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Abstract

microRMNAs are a class of short RMNA moelecules that mediate post-transcriptional
regulation of gene expression, thereby controlling cell fate. The importance of
microRNAs in normal T helper cell function has been highlighted by recent studies in
which T cells that are globally deficient in microRMNAs exhibit major abnormalities of
homeostasis and differentiation. However the identities of those individual microRNAs
that are required for normal T cell function remain unclear, and there 15 a lack of data

regarding the cellular processes that are regulated by microRMNAs in T cells,

This thesis examines the hypothesis that specific microRNAs are of critical importance
for normal T helper cell function and differentiation. microRNA expression was
profiled in highly-polansed T helper cell subsets, and analysed in order to detect
differentially expreszed microRNAs. A candidate microRNA, mir-142, was selected on
the basis of these data for further functional analysis. Novel constitutive and conditional
mir-142-deficient mice were generated and systematically analysed for T eell functional
defects. mir-142 deficiency was found to profoundly affect T cell homeostasis, with a
sigmificant reduction in the size of the penpheral T cell pool and impared proliferation
and survival in wvive. T helper cell differentiation was also affected, with default
adoption of a Thl phenotype and impaired stability of non-Thl lineages. Analyvsis of
predicted targets revealed that both retinoie acid receptor (RAR)-y and T-bet are targets
of mir-142 that are functionally responsible for these abnormalities. Deficiency of mir-
142 in T helper cells was also found to prevent the development of disease ina T cell-
mediated colitis model. In summary, this work identifies mir-142 as a critically

important microRNA for normal T helper cell function and differentiation. Future



studies will continue to analyse the function of mir-142 and may investgate this

microRNA as a potential therapeutic target in immune-mediated disease,
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1. Introduction

1.1. Biology of microRNAs

MicroRMNAs (miRNAz) are short non-coding RMAs that post-transcriptionally regulate
the expression of target genes, During the two decades that have followed their
discovery, much progress has been made in understanding both the biology of miRNA
expression and some of the ways in which miRNAs function. The high inter-species
conservation of miRNAs reflects their biological importance, and a large number of
recent studies in human diseazes have demonstrated the biomarker potential of
measunng miBRNA expression levels. Yet many questions stll need to be addressed, not
lzast uncovenng the multiple functional roles that are hikely to exist for many individual
miRMAs. This thesis pnncipally concemns the role of miRNAz i T helper cells,
however the underlving mechanmisms of miBENA function are generally relevant to all
mammalian cell types; therefore a review of current knowledge of fundamental miENA

biology 15 presented here
1.1.1. History of microRNA discovery

The first description of a mBNA was made by the Ambros and Ruvkun laboratones in
1993, who collaborated to identify fin-4 as a critical regulator of the fin-f4 gena in the
nematode worm Cacnorhiabdinis efegans (Lee et al, 1993, Wightman et al, 1993). In
the vears prior to these reponts, it had been demoenstrated that null mutations of fin-4 and
fin-14, which are required for normal O efegans larval development, produced opposite
phenotypes, and that dominant mutatons in fin-14 reproduced the Jlin-4 null mutant

phenotype (Lee et al., 20044). In the course of their investigations, it became clear that
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fin-14 was regulated through sequences in its 3 untranslated terminal region (3" UTR),
and that {in-4 was capable of inhibiting fin-/4 protein expression (Wightman et al |
1991; Arasu et al., 1991). Meticulous cloning and sequence analysis of fin-4 lad to the
unexpected discovery that this gene gave nse to two novel, short, non-coding RNA
molecules. Interestingly, the -20 nucleotide {nt), shoner fragment was generated from
the longer, ~60nt fragment, which was predicted to form a hairpin secondary structure
Both groups then simultaneously noted the breakthrough observation that the fin-4
sequence exhibits antisense complementanty to multiple regulatory sequences in the
Iin-04 3 UTE, Whalst it was not termed as such at the oome, fin-+ was the first muENA
to be descnibed, and it 15 now clear that these semnal reports laid the groundwork for

future understanding of miIENA biology .

Throughout the years that followed the discovery of fin-d-mediated suppression, the
field of RMNA interference (RMNAi) continued to emerge and develop. In 1998, the ability
of synthetic double-stranded RNA (dsRNA) molecules to specifically regulate target
ena expression based on sequence complamentanty was described (Fire et al | 1998)

Then, in 1999, it was shown that short RNA species of approximately 25nt in length
were generated from longer synthetic and viral dsRNA templates, and were capable of
mediating post-transcriptional gene silencing in plants {Hamilton and Baulcombe, 1999).
With time, these short dsRNA templates began to be referred to as short interfering

RNAs (siRNAs).

The next miRNA to be identified was fei-7, a 21nt miENA that was shown in 2000 to
target the O elegans gene fin-41 (Reinhart et al, 2000). Importantly, fei-7 differs from
fin-4 on account of its extensive conservation between species, including in humans

(Pasquinell et al., 2000), In hght of these reports, it was hypothesized that 8 common
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mechanism could be responsible for the processing and function of both synthetic
emogenous dsRNAs and endogenous siRNAs'miRNAs, and that these mechamsms may

be conserved across a range of vertebrate and invertebrate species.

While efforts continued to 1dentify these fundamental mechanisms of RNAi, many
groups embarked on a search for other examples of endogenous miRNAs In 2001, the
Ambros, Bartel, and Tuschl labs simultaneously published the details of almost 100
newly-identified miRNAs (Lee and Ambros, 2001, Law et al |, 2001; Lagos-Chuintana et
al., 2001). It was also demonstrated that many of these miBMNAs are highly conserved
between species. This established bevond doubt that fin-4 and fes-7 were not 1solated
examples of endogenous RNA interference, but were members of a large class of non-

coding RNAs that exists in a wide range of organisms

In the course of these pioneering research efforts, a number of new techniques (such as
small RNA Morthem blotting) had been optinised for the cloming and validation of
miRMNAs. With these new technologies in hand, an ever-increasing number of
researchers bezan to hunt for more members of the miENA famaly. It therefore became
increasingly challenging to curate and organisz the growing number of validated
miRNAs. This process was facilitated by improved standardisation of miRNA
nomenclature and the introduction of the miRMA sequence database miRBase
{http:/wwewe mithase org), which developed from the Rfam miRNA Regmstry ( Ambros
et al., 2003; Gnffiths-Jones et al., 2003; Griffiths-Jones, 2004; Griffiths-Jones et al_,
2006). In recent vears, deep sequencing technology has largely supplanted traditional
cloning methods for the purpose of large-scale miBENA discovery. This has led to a

rapid increase in the number of validated miRMNAs being registered with the miRBase
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database, while the last decade has seen an exponential rise in miRMNA-related

publication numbers (Figure 1. 1) (Kozomara and Gnffiths-Jones, 2011)
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Fipure 1.1 "Growth of the mikBase sequence archive iblack) and the microR™NA publication record
iPubMed entries that reference the term ‘microRNA", greyl”. Reproduced with permission from
Oedford Liniversity Press (Kozomara and Griffiths-Jones, 20011

In only ten years, the research commumty has moved from knowledge of just two
miRNAs to an expanding database of over 16,000 miRNAs in more than |50 species
{miRBase release 17, Apnl 2011) This clearly presents an enormous challenge for
acientists to identify and characterise those miRMNAs that are of principal interest in

improving our understanding of biological processes in both health and disease.
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1.1.2. Biogenesis of mikKNAs

Mature miRNAs are single-stranded RMNA molecules of ~22nt in length, however these
short molecules are not synthesized directly. Instead they are produced by a sequence of
critical enzvmatic processing events that follow ininal transcription (summarised in

Figura 1.2).
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Figuree 1.2 Biogenesis of typical mammalian miBMAs, Inital transcription is pedformed by BMA
polymerase [ and produces the lang primary transcript (pri-miRMNA)L This is cropped by Drosha in
the nucleus o produce a hairpin precursor ipre-mikMNAL which is exported 1o the cytoplasm by
Expodtin V-Ran GTP. In the cytoplasm, the pre-miRNA is cleaved again by Dicer, which is found
as part of a complex including Argonaute protein and HIV TAR RMA-hinding protein (TREFL This
produces a dsENA duplex, one stramd of which is then loaded onto an Argonaute protein that goes
on 1o foem part of the RMAGnduced silencing comples (RISCL Figure adapted from (Kral et al.,
200060, Repraduced with permissicn from Nature Pubdishing Sroop,
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Transcniption of the majority of miRNAs 15 performed by RNA polymerase 11 (Lee et
al., 2004b; Cai et al., 2004), although a small group of miRNAs can be transcribed by
RNA polymeraze Il (Borchert et al., 2006). Many miBRNAs have been found to be
encoded as multiple 1soforms (paralogues) throughout the genome; these are designated
by a sulTixed numeral of the sequences are identical or a suflixed letter if sequences are
closely related. As a result, these paralogous miBENAs can be transcnbed independently
and under the control of different regulatory elements, Conversely, approximately half
of all mammalian miRNAs are located within clusters of multiple miRNAs (Kim et al |
2009), and these clusters may be transcnbed together as part of a single polvoistronic
transcrption vnit {TU) (Lee et al, 2002). Individual miBNAs or polyeistronic miRNA
TUs may be denved from purely non-coding transcripts or located within protein

coding genes, and can arise from both introns and exons

Imitial transcripts, termed miERNA primary transcripts (pri-miEMNAsg) range in length
from a few hundred bases to several kilobases. As wath all RNA transcripts, these
maolecules take on secondary and higher-order structural conformations, including the
hairpin stem-loop structures that contain miRNAs. These hairpins are excised from
primary transcnpts by the RNAse Il-type endonuclease Drosha (Les et al, 2003}, This
process takes place in the nucleus, and requires as a co-factor the dsBENA-binding
protein hGeorge syndrome cntical region gene & (DGCRE). Together these two
proteins form the Microprocessor complex, which iz responsible for the processing of
pri-miBNAs in most cases (Gregory et al., 2004). The complex binds and cleaves the
dsRNA on both the 37 and 57 ends of the stem loop, o produce a precursor miRNA
{pre-miRNA) stem-loop haimpin, which is approximately 65nt in length and possesses a

2nt 37 overhang, 1t 15 worth noting here that a small group of non-coding RMAs, termed
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mirtrons, are altermate miRNA precursors that do not require Drosha processing. Instead,
they are found in introns and are formed by splicing and subsequent debranching of the
excised lariat-shaped intron into an RNA molecule that can be tnmmed to produce a
dsRNA stem-loop hairpin structure (Ruby ef al., 2007, Okamura et al,, 2007; Berezikov
et al., 2007). However, the overwhelming majonty of mammalian mature miRNAs are

likely to be processed from pri-miBNAs via the canomical Drosha-dependent pathway,

The pre-miRNA 15 exported from the nucleus to the cytoplasm by a complex consisting
of exporin 5 (EXP5) and GTP-bound Ran (RanGTP) (Lund et al.. 2004; Bohnsack et
al., 2004; ¥1 et al., 2005). Hydrolysis of bound GTP then releases the pre-muRNA. This
undergoes a further enzymatic cleavage step mediated by the RNAse IMl-type
endonuclease Dicer, which excises the loop structure to produce a dsRNA duplex with
Int 37 overhangs at both ends (Bernsten et al,, 2001; Gnishok et al., 2001, Hutvagner et
al., 2001; Kerting et al_, 2001). The result of this process is that the two strands of the
dsRMNA duplex have been cleaved to their final mature miRMNA sequence, ready to be
incorporated into the functional wnit of miIRNA-mediated gene silencing, the RNA-

induced silencing complex (RISC).

1.1.3. Function

The term RISC encompasses a vanety of molecular complexes that share certain
aimilarities. At the heart of the RISC iz a small regulatory RNA, which may be an
endogenous miRNA, and which is cntical for target specificity. In addition. Argonaute
Farmuly proteins are required in order to bind this small RNA molecule and position it in
a way that facilitates target recognition. Only single-stranded RNA molecules are

loaded into the RISC, and so the dsRNA duplex generated follovang Dicer processing
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must be separated into two strands. Typically, one strand accumulates at higher levels of
abundance whilst the other may be preferentially degraded; this lower-abundance strand
has been termed the passenger strand, star species or miRNA*. Whilst early cloning
expenments falled to detect many of these star species, it has recently been shown that
approximately 4% of all human and mouse muBRNA reads generated by next-generation
sequencing methods represent star species (Yang et al., 2011). Of note, a minonty of
miRNA duplexes give nse to two single-strand mature miRNAs wath simular levels of

abundance {examples include miR-142-3p/mik-142-5p and mik-17/mik-17%).

Two major mechamisms of miBENA-mediated post-transcnptional regulation were
inipially descnbed, termed target degradation and translational repression. These differ
with regard to the effect on target mENA transcript expression level, with the former
resulting in a reduction and the latter producing no measurable effect on transenpt
abundance. Howewver, this cateporization of function is an owversimplification; for
example, target degradation can occur as a result of multple mechanisms. These
include target cleavage, which oceurs if miRNA:mBRNA sequence complementanty is
perfect or near-perfect along the full length of the miRMNA, resulting in complete
destruchon of the target transenipt (Hutvagner and Zamore, 2002, Liu et al,, 2004)
Whilst this mechanism 15 commeon in plants, it is rare in amimals (Bartel, 2009). Where
miRNA:mRNA  complementanty 15 less  extensive, target destabihsaton  may
predominate, through processzes including miBN A-mediated mENA de-adenylanon and
mEMNA decapping, (Giraldez et al., 2006; Wu et al., 2006; Behm-Ansmant et al_, 2006;
Eulalio et al, 2009). Translational repression 15 a complex phenomenon that results in
reduced target protein levels without significant reduction in target mRNA transcript

abundance. This suppression of protein synthesis has been descnbed as occurning
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through vanouws mechanisms including imhibition of both the initiation and elongation
stages of translation, premature termination of translation, and protein degradation
{Huntzinger and lzaurralde, 2011). Inhibition of translation can, in itself, potentially
result in reduced transcript levels, demonstrating that boundanes between the vanous
pathways are not clear-cul, These mechanisms are dependent on a large number of
specific co-factors, and many of these have been noted to localise to so-called
processing bodies (p-bodies) in the cytoplasm, Whilst it was imitially believed that these
wera primanly sites of mRNA storage as part of the process of translational repression,
a number of the factors present, such as GWIE2 proteins, mediate target degradation
{Eulalio et al., 2008), indicating that multiple modes of post-transcnptional gene

regulation take place here.

A number of recent studies have attempted to address whether target degradation or
translational repression predominate in amimals. This question 1s of both biological and
practical importance because gene expression analysis techmiques such as RT-PCR,
microarray, Northern blot and next-generation sequencing are unable to detect
expression changes for genes that selely undergo translational repression, as there i1s no
measurable reduction in target mRNA levels. In 2008, the Bartel and Rajewsky groups
used proteomic techniques to show that overexpression and/or knockdown of specific
miRMNAs in mammahan pnmary cells and cell hnes affected both mRNA and protein
levels of the majority of tareets (Baek et al_, 2008; Selbach et al., 2008). Hendnckson et
al.  subsequently  determined targets of miR-124  through  Argonaute
immunoprecipitation in transfected HEK-293T cells, finding that mRNA levels were
reduced for most targets, and that this reduction was greater than the reduction in target

protemn level (Hendnckson et al., 2009). In addition, these data suggested that inhibition
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at or prior to the inittation of translation was the most likely mechanism of suppression
Recently, Guo et al. employed nbosome profiling in the context of specific miRNA
overexpression or knockdown to demonstrate that approximately 84% of miRENA tarpet
genes were suppressed at the mBNA level in mammaban cells (Guo et al, 2010)
Together these data support the notion that mRNA transeript levels can be measured in

order to detect the majority of putative nuRNA: mENA interactions.

1.1.4. miRNA target speciiicity and prediction

The first metazoan miRNAs to be discovered were descnbed as exhibiting partial
complementanty to sequences in the 3'UTR of their target genes (Lee et al, 1993,
Wightman et al , 1993, Reinhart et al., 2000). Early bioinformatic analvsis revealed the
importance of target complementanty toward the 57 end of the mRNA, with this
observation later refined to identify nucleotide positions 2-7 of the miENA, termed the
seed sequence, as being of greatest importance (Lai, 2002; Stark et al,, 2003; Enright et
al., 2003; Lewas et al., 2003). Confirmatory expenments demonstrated that nucleotide
substitutions had the largest effect on miBMNA activity when they impaired seed
sequence-target complementarity (Kloosterman et al | 2004, Doench and Sharp, 2004,
Brennecke et al., 2003). These findings allowed for computational algonthms to be
developed that predict miBENA targets on a genome-wide scale, by companng the seed
sequence of known miRNAs with 3'UTR sequences. An overview of some of the more

commonly-encounterad miBENA target prediction algorithms iz shown in Table 1.1
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AlgorithTatabase

Factors considered in prediction and ranking of targeis

Targetacan

(Lewas et wl, 2005 Londgrat et ol
2007, Friedmamn et al., 2000

W ITESCAN. OTE

Seed sequence pairing {stingent ), number of sites, bype of site,
sile eomsariion (ol )

Predictions for: verbebrate (ime. human, moose), fy, worm.

FicTar
(korek et al., 2005 Grin e al., 2005,
Lall et al., 200063

practarmde-berlinde

Seed sequence pamrng {strmgenty, number of sies, conserved
Siles.

Predactoms for vertebrale, ﬂ:n.',_ WO,

milanda

(Enmght et al., 20003, Johm et ol
2004, Betel e al., 20109

AW IMIETOTT. 0T

Beed sequence pairing (moederately stringent), mumiber of sifes,
comserved sifes

Predictions for: human, mouse, raf, flv, woemm.

PITA
(Kerlese et al., 2007

genme, weremann.oe 1l pubsmdd T inr
07 _data himl

Sepd sequence ponng (vonahle), number of sites, conserved sites
fopibonal )y, target site accessibility, Manking sequence
complementarity {optionn] )

Predictions for: human, mouse, Iy, worm.

Elkibdo
(Candnizi= ef al,, 2007
wwwy mirz. unibas ch/E b3y

Seed sequence pairing (maderately stringent), number of sites,
conserved siles

Predictions for verbebrate (e, human, moase), By, worm,

mir'WIF
(Hammell et ol 200E)

WWW T gels. ofg

Seed sequence pairing Jmoderately stringent), mamber of sifes,
conserved siles, iorged sile pecessibality,

Predictions for: worm.

Kna22

(hirando e4 al., 2006
cheary watsonibmcomdmiad 2 hitm]

[ndependent identification of kinding sites, seed sequence pairing
{varahle,

Table 1.1 Summary of selectsd target predicion algorthims and databases

The extent of complementarity in the seed region and beyvond is important in

determining the probability of suppression occurnng through that site. A svstem for the

classification of miRNA-target complementanty 15 summansed in Figure 1.3 (Bartel,

2009).
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Fipure 1.3 Classification of miKMA targel sites, Verical bars indicate Watson-Crick pairing.
M=nuclectide, A=adenine. Figure reproduced with permission from Elsevier. (Bartel, 200%9).

Where there 15 a perfect match at positions 2-7, these sites have been termed ‘stnngent”
seed sites, and are classified as 8mer, Tmer-m®, Tmer-Al and 6mer (Figure 1.3). The
nucleotide complementary 1o position 1 of the miRNA 15 important, as the presence of
an A residus at this point of the target sequence has been identified as increasing the
likelihood of targetng (Lewss et al., 2005, Baek et al., 2008). It should be noted that
target prediction algonithms such as TargetScan and PicTar differ in rewarding either an

A in this position (Targetscan) or a Watson-Crick match (PicTar). Consequently the
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overlap in predictions between algorithms iz limited by this difference, although the
majonty of mammalian miIRNAs begin with a U (Lewis et al., 2005; Seitz et al,, 2011)
and are therefore rewarded by both methods for a match in this position. 8mer and
Tmer-Al matches include an A complementary to position 1 of the miRNA, whilst
Tmer-mE matches possess a Watson-Cnick match at position 8 in addition to a perfect
sead-match (Figure 1.3). Seed sequence-target complementarity may also be offset such
that, for example, a Gmer match at positons 3-8 of the muiRNA can still result in
successful targeting (Friedman et al., 2009). Mismatches within the sead-region do not
necessanly preclude targenng and may be tolerated by some algonthms, these are
termed “moderately-stningent” sites. A classification system for these has also been

proposed (Figure |.4) (Gaidatzis et al, 2007).

Moderately-Stringent Sites

L [FLIM it

::':‘“7/ !

A

BT sie GUT s

LP ik

}

Figure 1.4 Classification of moderately-stringent sites. B Single bulged nuclectide on miRMA
side; BT: Single bulged nucleatide on target side; L Single internal loop; GUM: Single GL
prairing (5T swobblel with the U on the miBMNA side; GUT: Single GU pairing with the U on the
transcrpd side miRMA in blue, mEMA ranscapl in black, mismatch nuclectides in red. Note:
masmatch o Bulge may be located at any poind in the seed region,
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Correlation of predicted target datasets with experimental data quantifying the effects of
miRMNAs on target expression has demonstrated a hierarchy for some target-mBNA
matches. For stringent seed-matches, the probability of a target being suppressed by a
miBENA decreases in the order 8mer > Tmer-m8 > Tmer-Al = amer (Gnmson et al |
2007; Mielsen at al., 2007, Baek et al , 2008; Selbach et al., 2008; Fniedman et al., 2009)
The presence of a bulge, G:U wobble or loop significantly reduces the likelihood of
targeting, although expenmental evidence indicates that the effect on targeting s
unpredictable { Brennecke ot al., 2005). Stnngant seed-matches are therafore more likely
to be vahd targets than moderately-stringent sites. Complementarity to the 37 part of the
miBNA can support targeting, being defined as "3 -supplementary” panng i the
context of stringent seed-matching and “3"-compensatory™ painng when associated with
maderately-stnngent matching (Figure 1.3) (Bartel, 2009), Specifically, painng centred
on nucleotides 13-17 of the miRNA and consisting of 3-4 Watson-Crick matched
nucleotides provides optimal support for targeting in stnngent-matched miBRNA-target
interachions {Gnmson et al,, 2007). More extensive pairing of typically more than 9
Watson-Crick matches in the 3" region can compensate for mismatches, but this is a rare
feature of predicted miRNA targets in mammals (Bartel, 20009), Indeed, only a small
subszet of targets exhibit significant conservation of complementarity to 3° miRNA
sequences, indicating that both the requirement for and uthisatnon of this phenomenon

are relatively uncommon (Bartel, 200).

The accuracy of early target-prediction methods was sub-optimal, particularly suffering
from high false-positive rates, However algorithims have been progressively refined 1o
incorporate  newly-described concepts of miBENA biology. One of the earliest

refinements to be implemented was the analysis of predicted target site conservation
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between species. A number of groups demonstrated in different species that predicted
target sites of real miRNAs were more highly conserved, particularly in the seed region,
than predicted zites of scrambled miRNA sequences; this led to improved algorithms
that select for highly conserved sites and thereby reduce the false positive rate (Lewas et
al., 2003, Krek et al., 2005, Brennecke et al., 2005; Lewas el al., 2005). However this
process necessarily removes many non-conserved targets, which may oumumber
conserved targets by as much as ten to one for Tmer matches (Farh et al,, 2005). A large
proportion of non-conserved targets are indeed wvalid miRNA targets, however genes
with non-conserved sites tend not to be co-expressed in the same tissue fype with the
targeting miRNA (Farh et al |, 2005). Hence algonthms that incorporate conservation in
their scoring method tend to select for more biologcally relevant interactions by
concentrating on miRNAs and targets that wall actually encounter each other wathin the
cell. Monetheless, target prediction based on conservation wall always result in a

sigmficant number of funchonally relevant and vahd targets being missed

The location of target sites also impacts on the likelihood of targeting. The probability
of targeting via 3"UTR target sites 15 increased where the site is located away from the
centre of the UTR, but at least 15nt downstream of the stop codon (Grimson et al |
2007). Target sites have also been described in both 3'UTRs (Jopling et al., 2005; Lytle
et al,, 2007, Orom et al,, 2008, Lee et al., 2009a) and open reading frames (ORFs) of
mEMNAzg (Farh et al., 2005; Lewis et al., 2005; Lim et al., 2005; Easow et al., 2007,
Gnmson et al., 2007; Baek et al., 2008). However the majonty of functional sites are
located within the 3'UTR and this is likely to be due to the effect of active translation
impeding the association of the miENA-RISC complex with the target transcnipt (Gu et

al,, 2009). Multiple sites wathin the same UTR also increase the overall hkelihood of
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targeting (John et al., 2004), and when these sites are within close proximity to each
other the suppressive effect of targeting can be amplified (Doench and Sharp, 2004;

Grims=on et al., 2007 Sastrom et al_, 2007).

In addition to the location of target sites, the accessibility of the site affects the
likelihood of targeting, and this 15 determined in part by mRNA secondary structurs
A-U-nch areas surrounding predicted sites increase the probability of the site being
active, possibly because these sites are more accessible as a result (Gnmson et al,, 2007,
Bartel, 2009). A number of methods have attempted to integrate in sifico-predicted
mEMNA secondary structures into target prediction algonthms (Robins et al., 2005;
Kertesz et al., 2007, Long et al,, 2007, Hammell et al , 2008). However, these fail 1o
outperform simple scoring of A:U content in the region of the miRMNA (Gnmson et al_,
2007, Baek et al, 2008) mchcating that, at present, structural predichons are not
sufficiently accurate to justify the considerable computing effort required to perform

such an analysis on the genome-wide scale

A summary of the various factors discussed here that influence the probability of

targeting 15 presented in Table 1.2.
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Factor Sumimary

Sped-sequence Spl-sequence 12 at positions 2-7 of miEM A perfect seed match is major
complemeantariy determmant of trgetmg probabn iy

Addenine across from posibon | of miEMA and Watson-Crnek mateh ot position
8 increase targeting probability independently and co-operatively

Sl -region mismptches redvce probabality but do not preclude torpetomg

5 miEMA-targel Complementarity of 3-4nt ot positaons 13-16 (iowards 37 end of miBMAY con
pairing augment stringent seed-matched targeting

Bore extensive complementonty centred on pesitiens 13-19 ¢on compensats
for mismatches and complete matches in seed region

Baoth likely 1o be rore Features of miBENA activity based on conservation and
prevalence of siles

Conservalion Selective pressume results moeonservation of funciinal sites

Comservation seoring enhanees specilicity of target prediction algorithms

Target =ite location Bany sites in 37UTTR and ORF; few in 3'UTR

FUTE sites at least 13m0 downstream of stop ocodon wmd away from UTH cenine

Target site multiplety Multiple sies enbance suppaession

Target sile Dretermanes probabality of trgeting bt dafTienlt s accurately model
aecessibility

Table 1.2 Summary of factors that influence probability of miENA targeting

1.1.5. Regulation of miRNA activity

A number of mechanisms are known to regulate miRNA activity. Indeed, virtually all
points during the hifecvele of a miRNA susceptible to some form of regulation, miRNAs
are transcribed in the same way as protemn-coding genes and this transcnption may be
controlled through the same mechanisms. Specifically, transcription factors that act to
promate or repress transcription may bind to genomic regulatory regions and thereby
control miRMNA expression. Interestingly, these transcription factors may themselves be
targets of the mIBNA in question, allowang for regulatory feedback loops to exist that
act either to repress or powerfully upregulate miBRNA expression. An example is the

reciprocal repression between miR-7 and the transcription factor Yan, which ensures
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appropriate miB-7 expression in photoreceptors of Dvosophila (Li and Carthew, 2005)
However, 1t 15 uncommon for a simple relationship between a single miRNA and a
aingle transcription factor to exist in 1solanon, and complex networks can anse when the
effects of multiple transcription factors and their many targeting miBENAs are taken into

account.

Processing of miRNA pnmary transcripts and precursors is also a highly regulated
process. Drosha cleavage of pnimary transenpts 15 regulated by its entical inding
partner DGCRE, and Drosha itself can influence this process by cleaving hairpins from
DGCRS mRNA resulting in DGCRE degradation (Han et al., 2004, The ratio of Dirosha
to DGCRE 15 important as DGCURS excess inhibits Drosha activity (Gregory et al
2004). A further layer of complexity results from the finding that Drosha-mediated
cleavage 15 not necessanly a fixed process, and that some mMIBNA precursors may be
variably cleaved in such a way that mature miRNAs differ in their final sequence (Wu
et al., 200H). As a consequence of differences at the 5" end of the mIENA, seed-target
matches will be different because the seed sequence has been shifted in positon, and
this vamation may be of importance in differential regulation of target genes. The
mechanisms that govern this vanmability in 57 muRNA processing are not fully
understood. Similar to Drosha, Dicer is directly regulated by the interactnon wath its
binding partner TRBP, which stabihses pre-nuBRMNA processing (Chendnmada et al |
2005). TEBP is regulated through phosphorylation of senne residues by mitogen-
activated protein (MAP) kinase / extracellular regulated kinase (ERK) (Paroo et al_,
2009}, and these pathways are controlled in a tissue specific manner. In addition, a large
number of accessory proteins have been described as acting as co-factors or regulators

of mRNA processing. These act through diverse pathways such as preventing cleavage
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of specific pnmary transcnpts by Drosha, or recruiting other cofactors that enhance
processing. Finally, Dicer 15 itself a target of the miRNA let-7, in an autoregulatory
feadback loop that can globally influence miRMNA levels wathin the cell (Forman et al |

2008)

miRNAs can also be directly subjected to sequence modifications. The most notable
example of this 13 editing of the miRNA by ADARs (adenosine deaminase, RNA-
specific). These enmymes act on dsRNA molecules to convert adenosing to inosing, a
process that can have important consequences for base-pairing and transcript structure.
ADARs can introduce changes to both pn- and pre-miBNAs, affecting Drosha
processing (Yang et al., 2006), Dicer processing (Kawahara et al., 2007a), and seed-
target interactions (Kawahara et al., 2007b). In addition. miRNAs can undergo end-
madification as a result of adenvlation (Katoh et al., 20009) and undvlation (Jones et al |
2009, which can have profound effects on the function of the miRNA. In particular,
such modifications can affect the rate at which mature miRMNAs decav, a process that
may also vary depending on the rate of cell-cyvcling (Hwang et al., 2007). Little is
known about the specific mechanisms that control miBENA  degradation, but
expenmental  studies indicate that miRNAs are hkely to be highly stable RNA
molecules wath relatively long half-lives (van Rooi) et al.. 2007; Hwang et al., 2007,

Gatfield et al, 2009, Krol et al,, 2000a)

The function of mature miRNAs can also be controlled by the activity of the numerous
proteins that interact with the RISC. Levels of Argonaute proteins are known to
determine mature miRNA  abundance, ndicating that regulation of Argonaute
expression may influence global miRNA expression (Diederichs, 2007). The ubiquitin

ligase TRIM32 enhances the achvity of several mammalian muRNAs  through
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interactions with Argonaute 1 (Schwambormn et al., 2000). RNA-binding proteins can
also positively and negatively regulate miRNA-mediated repression by associating with
target mRNAs under spacific cellular conditions. For example, the protein HuR binds to
AlU-rich elements in the 3UTR of the gene CAT-1 in human hepatoma cells
undergoing stress, reducing nuR-122-mediated translational inhubinon and enhancing
CAT-1 translation by promoting its recruitment to polysomes (Bhattacharvva et al |

2006)

miRNA activity can also be regulated independently of the miRNA processing and
functional pathways through specific changez in the target mRMNA. In particular,
maodification of the 3'UTR sequence can disrupt miRNA seed-target interaction and
inhibit or prevent suppression. In proliferating CD4™ T cells, 3'UTRs are shortened by
ncreased rates of termination at upstream polvadenyvlation sites, with the effect that
fewer mRMNA target sites are present in the 3'UTRs of mRNA transcripts (Sandberg et
al., 2008). The functional implication 15 that mENA translation 15 enhanced in these
proliferating cells, a process which is likely to be complementary to the demands of

increased cell division.

