th2 protective immune
response against parasitic helminths. This discovery led to the hypothesis that the
biallelic Th2 cells could represent crucial mediators of Th2 immunity possibly
through cell-to-cell contact and the delivery of tailored activation signals and
increased quantities of IL-4. Figure 6. 2 proposes the states of genomic organisation
reflected by the levels of expression of alleles of IL-4 associated with specialised

subsets of Th2 cells mediating immunity in vivo.

B cell Biallelic IL-4 Expression

help s IL-21

Monoallelic IL-4 Expression

Tissue IL-3

Th2 Effector Th2 IL-5
IL-13
IL-10

Biallelic IL-4 Expression

Memory — (Th2 ™

Figure 6. 2 The regulation of IL-4 through the monoallelic or biallelic expression of the il4
alleles is associated with functional subsets of Th2 cells. Biallelic expression of IL-4 by Th2
cells is associated with T follicular helper cell specialisation and the provision of B cell help as
well as the establishment of a long lived and rapid reacting memory Th2 cell. Monoallelic
expression of IL-4 is associated with effector Th2 cells located in the tissues which are
required for mediating T helper type 2 responses such as eosinophilia or mucous production.
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6.1. 4 Understanding the generation and regulation of IL-4 producing Th2

cells.

Traditionally the subsets of T helper cells were characterised by the cytokine they
produce and the functional effect that ensues, e.g. IL-4 the ‘signature or hallmark’
cytokine of Th2 cells ®. Advances in molecular biology resulted in the discovery of
particular transcription factors involved in the differentiation of the T helper subsets

with GATA3 recognised as the Th2 signature transcription factor "*"!

. More recently
developments in the field of epigenetics revealed certain chromatin states stabilise
particular cell phenotypes, a status that can be modified in the expanding population

. . . 2572
through environmental signals such as cytokines or stress factors 2°72%.

The original subset definitions occurred largely through analysis of in vitro generated
T helper cell subsets. These in vitro culture systems are widely recognised as
excluding of multiple environmental factors that the helper T cell would be exposed to
in vivo. The traditional method of in vitro differentiation of a Th2 cell using
polyclonal stimulation along with rIL-2 and rIL-4 drives a highly polarised phenotype,
with notably higher frequencies of IL-4 production, uniform increases of GATA3 and
the expansion of the physical size of the Th2 cell in comparison to that of a Th2 cell
generated in vivo ®. Data on Th2 cell differentiation in vivo highlights the simplicity of
this in vitro model with the discovery of the differentiation of Th2 cells in the absence
of IL-4 signalling . More recently IL-4 producing lymph node situated CD4 T cells
expressing IL-4 through transcription factors independent from that of ‘conventional
Th2 cells’ have been described ''"'""'"®. From data such as this it is clear that Th2
cells are not a homogenous population and while Th2 cells may be classified by the
production of IL-4 their location and additional cytokine repertoire or co-stimulatory

molecules will contribute to their independent functional effects.

In the future as techniques such as intravital microscopy improve, hopefully the
analysis of the Th2 cell in situ, where it is regulated by the full contingent of the
microenvironment, will result in a much clearer understanding of what it is to be a
Th2 cell and what this means for disease outcomes. Such techniques may help clarify

whether we should consider IL-4 producing CD4 T cells in the lymph node as Th2
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cells or Tth cells. It remains to be determined whether IL-4 is the hallmark Th2
cytokine in vivo, or if it earned its status through in vitro culture systems that are not
true reflections of an in vivo Th2 immune response. In addition, it is important to
determine whether the ‘conventional Th2 cell’ is a cell that has the ability, according
to the stimulus encountered, to secrete multiple cytokines or the plasticity to alter the
cytokines secreted e.g. evolving from IL-4 production to IL-9 production. Hopefully
as fate-mapping techniques improve these sorts of questions will be answered in situ
in physiologically relevant models of infection and allergy. Additional queries such as
whether the germinal centre Tth cell has a role to play in the formation of memory
Th2 cells or whether antigen cognate effector T cells participate in the development of
follicular and extrafollicular plasma cells also requires investigation. The possibility
that non- germinal centre ‘conventional Th2 cells’ make up rapid lines of defence
while ‘Tth/Th2 cells’ give CD4 T cells time to affinity mature in response to antigen
presented on B cells or plasma cells and subsequently form longer-lived higher

affinity central memory or effector memory subsets also merits study.
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6.2 General Conclusions

