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Abstract 

Understanding cell intrinsic mediators of sexual dimorphism in lymphocytes is 

critical to addressing differences in incidence and severity of immunopathologies 

between females and males. Here, we demonstrate that the nuclear speckle-associated 

lincRNA Malat1, one of the most highly abundant transcripts in mammalian cells, exerts 

a sex-specific function in Th2 differentiation by controlling early differentiation and 

endpoint cytokine expression in female cells. Malat1 deficiency impairs in vitro Th2 

differentiation only in female mice, characterised by transcriptome-wide suppression of 

differentiation associated gene expression and cytokine expression, with particularly 

strong effects on IL10. Using an in vivo model of lung inflammation, we validated the 

sex-specific effects of Malat1 loss, demonstrating altered Th2 differentiation in both the 

lung and spleen for only female mice. Mechanistically, naïve T helper cells from Malat1-

/- female mice demonstrate impaired early differentiation in the gene expression 

programme, along with upregulation of an interferon stimulated gene module associated 

with naïve CD4+ T cells. This is followed by suppression of the IL2 receptor, which in 

turn inhibits IL2 mediated differentiation. Male Th2 differentiation was less sensitive to 

effects of Malat1 loss due to stronger early activation, higher constitutive interferon 

responsive gene expression, and lower sensitivity to exogenous levels of IL2. Malat1 

deficiency during early Th2 differentiation suppressed differentiation-associated changes 

in nuclear architecture in a sex-specific manner, with effects on nuclear speckle 

biogenesis, Xi complex localisation, and H3K27me3 deposition. Overall, this suggests 

that, despite neither being X/Y linked nor sex hormone responsive, Malat1 is a critical 

sex-specific regulator of Th cell differentiation, with profound implications in our 

understanding of how non-coding RNA drives immune sexual dimorphism.  
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1.1. Non-coding RNA 

1.1.1 Coding and non-coding RNA 

Despite initial characterisation as a messenger intermediate between DNA and 

proteins, more recent research has shown that RNA plays many significant roles outside 

of just coding for protein. Non-coding RNAs (ncRNA) in fact represent a significantly 

larger portion of the mammalian transcriptome than all protein coding transcripts. 

ENCODE (the ENCyclopedia Of DNA Elements) suggests that around 80% of the human 

genome is transcribed, which stands in stark contrast to the 2% of the genome known to 

code for proteins (Djebali et al., 2012). NcRNAs are involved in physiological and 

homeostatic critical cell functions, and also contribute to disease development and 

progression. However, despite their important roles, the majority of drug targets are of 

protein coding genes over ncRNAs. Increased research into the cellular roles of ncRNA 

could prove crucial in understanding how their dysregulation leads to disease and could 

help with identifying novel targets and treatments. 

NcRNAs are split into two main categories based on size: small and long ncRNAs. 

Small ncRNAs are shorter than 200 nucleotides (nt) in length. Small ncRNA cellular 

functions include regulating gene expression via microRNAs (miRNAs), carrying amino 

acids via transfer RNAs (tRNAs), regulating splicing via small nuclear RNAs (snRNAs), 

and protecting the genome via PIWI-interacting RNAs (piRNAs) (L. L. Chen & Kim, 

2024). Meanwhile, long ncRNAs (lncRNAs) are greater than 200 nt in length, and will 

be the focus of this thesis (Statello et al., 2020). 
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1.1.2 Long non-coding RNAs 

LncRNAs are abundant in mammalian genomes. Initial estimates of the number 

of lncRNA genes suggested there were around 16,000 in the human genome (Ezkurdia et 

al., 2014), however more recent estimates from NONCODE (a knowledge database 

dedicated to non-coding RNAs) suggest that there are hundreds of thousands of lncRNA 

transcripts (Statello et al., 2020), greatly outnumbering protein coding genes. In terms of 

transcript generation, many lncRNAs are transcribed by RNA polymerase II, then capped 

and polyadenylated in a similar way to mRNAs, contain no open reading frame (Ruan et 

al., 2020). However, some lncRNAs lack a poly-A tail and can undergo alternative 3’ end 

processing instead (Naganuma et al., 2012). 

LncRNA expression is often tissue specific, and lncRNAs are not well conserved 

between species (Johnsson et al., 2014), displaying increased mutation rates compared to 

protein coding genes (Statello et al., 2020). However, this is not indicative of a lack of 

functionality. LncRNAs often interact with other proteins and RNAs only with a portion 

of their total length, meaning that only small parts of lncRNAs require conservation 

(Diederichs, 2014). As an additional explanation, LncRNAs are also seen to be more 

conserved in structure rather than sequence (Johnsson et al., 2014). LncRNAs with low 

sequence homology form extremely similar secondary and tertiary structures between 

species, which could suggest they are more tolerant of mutations than protein coding 

genes (Johnsson et al., 2014). Furthermore, lncRNAs with similar k-mer (sub-sequences 

of length k within the RNA transcript sequence) content have been shown to display 

functional conservation despite their lack of homology, supporting the structural 

conservation hypothesis. (Kirk et al., 2018). The transcriptional locus of lncRNAs can 

also be conserved between species, with this act of transcription keeping the surrounding 
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genomic area accessible and affecting the expression of neighbouring genes (Diederichs, 

2014). 

Categorisation of lncRNAs is done via a number of methods, as shown in Figure 

1.1. LncRNAs that overlap with protein coding genes are further defined by their 

orientation or placement within the gene, as sense, anti-sense, bi-directional and intronic 

(Tsagakis et al., 2020). Sense lncRNAs are expressed from the sense strand of a known 

coding gene and can overlap with the coding sequence of genes, while anti-sense 

lncRNAs, are expressed from the anti-sense strand. Anti-sense genes are the second most 

common lncRNA, typically binding to the transcript they are complimentary to, or 

impacting their expression. Bi-directional lncRNAs are transcribed in the opposing 

direction to the coding gene, while intronic lncRNAs are transcribed from intronic 

regions. LncRNAs that do not overlap with protein coding genes are termed long 

intergenic ncRNAs (lincRNAs). LincRNAs do not overlap with any known protein 

coding genes and are typically located around 1kb away from neighbouring genes. 

LincRNAs are the most common lncRNAs, predicted to comprise around 50% of 

lncRNAs in humans (Eldash et al., 2023). 
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Figure 1.1 Schematic representation of the categorisation of lncRNAs by 

genomic location and orientation  

A. long intergenic ncRNA. B. Intronic lncRNA. C. Antisense lncRNA. D. Sense 

RNA. E. Bi-directional lncRNA. 
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1.1.3 Long non-coding RNA function 

LncRNAs can be further classified based on their functionality. Dependent on 

whether lncRNAs interact within or outside their genomic location, they are classified as 

cis- (Figure 1.2 A) or trans-acting (Figure 1.2 B) (Kopp & Mendell, 2018). However, 

these classes are not separate, as some lincRNAs can have functionality with both nearby 

and distant targets, and can therefore be classified as having both cis- and trans-acting 

effects (Statello et al., 2020). 

LncRNA function can be mediated via RNA-RNA-binding protein (RBP) 

interaction, RNA-RNA interactions, and RNA-DNA interactions. LncRNAs have roles in 

many different cellular processes, from regulating gene expression, to chromosomal 

maintenance, and forming the core of cellular bodies. Examples of some of these roles 

are shown in Figure 1.3. LncRNAs involved in gene expression regulation can act on 

both on the pre- and post-transcriptional level. In terms of transcriptional regulation, 

many lncRNAs can affect chromatin structure and gene expression, via association with 

complexes such as polycomb repressive complex (PRC) 1 and 2 (Trotman et al., 2021). 

PRC2 tri-methylates histone H3 on lysine 27 (H3K27), causing heterochromatin 

formation and transcriptional repression. An example of this is lincRNA HOTAIR, which 

is able to negatively regulate HOX protein expression via this interaction, resulting in 

inhibitory H3K27 methylation and activation-associated H3K4 demethylation over HOX 

genes, to repress transcription (Raju et al., 2023). LincRNAs can more directly regulate 

transcription factor activity as well. LncRNA PANDA affects transcription factor NF-YA, 

inhibiting the expression of pro-apoptotic genes (Hung et al., 2011). LncRNAs also exert 

their function on gene expression via direct interactions with DNA. TARID generates an 

R loop at the promoter region of TCF21 to aid in recruitment of GADD45A, leading to 

promoter demethylation, and increased TCF21 expression (Arab et al., 2019).   
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Figure 1.2 Schematic representation of the categorisation of lncRNAs by cis or 

trans function 

A. Cis-acting lncRNAs act within their genomic loci, affecting the expression of 

nearby genes. B. Trans-acting lncRNA interact with proteins or RNA outside their 

genomic loci. 
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On the post-transcriptional level, lncRNAs are known to be able to affect 

transcript stability. LncRNA LAST promotes binding of CNDP to Cyclin D1 mRNA, 

helping to stabilise the transcript and enhance expression levels (Karakas & Ozpolat, 

2021). LncRNAs can also directly affect translation, binding and interacting directly with 

the translation machinery. LncRNAs such as GAS5 and LINCRNA-p21 can bind directly 

to the translation initiation complex to inhibit the expression of key target genes C-MYC 

and JUNB respectively (G. Hu et al., 2014; Yoon et al., 2012).  

LncRNAs often localise to specific sub-cellular areas as part of their function, 

with many enriched in the nucleus. LncRNA TERC localises to the telomere region and 

acts as a scaffold and template for the TERT complex to maintain telomere length (Cao 

et al., 2025). Another example of this is lincRNA NEAT1, a core component paraspeckles. 

Paraspeckles are nuclear non-membrane structures involved in responding to cell stress, 

sequestering RNA-binding proteins, enhancing miRNA processing, and regulating the 

DNA damage response (Hsu et al., 2025; Krol, 2017; Pisani & Baron, 2019; Taiana et al., 

2020). NEAT1 acts as a scaffold, allowing other core paraspeckle proteins NONO and 

SFPQ to oligomerise around it and recruit further paraspeckle components (Taiana et al., 

2020).  

LncRNAs are also known to localise to cytoplasmic areas as part of their function. 

CEROX1 localises specifically to mitochondria, where it affects mRNA stability of 

proteins involved in oxidative phosphorylation (Sirey et al., 2019). Cytoplasmic lncRNAs 

can regulate gene expression via a process known as miRNA sponging. Here, lncRNAs 

sequester miRNAs by binding directly to them, and while this does not directly affect 

miRNA function it reduces the available free miRNAs in the cell. As an example of this, 

lncRNA TRPM2 sponges miR-612, affecting the progression of gastric cancer (Xiao et 

al., 2020). Finally, lncRNAs may also be involved in cell-to-cell communication, with 
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enrichment in exosomes used for cell-to-cell signalling. A number of lncRNAs, such as 

UCA1, ZFAS1 and HOTTIP, have been found in extracellular vesicles from many 

different cancers, suggesting that lncRNAs may play an important role here (Kołat et al., 

2019). Overall, these examples collectively demonstrate the importance of lncRNAs in 

vital cellular processes. 
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Figure 1.3 Schematic representation of cellular lncRNA functions 

Schematic displaying a number of lncRNA functions, including transcriptional 

regulation, nuclear architecture regulation, splicing regulation, acting as a structural 

component, translational regulation, miRNA sponging, affecting transcript stability, 

and transcriptional regulation. 
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1.2. The immune system and CD4+ T helper cells 

 

1.2.1 Innate and adaptive immunity 

In response to pathogenic infection, the immune system mounts response 

regulated at multiple levels, featuring an initial fast acting and non-specific response, 

termed the innate immune response, which then gives way to a more delayed but pathogen 

specific response, termed the adaptive response. The innate immune response acts as the 

first line of defence against invading pathogens, responding to common molecular 

features of pathogens not present in the host, and bridging the gap between the initial 

infection and the activation of the adaptive immune response (Marshall et al., 2018). 

Pathogen recognition leads to a signalling cascade causing the release of cytokines and 

chemokines, which help to recruit immune cells to the site of infection, and triggers the 

activation and maturation of certain immune cell types (Kubelkova & Macela, 2019). 

Innate immune cells can be descended from both myeloid and lymphoid lineages, 

producing a wide number of phenotypically distinct immune cell types involved in the 

innate immune system, although separate local tissue resident populations of these cells 

can also exist. 

Adaptive immune cells are typically descended from the lymphoid lineage, 

including T and B lymphocytes providing a targeted response via antigen-specific 

receptors. These receptors are assembled by somatic recombination of DNA elements to 

allow for specific recognition of pathogens (Chaplin, 2010). A core feature of the adaptive 

response is the ability to create memory cells, which allow for a faster and more effective 

response against repeated infection. 
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1.2.2 Cells of the immune system 

Cell types comprising the innate immune system include phagocytes (which 

phagocytose and break down pathogens), granulocytes (which release toxic granules to 

site of infection) and innate lymphoid cells (ILCs). Granulocytes are the most abundant 

type of white blood cell, characterised by their ability to release cytosolic granules 

containing antimicrobial agents to fight infection. Granulocytes are divided into four main 

subtypes: neutrophils, eosinophils, basophils, and mast cells. Of these, neutrophils are the 

most common, and the most abundant white blood cell in humans and mice (A. Lin & 

Loré, 2017). Neutrophils respond to infection via a number of different methods, 

including phagocytosis of pathogens, release of cytotoxic granules, and the formation of 

neutrophil extracellular traps (NETs) (Gierlikowska et al., 2021). Mast cells are long lived 

granulocytes located at mucosal surfaces. These cells contain granules rich in histamine, 

which are released to trigger local inflammation and immune activation. However, mast 

cells are also involved in tissue remodelling and wound healing (Krystel-Whittemore et 

al., 2016). Eosinophils, despite forming only 1-3% of total white blood cells, are critical 

in response to parasitic nematode infection and responses to allergens. Eosinophils 

regulate a type 2 immune response, releasing cytotoxic eosinophil granules, extracellular 

mitochondrial DNA traps, and regulating airway inflammation as part of their function 

(Kanda et al., 2021). Basophils are the least common type of granulocyte and also play a 

role in defence from parasitic infection (Min et al., 2012).  