1.1, Summar',.-

The ramd expansion of miBRNA research has produced numerous findings that
demonstrate the importance of these small RNA molecules in virtually all biological
processes. Perhaps the most significant examples of this are the genetically-modified
organisms in which mBNA processing 1s purposely abolished by deletion of cntical
components such as Drosha and Dicer, causing near-total absence of mature miRNAs

Knockout of these endonucleases results in early embryonic lethality (Bemstein ef al |
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2003; Fukuda et al., 2007), and deletion of the Drosha co-factor DGCRE in mouse
embryomic stem cells results in falure to silence pathways of self-renewal during
differentiation (Wang et al, 2007) Clearly miRMNAz are indispensible for
embrvogenesis, but to address their role in later stages of development, conditional
Dicer and Drosha knockout mice have been developed that enable selective deletion in
specific cell types. As an example, condinonal deletion of either of these two
endonucleases in T cells results in marked abnormalities of differentiation and function,
highlighting the requirement for miRNAs even in mature, specialised cell typas (Cobb
et al., 2005; Muljo et al., 2005; Chong et al,, 2008), Collectively, these findings provide
confirmation of the general importance of miRNAs for a diverse range of cell functions,
and demonstrate the complexity of the pathways involved. The challenges for the next
era of mIRNA research include the need to asenbe specific functionality to individual
miRMNAs, the continuing effort to understand the interplay of rezulatory factors that
govern miRNA biology, and the desire to franslate this vast wealth of knowledge into

tools that may be of use in the management of human disease

1.2. T helper cell subsets

CD4" T cells are of cntical importance for effective immumty. Therr functions
primarily involve interactions with other immune cell types, orchestrating responses of
both the innate and adaptive immune system. Whilst CD4™ T cells underzo a clearly
defined programme of development in the thymus, their final state of differentiation in
the periphery has the potential to vary widely in response to the differing stimuli that
they may receive. It 13 this range of CD4” T cell subsets that allows for a highly specific

response to individual threats, directing the immune system to act in the most
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appropriate way. Through these means, CD4™ T (helper) cells are able to control most
classes of pathogens including viruses, intra- and extracellular bacteria, helminths and
fungi. The number of recognisaed T helper cell subsetz has expanded significantly in
recent years, as has the evidence that cells may simultaneously or sequentially exhibit
some features that are charactenstically associated with different subsets. What once
seemed to be clear-cut lineage boundanes now appear less well defined. As a result, the
complexity of the mechanisms that control commitment pathways has become
increasingly apparent, a change that has been amplified by recent dizcovenes of novel
cellular processes that regulate gene expression and funchon, such as the role of non-
coding RNAs Dnving this research 15 the belief] increasingly supponted by evidence,
that improved understanding of T helper cell biology can be exploited in a targeted

manner to improve the management of a wide range of human diseases,

1.2.1. Overview of T helper subset discovery

T helper subsets were imtially recognised and defined prncipally by the specific
cytokines that they were found to produce. This section provides a summary history of
the discovery of these subsets. However, in recent years it has been recogmsed that the
expression of master regulatory transcription factors determines the differennanon of
mdividual T cell populations, and these are increasingly used n the defimbion of T
helper cell subsets. The identies and functions of these transcnption factors are
reviewed later, in section 1.2.2, along with the mechanisms that are responsible for

dhfferentiation
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1.2.1.1.  The Th1/Th2 paradigm

In 1986, Mosmann and Coffman described a system for the classification of munne T
cell clones into two phenotypes. These were termed T helper tvpe | (Thl) and Th2
based on differences in their expression of evtokines and the antigens for which they
provided B cell help (Mosmann et al.. 1986). They found Thl cells to produce
interferon-y (IFMN-y) whereas Th2 cells produced a number of T cell growth factors
including 1L-4, Following this report, these definitions were progressively developed
and expanded to include a wider range of cytokines and surface molecules that define
these cells, Thl cells are now known to preferentially express the ortokines tumour
necrosis factor o (TNF-a) and lymphotoxin « (LTa) in addinon to IFM- {Cherwinski et
al., 1987), and the cell surface chemokine receptors CCR5 (Loetscher et al., 1998) and
CXCR3 (Bonecch: et al., 1998 Sallusto et al., 1998). A large number of Th2-associated
cytokines including IL-4, TL-5, TL-9, TL-10, IL-13, IL-24, IL-25 and amphiregulin have
been identified, whilst these cells express CCR3I (Sallusto et al, 1998), CCR4
{Bonecchi et al, 1998, Sallusto et al, 1998; D'Ambrosio et al.. 1998), CCRE

{D'Ambrosio et al., 1998) and CRTh2 (Magata et al., 19%%%) on the surface.

Following the wdenufication of Thl and Th2 cells, the pathways that result in their
development from naive T cells were svstematcally uncovered. T helper cell
differentiation occurs followang antigen-presenting cell (APC) stimulaton of naive T
cells wath cognate antigen, and 15 dependent on factors including cytokine milieu, signal
strength and antigen concentration. MNaive T cells make very little cvtokine of anv tvpe
upon direct ex vive stimulation. It was first demonstrated in 1990 that these cells could
be induced to produce IL-4 in sigmificant quantities if cultured for 2-3 days in the

presence of T cell receptor (TCE) hgands and exogenous [L-4, hence becoming skewed
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towards the Th2 phenotype (Le Gros et al., 1990; Swain et al , 1990). This process was
observed to represent a feedback loop mechamsm that ensures effective polansation
Efficient skewing towards the Thl phenotype was subsequently demonstrated to occur
following culture of naive T cells in the presence of TCR stomulation and 11.-12 {(Hsieh
et al, 1993). The strength of TCR stimulus and anbigen concentration were also
investigated and have been found to influence differentiation, wath weaker stimuli and
lower antigen concentrations both favouring Th2 commitment (Hosken et al, 1995;

Constant ot al_, 1995; Tao et al., 1997 Yamane et al_, 2005

Evidence to support the Thl/Th2 classification continued to appear dunng the decade
that followed s minal description. Importantly, thes dichotomy was soon shown to be
broadly conserved between human and rodent following the isolation of Thi- and Th2-
type cells from patients with inflammatory diseases (Wierenga et al., 1990, Magm et al |
1991; Parronchi et al., 1991). It also became clear that the two subsets play different
functional roles. Thi cells help to promote B cell class-switching to lgG2a. stimulate
macrophages through production of IFN-y and respond primarily to pathogenic
intracellular organizms. Th2 cells promote B cell class-switching to lgGl and IgE
subtypes, shmulate sosinophils, mast cells and basophils and direct immunity against
extracellular parasites. Early studies of these T cell subsets in animal infectious disease
maddels and human diseases provided evidence that reinforced the functional basis of
this classification. Mice infected with the protozoan intracellular parasite Leishmania
major are able to successfully clear the infection if a Thl response is mounted, but
succumb 1o the disease if the response is Th2-mediated {(Scott et al,, 1988; Heinzel et al |
[989). Interestingly, the tvpe of response to £. major infection depends on the strain of

mouse that 15 infected: CSTBLG mice develop Thl-type responses and so are protected,
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whilst BALB/c mice develop a Th2 response that actually contnbutes to disease
progression and so do not survive (Heinzel et al., 1989), A comparable human model of
the Thl vs. Th2 response to infection can be observed in the variable pathology of
Mycobacterium leprae infechon: lepromatous leprosy 15 characterised be massive
accumulation of intracellular parasites and is associated with a Th2 response that lails 1o
control infection, whereas tuberculond leprosy features a Thl response with TFN-y
production and efficient clearance of bactena, but sigmficant immune-mediated tissue
damage (Salgame et al., 1991; Yamamura et al_, 1991). Expenimental models of Th2-
mediated  immunity were also developed; tor example, mice infected wath the
nematodes Heligmosomoides polveyrus and Trchuris muris require a Th2 response 1o
clear the disease (Urban et al, 1991; Else et al., 1992). The Th1/Th2 paradigm was also
supported by evidence from human and experimental inflammatory diseases, The non-
obese diabetic (NOD) mouse model of autoimmune diabetes mellitus was shown to be
dependent on Thl cvitokines for disease induction (Debrav-Sachs et al., 1991; Campbell
et al., 1991) and prevented by admimstration of IL-4 (Rapoport et al., 1993). Muluple
sclerosis was found to be associated with increased levels of IFN-y, TNF-o and LT-o
{Rotteveel et al, 199%0; Selmay et al, 1991), and the corresponding mouse model,
expenimental autoimmune encephalins (EAE), was shown to be associated with Thl
activity (Ando et al,, 1989), In contrast, Th2 responses were found to be associated
primarnily with allergic and atopic human diseases (Parronchi et al., 1991, Robinson &t

al , 1992),

1.2.1.2.  Thi7 cells

Whilst this model of T cell differentiation was both elegant and tractable for the purpose

of improving the understanding of T cell biology at that iime, a number of
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inconsistencies began to be reported that hinted at a deeper complexity. In particular,
confusion arose when diseases that were believed to be Thl-mediated either failed to be
ameliorated or were worsened by certain expenmental interventions aimed at limiting
Thl responses. For example, inhibition of IFN-y in the setiing of EAE was seen to
produce opposing results when compared with IL-12 inkubition, wiath IFN-y knockout
mice being more highly susceptible to disease (Willenborg et al., 1996) and IL-12 pdQ
knockouts being protected (Segal et al., 1998}, An explanation for this discrepancy was
provided i 2000 when it was dizscovered that the pd0 subunit of IL-12 1= also a
component of the previcusly unrecognised cytokine IL-23 (Oppmann et al., 2000). The
second element of these heterodimene molecules differs: IL-12 15 defined by the
presence of the p35 subunit and IL-23 by p19. Confirmation was subsequently provided
by studies companing p40 knockout mice with p33 knockouts, which showed that p33
knockouts displaved increased sensitivity to EAE (Becher et al, 2002; Gran ot al |
2002). In keeping with these findings, deletion of pl9 resulted in complete protection
from disease, demonstrating that 1L-23 was the critical cytoking in the development of

EAE, and that IL-12 was not responsible {Cua et al., 2043,

These data contradicted the easting Thl-mediated model explanaton of EAE and
indicated that a previously unrecognised T cell subtype might be responsible. The
landmark observation that IL-23 induces IL-17 production by a subset of T helper cells
{Agoarwal et al., 2003) provided the link between 1L-23 and a potential mechanizm for
inflammation, as IL-17 had previously been demonstrated to be an inflammatory T cell-
derived cytokine (Yao et al, 1995), It was later recogmsed that 1L-23-induced, IL-17
producing CD4™ T cells were highly pathogenic and responsible for inflammation in

both murine EAE (Langnish et al,, 2005} and collagen-induced arthntis (CLA) (Murphy
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et al., 2003). In time, these IL-17-prodecing cells came to be descnbed as Thl7 cells, a
novel subset inits own right that was readily disinguishable from Thl and Th2 cells
{Harmngton et al., 2005, Park et al., 2005). The prmary function of Th17 cells appears
to be to direct the immune response to extracellular pathogens through the recruitment
of cells such as neutrophils and the induction of cytokine expression by both immune
and other cell types (Schmidt-Weber et al., 2007). As with Thl and Th2 cells, the
sources and identities of factors that regulate Th17 differentiation have been the subject
of concerted investigation, with cytokines such as transforming erowth factor i (TGF-[),
IL-6 and TIL-1] all being descnibed as playing significant roles in the process (Bettellr et
al., 2006, Mangan et al., 2006, Veldhoen et al., 2006, Sutton et al | 2006). However,
numerous unresolved controversies have emerged in relation to the precise machanisms
of Thl7 differentiation and there appear to be larger differences between human and
mouse Th17 calls in this regard when compared with Thl and Th2 cells. These topics

are discussed further in section 1,223

1.2.1.3.  Regulatory T cells

The subsets descnbed above are generally considered to be effector cell types whose
role 15 o co-ordinate the most approprate responss o any threat By the early 19905,
several decades” worth of evidence had slowly accumulated that a separate T cell
population with regulatory  properties existed, but many  researchers had  sadly
abandoned their efforts along the way, in part due to confusion in the field and a lack of
appropriately sophisticated tools to study this (Sakaguchi et al., 2007). However, a
report in 1995 that CD4° CD25° cells possess potent suppressor funchion reinvigorated
these longstanding research efforts (Sakaguchi et al., 1995). These cells were termed

regulatory T cells (Treg), a funchionally distinct subset of T cells that are capable of
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suppressing the effector cell response and are of crinical importance in the prevention of
autoimmunity, Further charactensation identified a number of highly expressed surface
molecules on these cells including cytotoxic T-lymphocyte antigen 4 [(CTLA-4)
(Takahashi et al., 2000, Read et al., 2000) and glucocorticoid-induced TNF receptor-
related protein (GITR) (Shimiza et al |, 2002, McHugh et al | 2002). In addition, it was
soon recogmsed that these cells charactenstically express the transcription factor FoxP3
{Hom et al., 2003; Khattn et al, 2003; Fontenot et al., 2003), FoxP3 expression has
come to be reparded by many as the defiming feature of Treg cells, and itz role is

discussed in more detail in section 1.2.2.4

The primary function of Treg cells is to limit immune responses in order (o prevent
immune-mediated harm to self It 1s recogmised that the mechanisms of thymic negative
selection, so-called central tolerance, are unable to prevent all self-reactive effector T
cells from escaping to the penphery. Unchecked, these cells would respond to
presentation of self-antigen and produce damaging autoimmune responses, but Treg-
mediated peripheral tolerance acts to prevent this from occurring, Treg cells carry out
their function through a number of mechanisms. These include secretion of inhibitory
cytokines such as TGEF-P, TL-10 and IL-35, which 15 a recently-desenbed heterodimer
compnsing the p35 subunit of IL-12 and another subunit, Ebi3 {(Collison et al., 2007).
These cytokines are able to act on effector T cells and other cells of the immune system
to suppress immune responses. Treg can also directly kill target cells through eytolytic
activity mediated by secretion of granzyme B and perforin { Gondek et al., 2005; Zhao et
al., 2006, Cap et al, 2007) In addiion to this, Treg can disrupt the local
microenvironment in such a way that target cell metabolism is adversely affected. A

number of pathways for this have been reported. including local 11L-2 consumption
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leading to effector T cell IL-2 “starvation™ (Pandivan et al., 2007), elevation of local
adenosine concentration with consequent inhibiton of effector function (Borselling et
al., 2007, Deaglio et al., 2007; Kobie et al_, 2006), and direct transfer of the inhibitory
messenger ovelic AMP (cAMP) into T cells (Bopp et al, 2007), Finally, dendntic cells
(DCs) are also a target of Treg suppressor function, with Tregs inhibiting co-stimulation
and enhancing expression of indoleamine 2_3-dioxygenase (1DO), which catabolizes the
metabolism of tryptophan to immunosuppressive molecules (Fallanino et al,, 2003). The
precise manner in which suppressive function is achieved in vive is likely to represent a

combination of these and possibly other pathways

Treg cells are not a homogeneous population and can be subdivided into categories
based on differences in their development. A population of Treg cells termed natural
Treg (nTreg) develops in the thymus in parallel wath those T cells that wall emerge into
the periphery as naive T cells. Alternatively, naive T cells can differentiate into Treg
¢ells under the appropriate conditions both ém vive and i vitro; these cells are described
as induced Treg (1Treg). TGF-P s thought to be important for this process and in vifro
stimulation of naive T cells through TCR signalling in TGF-B-containing cell culture
medium results in expression of FoxP3, CD25 and other surface markers expressed by
Treg (Chen et al, 2003). Conversion of nalve T cells to Treg im vive has been
demonstrated followang adoptive transfer of naive T cells into Treg-deficient mice
{Curotto de Lafaille et al., 2004). There 1= evidence that i Treg cells may be generated as
part of the response to non-self antigens in order to prevent an excessive and potentially
damaging immune reaction from occurring, Transfer of antigen-specific naive T cells
into lvmphopenic hosts that constitutively express the cognate antigen results in an

mifial severe T cell-mediated immune response resembling graft versus host disease
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This is followed by a recovery phase in which FoxP3 CD25 1Treg cells develop and
control inflammation (Knoechel et al., 2005), 1Tregs can also be induced in TCR-
transgenic mice that lack nTregs following oral admimstranion of the antigen (Mucida et

al , 2005)

1.2.1.4.  Follicular help-er T cells

Follicular helper CD4™ T cells {Tfh) were initially descnbed in humans in 2000 and
2001 as wonsillar CD4" T cells that express high levels of the chemokine receptor
CXCRS5 (Braitfeld et al., 2000; Schaerli et al., 2000; Kim et al., 2001). These cells were
tound to be highly concentrated in germinal centres wathin the tonsil and to co-localise
with B cells in these regions. Both IL-6 and TL-21 have been shown to contribute to the
differentiation of Tth cells (Suto et al., 2008; Nuneva et al., 2008), although it iz likely
that B cells also play an important role i this process (Crotty et al, 2010). The
functions of Tth cells include provision of help to B cells to ensure appropriate antibody
isotype class-swatching, and production of evtokines including 1L-21 which forms a
positive feedback loop to ensure Tih polansanon. The relatonship between the
previously described effector subsets (Thl, Th2 and Thi17) and Tfh cells remains
unclear, because it has been reported that Tth cells can display some of the features of
these cells such as cytokine expression (£aretsky et al.. 2009), leading to speculation
that Tth cells are subject to an additional, secondary program of differentiation

(Fazillean et al | 2009, Awasthi and Kuchroo, 2009)

1.2.1.5. Other subsets

A number of other types of T helper cell have been identified in recent vears. A subsat
termed Th9 has been recently reported by several groups and 15 defined by expression

of IL-9 in the absence of the charactenstc cytokines of other T helper cell subsets
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{(Veldhoen et al, 2008b; Dardalhon et al., 2008). 1L-9 was ininally described as being
associated with Th2-related disease models and induced by TGF-f and 1L-4 (Gessner et
al., 1993; Schmitt et al., 1994). It has recently been demonstrated that IL-9 expression
can be induced in Th2 and Th17 cells by culture in the presence of TGF-f (Veldhoen et
al., 2008k, Beriou et al_, 2010) and also in Thl cells cultured wath IL-33 {Blom et al_,
2001). Th9 cells are considered to be of importance in Th2-type responses such as
nematode infection and atopy (Faulkner et al,, 1997, Forbes et al,, 2008), However, the
fact that other subsetz may be directed to become Th9 cells raises the question of

whether IL-9-producing cells should truly be considered a separate ineage

The same problem arises regarding IL-10-producing cells An IL-10-secreting
regulatory cell population that has been termed Trl can be induced to develop from
naive T cells by a combination of the cyvtokines TGF-p and 1L-27, and possesses potent
immunosuppressive function without expressing FoxP3 { Awasthi et al_, 2007). However
this same cvtokine combination 1= able to upregulate 1L-10 expression in differentiated
Thl, Th2 and Thl7 cells (Stumhofer et al, 2007, Fitzgerald et al., 2007), suggesting
that IL- 10 expression may not be the defimng feature of a separate subset but rather the
superposition of a state of subset differentiation wath regulatory capabality, There 15 no
doubt that [L-10 expression plays an important role in controlling the immune response,

but at present it 15 unclear whether Trl cells truly represent a separate hineage,

Th22 cells have also been recently descnbed in humans only (MNograles et al., 2009;
Duhen et al., 2009; Tnfan et al., 2009). These cells express only IL-22 and do not
appear to belong to other subsets based on cytokine and transcription factor profiling

Whilst the function and differentiation mechanism of this lineage 15 unclear at present,
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these cells were reported to preferentially home to the skin, indicating that this may

represent a highly specialised T helper cell subset

1.2.1.6.  Summary

Ultimately, whilst distinet patterns of cyvtokineg and transcniption factor expression are
readily observable in response 1o difTerent types ol disease, evidence increasingly
sugzests that these boundaries are not so ngidly fixed, and that significant plasticity and
crossover exists i the realm of T helper differentiation (reviewed in section 1.2 3)
These descriphions have been very helpful in advancing our understanding of the role of
T helper cells in health and disease, but 1t 15 becoming clear that they represent an
abstraction of a system capable of greater subtlety in tailonng 115 response o perceived

threats

1.2.2, Mechanisms of subsel differentiation

The understanding of the fate-determining regulatory networks that govem T helper cell
differentiation has expanded enormously in recent years. A complex interplay has been
described between cell-extrinsic factors such as cytokines and co-stimulatory molecules,
and cell-intrinsic mechanisms including signalling molecules, transcription factors and
non-coding RMNAs. A basic general schema for the induction of T cell differentiation 1s
as follows: (1) Cytokines found in the local microenvironment bind to cytokine
receptors at the time when T cells are activated by encounter with antigen-presenting
cells {APCs). (2) These cytokine signals are then transduced to the nucleus via
activation of specific signalling pathways, typically involving STAT proteins, which
ultimately regulate the expression of subset-specific master-regulatory transcription

factors through their binding to chromatin, (3) One or more feedback pathwavs may
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then be established to promote efficient polarisation. These feedback mechanisms may
be mediated by cytokines acting in an autocring manner, transcription factors, and other
malecules, and can inhibit pathways that promote differentiation to alternative subsets
whilst posiively reinforcing  the intended phenotype. It should be noted that
upregulation of master-regulatory transcription factors does not occur in the absence of
TCR stimulus, indicating that signalling through TCR-dependent pathwavs such as
NFxB {nuclear factor kappa-light-chain-enhancer of activated B cells), nuclear factor of
activated T cells (NFAT) and activator protein-1 (AP-1) 15 of critical importance in

differentiation (Zhu and Paul, 2010)

A number of the components of these pathways appear to be highly specific 1o
individual subsets and are therefore often considered as defiming features; these are
summansed in Figure 1.5 and Table 1.3 and Table 1.4, The pathways and molecules

responsible for differennanon are described thereafter.
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1.2.2.1. Thi differentiation

T-bet was identified in 2000 as the master regulator of Thl differentiation, controlling
Thl polarisation and production of Thl cvtokines such as [FN-y (Szabo et al., 2000)
However T-bet 15 not expressed i naive T cells, IFN-y 15 able to direct Thl
differentiation via the IFM=y receptor and STATI1 (Lighvam et al., 2001; Mullen et al_,
2001; Afkarian et al., 2002), upregulating T-bet expression and thereby creating an IFMN-
y-dependent feadback loop that ensures efficient polansation. IL-12 fulfils a similar role
by signalling wia the IL-12 receptor and STAT4 (Kaplan et al.. 1996b; Thierfelder et al .
1996), and ulbmately inducing T-bet expression (Yang et al, 2007hb). The exact
hierarchy berween 1L-12 and IFN-y in terms of their role in Thl differennanon is
unclear. Naive T cells do not express the 1L-12 receptor signalling subumit (IL-12Rp2)
until activated by TCR stimulus (Presky et al., 1996; Szabo ot al., 1997), but both T-bet
and IFN-y {via STATI) upregulate its expression {Mullen et al., 2001; Rogge et al_,
1997} A recent report by Schulz et al, employs mathematical modelling to determine
that Thl differentianon 1s determined by saquennal activity of the TCR=-IFN-y-STAT1-
T-bet pathway followed by the IL-12-5TAT4-T-bet pathway {Schulz et al., 2009). They
suggest that the IFN=y-dependent pathway controls initial polarization whilst the IL-12
pathwayv controls Thl impnnting that allows for later [FN-y re-expression upon antigen
encounter, It 15 clear that these two pathways complement each other in reinforcing
polansation, but the precise relationship between them requires further studv. DCs
provide a source of IL-12 i vive, and this can act directly on T cells or on natural killer
(NK) cells which respond by producing IFN-y, thersby promoting Thl differentiation

{Martin-Fontecha et al_, 2004)
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T-bet also induces expression of and/or co-operates with a number of Thl-associated
transcniption factors, Interferon-regulatory factor (TRF)-1 15 a transcrniption factor whose
expression 15 induced by IFN-y, and which acts to upregulate the 1 subunit of IL-12R,
thereby contributing to 1L-12-mediated polansation (Kano et al, 2008), Hlx 15 a
homeobox transcription factor that 15 induced by T-bet expression and promotes the
stable maintenance of the Thl phenotype (Mullen et al., 2002). Ets-1 is the prototvpe
member of the ETS family of transcnption factors, has been reported to co-operate with
T-bet in promoting Thl activity, and is required for normal IFN-y exprazsion in Thl
cells (Grenmingloh et al., 2005) Together these transcrniption factors impose a
transcnptional program upon the cell that ensures robust differentiation to the Thl

phenotype

One of the key funchions of T-bet 15 to inhubiat cell polansation to non-Thl effector
lineages through effects on the expression and/or function of cytokines and transcription
factors. T-bet inhibits the Th2 master regulatory transcription factor GATA-3 by direct
interachion with it, leading to the sequestration of GATA-3 away from 1ts binding sites
{Hwang et al., 200%). This inhibits expression of Th2 cvtokines that might otherwise
promate Th2 differentabon. T-bet also induces the expression of the transcniption
factor Runx3 and together these two form a complex that both promotes 1FM-y
expression and silences 1L-4 expression (Dyuretic et al., 2007), Thl7 differentiation 15
alzo nepatively regulated by T-bet which prevents Runx] from transactivating the Rorc
locus, thereby inhibiting expression of the Th17 master regulator ROR-yt (Lazarevic et
al., 2011}, In this manner, T-bet 15 able o restrict the expression of a range of non-Thl

subset-specific genes and thereby inhibit deviation from the Thl programme.
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1.2.2.2,  Th2 differentiation

As noted above, GATA-3 has been identified as the master regulator of Th2
differentiation (£hang et al., 1997; Zheng and Flavell, 1997, Ouvang et al., 20dH)). One
of the earhest reports identified 1L-4 signalling as a key mechamsm of Th2
differentiation {Kopf et al., 1993). This is mediated via the [L-4 receptor and STATG
{kaplan et al., 199%a; Shimoda et al.. 1996; Takeda et al.. 19%6a), and results in
upregulation of GATA-3 (Kurata et al, 1999). STATS signalling, which occurs in
response to cvtokines including IL-2, 15 also of crnitical importance in Th2 differentiation
{Zhu et al,, 2003, Cote-Sierra et al , 2004); this 15 i addition to the general role of IL-2
in promoting the expansion and survival of other T helper subsets. This pathway 15 IL-
4-independent, indicating that Th2 differentiation im vive may not be solely IL-4-
induced A further IL-4-independent pathway has been identified, in which Noich
signalling directly upregulates GATA-3 expression (Amsen et al., 2007; Fang et al_,
2007} Interestingly, GATA-3 has been shown to be capable of binding to s own
promoter, thereby enhancing its expression (Ouyvang et al., 2000). In contrast with T-bet,
naive T cells do express GATA-3 and 1t has also been shown to possess many cntical
functions for thymic T cell development (Ho et al., 2009). The primary in vive source of
IL-4 for Th2 differentiation has been the subject of much investigation and discussion,
but evidence sugeests that both memory CD4 T cells and some innate cells, such as
basophils, may provide the ininal stimulus for polarisation (Tanaka et al., 2006; Sokol

et al., 2008).

A number of other transcription factors have been reported o promote Th2
development. One of the earliest to be described, c-Maf, was 1dentified as a Th2-related

transcniption factor that controls 1L-4 expression (Ho et al, 1996) lkaros s the
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prototype member of a family of znc finger transcription factors that was imitially
identified on account of its role in T cell development (Georgopoulos et al., 1992), and
was recently determined to promote Th2 differentiation by regulating chromatin
remodelling and expression of subset-specific transcriphon factors (Quinon et al,, 2009)
Cifi-1 plays an important rale in Th2 development by promoting the IL-4-independent
IL-2-STATS pathway of Th2 indection (Zhw et al., 2002), whilst Dec2 svnermses with
GATA-3 in a feed-forward loop mechamism to promote expression of Th2 cytokines
and polarization to the Th2 phenotype (Yang et al., 2009, Liu et al., 2009). IRF-4 plays
a complex role in T helper differentiabion and has been identified for its importance in
the differentiation of both Th2 and Thl7 cells. However, it was onginally described as
being crucial for promoting GATA-3 expression in Th2 cells and repressing IFN-y and
the Thl phenotype {(Lohoff et al., 2002). Finally, T cell factor (TCF}-1 upregulates
GATA-3 expression upon TCR stimulus, and does so independently of IL-4-8TATH
signalling (Yu et al., 2009b), TCF-1 has also recently been shown to directly repress
expression ol IL-17 (Ma et al, 2011b). Integrating this expanding profile of
transcription factors into the model for Th2 differentiation is a challenge, but despite the
proliferation of regulatory genes that have been wdenthied ot remains clear that most
pathways converge on GATA-3, and as a result it continues to be considered the master

regulator of Th2 commitment

1.2.2.3.  Th17 differentiation

Th17 cells are one of the most recently identified subsetz and as a result of this our
understanding of the pathways that are responsible for Th17 differentiation s
incomplete. This has been compounded by confusion in the literature regarding the

cytokines that are necessary for differentiation, and by possible differences between
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humans and mice. However, it 15 increasingly recognised that this confusion may have
been provoked by the surpnsing degree of redundancy that exists in the systems and
pathways of Th17 differentiation, and by some subtle heterogensity amongst the

populations of T helper cells that are defined by 1L-17 production

IL-23 was the first cytokine to be described as acting on T cells to induce IL-17
expression (Aggarwal et al.. 2003), but naive T cells do not express 1L-23 receptor
{Tvanow et al., 2006, Zhou et al., 2007), Ttis theretore thought that TL-23 may instead act
to maintain and enhance Th17 function rather than promote differentiation, and so other
cytokines have contineed to be investigated for their role in the induction of Thi?
differentiation. IL-6 was soon wdentified as a promoter of IL-17 production from T cells
{Veldhoen et al., 2006; Zhou et al.. 2007, but it does not induce IL-17T expression
unless combined wath other cytokines, One of these cytokines 15 TGF-Ji, and the
combination of TGF-f and IL-6 15 capable of potently inducing the differentanon of
naive T cells into Thl7 cells in vifre (Bettelli et al., 2006; Mangan et al., 2006;
Veldhoen et al | 2006). In addition to this is TL-21, which can be produced by both Tth
and Thl7 cells, and 15 able to induce IL-17 expression in combination wath other
cytokines such as TGF- (Zhou et al , 2007 Nurieva et al., 2007 Kom et al,, 2007 Wei
et al., 2007). In this way, an IL-21-mediated feedback loop promotes polansation of the
cell to a Thl7 phenotype. Finally IL-1B has also been latterly recogmised as an
important inducer of Th17 differentnanon when combined with other cytokines
including IL-6 and IL-23, and a combination of these three cytokines efficiently induces
Th17 differennation in the absence of TGF-p (Acosta-Rodriguez et al | 2007, Ghoreschi

et al., 20010).
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These cytokines act via signalling molecules and transcnption factors that transduce
signals to the nuclens: TGF-fi via Smad proteins (Malhotra et al , 2000, Martinez et al |
2010; Takimoto et al, 20010); IL-6, IL-21 and IL-23 via STAT3 (Mathur et al., 2007,
Yang et al,, 2007a; Laurence et al,, 2007);, and 1L-10 via NFxB complex (Chen et al |
2010, Okamoto et al, 2010). In parbicular, STAT3 appears to be critical for Thl7
differentiation, as mice in which STAT3 was deleted in T cells show defective Th17
response (Mathur et al, 2007, Yang et al,, 2007a; Lawrence et al., 2007). Ulimately,
these pathways appear to converge on a pair of transcription factors — retinoid acid
orphan receptor (ROR)-yt, which has been posited as the master regulator of Th17
differentiation {Ivanov et al,, 2006), and ROR-a (Yang et al., 2008b). Deletion of either
of these transcription factors impairs Th17 development, whilst overexpression
promotes 1L-17 production. STAT3 binds to the promoter of ROR-yt (Durant et al
2010), and overaxpression of active STAT3 in ROR-vt deficient cells fails to restore IL-
I 7 production (Zhou et al., 2007), demonstraning that ROR-yt 15 a entical component of

the differentiation pathway

A number of other transcription factors have been implicated in Thl7 differentiation
The aryl hydrocarbon receptor { AhRR) 15 a molecule that 15 responsive to a wide range of
natural and synthetic ligands (Esser et al_, 2009), and in 2008 was demonstrated to be of
direct importance in promoting ThI7 function when activated with specific hgands,
albeit by inducing expression of the Thl7 cytokine IL-22 (Veldhoen et al., 2008a). This
15 of particular interest as AhR represents a tangible target for drug therapv of Thi7-
mediated disease, and also demonstrates an important connection between environment
and immunity. Batf belongs to the AP-1 family of transcription factors but functions

primanly to mhibit AP-1 activity (Schraml et al , 2009). Batf 15 expressed in all T cell
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subsets, but Batf deficient mice are unable to generate Thl7 cells despite normal Thi
and Th2 differentiation (Schraml et al,, 2009). Whalst it 15 known that Batf binds to the
promoters controllimg IL-17, IL-21 and IL-22 expression, the reasons why deficiency
has such profound and specific effects on Th17 differentiation remain unclear, TRF4,
beyond its aforementionad role in Th2 cells, appears to play an important part in Th17
differentiation as IRF-d4-deficient mice show impaired production of IL-17 following
TGE-fi and TL-6 stimulaton (Bristle et al,, 2007), Finally, Runx] is a transcnption
factor that interacts with both FoxP3 and ROR-vt, and 13 capable of promoting Thl17
differentiation by enhancing transcniption of the genes encoding ROR-yt and IL-17
{Zhang et al | 2008). However, Runx] expression was also found to be impontant for the
Thl7-suppressing activity of the Treg master regulator FoxP3 during Treg polansation,

and so0 1ts precise role appears to be dependent on the context in which it 15 expressed

1.2.2.4.  Treg differentiation

FoxP3 was wdentified i 2003 as the master regulatory transeription factor for Treg
(Fontenot et al., 2003, Hori et al, 2003), and is expressed in both nTreg and 1Treg
populations. FoxP3 is critical for regulatory T cell function as demonstrated by FoxP3
deficiency in humans and muee, in which fatal antoimmune pathologies spontaneously
develop as a result of uncontrolled T effector cell activity (Chanla et al., 2000, Bennett
et al,, 2001; Brunkow et al,, 2001), The mechamsms of induction of FoxP3 expression
appear 0 centre on TGF-f and IL-2 signalling. TGF-f signalling via Smad proteins
directly upregulates FoxP3 expression upon T cell stimulation {Zheng et al , 2002; Chen
et al., 2003, Tone et al., 2008), but this process has been shown to be dependent on IL-2
{Zhengz et al., 2007a). The role of IL-2 is interesting as 1L-2 deficient mice imitially

puzzled researchers due to their spontaneous development of autoimmunity (Sadlack et
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al., 1993). Previously it had been assumed, based on in vitre data, that IL-2 functioned
to promote effector T cell activity and that knockout would impair immune responses
When 1t was discovered that Treg express the high affimity IL-2 receptor beta chain
(CD23), it was suggested that 11-2 might contribute to Treg development, and this was
subsequently demonstrated to be the case (Bayer et al., 2005, Fontenot et al, 2005). IL-
2 signals via STATS which binds to the FoxP3 promoter, and the O°'Shea group have
demonstrated that STATS-deficient mice have lower FoxP3 expression (Yao et al |
2007; Laurence et al., 2007). Indeed in human T cells, IL-2-STATS signalling alone has
been shown to induce FoxP3 upregulation, although the cells were not demonstrably

suppressive {Passenn et al., 2008).