In conclusion, this thesis demonstrated no role for IL-25 in the differentiation,
expansion or development of Th2 cells. It further highlighted that while IL-25 is not
required for Th2 lung inflammation associated with infection by N. brasiliensis it is
also not required for the generation of protective immunity against re-infection by M.
brasiliensis. IL-25 is however required for the timely expulsion of helminths from the
gut which highlights a tissue specific role for this innate cytokine. The functional Th2
immune response that occurred in the absence of IL-25 signalling raised questions
concerning the signalling roles assigned to various cytokines as the result of models
using physiologically irrelevant amounts of recombinant cytokine or incomplete in
vitro models of immune responses. While 1L-25 had no particular role in the
differentiation or development of Th2 cells or the generation of memory responses
against N. brasiliensis, a role for IL-25 in the exacerbation of Th2 immune responses
cannot be ruled out. A distinctive role for IL-25 in the gut was demonstrated in this
thesis with similar reports attributing this role as IL-13 mediated, highlighting a

potential role for IL-25 oral allergen-induced diarrhoea ***%

and quite possibly food-
induced allergic reactions. Lastly this thesis demonstrated the expression of alleles of
IL-4 in in vivo Th2 cells was predominantly monoallelic. There was however a small
biallelic IL-4 expressing population that was highly activated and more likely to co-
express Tfh surface markers, a population that was proposed to mediate specific
functional effects including the class switch of B cells to IgE. As techniques advance
and our understanding of the genomic organisation of a Th2 cell improves, hopefully

clearer definitions of specialised Th2 subsets within the Th2 population will enable

tailored approaches for treatment strategies against allergic and parasitic diseases.

169



Chapter Six: General Discussion

6.3 Future Directions

The factor or factors responsible for the differentiation of Th2 cells remain elusive and
may remain elusive until such time as better tools are generated for answering this
question. The in vitro antigen specific culture system generated and reported in
chapter three illustrates the necessity of IL-4 for full differentiation of frequency and
phenotype of Th2 cells in vitro. It is possible that a more realistic microenvironment
similar to that experienced in vivo could be achieved by the addition of other factors
such as lymph node stromal cells or allergen-activated epithelial cells thereby
enabling the teasing out of the elusive Th2 polarising factor/s. Once potential
candidates are established and genetically modified animals are developed with these
potential candidates deleted, the use of the single draining lymph node assay in the IL-
4 deficient G4 reporter mice provides an effective tool for clearly visualising these

early IL-4 independent differentiation events.

Another possibility for why the factor or factors responsible for Th2 differentiation
remain elusive is that the question is phrased incorrectly. The question of whether IL-
25 is the polarising factor arose because there is the belief that the cytokine milieu
(generated one would suppose by the antigen presenting cell) plays a crucial role in
differentiating T helper cells into their distinctive subsets. However only the
differentiation of the Thl cell subset really follows the principle of requirement for a
particular cytokine milieu i.e. IL-12 produced by dendritic cells. Instead, it is possible
that the cytokine milieu in the lymph node is not the polarisation factor required for
naive CD4 T cells to differentiate into Th2 cells. A Th2 response is a dangerous
response with the constitutive expression of IL-4 resulting in lethal phenotypes *°'2%,
It is understandable that Th2 differentiation would not rely merely on the production
of a soluble molecule that could disperse across the lymph node but instead rely upon
a cell-to-cell contact molecule that requires the dendritic cell to come into contact with
the naive CD4 T cell. The upregulation of notch or OX40L by dendritic cells
conditioned in environments driven by factors such as the innate cytokines TSLP and
IL-33 are good examples of this highly specialised dendritic cell that preferentially
drives Th2 differentiation. A proposal for exciting future prospects for Th2 polarising

factors would be to define the transcriptomes of in vivo generated DCs presenting
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antigen that results in Th2 immune responses in comparison to DCs resulting in Thl
responses attempting to tease out the cell surface molecules that engage and

differentiate the naive CD4 T cell.