Monocytes are a branch of the innate immune system involved in phagocytosis, 

antigen presentation and cytokine expression. In mice, monocytes can be categorised into 

two main types based on the level of Ly6C expression. These are tissue resident 

monocytes, identified by low Ly6C expression, which patrol their respective tissues 

looking for signs of infection. Ly6Clo monocytes are involved in early inflammatory 
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responses to infection. Bone marrow derived monocytes, identified by high Ly6C 

expression, are produced in large quantities upon infection, and are capable of tissue 

infiltration. As well as being generally more pro-inflammatory, Ly6Chi monocytes are also 

capable of antigen presentation to T and B cells (Kratofil et al., 2017). In response to 

infection, monocytes can differentiate into macrophages, although some local 

macrophage populations produced from embryonic progenitor cells also exist (De Kleer 

et al., 2014; Yáñez, Bono and Goodridge, 2022). Macrophages can activate via two 

different pathways. M1 or classically activated macrophages are generally pro-

inflammatory, produce cytokines such as interleukin (IL) 1β and tumour necrosis factor 

(TNF) α, and upregulate inducible nitric oxide synthase (iNOS) in response to infection. 

M2 or alternatively activated macrophages instead produce resistin-like alpha (RELMα) 

and arginase 1 (ARG1) as well as anti-inflammatory cytokines such as IL10. M2 

macrophages are involved in infection clearing via phagocytosis, wound repair and tissue 

remodelling (Martinez & Gordon, 2014). These are not mutually exclusive responses, 

macrophage activation exists as a continuum between M1 and M2 responses. 

Dendritic cells (DCs) are another branch of the innate immune system, and are the 

most efficient antigen presenting cells. DCs are characterised by their expression of 

CD11c and high levels of major histocompatibility complex (MHC) class II. DCs 

constantly patrol and sample local tissue environment for signs of infection. In response 

to antigen recognition, DCs migrate to lymph nodes and present these antigens to the 

adaptive immune system. Antigen recognition allows for guiding of the overall immune 

response by T helper (Th) cells, killing of infected cells by cytotoxic T cells, and the 

release of antigen-specific antibodies by B cells (Chaplin, 2010). 

The final branch of the innate immune system are ILCs, which are split into NK 

cells, ILC1, ILC2 and ILC3 cells. NK cells patrol the blood and peripheral tissues, and 
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are known for their cytotoxic effects and cytokine release (Mace, 2022). NK cells express 

a number of receptors to recognise infected cells, including those for non-self ligands and 

stress markers, and in response release lytic granules to lyse infected cells (Mace, 2022). 

ILC1, 2 and 3 cells meanwhile are primarily involved in innate cytokine expression in 

response to initial infections (Tsymala & Kuchler, 2023). ILC1s respond to bacterial and 

viral infections, while ILC2s respond to parasitic infection in mucosal tissue, and ILC3s 

help to prevent infection in intestinal tissues (Tsymala & Kuchler, 2023).  

Adaptive immune cells are derived from lymphoid lineages and differentiate into 

T and B cells via maturation in either the thymus (T cells) or bone marrow (B cells). B 

cells are identified by the expression of a B cell receptor, and produce antibodies which 

are involved in neutralising invading pathogen proteins, activating macrophages by 

binding to their Fc receptors, and activating the complement system (Hoffman et al., 

2016).  

T cells are identified by expression of their T cell receptor (TCR) and originate in 

the bone marrow but migrate to the thymus for maturation. Here, these precursor T cells 

undergo somatic recombination of their TCRs, specifically recombination of their 

variable (V), diversity (D), joining (J) and constant (C) elements of the TCR a and b 

chains. This leads to each T cell expressing a unique TCR that can recognise a unique 

antigen (Roth, 2014). T cells are split into two major branches, CD4+ and CD8+ T cells. 

CD8+ T cells, also known as cytotoxic T cells, interact via their TCR with MHC class I 

molecules, which are present on all nucleated cells, and use this to identify and kill 

infected cells. In response to TCR stimulation CD8+ T cells produce cytokines such as 

interferon gamma (IFNγ) and TNFα, and release cytotoxic granules containing perforin 

and granzymes to tear holes in infected cell membranes and cleave proteins inside. 

CD8+ T cells are also able to activate apoptotic pathways via their expression of FASL, 
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which binds to FAS receptor on target cells to initiate a caspase signalling cascade (N. 

Zhang & Bevan, 2011). This thesis will primarily focus on CD4+ cells, which are explored 

in the next section in greater detail. 

1.2.3 CD4+ T helper cells 

CD4+ T cells in response to infection can differentiate into T helper (Th) cells, 

which support the immune response via the generation of both cytokines and chemokines 

to help combat infection and recruit other immune cells (Luckheeram et al., 2012). Naïve 

CD4+ T cells are generally found in secondary lymphoid tissues such as the spleen and 

lymph nodes. However, local tissue resident T cell populations exist that are involved in 

homeostasis (Hirahara et al., 2021). As well as producing cytokines and chemokines for 

guiding the immune response, CD4+ T cells are involved in maturation and activation of 

B cell responses and can also induce Immunoglobulin (Ig) G class switching in activated 

B cells (Luckheeram et al., 2012). In response to different pathogens, naïve CD4+ T cells 

activate and differentiate into different Th cell subsets, each with distinct chemokine and 

cytokine expression profiles, to deal with specific infections.  

A core part of CD4+ T cell response is long term memory cell formation. 

Following infection resolution, the majority of T cells undergo apoptosis and the 

surviving T cells differentiate into long lived memory cells which retain antigen 

specificity and can rapidly respond to re-infection (Gray et al., 2018). Memory cells can 

be generally split into T effector memory (Tem) and T central memory (Tcm) cells. Tem 

cells retain their capacity for cytokine expression in response to infection, and circulate 

throughout the bloodstream, allowing for rapid recruitment and cytokine responses upon 

reinfection (Sallusto et al., 2004). Tcm cells instead localise back to the spleen and lymph 

nodes, and are involved in T cell expansion and B cell activation during re-infection 

(Sallusto et al., 2004). While Tem cells retain their Th subset specific responses, Tcm cells 
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can differentiate into different Th cell subsets and regain more naïve cell like properties 

such as increased CD62L and CCR7 receptor expression (Gasper et al., 2014). 

 

1.2.4 CD4+ T cell activation 

Two signals are required for activation of naïve T cells to occur. The primary 

signal involves engagement of the TCR by binding MHC class II carrying an antigen. The 

co-stimulatory signal involves recognition of CD80 and CD86 on an antigen presenting 

cell by CD28 on the T cell surface. Engagement of the TCR alone is not sufficient to 

generate a full T cell response, and further modulation of differentiation can occur based 

on the engagement strength of the TCR interaction (Hwang et al., 2020). TCR 

engagement triggers phosphorylation of the cytoplasmic tail of the TCR by protein 

tyrosine kinases. This allows other effector molecules to recognise and continue 

signalling. These activation signals lead to several different intracellular signals, 

including a massive influx of intracellular calcium in the cell, which in turn activates 

transcription factor Nuclear Factor of Activated T cells (NFAT). Many other transcription 

factor pathways are also activated in response to TCR stimulation, including NF-kB, and 

MAPK pathways (Conley et al., 2016).  

Activation of these pathways causes a transcriptional and translational burst, with 

increased expression of thousands of genes (Conley et al., 2016). Major epigenetic 

changes also occur alongside this, with deposition of acetylation marks to allow for better 

expression of genes involved in T cell activation and development (Cuddapah et al., 

2010). Activated T cells are notable for the production of cytokine IL2, a potent cytokine 

involved in stimulating T cell proliferation and invoking B cell responses. 
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1.2.5 CD4+ T cell differentiation 

Following activation, surviving Th cells differentiate further into effector subsets 

to help respond to different types of infection, influenced by the cytokine profile of the 

surrounding environment. In general, cytokine signalling leads to increased expression of 

Th subset specific transcription factors, which in turn activate subset specific signal 

transducer and activator of transcription (STAT) protein expression, upregulating 

expression of subset specific cytokines. This forms a positive feedback loop, reinforcing 

said Th cell subset differentiation. This process involves major rewiring of gene 

expression pathways, and as part of this transcription factors of alternative subsets and 

naïve T cells are epigenetically repressed, while transcription machinery is localised to 

genes in the selected Th cell subset to reinforce expression (Sanders, 2006). A diagram 

displaying differentiation into major Th cell subsets is shown in Figure 1.4. 
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Figure 1.4 Schematic of the CD4+ T cell differentiation pathway 

Schematic representation of Th cell differentiation pathways, including transcription 

factors involved in T cell activation, polarising cytokines for each subset, and the 

transcription factors and cytokines produced in each Th cell subset. 
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Initially, two distinct populations of effector CD4+ T cells were identified with 

distinct cytokine expression profiles. These were termed Th1 and Th2 cells (Mosmann & 

Coffman, 1989).  Th1 cells differentiate in response to IL12 signalling from macrophages 

and NK cells. This stimulates expression of core Th1 transcription factor T-box 

transcription factor (TBET) to form a positive feedback look via activation of STAT4, and 

expression of pro-inflammatory cytokine IFNγ. Th1 cells guide the response to 

intracellular bacteria and viruses (Luckheeram et al., 2012). IFNγ is generally pro-

inflammatory and has functions such as activating macrophages, inducing antiviral states 

and B cell activation and class switching (Kak et al., 2018). Despite being generally pro-

inflammatory cells, terminally differentiated Th1 cells can begin expressing IL10 and 

become Treg cells, termed T regulatory 1 (Tr1) cells (Edwards et al., 2023).  

Th2 cells respond to IL4 signalling from mast cells and macrophages, which 

stimulates expression of GATA binding protein (GATA) 3 and activation of STAT6. Th2 

differentiation leads to the expression of a number of cytokines, such as IL4, IL5, IL13 

and IL10. Th2 cells help to guide the immune response to parasitic nematodes 

(Luckheeram et al., 2012). In terms of cytokine function, IL4 enhances T cell and 

macrophage responses and induces B cell differentiation (Keegan et al., 2021), IL5 

stimulates antibody secretion in B cells and is involved in activating eosinophils (Pelaia 

et al., 2019), and IL13 stimulates IgE class switching as well as causing the physiological 

changes from Type 2 inflammation (De Vries, 1998).  

Since the discovery of Th1 and Th2 cells, additional subsets of Th cells have been 

discovered, each with unique cytokine expression profiles. Th17 cells are known respond 

to IL6, transforming growth factor (TGF) β and IL23, which stimulates STAT3 and 

retinoid-related orphan receptor gamma T (RORγT) expression and activation within the 
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cells. Th17 cells produce IL17, IL22 and IL21, and stimulate neutrophil production. Th17 

cells respond to extracellular bacteria and fungi (Luckheeram et al., 2012). Treg cells can 

differentiate in a few differing ways. Peripherally induced Tregs (pTregs) develop in 

peripheral lymphoid organs after antigen presentation, while thymic derived Tregs 

(nTregs) are released directly from the thymus. Tregs are generally categorised by 

expression of transcription factor forkhead box protein P3 (FOXP3), which induces the 

expression of anti-inflammatory cytokines TGFβ and IL10. Tregs are known for their 

roles in resolving inflammation and immune tolerance, with involvement in clearing of 

inflammatory responses post-infection in and wound healing (Shevyrev & Tereshchenko, 

2020).  

Other discrete Th cell subsets exist, such as Th9 and Th22 cells, which are 

characterised by the expression of IL9 and IL22 respectively (J. Chen et al., 2019; K. 

Zhang et al., 2023), and T follicular helper (Tfh) cells. Tfh cells are induced by IL6 

signalling, express transcription factor Bcl6, and are involved in helping B cell 

differentiation and antibody production in the spleen and lymph nodes (Crotty, 2019). Th 

differentiation is also inherently plastic, and subset-specific cytokine and transcription 

factors can be expressed in other Th cell subsets. As an example of this, during 

Schistosoma infection, around 5% of total T cells express both IL4 and IFNγ, despite the 

repressive nature of these cytokines towards each other (Deaton et al., 2014).  

 

1.2.6 Th cells and the Response to IL2 

Cytokine IL2 is produced by T cells rapidly after TCR engagement, and acts as a 

pan-Th cell activator cytokine. IL2 signalling primarily leads to the phosphorylation and 

activation of STAT5 (Figure 1.5 A), but is also involved in activation of other intracellular 
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signalling pathways such as the mTOR and PI3K pathways (Ross & Cantrell, 2018). IL2 

signalling in Th cells is important for late-stage differentiation, upregulating cell 

proliferation and subset specific cytokine and transcription factor expression (Figure 1.5 

B).  

IL2 signalling has differing effects on Th cell differentiation, highly dependent on 

Th cell subset (Figure 1.5 C). Generally, IL2 promotes both Th1 and Th2 differentiation, 

but inhibits Th17 differentiation. In Th1 cells IL2 drives expression of the IL12 receptor, 

enhancing responses to IL12, and causes increased induction of TBET. IL2 signalling also 

remodels Th cell metabolism, enhancing HIF-1A and C-MYC expression, which in turn 

enhances IFNγ expression (Shouse et al., 2024). Meanwhile, in Th2 cells IL2 signalling 

upregulates the expression of IL4 receptor α (IL4Rα) to enhance IL4 signalling (Liao et 

al., 2011). STAT5 is also able to bind to the IL4 promoter, enhancing its expression in 

response to IL2 (Zhu et al., 2003). IL2 is critical for immune self-tolerance and Treg 

development, as STAT5 binds to a conserved non-coding sequence downstream of the 

FOXP3 promoter. This allows for an alternate STAT5 based induction of FOXP3, and is 

involved in aiding Treg development in the thymus (Shouse et al., 2024). However, IL2 

signalling is inhibitory for some other Th cell subsets, such as Th17 cells. Here, STAT5 

binding to the IL17 promoter has an inhibitory effect on transcription, outcompeting 

STAT3 while not triggering transcriptional activity (Shouse et al., 2024). 

IL2 signals via the tripartite IL2 receptor (IL2R), composed of chains IL2Rα, 

IL2Rβ and IL2Rγ. IL2Rγ, also known as the common gamma chain (γc), is a component 

of numerous cytokine receptors, including IL4R, IL7R, IL9R, IL15R and IL21R. IL2Rβ 

can also form part of the IL15R, while IL2Rα is specific only to the IL2R. IL2Rβ and 

IL2Rγ form the base form of the IL2R, which is capable of intracellular signalling but 
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displays only low affinity for IL2. IL2Rα association with IL2Rβ and IL2Rγ forms the 

high affinity IL2R, which mediates the majority of the biological function of IL2 (Ross 

& Cantrell, 2018). While IL2Rβ and IL2Rγ are expressed constitutively, IL2Rα is only 

expressed following T cell activation (Belot et al., 2018). 
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Figure 1.5 Schematic of the response to exogenous IL2 during CD4+ T cell 

differentiation 

A. Schematic of IL2 binding by the tripartite high affinity IL2 receptor. The receptor, 

composed of IL2Rα, β and γ, binds to IL2 and triggers phosphorylation of STAT5. 