A number of other factors influence Treg development. Retinoic acid signalling is able
to enhance Treg differentiation in the context of TGF-f through a mechanism that may
invelve suppression of pathways that favour Th17 differennaton such as 1L-6 and IL-
23 signalling {Benson et al_, 2007; Xiao et al., 2008b). Indeed. IL-6 15 a potent inhibitor
of Foxp3 induction (Pasare and Medzhitov, 2003; Bettelli et al,, 2006, Dominitzk ef al |
2007; Chen et al.. 2009), acting via STAT3 (Yao et al., 2007). In addition, IL-21 and
IL-27 both signal via STAT3 and both also inhabit FoxP3 induction (Kom et al., 2007,
Meufert et al., 2007; Huber et al., 2007). Finally, 1L-4-induced Th2 transcription factors
dhirectly repress FoxP3 expression, with this mechanism demonstrated to occur via
GATA-3 in human T cells (Mantal et al., 2007), and STATG in mouse (Takaki et al |
2008). A number of addinonal transcniption factors co-operate with FoxP3 in the Treg
transcnptional programme including Runx]l which suppresses ROR-yl expression
{(Zhang et al., 2008), the Ikaros family member Eos which silences many effector genes

in Tregs (Pan et al,, 2009), and Foxo famuly proteins Foxol and Foxo3 which control
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expression of FoxP3 and other Treg-specific genes (Ouvang et al., 2010). In a similar
manner to the other subsets, a combination of the master regulator, FoxP3, with these

other factors ensures that a coherent transcriptional programme i3 imposed upon the cell.

1.2.2.5. [Ditferentiation of other subsets

Whilst the four previously mentioned subsets have been extensively characterised,
comparatively less is known about the mechanisms of differentiation of some of the
other subsets. However it has been demonstrated that Tih differentiation 1s directed by
expressien of the transcnption factor Bel-6, wath Bel-6 deficiency resulting in failure of
Tth development and Bel-6 overexpression causing adoption of the Tth phenotype
{Johnston et al., 2009 Nurieva et al , 2009, Yu et al., 2009a). In thas sense, Bel-6 can be
considered a master regulator, but it is worth noting that its relatonship with other
master regulatory transcription factors such as T-bet and GATA-3 is complicated. Bel-6
15 known to suppress expression of these factors but simultaneous expression of non-
Tth subset cytokines 15 also possible (Nuneva et al, 2009, Crotty, 2011). The
mechanism of Tth subset induction 15 also unclear, with disagreement in the hiterature
on the mole of cytokines such as IL-21 and confusion about the identity of accessory
and'or paremt cells that are imtegral o Tfh development (Crotty, 2011). Our
understanding of the wav this important T cell subset relates to other types of T helper

cell confinues to improve but at present a number of questions remaim

Recently, the transcription factor PLUL1 has been identified as being required for the
production of IL-9 by T cells in response to both in visro stimulation of naive T cells
with TGEF-[ and 1L-4, and i vive models of asthma (Chang et al., 2010), 1L-9 secretion
had classically been associated with Th2 response, but given recent studies

demonstrating direct induction of IL-9-secreting Th% cells, 1t has been speculated that
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PU.1 is a kev transcriptional regulator of Th® development. It should be noted, however,
that PU1 deletion did not completely abrogate expression of 1L-9, and so0 1t remains to

bea seen whether this can be truly considered a master regulator.

1.2.3. Plasticity

The model in which phenotypically-pure polansed subsets are irreversibly fixed in that
state has been increasingly called into question. In part, this has been as a result of data
demonstrating that T cells may simultaneously exhibit features of “opposing™ subsets,
and evidence that some cells express combinations of multple master regulatory
transcnption factors. Intertwined wath these facts i1s the concept of plasticity, i which T
cells may be susceptible to change in their phenotype over time or in response to
particular stiimuli. For many years, T cell subsets had been deemed to constitute true
lineages, 1.e. terminally differentiated cell types whose phenotype was programmed and
fixed. However, evidence 15 growang that this 15 not always true, and that

mlerconversion between certam subsets is possible.

The concept of fixed T helper cell lineage commitment was based on the imtial
observation that cells which were differenbated to Thl and Th2 phenotypes continued
to express subset-specific cytokines, surface receptors and transcription factors after
multiple in viero passages, and that cell hines commtted to these phenotypes could be
readily penerated. This is a biologically plavsible phenomenon because recalled T cell
responses to previously encountered antigen would presumably be most effective if they
employ the same mode of orchestrated immune activity in order 1o counter the pathogen

Whilst this framework was capable of incorporating the expanding number of lineages,
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it became increasingly challenging to understand the precize drivers behind lineage

choice

However an increasing number of reports have emerged that descnbe flexibility of key
lineage markers, particularly in the production of cytokines. A very prominent example
of this is seen in the relationship between Th17 cells and other subsets. It 1s common 1o
find cells that produce both IFN-y and IL-17, particularly from humans (Wilson et al_,
2007, Annunziato et al | 2007), and this presents challenges for our understanding of the
mechanisms of Thl and Th17 differentiation. What is more, Th17 cells can switch from
being IL-17 producers to exclusive IFN-y producers, demonstrating that differentiation
15 not necessarily fixed (Lee et al_, 2009b; Bending et al., 2009). Another example that
15 of particular concern to the emerging field of cell-based therapy is the reported ability
of Tregs to develop a pathogenic IL-17-producing phenotype under inflammatory
condinens (Xu et al., 2007, Yang et al., 2008a). These changes are not only at the level
of cytokine production. Transcnption factor expression can change from predominance
of one master regulator to another, for example FoxP3 expression can be downregulated
in favour of ROR-vt expression under inflammatory conditions (Yang et al.. 2008a). In
addition, cells can simultaneously express two or more master regulatory transcnption
factors, such as Tregs that express both T-bet and FoxP3 (Koch et al., 20009), and Th17
cells that co-express T-bet and ROR-yt (Ghoreschi et al,, 20000, Cther examples include
induction of IFM-y and IL-12ZR[2 expression in Th2 cells (Hepazy et al., 2010),
expression of IL-13 by Thl cells (Havashi et al., 2007), and expression of other

cytokines such as 1L-9, IL-10 and TL-21 by multiple subsets, as discussed previously.

However 1t i important not to generalise regarding plasticity, as some of the

permutations of inter-subset conversion have not vet been supported by expenmental
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evidence, and the separation between Thl and Th2 subsets appears more robust in vive
than others such as Thl/Thl7 and Th17/Treg. Indeed a number of the examples given
above occur under highly specific experimental conditions, and as such the relevance of

these findings to the fin vive immune response remaims to be fully determined

One of the greatest immediate challenges is to understand how plasticity is controlled,
and the approach to this problem will require the collaboration of multiple biological
dhisciplings, Not least amongst these 15 the systems biology approach that will aim to
make sense of the vast wealth of data penerated regarding the factors that control
differentiation. It 13 increasingly clear that epigenetic mechanisms are cntical in control
of cell phenotype, and that histone and DNA modifications are markedly different
between subsets. Recently-published chromatin immunoprecipitation studies reveal the
genomic loc at which master regulatory transcnption factors bind and where epigenetic
maodificanons are found (Wei et al., 2009; Marson et al, 2007, Zheng et al.. 2007b).
These provide an important genome-wide resource that will continue toe be studied
carefully for mechamstic insight into T helper cell subset differentiation. The same is
true of microarray and RN A-sequencing datasets that will allow unbiased survey of the
transcnptional landscape within differentiated cell types. Integrating all of these wath
our constantly evolving understanding of the mechamisms of genetic regulanon will be a
major challenge in vears to come, but the potential rewards are great, The tantahising
prospect of modifying harmful T cell phenotypes in the context of undesired immune
responses, and greater confidence that cells used for therapy will remain as intended, are
just two of the foresesable benefits that might stem from better understanding of T

helper cell plasticity.
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1.3. T cell homeostasis

T cells undergo a complex programme of development in the thymus that results in a
broad repertoire of antigen specificity. Following this development, naive T cells
migrate to the periphery, homing to lymphoid organs in particular, and awaiting
encounter with their cognate antigen. The thymus continuously produces T cells, yet in
health the number of T cells in the penphery remains relanvelv stable over time. A
number of homeostatic mechamisms ensure that T cell numbers remain balanced
between the desire to recognise a wide range of antigens, and the pressure of resource
availability. One such resource is physical space, as organs such as the spleen and
peripheral lvmph nodes have a fimte functional capacity for the provision of optimally-
efficient immune function. The most well characterised mechanisms for the
maintenance of T cell homeostazis are through TCR engagement with self-peptide-

MHC complexes, and through cyvtokine stimulation, predominantly involving 1L-7

1.3.1. Role of TCR signalling in homeostasis

Maive T cells are characterised by high expression of the secondary lvmphoid organ-
homing receptors CD&2ZL and CCR7Y, and low expression of CDd4, These cells have
gone through the process of both positive and negative selection in the thymus, in which
TCR response to self-peptide-MHC complex determines whether the cell 1s appropriate
for release to the periphery, T cells at the double positive (DP, CD4 CDE) stage with
low avidity responses are depleted due to neglect, which in this context means lack of
TCR signalling This process is termed positive selection. By contrast, negative
selection occurs when these cells show excessive reaction o self-antigen and are

therefore deleted from the T cell pool by induction of apoptosis, in order to minimise
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the risk of autoimmunity. If, following positive and negative selection, T cells have an
appropriate TCR response, they then transiton to single positive status, These cells
express exclusively either CD4 or CDE depending on whether interaction occurs with

MHC class 1T or class 1, respectively

Following departure from the thymus and migration to the peniphery, these naive T cells
continue to encounter antigen presented in the context of MHC. If signalling reaches an
appropriately high threshold, cells enter the cell cycle and expand in number as part of
the adaptive immune response to a potential pathogen. Following resolution of this
reactive phase, a small number of memory cells mav be generated that are charactensed
by high expression of CD44. These signalling events typically occur in response 1o
strong stimuli such as infection and immunization, but both germ-free mice (Huang et
al.,, 2005) and wnborn humans (Byme et al, 1994, Szaboles et al, 2003) possess
memory cells, despite never having received such an antigenic simulus. There i3
increasing evidence that some memeory cells may instead develop following exposure to
self-anfigen-MHC complex in the penphery. It has also become clear that TCR
engagement with self-peptide-MHC complex 13 a cntically important, normal
mechanism whose role 1s to maintain the survival of naive T cells fr vive, It 15 therefore

likely that some memory cells develop as a product of this homeostatic mechanism.

The process of positive selechon ensures that cells possess a sufhoent response to
antigen. However, cells underzo a cntical process of TCR “tuning” dunng positive
selection that ensures the response to self-antigen i1s reduced to levels below the
threshold for cell activation {Grossman and Singer, 1996, Eck et al | 2006, Stephen et
al., 2009). This process results from interaction with dendntic and epithelial cells within

the thymic medulla (Stephen et al | 2000) and induces upregulation of genes and

73



pathways that suppress the TCR response such as the ubiguitin ligase Chl-b (Huang et
al,, 2006), and CD5 (Perez-Villar et al., 1999). Through this means, naive T cells are
hald in a quiescent state as long as only self-peptide-MHC 15 encountered. A number of
transcniption factors are also involved in the maintenance of this state, although the
mechanism in general 18 incompletely understood. This includes forkhead transcription
factors such as Foxoda and Foxjl, which suppress NFxB activity by promoting

synthesis of the inhibitory molecule IxB (Lin et al |, 2004a; 2004b)

This process of desensitization is crucial because mature T cells continuously receive
TCR stimulus in the periphery, and as mentioned above this is a requirement for naive T
cell survival. This phenomenon was first discovered through experiments in which T
cells were prevented from contact with self-MHC, resulting in a significant reduction in
their lifespan (Takeda et al., 1996b). It has also been demonstrated that inducible
abropation of TCR signalling results in reduced naive T cell lifespan {Polic et al., 2001,
Seddon and Zamoyska, 2002). Interestingly, the abundance of a particular T cell clone
appears to have a major impact on survival, Transfer of large numbers of TCR-
transgenic naive CD4™ T cells into normal syngeneic hosts results in a rapid decline in
numbers, whereas transfer of very few cells 15 associated wath much longer average
survival (Hatave et al_, 2006). This indicates that there is limited availability of self-
peptide-MHC complexes of sufficient atfimity to promote survival of each clone, and
numbers of individual naive T cell clones are repulated as a result. The effect of this is
that diversity in the T cell repertoire i1s maintained. Unfortunately, the downstream
mechanisms that mediate TCR-dependent survival of naive T cells are poorly

charactensed at present. It has been suggested that the pathwavs are the same as for
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normal T cell activation, but that signalling iz of a lower strength than on encountering

foreign antigen (Surh and Sprent, 2008), however the precise mechanisms are unclear,

1.3.2. Role of cytokines in homeostasis

Comparatively more 15 known about the role of eyvtokines in homeostasis, particularly
of IL-7 signalling which 15 vital in promoting naive T cell survival, 1L-T is mainly
produced by haematopoienc stromal cells within the secondary lymphoid organs and
thymus. Abrogation of IL-7 signalling through either the transfer of cells into IL-7-
deficient lymphopemic recipients or antibody  blocking  experiments  results n
dramatically impaired cell survival (Vivien et al., 2001, Kondrack et al., 2003, Tan et al
2001). 1IL-7 signalling is mediated through the 1L-7 receptor, which comprises two
subumits. These are IL-TRa and the common oytokine receptor y-chain (y., CD132),
which alzo forms part of the receptors for IL-2, 1L-4, 1L-9, IL-15 and 1L-21. Signalling
through the IL-7 receptor 15 via JAK-STAT pathways, as well as phosphoinositide 3-
kinase (PI3K) pathway (Rochman et al., 2009), IL-7 acts to promote the expression of
the pro-survival molecules B cell lvmphoma (BCL)-2 and myeloid cell leukaemia
{(MCL)-1, whilst downregulating expression of pro-apoptotic factors such as BCL-2-
interacting mediator of cell death (BIM) and BCL-2 antagonist of cell death (BAD)
{Takada and Jameson, 20009), It also acts on pathways of metabohism to promote cell
survival and prevent atrophy, in particular via PI3K-AKT, which acts to activate the
mammalian target of rapamycin (MTOR) and promote expression of the glucose
transporter protein GLUT1 {(Rathmell et al., 2001; Wofford et al., 2008). In addition, 1L-
7 signalling can control T cell trafficking through AKT-mediated suppression of
FOXOI (del Peso et al, 1999), which 15 known to promote expression of chemokine

receptor (CCR)-7, and the transcripbion factor Kruppel-like factor (KLF)-2, which in
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turn wpregulates CDG2ZL and sphingosine |-phosphate receptor | (SIPR1) (Kerdiles et
al., 2009, Bai et al., 2007). These trafficking molecules promote recruitment of T cells
to =zecondary Ilvmphoid organs, and migration through these organs encourages
interachon with dendntic cells presenting self-antigen in the context of MHC, thereby
promoting survival through TCR signalling and enhancing the probability of T cells

encountaring cognate foreign antigen

IL-7 signalling 15 regulated through a network of feedback and inhibitory loops that are
only partly understood, and is principally controlled by availlability of the 1L-7THa
subunit, as the v, component 13 ubiquitously expressed on T cells (Schluns et al., 2000)
IL-7 signalling in stsell suppresses IL-TRa expression (Park et al, 2004) Ths is
mediated in part by transcniption factors such as growth factor-independent (GFI)-1,
which suppresses [l7ra expression in thymocytes and CDE T cells (Yicel et al | 2003,
Park et al., 2004). In addition, FOXO1 binds to the enhancer region of 1L-7TRa and
FOXO1 deficiency results in impaired IL-TRo expression (Kerdiles et al., 2009;
Ouyang et al, 2010). IL-7 receptor signalling activates AKT, which phosphorylates
FOXO1 (del Peso et al., 1999) and promotes its migration from the nucleus to
eytoplasm (Jackson et al, 2000), hence impaining s ability to promote 1L-7Ro
expression and therefore leading to IL-TRa downregulation as part of an autoregulatory

feedback loop

Other cytokines play a role in T cell homeostasis, including IL-2 and IL-15. IL-2
signalling under phvsiclogical condiions does not appear to be necessarv for
homeostatic maintenance of cell types other than Treg (Surh and Sprent, 2008), for
which it is cntical in the process of differentiation (as discussed previously in section

1.2.2.4) However [L-15 signalling 15 of importance for maintenance of memory CDE
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T cells, as demonstrated by IL-15 deficient mice which have a selective reduction in
memory CD8 T eell numbers (Kennedy et al., 2000), However it is clear that 1L-7 is

the key cytokine in the control of naive T call homeostasis.

1.3.3. Summary

The homeostatic control of the T cell pool is dependent on both TCR signalling and
cytokime signalling, but the relatonship between these two mechanisms s unclear
There are some indications that there may be cross-regulation, for example in CD8
cells, TL-7 signalling results in downregulaton of CDS expression, and this may
mcrease TCR sensitivity (Gagnon et al | 2010). In addition, IL-7 signalling upregulates
CD8a expression, which also has the effect of increasing TCR sensitivity (Park et al ,
2007). However, the extent of cross-regulation in CD4 T cells 15 unknown, and there
ramains much more to leam about the relationship between these twio pathways and T

cell homeostasis in general

1.4, Function of microRNAs in T helper cells

In the relanvelv short time that miRNAs have been known about and actively
investigated, most research has focused on general miRNA biology and global miENA
knockout expenments. However, functions have been discovered for a number of
specific miBENA molecules in T helper cells. A number of these nmRNAz are listed

below, in no particular order, and briefly descrnibed wathin this section

79



1.4.1. miR-181a

mik-181a was one of the first miRNAs to be discovered to have a role in CD4™ T helper
cell function, In 2004, Chen and colleagues identified miR-181a as being specifically
expressed in the hasmatopoietic lineage and discovered that overexpression of miR-
|81a in haematopoietic progenitors resulted in an increase in the number of B cells and
a reduction in T cell numbers (Chen et al., 2004). They also reported particularly high
expressien in the thymus and a differennal effect on CD4 and CDE numbers, with the
latter being more severely affected. In 2007, members of the same group then went on
to dissect the mechanism of miR-181a function, finding that elevated miR-181a
expression augments TCR signalling strength by inhibinon of multiple phosphatases
and consequent ncrease in phosphorylated intermediate signalling  molecules
downstream of the TCR (Li et al., 2007). Levels of miR-181a were found to be
dynamically regulated dunng T cell development and this was positively correlated with
TCR sensitivity, indicating that miR-181a expression functions to tune TCR sensitivity.
Ebert and colleagues later confirmed that muR-181a 1s cntically important for negative
selection in the thymus, and that inhibition of miR-181a activity at the DP thymoeyte
stape allows the survival of T cells that would be otherwise be deleted on account of

elevated autoreactive potential (Ebert et al | 2009)

1.4.2. miR-155

miR-155, which 15 processed from an exon of the non-coding RNA transcnipt bic
{Lazos-Cuintana et al., 2002), has been implicated as an important compenent of both T
and B cells. In 2007, Rodnguer and colleagues reported that miR-155-deficient mice

exhibit immunodeficiency and airway inflammation (Rodrizuez et al., 2007). They were
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able to identify defects in B cells, DCs and T cells, with CD4™ T cells exhibiting normal
proliferation but increased production of Th2 cytokines such as IL-4 and reduced TFN-y
production. Microarray experiments identified a number of tarpet genes that were
overgxpressed in activated, miR-155 deficient T helper cells, and luciferase reporter
expenments confirmed that c-Mal was a targel gene, providing a hink with a known
Th2-promoting transcription factor. An additional role for maR-155 in immune
regulation was then reported by Lu and colleagues, who found that FoxP3 controlled
miR-155 expression and that miR-155 deficiency in Treg impaired the Treg response to
IL-2 {Lu et al, 2009), They demonstrated that miR-155 targets SOCS1, and that loss of
this suppression results in umpared STATS activation, with a reduction i Treg
numbers as a consequence but no significant impairment in Treg function. Kohlhass et
al, published confirmatory findings soon after (Kohlhaas et al., 2009). The Reiner group
then demonstrated in 2009 that miR-155 overexpression promotes Thl differentiation
and found that miR-135 targets the IFN-y receptor a-subunit (Banenee et al., 2009). The
Baltimore group then reported that muR-155 deficient mice are resistant to EAE, and
that miR-155 functions to promote both Thl and Thl7-tvpe response (O'Connell et al ,
2010). More recently, in 2011, Murugayvan and colleagues confirmed the results of the
Baltimore group and demonstrated that intravenous administration of a miR-155-
specific antagomist was sufficient to ameliorate EAE disease seventy (Murugarvan et al |

2011), providing a potentially translatable, novel therapeutic modality for this disease.

1 44131 I11i “.'-I 46&

A number of early gene profiling studies identified miR-146a as being highly expressed
in immune cell types, and demonstrated differential expression in T helper cell subsets

with particularly high expression in Treg when compared with effector subsets, and
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higher expression in Th1 when compared with Th2 (Monticelli et al_, 2005; Cobb et al_,
2006). The earliest studies of miR-146a function reported that it 15 a negative regulator
of myeloid cell pro-inflammatory activity through its effects on inhibiting TRAF6 and
TRAKI/Z signalling (Taganov et al,, 2006, Hou et al, 2009), Curtale and colleagues
subsequently examined its function in T cells, showang that its expression 15 upregulated
on TCR stimulation and that this impairs 1L-2 production and AP-1 transcription factor
activity (Curtale et al., 2010). In addition, they reported that overexpression of miR-
| 46a protacts T cell lines from activation-induced cell death (AICD) and that miR-146a
targets the gene Fas-associated death domain (FADD). This work was followed by the
report from Lu and colleagues detaling the phenotype of miR-146a-deficient mice (Lu
et al., 2000). In this study, a specific role for miR-146a in Trez was identified. as
evidenced by Treg hyperproduction of IFN-y and loss of suppressive ability in the
absence of miR-146a. They also demonstrated targeting of STAT1 by miR-146a and
found that increased STATI activity in Treg was responsible for the development of

spontansous autoimmunity n these mice

1.4.4. miRk-29

Twio recent reports have demonstrated a functional rele for miR-29 in the regulation of
T cell differentiation. Ma et al. demonstrated that miR-29 directly targets IFN-y, and
that inhibitton of miR-29 results in a default swatch to an IFN-y producing phenotype
{Ma et al, 2001 1a). In addition, they report that miR-29 deficient mice exhibit greater
resistance to infection wath Listera monocviogenes and Mycobacterinm tuberculosis,
demonstrating that miR-29 suppresses the immune response to intracellular pathogens.

Stemner et al. reported similar results, although they identified both T-bet and the related
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transcription factor Eomesodermin {(Eomes) as direct targets of miR-29 (Steiner et al ,

2011)

1.4.5. mir-17_92 complex

The mir-17 92 complex consists of a number of co-transcnbed individual miRNAs,
namely miR-17-5p, miR-17-3p, miR-18a, miR-19a, miR-20a, miR-1%b-1, and miR-92a,
and these molecules are frequently found to be upregulated in lymphoma cells {Tagawa
and Seto, 2005; He et al., 2005). Overexpression of this gene cluster in haematopoietic
stem cells results in accelerated tumour development in a munne model of B cell
lymphoma (He et al., 2005), and in vive overexpression in lymphoeytes results in
spontaneous [vmphoproliferative dizease and autoimmunity as a result of increased
targeting of the genes PTEN and Bim (Xiao et al, 2008a). Ventura et al. have also
showed that deletion of mir-17 92 cluster causes lung hvpoplazia that results in death
shortly after birth (Ventura et al | 2008) In addifon these mice expressed increased
levels of Bim in B cells resultung in falure of foetal B cell development, however the

effect on T cell development was not analysed

1.4.6. mir-142

mir-142 is a haematopoistic-specific mRNA precursor that gives rise 10 two functional
mature mRNAs — miR-142-3p and mR-142-5p (Chen et al., 2004; Landgraf et al.,
2007). In vitre overexpression of mir-142 in haematopoietic stem cells results in
increased numbers of mature T cells (Chen et al., 2004), and the expression of mir-142
15 dynamically regulated in the thymus (Li et al., 2007, Landgraf et al_, 2007). In T cells,
miR-142-3p was described by Hoang et al. as targeting the adenylyl eyclase AC9, and

lower expression of miR-142-3p in nTreg was found to correlate with higher levels of
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cAMP (Huang et al., 2009). This thesis studies the functional role of mir-142 in more

depth through the analysis of mir-142 deficient mice

1.4.7. miR-150

miR-150 has been extensively studied in B cells, but there is limited information on its
role in T cells. Recently, Ghisi et al. reported that miR- 150 expression i1s dynamically
regulated dunng thymic T cell maturation, and that miR-150 targets NOTCH3 in human
T cells (Ghisi et al., 2011). Notch family proteins control call cyele progresszion and
apoptosis in T cells, with NOTCH3 being cntically important for early thymocyte

maturation {Bellavia et al., 2003).

1 44131 I11i “.'-I Eih

A single recent report by Rossi et al. has identified miR-125b as a kev regulator of
human T helper cell development {Rossi et al, 2011). Forced expression of mR-125b
inhibited progression from the naive state to differentiated effector cells, and it was
found that miR-125b targets a number of molecules related to T cell differentiabion

including IFN-y, IL-2R} subunit, IL-10Ra subunit and Blimp-1

1.4.9. mik-126

miR-126 has recently been identified as a Th2-related miRNA by Mattes et al., as miR-
126 was upregulated in a mouse model of asthma, and miR-126 antagonism suppressed
disease activity (Mattes et al., 2009). Whilst a target of miR-126 was not formally

identified, it was demonstrated that miR-126 antagonism resulted in increased PUL | and

24



reduced GATA-3 expression, indicating a possible role for this miENA in subset

dhfferentiation

1.4.10. miR-326

Sumilarly, muR-326 was recently descnbed by Du and collsagues as a critical regulator
of Th17 differentiation (Du et al., 2000). They identified miR-326 as an upregulated
miRNA in the bloed of patents with multiple sclerosis and in muice with EAE, and
found that silencing of miR-326 impaired Th17 differentiation. This was demonstrated

to be as a result of miR-326 targeting Ets-1 which suppresses Th1 7 differentiation

1.4.11. miR-182

A report by Suttnch and colleagues identifies miR-182 as a promoter of T cell clonal
expanzion (Stittnich et al., 2010). They report that 1L-2 induces binding of activated
STATS to muR-182, which promotes miR-182 expression in activated T cells. miR-182
15 found to directly target Foxel at the postiranscniptional level, resulting in enhanced
proliferation. Finally they demonstrate that imlnbition of miR-182 activity in a mouse

madel of arthnts reduces disease seventy.

1.4.12. miR-214

Jindra et al. used microarrav analvsis of activated murine T helper cells to identify
differentially expressed muRNAs, and report that muR-214 expression increases on
stimulation (Jindra et al., 2010). This increase in expression was found to be dependent

on CD2E-madiated co-stimulation. Thev also demonstrate that miR-214 targets PTEN
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resulting in reduced PTEN expression, and that miR-214 overexpression results in

increased cell proliferation

1.4.13. let-7f

A recent report by Li et al deseribes the regulation of IL-23 signalling i human T
helper cells by the microRNA let-7f (Li et al, 20011). They find that lat-7f 1=
significantly reduced in memory T helper cells when compared wath naive cells, and
that let-7f directly targets 1L-23 receptor. They also demonstrate that exogenous let-7f

downregulates 1L-23 receptor expression i vidtro and impairs [L-17 expression
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2. Hypothesis and Aims

The pnncipal hypothesis that 15 tested in this thesis 15 that specific muRNAs are of
critical importance in the functon and differentiation of T helper cells. In order to

address this, a number of specific objectives are set:

. Idenufication of subset-specilic pafterns of miRNA  expression, and the
relationship of master-regulatory transcription factor expression and binding
with miRMNA expression pattems

2. ldentification of candidate miEMNA for functional investigation

3. Targeted analvsis of the biological role of selected candidate miRNA
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3. Materials and Methods

3.1. Mice

3.1.1. Source and breeding of mice

Wild-type C57BL/6 mice were purchased from Harlan Laboratories (Indianapolis, 1M,
U'SA). C5TBL/G6 RAGI-deficient mice were purchased from Jackson Laboratories (Bar
Harbor, Maine, USA) and bred within the Biological Services Unit of King's Collage
London (KCL) and at Charles River Laboratones (CRL; Kent, UK). mir-142 deficient
mice were generated by Genoway 5 A, (Lvon, France) and subsequently bred at KCL
and CRL. All mice were bred and maintained in Specified Pathogen-Free (SPF)
conditions and analysed between 6-12 weeks of age. All mice were handled according
to both local (KCL) and national standards, and all expenmental protocols involving
rodents were reviewed and approved by our local ethics review committee and the UK

Home Office (project license: PPLT0GTI2)
3.1.2. CGeneration of constitutive and conditional mir-142 deficient mice

Mice were generated by Genoway S5 A, as follows: A targeting vector was constructed
for the purpose of homologous recombination, such that the wild-type mur-142 locus
was flanked by loxP sies approximately 0.25 kilobases upstream and downstream, and
a neomycin resistance cassette flanked by FRT sites was included within this region in
order to allow antbiotic selechon for recombination events occurnng in embryonic

stem (ES) cells (Figure 3.1
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miR-142

—r—] neo J—4—>

LoxP FRT FRT LoxP

Figure 3.1 Schematic representation of mir-142 targeting construct inot 10 scalel, Solid line
represents chromosome sequence, LoxP: locus of X-over P1; FRT: flippase recombination target;
MEs: METIYCn resistance cassette.