An interesting discrepancy arose as to how IL-25 mediates expulsion of the helminth
parasites from the gut while it has no apparent role in the lung. Firstly the use of IL-13
reporter animals would allow for the easy monitoring of the nuocyte population and
determine if in the absence of IL-25 signalling, the nuocyte population is present but
merely not activated and therefore not producing IL-13 resulting in a lack of
expulsion. Secondly the link between early mast cell activation by helminths in the
gut and the induction of IL-25 could be investigated. If these mast cells are crucial
initial mediators required to degranulate prior to IL-25 release then one would expect
to see early mast cell degranulation high levels of IL-25 and rapid N. brasiliensis
expulsion from the gut in IL-9 transgenic mice. Of course experiments with transgenic
animals can be of limited use because they often express non-physiologically relevant
levels of cytokine that result in excessive innate responses not normally associated
with parasitic infection. Therefore mast cells and IL-25 production should also be
measured in the gut of wild type versus IL-25 deficient animals to determine whether
mast cells do act as sentinels and degranulate and activate epithelial cells inducing the
production of IL-25. This data may help to explain a previous study which shows

mRNA IL-25 levels in the gut only rise around 7 days following primary infection '*°.

An additional unanswered question in chapter four is the high levels of serum IgE in
the IL-25 deficient animals. Of course the CD4 T cells within the lymph node could
be producing sustained IL-4 as a result of continued worm burdens or IL-25 could
serve a purpose in the development of the T and B interactions that result in IgE class
switching. A lymph node phenotype of the IL-25 deficient animals including GC B
cells, Tth cells, BCL6 and the production of IL-21, GC histology, total serum IgGl
titres as well as high affinity IgG1 and IgE antibodies in the absence of I1L-25 would

give an overview of any major changes.

Chapter five raised the fascinating query as to whether the biallelic expression of IL-4

could constitute specialised and functionally distinct Th2 cells. It is of interest to
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determine if these biallelic Th2 cells are the true mediators of Th2 memory or if they
are responsible for IgE class switching. If the biallelic Th2 cells can be defined
through surface markers such as PDI, ICOS and CDA40OL then perhaps Th2 cells
generated from an N. brasiliensis infection could be generated in IL-4 sufficient
animals, cell sorted for ‘biallelic activation markers’ and adoptively transferred into
IL-4 deficient animals. These animals with adoptive transferred cells could be
challenged with N. brasiliensis and worm burdens determined. Or as a more direct
readout of cell-to-cell contact rather than concentration of IL-4, the biallelic cells
could be compared in vitro to monallelic cells to determine their IgE class switching
efficiencies. Of course the expression of IL-4 would need to be confirmed as biallelic

through a technique such as FISH analysis of monoallelic expressed genes **.

A limit to the current allelic system is the lack of IL-4 in the KN2/G4 mice. A major
question remains as to whether in an IL-4 sufficient condition the biallelic population
would increase significantly. It remains to be seen if the presence of IL-4 would
significantly alter the biallelic expression of the reporter proteins. If this is the case
then the proportion of biallelic expressing Th2 cells in wild type animals may be far

larger than those accounted for in the absence of IL-4 in KN2/G4 animals.
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Figure A. 3 The FACS plots are read from left to right and represent the hierarchical gating
strategy used for analysing T follicular helper (Tfh) cells. (Doublet’, Live (DAPI'), Lymphocyte

gate, CD4'B220°, FMO-PE-Cy7 and FMO-PE gating controls for PD1"CXCR5")
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Figure A. 6 The FACS plots are read from left to right and represent the hierarchical gating
strategy used for analysing nuocytes. (Doublet, Lymphocyte gate, Live (DAPI), FMO-APC
gating controls for CD45", FMO-PerCP gating controls for dump channel of Lineage™ cells
(CD3, B220, FceR1a, CD4, CD8, CD11c, GR1), FMO-Pacific Blue gating controls for Ly6A/E
(Sca-1)", FMO-PE-Cy7 gating controls for CD49b (DX5), FMO-APC-Cy7 gating controls for

CD117 (Ckit)", FMO-PE gating controls for CD44")
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