B. The impacts of IL2 signalling in Th1/2 cells. IL2 signalling leads to increased Th 

cell proliferation and enhanced cytokine expression. C. The impact of IL2 signalling 

in different CD4+ T cell subsets.   
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1.2.7 Th cell Production of IL10 

IL10 is an anti-inflammatory cytokine produced by a number of different immune 

cells, with involvement in reducing inflammation, wrapping up the immune response 

following infection, and in wound healing (Saraiva et al., 2019). IL10 was initially 

classified as a Th2 cell cytokine with effects on inhibiting cytokine expression in Th1 

cells, however it is now generally understood to be a cytokine that is expressed from all 

Th cell subsets (Jankovic et al., 2010). While Treg cells are defined by an anti-

inflammatory cytokine profile including IL10 promoted by FOXP3 expression, other 

subsets such as Th2 cells constitutively produce high amounts of this IL10, and both Th1 

and Th17 cells are able to express IL10 at low levels under specific conditions (Jankovic, 

Kugler and Shesr, 2010). Alongside its production in T cells, IL10 is primarily produced 

by a subset of regulatory B cells (Bregs) involved in suppression of inflammation and 

development of immune tolerance (Zheremyan et al., 2025). Breg cells are a highly 

heterogenous population defined by their expression of anti-inflammatory cytokines such 

as IL10, TGFβ IL35, with roles in the promotion of Treg cell development, inhibition of 

inflammatory cytokine signalling from dendritic cells, and promotion of CD4+ T cell 

apoptosis (Rosser & Mauri, 2015). 

IL10 in Th cells is also thought to be regulated via temporal means, as expression 

often occurs later than expression of other subset specific cytokines (Yssel et al., 1992). 

Th1 cells in particular are able to differentiate into IL10 expressing Tr1 cells following 

the initial Th1 response (Jankovic et al., 2010). IL10 acts via the IL10R on a number of 

different immune cells, including Th cells, macrophages and NK cells, where it generally 

reduces inflammatory cytokine expression and inhibits immune cell function (Saraiva et 

al., 2019).  
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Generally, IL10 expression in effector Th cell subsets (Th1, Th2 and Th17 cells) 

can be triggered downstream of their respective STAT proteins (Saraiva et al., 2019). This 

triggers expression of transcription factor avian musculoaponeurotic fibrosarcoma 

oncogene homolog (MAF), which is the master regulator of IL10 expression (Gabryšová 

et al., 2018; Saraiva & O’Garra, 2010; Trinchieri, 2007). However, other transcription 

factors in Th cell differentiation are also able to induce IL10 expression directly via 

different pathways as well. In Th2 cells transcription factor GATA3 can directly trigger 

IL10 expression via remodelling the gene locus (Shoemaker et al., 2006), while in Th1 

cells IL12 signalling induces expression of transcription factor B lymphocyte-induced 

maturation protein-1 (BLIMP-1) which itself upregulates IL10 expression. (Neumann et 

al., 2014). BLIMP-1 is also involved in IL10 expression in Tr1 cells, and may play a role 

in Tr1 cell differentiation (Montes de Oca et al., 2016).  

 

1.2.8 LncRNAs in CD4+ T cells 

LncRNAs are important regulators of T cell immunity, affecting activation, 

differentiation and cytokine expression through both in cis and in trans functions. T cell 

activation was discovered to be regulated by lncRNA NRON, which affects NFAT activity. 

NRON acts to repress T cell activation, where it binds and sequesters NFAT in the 

cytoplasm during T cell activation. This inhibits NFAT, helping to limit excessive T cell 

activation and NFAT- dependent cytokine production (S. Sharma et al., 2011).   

Many lncRNAs also affect the balance of T cell differentiation into the different 

Th cell subtypes, often via affecting the subset specific transcription factors. Linc-MAF4 

was initially discovered via RNA sequencing experiments as a Th1 specific lincRNA. 

Linc-MAF4 interacts with EZH2 (from PRC2) and LSD1 (a histone demethylase) to 
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deposit repressive H3K27me3 marks on the promoter region of the gene Maf. This in turn 

suppresses IL10 expression, and enhances Th1 differentiation (Ranzani et al., 2015). IL10 

expression is also downregulated by other lncRNAs, such as AW112010, which interacts 

with histone demethylase KDM5a, removing activating H3K4 marks from the IL10 gene 

(X. Yang et al., 2020). Th cell subset specific cytokine expression is also strongly 

regulated by lncRNAs. LncRNA NeST was originally identified in Th1 cells, with further 

experiments identifying it interacts with WDR5 to induce activating H3K4 methylation 

marks at the IFNγ gene locus (Collier et al., 2014). 

Th2 differentiation is strongly influenced by lncRNAs, which affect expression of 

core Th2 transcription factors and cytokines. GATA3 is known to be tightly regulated by 

a number of lncRNAs, such as antisense lncRNA GATA3-AS1. GATA3-AS1 interacts in 

cis with methyltransferase WDR5, binding to an R loop formed in the intron of the Gata3 

gene. WDR5 deposits activating H3K4 marks on the Gata3 locus, helping to promote 

GATA3 expression (Gibbons et al., 2018). GATA3-AS1 has also been linked to the 

expression of Th2 cytokines, such as IL5 and IL13, and may help regulate them as well. 

Other lncRNAs have also been associated with GATA3 expression, including lncRNA 

Dreg1. Dreg1 is highly correlated with Gata3 in Th2 cells, and aids in establishing Gata3 

expression in Th2 cells (Chan et al., 2021). Th2 cytokines are also known to be regulated 

by lncRNAs. Expression of major Th2 cytokines is regulated by the Th2-LCR lncRNA 

cluster. Th2-LCR contains four lncRNAs expressed during Th2 differentiation, that 

promote H3K4 methylation and H3 acteylation of the IL4, IL5 and IL13 genes, helping 

to keep the chromatin open and promote their expression (Koh et al., 2010). LincRNA 

FR215775 was further shown to promote expression of both IL4 and IL5 in a murine 

model of allergic rhinitis, also promoting Th2 cell expansion (Y. Ma et al., 2022). 
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In Th17 cells, lncRNA-Gas5 directly targets transcription factor STAT3 for 

ubiquitination, preventing its signalling and inhibiting Th17 differentiation (J. Li et al., 

2020). LncRNA-GM also inhibits Th17 differentiation, binding to and preventing 

dephosphorylation of FOXO1, which in turn enhances the expression of IL17 and IL23r 

(YaliChe et al., 2022). Interestingly, previously mentioned paraspeckle lincRNA Neat1 is 

also known to positively regulate Th17 differentiation via a few different methods. 

Nuclear Neat1 binds to and inhibits expression of NONO, preventing repression of Il17 

and Il23r genes (S. Chen et al., 2023). However, cytoplasmic Neat1 can also bind and 

sponge miR-128-3p, preventing it from repressing transcription factor Nfat5, which 

eventually leads to increased expression of RORγT and IL17 (S. Chen et al., 2023). 

During Treg differentiation, transcription factor FOXP3 expression is directly 

modulated by lncRNAs. Flicr acts in cis to inhibit FOXP3 expression, influencing the 

chromatin structure of the FoxP3 locus to decrease expression (Zemmour et al., 2017). 

Meanwhile, lincRNA Flatr is known to promote the expression of FOXP3 in a subset of 

Treg cells, enhancing their immunosuppressive functions (Brajic et al., 2018). LncRNAs 

are also known to target other factors involved in Treg differentiation. Lnc-EGFR works 

in cis to target EGFR, binding to it and preventing its ubiquitination, thus preventing 

EGFR degradation, promoting expression of transcription factor AP-1, which in turn 

promotes FOXP3 expression (Jiang et al., 2017). Meanwhile, lncRNA Snhg1 has 

previously been shown to affect miR-448 and IDO expression, enhancing Treg activation 

and inhibiting Th17 differentiation (Baban et al., 2009). Overall, the ability of lncRNAs 

to regulate many different parts of Th cell differentiation provides clear evidence that they 

are core to Th cell function. 
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LncRNA Type Function Reference 
NRON Intronic Sequesters NFAT, limits T cell activation (Sharma et al., 2011) 

Linc-Maf4 Intergenic 
Targets PRC2 to deposit H3K27me3 on the MAF 
promoter (Ranzani et al., 2015) 

AW112010 Intergenic 
Targets KDM5a to remove H3K4 marks from the 
IL10 gene (Yang et al., 2020) 

NeST Antisense 
Interacts with WDR5 to place activatory H3K4 
marks on IFNγ (Collier et al., 2014) 

GATA3-AS1 Antisense 
Interacts with WDR5 to place activatory H3K4 
marks on GATA3 (Gibbons et al., 2018) 

Dreg1 Intergenic Aids in establishing GATA3 expression in Th2 cells (Chan et al., 2021) 

Th2-LCR Sense 
Promotes H3K4 and H3 acetylation of IL4, IL5 and 
IL13 (Koh et al., 2010) 

FR215775 Intergenic 
Promotes expression of IL4 and IL5, as well as cell 
expansion of Th2 cells (Ma et al., 2022) 

lncRNA-
Gas5 Antisense 

Targets STAT3 for ubiquitination, inhibiting Th17 
differentiation (Li et al., 2020) 

lncRNA-GM Antisense 
Prevents dephosphorylation of FOXO1, enahcning 
IL17 and IL23r expression (YaliChe et al., 2022) 

Neat1 Intergenic 
Inhibits NONO and NFAT5, upregulating IL17, IL23r 
and RORγT (Chen et al., 2023) 

Flicr Sense 
Acts in cis to deposit inhibitory chromatin marks on 
FoxP3 

(Zemmour et al., 
2017) 

Flatr Intronic 
Promotes FOXP3 expression in a subset of Treg 
cells (Brajic et al., 2018) 

Lnc-EGFR Antisense 
Prevents ubiquitination of EGFR, promoting AP-1 
and eventual FOXP3 expression (Jiang et al., 2017) 

Snhg1 Antisense 
Downregulates miR-448 and IDO expression, 
enhancing Treg differentiation (Baban et al., 2009) 

   

Table 1.1 Examples of lincRNAs in Th cell differentiation 
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1.3. Type 2 Immunity 

 

1.3.1 Type 1, 2 and 3 immune responses 

The immune response is generally split into type 1, 2 or 3 responses, regulated by 

Th1, Th2, and Th17 differentiation respectively, in response to infection or immune 

challenge. Type 1 immune responses occur during infection of intracellular bacteria and 

parasites and are typically inflammatory in nature, involving Th1 differentiation, IFNγ 

expression, increased neutrophil production and activation, and iNOS mediated 

macrophage responses to infection (Spellberg & Edwards, 2001). Type 1 immune 

responses trigger increased activation of CD8+ T cells to kill infected cells, and the 

induction of inflammatory cytokine and chemokine expression from non-immune cell 

types, including endothelial cells and fibroblasts (Annunziato et al., 2015). 

Type 2 or allergic immune responses are driven by Th2 cells, and in the context 

of infection predominantly occur in response to parasitic worm infection. Type 2 

responses typically produce allergic inflammation and tissue remodelling via increased 

production of Th2 cytokines, however can also be mounted to resolve high levels of 

inflammation (Spellberg & Edwards, 2001). As part of type 2 responses Th2 cells express 

cytokines IL4, IL5, IL13 and IL10. This triggers arginase mediated macrophage 

responses, eosinophil production, and B cell antibody class switching to IgE production. 

IL5 here triggers eosinophil generation in the bone marrow, which play a role in tissue 

remodelling and granuloma formation in response to infection. IL13 is also involved in 

mediating B cell responses via promoting class switching to IgE antibodies, and mediates 

the majority of physiological changes involved in type 2 inflammation (Ogulur et al., 

2025).  
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Finally, Type 3 responses occur in response to infection with extracellular bacteria 

and fungi, and are driven by Th17 cells. These responses typically occur at epithelial 

barriers, and are categorised by high levels of neutrophil recruitment, as well as CD8 T 

cell activation (Rainard et al., 2020).  

 

1.3.2 Helminth infection 

In the context of infection, helminth parasites consist of a wide variety of differing 

parasitic worm species including blood flukes (Schistosoma mansoni, Schistosoma 

japonicum), nematodes (Ancylostoma duodenale, Ascaris lumbricoides) and cestodes 

(Taenia solium, Echinococcus granulosus). However, despite the differences between 

species all trigger type 2 responses upon host infection (Gazzinelli-Guimaraes & Nutman, 

2018). Helminths often have complex lifecycles involving multiple hosts, multiple 

parasite development stages, and distinct effects on different organs dependent on 

infecting species. Helminth infections are also widespread, and thought to infect around 

2 billion people worldwide (Nelwan, 2019). In terms of the lifecycle of schistosome S. 

mansoni, which infects around 250 million people, freshwater living miracidia stage 

parasites, are able to seek out and infect snails. Inside snails the parasites develop into 

sporocysts, which produce and shed infectious cercariae. Cercariae are then able to infect 

humans via burrowing through the skin, traveling around the body via the lungs and liver 

and triggering immune responses there, eventually colonising the small and large intestine 

where they then produce eggs (Nelwan, 2019). Helminths produce strong type 2 immune 

responses, with consistent production of Th2 cytokines, IgE class switching and 

production from B cells, mast cell degranulation, and strong eosinophil and basophil 

recruitment (Maizels et al., 2004). Eosinophil and basophil signalling lead to enhanced 
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M2 macrophage polarisation, aiding in granuloma formation in an attempt to trap 

parasites and inhibit migration (Maizels & Gause, 2023). 

There are two main phases to helminth infection. The acute phase occurs shortly 

after initial infection, with symptoms consisting of fevers, headaches, myalgia, rashes, 

and respiratory symptoms caused via migration of parasites through the lungs (Nelwan, 

2019; G. Y. Wu & Halim, 2000). Following this the infection enters the chronic stage, and 

the immune response becomes more anti-inflammatory, with increased IL10 expression, 

and the majority of patients are asymptomatic. A small proportion of patients can progress 

to severe chronic disease, defined by an overactive immune response, series of chronic 

inflammatory lesions in or around eggs lodged in blood vessels, hepatosplenomegaly, and 

intestinal polyp formation (McSorley & Maizels, 2012; G. Y. Wu & Halim, 2000). 

Praziquantel is typically used for treating helminth infections due to its cost effectiveness 

and lack of significant side effects. However, praziquantel does not kill immature 

parasites, and therefore treatment requires repetition after 2-4 weeks, and does not prevent 

against re-infection (Wright et al., 2018). 