Following its construction, the targeting vector was lineansed by restriction digest with
the enzyme Fsel and transtected into ES cells (1295v background) according to
Genoway s standard electroporation procedures (5x10° ES cells in presence of 40pg of
linearised plasmid, 260 YWolt, 5(0) pF). Positive selection was commenced 48hrs after
transfection by culture in the presence of 200pg/ml G418, 134 resistant clones were
1solated and selected to be screened for successful recombination, of which 3 were
mihially detected by 57 PCR to have undergone recombinaton (Figure 3.2}, Further
validation by 5° (Figure 3.3) and 3" (Figure 3.4) Southern Blot identified 2 ES cell

clones in which successful recombination had occurred.
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A miR-142

neo ——»
LoxP FET FRT LoxPF

S
PCR primar 1

2.3kh PCR prodic

PCR primar 2
LT

3kb s 1 3kb
2kb
1kb
0.5kb
Ladder | | I | | | |
H,0 Faositive WT Recombined
control clones

Figure 3.2 5 PCR walidation of ES cell clones. A Schematic depicting 5° PCR strategy for
identification of recombination event in FS cell clones (not to scalel. Solid line represents targeting
vector, dashed line is flanking chromosomal DNA sequence. B: agarcse gel electrophoresis of PCR
products from 3 ES cell clones that were screened positive for recombination with targeting vecior.
Primer 1 bbeichizes upsiream of targeting vector homalogy sequence; primer 2 hybndizes within
FRECHTTY 1 resistance casseie; |Illhi1l'..'l' comlrel POR was Fu'r'l'l e an a Fu:-!.ll:il..'l' coirdral vertor
designed o contain the binding site of both primers, mimicking the DA sequence that occurs
following hamologous recombination between the mir-142 locus and the targeting vector, Data
supplied by Genoway 5.4
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Figure 3.3 Southern Blot validation of 5 recombination. A Schematic demonstrating expected
sizes from endogenous wild-type mir-142 locus (upper panelt and recombined mir-142 locos
ilower panel). Position of probe is indicated. B: Southemn blot of genomic DNA from 3 selected
clones, digested with Aflll and Poil restriction enzymes, and probed with 57 external probe.
Successful 5 recombination s identified in clones B31F and 85-4F. Data supplied by Genoway
SA.
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Figure 3.4 Southern Blot validation of 3 recombination. A Schematic demonstrating expected
size from recombined mir- 142 locus (Jower panel). Mote that wild-type endogenous mir-142 locus
upper panel) is not positively identified by this assay as the neo probe is designed o hybridize
with the necmycin residance cassette, B Southem blot of genomic DRA from 3 selected clones,
digested with Kpnl and probed with neo probe. Successful 37 recombination is identified in clones
BI-TF and B85-4F, Data supplied by Gencaay 5,4,
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Recipient blastocvsts were then isolated from pregnant C37BL/G females, and
recombined ES cell clones were injected into these, Injected blastocysts were then re-
implanted into peeudo-pregnant OF1 mice and allowed to proceed unnl term. Offspring
were assessed according to coat colour at 3 weeks of age, and lhighly chimenc males
were then selected lor further breeding, In order o generate constitutive mir-142
deficient mice, chimeras were bred with CS7TBL/GJ Cre deleter mice. For the generation
of conditional mir-142 deficient amimals, chimeras were bred wath C3TBL/G] Flp
daleter mice. Offspring were then assessed by PCR genotyping for occurrence of Flp or
Cre mediated recombination (as appropnate). Mice heterozygous for either the
constitutive or conditional mur-142 deficient allele were selected for further breeding
PCR genotyping was employed as detailled below in order to distinguwish between
homozygous mir-142 sufficient (mir-142"7, WT), heterozvgous (mir-142"7) and
homozyezous mir-142 deficient (mir-1427") genotypes, as well as those mice either
heterozygous or homozygous for the mur-142 condibonal allele [mlr—ld?ﬂ' or mir-

14277 respectively)

3.1.3. Genotyping

Genomic DNA is 1solated by overnight digestion at 56°C of ear or tail samples in 2000l
of lysis buffer (5 mM EDTA, 100 mM Tns-HCI pH 8.5, 0.2% SDS, 200 mM NaCl,
lmg/ml Proteinase K). Digested samples are diluted 1:40 in nuclease-free water. PCR
reaction comprises 12 5ul 2x Mango Mix (Bioline Ltd, London, UK), 10p] nuclease-
free water, | pl each of PCR pnmers (diluted in nuclease-free water to 25uM), 0.5l

ganomic DN A, Genotyvping primers and reaction conditions are as listed in Table 3_1.
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Genotype

Primers

Reaction conditinns

Expected
prugdoct size

A16be-HOT2:

GAGGGAAGAAGGTTACA 11 c:: 3';““
. B ; . % i § T 2- H _'-;.; 1
:r..qll:-,I;I:ILuI..,.,_. AAGAGUANGT TG 5 ps _:Il:]::'_- WT: 0. Tkb
i 4: 6HC Glsoe mir-142" 0. 5khb
deficient 3161 Tbet-HOIL: 5 Repeat steps 2-40 (35x)
AATAACAGAGTCAGACA 4 s8°C | Omin
AAAGCEAAACCAGTC
11624fp-HOI2: o
AGTGGUTGTGGTCTTTAC 1 ‘L': ;1;;““
Ly W r 2 W - 4 B L=
fl:lﬂr:jﬁ;uﬂu' CTOAGTGTOL misiilepept WT: 450bp
mir=i4=
A RS Gl : L
e -142": 541
deficlent }6250p-HOJ2: 3: Repeat steps 2-4 (35 = b
TTCCTTGATGTTGGAGTG 5 682C 10min

CiACIT AU

Table 3.1 Genotyping PCR primer sequences, reaction conditions and expected product sizes

Sample genotvping results are shown in Figure 3.5

1.5kb

1kb

500bp

. S ;
':lrl" '::I"' n.,'t'l:'[:

tpﬁ‘ g
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500bp

Figure 3.5 A Agarcse gel elecirophoresis  demonstrating representative resulis from PCE
Py ing ol cowsthigudive mar-142 dedficient macs, B: ApArise |_J||'| |'|-e~c1r-::-|'-||-:|r-:=h|:~ ||-e-|1'-c:-||:~|r.'|li|||_1

repIresenbative resulis from PCE BNty Mg af coevclitiomal mir-142 deficient mice,
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3.2, Cell isolation

3.2.1. Tissue harvest

Mice were euthanized by inhalation of a nsing concentration of carbon dioxide gas, and
then dissected in a laminar flow cabinet using aseptic fechmique. Spleen, thymus,
mesenteric lymph nodes and penpheral lymph nodes (inguinal, axillary, cervical) were
excised and placed in ice-cold complete cell culture medium (RPMI-1640 medium
(PAA Laboratones, Pasching, Austna) supplemented with 10% {v/v) heat-inactivated
fetal calf serum (FC8) “Gold” (PAA Laboratones), 10mM HEPES, . 1ImM non-
essential amine acds (beo), ImM sodium pyruvate (Sigma), 2uM L-glutamine
(Sigma), 50puM  Z-mercaptoethanol (Gibeo), S01U/ml  penicillin and  50pg/ml
streptomycin (Invitrogen Corp.. Carlsbad, CA. USA)). Colon was excised and prepared
by genile expulsion of colonic contents, followed by flushing with ice-cold sterile PBS
Mechanical disruption of spleen, Ilymph node and thymus through nylon mesh was
performed in order to prepare a single cell suspension suitable for further mampulation
Cell suspensions isolated from spleen were subjected to red blood cell lysis by
resuspension for 2 minutes in ACK lvsis buffer (0.15M NHyCL, ImM KHCO:, 0 ImM
Na;EDTA, pH 7.2-74). All cell washing and resuspension was performed with
complete cell culture medium unless otherwise stated, and trvpan-blue staining was

used in order to assess cell viability and count hive cells

3.2.2. Magnetic cell isolation

CD4 cells were positively selected by incubation with anti-CD4 (L3T4) mucrobeads

followed by gravity-flow separation uwsing MACS LS columns mounted on a
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quadroMACS magnet according to manufacturer’'s protocels (all reagents and

equipment supplied by Miltenyi Biotec Gmbh, Bergisch Gladbach, Germany)

3.2.3. Flow cytometric cell sorting

Magnetically-ennched samples were incubated with the appropnate  antibodies
according to manufacturer's protocols. For izolation of naive CD4 T cells, cells were
stained wath anti-CD4 APC-eFluor 780 (RM4-5; eBiosaience), ant-CD62L Pacific Blue
{MEL-14; eBioscience), ant-CD44 PE-Cy7 (IM7; eBioscience) and anti-CDZ5
(PC6&1.5, eBioscience). Samples were sorfed wiath a BD FACS Ana 1T Special Order
System fitted with a 7T0pm nozzle and running FACSDiva software version 5.0.1 (BD
Biosciences, Franklin Lakes, M], USA). Sterile PBS was used as sheath fluid in order to
maximise post-sort cell viability, Pre-sort samples were resuspended in stenle complete
medium at 50x10° cells/ml, and were kept at 4°C throughout. Software and machine
were calibrated daily according to manufacturer’s mstructions, and a gating strategy

was established in order to 1solate desired cell populations as detailed below,

Gate sequence for 1solation of naive CD4 - Cells:

. Lymphocyte gate as defined by forward- and side-scatter area parameters
2. Doublet discnmination based on forward-scaner height and area parameters
3. CD4 cells

4. CD6ZL"™" CDad4™ cells

5 CD25 cells

Software was set to priontise sample punty rather than yield. Post-sort sample purity

was assessed by acquisition with identical zemtings and was twpically greater than 98%
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pur2. Post-sort cell viability was assessed by trypan-blue exclusion staiming and was

typically greater than 95%. An example of pre- and post-sort sample phenotypes are

shown in Figure 3.6

Pre-sort B -
- - a8
Post-sort - v | <100 :
= : 100 = 100 | -t
o)™ .
- |k ’ ]
M - ]
5 T 3 = E
3 2 =:-| & a|
[ T L)
55C-4 FRC-\W S5C-A Coud S5C-4

Fipure 3.6 Maive CD4* FACS sorting. Fre- and post-sort surface phemstypes are shown with

paramaters indicated below plots,
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3.3. Cell culture

3.3.1. General considerations

Cells were cultured in complete cell culture medium as described in section 3.2.1., with
the exception of 293T cells for which RPMI-1640 was substituted wath high glucose
(4.51L) DMEM medium (PAA Laboratories) and 2-mercaptoethanol was not
supplemented. Cellzs were maintained at 37°C and 100% humidity in electronically

regulated cell culfure incubators,

3.3.2. T cell skewing

Cells were counted and plated at a concentration of 1x10° cellz/well of a 48 well tissue
culture plate (Iwaki brand: Sterilin Ltd., Newport. UK). Plates were pre-coated
overnight at 4°C with anu-CD3 antibody (2pg/ml, clone 145-2C11, BioXCell, West
Lebanon, MH, USA) and anti-CD28 antibody (Zpg/ml; clone 37.51; BioXCell), with the
exception of Thl7T cultures for which anti-CD28 antibody was omitted in favour of
soluble anu-C D28 supplemented directly into the cell culture medium. Following 72hrs
of activation with plate-bound antibodies, cells were removed from culture and split 1:2
mto a new plate, Thereafier, cells were split 1:2 on a daily basis or as the progress of
cell proliferation dictated. In order to promote cell differentiation into various subsets, a
cocktal of antibodies and cytokines was supplemented into the cell culture medium as

appropriate, details of which are listed in Table 3.2.
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Skewing condition  Supplemiented cytokine/antibody Concentration

Thil IL.-2 2ingfml
1L=2 Zingtml
Thi [L-12 2ing'ml
Auiti=l =4 Spgiml
IL.-2 2ing'ml
Th2 1= Hing'ml
Ant-[FM-y 20pgiml
Tl Angiml
iTreg
IL.-2 20ng'm]
M=l Ingiml
[ 20ng'm]
[L-1 Lngm]
Th17
Anti-IFM-¥ Zpghml
Anti-[1.- Spgdiml
Anti-CTE Spgdml

Table 5.2 Culture conditions for skewing of COA T helper cell subsets,

Cvytokines were obtained as follows: 10L-2 and TGF-f1 (recombinant human;, R&D
Svstems, Abingdon, UK); 1L-4, [L-12, IL-6, 1L-1[ (recombinant murine; eBioscience).

Anti-IFN-y {clone XMG1.2) and anti-IL-4 {1 1B1 1) were purchased from BioXCeall

3.4, Cell labelling

In order 1o track proliferation of cells in vitre and in vive, cells were labelled with
fluorescent cell labelling dyes for certain expenments. Carboxyvfluorescein succinimidyl
ester (CFSE) labelling was performed by incubation of 2x1 0 cells/ml at 37°C in a pre-
warmed PBS / ZuM CFSE (Invitrogen) solution for 6 minutes. CellTrace Violet
{Imvitrogen) labelling was performed in the same way but wath a 2pM CellTrace Violet

{ PBS solution substituting for the CFSE / PBS solution. Following incubation, ice-cold
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complete cell culture medium of 10x the staining volume was used to guench the
labelling process; cells were then washed twice, counted and assessed for viabihity by

Trypan blue staming.

3.5. Gene Cloning

1.5.1. General methods

A number of genes and genetic sequences were cloned for the purpose of this study
Cloning PCR was performed on template DNA using the high-fidelity Themnococcns-
derived DNA polvmerase Pfx (Accuprime Pfx Supermix:; Invitrogen) according to
manutacturer’s instructions, i order to mimmise the introduction of mutatons, Source
templates included zenomic (1solated by ethanol precipitanon from digested mouse tail
sample or lysed human blood from healthy volunteer) and cDNA (generated by reverse
transcription of RNA isolated from cell cultures). Amplified DNA bands corresponding
to the expected size were excised following agarose gel electrophoresis of PCR
products and punified wsing the Montage gel punfication kit (Millipore, Billenca, MA,
USA) according to manufacturers instructions. DNA was precipitated overnight at -
20°C by addinon of 340ul of 100% ethanol, 40ul of 38 sodium acetate and 2pl of
linear acrylamuide per 100ul of purified gel slice. This was then centrifuged at 15000g
for 15 minutes in order to produce a visible pellet, which was then washed with 70%
ethanol and finally resuspended in 20ul of nuclease-free water, The concentration of
DMNA was then determined by using a NanoDrop spectrophotometer {Thermo Fisher
Scientific Inc., Waltham, MA. USA) This PCR product was then blunt ligated into the
pCR-BLUNT-II TOPO wvector (Invitrogen) according fo manufacturer’s instructions,

and transformed into TOP-10F ultracompetent . coli bactena {Invitrogen) to allow for
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subsequent identification of successful cloming events. Bactena were streaked onto LB
Agar coated 7.5cm Petri dishes in the presence of 50pg/ml Kanamycin (Sigma-Aldrich
Co. LLC, 8t. Lows, MO, USA) and cultured at 37°C for 16 hours in a bactenal oven.
Individual colonies were inoculated nto 2ml of LB broth contaming 50pg/ml
Kanamycin and cultured in a bactenal shaker at 37°C for 16 hours. Plasmd DNA was
then isolated from individual cultures using Plasmid Miniprep kit (Qiagen Inc.,
Valencia, CA, USA) according to manufacturers instructions, Restnchon digest was
then performed using appropriate restriction enzymes (New England Biolabs Inc.,
Ipswich, MA, USA) according to the manufacturer’s instructions. Digested plasmid
DNA was analysed by agarose gel electrophoresis for the presence of bands of the
expected sizes. Clones exhibiting appropnate digest patterns were selected for large-
scale plasmid production and were inoculated into 250ml of LB broth in the presence of
SO0ug/ml Kanamycin, which was then cultured in a bacterial shaker at 37°C for 16 hours.
Plasmid DMNA was isolated from this culture using the Plasmid Maxiprep kit (Quagen),
and was then sent for commercial sequencing (Source Bioscience LifeSciences ple,
Mottingham, UK), of the msert using the MI13F and MI3R primers to ensure that it
corresponded with the expected sequence and to determuine the presence of any
mutations. Followang venfication of insert sequence, both the pCR-BLUNT 11 TOPD
clomng plasmid and the desired target vector plasmid were digested wsing restrichion
enzymes corresponding to the appropriate restriction sites. Digested vector and insert
were then isolated by agarose pel electrophoresis, gel band punfication and ethanol
precipitation as descnbed previously. Digested gel band was then ligated into the target
vactor using T4 DMA ligase (New England Biolabs) according to the manufacturer’s
mnstruchions, and wiath the quantity of insert and vector calculated vsing the following

formula (Figure 3.7}
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vecior mass (ng) ®  insedt kength (bp)
insert Fass (ng) = ¥ ingertwector ratio
vacior length (bp)

Figure 3.7 Formula used for calculation of ligation reaction concentrations,

Typically an insert:vector ratio of 3:1 or 1-1 was used in order to optimise ligation
efficiency. The product of the ligation reaction was then transformed into XL-2 Blue
ultracompetent £, cofi bacteria (Agilent Technologmes Inc., Santa Clara, CA, USA)
according to the manufacturers instructions, Bactena were then streaked on LB Agar
coated 10cm Petn dishes in the presence of Ampicillin at a concentration of 100pe/ml
{Sigma-Aldnch), and cultured at 37°C for 16 hours in a bacterial oven. All vectors used
i thes study confer ampicillin resistance wath the exception of pCR-BLUNT-IT TOPO
{confers Kanamvcin-resistance). Again, individual colonies were inoculated mto 2-ml
ampicillin-contaming LB broth and cultured 1in order to 1solate plasmds by Miniprep
processing, which were then analysed by restriction digest for the presence of the
appropriately-sized msert. YVenfied clones were then cultured for Maxiprep processing
in order o generate sufficient quantity for both final sequence venfication and in vitro

expenments such as transfection of 293 T cells.

3.5.2. Methods of generation of specific constructs

A hst of pnmers and engineered restriction sites for primary gene cloning expenments

performed in the course of thes study are shown in Table 3.3,
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Construed Mame

PCR Cleming Primers Rstriction Sites

Dheseription

prASCY-eGFP- mEARGEF-1: 5 Bglll -= 537 EcoRl RARy
kAR A AT AU A TGOS ANT A ENITESS N
Al construet
mBARGR-1:
GAATTCTCAGGGOCOCTHGTCAGGT
I
P S0 W e G- bR L4 2F-2: 5 BamHI -= 3" Xhal  himir-142
hmir-142 TTTGGATCCAGTC ACCGEOOC ACAAG EXPTESS10N
LR conEirsct
bR [ 42R-2:
A AT OO0 AL AR AT AT A A
GUCATGGAG
pal-CHECK2- BARGSLT-F: 5 Mhol == 37 Mol RARy 3UTR
HARG-31) OO AU AT PG ] Tuciferse
RARG3U1-R: S
GO PG T TG AGTT T TCCATCACTTT
ATTITGE
Table 3.3 PCR primers, restriction sites for ligation and description of constructs used in this work

The vectors pMSCV-GFP-mir142 and pMSCV-GFP-mirl&1a were generated pnor to

this study by Prof. Graham Lord and Mr. lan Jackson, The vectors pMIG and pMIG-

DM-T-bet were generous gifts from Prof Steven Reiner, University of Pennsylvania,

USA. The vectors pMY and pMY-Cre were generous gifts from Prof Matthias

Merkenschlager, Impenal College London, UK. Vectors were subjected o sequencing

prior to use, and results were compared against published reference sequences.

3‘6!

3.6.1.

Retroviral transduction

Production of retrovirus

In order to produce high fitre retrovirus tor the purpose of infecting pnimary T cells,

HEEK-293T cells (Clontech Laboratonies Inc, Mountain View, CA, USA) were

transiently transfected with appropnate constructs using the following calcium
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phosphate-mediated method. 1x10" HEK-293T cells were plated on 7.5¢m tissue culture
plates (Nunclon Surface; Thermo Fisher Scientific) in fully supplemented high glucose
DMEM medium as descnbed in section 3.3.1. At 48 hours following imitiation of
culture, and when cells had typically reached approxamately 50% confluency,
chloroguine was supplemented into culture medium to a final concentration of 25uM
Cells were then incubated at 37°C for 30 minutes prior to transfection. Calcium
phosphate transfection was performed as follows: 200pl of 1.25M CaCl: was
transferred into a sterile 50ml tube. For production of retrovirus intended for infection
of munne cells, Spg of desired expression plasrmid and Spg of pCL-Eco plasmid
(Imgenex, San Diego, CA, USA), which provides the retroviral genes gag, pol and
ecotropic env, were added into this mix. Sterile nuclease-free water was then added to
produce a final volume of 1ml in total, After mixing thoroughly, 1ml of 2x HEPES-
buffered =aline (Fluka brand; Sigma-Aldrich) was slowly pipetted dropwise into this
solution whilst bubbling constantly with a Pasteur pipette. This calcium phosphate-
DMNA mix was then added evenly onto the HEK-293T cells by dropwise pipething, and
mixed with culture medium by gently swirling the plate. Plates were retumed to the
incubator for & hours, after which time the medium was caretully removed, cells were
washed once by gentle addition and removal of 10ml pre-warmed PBS, and 10ml of
medium was then added to the plates. After a penod of 24 hours further culture, this
medium was then removed from the plates, filtered through a 45um sterile filter, and
aliquoted for storage at -80°C until it was needed for transduction. Where appropnate, a
sample of HEK-239T was removed for assessment of transfection efficiency by flow

cytometne evaluation of fluorescent marker (e g GFP) expression.
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3.6.2, Transduction of T cells

T cell mansduction was performed at 24 hours after the inmmaton of cell culture. Cells
had been plated at a concentration of 1x10" cells/well in a 48 well plate, n Iml of
complete culture medium. Frozen viral supematant aliquots (prepared as described in
section 3.6.1) were thawed on 1ce. 500pl of medium was removed from cell culture
wells and carefully replaced with 450l of this viral supernatant. A further 50pl of cell
culture medium supplemented with 10X concentration skewing cvitokines and
antibodies was added at this stage, in addition to polvbrene (hexadimethning bromide;
Sigma-Aldnch) to a final concentration of 8pg/ml. Anv residual viral supematant that
was thawed but unused was discarded rather than refrozen. Plates were then centrifuged
at 2500xg for | hour at 32°C. Cells were then incubated for a further 12 hours at 37°C,
at which peint the entire culture medium was carefully removed, discarded and replaced
with fresh cell culture medium supplemented with the appropniate skewang cytokines
and antibodies. Cell culture then proceseded as normal, with removal from activation at
day 3 and spliting of cells as appropnate. A small aliquot (50pl of Iml resuspended

cells) was typically sampled for analysis of transduction efficiency at day 4.

3.7. Flow cytometry

3.7.1. Equipment and software

Samples were acquired using identicallv configured BD LSE 11 and BD LSRFortessa
(BD Biosciences) flow cytometers, Sample data was recorded in FCS 3.0 data format
using BD FACSDiva 6.0 software (BD Biosciences). Sample analysis was performed

using Flowlo software for MacOS (Versions 8 and 9, Treestar Inc., Ashland, OR, USA)
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3.7.2, Reagents

The following table lists antibodies used in flow cytometry expeniments for this study.

Antigen Clome Comjugale] s) Supplier

LY 1742 FITC, FE, elFluard 5 eHinstience

i B K445 FITC, PE, APC, APC-akluor TR, eHinstience
FE-Cy7

CEa RES ) FE cBioscience

Crg BB FITC eBinscience

B2 RAS-GR2 FITC eBinscience

ClnG2L BAEL-14 FITC, eFluar450 eBinscience

44 1.7 FE, PE-Cy7 eBinscience

CI23 T4 PCGLS  PE, APC, APC<FluarTs0 eBinscience / BD

ME 6 29414 Alexa Fluor 647 cBinscience

CO e M41R APC eRinscience

BAHC Class 11 BASM14.152  PE eBinscience

T-hzt 4E10 eF Tuoriil eRinscience

Fow3 FIE-10s APC cBioscience

IFM-y HMG]2 FITC, PE, APC, PE- cRinscience ! Invitragen
Alesal luor] O

1L=d 1Bl AP L3

1L=1T7A ehanl THT FITC, AP zHinstienoe

1L=X JESE-5H4 Fl, AL zHinstienoe

[alales 3.4 |-:|'.-'.'-:1_.-1|||||-:-tr'lu arvhibsaed o wsed i this :«.I||ri!r'.

3.7.3.

Surface antigen staining

Cells were harvested and washed once with PBS, and then counted. The following

staining protocol is designed for staining a total of 1x10° cells and was scaled where
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appropriate for varying cell numbers. Cells were resuspended in 100pl of PBS, and then
blocked by adding 100pl of 50% FCS / PBS solution, in order to reduce the degree of
non-specific binding. Where appropriate {e.g. staining of whole spleen), 0.5ug of anti-

CD16/32 blocking antibody (FeBlock; BD Biosciences) was also added

3.7.4. Intracellular cymkinn ﬁraining

In order to perform intracellular cytokine staiming for this study, the following protocol
was used Cells were harvested, washed with PBS and counted. 1x10° cells were plated
per well in a 48 well plate in Iml of complete cell culture medium. Cells were then
shimulated by supplementation of 50ng/ml phorbol 12-mynstate 13-acetate (PMA,
Sigma) and lpg'ml jonomycin (Sigma) for 4.5 hours. In addiion, ZuM monensin
{S1gma) was added for the final 2 hours in order to inhibit intracellular protein transport
Cealls were then harvested, washed with PBS and then stained for surface antigens as
deseribed o section 3.7.3, and for viability as descnbed in section 3.7.6. Followang ths,
cells were washed once wath PBS and then fixed by resuspending cells in lml 4%
formaldehyde {Thermo Fisher Scientific) for 10 munutes at room temperature. Cells
were then washed once with cold PBS, and a second time wath a 0.1% Saponin {Thermo
Fisher Sciennfic) / 1% FCS / PBS cell permeabilisation solution. Cells were then
blocked with a 50% FCS / 0,1% Sapomin / PBS solunon for 10 minutes at 4°C in order
to reduce non-specific antibody labelling, followed by staning wath appropriate
antibodies in 0.1% Saponin 7 [%FCS / PBS solution at 4°C for 20 minutes. Cells were
then washed once wiath cell permeabihisation solution and resuspended in PBS prior to

acquisition.
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3.7.5. Intranuclear staining

Cells undergoing staining for transcnption factors were stimulated as descnbed in
section 374 In order to stain for T-bet, no further modification to the intracellular
cytokine stamning protocel was necessary. In order to stain optimally for FoxP3, the
following protocol was used. Stimulated cells were washed once with PBS and stained
for any surface antigens as necessary, Cells were then resuspended in Iml of 1X FoxP3
fixanon/permeabilisation buffer {eBioscience) for 16 hours. Cells were then washed
twice with 1X FoxP3 permeabilisation bufter (eBioscience) and blocked wath 50pl of
50% FCS / 1X FoxP3 permeabilisation buffer and 0.5pg FeBlock (where appropriate)
for 10 minutes at room temperature. 0.5pug of anti-FoxP3-APC antibody (eBioscience)
was then added and cells were stained for a further 30 minutes at 4°C. Cells were
washed once with 1X permeabilisation buffer and then resuspended in FCS prior to

acquisttion

3.7.6. Apoptosis and cell viability staining

A number of different reagents were used in this study for assessment of cell viability
and apoptosis. Cell viability was tvpically assessed by staining with the commercial
dyes LIVEDEAD®E Yellow and LIVE/DEADE Agua (Invitrogen). This was performed
by resuspending cells in 1ml of a 1/1000 dilution of LIVE/DEAD® reagent in PBS for
| 5 minutes at room temperature, prior to any cell fixation or permeabilisation steps in
the staining protocol. Alternatively, in some cases Propidium Iodide (P1, Invitrogen)
was used as a cell viability indicator. by resuspension of unfixed, unpermeabilized cells

i a 3uM PL/PBS solution immediately pnor to acquisition of the sample
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Annexin 'V staining was used in most cases as a marker of apoptosis, and was
performed as follows, Cells were isolated, washed wath cold PBS, counted and stained
where appropriate with cell viability reagent. 1x10° cells were then washed with 1X
Annexin V binding buffer (eBioscience and BD Biosciences) and then resuspended in a
100ul volume of this buffer. 5pl of Amnexin V ostaining reagent was then added
Staining reagent was either conjugated to eFluor-450 fluorochrome (eBioscience) or PE
Huorochrome (BD Biosciences). Cells were incubated for 15 minutes at room
temperature, washed with 1X binding buffer and resuspended in 500ul of 1X binding
buffer immediately prior to acqusiton. Where appropnate, Pl was added to this
solution 1o a final concentration of 3pM. In a small number of cases, the activated
caspase detection reagent CaspACE (Fite-VAD-FMEK; Promega Corp., Madison, WI,
LU'SA) was used as a marker of apoptosis, This was stamned for by addition of CaspACE
to a final concentration of 10pM into cell culture wells containing 1x10° cells in 1ml of
complete cell culture medium, for 20 minutes in a 37°C incubator. Cells were then

washed and subjected to either further staming for cell viability or acquired immediately

3.8, RNA extraction

RMNA extraction was performed using Tnzol reagent (Invitrogen), within a dedicated
RNA work area. Equipment and surfaces were cleaned with RNaseZap solution
{Ambion Inc., Auwstin, TX, USA) prior to wse to reduce potential nuclease contamination
of samples, Cells were pelleted, in some cases after 5 hours of anti-CD3/CD28
restimulation, and resuspended in a minimum of 1ml Trizol up to a maximum of 1x107
gells/ml. Following thorough resuspension, cells were either processed immediately or

stored at -80°C for up to 1 month pnor to extraction. 200ul chloroform (Sigma Aldrich)
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was first added to fresh/thawed samples, with the sample then mixed thoroughly and
mcubated at room temperature for 2 minutes. This was then centmfuged at 12000xg for
15 minutes at 4°C prior to allow phase separation. The upper colourless (agueous) phase
was carefully transferred to a fresh fube without disturbing the interphase, and 500ul of
1ce-cold sopropanol was then added. After vortex-mixang, the sample was centrifuged
for 15 minutes at 4°C, at which point a pellet was observed. The supemnatant was
carefully removed; the pellet was then washed wath Iml 75% ethanol and centrifuged
for a further 5 minutes at 7500%g. The supematant was then removed and the pellet
allowed to ar dry prior to resuspension in an appropnate volume of nuclease-free water
Samples were then assessed for quality, contamination and RNA concentration by
analysis with a NanoDrop spectrophotometer. RMNA was then stored at -80°C pending

further analysis

3.9, Microarrays

3.9.1. microRNA microarrays

microRNA microarrays were processed by Cepheid Inc., at their research facility in
Toulouse, France. Total RNA was first quantified using a NanoDrop spectrophotometer
BNA quality was then assessed using the 2100 Bioanalyvzer capillary electrophoresis
platform with the 6000 Nano BRNA chip (both Agilent Technologies). Samples that had
passed these quality control assays were then subjected to size frachionation using the
FlashPAGE electrophoresis chamber ( Ambion) according to manufacturer’s instructions,
which selectively punifies the RNA fraction with size <d40nt. RNA was then 37 labelled
by overmight higation of a UUUU-Cy 5 fluorescent tag. Control oligos were then spiked

into samples at known concentrations in order to perform cross-chip normalisation
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Labelled RNA was hvbridized ovemight to pre-prepared microarray slides, and
Huorescence was then measured using the GenePix 4000A scanner in conjunction with
GenePix Pro Software (Molecular Devices, Sunnyvale, CA, USA). Scanned images
were manually checked for errors or defects in hybnidizaton and scanming. Microarrays
were designed by Cepheid to incorporate all known miRNAs conserved between human
and mouse (published in miRBase 11.0), in addition to over 2000 predicted conserved
mikRMNAs that had been generated by computational analysis of the genome by

Cepherd’s propnetary algonthms.

3.9.12. Whole genome microarrays

Whole genome microarravs were processed at the Genomics Centre, King's College
London (KCL). Briefly, RNA was quantified with NanoDrop spectrophotometer and
subjected to Bioanalvzer quality control as descnbed in section 3.9.1. For cDNA
synthesis and labelling where total RNA quantity was greater than 50ng for all samples,
sample preparation was performed using the Whole Transcript ¢cDNA Synthesis and
Labelling Kit (Affymetnx Inc.. Santa Clara, CA, USA) according to the manufacturer’s
mstruchions. Where total RNA quantity was less than 30ng in at least one sample, the
Owvation Pico WTA Svstem (MuGEN Technologies Inc., San Carlos, CA, USA) was
used for cDNA synthesis and amphfication, followed by labelling using the Affymetrix
kit. Samples were hybndized to the Affymetnx Mouse Gene 1.0 8T array according to
manufacturer’s protocols and then scanned for fluorescence wath the Affymetrix
GeneChip 3000 TG scanner, Scanned images were analysed wath the Microarray
Analysizs Suite 5.0 algorithms incorporated into GeneChip Operating  Software

{ Affymetnix) wath default settings
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3.9.3. Microarray data analysis

A number of software platforms were used for analvsis of microarray data. Affymetrix
gene expression microarrays were annotated, normabised and filtered wsing multiple
Bioconductor (http:/"www bioconductor.org) libranes wathin the R statnstical computing
environment (version 2.12.1; hitp:/f'www r-project.org). The core Bioconductor set was
installed, compnsing the following packages: affy, affydata, affy PLM, affyQCReport,
annaffy, annotate, Biobase, biomaRt, Biosinngs, DvnDoc, gcrma, genefilter,
geneplotter, GenomicRanges, hgu95av2 db, hmma, marray, multtest, vsn, and xtable
The package ‘oligo” (version 1.16.0) and its dependents were installed and used to
import and normalise arrays wsing the Robust Multiarray Average (RMA) method
{Irizarry et al., 2003). The package ‘annafly " (version 1.24.0) was used 1o annotate array
data with annotations from the ‘mogenelOsttranscriptcluster.db” (version 7.0.1)
annotation database, Data was exported, aither as the entire dataset or restncted to
specific gene subsets, into tab-delimited text files suitable for import into software such
a5 Microsoft Excel (Office 2011, Microsoft, Seattle, WA, USA). Heatmap wvisual
representations of data and self-orgamsing map (SOM) analysis was produced using
MayDay software (http:/www-ps. informank. uni-tuebingen_de/mayday/wp/) (Battke et

al., 2010

3.10.  Enzyme-Linked Immunosorbent Assay (ELISA)

Secreted protein levels were quantified by ELISA as follows. 1x10° T cells were
washed, plated in Iml of complete cell culture medium and activated for 24 hours with
plate-bound anti-CD3 and antu-CD28 antibody (both 2pg/ml, BioXCell). Supernatant

was then carefully harvested and stored at -80°C for up to | month prior to ELISA



analysis. DuoSet ELISA kits (R&D Systems) were used for all ELISAs, and comprised
capture antibody, biotinylated detection antibody, protein reference standard and
streptavidin-HRP (horse radish peroxidase) reagent. 96 well ELISA plates (Nunc
Immunosorp;, Thermo Fisher Scientific) were pre-coated overmight at 4°C wath 100yl
X capture antibody / reagent diluent {0.1% bovine serum albumin (BSA) / PBS)
solution as per manufacturer’s instructions. Wells were washed by aspiration of coating
antibody solution followed by three cycles of filling all wells wath 300p] wash buffer
{0.05% Tween (S1gma Aldrich) / PBS) followed by aspiration. Wells were then blocked
by addition of 300l of a 1% BSA / PBS solution for | hour at room temperature, Wash
step was repeated. Samples and reference standard were then diluted as appropriate in
reagzent diluent and 100ul was added to each well. Samplez were typically tested in
duplicate at varying concentrations. Reference standard followed a two fold senal
dilution from the top concentration suggested in the individual product literature.
Samples were incubated for 2 hours at room temperature, after which the wash cycle
was repeated. 100p] of 1X detection antibody [ reagent diluent solution was then added
per well and incubated for 2 hours at room temperature, followed by a repeated wash
cycle. Diluted streptavidin-HRP was then added into each well and incubated for 20
minutes at room temperature, followed by a repeated wash cyele. 100ul Tetramethyl
benzmdine (TMB) chromogen soluton (Inwvitrogen) was added to ecach well and
mngcubated for 20 muinutes at room temperature during which time a colour change was
observed. Reaction was stopped by addinon of 50pl 0.5M sulphunc acid (H-50,)
Optical density (OD) at 450nm wavelength was measured using a Bio-TEK ELS00
plate reader (Wolf Laboratones, UK). The standard curve was computed by KCjunior

software (Wolf Laboratories) using optical densities of known concentrations of
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reference standard; this was then used to calculate protein concentration in individual

samples

3.11. Reverse transcription-quantitative PCR (RT-PCR)

In order to quantify RNA expression levels in individual samples, RT-PCR was used.
The protocol used for the majonty of genes (herein termed “standard RT-PCR™) differed

from the protocol used for mature miRNA RTPCR: protocols for both are detailed here.

3.11.1. Standard ET-PCR

Following assessment of RMNA quality and concentranon using the ManoDrop
spectrophotometer {Thermo Fisher Scientific), reverse transcription (RT) was first
performed on 100ng of total RNA. The iScnpt Select cDMA Synthesis kit (Bio-Rad
Laboratories, Hercules, CA, USA) was used according to manufacturer’s instructions
with oligo(dT) primers. Reaction mix was incubated at 42°C for 60 minutes followed by
5 minutes at 85°C in order to heat-inactivate reverse transcriptase. Control reactions in
which reverse transcniptase was not added (-RT samples) were also performed for each
sample. RT product was then either used immediately or stored at -80°C. Quantitative
PCR (gPCR) was performed using Applied Biosystems (Foster City, CA. USA)
TagMan gene expression assays. An internal reference control assay specific for mouse
[-actin (Aceh) was added to each well. A final reaction volume of 10yl compnsing Spl
2X TagMan Gene Expression Master Mix, 0.5pl TagMan gene-specific expression
assay (FAM-conjugated), 0.5ul TagMan reference control gene assay (VIC-conjugated),
sample ¢cDNA and nuclease-free water to 10ul was added to each well of a 384-well

plate {Applied Biosystems), with samples assayed in duplicate. gPCR was performed
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using the 7900 HT Fast Real-Time PCR System {Applied Biosystems) running SDS
version 2.3 software. Thermal eyvcling protocol was as follows: 95°C for 10 minutes,
followed by 40 cyeles of amplification (each cyele comprising 95°C for 15 seconds
followed by 60°C for 60 seconds). Amphfication curves were verified by manual
mspection for all samples and for negative (-RT) controls. Ct {eycle threshold) values
were automatically calculated by SDS software and exported to tab-delimited text files
Relative quantification of expression was calculated for further comparative analysis, by
firat subtracting mean Ct values of the gene of interest from mean Ct value for Acb to

provide the ACt value, Relative quantification was then calculated using:

Relative Quantification (RQ) = 7%

3112, MicroRNA RT-PCR

In order to measure miRNA expression, RT was first performed using Applied
Biosystems propnetary stem-loop hairpin RT pnmers according to manufacturer’s
protocol. This required separate RT reactions for each miRNA of interest in each
sample. In addition, -RT reactions were performed for each miRNA in each sample. Ud
small nuclear RNA (snRENA) was used as a reference control gene for each sample since
its expression is relatively stable between different samples (Mr. David Vilanowva,
Cephend Inc, personal communication). 10ng of total RNA was used for each RT
reaction. RT reaction was performed in a thermal cycler using the following
programme: 16°C for 30 minutes, 42°C for 30 minutes, 85°C for 5 minutes, 4° hold
Quantifative PCR was then performed using a similar protocol o the standard RT-PCR
detailed in section 3.11.1. The only modifications were that imtemal control Acth was

not multiplexed in each well, and that 2X TagMan Umversal PCR MasterMix No
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AMPErase UNG {Applied Biosystems) was used as per manufacturer’'s suggestion

gPCR thermal cycling, data acqusition and data analysis were all performed in the

same way as in section 3.11.1.

A Dist of Applied Biosystems RT-PCR assay that were used in this study is shown in

Table 3.5,

Gl Aasay [dentifier
Tl Peln O 30550 _m |
Credin 3 Pl OO E4GET m
Faxi" F Bl 73162 _m
Hewn Pl Q043103 _m ]
Hewe Pl 251022 _m1
g Bl 168134 _m]
i+ Pl 3250 ml
fiiva Bl 35515 _ml
iz Bl 51 7540 _m
ii22 PO 241 _ml
Atk Bl OOGOTRIN 5]

pri-mir- 142 mBE N A primary irunscrpt

P03 30633 _pn

mik-142-5p mature miMNA non464
mik-142-5p mature miRNA Nnzz4s
L snHM A nopaT:

Table 3.5 List of Applied Biosystems Taghdan Assayvs used in this study
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3.12. Northern Blot

Morthemn blot was performed for the detection of miR-142-3p and miR-142-5p RNA in
collaboration with Dr. Rong Dong, a member of our research group. Total RNA was
150lated wsing the Tnzol method described in section 3.8, 40pg of total RNA in RNA
sample loading buffer (Sigma Aldnch) was loaded into each well of a 1%% denaturing
formaldehyde-agarose gel. Following electrophoresis, RNA was transferred onto
Hvbond-N+ membrane (GE Healthcare UK Ltd., Little Chalfont, UK)
Chemiluminescent muBNA Northern Blot kits (Signosis Inc., Sunnyvale, CA, TUSA)
specific for miR-142-3p and mik-142-5p were used for detection of mRNA, according
to manutacturer’s instruchions. Bnefly, hybndizaton was performed by overmght
incubation under rotation at 42°C in the presence of biotin-labelled miRNA probes.
After washing, membrane was incubated wath streptavidin-HRP, then washed again,
and finally incubated with detection substrate Detection was performed wath the

Hyperfilm imaging system (GE Healthcare).

3.13. Bone marrow transfer

Bone marrow was harvested from donor amimals by dissection of femur and tibaa,
taking care to stmp associated soft nssue, followed by flushing of bone marrow content
with stenle PB5. Recovered bone marrow was disrupted through sterile nylon mesh
before being washed with PBS, centrifuged and counted. Bone marrow chimeric
animals were generated by sublethal wradiation of RAG-1 deficient mice with 3. 5Gy
from a caesium-137 source. 1x10° BM cells were imjected intravenously in a volume of

[00ul PBS into the tail vein of recipient mice on the day of irradiation. Mice were
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weighed immediately prior to irradiatnon; weights were thereafter monitored weekly and
mice were inspected daily for signs of illness or distress such as inactivity, diarrhoea,
reduced grooming and postural changes. A safety cut-off point of weight loss to 80% of
starting weight was imposed; it any ammal reached this hmit the expenment would be
termuinated. Mherwise, the expenment was terminated at four weeks following injection
Recipient mice were euthanized by CO: mhalation and dissected for harvest of

lymphond organs

3.14. In vive T cell transfer

Waive or in vitre-activated T cells were harvested, washed twice and counted. Cells
were resuspended in sterile PBS at an appropnate concentration, and injected
imntraperitoneally into RAG-1-deficient mice. For longer-term {greater than 1 week)
experiments, 0.5x10° naive cells were injected, and 1x10° activated T cells were
mjected. For short-term an vive studies, 2 sx10" cells were injected, As descnbed in
section 3.13, mice were weighed pror o cell transfer, and both conditon and weight
were monitored throughout with the same safety cut-off point (80% of nitial weight)
Expenments were terminated at 4 weeks following transfer in experiments in which
naive T cells were transferred and 3 weeks when activated cells were transferred. Mice
were guthanized by CO: inhalation and lvmphoid organs and colon were harvested for

further analysis.
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3.15. Histology

Samples were fixed for histology by immersion in pre-filled 10%% newiral buffered
formaldehyde specimen containers (Leica Microsystems (UK) Lid, Milton Keynes,
LK), and then embedded in paraffin wax by standard procedures. Tissue sections (5um
thickness) were cut by mucrotome, fixed onto glass shides and stamed with

haematoxvlin and eosin by standard methods.

3.16. Immunohistochemistry

Fluorescent immunchistochemistry was performed by Dr. Ellen Marks as follows
Tissue samples were snap frozen in Jung tissue freezing medium (Leica Microsystems)
7 um cryostat sections were fixed in acetone and then blocked with 20% normal horse
serum {PAA Laboratories). Sections were incubated with anti-CD3-Fitc {(eBioscience),
ant1-B220-otin  (eBioscience), followed by streptavidin-comjugated  Alexa594
{Invitrogen). Nucler were visualised by staining with 1 pg/ml DAPI (Invitrogen). Images
were acquired with an Olympus BX51 mucroscope using Micro-Manager software

{Vale Laboratory, University of California San Francisco)

3.17.  Luciferase Assay

Luciferase assav was wsed to valhidate targeting of specific 3"UTRs by speafic miRNAs
The vector pSI-CHECK2 (Promega) was used, which contains a muluple cloning site
{MCS) downstream of the Renilla luciferase gene, and a separate firefly luciferase gene

on the same plasmd, which serves as an intermal control for transfection efficiency
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3'UTRs of interest were cloned into the MCS and sequence-venfied. HEK-293T cells
were used for the assay, and were plated at a density of 1x10° cells per well in a 24 well
plate {(Nunclon Surface, Thermo Fisher Scientific) 24 hours prior to transfection
Transfection was performed using the calcium phosphate method described in sechion
3.6.1, with the exception that 200l of the transfection mix was added to each well. A
total of 10ng of pSI-CHECK2 vector was used and |pg of expression vector per well
Transfections were performed in triphicate. At 24 hours following transfection, cells
were washed with PBS and lysad by gentle shaking for 15 minutes in the presence of
100l of Passive Lysis Buffer (Promega). Lysate was analysed for firefly and remilla
luciferase activity using the Dual Luciferase Reporter System (Promega), according to
manufacturer’s nstructions; luminescence was measured with a LUMAT LB 9507
luminometer (Berthold Technologies GmbH, Bad Wildbad, Germany). Luminescence
was normalised internally to firefly luciferase activity. Mean luminescence was then

normalised to control vector and expressed as relative fold change,

3.18. Statistics

Statistical analvsis was performed using GraphPad Prism version 5 (GraphPad Software
Inc., La Jolla, CA, USA). Unpaired non-parametric datasets were tested with the Mann-
Whitney LI test. Paired data were assessad with the paired t test, or with the Wilcoxon
signed-rank test if data were not normally distributed. p values are indicated throughout;

a p value of <0.05 was chosen as indicating stabishcal signihicance
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4. microRNA expression profiling of
T helper cell subsets

4.1, Introduction

miRMNAs have emerged as key regulators of cell fate, functioning through their ability to
post-transcnptionally contrel the expression of multiple specific genes. This broad
range of targets encompasses a wade range of gene classes, including transcription
factors, and thus miRNAs are likely to be of critical importance in determining the
phenotype of many cell types, It 1s clear that the abundance of many individual miRNAs
13 dynamically regulated dunng T cell development. For example, miR-181a expression
15 markedly increased at the double positive stage of thymic development, and this
contrbutes to the enhanced T cell receptor sensitivity that is observed at thas stage (Li &t
al., 2007). Whilst a number of alternative mechanisms have been described that regulate
miRNA tunction (detatled in section 1.1.5), activity 15 typically well correlated wath
changes in miRNA expression (Ritchie et al.. 2009). As a result, it 15 generally accepted
that changes in expression of specific miRNAs are directly related to changes in their
functional activity. A consequence of this is thal measurement of differential miRNA
expression between related but distinct cell subtypes can be used to identify candidate

miRNAs that may play a role in specifying the differences between cell types

A primary aim of this study is to identify nmiENAs of importance in regulating T cell
subset differentiation. | therefore used nmRNA expression profiling in order to
determine patierns of miRNA expression within indisvedual subsets, and o thereby

identfy muRNA candidates of interest. In addition, 1 analysed genome-wide binding
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data for a number of key T cell transcription factors i order to determine any

association between these master regulators and differentially expressed miRNAs

4.2, Subset polarisation

In order to determine patterns of miIBENA expression in specific subsets, naive (CD4
CD62L" CD44™ CD257) murine T helper cells were cell-sorted and cultured in vidro
for seven days in medium containing an optimised mix of cyvtokines and antibodies for
efficient polansation. Following culture, cells were analvsed by intracellular flow
cytometry (Figure 4.1), cviokine ELISA (Figure 4.2) and qRT-PCR (Figure 4.3) 1o

ensure that features of subset-polansation were present where appropriate.
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Figure 4.1 Flow cvtometric validation of in vitro naive T helper cell subset polarisation.
Representative flow oytometry plots for intracellular staining of the indicated  oytokines and

franscriplion faclors.
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All samples were assessed by these methods to ensure appropriate polansation prior to
being subjected fo microarray analysis. RNA was then extracted and assessed for purity
and abzence of any degradation by spectrophotometry and microchannel electrophoresis

{Agmlent BioAnalyvzer) analysis

4.3, miRNA expression profile of T helper cell subsets

Microarray profiling of miRNAs was performed in collaboration with Cepheid Inc
(Toulouse, France) who have developed custom miRNA microarrays, which are
dascribed briefly here. These arrave are spotted with probes for all known conserved
miENAs contamned in miRBase release 11.0 (Apnl 2008), In addition, more than 2000
putative novel miRNAs (at the time of muRBase release 11.0) were predicted in silico
based on genome folding into the characteristic miRNA hairpin precursor structure
Probes specific for these putative miRNAs were also included in the microarray design
All probes were present in duplicate on each array slide. RNA was first subjected to size
fracionation with RNAs of less than approximately 40nt in length retained for labelling
and hybridizaton, in order o increase the specificity of the microarrays for the
detection of mature miBENAz Quality control, background correction and normalisation
were all performed with a number of BioConductor packages as descnbed in

Appendix A

For the purpose of detecting differential muiRNA expression between T cell subsets, a
primary round of microarrays was performed (hereafter termed “Round A™), consisting

of 2 biological replicates of Thl, Th2, Thi7, 1Treg and 3 biological replicates of naive T
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cells. Manual inspection of these microarravs revealed minimal presence of bad spots
and the representation of armay layouwt shown in Figure 4.4 demonstrates that samples

wera evenly hybridized across the slide.

Thi-R1 Thi-R2 Th2-R1 Tha-R2
ThT-R1 Th17-R2 Treg-R1 Treg-R2
The-R1 Thp-R2 Thp-R1

Figure 4.4 Intensity of background staining oo each microarray shide, Graphical representation of
backgrmound intensity with low intensity appearing white and high intensity red. ‘B suffix denotes
bicdogical replicate number. Lines represent Block design on array (48 blocks, 360 spots per block)

Background correction is first performed by subtracting local background intensities

from spot intensities. This can correct for any gradient effects that are observed in
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background intensity on the microarray shide. A companson of pre- and post-

background correction miRNA expression intensities 15 shown in Figure 4.5,
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Figure 4.5 Boxplots demonstrating effect of background correction on intensity of miRMA probes.
W-axis scale is logylintensity); whiskers denote maximum and minimum values.

Following backeground correction, normalisation is then performed to comect for any

shide-to-shide vanation in global intensity. Mormalisation 15 performed using the

variance stabilisation method deseribed by Huber et al. (Huber et al., 2002), Boxplois of

the pre- and post-normalisation miBENA expression data are shown in Figure 4.6.
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Genes After Background Subtraction
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Figure 4.6 Comparison of pres and post-normalisation gene expression boxplots, Y-axis soale s
logafintensity s whiskers denote masimom and minimuom values

In addition, the effect of normalization can be wvisualised by plotting probe intensity
variance between microarrays against the ranked mean intensity, with well-normalised

data tending towards an approxamately flat line, as demonstrated in Figure 4.7.
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Figure 4.7 Plats of standard deviation vs. rank of mean, pre- and post-nommalisation. Following
rzrmalisation, the fitted line {red dots) tends closer wwards the horizontal, indicating the effect of
mormalisation.

Following background correction, normalization and averaging of intra-array technical
replicate spot intensities, the correlabion between hiologcal replicate microarrays can be
calculated as a measure of inter-array vanation. Dot plots of the relationship between
expression of each miRNA on biclogical replicate microarravs are shown in Figure 4.8,

along with the calculated Pearson correlation coefTicient.
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Following pre-processing and quality control of these data, analvsis was performed in
order to determine whether patterns of miRNA expression could be detected between T
cell subsets. Mean miBNA expression between biological replicate microarrays was
first calculated. Only the expression of those vabdated miENAs included in miRBase
1.0 15 considered herealter. Fold-change was calculated between individual subsets for
all miBRNAs, with the greatest difference in expression being observed for miR-150,
which was downregulated approximately 32-fold in Thl when compared wath Thp. In
order to focus on differentially expressed miRNAs, a fold-change cut-off of 2.0 between
any two condibons was set, which idenbfied 79 of 836 miRbase muRNAs as being
differentially expressed. Analysis was then performed using the software package
‘Mayday” (Battke et al., 2010), with the Self-Orgzanising Map (SOM) algonthm used to
perform clustering of genes with similar patterns of expression. All miRNAs were
includad in this analvsis regardless of vanance between biological replicates, in order to
retain the maximum number of mIENAs for candidate identification, Figure 4.9

tlustrates the results of this analysis.
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Figure 4.9 Differentially expressed miBMAs i T helper cell subsets, (A7 Heatmap of mikRA
expression in the indicated subsets, grouped according o Sel-Organising Map (SOM) clustering,
(B Profile plot of miEMNA expression in individual clusters. Each line represents an individuoal
miRMA and line colours correspond with colours indicated to left of heatmap in (A).
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Following this, quantitative RT-PCR was performed for the selected nuBNAs miR-142-
Ip, mR-142-5p and miR-21, which demonstrated similar patterns of expression when

compared with the microarray data (Figure 4.10).

miR-142-3p miR-142-5p miR-21
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miRMNAs from each cluster and a qualitative interpretation of the observed pattern of

exprassion are listed in Table 4.1,
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S0 Cluster miikM s Dheseription
S0 Cluster mik-744, mil- 16, mik-150, milk-142-3p, milk-  Higher exprezsion in Thp and Treg
Al 1423, bet=Tg, led-T1, bet-Te, lei-7d, bei-Te, lei- when compared with effector
Ta suhseds
SO0 Cluster miR-B920, miR-643, miE-633, miR-550, mil- Higher expression in Thp and Treg
Al S190-3p, miR-132% mal-209 mil-195, mik- when com pared with effector
1491, maBE-185, mil-15h, mRE-126% let-T subhseds
SO0 Cluster miR-42bh, miE-T20, mik-42 20, miR-375, mil- Higher expression in Thp and Treg
Al A42-3p, miR-300, mil-30a, miB-206-5p, mik- whan compared with effector
260, mak-181e, maR-1 5, miR-140-53p, mik- subsets, lower enverall expression
1274k, mil-1272, mik- 107, mik-106a* than Clusters Al & A2
SO0 Cluster anif-920* mik-22a, miR-923, mik-539 mik- Higher expression in effestor and
A4 JH3-5p, mik-30c-1% mik-2%, milE-230, mik- Treg subsets when compared wath
21, mak=141, mi=1273, w1268, mik=121% Ty
ip
S0 Cluster mik-645, miE-625-3p, mik-508, miR-574-3p, Higher expression in Thl when
AS mil-513h, miB=-330%, miR- 29550, muR-158b, comprared with ether subsels
mik-187% mil-1330%, milt-130a, milt-1303,
miH-122*
S0 Cluster iR TS R0, naR-425 il Higher expression in Treg when
Al ATRE - 340, ml-2Ta, mil-24, mR-2 10 compared with edher subsets

mib-200, mik-200, mil-205%, mik-155

Table 4.1 Seli-Organising Map (SOM) Clusters derived from differentially expressed miEMNAs with a
Fold-change of =20 detected Between at least 2 WT T cell subsets, & qualitative description of the
cbserve] expresson pattern for each cluster is proided,

These data suggest that distinct patterns of miRNA expression exist, in particular when

naive T helper cells are compared with differentiated effector T cells. The analysis

performed 15 deliberately permissive, in order to identify as many potential candidates

as possible, however it does not represent a defimive descnption of those muRNAs that

are differentially expressed, and further validation 15 required Monetheless, these data

provide ewvidence that muRNA expression 15 dynamically regulated dunng the

differentiation of T helper cells and suggest a number of candidates of interest for

further study.
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4.4, Validation of miRNA expression patterns and expression in

the absence of T-bet

Hawving established patterns of miRNA expression in T helper cell subsets, 1 next
mveshigated  whether nuRNA - expression may be related to  master-regulatory
transcription factor activity. In order to do this, a further round of microarray profiling
(hereatter termed “Round B™) of T cell subsets derived from both WT and T-bet™ mice
was performed, including Thp, Thl, Th2, Th17 and iTreg. Two independent biological
rephicates were produced and analvsed for each condition in both genotypes. This
approach therefore allows for companson of Round B WT expression data wath the
Round A WT microarravs that have been described above, in addinon to penerating
novel data from Round B T-bet™ T cells. As before, the efficiency of polansation was
determined by flow cytometry, ELISA and gRT-PCR, and is shown for T-bet™™ cells in

Figura 4.11 - Figure 4.13 (WT data comparable to that shown in section 4.3).
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Fipure 4.11 Cylokine expression by in vitro polarised T cell subsets derivied from T-bet™ naive T
cells. Representative flow cytomelric plots are shown for the indicated cylokines plotted against

side scatter (S50 plots gated on live cells.
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Figure 413 gRT-PCE wvalidation of i vitro polarisation of T-bet” naive T helper cells
Representative data from RNA purfied at dav 7 of culture. Expression shown as 287 relative 1o

beta-actin (At Meam of F r-e'|:||i-:'.11l."1. 1% sk,

Microarray analysis was again performed in collaboration with Cepheid Inc., using an
updated wversion of their custom miRNA microarmay platform, still contaiming all
miRBase 11.0 muRNAs Pnor to data analysis, a senes of guality control, background

correction and normalisation  steps  were once again  performed. Figure 414
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demonstrates the background intensity across the microarrays and qualitative analysis

suggests that sigmificant vanabon in hybndization occurred wiath both WT Thl?7

biological replicates. Further analysis showed a significant difference in median

mtensity on these microarrays when compared with other samples and, as a result, Th17

samples were excluded from later analysis,

WT-Th1-R1

WT-Thi-A1

WT-Th1T-R1

WT-Treg-R1

WT-Th1-R2

WT-Tha-R3

WT-Th1T-RZ

WT-Treg-RZ

HO=Thi1-R1

KO-Thi-R1

HO-Th17=R1

FiD-Tresg-R1

WO-Th1-RZ

KO-Tha-R2

HO-Thi17-R2

EO-Treg-RZ

FO-The-Ri

Figore 4,14 Intensity of background staiming on each miorcarray shide. Graphical representation of
background intensity with low intensity appeaning white and high intensity red. 'R suffix denotes

biclogical replicate numbser, KO

spots per block).

T-het™, Lines represent block design on array (48 blocks, 360
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The distnbution of spot intensities before and after background correction and

normalisation 15 demonstrated in Figure 4,15 and Figure 4. 16
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Fipure 4.15 Boxplod demonstrating distribution of spot intensities before and  after background

©Y-axis scale is lopintensity); whiskers denote maximom and minimuom
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Genes After Background Subtraction
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Figure 416 Boxplot demonstrating distribution of spot intensities before and after normalisation.

T-bet”. Y-axis scale is logiintensityd;, whiskers dencte maximum and minimuam values,

KO

The effect of normalisation is again visualised by plotting the standard deviation against

the rank of mean intensity as shown in Figure 4,17,
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Figure 4.17 Plots of standard deviation vs. rank of mean, pre- and post-normalisation. Following
normalisation, the fitted line (red dots) tends closer towards the horizontal, indicating the effect of
mrmalisation.

The correlation in gene expression between the two independent biological replicates

analysed for each T cell subset 15 shown in Figure 4. 18
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Following these quality control analyses, this group of microarrays was subjected to the
same initial analysis of differentally expressed genes as that described in section 4.3
WT samples were first analvsed alone in order to allow comparison with results from
Round A, With a fold-change cut-oft of 2.0, a total of 116 muBENAs were identfied as
being diflerennally-expressed betwesn WT T cell subsets in the Round B dataset. The
results following SOM clustening are shown in the heatmap and multi-profile plots in

Figure 4,19
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miRMAs from each cluster and a qualitative interpretation of the observed pattern of

expression are hsted in Table 4.2,

20 Cluster miltkAs

[haseripdion

SO Cluster mik-142-3p, miR-T44, mik-150, miR-633,
El :||1'i]-l!-]d2-5]:-. mink= 16, let-7d, 1e1-Te, let-Ta, i k-
1495, let-Te, let-T1 let-Te

Higher exprezsion in Thp and Treg
when |:~|:-1|:|'|:'.'1n_'d with effector
subseds

S0 Cluster mik-342-3p, miR-20b, mik-200, mik-519h-3p,

E2 =205, mnR-93, mul-5530, miR-26h, mik-
432*, mik-135a, mik-135h, mik-543, mik-892a,
= 120", mil=20" milk=191, let=Ti

Higher expression in Thp and Treg
when comparaed with effector
subsets

SO0 Cluster = 10k, mik=92k, mik-30k, let-T1*, mik-

B3 1280, mik-180* mil-314, mik-30d, mil-720,
mik- 12740, mil-484, let-To®*, miR-9Zu-1%,
k=T, mik-302e* mil-3T0, mik-375, mik-
A2 2a, mik-510, maR-192%, mil-140-3p, mik-
181h, mik-181e, miR-1272, mik-491-3p, mik-
183, ma K= 10

Higher expression im T hp andfor
Treg when compared with effector
subsets, lower everall expression
than Clusters Bl & B2

S0 Cluster miR-A835p, mE-Y920, iR 1908, mik-54%a-

B4 Sp, mik-21, mil-24, miR-923, milt-141, miRk-
1255, mil-561, mal-920" mil-12255p,
mik-T62, milt-1268 mil-23a

Higher expression in effector and
Treg subsets when compared with
Thyp

S0 Cluster mik- T87* milt- 19, mik-1290 milE-E73-5p,

E5 mH=B02, muE-22* miR-51 5, mil-106a®,
mik-516a-5p, mik-2%-3p, mik-218-1*%, mik-
A3 B9 b =dB 5 5p, mik-1814-2%, nak-
S1Hc® mik-1255h, miR-218-2% miR-143,
miR-1350%, miR- 1247, mil-363, miR-648,
=047, mik-19T4, mil-1973, mil-1307-3p,
miB-520h, mik=1 263, miR-2054, k=511,
mik-497% milt-26* mik-761, mil-125a-5p,
i TH2T, k=103 hY mnl-25% muli-1350%,
mik-182

Mixed, no overall pattermn

SO Cluster mik- 1124, mil-486-3p, mil-30c- 1% mil-

Bh 3130, =205, muk=148a, mald=T11, =210,
mik- 155, mil-921, mik-298, mikt-27a, mik-
2Tk, mnH=637, miB-3T73% miR-365%, mik-5%,
mik-2053, mil-563, mik-1820, milg-2116%,
=320, milE=aTE mik-320a, miR-146b-5p

Higher expression in effector and
Treg subsets when comparsd with

Thyp

lable 4.2 Self-Orgamising Map (SO Clusters derved from differentially expressed miRsNAz with a
fold-change of =20 detects] between at least 2 WT T cell subsets, Chata as from Round B W
microarrays (perfommed alongside T-bet™ microarraysk. A qualitative description of the observed

expression patterm if anyl for each cluster is provided,
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These clusters of differentially-expressed miRMNAs can be compared with those
generated from the first group of microarrays. The overlap in gene lists between

closely-matched clusters is shown in Figure 4.20.

S0M Group A1 S50M Group B1 S0M Group Ad S0 Group B4

S0M Group AZ S0OM Group B2 S0OM Group AS SOM Group BS

SOM Group A3 S0OM Group B3 SOM Group AB SOM Group BE

Figure 4,20 Cwerlap between data generated in Round A and B WT microarays. Venm diagrams
wiere constructed for the selforganising map (SO clusters indicated abieove,

The degree of agreement was observed to be greater in some ¢lusters, For example, all
of those miRNAs identified in group Al were re-identified as clustenng together in
group Bl ; by contrast there was low overlap between clusters A5 and B5. For all & pairs
ol clusters, a mean of 62% of mRNAs were re-identified in the Round B series of
microarravs as being both differentiallv-expressed and clustered topether in the same

group. In total, 5% of 79 (75%) differentially-expressed miBNAs wdentified in the Round
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A microarray senes were re-identified in Round B as being differentiallv-expressed

with a fold-change of =2.0 between any two conditions

Thesa data suggest that there is consistency between these independent miRNA

microarray expenments, and that a group of miBRMNAs are reproducibly differentially-

expressed between T call subsets. This set of miRNAs can be clustered into consensus
SOM clusters, and this analvsis 15 shown for side-by-side comparison of both rounds of

microarrays in Figure 4 21
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Figure 4.21 Side-by-side comparison of microarray Bound A and B, Heatmaps in panel {A) and
expression profile plots in panel () shown grouped according to consensus SOM clusters. In
panel (Bl each line represents an individual miRNA and line colours comespond with colours

indicated to left of heatmap in panel (A).
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The miRNAs that make up each individual cluster are shown in Table 4.3, along with a

brief descnption of the observed expression pattern,

S0 Cluste il AS [haseripdion
S0 Cluster mik-744, mil- 16, mik-150, mil-142-3p, milk-  Higher exprezsion in Thyp and Treg
Ll 1423, bet-Tg, let-TF, bet-Te, let-Td, let-Te, let- when compared with effector
Ta subsets
S0 Cluster mik-292a, mik-633, mi-319b-3p, mil-432%, Higher expression in Thyp and Treg
[ =342 3, miB-26b, miR-1491, miR-153, when comparaed with effector
mik- 13k, milt-126% let-Ti subsets
S0 Cluster mik-492h, mik-720, mik-422a, mik-375, mik- Higher expression in Thp and'or
[ A0, mnH=3k, k= 157", muld=15%1¢, muld=15%a, Treg when compared with elTector
mik-140-53p, miB-1 272, mik-107 subseds; lower overall expression
thon Clusters C1 & C2
S0 Cluster miR-920% milE-22a, mi-923, miR-483-5p, Higher expression in eltestor and
Cd nnil-2 1, mik-1 268, mik-1225-5p Treg subsets when comparad with
Thp
S0 Cluster miiR-645, miE-530, mik-24, mil-23a, mil-195,  Higher expression in Treg when
3 mik-141 compared with ciher subseis
S0 Cluster mik-9% milk-673, mik-313b, mil-486-3p, Higher expression in effector
Lh oA 1 i -2 T, miR=210, mnH -2k, amelior | reg subseis when

mik-20a, mik-205, mik-133, mik-135a*

compared with Thp, lower overall

enpressann ham Closter 04

Fables 4,3 Copsensus %00 clusters, Self-Oirganising Map (SO8) clusters denved from differentially
expressed mikMNAs with a fold-change of =2.0 detected between at least 2 WT T cell subsets in
both Round A and B microarray series. A qualitative description of the chserved expression pattern
for each cluster is provided.

The microarray experiments comprising the Round A and B micrearray senes were
performed consecutively and approximately one year apart, indicating that the patterns
of differential expression demonstrated in the consensus clusters are reproducible within
this laboratory and wath this microarray technology. Howewver it 1s advisable that the
expression of individual candidate miRNAs of interest should be wvalidated by an
alternate method, such as gRT-PCR, as part of anv further study into the function of that

specific miRNA
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As described earlier, the WT microarrays in Round B were performed alongside

corresponding T-bet” ™ microarrays. In order to determine the effect of T-bet deletion on

miRMNA expression in these T cell subsats, fold change was calculated betwesn WT and

T-bet”” samples, and results were analysed for differential muBNA  expression

Unfortunately, this analysis did not reveal any consistently differentially-expressed

miRMAs between those subsats that express T-bet, namely Thl and iTreg (Figure 4.22).

e
| -
-
(=]
=

L0~ Thp

k- T4 mi- 32b
mit- 15 mA-32a
miR- 150 miR-323
mil-147-5p mik-483-4p
mifl- 147 - 3p miR-21
-7y rilk- 1268
W=7 mill- 12255
Ie1=7e ml-£43
het-7d m#R-550
Iek- 70 mik-24
wl-Fy -2 Ra
mill-#2s | mill- 194
k=633 =141
meik-519 Ip miR-93
mik-432* m#-E75
mifl-147-1p mik-513b
mik- kb mi k-0 5p
milk- 18l miR-§fc-1"
ik LE3 mill-375 l
ik 15k mil-318 I
iR~ 126" -2
lea-7 m#-20a
mik-92h mi#-2005
mik- 730 mi-155
mill-42 s mik-11%2"
k=575
ik 50k
k- 30
miR- LE7
mik- LBk
mik- 15
il §48- 1p
- 1272
mik= 107
Figure 4,27 Expression of miEMNAS in WT and T-bet™ T helper cell subsets, Heatmap data shosen is

prouped according 1o the consensus SO0 clusters detailed in Table 4.3, Mean of two biclogical

repilicates is shown, W =wild-tvpe, KO=T-het”,

However candidate gene analysis using qRT-PCR was also performed. Companson of

mik-142-3p and mik-142-5p expression between WT and T-bet™™ Thl and iTreg cells
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did demonstrate increased expression of these genes in T-bet™ cells (Figure 4.23)
These data hkely reflect increased sensitivity of qRT-PCR for the detechon of

differential expression with smaller fold changes.

Th1 Thi iTrag iTrag
miR-142-3p miR-142-5p miR=142-3p miR-142-5p
é ?.5 ) % 2.0 ) E 3 . é 20
g 15 £, g8 -
a 15 [ o =1
a 1 g 1.0 3 & 1.0
2 10 s g 1 :
& o5 I E 0.5 E . 5 0.5
& 00 & F & Ml,t':‘ _ & D,:‘f‘ . & Dﬂ;':‘ _
Figure 4,23 Expression of miB-142-3p and miB-142-5p in WT and T-bet™ Th and iTreg cells,

mormalized to WT. Data expressed as 2887 relative 1o WT, data normalised 1o UG internal control;
n=3 independent bological replicates, error bars=SEAM.

Collectively, these data have demonstrated that distinct patterns of nmiEMNA expression
exist between T cell subsets, and that some of these patterns are highly reproducible, in
particular those miRNAs whose expression is up- or down-regulated following
activanon and differentiation of naive T cells into effector subsets. In addinon, a
potential candidate of nterest, mur-142, has been wdentibied as being differentially

expressed between WT and T-bet-deficient cells.