 

1.3.3 Type 2 immunopathologies 

While type 2 responses are protective in regard to helminth infection, 

dysregulation can trigger the onset of different allergic immune conditions, including 

allergic respiratory disorders such as allergic rhinitis or asthma, and cutaneous disorders 

such as atopic dermatitis (Hassoun et al., 2021). Type 2 immunopathologies generally 

display typical type 2 immune cell responses, such as Th2 differentiation, cytokine 

expression, IgE antibody production, and infiltration of eosinophil and mast cells, 
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however the conditions are heterogenous and may display differences in immune cell 

contribution and pathology (Hassoun et al., 2021).  

Recent estimates have suggested that ~9% of the world’s population are diagnosed 

with asthma (Song et al., 2022). Asthma is often caused by chronic type 2 inflammation 

of the airways and lungs, with typical symptoms such as breathlessness, coughing, a tight 

chest, and airflow obstruction. If left untreated this can lead to recurrent asthma attacks 

and irreversible lung function decline. This often develops during adolescence, and can 

be either allergic or non-allergic, dependent on if an allergic immune cascade can be 

triggered (Howell et al., 2023). Lung immune cell infiltrates in asthma are primarily 

eosinophil driven but may also contain some neutrophils and lymphocytes. Eosinophil 

infiltration into airways triggers tissue remodelling, causing airway narrowing, airway 

mucous plugging, goblet cell hyperplasia, and hypertrophy of airway smooth muscle cells 

(Howell et al., 2023; Hussain & Liu, 2024). While the majority of asthma is eosinophilic, 

some cases display increased neutrophil infiltration instead, which is typically more 

aggressive and difficult to treat (Ray & Kolls, 2017). In allergic asthma, the allergic 

cascade is driven by B cell and Th2 responses. Recognition of antigen crosslinking to IgE 

triggers rapid release of histamine, tryptase, and PGD2 from mast cells, causing the 

typical allergic reaction (Howell et al., 2023). 

Allergic rhinitis affects 500 million people worldwide and is often comorbid with 

asthma (Bousquet et al., 2020). Allergic rhinitis is triggered by allergen penetration of the 

mucosal epithelium in nasal passages, causing localised Th2 differentiation, generation 

of a type 2 inflammatory response, and production of allergen specific IgE antibodies 

(Bernstein et al., 2024). Similar to asthma, allergen recognition by IgE triggers mast cell 

activation and release of bioactive mediators, leading to vasodilation, mucous production 

and inflammation. The type 2 inflammation here is the cause of the typical symptoms 
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such as rhinorrea, nasal congestion, sneezing and itching of eyes and throat (Bernstein et 

al., 2024).  

Atopic dermatitis, more commonly known as atopic eczema, is suggested to affect 

~2% of individuals worldwide (J. Tian et al., 2023). Atopic dermatitis is a chronic 

relapsing skin disorder with symptoms of dry skin, localised rash and disrupted skin 

barrier. This condition is triggered by irritants such as allergens or microbes, which 

upregulate the type 2 immune response (Jeskey et al., 2024). Atopic dermatitis is also 

often diagnosed much earlier in children than asthma, and often presents as recurrent 

flares. While increased type 2 inflammation is still a major characteristic of atopic 

dermatitis, the response typically differs slightly to that of asthma and allergic rhinitis, 

displaying an increased role for Th2 cells in disease pathology, a preference for IL13 and 

IL33 cytokine expression, and reduced roles for B cell and eosinophils (Akdis et al., 

2020).  

Treatment of severe asthma, defined when conventional therapies do not work to 

reduce symptoms, often requires the use of biologics. A range of monoclonal antibody 

inhibitors of cytokine and antibody signalling are used to inhibit lung type 2 immune 

responses. B cell responses can be disrupted via inhibition of IgE-crosslinking from drugs 

such as omalizumab, which binds to the Fc region of the IgE antibody. Th2 cytokine 

signalling can also be targeted, with treatments such as mepolizumab preventing 

eosinophil recruitment via targeting IL5, and dupilumab inhibiting both IL4 and IL13 

signalling via targeting of shared receptor IL4Rα (Gyawali et al., 2025). While some of 

these biologics such as dupilumab can be used for treatment of atopic dermatitis, the 

decreased role for B cells and differing cytokine signalling means that other drugs such 

as lebrikizumab (inhibits IL13 signalling) and nemolizumab (inhibits IL31 signalling) can 

be used as treatments instead (Ratchataswan et al., 2021). 
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1.3.4 Murine models of type 2 inflammation 

In vitro models of immune cell differentiation may exclude several factors, 

including hormones, antigen presentation, cytokines, chemokines and cell-surface 

receptor signalling from other immune cells, that are present in in vivo type 2 

inflammatory conditions. Therefore, a number of differing mouse models of type 2 

inflammation have been developed in mice to investigate type 2 immune responses in 

vivo. 

Allergic inflammation and Th2 differentiation in the lung or nasal passages can 

be triggered by exposure to antigens in mice. These include house dust mite (HDM) 

antigen, ovalbumin, or mold antigens. The HDM model is one of the more commonly 

used models, and the antigen is the major source of allergen seen in house dust. In these 

models, mice are sensitised via intranasal instillation with HDM, then re-challenged over 

time to generate a chronic response (Woo et al., 2018). The length of time that the mice 

are challenged for varies dependent on the experiment, but is typically between 2 and 8 

weeks, with more acute inflammation seen during earlier time points, and allergic 

inflammation and airway remodelling seen during later time points (Woo et al., 2018). 

This model causes robust Th2 cell generation, but is primarily used to assess asthma and 

allergy in vivo, as the antigens trigger significant airway remodelling, with effects such 

as goblet cell hyperplasia, collagen deposition and fibrosis (Radhouani & Starkl, 2024). 

Atopic dermatitis mouse models are also used for in vivo generation of Th2 cells. 

There are a number of ways of causing atopic dermatitis, with methods such as repeated 

epicutaneous sensitization of tape stripped skin with allergens such as ovalbumin or 

HDM, prolonged treatment with Haptens such as oxazolone, the MC903 mouse model 

which triggers pathogenic ILC2 expression, or transgenic IL4 expression in skin tissue 

(Jin et al., 2009). As part of these models, the mouse skin develops lesions, with both 
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epidermal and dermal thickening, and significant infiltration of Th2 cells and eosinophils 

(Jin et al., 2009). Th2 cytokines, as well as IL31 are also upregulated. However, the time 

period for these experiments is relatively long, requiring a minimum 7-week period 

(Gilhar et al., 2021). Furthermore, none of the current atopic dermatitis mouse models 

also fully mimic all key characteristics of human atopic dermatitis, and results are known 

to vary between independent studies (Gilhar et al., 2021). 

Type 2 inflammation can also be triggered via helminth (parasitic nematode) 

infection models, including model species S. mansoni. Characteristics of S. mansoni 

cercariae infection of mice involve splenomegaly, liver fibrosis and granulomas in the 

liver, intestines and lungs. In terms of Th2 cell generation, infection typically generates a 

mixed Th1/Th2 response (Zhong et al., 2022). The initial acute phase of infection 

generates a strong Th1 response in affected tissue, produced in response to the parasites 

migrating throughout the body. Following this the worms begin mating and egg 

production in the intestines, and this shifts the immune response towards a Th2 response 

(Femoe et al., 2022). In terms of immune cell responses, the chronic phase generates Th2 

cells with increased production of IL4 and IL13. Other characteristics include high IgE 

expression, eosinophil generation and activation (RELMα expression), and alternate 

activation of monocytes in direct sites of inflammation such as the liver, intestines and 

lungs (Voehringer et al., 2006). However, as worms are still present during this phase of 

the infection, some level of Th1 responses remain. 

Interestingly the response to parasite eggs during S. mansoni infection is the main 

driver of Th2 responses in vivo, as the parasite eggs trigger the formation of granulomas 

with eosinophil and T cell infiltrates (Femoe et al., 2022). Therefore, injection of dead S. 

mansoni eggs can generate a localised and rapid type 2 immune response in vivo. This 

model involves initial intraperitoneal injection of eggs to sensitize mice, then after one-
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week intravenous injection of eggs via the tail vein. The IV injection leads to egg 

migration to the lungs via the pulmonary artery, where the eggs are then deposited and 

trapped in the lung parenchyma, triggering granuloma formation. After another week 

mice are then sacrificed, and responses analysed in the lungs (Joyce et al., 2012). In 

comparison to full helminth infection, there is less risk involved as the dead S. mansoni 

eggs are non-infectious, and the timeline of the infection is relatively short, allowing for 

rapid analysis of type 2 responses in vivo. However, this model still generates some partial 

Th1 responses, leading to CD4+ T cells production of IFNγ, which can partially suppress 

some Th2 cell responses. In terms of its applications this model also misses some context 

of a full worm infection as there is no acute phase and there are no live S. mansoni worms 

to cause pathology, and therefore this may be less applicable to direct study of diseases 

(Joyce et al., 2012). 
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1.4. The role of lincRNA Malat1 in CD4+ T cells 

 

1.4.1 Overview of Malat1 

Metastasis associated lung adenocarcinoma transcript 1 (Malat1), also known as 

Nuclear enriched abundant transcript 2 (Neat2), is one of the most extensively researched 

lincRNAs. Malat1 defies many conventional lincRNA characteristics, as it as highly 

expressed as some housekeeping genes (Arun et al., 2020), is expressed in a wide variety 

of tissues, and exhibits strong sequence conservation, with >50% overall sequence 

conservation throughout vertebrates. This conservation increases to >80% at the 3’ end 

(Arun et al., 2020). In humans, Malat1 is present on chromosome 11q13.1 and is about 

8.7kb in length, and in mice is present on chromosome 19qA and about 6.7kb. Malat1 is 

transcribed, capped and polyadenylated similar to most mRNA transcripts, however 

following this Malat1 is cleaved near the 3’ end, to form a smaller 61nt long transcript, 

termed the Malat1-associated small cytoplasmic RNA (mascRNA). The larger transcript 

forms a triple helical tertiary structure at the 3’ end to prevent degradation. This structure 

consists of two upstream poly-U rich sequences looped out, with a downstream poly-A 

tract inserted between them. The triple helix protects the transcript from exonuclease 

degradation, potentially contributing to the high expression level (Wilusz et al., 2012). As 

a structural feature, the triple helix is rare in humans, only found in a few other lncRNAs 

such as neighbouring lincRNA NEAT1 and telomerase lncRNA TERC (Matveishina et al., 

2020; Wilusz et al., 2012). Following processing, the long Malat1 transcript localises to 

sub-nuclear compartments known as nuclear speckles, while the shorter mascRNA 

transcript instead localises to the cytoplasm (Wilusz et al., 2008). 
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Malat1 has shown a significant amount of clinical relevance, making it an 

attractive lincRNA for research. In its initial discovery, MALAT1 was found to be 

upregulated in non-small cell lung carcinomas with increased likelihood to metastasise 

(Ji et al., 2003), while a germline single nucleotide polymorphism (SNP) of MALAT1 is 

associated with improved survival outcomes in non-small cell lung carcinomas (J. Z. 

Wang et al., 2017). Further research identified MALAT1 as playing a major role in 

multiple other cancers including prostate, breast and pancreatic cancer, with repression 

generally proven to decrease cell migration, invasion, and metastasis (Arun et al., 2016; 

Chatterjee et al., 2020; Gutschner et al., 2013; L. Li et al., 2016; H. Yang et al., 2017). It 

has also been implicated in autoimmune disorders, with upregulation affecting splicing 

in multiple sclerosis (Cardamone et al., 2019), cytokine expression in systemic lupus 

erythematosus (SLE) (H. Yang et al., 2017), and disease severity in rheumatoid arthritis 

(Chatterjee et al., 2020). Combined with the aforementioned high expression and 

conservation, research suggests that Malat1 has a critical cellular function, and this 

provides a strong case for furthering our understanding of its role in disease.  

Despite its disease relevance, high expression and conservation, generation of 

three knock-out models in mice initially demonstrated that Malat1 is dispensable for 

normal mouse development. These models displayed no obvious homeostatic 

phenotypes or developmental defects (Eißmann et al., 2012; Nakagawa et al., 2012; B. 

Zhang et al., 2012), suggesting a redundant cellular role. However, research since then 

has identified a number of cellular roles of Malat1, particularly in terms of splicing and 

gene expression regulation, with important roles in immune cell function and in disease 

progression. Alongside these knock-out models, overexpression and rescue experiments 

have been performed to investigate Malat1 function. This has been performed 

previously in melanoma cells using lentiviral vectors to demonstrate that Malat1 
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negatively regulate expression of miR-34a (F. Li et al., 2019), and has also been 

achieved previously via CRISPR activation in patient derived lung adenocarcinoma to 

demonstrate that Malat1 affects tumour progression and metastasis (Martinez-Terroba et 

al., 2024). However, the relatively high expression of Malat1 in the majority of tissues 

can complicate separating overexpression results from experimental noise (Arun et al., 

2020). Alternate Malat1 knock-down has also been performed to downregulate Malat1 

levels without disrupting the genomic locus. While this has been performed using 

siRNA and shRNA previously (Tripathi et al., 2013; Y. Zhao et al., 2024), the 

knockdown efficiency was relatively low with only a 2-4 fold decrease (Eißmann et al., 

2012), potentially due to localisation of the RISC complex to the cytoplasm while 

Malat1 is a primarily nuclear RNA (Pratt & MacRae, 2009). 

 

1.4.2 Malat1 in nuclear speckles and splicing 

Malat1 localises to nuclear speckles, which are sub-nuclear membrane-less 

compartments (Lamond & Earnshaw, 1998; Lamond & Spector, 2003). Nuclear speckles 

are hubs of RNA, splicing, and mRNA transcript processing factors, and are predicted to 

be involved in regulating alternative splicing events and are involved in promoting high 

levels of transcription in specific gene compartments. While initial research involving 

depletion of Malat1 suggested that Malat1 is not an integral part of nuclear speckles 

(Nakagawa et al., 2012), more recent research has identified that Malat1 loss affects the 

intra-speckle organisation of RNA and splicing factors (Fei et al., 2017). Typically, 

organised speckle structure consists of core speckle proteins SON and serine/arginine 

repetitive matrix protein 2 (SRRM2) at the centre of the speckle, with RNA processing 

factors and mRNA transcripts present at the outside. When Malat1 is lost, this 
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organisation is lost and the components are instead mixed throughout the speckle (Fei et 

al., 2017). 

Malat1 is known to interact with and affect serine/arginine rich (SR) protein and 

heterogenous nuclear ribonuclear proteins (HNRNP) protein activity, which often reside 

within nuclear speckles. Co-immunoprecipitation of MALAT1 in HeLa cells revealed 

binding to serine and arginine-rich splicing factor (SRSF) 1-3, and MALAT1 depletion 

was shown to affect alternative splicing events via modulating SR protein localisation to 

nuclear speckles and their activation via their phosphorylation (Tripathi et al., 2010). The 

interaction between MALAT1 and SRSF1 has been particularly well studied. In 

hepatocellular carcinoma, MALAT1 was shown to affect SRSF1 expression levels which 

in turn affected splicing events (Malakar et al., 2016). Further exploration in HEK 293 

cells revealed that PTBP1, also known as HNRNPI, and PSF splicing factors are stabilised 

by Malat1 binding (Miao et al., 2022), helping to direct them to pre-mRNAs, and 

affecting different alternative splicing events. Furthermore, MALAT1 was also able to 

facilitate PTBP1 and PSF interactions with proteins HNRNPA1, HNRNPF and 

HNRNPU, affecting hepatocellular carcinoma progression (Miao et al., 2022). 

 

1.4.3 The role of Malat1 in gene expression regulation 

Malat1 is also closely linked to the transcriptional regulation of different genes. 

CHART-seq experiments (a method for identifying RNA-DNA interactions) in MCF-7 

cells showed that both MALAT1 and neighbouring lincRNA NEAT1 bind near the 

transcriptional start sites of hundreds of actively transcribed genes (West et al., 2014). 

This was further confirmed by RAP-RNA experiments (a method for identifying RNA-

RNA interactions) which showed interactions between MALAT1 and 5’ ends of nascent 
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pre-mRNAs during transcription (Engreitz et al., 2014). These RNA-RNA interactions 

were primarily between genes encoding RNA-binding proteins. Malat1 has also been 

shown to regulate transcription, through interaction with previous mentioned histone 

methylation complex PRC2. MALAT1 has previously been shown to associate with EZH2 

and PRC2 in several different cell lines, such as MCF-7 breast cancer cells (Arratia et al., 

2023), T and NK cell lymphomas (S. H. Kim et al., 2017), mantle cell lymphoma (X. 

Wang et al., 2016), and prostate cancer (D. Wang et al., 2015). Knock-down in prostate 

cancer was also shown to dysregulate H3K27 methylation patterns, suggesting that 

MALAT1 may regulate PRC2 targeting (D. Wang et al., 2015). 

Malat1 is also thought to regulate targets via acting as a miRNA sponge. MALAT1 

has been suggested to sponge miRNAs such as miR-3064-5p (Shih et al., 2021), miR-30b 

(Ahmad et al., 2023), and miR-663a (W. Tian et al., 2018) in different contexts of cancers, 

normally with pro-oncogenic effects. However, it is unclear on how this sponging effect 

occurs as miRNAs are cytoplasmic while Malat1 is primarily nuclear, although Malat1 

could sequester miRNAs during pre-miRNA processing. Interestingly, the mascRNA has 

also been shown to affect gene expression, primarily impacting translation. mascRNA 

positively regulates QARS protein levels in the cytoplasm, which promotes global protein 

translation and cell proliferation (X. Lu et al., 2020). 

 

  



62 
 

  

Figure 1.6 Structure and function of lincRNA Malat1 

A. Secondary structure of the Malat1 triple-helix at the 3’ end. B. Schematic 

depicting the potential functions of Malat1, including SR + HNRNP protein 

alternative splicing regulation, targeting of PRC complex for epigenetic repression, 

miRNA sponging, translational regulation, transcriptional regulation via association 

with transcription factors, and intra-speckle RNA + protein organisation. 
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1.4.4 Malat1 in CD4+ T cells 

Malat1 has been previously implicated as a regulator of multiple different 

branches of the immune system. In myeloid cells, MALAT1 expression in dendritic cells 

was shown to promote a tolerogenic phenotype (J. Wu et al., 2018), while in macrophages 

Malat1 has also been shown to differentially regulate macrophage polarisation in 

response to LPS or IL4 (H. Cui et al., 2019), and is downregulated in response to viral 

infection to induce antiviral immunity (W. Liu et al., 2020). Malat1 is also known to play 

a major role in regulating CD8+ T cell memory formation. Malat1 here is thought to 

interact with PRC2 component EZH2 to methylate memory cell genes, and promote 

differentiation to terminal effector cells, with Malat1 knock-down causing an increase in 

memory cells (Kanbar et al., 2022). 

There are conflicting reports on the function of Malat1 in CD4+ T cells. Malat1 

loss did not affect CD4+ T cells, T follicular helper cells or CD8+ T cells in response to 

lymphocytic choriomeningitis virus infection, with the authors suggesting it was 

dispensable for T cell function and development (Yao et al., 2018). However, siRNA 

knock-down of Malat1 in the context of multiple sclerosis and mice with experimental 

autoimmune encephalitis was shown to promote both Th1 and Th17 polarisation 

(Masoumi et al., 2019). Contrasting this, knockdown of Malat1 has also been observed 

to impair Th17 differentiation in the context of acute viral myocarditis in mice (Xue et 

al., 2022). Malat1 has also been shown to promote Th2 cell differentiation, where in vitro 

knock-down of Malat1 was shown to inhibit ovalbumin-induced CD4+ T cell Th2 

differentiation, increasing expression of miR-135b-5p and inhibiting expression of 

GATA3 and IL4 (X. H. Wu et al., 2022).  

Previous work from Dr. Katie West and Dr. James Hewitson demonstrated that 

Malat1 plays a critical role in regulating Th1 cell differentiation (Hewitson et al., 2020).. 
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Downregulation of Malat1 was shown to be a hallmark of CD4+ T cell activation, in both 

mouse and human cells (Dey et al., 2023; Hewitson et al., 2020). However, complete loss 

of Malat1 was shown to impact MAF protein and RNA expression, which in turn 

impacted the expression of immune regulatory cytokine IL10 in both Th1 and Th2 

differentiation. Malat1 loss was shown to impair generation of Tr1 cells in vivo in 

Leishmania donovani and Plasmodium chabaudi chabaudi AS infection models. Malat1-

/- CD4+ T cells displayed reduced IL10 expression, resulting in significantly reduced 

parasite burden in the leishmaniasis model and significantly more severe disease 

pathology in the malaria model (Hewitson et al., 2020). Overall, this evidence implicated 

Malat1 as a key regulator of CD4+ T cell activation and differentiation, and suggests that 

further research is required to truly understand how Malat1 affects Th cell differentiation, 

and the cellular mechanisms behind this. 
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1.5. Sexual dimorphism in the immune system 

 

1.5.1 Sexual dimorphism in Immunity 

Biological sex is a known determinant of immune function, both in humans and 

mice (Klein and Flanagan, 2016; Dunn, Perry and Klein, 2024; Forsyth et al., 2024). In 

general, it is thought that female immune systems respond stronger than males, and may 

include a slight bias towards type 2 responses. This difference in immune function has a 

number of consequences, with wide ranging effects on diseases (Klein & Flanagan, 2016). 

In general, the majority of autoimmune disorders are known to affect females over males, 

with diagnosis rates in the UK between 2000 and 2019 generally skewed to females over 

males at a 2/3 to 1/3 ratio (Conrad et al., 2023). This increased female to male ratio is 

particularly pronounced in the diagnosis rates of autoimmune disorders such as SLE, 

rheumatoid arthritis and multiple sclerosis. However, some autoimmune disorders such 

as inflammatory bowel diseases do not show any bias, and a few such as ankylosing 

spondylitis show a bias toward males (Voruganti & Bowness, 2020).  

Outside of autoimmune disorders, atopic allergies, including eczema and asthma, 

also display sex differences with a general bias in adulthood towards females over males 

(Gutiérrez-Brito et al., 2024). Asthma prevalence in children is in fact higher in males 

than females. However, in adults this trend reverses, and prevalence and mortality are 

both higher in females (Chowdhury et al., 2021). 

Immune sexual dimorphism is also known to affect disease susceptibility, more 

generally with males displaying increased susceptibility to infection. This was 

highlighted recently by SARS-CoV-2, in which older males were more likely to suffer 

from severe infection, however is also seen in response to other viruses such as influenza 
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(Bunders & Altfeld, 2020). In terms of parasitic infections, males worldwide are more 

likely to be infected with parasitic worms, and often present with higher parasite burden 

(Zuk & McKean, 1996). However, males often have higher rates of exposure to these 

pathogens due to environmental factors, which could act as a cause for these differences. 

Sexual dimorphism also extends to vaccine efficacy, as generally, vaccines have been 

shown to be more effective in females, with stronger induction of antibody responses 

when compared to males (Fischinger et al., 2018).  

Cell-intrinsic and extrinsic mediators of immune sexual dimorphism have been 

identified in recent years. These are mainly be split between the impact of sex hormones 

on immune cells, and the X and Y chromosomes, with a particular focus on the effect of 

X chromosome inactivation. However, research in this area is relatively novel, further 

research into identifying drivers of immune sex dimorphism will be essential for 

improving treatment of immunopathologies and vaccine efficacy. 

 

1.5.2 Sex hormones 

Sex hormones, such as testosterone, oestrogen and progesterone, are all important 

cell extrinsic mediators of immune sexual dimorphism. Many immune cells can respond 

to sex hormones via expression of oestrogen, androgen and progesterone receptors, 

modulating their responses to infection. Oestrogen is generally pro-inflammatory 

(Chakraborty et al., 2023), although the effects can vary between different cell types. For 

example, oestrogen is known to increase baseline neutrophil numbers but may have an 

inhibitory effect on NK cell cytotoxicity. Oestrogen is strongly linked to the expression 

of inflammatory cytokines, with oestrogen treatment in mice shown to significantly 

increase both IFNγ and IL2 expression in lymphoid cells (Karpuzoglu-Sahin et al., 2001). 
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Testosterone, meanwhile, provides an anti-inflammatory effect on immune 

responses, although again this is thought to vary between different cell types (Bupp & 

Jorgensen, 2018). Testosterone suppresses immune cell activation, for example reducing 

NK cell activity, and inhibiting M1 macrophage differentiation (Klein & Flanagan, 2016). 

In vivo data from a cohort undergoing hormone replacement therapy also suggests that 

testosterone may also cause a general attenuation of viral type-I IFN responses, 

particularly affecting DCs (Lakshmikanth et al., 2024). In terms of cytokine production, 

testosterone is strongly linked to increased expression of anti-inflammatory cytokine 

IL10, and has previously been shown to upregulate its expression in mouse splenocytes 

(Liva & Voskuhl, 2001). 

Progesterone displays a more mixed impact on immune cells, with both pro- and 

anti-inflammatory roles. In terms of its anti-inflammatory impacts, progesterone inhibits 

activation of different cells, such as DCs, macrophages, NK cells and CD4+ T cells 

(Raghupathy & Szekeres-Bartho, 2022). Progesterone can also signal to affect cytokine 

and chemokine secretion, reducing expression of cytokines such as IL1β and IL12, 

macrophage inflammatory proteins 1a and 1b, and RANTES, mostly via suppression of 

the NF-kB pathway (L. Cui et al., 2022). However, differing levels of progesterone have 

been suggested to have differing immunomodulatory effects, with high levels triggering 

the previously mentioned anti-inflammatory effects, while lower levels were more 

generally pro-inflammatory. In CD4+ T cells, lower serum levels of progesterone were 

able to enhance T cell activation (Papapavlou et al., 2021). Furthermore, progesterone in 

the context of hormone replacement therapy was shown to increase pro-inflammatory 

cytokines IL6 and TNFα levels (Brooks-Asplund et al., 2002), and increased 

progesterone levels in males is linked to increased background levels of inflammation 

(Zitzmann et al., 2005). 
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1.5.3 X chromosome inactivation and Xi escape 

One of the major cell intrinsic mediators of immune sexual dimorphism are genes 

located on the X chromosome. To avoid differences in gene dosage between females and 

males, one X chromosome is epigenetically silenced in females, and is referred to as the 

inactive X (Xi). X inactivation is epigenetic and occurs randomly in one X chromosome 

during embryo development. This inactivation state is inherited during all future cell 

divisions (Loda et al., 2022).  

The process of X inactivation is primarily mediated by the X-inactive specific 

transcript (XIST) lincRNA. XIST is transcribed during early embryogenesis, and spreads 

from its gene locus to cover the entire Xi, interacting with Cip1-interacting zinc finger 

protein (CIZ1) and HNRNPU to recruit transcriptionally repressive elements to the Xi 

(Panning, 2008). Here, complexes such as SPEN, which is involved in histone 

deacetylation, PRC2, which forms heterochromatin via H3K27me3 deposition, and 

DNMT3b, which causes DNA methylation at CpG islands, are all recruited and contribute 

to generating an epigenetically repressed Xi state (Augui et al., 2011; Loda et al., 2022). 

Meanwhile, XIST expression in the active X chromosome (Xa) is repressed to prevent 

accidental transcriptional silencing, via the expression of lncRNA TSIX. TSIX runs 

antisense to XIST, and transcription of TSIX over the XIST promoter prevents its 

expression (Gayen et al., 2015). A third X-linked lncRNA, functional intergenic repeating 

RNA element (FIRRE), is also involved in X inactivation, specifically the nuclear 

organisation of the Xi. FIRRE forms interchromosomal contacts to aid in physical 

compression of the Xi and prevent physical access to transcription factors, helping to 

anchor the Xi in the perinucleolar region and contributing to its epigenetic repression 

(Fang et al., 2020). 
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Figure 1.7 Schematic of X chromosome inactivation and Xist function 

A. LncRNA Xist is transcribed from one X chromosome at random. Following 

transcription, Xist coats the Xi, preventing access from transcriptional machinery. 

B. Xist recruits protein complexes for transcriptional repression of the Xi, including 

SPEN for histone de-acetylation, PRC1 and 2 for repressive histone methylation, and 

DNMT3b for DNA methylation at CpG islands. 
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Many genes on the X chromosome are involved in regulating the immune system, 

including genes for core cytokine receptor genes (IL2Rγ, IL13R and IL9R), innate immune 

pathogen recognition receptors (toll-like receptor (TLR) 7 and TLR8), and immune cell 

specific transcription factors (FOXP3, GATA1 and BTK). Some X-linked genes have been 

shown to escape their epigenetic repression and continue transcription in a limited subset 

of cells. The rate of escape can vary between species; in humans, around 15% of X-linked 

genes are known to escape inactivation, while in mice this number is present at around 

3% (Berletch et al., 2011). The distribution of genes able to escape is also not random 

with pockets of genes able to escape at higher rates than others typically on the short arm 

of the X chromosome in humans or near the centromere, although the escape genes vary 

between tissues. 