4.5. Binding of T-bet, GATA-3 and FoxP3 at the mir-142 locus

Owr laboratory has previously developed fechmiques for detecting transcription factor
binding on a genome-wide scale in T cell subsets, and has recently published data
describing the binding of T-bet and GATA-3 in human Thl and Th2 cells as determined

by Chromatin-immunoprecipitation coupled with genome-wade promoter microarray
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analysis (ChIP-Chap) (Jenner et al, 2009). We have since repeated these experniments
using next-generation sequencing technology (ChIP-seq) to identify the binding sites of
T-bet and GATA-3 in human Thl and Th2 cells (A. Hertweck, unpublished data), and
T-bet and FoxP3 in mouse Thl and Treg cells (Gokmen, 2011). These datasets can be
analysed 1o determine whether transcription factor binding occurs at muBRNA genomic
loci. For example, in human Thl and Th2 cells, ChIP-Chip (Jenner et al_, 2009 {(Figure
4.24) and ChIP-5eq (A, Hertweck, unpublished data) (Figure 4.25) expenments reveal

binding of both T-bet and GATA-3 at the mir-142 genomic locus.

== Th1 T-bet
= Th1 GATA-3
=l — Th2 EATA-3
E 4
£
: 2
5
e 9
a4 - - - - .
5375000 SATET000
Chomosomal posilion
I
MIRNT42

Frgure 4.4 ChiP-Chip expenments showe binding of T-bet and GATASS at the human mir-142
peramic [ocus. lmmunoprecipitation was performed for T-bet in i vitrepolansed Th cells and
CATA-S in both Th and Th2 cells. Precipitated DRA was then hvbridised 1o promoter microarmay
as descoribed in denner et al., 20000, Data courtesy of D B, lennerProf. G, Lord,
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Figure 4.25 ChiP-seq experiments demonstrate binding of T-bet and CATA-Z at the mir-142
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In addition, munine experiments reveal binding of both T-bet and FoxP3 at the mir-142

genomic locus in i vitro-differentiated Thl and Treg cells (Figure 4.26),
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Fipure 4.26 T-het and FoxP3 bind 1o the mir-142 koows in morine Th and iTreg cells. ChiP-Seq
was performed for T-bet and FoxP3 in murne i vitro-differentiated Th1 and iTreg cells.
Approximately 300 kilobase genomic region shown, data expressed as sequencing reads per
million background-subtracted tolal reads. Arow indicates position of mir-142; transcription
factor of interest & cell type indicated © beft of row. Data courtesy of O K. GokmenProfl G, Losd,

Collectively, these data demonstrate that three master regulatory T ecell transcription
factors bind at the mir-142 locus, and that T-bet binding is present at the mir-142 locus
n both human and mouse Thl cells, These findings of transeniption factor binding at
the mir-142 locus do not in themselves suppest any specific regulation of mir-142
expression by these transcription factors. However they support the generation of the
hypothesis that mir-142 is of importance in pathways that control T cell function and

differentiation. This hypothesis 153 more generally reinforced by the findings that mir-
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142 expression is dynamically regulated between naive and activated cell types, and that

T-bet deficiency can result in dysregulated expression of mur-142

4.6. Discussion

A large number of miRMNAs have been identified within the last decade, and 1t remains a
major challenge to determine which miRMNAs should be pnontised for functional
investigation. A range of methods are of use in this endeavour, including expression
profiling through techmques such as gRT-PCR, sequencing and microarray analvsis. As
it 15 clear that changes in miRNA expression correlate with functional activity,
companson of mENA expression between differentiated cell tvpes can be used to
wdentify miBRNAs that are of potential importance in speaifying cell phenotype. In
addition, analvsis of processes such as transcription factor binding can identify features
of miIRNA transcniption that may be functionally related to the phenotvpe. Many of
these technologies operate at the genome-wide scale and therefore provide large
datasets that can be subjected to further analysis. In this situation, genome-wide
techmiques are frequently emploved as hypothesis-generating methods in order to

identify candidate genes that may then be investigated functionally.

In this study, | have aimed to test the hypothesis that specific miRNAs are responsible
for controlling fundamentally-important and interrelated T helper cell processes such as
homeostasis, function and lineage commitment. The data presented in this chapter
represent the first stage of this process, specifically the dentification of a group of
miBRNAs that are differentally expressed between naive and activated T helper cell
types. In addition, expenments were performed to determine whether miRNAs are

differentially expressed when the T helper cell transcription factor T-bet 15 absent
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Finally, transcription factor binding data are analvsed to determine whether binding at a
candidate miRNA locus 15 detected. Collectively these data have allowed for the
identification of a specific candidate miRNA that is the subject of further functional
mveshigation as part of this study, the results of which are detaled in the followang

chapters

The microarray experiments that have been performed have identified a number of
miRMNAs as being differentially  expressed between WT subsets, and demonstrate
consistent parterns of clustering. The use of two independent microarray expenments,
each with two biological replicates per condition, allows for reduction of the number of
identified candidate muiRNAs to a group of 39 that are found to be consistently
differentially expressed With regard to the primary aim of these expenments,
microarrgy  analysis has therefore successtully 1dentified a number of potential
candidates of interest. A secondary outcome of these expeniments has been to describe
patterns of miRNA expression that may be able to distingwish subsets from each other
However further work wsing an  altermative technology such as gRT-PCR s
recommended in order to validate the expression patterns of individueal miRMAs, as a
definitive descnption of miRNA expression patterns in T cell subsets 15 beyond the

scope of this study.

Having identified a pnmary group of candidate muBRNAs, 1 uwsed a number of
complementary approaches in order to further refine these data and thereby permit
testing of the oniginal hvpothesis that specific miRNAs are crnitically important in
fundamental T helper cell processes. An additional set of microarrays was performed in
order to compare T-bet-deficient cells with WT cells, however these microarrayvs did not

detect any consistent difference in miRNA expression between these genotypes. This
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sugzests that the differences in miRNA expression between differentiated cells from
these two genotypes are too small fo be detected with mIRNA microarray technology
However, the use of qRT-PCR did show differential exprezsion of miR-142-3p and
miR-142-5p, indicating that the absence of T-bet can indeed have an effect on miRNA

EXPrEssion,

Analysis of ChIP datasets generated within our laboratory demonstrated that T-bet is
found at the mir-142 genomic locus in both human and mouwse Thl cells, and also
provided evidence that additional master regulatory transcription factors including
GATA-3 and FoxP3 bind nir-142. These data are not intended to describe the way in
which these transcniption factors interact with mir-142 or whether they exent any control
over mir-142 expression. However they do suggest that mir-142 i1s a part of multiple
transcnption factor-regulated networks that have been wadely demonstrated to be of
criical importance in T helper cell differentiation and function. Future work may
employ promoter assays to determine the nature of any regulation of mir-142 expression

by these transcripiion factors

The datasets generated in this part of the study are intended to form the basis of further
study. Indeed, the remainder of this thesis 15 concerned with the analysis of mir-142
function in T helper cells. However, a number of other differentially-expressed miENAs
were identfied through analysis of these microarravs, In particular, the members of
SOM cluster C1 are more highly expressed in Thp and 1Treg when compared with
effector populations. Some of these miRNAs, such as muR-744, are of unknown
function in T helper cells, and potentially ment further investigation. In addition, many
of the miRMNAs that make up SOM cluster C5 were found to be specifically upregulated

in 1 Treg cells, vet none of these has to date been asenbed to any particular function in
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these cells. Anv further charactensation of these miRNAs should begin with validation
of differential expression through altermate means such as qRT-PCR or Northern Blot,
and could include analysiz of ChlP datazets to determine whether master regulatory

transcniption factors also bind to the genomic loo of these miRNAs

This type of analysis could be extended inte an additional potential opportunity for
unbiased mining of these datasets based on an integrated bioinformatics approach
Followang the generation of highly punfied T cell subsets from which BENA was
extracted for miRNA expression analvsis, additional Affymetnx® microarravs were
performed in parallel (see Appendix B). These allow analysis of protein-coding gene
expression on the genome-wide scale, and so we have therefore generated miRNA
expression data, mRNA expression data and transcniption factor ChIP binding data from
the same cell types. These large and complex datasets could potentially be integrated
with miRMNA target predicnon, transcniption factor binding and gene ontology databases
in order to identify and describe some of the complex regulatory networks that govern T
cell function (Figure 4.27). This would represent a challenging bicinformatics project
that 1= mot currently supported in its entirety by open source or freely accessible
software, and would be hikely to necessitate the production of custom software. As a
result, this was not within the scope of this project at this time, but remains a potential

additional outcome of the work
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Figure 4.27 Schematic representation of bicinformatic integration of datasets. Datasets generated
from analysis of primary T cells are shown in red boxes, Blue boxes indicate publicly available
databases, Arrows indicated interactions between indicated components.

In summary, this first phase of the study has descnbed differential miRNA expression
in T cells and 1dentified a candidate miBNA for further investigation of a possible role
in T helper cell function. In addition, expression profiling of miRNAs in T helper cells
has identified a number of other candidates of interest for future studies. These data may
potentially allow for future integrated bioinformatics analysis in order to characterise
the relationships and pathways the connect miBRNAs with protein-coding and other
genes in these cells, thereby improving our understanding of the way in which the

function of these cells 1s regulated.
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5. The role of mir-142 in T helper cell
homeostasis

5.1, Introduction

These data have demonstrated thar mir-142 expression is dynamically regulated in T
cell subsets, and that T cell master regulatory transcription factors such as T-bet,
GATA-3 and FoxP3 bind to the genomuc locus of mir-142. It has also been previously
demonstrated that in virro mir-142 overexpression in haematopoietic precursors results
n an imerease both in the number of T cells, and in the ratio of T cells to B cells (Chen
et al., 2004). The mechanism for this alteration in T cell numbers has not previously
been addressed, but it indicates that mir-142 possesses regulatory function over the
mechanisms that control lymphoid homeostasis. Coupled wath the evidence that
transcriptional control of mir-142 expression involves subset-specific transcription
factors, this presented sufficient reason to systematically investigate the function of nur-
142 in T cells and their subsets. | therefore sought to address the hvpothesis that mir-

142 plays a crtical role n T cell homeostasis, differentiation and function

5.2 mir-142-deficient mice have a specific defect in T cell

homeostasis

In order to determine the nature of any functional role of mir-142 in T cells, we
developed lines of both conshitutive and condiional mir-142-deficient mice. Oftspring

of heterozypous constitutive knockout mice (mir-142 7) are borm at the expected
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Mendelian rate (Figure 5.1) and homozygzous mir- 1 42-deficient mice (mir-142"") remain
healthy beyond at least 18 months of age, with no sign of spontancous disease This
sugzests that mir-142 deficiency does not impair fetal development in general, and that
there 15 no spontaneous development of hfe-threatening diseases such as autoimmunity,
cancer or infection when mice are housed under the SPF conditions maintamned in our

breeding facility.

Figure 5.1 Gencdvpe frequency for offspring of beterozyvgous mir-142" mice, WT=wild-type, mir
T4 HET=rmir-142% KO=mir-142", n=235,

In order to vahdate the gene knockout strategy, the expression of mur-142 in wald-tvpe
lintermate (WT) and mir-142"" mice was measured with both Northern blot and gRT-
PCR. Expression of mir-142 15 highest in the thymus and spleen (Chen et al., 2004).
Northern blot analysis of total RNA 1solated from spleen and thymus of WT and mur-
1427 mice showed that neither miR-142-3p nor miR-142-5p could be detected in mir-
142" mice, despite being readily detectable in WT (Figure 5.2). Similarly, gRT-PCR
was able 1o detect miR-142-3p and miR-142-5p expression in WT naive T cells but not

in mir-142"" (Figure 5.2).
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Figure 5.2 Expression of mir-142 in 'WT and mir-1427 mice. (A} Morhemn blot pedormed on total
RMA fram WT amd mir-1427 |||r::-||'|| ‘\.I..III!'-E'II and 1h:.-'|'|'|||"~, |:-|'-::J:||'|| with mikE-142 I|| andgd mik-142
S probses (Upper panel), Lower panel s ethidiom bromide-stained BNA gel o demonsirate egual
EMA loading, (B qRT-PCR demanstrating expressicn of miB-142-3p deft panel) and miR-142-5p
cright pramedy in W and mir-1427 patve T cells, NC=not detected above threshald after 35 oveles
of PCR. Data representative of 2 independent experiments,

These data confirmed that mur-14277 mice do not express mir-142, and so inital
phenotyping of the mice was carned out in order o identify any obvious defects ansing
as a result of this deficiency. Flow cvtometric analysis was first performed, which
revealed a marked reduction in CD3 T cell numbers in the penphery of mir-1427" mice

when compared with WT (Figure 5.3).
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Fipure 5.3 mar-1427 mice exlabit o deficiency in peripheral T cell numbers, (A0 Flow oaometric
analyeis of spleen solated from WT and mir-1427 mice. Plot shown is gated on live lymphooytes.
Data representative of & independent experiments. (B) Absolute number of T3 T cells in spleen
and pooled peripheral lymph nodes (axillary, cerical, inguinal) isolated from WT and mir-1427
mice. n=b and 4 independent experiments for spleen and lymph node respectively. *P<0.05,
P00 (unpaired] Stident’s 11es1)

In addition, a number of other immune cell lineages were assessed by flow cytometry,
however no defect was observed in the number of CDI9 B cells, CDIle” MHC Class

1" dendnitic cells or NKpd6 ' cells (Figure 5.4),
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Figore 5.4 Mo deficiency s abserved i ather magor ammone ineages, Total cell coums for BMHC
class 17 C 1" dendrtic cells, CO9 B cells and HEpAn cells isolated frome spleem of W and
mr-1427 mice, n=4 independent experiments, ns=not significant gpaired Stodent’s -test)

This T cell-specific deficiency 13 somewhat surprising, given that mir-142 is known to

be widely expressed in the immune system (Landgraf et al., 2007), Further analysis was
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therefore performed in order to compare T cell phenotype between mir-1427" and WT
littermate mice, Staining for the lineage markers CD4 and CDE revealed that there 1s no
difference in the ratio between CD4" and CD&" cells in mir-1427" mice when compared

with WT, indicating that both lineages are equally deficient in mir-1427" mice (Figure

5.5).
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) T B S e
R | gL
— = o
mir-142" . JG1 2 -3 1
- —-— Q
[ s : [ —
¥ Ed =
&
&

Figure 5.5 CO4* and COE' T cell lineages are affected equally. (A) Representative flow oytometric
staining of splenic CD3° T cells. (B) Ratio between C04° and COE* T cells isolated from WT and
mir-142" mice. n=4 independent experiments,

Mext, the ratio of naive and memory CD4™ T cells was assessed. Maive cells were
defined for this purpose as CD4" CD&ZL"" CD44™™ and memory as CD4° CD62L™™

CD44"# A gmall but significant difference in the percentage of naive and memory

cells was observed, with a reduction in the proportion of naive cells (Figure 5.6).
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Figure 5.6 Beduction in proporion of naive T helper cells imomir-1427 mice. (A) Representative
staining of COGEZL and CO44 on CO4° T cells. (B) Percentage of matve (0620 CO44™ and

memory (CO62 L™ CO448*) CO4* T cells. n=12 independent experiments; ***p<0.001 (unpaired
Stusdent’s t-test).

However, there was no difference in the percentage of naive T cells expressing the

surface marker CD25 (Figure 5.7).
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Figure 5.7 Percentage of CD25 naive T cells in WT amd mir-142 i, n=132 indlependent
experiments, ns = nolb sgnificant (enpaired Sident’s tiestl

In order to assess whether the deficiency in T cells was assocated wath architectural

abnormalites in lymphoid tissue, immunchistochemistry was performed. The paucity of
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T cells was clearly demonstrated in splenic sections, however structural abnormalities

were not seen and follicle formation was evident (Figure 5.8)
WT
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Figure 5.8 Immurchistochemical analysis of WT and mir-1427 spleen demonstrates pauacity of 1
cells, but evidence of follicle formation. Staining pedformed by Dr. E. Marks, magnification as
indicated

These data collectively identfy a specific, prominent defect in T cell numbers that
affects both CD4" and CD& lineages equally. This imitial screeming analysis did not
detect obvious abnormalines in non-T cell lineages, and so the T cell defect was
selected for further investigation. However it is possible that subtle differences in other

cell types exast and as such it 15 important to determing whether the T cell defect anses



as a direct and intrinsic result of mir-142 deficiency in T cells or if it is due to defects in

other cell types

5.3. The defect is T cell-intrinsic and post-developmental

In order to determune whether the defect was intninsic to the lvmphoid svstem or if it
was due to loss in non-lymphoid lineages, 1 generated bone marrow chimence mice, This
was achieved by reconstitution of sublethally-irradiated RAG-17" mice with cells
derived from bone marmow of either mir-142" or WT mice. At four weeks following
transfer, CD3" T cell numbers were profoundly reduced in recipients of nur-1427" cells,

despite CD19" B cells having reconstituted equally in both (Figure 5.9).

Bone marrow fransfer

Splaan Lymph nada
Donor: WT . .
Recipient: RAG-1+ |72 e

Donar: mir-142- — —
Recipient: RAG-1+ ~ [0-84 2.4

CD3

|'|HI||'|' 5% mir- 142 deficient bome mareose a5 insufficient for the reconstitution of T cells in
~.u||||'I||.-|||:|.'-|rr.||||.'|ll'|| |'Iurr|F|||-::-|'-|'|||r KA1 mice, ||-e-.|'-i|-e- ApIpErogriake reconstiution of C19Y B
cedls, Flow Cylormedric """"l'.‘“‘"“ af \.|'-|H-|| and FIIJ-CIII'II |:-|-ri||h|-r.|| I'Iurr|||h nccles at four wesks [rast-
transfer. Representative plot of 2 independent experiments with a total of 4 mice per group.
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These experiments established that mir-142 deficiency in the lymphoid compartment
was sufficient to cause the T cell-deficient phenotvpe. In order to further define the
lineage in which mir-142 deficiency results in reduced T cell numbers, conditional mir-
142" mice were crossed with CD4-Cre mice, so as to specifically delete mir-142 in
CD4-expressing cells. These muce reproduced the defect observed in constitutively mir-
| 42-deficient mice, with a reduction in T cells seen in mir-142"" CD4-Cre” mice when

compared with mir-142"" CD4-Cre” littermate mice (Figure 5.10),

Splean

mir-14281 a
CD4-Cre*

Figure 5.10 Conditional deletion of mir-142 in T cells reproduces the T cell defect that is seen in
constitutively mir-142-deficient mice. Flow cytometric analysis of spleen from litermate mice with
percdvpe as indicated. Plots representative of 3 imndependent expenments.

These data indicated that the defect 15 T cell-intmnsic, as non-T cell lineages in these
CD4-Cre” mice have not undergone deletion of mir-142. In order to determine the effect
of mir-142 loss specifically in mature CD4° T helper cells, a senes of T cell transfer
experiments were performed, in which naive T cells (defined as CD4" CDe2LMe
CD44™  CD25) were isolated by flow cyvtometric soring and transferred

intraperitoneally into lymphopenic RAG=-1"" mice. Under these condinons, WT T cells
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proliferated and were readily detectable at four weeks, however T cells from mir-142"

littermate mice were almost completely absent (Figure 5.11)

Maive T cell transfar
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Figure 5,11 mir-142" naive T cells do not proliferate in vive when transferred into a lymphopenic
host. 0.5%10° natve T cells were injected intraperitoneally into RAGTT mice. A four weeks
follensamg transfer, mice were colled and flow cytametry pedfomed, Spleen and mesentenc ymph
rles dmLME were analysed for the presence of T cells, Plols representative of 2 independent
expenments with 4 mice per group

These data demonstrate an intrinsic defect in the homeostasis of mir-142-deficient CD4
T helper cells. As there was effectively no expansion in T cell numbers following
transfer, there existed the possibility that mature nir-142" CD4" T cells weare incapable
of proliferating. In order o determine whether this was the case, naive T cells from WT
and mir-142"" mice were 1solated and stimulated in vitre with plate bound anti-CD3 and
anti-CD2E anthibodies under non-polansing conditions, Prohferation was assessed by
cell division analysis wath the cell-labelling dye CFSE, and the rate of apoptosis was
also assessed by staining for Annexin ¥V and propidium iodide inclusion. Both cell
division and apoptosis were measured daily for 5 days in order to provide a imecourse

analysis. These experiments demonstrated that mir-1427" nalve T cells are capable of
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proliferating normally in response to TCR stimulus, and have similar rates of apoptosis

when compared wath WT cells (Figure 512
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Figure 512 mir-1427 naive CDA4° T cells proliferate noemally in response o TOR stimulation. (A)
Maive COMY T cells were isolated from mir-142° and WT littermate mice, labelled with CFSE ancd
theen stimiulated d witro with anti-=C03 amd anti-C02E antibodies in mon-polansing conditions
Proliferation was assessed by flow cytometry at the indicated timepoings, (8] Apopiosis rates wers
also messuresd in these cells at the indicated tme points, Plopropidiom iodide, Both (A and (5]
representative of 2 independent expenments,
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This stimulation was also carried out with a titration of the strength of TCR stimulus, by
varying both the concentration of anti-CD3 and ant-CD28. This demonstrated similar

rezponses to stimulation for both WT and mur-1427" cells (Figure 5.13).
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Figure 513 mir-1427 T cells respond to TCR activation and co-stimulation in a dose-dependent
manmer. W (efty and mir- 1427 frightl natve COA° T cells were solated and labelled with CFSE.
Cells were stimulated with plate-bound anti-CO3 and anbi-CO2E ab the indicated concentrations
for 4 days,

In addition, cells were co-cultured with irradhated splenocytes in order to provide co-
stmulation, in the presence of varying concentrations of soluble anti-CD3. Again, T cell

proliferation was seen to be similar between WT and mir-142"" cellz (Figure 5.14).

172



anti-CDE

Tugimi 0. fugimi 0.0 ugimi 0 pgimi

rir-142+ 1

Figure 504 mir-142° T cells respond 1o TCR ligation in the presence of cell-mediated oo
stimilation, Maive C0A" T cells were isolated from WT and mir- 1427 mice and lalselled with
CFSE, Cells were then stimulated Jnowitee for 4 davs with soloble anti-CD3 antibodies i the
presence of irradiated splenocytes, at a co-culture ratioof 1:1.

Clearly these cells are capable of prohiferating i wire when shmulated through the
TCR. In order to determine whether this activation was sufficient to overcome the in
vive defect in T cell expansion, in vifro-activated cells from WT and mir-1427 mice
were transferred mto RAG-17" mice. Agan, WT cells prohiferated i vive and were
readily detectable by flow cytometry, whereas mir-142"" cells were markedly abzent
(Figure 5.15). These data showed that mir-1427 T cells exhibit an intnnsic prohiferation

defiect in vive, even after in vitro stimulation.
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Figore 515 Actividesd mir-1427 COA" T cells do oot proliferate in vive. Raive COA47 T cells wers
isolated from mir-142" and WT linermate mice and then activated for 7 days i vitre with plate-
bound anti-CD3 and anti-CO2E. 1x10° cells were then injected intraperitoneally into RAG-17
mice. After a further 3 weeks, mice were culled and spleen and mlLM were subjected 10 flow
cviometnec analysis. Data representative of 2 independent experiments with a todal of 4 mice per

ErOL.

mir-142 15 expressed at multiple stages of T cell development, with greatest expression
occurming in naive T cells and in the thymus (Chen et al., 2004). The observed defective
T cell homeostasis in mir-142"" mice could potentially be due to mir-142 deficiency at
an earlier stage of T cell development. In order to address this, expenmenis were
performed in which mir-142 was deleted in vifro at 24 hours after stimulation, by
transduction of mir-142"" naive T cells with either Cre-expressing retrovirus or control
retrovirus. These cells were then cultured in virro for a total of 7 davs, and subsequently
transferred mto RAG-1"" mice. In this way, T cells were allowed to develop and
undergo initial activation normally (1.2, before mir-142 deficiency was induced),
allowing any potential developmental effects of mir-142 deficiency to be negated. fn

vitro cell survival was umimpaired in both WT and mir-14200 cells transduced wath Cre-
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expressing retrovirus, indicating that Cre expression did not directly affect cell survival
{data not shown). However, flow cytometnc analvsis of spleen and mLN following
transfer again demonstrated that mir-142 deficient cells did not proliferate in viva,
despite onginating from the same pool of cells that were transduced with control
reteovirus, and which did proliferate in vive (Figure 5.16). WT cells transduced with
Cre-expressing retrovirus showed similar survival to control-transduced cells (data not

shown).

mir-142% T call ransfer
Spleen Lymph node

Transduced with: RY contral
Doror: mir-1420
Recipient; RAG-1-
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Dionor: mir-1420
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Figure 5.16 mir-142 is required during in vive expansion of COD4* T cells. Naive CD4° T cells were
isolated from WT and mir-142" mice, activated i vitro with plate bound anti-C03 and anti-CD26
antibsdies in non-polansing conditions, and ransduced at 24 Bours with ether BV-Cre ar control
redrovirus, At day 7, GFPY cells were cell-sorted and 1x10% cells were transferred intraperitonesally
into RAG-1" mice, After 3 weeks, mice were culled and spleen and mUN were analysed by flow
cvtomietry, Reprasentabive of 2 indeperdent expenments with 4 mice per group,

Collectively, these data demonstrate that mir-142 1s entically important for normal
homeostasis of mature T cells, and that this s a T cellantnnsie requirement. However, it
15 important to investigate the mechanism that is responsible for this deficiency. In order
to determuna the fate of transferred cells, a short-term T cell transfer model was

doveloped in which naive CD4" T cells were fluorescently labelled, injected
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intraperitongally into RAG-1"" mice, and then harvested at 5 davs following transfer.
This allowed for early analysis of cell fate at a timepoint when WT cells have begun to
divide, and when mir-142"" T cells are still recoverable in sufficient numbers to permit
analysis, These experiments demonstrated that mir-1427 cells recovered from the
peritoneal cavity had completely failed to divide wathin the first 5 days, compared with
WT cells that showed significant proliferaton (Figure 5.17). Spleen, mLN, pLN,
thymus, liver and lung were analysed from both WT and mir-1427" mice but T cells

wera not found in aither case {data not shown).
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Figure 5,07 mae-1427 naive CO4T T cells fail 1o divide at 5 days following transfer, 2.5510% naive
COT T cells were Tabelled with the fucrescent dve CellTrace and ingected intraperitoneally indo
BAC-17 mice. AL S days following transfer, mice were culled and peritoneal lavage was performed.
Cells were analysed by flow cytometry. Dala representative of 3 independent experiments,

Recovered cells were also assessed for rates of apoptosis. Very few (=5%) cells
recovered from the peritoneum staned positive (indicating cell death) wath cell vability
dyes, likely as a result of rapid clearance of dead cells by peritoneal macrophages
{Savill et al., 1993). However the proportion of early apoptotic cells could be assessed

with the use of Fitc-conjugated VAD-FMEK, a fluorescent cell-permeable caspase
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inhibitor which binds to activated caspase in apoptotic cells. This demonstrated that

there were higher rates of apoptosis in recovered mir-1427 T cells when compared with

W {Figure 5.18).
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Fipure 5,18 mir-1427 T cells have higher rates of apoptosis following transfer, Cells were prepared
and harvested as in Figure 517, Cells were stained with anti-C0O3, anti-C04 and YAD-FME-Fitc,
and analysed by flow cvtometry, Plots shoswn are gated on O3 C04 T cells, Data representative
of 2 independent experiments.

The result of the defect in proliferation and increased apoptosis is that by 5 days there i3

a large difterence in the total number of T cells recovered from reciprents of WT and

mir=-142"" cells, with very few cells recovered from the later (Figure 5.19).
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Figure 5,79 Fewer T oells are recovered at 5 days from mice receiving mir-1427 cells, Cells were
prrepared and harvested asin Figure 5,07, Cells were recoverned from the penioneam, counted and
stained with anti-C03 and anti-C0D4 antibodies. n=2 independent experiments with 3 mice per

prop in todal,
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One potential mechanism for this phenotype could be erther lack of or presence of an
autocnne simulus that respectively promotes or inhibits T cell expansion. In order to
address this, an in vive short-term co-transfer was performed in which naive T cells
from WT and mur-1427" mice were isolated and labelled with different Huorescent cell-
labelling dyes, permitting identification of the individual populations at day 5. This
allowed it to be determined whether the defect in mir-142"" cell survival was reversed if
these cells were co-transferred with WT cells, or conversely whether the suraval of WT
cells was impaired by the co-transfer of nur-142"" cells. Altematively, no difference in
mir-1427" cell survival would be expected if the defect was wholly cell-intrinsic. The
result demonstrated that in this situation WT cells proliferate whereas mur-1427" cells do
not, and consequently the percentage of cells recovered that are WT is much greater
than for those that are mir-1427", despite equal numbers being transferred imitially

{Figure 5.20}.

CFSE (WT)

CellTrace (mir-142-)

Figore 5,200 Co-transfer of equal nombers of WT and mir-1427 cells does not affect the defect

Blaive U047 T cells were jsolated froam WT aod ooie=-1427 mnice, amd labellesd wathe CFsE oand

CellTrace, respectively, 2 5x10° cells of each tvpe were then injected intrapentoneal by indo BAad-]
mice, Cells wers then harvestesd at day 5 following transfer

These data demonstrated that the mechanism is cell-intninsic, and results in increased

apoptosis and a farlure of proliferation, The ultimate consequence of this 15 reflected in
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the outcome of long-term T cell transfers into lvmphopenic mice. When WT cells are
transferred, a charactenstic T cell-mediated colitis develops (Powne et al., 1994) which
causes welght loss and diarrhoea, and ultimately results in death of the animal, although
the experiment 15 stopped by protocol when amimal weight has decreased to 80% of
mnibial weight. Following transfer of mir-1427 cells, no such colitis developed. Mice
remained healthy and did not lose weight, and colon weights of dissected mice were
normal compared with the increase in weight of WT recipient colons (Figure 5.21)
Histology revealed the charactenstic features of colitis in WT recipients, whereas

colomic mucosa appeared normal in recipients of mir-1427" cells (Figure 5.22),
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Figure 5.21 mir-1427 T cells do not cause colitis when transferred into lymphopenic hosts. Maive
COdt T ocells were solated from WT and mir-1427 mice, and 0.5%10% were  iransferred
intraperiioneally into BAG 17 recipients. AL four weeks following transfer, mice were dissected
ar] weesigheed, (A) Codon weighd defty and change in body weight (right) for recipients of WT cells,
mr-1427 cells o PBS (Controd), Data represents 3 independent experiments, ** 0,007 dMann
Whitney LI test), (B Representative photograph of colon from recipient of WT or mir-1427 T cells,
demonstrating shortening of colon and wall thickening,
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Figure 5,22 Recipieints of mie-1427 do oot show histologmical evidence of colitis. Bepresentative
' I 7

photograph of Haematoxylin and Eosin staimed iransverse section theough proximal colon. Both
pranels shoon at same magnification.

Collectively these data have demonstrated a T cell intrinsic defect in mur-1427"CD4 T
cell homeostasis that results in impaired proliferation in vive and increased apoptosis,
with the consequence that mur-142"" naive T cells are unable to cause coliis This
reflects the cntical importance of mir-142 in the normal function of T cells, and
suggests that mir-142 directly controls the expression of genes and pathways that

regulate T cell homeostasis

5.4, mir-142 controls retinoic acid signalling in T cells

The principal function of miEMNAs is to suppress the translanon of muluple target
mEMNAs into protein. As discussed inosecton 1013, recent evidence suggests that the

mayonty of miBRNA targets undergo target degradation as the mechanism of post-
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transcriptional regulation in mammalian cells (Guo et al., 2010). It is therefore possible
to employ genome-wide microarray profiling of mRNA expression in order to detect
miRMNA tarzets. In this case, comparison between WT and mir-1427" naive CD4™ T cells
was performed, because the homeostatic abnormality 15 readily observed in naive T
cells without additional expenmental intervention. Two biological replicate samples of
naive CD4™ T cells were cell-sorted, and RNA was then isolated from these. Microarray
analysis was then performed on these samples. Followang data acqusition and
normalizsation, these data were then analvsed in order to determine which predicted
target mRNAs should be selected as candidates and subjected to further analysis. The
schema for this process 15 illustrated in Figure 5.23. Briefly, fold change was calculated
between mean gene expression values in mir-1427" and WT cells. Predicted targets for
both miR-142-3p and miR-142-5p were obtained from the databases TargetScan Mouse
{Release 5.1), PITA (version 6.0, TOP targets list), PicTar (mouse predictions), and
miRanda (August 2010 Release, mirSVR score=Good), These target predictions were
then comparad, and only targets that were predicted by all four databases were selected

for further inclusion in the candidate gene analysis
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Microarray Target Prediction
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Fipure 5.2 3 Analysis method for identification of mig-142-3p and miR-142-5p target genes,

When the top 300 differennally expressed genes were analvsed with this method, a total
of five candidate genes were identified, as demonstrated in the ¥Venn diagram shown in

Figure 524,
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Fipure 5.24 Differentially expressed candidate genes in mir-1427 maive C04° T cells. Gene lists
derived following method detailed in Figure 5,23,
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Following the identification of these genes, a literature search was conducted to identify
those known to have a potential role in the regulation of T cell homeostasis, and both
farg and M2 were identified as possible candidates. fhzf2? encodes the pene Helios,
which 15 known to play a role in T cell development (Zhang et al., 2007). However, the
FUTR of Tizf2 faled to show repression in luciferase assay following expression of
mir-142 (data not shown), and =o it was not considered further for candidate gene
analysis, Retinoie acid receptor v (RARy, Rarg) 1s known to be expressed in T cells, and
signalling through this receptor has previously been shown to induce thymic apoptosis
i vive, whilst tn vitre studies have shown that RARy signalling can inhibit T cell
proliferation and induce apoptosis (Szondy et al., 1997, Tath et al | 2001, Ludinyi et al
2005). miR-142-3p s predicted to target Harg through a highly-conserved 8mer
seduence in the 3UTR (Figure 5.25). The 3'UTR of Rarg was therefore cloned into the
P=iCHECK-2 luciferase reporter vector in order to determine whether targeting occurs,

and a mutant form was also constructed i which the seed sequence match was

disrupted (Figure 5.25)
ast Berg 'O . . . OO DA A DACOCCAGOG. -
Human Rarg 31'UTR:
Mouse Rarg 1'UTE: ~ [ o OSSR AC VRS AGAGGHECTAGGGE, | . - a
miR-14d-3ps L N mmnuu-nuulniqlmlm 5
Matant Rarg 3' UTR: EP  iismesas cccummmwl-:mnc-ﬁccm. N

Figure 525 mik-142-3p i+ predicted w farget a highly-conserved 8mer sequence in the Barg
I'WITE. Showen is local conservation (100%) between the rat, human and mouse jsoforms of Harg.
Vertical bars demonstrate canonical Watson-Crick matches between miRMA seed region and
targed sequence. Lower sequence indicates mutated Rarg 3'UTR generated for validation in
luiciferase assay.
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Luciferase assay was performed in which either control or mir-142 vector was
expressed in the presence of either wald-type or mutant Rarg luciferase vector, This
demonstrated that Rarg iz a target of miR-142-3p, and that mutation of the target site

prevents this, confirming the identity and location of the target site (Figure 5.26).
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Figure 5.26 Rarg is validated as a target of miR-142-3p by luciferase assay. Vectors were prepared
as descrbed and transfectsd o target cells i the andicated combinations, n=3 per conditon,
=EE 0,00, =P, 00 {Mann 'l.l".:'hi1r'||'g,-' IL1te=d]

The RAR lfamily compnses three members, a, b and v, of which only RARa and y are
expressed in naive CD4 T cells {Ohoka et al., 2011). Analvsis of microarrays revealed
that RARa expression 15 unchanged in the absence of mir-142, whereas RARy

expression is highly upregulated in mir-142"" naive T cells (Figure 5.27).
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Figure 5.27 Expression of RARG and RARY mBENA in mir-1427 naive CO4° T cells. (A) Expression
of retinaic acid receptor a mEMA, as measured by microareay expresson profiling, s unchanged
between W and mir-1427" cells. (B) BARY expression is massively increased in mir-1427 cells as
measured by qRT-PCR, **P=0.01 (Mann Whitney U-est). Mean of two biclogical replicates is
sheowen as 2727 relabve to beta-actin expression; error bars denote standard desiation.