Escape of these genes in immune cells is thought to be linked to the increased 

immune response strength and the increased development of autoimmune disorders in 

females (Wainer Katsir & Linial, 2019). Important immune genes such as TLR7 are 

known to escape in human monocyte, B cells, and pDCs. Increased TLR7 leads to 

increased activation and to higher expression of type-I IFNs (Youness et al., 2021). 

Furthermore, experimental ablation of Xi in mice is capable of causing splenomegaly and 

development of SLE-like symptoms, with specific impacts identified from X-linked 

genes such as Tlr7, Cxcr3, Tasl and Tlr8 (Huret et al., 2024). As well as immune escape, 

the XIST-RBP X inactivation complex itself has been shown to promote autoimmune 

responses. The XIST-RBP complex is thought to be highly antigenic, as autoantibodies 

targeting the RBP components have been identified in human diseases such as SLE, 

multiple sclerosis and rheumatoid arthritis. Further confirming this, experimental 

transgenic Xist expression in male mice was then shown to cause significantly more 

severe pathology in a model of lupus (Dou et al., 2024).  
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1.5.4 Sexual dimorphism in CD4+ T cells 

CD4+ T cell differentiation and function is influenced by biological sex. Females 

generally present higher numbers of CD4+ T cells, which are more responsive to infection 

and display increased production of inflammatory cytokines such as IFNγ and IL2. 

Female CD4+ T cells have also been noted to have a slight bias towards Th2 

differentiation (Girón-González et al., 2000), while male CD4+ T cells appear to produce 

more IL17, suggesting a potential bias towards Th17 differentiation (Manuel & Liang, 

2021).  

T cells express both androgen and oestrogen receptors. Oestrogen signalling in 

CD4+ T cells has been shown to promote T cell activation, expression of pro-

inflammatory cytokines, and differentiation to effector T cells. Oestrogen has also been 

linked to a general suppression of core Treg transcription factor FOXP3 (Mohammad et 

al., 2018). Interestingly, pregnancy-associated hormones such as progesterone are known 

to affect Th cell differentiation, promoting Th2 responses in foetal tissue (H. Lin et al., 

1993). This is thought to have a protective effect, helping to prevent miscarriage. 

Meanwhile, testosterone, likely due to its ability to induce IL10 expression, promotes 

Treg differentiation, with other general anti-inflammatory impacts on Th cell 

differentiation such as increased rates of apoptosis in activated cells (Page et al., 2006). 

In a study on transgender men receiving testosterone therapy, testosterone caused an 

overall decrease in inflammatory Th1 and Th17 responses from CD4+ T cells, along with 

increased expression of Tregs (Henze et al., 2025). Testosterone has also been shown to 

particularly affect IL10 expression in T cells. Male splenocytes stimulated with anti-CD3 

produce higher levels of IL10, and stimulation of female splenocytes with anti-CD3 and 

dihydrotestosterone increased IL10 expression (Liva & Voskuhl, 2001). 
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X-linked genes and their escape have also been shown to impact CD4+ T cell 

function, and may also be linked to autoimmune disease progression. X-linked genes 

CXCR3 and CD40LG were shown to escape inactivation in activated T cells in SLE, 

while in B cells the Xist cloud over the Xi was shown to have an altered distribution, 

potentially playing a role in disease progression and contributing to the sex bias in SLE 

(J. Wang et al., 2016). X-linked gene KDM6a is often known to be significantly 

upregulated in female CD4+ T cells, and this has been shown to impact the expression of 

cytokines such as IFNγ, IL2, IL17 and IL5. This may also play a role in the development 

of autoimmune diseases, as deletion of KDM6a from CD4+ T cells in mice was protective 

against experimental autoimmune encephalitis (EAE) (Itoh et al., 2019). Xist and Xi 

dynamics are also affected in CD4+ T cells, potentially allowing for greater immune 

escape. In naive CD4+ T cells Xist does not localise to the Xi, and only re-localises during 

T cell activation (J. Wang et al., 2016). This less repressive state is thought to allow for 

partial Xi reactivation and easier gene escape, with escape of genes including Cxcr3, Il2rg 

and Kdm6a (Forsyth, Toothacre, et al., 2024). 
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1.6. Hypothesis and aims 

1.6.1 Hypothesis 

Our previous work focused on Th1 cells. Here, we tested the hypothesis that 

Malat1 controls Th2 differentiation. Driven by early results during the project, we refined 

our hypothesis to test that Malat1 is a sex-specific determinant of Th2 cell differentiation. 

We aimed to explore the differences in the Malat1 effects on female and male T cell 

differentiation and investigate the molecular mechanisms underpinning these effects.  

1.6.2 Aims 

1. To determine the role of sex and Malat1 on end-stage Th2 differentiation, using 

both in vitro and in vivo models of Th2 differentiation – Chapter 3. 

2. To investigate the role of Malat1 during early Th2 differentiation – Chapter 4. 

3. To investigate nuclear speckle function and X chromosome inactivation during 

Th2 differentiation, and whether Malat1 affects these processes – Chapter 5. 
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2. Materials and Methods 
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2.1 Animals and cell lines 

2.1.1 Mice 

Animal care and experimental procedures were regulated under the Animals 

(Scientific Procedures) Act 1986 (revised under European Directive 2010/63/EU) and 

were performed under U.K. Home Office License (project license number PP0841992 for 

breeding and PP9423191 for S. mansoni egg injections) with approval from the 

University of York Animal Welfare and Ethical Review Body. Animal experiments 

conformed to Animal Research: Reporting of In Vivo Experiments guidelines (du Sert et 

al., 2020). C57BL/6 CD45.2 mice were obtained from Charles River laboratories (UK). 

Malat1-/- mice were obtained from the Riken Institute (Nakagawa et al., 2012). Ciz1-/- 

mice were provided by Dawn Coverley. These mice were initially generated from 

C57BL/6 ES clone IST13830B6 (TIGM), with a neomycin resistance gene trap inserted 

downstream from exon 1 (Ridings-Figueroa et al., 2017). These mice also contained an 

inducible Ciz1 transgene via random integration transgene injected into (C57B6/CBA-F1 

x C57B6/CBA-F1) F2 eggs, and an activator transgene via targeted integration at the 

ROSA26 locus in R1 ES cells (C57BL/6), however transgenic Ciz1 expression was not 

utilised in this thesis. Each of these transgenic lines were backcrossed onto C57BL/6 for 

4-5 generations, then crossbred. They were then interbred without further backcrossing. 

 All mice were housed under specific pathogen free conditions and bred internally 

in the York University BSF facility as a homozygous line. In all experiments (in vitro 

CD4+ T cell differentiation and in vivo egg-injections) mice used were all between 6 and 

12 weeks of age. Mice were euthanised via increasing concentrations of CO2, followed 

by cervical dislocation. 
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2.1.2 Cell lines 

Cell lines used were a murine T lymphocyte line (EL4), and a human T 

lymphocyte line (Jurkat). Cells were cultured under sterile conditions in complete 

Roswell Park Memorial Institute (RPMI) 1640 media (Gibco), supplemented with 10% 

heat inactivated Foetal Bovine Serum FBS (Gibco), 1x Glutamax (Gibco) and 1x 

penicillin + streptomycin (Gibco). Cells were kept in T-25 or T-75 flasks in a humidified 

incubator at 37ºC in 5% CO2, and were passaged at a 1:10 split 2-3 times a week. 

 

2.1.3 Cell counts 

Cell counts were performed using trypan blue staining. 10 μl cell suspension was 

mixed with 10 μl 0.4% trypan blue solution (Cytiva). 10 μl of this was then loaded onto 

a haemocytometer chamber. Using a benchtop microscope, live cells were counted within 

a 16 square set. Multiplying this number by 2 x 104 gave the number of viable cells per 1 

ml. 

 

2.1.4 Freezing cells 

For long term storage, cells were first counted, then pelleted by centrifugation at 

250 x g, then suspended in 1 ml heat-inactivated FBS supplemented with 10% dimethyl 

sulphoxide (DMSO) (Sigma). Cells were then transferred to a cryovial, placed inside a 

Mr. Frosty Freezing Container (Thermo Scientific) and placed at -80ºC for up to a week. 

Cells were then transferred to liquid nitrogen tanks for longer term storage. 
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2.1.5 Thawing cells 

Cell line cells were recovered from liquid nitrogen and thawed in a 37ºC 

waterbath. Cells were then added to 9 ml pre-warmed media, and pelleted via 

centrifugation at 250 x g. Cells were then resuspended in RPMI and cultured in a T-25 

flask in a humidified incubator at 37ºC in 5% CO2. 
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2.2 In vitro Th2 differentiation 

2.2.1 Naïve CD4+ T cell isolation 

Spleens and axillary, brachial, mesenteric, and inguinal lymph nodes were 

collected from females and males of WT or Malat1-/- mice. These were homogenised 

through a 70 μm filter (Falcon) into a 50 ml Falcon tube using a syringe plunger, then 

flushed with 10-15 ml of complete RPMI media. Resulting cell filtrate was then pelleted 

and washed twice in 10 ml RPMI, with centrifugation at 450 x g for 5 minutes at 4 ºC. 

Cells were then gently suspended by pipetting in 3 ml Ammonium-Chloride-Potassium 

(ACK) lysis buffer (Gibco) for 10 minutes, pelleted, and washed again once with 10 ml 

of RPMI. Resulting pellets were then visually inspected to ensure the red blood cells had 

lysed. Following this, cells were suspended in 1 ml of complete RPMI and counted using 

a haemocytometer and trypan blue staining. 

Cells were next stained for Magnetic-Activated Cell Sorting (MACS) column 

isolation using the Miltenyi Mouse Naive CD4+ T Cell Isolation Kit (130-104-453). Per 

107 cells- 40 μl MACS buffer (2 mM Ethylenediaminetetraacetic acid (EDTA), 0.5% 

Bovine Serum Albumin (BSA), 1x Phosphate-Buffered Saline (PBS), made in-house) 

containing 3 μl of isolation kit biotinylated antibody cocktail was then added to each 

sample. This cocktail contains antibodies raised against CD8a, CD11b, CD11c, CD19, 

CD25, CD45R, CD49b, CD105, MHC II, Ter-119 and TCRγ/δ, to allow for negative 

selection of CD4+ T cells. Samples were mixed well by pipetting and incubated at 4ºC for 

10 minutes. 20 μl more of MACS buffer was then added along with 6 μl of anti-biotin 

microbeads and 3 μl of anti-CD44 microbeads. Samples were mixed well again by 

pipetting, then incubated at 4ºC for 15 more minutes.  
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Following staining, samples were washed in 5 ml MACS buffer, then pelleted and 

resuspended in 1 ml MACS buffer. LS columns (Miltenyi Biotec, 130-042-401) were then 

loaded onto a QuadroMACS separator pre-cooled to 4ºC, and washed with 3 ml of MACS 

buffer to equilibrate the columns. Samples were then loaded into the LS columns. The 

columns were rinsed with 3 ml MACS buffer, and the total eluate from the column was 

collected. Samples were then washed with 10 ml RPMI, pelleted and resuspended in 1 ml 

RPMI. Sample purity was assessed further by taking a small portion of sample (~10 μl) 

and performing flow cytometry staining, assessing CD4 and TCRβ expression (example 

purity and gating strategy shown in section 2.4.5). This typically resulted in a purity of 

~95%. 

 

2.2.2 In vitro Th2 differentiation  

An overview of the Th2 differentiation assay is shown in Figure 2.1. Flat-bottom 

96-well TC-treated plates (Costar) were incubated at 37ºC with 10 μg/ml anti-CD3ε 

activating antibody (clone 145-2C11, hereafter referred to as anti-CD3) in 100 μl PBS for 

4 hours. After this incubation, the excess anti-CD3 was removed, leaving the majority of 

the anti-CD3 plate-bound. Purified naïve CD4+ T cells were then counted and 

resuspended at 5 x 106 cells per ml of complete RPMI (supplemented with 15% instead 

of 10% FBS). 100 μl of cell suspension (5 x 105 cells) was then added per well, and 

stimulated via addition of 100 μl of complete RPMI containing a cytokine and antibody 

activation mix. The final well (200 μl total volume) concentrations of the activation mix 

were as follows: 4 μg/ml soluble anti-CD28 (Biolegend, clone 37.51), 30 ng/ml mouse 

rIL4 (PeproTech), and 5 μg/ml anti–IFNγ (Biolegend, XMG1.2). Cells were then placed 

in a humidified incubator at 37ºC with 5% CO2. After 4 days, the cells were removed and 
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washed with 10 ml RPMI. Cells were then re-plated in flat-bottom 96 well plates in 200 

μl complete RPMI containing 10 U/ml human recombinant IL2 (PeproTech), which 

causes late-stage cytokine expression and cell expansion. Cells were placed in a 

humidified incubator for 2 more days.  

When investigating different stages of differentiation, samples were taken at the 

indicated time or day following addition of the initial activation cocktail, from day 0 

(naïve cells) to day 6 (end-point differentiation). To assess end-stage differentiation 

efficacy, whole wells were taken as samples at the end-point of differentiation to assess 

for cytokine and receptor expression by flow cytometry, or transcript expression by 

qRTPCR (both detailed later in the methods). 
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Figure 2.1 Schematic for the Th2 differentiation assay 

Spleens and lymph nodes were extracted, and naïve CD4+ T cells were obtained by 

MACS column isolation. Cells were differentiated towards a Th2 phenotype via 

addition of anti-CD3, anti-CD28, anti-IFNγ and rIL4. After 4 days, cells were 

resuspended in rIL2 for 2 more days, resulting in differentiated Th2 cells. Figure 

created in Biorender. 
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2.2.3 Anti-CD3 titration assays 

To assess the effect of differing activation strength on Th2 differentiation, flat-

bottom 96-well plates were incubated for 4 hours at 37ºC with 100 μl anti-CD3ε in PBS, 

with anti-CD3ε concentrations varied at 2, 5, 10 and 20 μg/ml. Volumes added were kept 

consistent via supplementing with PBS. Following this, excess anti-CD3ε was removed, 

and then the Th2 differentiation proceeded as normal, with analysis of cytokine 

expression by flow cytometry at end-point differentiation. An overview of this is shown 

in Figure 2.2. 
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Figure 2.2 Schematic of the Th2 differentiation assay with anti-CD3 titration 

Schematic for Th2 differentiation with anti-CD3 titration. Differentiation was 

performed as shown in Figure 2.1, but with plate-bound anti-CD3 levels varied 

between 2 and 20 μg/ml. Figure created in Biorender. 
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2.2.4 rIL2 titration assays 

To assess the effect of differing IL2 levels on Th2 differentiation, after the first 4 

days of Th2 differentiation cells were removed from the plate and washed with 10 ml 

RPMI 1640. Cells were then replated in flat-bottom 96 well plates in 200 μl RPMI 

containing human rIL2, with concentrations varied at 2, 5, 10 and 20 U/ml. Volumes of 

rIL2 added were kept consistent via supplementing with PBS. Following this, Th2 

differentiation proceeded as normal, with cytokine expression assessed at end-point 

differentiation via flow cytometry. An overview of this experiment is shown in Figure 

2.3. 
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Figure 2.3 Th2 differentiation assay with rIL2 titration 

Schematic for Th2 differentiation with rIL2 titration. Differentiation was performed 

as shown in Figure 2.1, but with resuspension at day 4 in rIL2 concentrations varied 

between 2 and 20 μg/ml. Figure created in Biorender. 
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2.2.5 IFNβ treatment 

To assess the impact of type-I IFNs on Th2 differentiation, the Th2 activation mix 

was supplemented so the final well volume contained 5000 U/ml mouse IFNβ (Prospec, 

CYT-651). An equivalent volume of PBS as the IFNβ added was used as a control. 

Following this, Th2 differentiation proceeded as normal, with RNA extracted on day 2 

for analysis of type-I IFN genes by qRTPCR, and cytokine expression assessed at end-

point differentiation by flow cytometry. 

 

2.2.6 GapmeR treatments 

For Malat1 knock-down experiments, Non-Targeting Control (NTC) or Malat1-

targeting antisense oligonucleotide GapmeRs from QIAGEN (Hilden, Germany; 

LG00000002-DDA and LG00000008-DDA, respectively) were used. GapmeRs enter the 

cells via gymnosis, where they then bind to the target RNA and trigger RNase H-mediated 

degradation. GapmeR sequences are listed below in Table 2.1. Prior to use, GapmeRs 

were re-suspended at 50 μM in nuclease free water, gently mixed, then aliquoted under 

sterile conditions and stored at 20ºC. Freeze thawing of GapmeRs was avoided.  

 GapmeRs were added to naïve WT CD4+ T cells either on day 0 alongside the 

activation mix, or on day 4 alongside rIL2, at a final well concentration of 100 nM. 

Cytokine expression was then assessed at end-point differentiation by flow cytometry, 

and the efficacy of Malat1 knock-down and the effect of this on other transcript levels 

was assessed at different days throughout differentiation by qRTPCR.  
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Table 2.1 GapmeR antisense oligonucleotide sequences 

 

 

  

Target Sequence (5'-3') 

Antisense LNA GapmeR Control: Negative 

control A 

A*A*C*A*C*G*T*C*T*A*T*A*C*G*C 

Antisense LNA GapmeR control: Malat1 

(mouse) positive control 

G*T*C*A*C*A*A*T*G*C*A*T*T*C*T*

A 
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2.2.7 Blocking antibody treatment 

Both the activation mix on day 0 and the rIL2 mix at day 4 were supplemented 

with either an anti-IL10R blocking antibody (1B1.3A, Bio X Cell) with final well 

concentrations of 10 μg/ml of antibody. Rat IgG at 10 μg/ml was used as a control. End-

point activation of samples was assessed by flow cytometry. 

 

2.2.8 Human Th cell differentiation 

Human Th cells were provided by Dr. Dave Boucher, and extracted from 10ml 

whole blood using the EasySep™ Direct Human T Cell Isolation Kit (Stemcell 

Technologies). 100,000 CD4+ T cells were plated in a 96 well TC treated plate, in 200 μl 

RPMI 1640 containing 30 U/ml human recombinant IL2 (PeproTech) and 5μl 

ImmunoCult Human CD3/CD28 T Cell Activator (Stemcell Technologies). For Th2 

differentiation, 1 ug/ml anti-IFNγ (Biolegend, MD-1), 1 ug/ml anti-IL12 (Biolegend, 

C8.6) and 50 ng/ml rIL4 (Biolegend) were added to the activation mix. After 3 days, cells 

were either collected for immunofluorescence staining and qRTPCR, or resuspended in 

200 μl RPMI containing 30 U/ml IL2 and expanded for 4 days. 

 

2.2.9 Recombinant cytokine storage 

All cytokines used in these experiments were purchased as sterile lyophilised 

powders, from indicated suppliers. Cytokines were resuspended at desired concentrations 

under sterile conditions in PBS containing 0.1% BSA, as indicated by the manufacturer. 

Cytokines were then aliquoted and stored at -80ºC until required. Cytokines were not re-

used after thawing, to avoid degradation of activity by freeze-thaw cycles.  



89 
 

2.3 Quantitative real-time PCR 

 

2.3.1 RNA extraction 

Cells were washed with 1 ml of PBS, then pelleted by centrifugation at 450 x g. 

The supernatant was discarded, and the cells were lysed by the addition of 700 μl Qiazol 

(Qiagen) and mixed well. Once in Qiazol, samples could be frozen at -80ºC for short-

term storage.  

RNA was next extracted using the Qiagen RNeasy mini kits. Frozen samples in 

Qiazol were thawed at room temperature, then mixed thoroughly with 140 μl chloroform 

and incubated at room temperature for 2 minutes. Samples were then centrifuged for 15 

minutes at 12,000 x g and 4ºC. The clear upper aqueous phase was transferred to a new 

tube containing 1.5x the volume of 100% ethanol, and mixed thoroughly. Samples were 

loaded into silica columns with 2 ml collection tubes (Qiagen) and spun at >8000 x g for 

15 seconds at room temperature, and the flow-through was discarded. The columns were 

washed once with 650 μl buffer RWT, and twice with 450 μl buffer RPE, with 15 second 

centrifuge spins and discarding of the flow-through between each wash. Columns were 

spun for an extra 2 to remove all excess buffer, transferred to a new collection tube, and 

spun again for 1 minute to dry the membrane. The columns were then transferred to a 

new RNase free 1.5 ml Eppendorf tube, and 30 μl nuclease free water was added directly 

onto the membrane. RNA was then eluted from the columns via centrifugation for another 

minute. RNA yield and quality were assessed using the nanodrop 2000 (ThermoFisher), 

and RNA was kept at -80ºC for long term storage. 

If RNA samples were to be sent for sequencing, on-column DNase I digestion was 

performed to remove any contaminating genomic DNA. The RWT wash step was split in 
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two, and columns were first washed with 350 μl buffer RWT, spun for 15 seconds, then 

incubated with 80 μl DNase I solution (Qiagen RNeasy on-column DNase digestion kit) 

at room temperature for 15 minutes. Following this, columns were washed again with 350 

μl buffer RWT and spun for 15 seconds. RNA extraction then continued as normal. 

 

2.3.2 cDNA synthesis 

The isolated RNA was converted to its complimentary DNA (cDNA), for use in 

qRTPCR reactions. Per sample, 50-500ng of RNA (typically around 5 μl) was mixed with 

1 μl of 50 ng/μl random hexamer primers (ThermoFisher), 1 μl 10 mM dNTP mix 

(Qiagen), and nuclease free DEPC treated water to take the total volume up to 13 μl 

(ThermoFisher). Samples were incubated at 65 ºC for 5 minutes to denature the RNA, 

then at 4ºC for 1 minute. Following this, 4 μl of 5x First Strand Synthesis Buffer 

(Invitrogen), 2 μl DTT (Invitrogen), 0.5 μl RNase OUT (Invitrogen) and 0.5 μl 

SuperScript II (Invitrogen) were added to each sample. Samples were then incubated at 

25ºC for 10 minutes, 50ºC for 50 minutes, and 85ºC for 5 minutes, then held at 4ºC. The 

incubations were carried out using a VeritiPro 96 well thermal cycler (Applied 

Biosystems).  Resultant cDNA was diluted 1:2 with nuclease free water, then stored at -

20ºC. 

 

2.3.3 qRTPCR 

Transcript expression from cDNA was determined using quantitative real-time 

PCR (qRTPCR) assays. For primers designed in-house, 20 μl reactions were performed 

containing 1 μl of cDNA produced from Methods section 2.3.2, 10 μl SYBR green 2x 

mastermix (Invitrogen), and 0.6 μl of both forward and reverse primer 10 μM stocks to 



91 
 

give 0.3 nM final concentration. Reactions were loaded into a well of a MicroAmp 

Optical 96-Well Reaction Plate (Applied Biosystems). For Quantitect primer assays 

(Qiagen), per well 1 μl cDNA was mixed with 10 μl fast SYBR green master-mix, 7 μl 

nuclease free water and 2 μl Quantitect primer assay.  

Where possible, each reaction was performed in duplicate. Plates were loaded into 

either a StepOnePlus Real Time PCR System (Applied Biosystems) or a QuantStudio 3 

PCR system (ThermoFisher) for analysis. Relative transcript levels were determined 

using the ∆∆Ct method, with U6 as a reference transcript. In short- average Ct values (the 

cycle at which fluorescence appears above background levels) of reference U6 were 

subtracted from average Ct values of genes of interest, to create ∆Ct values. The average 

∆Ct value was then determined from a control group (typically WT female samples), and 

subtracted from all samples, to generate ∆∆Ct values. Finally, fold change was determined 

by the equation below. 

Fold change = 2-∆∆Ct  

 

2.3.4 qRTPCR primer validation 

All in house qRTPCR primers were validated prior to use, to ensure they displayed 

a single melt curve, and had primer efficiencies of 90-110%. Some in-house primers had 

been optimised previously by other lab members. To determine primer efficiency of new 

primers, 5 point standard curves were generated by serially diluting cDNA known to 

contain expression of the target gene. The qRTPCR reaction was then performed 

including the new primer pair on the serial dilution of cDNA. Using Excel, Ct values were 

plot against a log of the serial dilution, and the slope was determined. The following 

equation was then used to calculate efficiency. 
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Efficiency (%) = (-1/(10slope-1)) x 100 

For transcripts proving difficult to validate primers for, such as those for some 

transcription factors and cytokines, Quantitect primer assays were purchased from 

Qiagen. All primers used in this thesis are listed in Table 2.2. 
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Table 2.2 Primer sequences used for qRTPCR 

Transcript Forward Primer Reverse Primer 

Malat1 TGCAGTGTGCCAATGTTTCG GGCCAGCTGCAAACATTCAA 

Il2ra GCATAGACTGTGTTGGCTTCTG

C 

GCGTTGCTTAGGAAACTCCTG

G 

Il2rg GGAGCAACAGAGATCGAAGCT

G 

CCACAGATTGGGTTATAGCGG

C  

Il2 CCAATTCGATGATGAGTCAGC CTTATGTGTTGTAAGCAGGAG

G 

Cd69 CCCTTGGGCTGTGTTAATA AACTTCTCGTACAAGCCTG 

U6 CGCTTCGGCAGCACATATAG TTCACGAATTTGGCTGCTAT 

Il4 AACGAAGAACACCACAGAGAG

TGAG 

CGATGAATCCAGGCATCGAAA

AG 

Ifit1bl1 GAGATGGACTGTGAGGAAGGC

T 

ATCCAGGCGATAGGCTACGAC

T 

Ifit1 GCAGAGAGTCAAGGCAGGTT TTGTGCATCCCCAATGGGTT 

Ifit3b GCTCAGGCTTACGTTGACAAGG CTTTAGGCGTGTCCATCCTTCC 

Ifnar1 TGTGCTTCCCACCACTCAAG AGGCGCGTGCTTTACTTCTA 

Ifnar2 TGGGTATCCAGATGAACCTTG GCCCTCCAACCACTTATCTG 

Iigp1 GAGAACCAAGGTGGACTCTGA

C 

GAGAGCAGGAAGATTGGTGG

CT 

Irf1 CCCACAGAAGAGCATAGCAC AGCAGTTCTTTGGGAATAGG 

Irf7 GCATTTCGGTCGTAGGGATCTG

GATGAAGA 

CGTACACCTTATGCGGATCAA

CTGGA 

Son TTCCGGGAAATACAACAGGA GGGTGGATTTGTTTCACCAT 

Srrm2 CTGCAAGAATGTCCCAGGTT ATGCCGGAATAGCAGATGTC 
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Stat1 TACGGAAAAGCAAGCGTAATCT TGCACATGACTTGATCCTTCA

C 

Ifna(1+13) TGCCCAGCAGATCAAGAAGG TCAGGGGAAATTCCTGCACC 

Ifnb GTACAACAGCTACGCCTGGA GAGTCCGCCTCTGATGCTTA 

Ifna4 CAATGATTGAACCCACATCCCC

A 

CCTTGCTTTCCAATTCTCTTTT

CA 

Xist CTACTGCTCCTCCGTTACATCA AGGAGCACAAAACAGACTCC

A 

Gata3 Mm_Gata3_1_SG QuantiTect Primer Assay 

Tbet Mm_Tbx21_1_SG Quantitect Primer Assay 

Maf Mm_Maf_1_SG Quantitect Primer Assay 

Il10 Mm_Il10_1_SG QuantiTect Primer Assay 
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2.4 Flow cytometry 

2.4.1 Buffers and antibodies  

Antibodies- Antibodies used for flow cytometry, including their target, conjugated tag, 

company purchased from, clone and dilution are listed in Table 2.3. Appropriate isotype 

controls as recommended by the manufacturer were used for intracellular cytokine or 

transcription factor staining, while fluorescence minus one (FMO) controls were used for 

surface receptors. 

FACS buffer- PBS containing 0.5% BSA and 0.05% sodium azide 

ICC staining- performed using Fixation/Permeabilisation solution, and 1x Perm/Wash 

Buffer (BD Bioscience). 