In order to determine whether there was constitutive activation of RARy signalling in
vive, the microarray data from WT and mur-142"" naive CD4 T cells was compared
with published datasets that have identified targets of RARy (Su and Gudas, 2008), This
demonstrated dysregulated expression of a number of RARy targets consistent with
constitutive upregulation of RARy signalling (Figure 5.28), In particular, Hoxa5 15 a
RAR-rezulated transcnption factor that is known to possess significant pro-gpoptotic

function {Chen et al.. 2007, Su and Gudas, 2008).
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Figure 5.28 Dysregulated expression of RARY target genes in mir-142° naive CD4* T cells. Genes
with a fold change of =1.5 consistent with previcusly publishesd data were included, BARY targets
icdentified from (suand Gudas, 20081 Appendis B (BEA-responsive genes withe at least a iwodold
chitnge in expression in F9OWE cells relative to P9 BARY ™ cells after BA treatment for 24 b, bean
expression levels are showen from microarray data,

In order to assess the effect of in vitro culture on RARy expression, a timecourse
expeniment was performed in which WT and mir-1427 naive CD4' T cells were
stimulated in vifrre for 5 davs. RARy expression was assessed at multiple timepoints,

and was found to be rapidly extinguwished following i vigro culture (Figure 5,29),
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Fipure 5,29 RARY expression is rapidly extinguished following i vitre colture, WT and mir-1427
matve 4T T cells were activated i wviteo i mon-polansing conditions, and sampled ot the
indhicated mepoints, qRT-PCE was performed for Sag. sMean of two Bological replicates s
shown as 2785 relative 1o beta-actin expression; emor bars denote standard deviation.

Az a consequence of this, in vitre expeniments which examined the effects of RARy

agonists and antagonists were uninformative (data not shown). Nonetheless it was
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important to determine whether retinoic acid signalling through RARy affects T cell
survival, In order to do this, RARy was cloned into a retroviral wvector and
overexpressed in WT cells in wirra, in the presence of varying concentrations of retinoic
acid (Figure 5.30). This demonstrated that retroviral expression of RARy alone in WT
Thp did not result in any ncrease in cell death in vitre, However, supplementation with
retinoic acid in the context of forced RARy expression resulted in dose-dependent
apoptosis, confirming that RARy regulates naive T cell survival in a retinoic acid-
dependent manner. Taken together, these data show that RARy is a direct target of mir-
142 in vitro and in vive and that derepression of this gene contribuies to the observed

homeostatic defect in mir-142"" mice.
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Figure 530 Retinoic acid signalling via RARY increases apoptosis in naive CO4° T cells, WT cells
were isolated, activated in vitro with anti-C03 and CO2E in non-polanising conditions and then
transduced at 24 hours with either control of EARY-expressing redrovinas, After a further 12 bodrs
cells were divided and culiured in the presence of vamnving concentrabion of retinede acid {as
indicated), At day 7, ocells were barvested and stined withe cell wiability dye Shown are
bistograms gated on GFPT cells deft paned) and Tve cells inght panel), Betroviral transduction
performed by A, Herbweck, GFP=green fluorescent prodein, BA= retinoic acid. Control=p5CY
STty EXpression veclor,
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In summary, mir-142 deficiency results in markedly dysregulated homeostasis of CDd
T cells in vive and 15 intnnsically required for their survival, Collectively, the data
presented above demonstrate that RARy is a direct tarpet of mir-142, that RARy
expression and signalling 15 increased in mur-14277 CD4 T cells, and that retinoie acid
signalling via this receptor results in impaired T cell survival. Together, these data
sugzest that RARy is a functional target of mir-142 that i1s likely to contribute to the T

cell homeostatie defect that 15 observed in mar-14277,

5.5. Discussion

These data allow for a number of general and specific observations to be made
regarding both miBNA bology and the function of mur-142. To date, only a limited
number of examples of miENA knockout mice with immune system phenotypes have
been reported in the literature. With regard to T cell-intrinsic abnormalities, miR-155
and miR-l46a-deficient mice have been described, as discussed in secunon 1.4
Interestingly, in both of these cases transcription factors were likewisze identified as
principal targets of the miBENAs in question, With the addition of the data presented in
this section, it 15 becoming increasingly apparent that multiple specific miRNAs play
¢ritical roles in the control of T cell function, and that by modulating transcnption factor
exprassion they are able to regulate the entire transcriptional programme within the cell
It is also clear that deficiency of just one miRNA can be sufficient to senously impair

the ability of indinadual cell hineages to function normally, as 15 the case for mir-142

Despate the wade expression of mir-142 in the haematopoietic system, it was striking o
observe that the main defect in these mice appears to be restncted to the T cell

compartment. In addition, the mechanism that results in thas phenotype 15 intrinsic to T
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cells and independent of mir-142 deficiency in other cell tvpes. These results do not
preclude a role for mir-142 i non-T cell lineages but if there are any other
abnormalities, they appear to be much more subtle. However, there was good a priori
reason to suspect a role for mir-142 im0 T cell function, given that mir-142 15
differentially expressed between naive and effector T cells, and that a number of well-
charactensed, T cell-specific master regulatory transcription factors were found to bind
at the mur-142 genomic locus, This sugpests that analysis of binding by tissue-specific
transcription factors could potentially be used more penerally to identify key candidate
miENAs for functional analysis. In addition, ot provides further evidence of the
enormous complexity of gene regulatory networks, and suggests that integrating these
pathways into models of cellular homeostasis will become increasingly difficult in the

future

With regard to the observed phenotvpe, it i1s clear that mir-142 15 of critical importance
in the mamntenance of normal T cell homeostasis, and that mir-142 deficiency negatively
impacts on T cell survival, Inferestingly, a very similar defect in T cell homeosiasis was
reported in mice which lack the miRMNA processing enzyvme Dicer in T cells (Muljo et
al,, 2005), These mice are charactenised by a significantly reduced number of mature T
cells, and increased rates of apoptosis are detected in these cells. It is important to note
that these ammals are deficient in almost all mature mIRNASs, vet many features of their
phenotype are reproduced simply by deletion of one miIBENA: mir-142. This sugeests
that mir-142 deficiency 1s an important contributor to the T cell phenotype observed in
these Dicer-deficient mice, and provides further evidence that mir-142 plays a non-

redundant, central role in the regulation of T cell function.
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The finding that mir-142-deficient T helper cells are incapable of causing colitis in the
T cell transfer model 15 also of potential chinical sigmificance. Human inflammatory
bowel disease (IBDY) encompasses a group of debilitating, chronic conditions wiath a
complex and poorly-understood astiology. The pathogenesis of the major forms of the
disease, Crohn's disease and Ulcerative Colins (UC), 15 believed to be largely T cell-
dependent (Khor et al, 2011), and this 15 reflected in the frequency with which
mutations i T cell-related genes are identified i genome-wade association studies of
IBD). The T cell transfer model of colins allows for controlled, expenmental
mampulation of T cell biology i vive, in the context of T cell-mediated pathology, 1f
these mterventions are found o modify the disease course, it may be possible both o
gain insight into the disease mechanism and potentially to provide information that may
be of some translatable benefit for sufferers of chromc immune-mediated disease. The
fact that mir-142 iz critically important for T cells to become pathogenic in this model
sugeests that targeting of mir-142 should be investigated as a potential therapeutic
intervention in the management of T cell-mediated disease. It would be unwise at this
stage to attempt to extrapolate any potential results from such a highly controlled and
abnormal & vive environment as that employed in this model, but the T cell-speaficity
of the homeostatic defect in mir-142"" mice supports the notion that targeting of mir-

142 could be employed to selectively modulate T cell funchion

Clearly, more work is needed to characterise the biology of mir-142 before experiments
can even be designed to test the effect of such interventions. In particular, it will be
important 1o determine the range and identity of target genes that are affected by
changes in mir-142 expression in these cells. miBENAs, by their nature, target multiple

genes and whilst this study has successfully wdentified a relevant target of mir-142, 1t 15
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likely that derepression of multiple targets contmbutes to the observed phenotype in
these mice, These may potentially be identified by relaxation of the criteria by which
the microarray data were analysed to include more differentially expressed zenes, or by
reducing  the stiingency with which target predichion  databases  were  selected
Alternatively, a number of techniques have recently been described that approach the
problem of target identification in different ways. For example, proteomic data may be
compared between cells with differing expression of a specific miRNA (Selbach ef al |
2008). In addition, parallel sequencing of tarzet mRMAs undergoing miRNA-mediated
suppression can be achieved by immunoprecipitation of argonaute proteins, and could
be compared between cells in which a specific mBNA was either present or absent (Chu
et al., 2009). This study has demonstrated some of the challenges in identifying valid
miRNA targets based on in sifice predichon. However, the mur-14277 mice may, in
future, allow for the generation of experimental evidence that could be used to refine

and vahdate prediction algonthms, by employing some of these novel techniques,

The identification of RARy as a target of muR-142-3p 15 parucularly interesting, as it is
increasingly evident that RA signalling plavs a central role in a range of T cell processes,
both in development and funchon. RA 15 a metabolite of Vitamin A, an essential
nutrient that plays a role in a broad range of biological processes. It is of particular
importance n the normal funchion of the immune system, and Vitamin A
supplementation significantly improves rates of childhood mortality in malnourished
populations (Sommer et al., 1986). Vitamin A or its precursors are absorbed in the gut
and transported to the liver, where it may be stored in the form of reunyl esters, These
are then hvdrolysed to retinol which is taken up by cells and further hydrolysed to

retinal. Retinal 15 then converted to one of the isoforms of RA by retinal
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dehydrogenases (RALDH). RA isoforms include all-trans retinoic acid (ATRA), which
15 generally the most abundant form of RA (Kane et al., 2008), and 9-cis-retinoic acid
RA functions through binding to a number of nuclear receptors, including RARs,
retinond X receptors (RXRs), and PPARBG (Keller et al., 1993) Whilst RA 15 naturally
present in serum (Kane et al, 2008), a major provider of RA to T cells is a
gastrointestinal tract-resident subset of DCs (Iwata et al, 2004). RA can induce the
expression of the integnn heterodimer oyl and CCR2 on T cells, which both promote
homing to the gut (lwata et al, 2004). RA has also been shown to be capable of
mducing the differentiation of 1Treg, in combination with other cytokmnes such as TGF-
B and IL-2 (Mucida et al., 2007, Schambach et al., 2007, Xiao et al., 2008h), through a
mechanism that i1s dependent on RARo expression (Hill et al, 2008) Thi?
dhfferentiation also appears to be enhanced by RA in some settings, as low dose RA
supplementation was found to promote the development of Th17 cells in virro (Usmatsu
et al., 2008). Howewver, other reports have descnbed inhibition of Th17 differentiation in
favour of 1Treg polansation (Mucida et al, 2007), so the precise role for BA in Thl7
development remains to be determined. 9-cis-retinoic acid has also been shown to
promote the development of Th2 cells (Stephensen et al., 2002), In more general terms,
FA has also been found to promote T cell proliferanon when supplemented in virro
(Ertesvag et al., 2002} Intngungly, it has recently been shown that retinoic acid
signalling through RARa promotes pro-inflammatory CD4 T cell responses and is
required for normal T cell proliferation s vive (Hall et al., 2011). The finding that
RARa expression 15 unchanged in mur-1427" T helper cells, whereas RARy 15 greatly
increasad, sugpests that the relative expression levels of these receptors may be of
importance in tuming T cell probferabon and suraval, and that our-142 15 a key

checkpoint in this mechamsm. It has previously been demonstrated that constitutively
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R ARy-deficient mice are non-viable and exhibit defective growth (Lohnes et al., 1993)
A report in 2007 descnbed mice in which RARy was conditionally deleted in all
haematopoietic cells (Dzhagalov et al, 2007). This study focused primanly on CD8 T
cells and macrophages, which were found to have impaired cyvtokine production, but T
cell development and proliferation was found to be wmmpared in these mice
{Dzhagalov et al, 2007). However it 15 known that there 15 a complex system of
functional redundancy amongst retinoic acid receptors that 15 dependent on the cell type,
which could potentially obscure attempts to dissect the role of RARy in RARy-deficient
cells (Tangja et al., 199%6). As a consequence, the loss of RARy expression cannot
necessanly be expected o alTect T cell homeostasis in a complementary manner to the

overgxpression of RARy as described in this section.

In summary, the study of mur-142-deficient mice has provided further insight into
fundamental T cell biology and the role of miRNAs. In addition, a functional role for
R ARy has been identified in CDMd™ T cell homeostasis. These mouse lines wall provide a
platform for experiments that aim 1o improve understanding of the mechamsms that
govern miBMNA target selection and regulation. In addition, the biological pathways that
have been uncovered represent opportunities to further study the way in which T cell
homeostasis is regulated, and in future this knowledge may potennally be exploited for

the benefit of patients wath immune-mediated disease
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6. The role of mir-142 in T helper cell
lineage commitment

6.1, Introduction

T helper cell lineage commitment is directed by the expression of subszet-specifying
master regulatory transcnption factors. These function to promote the expression of
cytokines and receptors that define and reinforee the phenotype of the cell. However, as
described in section 1.2, lineage stability is increasingly being recognised to be variable
under certan circumstances, and the mechamsms that control the plasticity of subsets
are unclear. We have observed that mir-142 expression is dynamically regulated in T
helper cells, and that several master regulatory transcription factors bind at the mir-142
locus. In light of these findings, 1 proceeded to address the hypothesis that mir-142
plavs a role in the differentiation and lineage stability of T helper cell subsets, in
addifion to 1ts function in the regulation of T cell homeostasis that has been descnbed in
the previous chapter. | therefore analyvsed the differentiation of mir-142-deficient T cells

in order to determine whether mir-142 1s required for the regulation of this process

6.2, mir-142-deficient T helper cells default to a Th1 phenotype

upon activation

Activation of WT naive T helper cells through T eell receptor stimulation resulis in
proliferation and expansion of cell numbers. This may be achieved in vitre through the
use of anti-CD3 and anti-CD28 antibodies, In the absence of any skewing cytokines that

are known to promote differentianion to a particular T cell subset, this does not typically
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result in significant prodection of subset-specific cvtokine by these cells. As expected,
this phenotype was observed for Thp isolated from WT littermate mice, however 1
found that mir-142"" Thp defaulted to significant hyperproduction of the hallmark Thl

cytoking [FN-y upon activation under these newtral conditions (Figure 6.1 and Figure
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Figure 6.1 mir-142° naive T helper cells default to production of IFN-y upon activation in non-
pelarising conditions. Flow cvtometnic analysis of intracellular cviokine expression demonsirates
e regsed 11 .'\'-"r' ~.I.|i|||||j_!| A H|'|:-r|'5.|'||l:.'|lil..'|' it |||||I _!_l:.llhtl ot e O cells foll """"i”H 1 weeek of
in witre culture, (B) Comparison of percentage of cells staining positive for IFN-Y following 1 week
afl in vitre culture. (n=6 independent experiments; *p<0005, Wilcoxon signed ranks test).
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Fipure 6.2 Concentration of IFM-y secreted into coliure supernatant by activated mir-142° T
helper cells is elevated compared with WT. ELISA was performed for IFM-y on supernatant
harvested from non-polansing Jnovieeo cultures of WT and mie1427 cells, n=2 independent
L":llil..ll'llllll."l'1|'1.
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This discrepancy could potentially result from factors causing polansation of cells
duning i vive development, and basal expression of Thl evtokines could contnibute to
enhancaed Thl differentiation during initial in virro culture. However further imecourse
analysis revealed that naive T cells do not express or produce IFN-y prior to stimulation,
but rather that IFN-y overexpression begins soon after the imtiation of activation and

continues throughout the duration of culture (Figure 6.3 and Figure 6.4).
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Figure 6.3 Timecourse of IFM-y expression demanstrates progressive acguisition of the IFM-y
byperproduction phenctvpe, Matve T cells were labelled with CFSE and  activated in non-
polarising conditions. Cells were subjected o intracellular cytokine staining at the indicated
timepoints. Data representative of 3 independent experiments.
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representative of 2 independent experiments, The mean of two replicates is shown as 287 relative
b beta-actin expression.

These data demonstrate that mir-142-deficient cells only undergo polansation towards
the Thl phenotype following activanon, and indicate that naive cells do not express or
secrete [FN-y directly ex vive. In order to determine whether this propensity for
differentiation results from a cell-intnnsic deficiency of mir-142, | again employed the
mir-142 conditional knockout mouse, This allows for the deletion of mir-142 at defined
stapes of T cell development through crossing with deleter mice or the use of Cre-
expressing retroviruses. Crossing with the CD4-Cre deleter mouse enables deletion of
mir-142 at the double positive (DP) stage of T cell thymic development, allowing for T
cell-intninsic effects of mir-142 deletion to be determined. Once again, Thp isolated
from these mice defaulted to IFN-y overexpression following fn virro stimulation,

reflecting the abnormality seen in constitutive mir-142"" cells (Figure &.5).
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Fipure 6.5 Conditional deletion of mir-142 in T cells reproduces the phenotype observed in
globally deficient mice. Maive T helper cells were isolated from littermate mir-142"" mice that
were either positive or negative for the COD4-Cre transgene. Cells were cultured for 1 week in vitro
under nonepolansing condions. Besults representative of 2 independent experiments,

These data demonstrate that abnormal production of IFN-y occurs as a result of T cell

intnnsic deficiency of mir-142. In order to further isolate the stage of the T cell lifecycle
at which mir-142 15 entically important for the regulanon of T cell differentiation, 1
used retrovirus-mediated expression of the Cre transgene at 24 hours following in vitro
stimulation of naive T cells, in order to selectively delete mir-142 after the imitation of
achivation, Agan, marked overexpression of IFN-y was observed at 7 days following

activation when compared with control-transduced cells (Figure 6.6).
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Figore 6.6 Retrovirus-medintesd deletion of o142 after the mtiation of  TCR stimolation
reproduces the phenotype of IFMN-y overexpression observed in constitutively mir-142-deficient T
cells, mir-142%%7 hp were isclated and then transduced with BY-Cre or control relrovieus 24 bours
after the start of cell culture in non-polansing conditions. Cells were then harvested and analysed
by intracellular staining at day 7. Plols gated on live GFFY cells. Data representative of 3

irvdependent experiments

Collectively, these data confirmed that the defect was due to cell-intnnsic loss of mir-
142 and thar these effects were due to mir-142 deficiency dunng the time of cell
activation, rather than during prior development. In order to demonstrate that the loss of
mir-142 expression was the primary factor responsible for this phenotype, 1 proceaded
to use retroviral overexpression of mir-142 in activated, constitutively mir-142-deficient
Thp, in order to restore mir-142 expression, These experiments showed that the excess
production of [FMN=-y was markedly reduced by the reconstitution of mir-142 expression,
confirming that mir-142 directly regulates the process of T cell subset differentiation

{Figure 6.7).
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Frgure &7 Reconstitution of mir-143 expression limits default overespression of IFRay in mir-142
deficient T helper cells, Mamwe T heldper eells from mir-1427 mice weere isolated, coliured in mon-
polarsing  conditions and  then ransduced ot 24 bours with either controd o mar-142-
overexpressing retrovinus, Flols gated on live GFPY cells. At day 7, cells were harvested and
analysed by intracel lular ovokine staining. Data representative of 3 independent experiments,

Thus it has been demonstrated that mir-142 is critically important for normal T cell
subset differentiation occurning after activation, and that this specific defect 15 reversed

when mir-142-deficient T cells are re-complementaed with mir-142,

6.3, mir-142-deficient T helper cells are capable of
differentiation to multiple subsets, but lineage stability is

impaired in the absence of mir-142

The data presented thus far demonstrate that mir-142-deficient T helper cells default to
the production of IFN-y when cultured in non-polansing conditions and that this 15 a
cell-intninsic. post-developmental phenomenon. This raises the possibility that mir-142-

deficient Thp are incapable of differentiabon to non-Thl subsets on account of default
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Thl polansation. In order to address this, | performed subset differentiation expeniments
in which cells were cultured under conditions that promote differentiation towards
individual subsets. Interestingly, | found that mir-142-deficient cells were able to
differentiate to effector subset lineages, when cultured in the presence of approprate

skewing eytokines (Figure 6.8 and Figure 6.9).
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Figure 6.6 Differentiation of mir-142<leficient cells o effector T cell subsets, Cells were cultured
wnder the appropriate skewing comditicns for 7 days and then harvested for intracellular odokine
analysis, Flow cylometric plots gated on live cells; data mepresentative of 3 independend
ExXEriments,
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Figure 6.% mir-142" T helper cells are capable of undergoing subset differentiation. Thp were

isolated and cultured for 7 davs in appropriate skewing conditions, ENA was harvested and
analysed by qRT-PCE for the indicated genes, Data shown as 287 mean of 2 replicates is shown,

This differentiation was charactensed by high expression of the appropnate lineage-
defining cytokines and transcnption factors, and low or absent expression of those
genes expressed by opposing lineages, although the relative level of gene expression
batween penotypes was found to be vanable (data not shown). In order to determine
whether hineage stability was affected in the absence of mir-142, crossover expenments
were performed in which cells were initially cultured for 3 dayvs in either Thl- or Th2-
promoting conditions. and were then washed and re-cultured under conditions
promoting differentiation to the opposing subset. These experiments showed that
lineage stability was impaired in the absence of mir-142. with mir-1427" cells that were

mifially cultured under Th2 conditions being observed to express elevated levels of
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IFM-y when switched to Thl conditions, unlike WT cells which did not {(Figure &_10

and Figure 6.11).

Th2 —= Th1 Th1 — Th2

mir-142-"-

IF M-y

Fipure & 10 Lineage stability is impaired in differentiated mir-142-deficient T helper cells. Cells
were cultured ineither Th or Th2 conditions and then switched at day 3 o the opposing culture
condition (as indicated above plots). After a total of 7 days, cells were harvested and analysed by
flosy ewvtomietry, PRy expression was increased anomir-142° cells switched from Th2 w Th
conditions when comparsd with W, Data representative of 3 independent experiments
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Figure 611 gRT-PCRE demonstrating effect on cvtokine expression of crossover experiment. Cells

were cultured as described in Figure 6100 ENA was harvested at day 7 and subjected 1o gRT-PCE
analysis. Data shown as 28 relative o beda acting mean of 2 replicates shown

Collectively, these data suggest that mir-142-deficient cells default to prodection of
IFMN-y under permissive conditions (1.e. ThQ), and that the stability of non-Thl lineages
15 adversely affected in the absence of mir-142. These conclusions are supported by in
vive data from T cell transfer experiments. When WT Thp were transferred into
lymphocyte-deticient mice (as descnbed i sechon 5.2), cells proliferated and
charactenstically produced both 1L-17 and IFN-y, ulumately causing a lethal T cell-
mediated coliiis. Upon flow cytometric analysis of the small number of mir-142" T
calls that are identifiable at 4 weeks after transfer imo RAG-deficient mica, these cells
had, by contrast, defaulted to the sole production of IFM-v with expression of IL-17

being largely absent (Figure 6.12)
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Figure 6.12 Analysis of in vivo-transferred mir-142° Thp reveals default production of 1FM-y and
absence of IL-17. Maive T cells were transferred into BRACT mice and harvested after 4 weeks.
Cells were subjected w0 inracellular oviokine staiming.  Plots gated on live CD3° CDa
lymphocyies; data representative of 2 independent expenments,

These data demonstrate that mur-142 deficiency does not prevent differentiation to
alternanive phenotvpes, but that in the absence of skewing factors that promote the
differentiation of non-Thl subsets, mir-142"" Thp tend to default to the Thl phenotype.
In addition, mir-142"" Th2 cells were found to be more readily subvertible to the Thl
phenotype in the absence of mir-142, however additional data will be required to

determine whether any more general effects on the stability of other T cell subsets exast

6.4. mir-142 regulates T cell differentiation through targeting of

T-bet

Having demonstrated that mir-142-deficient T cells exhibit abnormal differentiation and
lineage stability, | next attempted to idennfy any targets of mur-142 that were

responsible for promoting default differentiation to the Thl phenotype. In order 1o do
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this, a further set of microarrays was performed allowing for protein-coding gene

expression to be profiled in mir-142-deficient cells. These were performed on cells that

had been activated for 36 hours in non-polansing conditions. At this timepoint, protein

synthesis of IFN-y has not yet increased in mir-1427" cells (see Figure 6.3), and 50 any

differences in gene expression observed at this stage would not be secondary to the

effects of increased IFN-y receptor binding Following quality control and data

normalisation, imitial analysis of Thi-related transcnption factors, cvtokines and surface

markers demonstrated widespread upregulation of many of these penes in mur-142"" T

cells analysed at 36 hours (Figure 6,13),

ThxZl
N12rb2
Ifng
Funx3
Lta
Iff1
Nizrbl
Ifngrd
Ifngrl
Xcll
Tnt
Statd
Statl
INl8rap
118r]
Hlx
Cxer3
Cers

- Mean-WT=36H

Mean-K0O-36h

E——
Incraasing
Expression

Frgure 5,13 Increased expression of Thl-associated genes at S6 bours followang stmulation of mir
1427 Thyp. Maive Thp were shimiilated o vireo for 36 hours, at which point BNA seas exiracted amd
racroarray analyais performed, Selectsd] genes have been associated sith increased expression in
Th celle, and are clustersd by Self-organicing mag method e 4 clousters Gndicated by coloored
bar o left of heatmapl. Mean of two biological replicates shown; WT = wild-type, KO = mir-1427,
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Analysis of miRNA target prediction databases did not identify any predicted target
genes that were associated wiath Thl development, however candidate gene analysis
identified ¥hx2l (which encodes T-bet) az the most highly upregulated Thi
transcniption factor, being approxamately 8-fold higher expressed in mar-14277 cells at
36 hours when compared with WT. Timecourse analysis using qRT-PCR. demonstrated
that Thx21 expression is upregulated earhier following stimulation in mir- 142" cells

when compared with WT (Figure 6.14),

0.00025
0.00020 1

0.00015 1 WT

000010 1
rnir- 142+

ThxZ1 expression

0.00005

0.00000 \ ™21 28 72

Time (hours)

Figure &.14 Timecourse gET-PCR analysis of Thx2?T expression in WT and mir-142" cells. Thp
were isolated and activated in vitro in non-polarising conditions. Cells were sampled and RMA
was extracied al multiple tmeposints. GET-PCRE was perfommed for Tha2 T, Mean of 2 replicates

shoawn; data shown as 297 relative 1o beta actin,

Given this derepression of T-bet mRMNA expression in stimulated mir-142" cells, 1
therefore considered whether T-bet could aself be a target of mir-142. The targst
analysis software packages StaRmiR and RN Ahybrid (Kertesz et al., 2007, Rehmsmeier
et al,, 2004) were emploved in order to detect potential binding sites, and both dentified

multiple partial sites for miR=-142-3p in the T-bet 3"UTR (Figure .15 and Figure 6. 16).
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Figure 615 Predicted target sites of mik-142-3p in the T-bet 3'UTR identified by the prediction
software RMAhybrd, Top 5 predicted sites are shown,
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Fipure 6,16 Predicted target sites of miB-142-3p identified in the T-bet 3"UTE by the tarms
prediction software Stalmik. Standard algorithm settings were psed as follows: Model 10 use:
struciure Model (Worml; Beport target hits from: 3UTRE only; &G, threshold: 1 5kealimaol;
B, it 0% kcal/mel; Folding temperature: 37°C; lonic conditions: 1M NaCl, no divalent ions.
3 sites were predicted and all are shown here.

The multiple predicted sites for mir-142 targeting of T-bet that were identified by these
algonthms suggested that T-bet should be analysed further as a potential target of mir-
142, Luciferase assay was therefore performed in order o determine whether mir-142
could suppress expression via the 3'UTE. Due to the large number of target sites

predicted by these algonthms (which made target site mutagenesis unfeasible), 1
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comparad the effects of mir-142 on luciferase activity with a non-targeting miBRNA mir-
|81a. Results showed that mur-142 expression vector suppressed luciferase activity
when compared with empty vector and the non-targeting control mir-181a vector,

suggesting that mur-142 does regulate T-bet expression via its 3'UTR (Figure 6.17)

W Y
— —

"

Luciferase Activity
Reporter/Control

Figure 617 Targeting of the T-het 3'UTH by omir-142 The T-bet 3UTE was cloned into the
PRICHECK:2 uciferase vector, Expression vectors were co-ransfected with luciferase reporter intc
targed cells as indicated, n=3 per condition, *=P<0,01 &ann Whatney L-test)

I then sought to determine whether the mechamsm of default Thl lineage commitment
in mir-142"" T cells was dependent on T-bet. Unfortunately, the proximity of mir-142 to
T-bet on the same chromosome made a double gene knockout strategy unfeasible

{Figure 6.18).

mir-142 T-bet

Figure 6,18 Schematic demonstrating prosimity of mir-142 and T-bel on mose chromaoscme 11,
which precludes a double gene knockout study.,
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I therefore emploved a dominant negative (DN) approach in order to directly suppress
the function of T-het, as described previouwsly (Mullen et al., 2002), In this model, the
DMA-binding domain of T-bet 15 fused with the repression domain of Dwosopiila
engrafled, thereby suppressing T-bet transcnption factor achvity. mir-1427" Thp were
cultured in non-polansing conditions and transduced with erther control retrovirus or the
DM-T-bet construct. Flow cvtometry performed at day 7 demonstrated reversal of the

default IFN-y hyperproduchon observed in mir-1427 cells (Figure 6,19),

pMIG 75
Conirol
pMIG 19

DN-T-bet

IFN-y

Figure 619 Dominant negative suppression of T-het activity reverses the default phenotype
ohserved in mir-1427 cells cultured in vitro, Thp were isolated and coltured innon-polarising
conditions, and transduced with the indicated retroviral construct at 24 hours, Culivres were then
continued for a todal of 7 days, Cells were harvested and analysed by flow cylometry. Plois are
gated on live GFPT cells, data representative of 2 independent expenments,

In summary, these data demonstrate that mir-142 15 a critnical regulator of T helper cell
subset differentiation, and that absence of mir-142 results in default Thl phenotvpe
acquisition. In addinon, T-bet 15 wdentified as a target of mir-142 and suppression of T-

bet function reverses the phenotype observed in mur-14277 cells, suggesting that mir-142
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may prevent default Thl differentiation by suppression of early T-bet activity following

naive T helper cell activation

6.5. Discussion

These data collectively demonstrate the critical importance of mir-142 for the normal
function of T helper cells. In addition to the homeostahie defect desenbed in chapter 5,
mir=-142-deficient T cells underge abnormal differentiation upon activation, producing
large amounts of IFN-y and upregulating the expression of a number of Thl-related
genes, In a similar manner to the homeostatic defect, these abnormalities of subset
differentiation occur because mir-142 targets a key T cell transcnption factor, again
highlighting that muBRNAs sit at the heart of the regulatory networks that govern T cell

function.

In general terms, these data further reinforce the view that individual miRNAs can
possess multiple regulatory roles that are essential for the maintenance of cellular
function. These findings are not unexpected given that miRMNAs are known to be
capable of targeting muloiple genes. In addiion, evoluhonary conservation of miRNAs
15 high, suggesting that their ability to regulate vital cellular processes 1s indispensible
for normal cell activity. Howewver, while a large number of muRMNAs are expressed in T
cells, it appears that in this case there 15 no redundancy in mir-142 function, with the
loss of this single miIENA being sufficient to significantly disrupt T cell function. This
15 particularly interesting because Dicer knockout mice, which are deficient in all
mature miRNAs, also exhibit default production of IFN-y in a similar manner to mir-
1427 mice (Muljo et al., 2005). In addition, the lineage stability of Dicer-deficient T

cells was shown to be defective. Thus mur-1427" mice have reproduced three of the T
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cell phenotypes that have been described in Dicer-deficient mice, suggesting that mir-
142 deficiency may be a maor contributor to the homeostatic and functional
abnormalities seen in these animals. Again, this highlights the critical importance of this
single mBMNA to T cell funchon, and provides a useful model platform for the further
study of T cell development and functional biology in general, given that these
phenotypic effects can be induced expenimentally in a controlled manner through the

vse of mir-142 condimonal knockout moce

The starting points for this study were the observations that mir-142 expression 15
dynamically regulated in T cells, and that multiple master regulatory transcription
factors bind to mur-142. The finding that mur-142 directly targets T-bet demonstrates
that mir-142 is a part of the regulatory network that controls T cell differentiation. In
addition, the fact that mur-142 15 bound by T-bet in both human and mouse Thl cells
indicates that mir-142 and T-bet exist as part of a regulatory loop that munes T cell
differentiation. These data are currently insufficient to descnbe the way in which T-bet
might regulate mir-142 expression, and future work will aim o invesigate this
intnguing relationship. However, these findings show mir-142 to be centrally involved

mn the netwaorks that control T cell subset differentiation

The data presented in this chapter and chapter 5 demonstrate that mir-142 is capable of
targeting multiple transcnption factors in T cells, thereby controlling the developmaent
and function of these cells. However it should be noted that miRNAs are likely to target
many genes in order to function, and further work 13 necessary to determine the
additional targets of mir-142 in these cells. T investigated whether mir-142 targeting of
fiarg could potentially be contributory to the observed abnormalities in T cell

differentiation, however the use of a number of RARy agomsts and antagonists in WT
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and mir-142"" cells did not specifically affect T cell subset differentiation, and RARy
overgxpression did not either (data not shown). It remains possible that an undetermined
common target exists that contributes to both the homeostatic and differentiation defacts,
and future study of candidate targets will attempt to determine whether this 15 the case;
however no such umfying target was identified during the course of this work. As
described in section 5.5, a number of new technologes have recently been developed
that will potentially be of benefit in attempts to identify additional mir-142 targets

Indead it seems probable that mir-142 functions through the regulation of multiple
pathways and targets, and 1t will continue to be a major challenge to integrate these

findings in order to improve our understanding of T cell biology.

In addition, some more specific conclusions can be drawn from the data presented in
this chapter. The effects of mur-142 deficiency on subset differentiation and lineage
stability are of potential interest in the study of disease and disease models, with certain
pathological processes being linked with individual T cell subsets, as descnbed in
section 1.2.1, The fact that mir-142 could potentially control the lineage stability and
phenotype of the cell in the seting of both desired and undesired immune responses
raises the possibality that owr understanding of mir-142-regulated pathways might be
exploited in order to both track disease activity and modulate the cellular phenotype so
as to improve the chimcal outcome. This could potentially be explored in expenmental
setiings such as experimental autoimmune diseases, infections wath specific pathogens,
and allotransplantation models, possibly employing miENA antagomir technology to
inhibit mur-142 funcion where appropriate. In addition, the study of mir-142 expression
in human T cell-mediated diseases may be performed in order to determine its utility as

a potential biomarker of disease
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In summary, these data provide further evidence of a central role for mir-142 in the
regulation of T helper cell function. Through the use of both condinonal and
constitutive mir-142-deficient mice, | have been able to isolate a post-developmental
function for mir-142 in mamtaming lineage stability and regulating Thl differentiation,
through targeting of T-bet. Future work 15 necessary (o identify additional target genes
that may contribute to this phenotype, and the way in which transcriptional regulation of
mir-142 by master regulatory transcnption factors controls its function in this context
In addition, studies of the contribution of mir-142 to established T helper cell-mediated
dhsease models could potentially provide further insight into the biology of T helper cell

differentiation.
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7. Discussion

The data presented in this thesis were penerated from expenments designed to
determine  whether speafic muRNAs possess crnibical roles in the funchon and
differentiation of T helper cells. Through the use of multiple complementary methods, a
candidate miRNA, mur-142, was identified and selected for further studv. which
revealed that mir-142 is cntically important for the processes of normal T cell
homeostasis and differentiation. In addinon, functional tarpets of mir-142 were
identified that are responsible for the phenotype observed in mur-14277 mice. Whalst a
number of specific conclusions have been discussed in the preceding chapters, some
more general outcomes of this work are described below, in addition to potential future
avenues of exploration such as dataset integration and the discovery of additional

miRMNA tarzets.

7.1, miRNA expression profiling and candidate selection

The imtial approach that was emploved to 1dentify candidate miRNAs was to use
microarray profiling of miENA expression in order to detect differential expression of
miRMNAs between T cell subsets, and then to compare these data with additional,
complementary datasets, such as transcnption factor ChlP-seq. These methods were
able to identify a set of miENAs that are differentially expressed between subsets, and
this was found to be reproducible. Since completing these expenments, newer
technologies have emerged, including massively parallel miRNA-zequencing. Similar
expeniments could be performed using these new technologies, in order to further
validate the datasets and to potentially identify novel muRNAs that were not included in

the microarray platform. The gene clusters that have been descnbed could also be
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further investigated and refined through these means. In addition, such technologies
may provide enhanced sensitivity and speaificity, allowing for smaller differences

batween subsets or genotypes to be discovered.

Having identified a group of miRMNAs of interest, there are a number of potential
applications for these data Firstly, as descnibed in section 4.6, 1t may be possible 1o
bioinformatically integrate the miRNA expression data with multiple additional datasets,
such as mRNA expression and ChIP-seq, in order to begin to desenibe a functional atlas
of the regulatory networks wiathin T cells. The benefits of this might include
identification of novel biological molecules of importance in these processes, and the
ability to discover cntical pathways that could potentially be targeted in order 1o
modulate T cell function. The scope of this kind of project would likely be determined
by the number of datasets, the degree of complesaty of included data, and the available
computing power. In addition, 1t would require development of novel software methods,
although some aspects have already been described, for example miRENA-mRENA

exprassion integration (Huang 2t al., 2011).

In the more immediate term, these data can be analysed in order to select further
miRNAs for functional analysis, by using the same approach that identified mir-142. A
number of miRNAs displayed laree changes in expression when cells were activated,
and these are potential candidates of interest for future studies. miRNAs that are found
to be bound by master regulatory transcription factors might also be priorntsed for
investigation. In addition, those miRMNAs whose expression i1s found to change on
activation might be selected for analysis as possible biomarkers of T cell-mediated

immuna responses, such as in infection and allograft rejection.
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More generally, these data reflect that significant changes in the expression of multiple
miRNAs occur in T helper cells when they are activated and undergo differentiation

These findings are in keeping with those of a number of other haematopoietic cell types
{(Monticellr et al,, 2005; Landgraf et al., 2007). Collectively these studies reinforce the
concept that changes in miRNA expression are functionally related to the regulation of
the cellular phenotype, and show that miRNA expression profiling can be a useful tool

for candidate identification

7.2 Relative importance of mir-142 in T helper cells

The findings that both T cell homeostasiz and differentiation are disrupted in the
absence of mir-142 highlight the importance of this miIBNA for normal T cell function
Moreover, the significance of this gene is further reinforced when considered in relation
to the reports of T cell-specific conditional Dicer- and Drosha-deficient mice, which
exhibit considerable phenotypic overlap with mur-142""7 mice. These mice are globally
deficient in all miEMNAs, vet have a similar reduction in the peripheral T cell population,
and these T cells also undergo preferential differentianion towards a Thl-hke phenotype
{Cobb et al., 2005; Muljo et al., 2005; Chong et al., 2008). The finding that mir-142
deficiency resembles global miRNA deficiency 15 particularly intriguing and could
potentially be explored further by reconstitution of Dicer- and Drosha-deficient T cells

by transfection with synthetic mature miR-142-3p, miR-142-5p or both.

To date, there are only a hmited number of miBENA knockout mice that have been
reported in the literature, of which few are descnbed as possessing T cells with
abnormal function. Of those that have, both miR-146a and miR-29 deficient mice

chsplaved enhanced IFN-y responses but no T cell homeostatic defects (Lu et al., 2000;
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Ma et al., 2011a). Conversely, miR-155 deficient mice showed default adoption of a
Th2-like phenotype, and again exhibited no defect in T cell numbers (Rodriguez et al
2007). Thus there appears to be some overlap and cross-regulation between miENAs in
the control of subset differentiation, but no other specific miBMNAs wath such profound
effects on T cell homeostasis have yet been identified As more individual miRNA
knockout mice are developed, analvsed and reported it will be interesting to see how
any T cell phenotypes compare with those of other maRNA-deficient mice, and also

with the abnormalities observed in Dicer- and Drosha-deficient T cells.

Given that a clear defect in T cell homeostasis was readily observed in mir-142"" mice, 1
elected o focus on this abnormality in the first instance, However, mur-142 15 expressed
in other immune cell types, including B cells. NK cells and dendnitic cells. Preliminary
phenotyping has not detected quantitative defects in any of these compartments,
however work is engeing to determine whether mir-142 possesses a functional role in
these cells. In addition. the role of mir-142 in T cells continues to be studied. Our group
has performed initial phenotyping of thymus from mir-142-deficient mice, which has
not revealed any specific abnormalities in thvmic T cell maturation (data not shown)
However mir-142 expression appears to be dynamically regulated between stages of this
process, suggesting a potential function for mir=-142 in T cell development. 1t is possible
that redundancy between muBNAs may obscure efforts to identify any function of mur-
142 in thymocvtes and thus a number of expenmental tools including conditional
knockouts and TCR-transgenic mice are being emploved in order to study this. In
addition, phenotypic analysis of mir-14277 muce reveals a defzct in the number of

naturally occurring Treg, and impaired in wirre differentiation of 1Treg (data not shown)
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The mechanisms that are responsible for these defects are currently the subject of a

major ongoing research programme in our laboratory

Clearly the biology of mir-142 i1s complicated due to its expression in multiple immune
cell types. However, with the use of techmigques such as bone marrow transfer,
conditional in vive deletion and retroviral in vitro deletion 1 have been able to
progressively isolate the stage of T cell development at which its cell-intrinsic
expression 15 crbically important, showing that the phenotype 15 reproduced even when
mir-142 15 deleted in mature T cells. These approaches will continue to be indispensible
in the future study of this gene, particularly given the major defects in mur-142"" T

helper cell function described in this study

7.3, Insights into miRNA biology

The data presented in this thesis have been generated in the context of existing
knowledge and understanding of muRNA biology. In order to wdentify targets of mir-142,
a number of current target prediction databases were searched and specific alporithms
were also wsed to determine potential targets, Whalst 1 have dentified at least two
targets of mir-142, it s hughly likely that multiple other targets exist that are specifically
inviolved in the function of this miRNA_ The gold standard of target validation remains
the luciferase assay, but this s a slow and labour-intensive method that 15 only suited to
the validation of a limited number of candidate targets. Az | have done, it is possible to
select targets based on changes in expression seen with genome-wide expression
profiling, and evidence suggests that approximately 80% of miBENA targets will exhibit
changes in mENA abundance (Guo et al_, 20010). Howewver this will always risk missing

the munonty of targets that undergo translational repression, and necessanly entails
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making an effectively arbitrary decision of fold-change cut-off. Proteomic techniques
that are able to quantify changes in protein expression of miRNA targets have also been
used in order to detect a broader range of tarzet genes (Bagk et al, 2008; Selbach et al |
2008; Jovanovic et al, 20010). However these typically require specific in viiro
conditions and large quantities of cellular material that may make their use less feasible

for the study of pnmary cells such as T cells

It would be most desirable to speaifically capture miRNA-target complexes and then
profile the penes that are undergoing regulanon by a specific miENA. Some
expenmental methods have recently been descnbed that use this approach, and it will be
interesting to employ them in the study of mur-142. To date, however, none of them
allow this procedure to be performed in the undisturbed natural cellular environment of
the miRNA; tor example the TAP-Tar techmique requires transfection of streptavidin-
labelled synthetic miENA and pulldown of Flag-tagged transgenic Argonaute protein
{MNonne et al., 20010). This could potentially disturb the normal processes by which the
miENA-RISC complex mediates suppression. An aliernative approach might be 1o
compare mir-142"" cells wath WT. and profile all those mRMNAs that are being repressed
within the RISC through Argonaute immunoprecipitanon, However the deletion of mir-
142 within these cells results in @ mulutude of downstream changes in gene expression,
and many of these will not be due to loss of direct targeting by mir-142, instead being
secondary to changes in expression of other penes such as transcription factors. These
changes will likely be reflected in the profile of genes found within the RISC. and this

could therefore cloud attempts to sdentily mir-142 targets,

In the absence of an ideal miRNA precipitation technology, which would leave cells

undisturbed and specifically identify targets of individual miRNAs, the best approach
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currently appears to be to employ multiple complementary methods such as those
mentioned above and target prediction algonthms, and to then consider the results
topether. A possible benefit of such a systematic study would be to analvse identified
targets in order to improve target predicion algonthms, potentially refining our
understanding of the moufs, structures and sequences that define a target site. Indeed,
the conditional mir-142-deficient mouse may be of use in this aim, as mMIENA
knockdown studies have previously been used to analyse and improve target prediction

methods (Betel at al_, 2010).

7.4, Additional future applications of this work

The data presented in this thesis focus on the basic biology of miRNAs, and include the
first description of mir-142"" mice. As discussed above, there remain many further
expenments that can be performed to complement this work and advance our
understanding of these molecules. At this stage, a number of potenual future
apphications for this work can be envisaged, and some of these have alreadv been

dhiscussed abowve

In addition to these, it 15 also worth highlighting that there is the potential to exploit
understanding of miENA biology in order to manipulate cell function for therapeutic
gain, Chemically-modified RNA molecules that antagomise miRNA funchon have
racently been descnbed, incorporating perfectly complementary sites for a specific
miENA. When these are introduced into a cell, they act as a “sponge” that can reduce
the avalability of that muRNA and thereby inhibit ats function. Systemic adminstration
of these antagonists has recently been reported in non-human primates, with silencing of

miR-122 in liver resulting in sigmficant reduction in fotal plasma cholesterol wathowt
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evidence of toxicity at the doses reported (Elmen et al, 2008). Clearly, much remains to
be evaluated regarding the biology of mir-142, but it might be possible in the first
instance to experimentally test suppression of mir-142 in the satting of T cell-mediated
colitis, given that 1 have shown mur-142-deficient T cells to be unable to induce colitis
However it 15 important o remember that our understanding of mur-142 biology s
currently limited, meaning that these experiments may need to be reconsidered as new

data become available

7.5. Conclusions

In summary. this thesis has examined the role of miEMNAs in T helper cells and has
identified mir-142 as being entically important for T helper cell function, The miENA
expression profiling that has been performed may potentially yield additional candidates
for future study, and the mechanisms of mir-142 function wall continue to be examined
In addinon, this work has confirmed the importance of individual miRNAs in
fundamental processes such as cellular homeostasis and differentiation, and may be of

relevance o future attempis to modulate the immune system through miRNA targeting
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9. Appendices

9.1. Appendix A — Code used for the analysis of microarray data

9.1.1. mikNA microarrays

library (limma)
libracy{wvsn)

library (BEiobasa)
J.ll'll'-:'l.l'!r' (RCalarErewer)
libraryigplots)

» maaaioapnlnfal)
FE wer=ion 2.12.1 (2010-12-16)
Flatform: xz8%6 cd-apple-darwin®.8.0/x86 64 {(6d-bit)

locales:
[1] &n GE.UTF-%/en GE.UTF-%#/C/Cfen GE.UTF-%#/en GE.UTF-#

atbtached baze pachkages:
[1] grid stats graphics grhevices utils datasets

methads basea

ather attached packages:

L1] gplﬂta_i.lﬂ.l KE:nSmﬂﬂth_E.EB 4 adTﬂﬂla_l.lE
bitops 1.0-4.1 gdata 2.8.0

[B] gtoals 2.6.2 EColorBrawer 1.0-2 wsn 2,18.0
Eiobase 2.10.0 limma_3.6.%

loaded wia a namespace {and not attached):
[1] uIIy_l.EE.D uIIylu_l.lE.D luLLLce_D.lE-lT

-

prepracesstCare L. 12.0
=

N Creatbted a tab-delim text file with description of the arrays
targeta<=-readTargets ("targets,txt")

# This defines the column nams of the mean Cy5 foreground intensities
Cyd <— "FELIS Moan"

# This defines the column name of the mean Cy% background intensities
CySh - "BELIS Mean"

N Fead in GPR files, as a 7 colowr array but set both colours the same,
and filter bad spots

R& <- read. maimages(targetzsjFilelams,

source="genepix",
columns=1ist (R=Cy5, G=Cy5, Rb=Cy5Sb, Gb=CySh),
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annatation = < {"Elack", "Column", "Raw","Flags", "ID", "Hams",
"Status"),

wt ., fun=wtflags (weight=0, cutoff=-50)

i

g Fead the .gal file (description of the chip)
RESgenes<-readGAL ("cepheld G4 170310 _wl.gal®)

# RBead in the spot types description (for controls, missing, genss
] =

spobtypes<-readSpotTypes ("spotbypes., txt")

g remove the sxtransous red channel valuss
FGSG <— MNULL
EGSGH <= HNULL

# Then pull out all the spot type flags that hawve been assigned in any
arrays

FGiprinter <- getlLayout (RGigenes)
RzigenesiStatus<-controlStatus (spottypes, RG)

row,.names (RGitargets) <- targetsiKARepMams

# Then find all unigue spot Cype identifiers
status <-unique (RGigenesistatus)

Aspatial hebteragensity on individual arrays can be highlighted by
examining imagsplots of the background intensities. If the plots
suggest that some arrays are of lesser guality than others, it may be
useful ta estimate array guality welghts to be used in the linear
model apnalysis,

imageplot {log2 (RGERD([,2]), REiprinter, low="white", high="red")

# Can define & function to do this for all chips on one pags

chipplate<- function(RE) |

parfcol=calars () [8], mfrow=c({5, 4))

numzals = lengthicalnamas (RG) )

far (1 in linumeals) |
plotname<—raw. names (RE5targek=[1,1])
imageplot {logd (RGHRbD([,i]), RGiprinter, low="white",
high="red", legend=F,main=c {row,.names (REitargets) ) [1])
]

1

ehipplats (RE)

# Then want to get rid of swverything except "gene" and "contral" for
the purpose of normalisation

# Im R, weights are assigned a5 0 if unceliable and thersfore should
be ignored or 1 if of normal guality

# Make a new data frame that has this updated welght info in it

wi-modifyWeights (RGSweights, Rifigenesistatus,

values=c ("gc", "empty", "removed", "negotrl”, "not_spotted” ) ,multipliers=
o)
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# Set up a colour palette
cals - brewer.pal (10, "SetiM)

# Make the colour palette 20 that duplicate samples show up in the
sams coalour
cala <= repicols,sach=2)

# Can do box plots of Foresground and Background intensities, useful
far gQC

parimfrow=c {2, 1), col=cols, mar=ci{6,.4,4,2))

boxplot {data, frams {log2 (RG5ED) ) ,main="Background",col=cals, las=2, names
=raw ., names (RGStargets))

boxpleotidata., frame {logd (RGER) ) . main="Foreground", col=cals, las=2, names=
oW, names (REitargets) )

# Can do bax plots of Positiwve Contrals, Megatiwve Contrals,
Specificity Controls and all genes (pre-BG correction)

par imfrow=c{4,1) ,cal=cols, mar=ci6,4,4,21)

boxplot {logd (RGER [RGigenesiStatus=="cantzral",]), range=0, ylab="10g2
intensities", main="Fasitiwe
Cantrals",col=cals, names=row. names (RG5targets) , las=2)

boxploti{logd (RGER[RGigenesistatus=="negctrl", 1), range=0, ylab="10g2
intensities", main="Megatiwe
Cantrala",cal=cals, names=raw, namnes (REitargets) , las=2)

baxplat {lag? (RGSR[RGSgenesfStatus=="9qc", 11, range=0, ylab="1ag2
intensities", main="Specificity
Contrals",coal=cals, names=row, names (REStargets), las=2)

boxplot{laog? (RGSR[RGigenesistatus=="gaena", 1), range=0, ylab="1lagl
intensities", main="Genss",col=cols, names=row,namss (Reitargets), las=2)

# Then want to background correct

Foearrestade-baskgroundCorrest (RG5R, method="narmexp", osffsak=50)

# Make a duplicate "BEGList" class object that contains the BG
corrected wvalues

FEGoarrect <= Rz
RGearrecbiRe-REcarrestad

# Can do box plots for both pre and post-background correction

cals <- brewer.pal{ld, "Setl")
cols <- repicols,sach=2)

par (mfrow=c{2,1) ,cal="bla=zk")

boxplot{logd (RGHR [RGSgenesistatus=="gena",]), range=0, ylab="1agl
intensities", main="Genss",col=cals, names=ray,names (RGitargets), las=2)
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boxplot {lag? (RGocorrectiR[RGocorrectigenesistatus=="gene", | ), range=0, yla

b="log? intensities", main="Genes After Background
Eubtraction",col=cols, names=row, names (RGitargets) , las=2)

B Creabe an array bo idenkeify jusk the gens {(i.e. sxcluds the
contrals)

idx = (RESgenesiStatus == "gens")
# Retriewve just the genes (i.e. remove the contrals)

RG.final <- RG[idx, ]
Feoarrect, final <- RGoorrect[idx, ]

# Change the column namss to the ones [ want

colnames (RG, finalfR) <= targeta5KARepiams
colnames (RGcorrect., finaliR) <- targetsiKAReplame

# Do the VSN normalisation.

mat.,wsn <- wsnMatrixz{RG.finalsR)
matearrest,van <= vanMatrix(RGoorrect.finaliR)

# Can loaok at the EDplot for this

meanSdPlaot (mat, van)
meEansdPflat {matcorract, vasn

g Can compare with the SDhplot for pre-normalisation (note requires log

datal
meanSdPlat (lag (RGecarrect . finalfR, 21
# view a boxplot of the normalized data

parimfrow=c (3, 1), ,col="black", mar=c{6,4,4,2]]
boxplot {logd (RGER[RGigenesiStatus=="gena", 1), range=7, ylab="1ag2

intensities", main="Genes",col=cols, names=ray.names (REStargets) , las=2]
boaxplat{lagd (RGcarrectiR[RGcorrectigenesistatus=="gaena", ] ), range=0,vla

b="lag? intensities", main="Genes Rfter Background
Subtraction,cal=cals, names=raw, names (REStargets) , las=3)

boxplot {as.data, Trame (mat ., venihx) , range=0, ylab="1a42 intensicies",
main="Normalized", col=cols, names=row.names (RGitargets), las=21)

# Can view a box plot of normalised data both with and without BG
carrectian

parimfrow=c{2,1),cal="black", mar=ci{&,4,4,2)])
baxplot{as,data, frame (mat . vandhx) , range=0, ylab="1ag? intensities",
main="Hormalized anly",col=cols, namss=row. names (BGtargets)  las=2]
boxplot{as.data, frame (matcorrect, van@hx) , range=0, ylab="1ag2
intensities", main="Mormalized and Background

Corrected", col=cals, names=row, names (RGitargets), las=21)

A Can wview a bax plab of pre- ve poast-normalisation

par imfrow=c{2, 1) ,cal="black", mar=c{6,4,4,21]
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boxplot {lag? (RGocorrectiR[RGocorrectigenesistatus=="gene", | ), range=0, yla
b="log? intensities", main="Genes After Background
Eubtraction",col=cols, names=row, names (RGitargets) , las=2)
boxplot{as.data, frame (matcorrect, veanhy) , range=0, ylab="1ag2
intensikties", main="Haormalized and Background

Corrected", col=cals, names=row,names (RGStargets), las=31)

#hz2ign mirbase names to M5 genes, Candidates do not have a mirname.
It could be that soms candidates do have a mirbase name now but 1
would need to recheck all oligos, Let me know 1if you want Lo update
thatbt as well.

gThat should includs mirnames when available

aligolmir =
read.tahletIile-"DLIGDE_HIR_EDRRESEDHDAHEE.tkt",sep-"\t",header-T,as.i
==F)

df? = data,frams (FG,finaligensitams)

names (4] = "aliga®

dat = merge{dfl, oligodmic, by="oliga",sort=F, all,y=F)

rownames (mat . veanfhi) <- dacimirc
rownames (matcorrect, wvesnfhx) <- datimir

# Want to unwrap the row names correctly as well

namesMatrix <- unwrapdups {rownamss {mat.wvsnghx), ndups=2, spacing=1)
namesMatrixcorrect <= unwrapdups (rownames (matcorrect,wvsnihx), ndups=Z2,
spacing=l]

# Then do the unwrapping of the array data
matrix <- unwrapdups{mat.wsn, ndups=2, spacing=1)
matrixcorrect <- unwrapdups (matcorrect.wsn, ndups=#, spacing=1)

# Then rename the rows and columns to miRMAs and arrays respectively
roynames (matrix) <= pamesMatrix(,1]

rownames imatrixcorsect) <- namesMatrixcorzect(,1]

colnames imatrix) <- duplicateCalsimat.,vsnidhix)

calnames (matrixcorrect) <= duplicateCals (matcorrect.wveniihx)

g Nead to unlog data before taking the mean
unlagmatrix<=-2"matrix
unlogmabrixearrect<-Z " mabtrixcarrest

# Then want to take the mean of the technical replicates

meanmatrix<=-

Lilaggregate (b {unlogmateix) , list (colnames (unlagmateix) ), mean) )
meanmatrixcorrect<-

tlaggregate (t{unlogmatrixcorrect), list (colnames (unlogmatrixcarrest] ], m
man]l

# Best to tidy up this as it has put the colpnamss in row 1 and all the
values are character wvectors rather than numeric

# Write the namses to the column nams slot

colnames (meanmatrix) <-meanmatrix(l, ]

colnames (mesnmabrixecorrect) <-meanmakbrixcarrect[l, ]

# Femowve the first raw
meanmatrix<-mesnmatrix[-1,]
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meanmatrixcorrect<-meanmatrixcorrect[=1, ]

# Conwvert the whole thing from character matrix to numeric
class (meanmatrix) <="pumeric®
class (meanmabridcarrest]) <-"mumsris"

# Then relog the whole thing
meanmatrix<=log({meanmatrix, base=2)
meanmatrixcorrect<-log{meanmatrixcorrect, bhase=2)

I Then can =ave this

write,table (meammatrix, file="KA-Entire-miRarraySetE-NoBGoorrect-
L L |

write.table imeanmatrixcorrect, file="KR-Entire-miRarrayietB-
TesBEoorrect-vd , osv")

# Dot plot corzelations - to do it for all arrays in & matrix

pari{cal="blaczk")

peint.panel <- functionix, ¥, pch, cex.point=1.35){
pointsix, ¥, pch=pch, cex=cex.point, col="black")
ablinefa=0,b=1, cal="oDlus")

# lines{lowessi{y-x), «al = "whita")

]

panel.cor.pearson <- functiondix, ¥y, digits=2, prefix="r=",
cex.car=2, ...)]

usr <- pari{"usc"); on.exit{pariusc))

parfusr = ofd, 1, &, 11

o= {oardx, ¥, methoad="pearsan", use="palrwise.complete,abs"])
Exk <- Tormabi{s{r, D.123456789), digibte=digits)[1]

t.valus <- gor.testi{x, ¥, method="psarson")istatistic

text (0.5, 0.5, txt, cex =2, fant=i)

1

palrs(meanmatrix[,c(1:2)1], lower.panel=panel,cor,pearsan,
upper.pansl=point.panel, cex=1.2, pch="." )

pairs (meammatrixcoarrest[,ei{l1:10)], lower.panel=pansl,sor,pearsan,
upper.panel=point.panel, cex=1.2, pch="." )

# Dot plot correlations - to do it for a pair of arrays at a tims

pairplatKh<-function(plotmatsix, call,coll, digits=2) [
parimfrow=c{l,1), mar=ci{6,4,4,2)]
plat{plotmatrix(,calll,platmatrix[,call], type="n",

xlab=calpames (plotmabrix) [eall], ylab=solnames (plobtmatrix) [@alZ])
points{plotmatrix[,coll], plotmatrix(,col2], poch="°", cex=1.5,
caol="black")

abline{a=0, b=l, cal="blua")

usr <- par{"usr"l; on.sxiti{pariuscl)

pariusz = {0, 1, 0O, 1))
r <- {(cor{plotmatrix(,coll], plotmatrix(,coll], method="pearson",
use="pairwise,.campletse,abs")]
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txt <= paste("Correlation coefficient (Pearsan) r = ", format{cir,
D.12Z3456789), digits=digics)[1l],sep=""]

text (0,1, 0.9, txt, cex =1, font=1, paos=d)

]

g PFDOF=2 a2are huge when saved from Quartz wiewsr =0 do it manually
pdf {file="RArraySetA-Thl-PearsonDotPlat,pdf")

palrplatKR (meanmatrix, 1, #)

dewv,.affi)

B A function to do i aubtomatically but only works 1 there age always

EXRCTLY 2 replicates per condition {otherwise gets out of order)
genpairwiseplots<-function{plotfrommatrix) |
filepnamesubsd-&{calnames (plotfrommatrix] )

for (i im {l:100) |

filenams=paste ("RrraySeth-", filenamssubs[i*2],"-
PearsonDotPlat, pdf", sep=""]

pdf{file=filenams)
palrplatkr{plotfrommatrizx, (1*2)=-1, (1*2))
daev,alff{)

]

1

genpalrwlzeplots (meanmatrix)

genpairwiseplots<-functisniplotfrommatrix) |
filenamesubs<=-¢{coalnames (plaotfrommatrix) )

for (i in {l:100) |

filenams=paste ("RArraySeth-", filenamssubs[i*2], "-YesBGoorrect-
FearsonDabtPlab.pdf", sep="")

pdf {file=filenams)

pairplot¥l {plotfrommatrix, (i*%2)-1, {(i*2))

dew,aft ()

1

1

genpalrwizeplots (meanmatrixcorrect)

9.1.2. Affymelrix microarrays

library{aligsal
library(pd.mogens.1.0.2E.w1)
library{annaffy)

library (mogenelisttranscripteluster, di)

> sessionlnfol)
R wversion 2.12.1 {2010-12-18)
Flatform: x86_ed-apple-darwin®.8.0/x86_ g4 (ed=-bit)

locale:
[1] EH_G'B JUTE-8 .l’tn_E'rB JUTF-8/0/00 .l’tn_E'rB JUTE-8 .l’tn_E'rB JUTE-8

attached base packages:

[1] sbats graphics grhevices ubils datasets methods  base

ather attached packages!:
[1] mogenelisttranscriptoluster.db 6.0.1 org.Mm.eg.db Z.4.6
[3] annaffy 1.22.0 KEGG.db_Z.4.5
[5] &2.db_2.4.5 AnnotationDbi_1.12.0
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(7] pd.mogene.l.0.8t.v1l_3.0.2 REQLite 0, %-4
[¥] DEI 0.2Z-5 aliga 1.14.0
[11] =ligoClasses 1.12.2 Bicbase 2.10.0

laaded wis & namespace {(and nobt abbachead):

[1] affxparser 1.22.1 affyic_1l.18.0 Biostrings_2.18.4
IRanges_1.8.5%

[5] preprocessCore 1.12.0 splines 2.12.1

A Read in and normalise che Alfymetrix microarray data:

¥hgeneFS<-read.celfiles{list.celfilas{))
FAgeneCare <- rma {(KAgensFS, bargek="care")

# Can add soms phenotyping data for the dot plots later on (note in
thiz case the order of the pData must match the order of data

lexpression) columns

pd = read. AnnotatedDataFrams ("KApData.bxt", header = TRUE, row.names =

1)
phata (KhgeneCore ) <-phenobata (pd)

g Can do the "ArraygualityMestrics" analysis

arraygualityMetrics {expressionset = KhRgeneCore, outdir =
"BrraygualityMetricsgCl", force = FALSE, do,logtransform = FALEE)

# Annotate the array data and save it

Erprabeida<-featurelamses (KhgeneCare)
Fhanneale<-aaf, handles ) [«(1:3,6)]
KRannTable<-aafTablefnniKhprobeids, "mogenslisttranscriptoluster.db”,
ERhanncals)

EhexzprTable<-aafTablelnt (KAgenelore, probsids=KAprobeids)
FhmergeTable<-merge (KRannTabls, KhsxprTablsa)

saveText (KhmergeTable, "KA-EntirelBrray.txt")
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9.2, Appendix B — WT and T-bet™" Affymetrix microarrays

9.2.1. Transcription factor expression in T helper cell subsets
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Heatmap showing expression of selected T cell-specific transeription factors (as

identified in Chapter 1.2.2). Mean expression 15 shown for 2 biological replicates.
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9.2.2. Cytokine expression in T helper cell subseis
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Heatmap showing expression of selected T cell-related cvtokines (as identified in

Chapter 1.2.2). Mean expression 15 shown for 2 biological replicates.

265



9.2.3. Chemokine and receptor expression in T helper cell subsets
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Heatmap showing expression of selected T cell-related chemokines and chemokine

receptors. Mean expression 15 shown for 2 biological replicates

266