Transcription factor staining- performed using FoxP3 Fixation/Permeabilisation solution 

and 1x Permeabilisation buffer (eBioscience). 
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Table 2.3 Antibodies used in flow cytometry experiments 

Antibody 

target 

Fluorophore/ 

Conjugate 

Company Clone Dilution 

TCRβ PE-Cy7 Biolegend H57-597 1/250 

CD19 APC-Cy7 Biolegend 6D5 1/250 

MHC class II  Alexa Fluor 700 Biolegend M5/114.15.2 1/250 

Ly6G APC-Cy7  Biolegend 1A8 1/250 

Ly6C BV605 Biolegend HK1.4 1/250 

CD64 PE Biolegend X54-5/7.1 1/250 

CD11b  PB Biolegend M1/70 1/250 

CD44 FITC Biolegend IM7 1/250 

CD62L PE Biolegend MEL-14 1/250 

CD8α PB Biolegend 53-6.7 1/250 

CD4 PerCP/Cy5.5  Biolegend RM4-5 1/250 

IFNγ  FITC Biolegend XMG1.2 1/100 

IL10 PE  Biolegend JES5-16E3 1/100 

IL4 PE-Dazzle or 

APC 

Biolegend 11B11 1/100 

IL2Rα PerCP/Cy5.5 or 

APC 

Biolegend PC6.1 1/250 

CD69 APC Biolegend H1.2F3 1/250 

IL2Rγ PE Biolegend TUGm2 1/250 

GATA3  PE-Dazzle 594  Biolegend 16E10A23 1/100 

IL13  PB eBioscience eBio13A 1/100 

IFNAR1 PE Biolegend MAR1-5A3 1/250 

streptavidin PE-Cy7 Biolegend 405206 1/400 
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SIGLECF PerCP-eFluor 

710 

ThermoFisher 1RNM44N 1/250 

iNOS PE-eFluor 610  ThermoFisher CXNET 1/125 

goat anti-rabbit A647 ThermoFisher A27040 1/400 

YM1  Biotin R&D systems BAF2446 1/200 

anti-murine 

RELMα 

Unconjugated Invitrogen H1717 1/200 

CD45.2 BV786 BD Bioscience Clone 104 1/250 
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2.4.2 Surface staining 

Cells were pelleted by centrifugation at 450 x g at 4ºC, the supernatant was 

discarded, and the cells were washed twice in 800 μl ice cold 1x PBS. Cells were then 

stained with 0.1 μl Zombie Aqua live/dead stain (BioLegend) in 100 μl PBS, for 10 

minutes at 4ºC in the dark. Following this, cells were washed with 800 μl fluorescence 

activated cell sorting (FACS) buffer, then the supernatant was discard and Fc receptors 

were blocked with 3 μg/ml rat IgG (Sigma-Aldrich) for 5 min at 4°C in the dark. Cells 

were then stained with the required antibodies in 50 μl FACS buffer, for 30 min at 4°C in 

the dark. Samples were washed twice more in 800 μl FACS buffer, and resuspended in 

200 μl FACS buffer for flow cytometry analysis. 

If fixing was required, following surface staining cells were instead washed with 

800 μl PBS, then fixed in 150 μl of 4% paraformaldehyde (Fisher bioreagents) at 4ºC for 

20 minutes in the dark. Following this, cells were pelleted and washed twice more with 

800 μl FACS buffer, then resuspended in 200 μl FACS buffer for flow cytometry analysis. 

 

2.4.3 Intracellular cytokine staining 

Prior to flow staining, cells were stimulated in wells via addition of 500 ng/ml 

PMA, 1 μg/ml ionomycin, and 10 μg/ml brefeldin A (all Sigma-Aldrich). Cells were 

incubated with these reagents in a humidified incubator for 4 hours at 37°C with 5% CO2. 

Live dead and surface staining then proceeded as normal following this. 

 Following surface staining, cells were instead pelleted and washed twice with 

800 μl FACS buffer, and resuspended in 150 μl Fixation/Permeabilisation solution for 20 

minutes at 4ºC in the dark. Cells were then pelleted and washed twice with 500 μl of 1x 

Perm/Wash buffer, at which point cells could be left overnight in Perm/Wash buffer. Cells 
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were then resuspended in 50 μl Perm/Wash buffer containing required antibodies 

targeting intracellular cytokines for 30 minutes at 4ºC. Cells were then pelleted, washed 

twice more with 500 μl Perm/Wash buffer, then resuspended in 200 μl FACS buffer for 

flow cytometry analysis. 

 

2.4.4 Transcription factor staining 

Following surface staining, cells were washed twice with 800 μl FACS buffer, 

then fixed and permeabilized (either for 1 hour or overnight, both at 4°C in the dark) in 

150 μl of the eBioscience FoxP3/Transcription Factor Fixation/Permeabilization solution 

(ThermoFisher). Cells were then washed twice in 800 μl of 1x eBioscience 

Permeabilization Buffer (ThermoFisher), then stained by resuspension in 50 μl 1x 

Permeabilisation Buffer containing antibodies targeting transcription factors. Cells were 

then washed twice more in 800 μl 1x Permeabilisation Buffer and resuspended in 200 μl 

FACS buffer for flow cytometry analysis. 

 

2.4.5 Data acquisition and gating strategy 

Samples were run and data was acquired on either a LSRFortessa (BD 

Biosciences) or a Cytoflex LX (Beckman Coulter). Compensation was carried out using 

single stained cells per each experiment, and appropriate isotype or fluorescence-minus-

one (FMO) controls were used to identify positive and negative populations. At the 

cytometer, samples were gated for Live cells against SSC, then with FSC vs SSC to 

identify the cell population, followed by FSC-A vs FSC-H and SSC-A vs SSC-H to 

identify singlet events. This gating was standard for all experiments performed. For all in 

vitro Th2 differentiation experiments, a TCRβ+ vs CD4+ gate was then created to identify 
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the CD4+ T cell population within. An example of this is shown in Figure 2.4. Samples 

were run for a further 2 minutes, with minimum 10,000 events collected in the CD4+ 

TCRβ+ gate. Further analysis was then performed using FlowJo V10.6.1 (FlowJo) for 

analysing data from the LSRFortessa, or CytExpert 2.6 (Beckman Coulter) for analysing 

data from the Cytoflex LX, typically looking at receptor or cytokine expression as a 

percentage of CD4+ TCRβ+ cells. Gating was performed using appropriate isotype or 

FMO controls (Supplementary Figures 1+2) to identify negative populations.  
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Figure 2.4 Gating strategy for determining CD4+ TCRβ+ cells via flow 

cytometry 

Example gating strategy for identifying live cells, singlets, and CD4+ TCRβ+ cells. 
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2.5 Western blotting 

 

2.5.1 Buffers 

Transfer buffer- 1 x Trans-Blot Turbo Transfer Buffer (Bio-Rad). 

1x Running buffer- 100 ml 10x Tris/Glycine/SDS stock (0.25 M Tris, 1.92 M Glycine, 

1% SDS) (Geneflow) 900 ml ddH20. 

1 x TBST- 100 ml 10x TBS, 900 ml H2O and 1 ml Tween. 

Blocking buffer- 2% BSA TBST (0.1%) pH 8.0. 

RIPA buffer- 150 nm NaCl, 10mM Tris pH7.4, 1mM PMSF, 1% Triton X-100, 1% sodium 

deoxycholate, 0.1% SDS. 

 

2.5.2 Cell lysate generation 

Cells were isolated and resuspended in radioassay immunoprecipitation (RIPA) 

buffer containing 1 μl of protease and phosphatase inhibitors (Protease Inhibitor Cocktail 

p8340, Phosphatase Inhibitor Cocktail II p5726, Phosphatase Inhibitor Cocktail III 

p0044, all from Sigma-Aldrich) per 100 μl of RIPA, at a density of ~1x106 cells per 30 μl 

of buffer. Samples were then centrifuged at 10,000 x g for 15 minutes at 4ºC, and the 

soluble fraction was isolated and stored at -20ºC. 

 

2.5.3 Bicinchoninic assay (BCA) 

Where appropriate, protein sample concentration was determined by Pierce BCA 

Protein Assay Kit (ThermoFisher). Protein samples in RIPA buffer were diluted 1 in 6 
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with PBS (2 μl protein sample in 10 μl PBS), and 5 μl of this mix was then added to a flat 

bottomed 96 well plate in duplicate. 95 μl of assay reagents (93.1 μl Buffer A + 1.9 μl 

Buffer B) was added to the samples, and the plate was incubated at 37ºC for 30 minutes. 

Calibration curves were generated from known concentration recombinant BSA protein 

standards using step-wise dilutions. Plates were read at 562 nm, and protein concentration 

was determined by comparing sample absorbance against the calibration curve. 

 

2.5.4 PAGE gel protein separation 

10 μg of sample was diluted with H2O to make a volume of 15 μl, then mixed with 

5 μl 4x western blot loading buffer and denatured by boiling at 95ºC for 10 minutes with 

regular vortexing. Proteins were then separated by size via sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE), using gels of 15% polyacrylamide, 

1.5mm width and 12 wells made in house. Samples were loaded into the well and then 

gels were run for 1 hour and 30 minutes at 120 volts/300 watts. 

 

2.5.5 Transfer to membranes 

Proteins were transferred to PVDF or nitrocellulose membranes using the Trans-

Blot Turbo transfer system (Bio-Rad). Prior to use, PVDF membranes were immersed for 

1 minute each in methanol, water and 1x transfer buffer, in that order. Whattman filter 

paper and the PAGE gel were also immersed in 1x transfer buffer prior to use. The filter 

paper, membrane, PAGE gel and filter paper sandwich was then assembled and loaded 

into the Trans-Blot Turbo system, and bubbles were removed via use of a roller. The 

transfer took place at 2.5 amps, 25 volts for 10 minutes. Once completed successful 
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transfer was validated by visual inspection of the ladder. The membrane was rinsed briefly 

in TBS, then blocked in blocking buffer for 1 hour at room temperature with rotation. 

 

2.5.6 Membrane imaging 

Membranes were transferred from blocking buffer to a 50 ml falcon containing 

the desired antibody in 5 ml TBST with 5% BSA. These were then incubated overnight 

at 4ºC with rotation. The following morning, membranes were washed three times for 10 

minutes at room temperature in TBST, then transferred to a 5 ml falcon containing the 

required secondary antibody in 5 ml of TBST with 5% BSA. Membranes were then 

incubated for an hour and a half at room temperature with rotation, then washed 3 more 

times with TBST. 

As secondary antibodies were HRP linked, ECL reagents A + B (Amersham) were 

mixed together at a 1:1 ratio and then spread evenly over the surface of the membrane. 

The membrane was then loaded into an iBright 1000 (Invitrogen) and imaged for an 

appropriate amount of time to identify but not overexpose bands. Membranes were then 

stripped by placing them in a 50 ml falcon tube with 5 ml Restore PLUS Western Blot 

Stripping Buffer (Thermo Scientific) and then incubated for 15 minutes at room 

temperature. Membranes were then quickly washed with TBS, at which point they could 

be blocked and probed again with new antibodies. As well as probing for proteins of 

interest, all blots were also probed for a loading control protein (histone H3) to ensure 

similar amounts of protein were loaded in each well. 
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2.6 Microscopy and cell imaging 

 

2.6.1 Buffers and antibodies 

CSK buffer- 10 mM PIPES pH 6.8, 100 mM NaCl, 300 mM sucrose, 1 mM MgCl2, 1 

mM EGTA 

Antibody Buffer- 1x PBS, 10 mg/ml BSA, 0.02% SDS, and 0.1% Triton X-100 

Antibodies- Antibodies used for imaging are listed in Table 2.4, with information on target 

protein, whether the antibody is rabbit, mouse or goat, the clone, and company purchased 

from. 
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Table 2.4 Antibodies used for immunofluorescence staining 

Antibody Rabbit/Mouse/Goat Clone/Catalogue 

Number 

Company 

Anti-H3K27me3 Rabbit MA5-11198 ThermoFisher 

Anti-CIZ1 C-terminus Mouse 87 Cizzle Biotech 

Anti-CIZ1 N-terminus Rabbit 1794 Cizzle Biotech 

Anti-SON Rabbit 28046-1-AP Proteintech 

Anti-phosphoepitope-SR 

protein 

Mouse 1H4 Merck 

Goat anti-Rabbit IgG, 

Alexa Fluor 568 Red 

Secondary 

Goat A-11011 ThermoFisher 

Goat anti-Mouse IgG, 

Alexa Fluor 488 Green 

Secondary 

Goat A-11001 ThermoFisher 
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2.6.2 Cytospinning cells 

Prior to immunofluorescence staining, T cells were cytospun to ensure adherence 

to microscope slides. Cells were first pelleted by centrifugation at 450 x g for 5 minutes. 

Cells were then resuspended in complete RPMI at a density of 1x105 cells per 250 μl. 

250ul of cell suspension was then loaded into a cytofunnel EZ with white filter paper 

(Thermo Scientific) and a SuperFrost Plus slide (Thermo Scientific). Cells were spun at 

1000rpm for 5 minutes with low acceleration using a Cytospin 3 centrifuge (Thermo 

Shandon). Slides were then removed and inspected via light microscopy to ensure cell 

transfer. 

 

2.6.3 Cell fixing and permeabilization 

A hydrophobic barrier was drawn around cytospun cells with a PAP pen. 40 μl 

CSK buffer supplemented with 0.1% Triton X-100 was then added to the cells followed 

by an incubation for 2 minutes at room temperature. CSK buffer was removed, and 50 μl 

4% PFA in PBS was then added, followed by another incubation at room temperature for 

10 minutes. Slides were then washed three times in PBS for 5 minutes, and 50 μl antibody 

buffer was then added to the cells. Following a 10-minute incubation at room temperature, 

slides were then frozen with cells in the antibody buffer, and stored at -80ºC ready for 

staining. 

 

2.6.4 Staining protocol 

Slides were thawed, the antibody buffer was removed, and the cells were left to 

incubate with 50 μl fresh antibody buffer for 15 minutes. Cells were then stained with 

primary antibodies (mouse anti-Ciz1 87 Ab, 1:20 dilution, rabbit anti-Ciz1 1794 Ab 
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1:1000 dilution and rabbit anti-SON Ab 1:1000) in 30 μl antibody buffer, for 90 minutes 

at 37°C in a humidified chamber to ensure evaporation was kept at a minimum. Following 

this, cells were washed 3x with 50 μl antibody buffer, then stained with secondary 

fluorescent antibodies (goat anti-rabbit alexa-fluor 568 and goat anti-rabbit alexa fluor 

488) in 30 μl antibody buffer, for another 90 minutes at 37°C in a humidified chamber. 

Slides were then washed 3 times in PBS. One drop of vectashield plus antifade mounting 

medium with DAPI (Vector Laboratories) was then added to the slides, followed by a 

coverslip. Slides were sealed with clear nail polish and stored at 4°C. 

 

2.6.5 Image acquisition and analysis 

For CIZ1 and H3K27me3 staining investigating X chromosome inactivation, 

images were acquired on the Zeiss Axiovert 200M at 63x magnification using Zen Blue 

(Zeiss), with consistent exposure times used between samples. SON and phosphoepitope-

SR staining required higher definition imaging, and images were acquired on the Zeiss 

LSM 880 confocal with airyscan using Zen Black (Zeiss). 16-bit images were acquired 

as Z-stacks of total 4.31 μm in height, consisting of 28 slices 0.16 μm apart. Tilescans 

were used to take 4 neighbouring images stitched together in a 2x2 grid, of total 149 by 

149 μm size. Images were then processed with Zen Black. Cells were selected based on 

the DAPI layer with the aim to avoid bias, and minimum 15 cells were collected in each 

2x2 tilescan. As two technical replicate slides were stained and imaged, this lead to a 

minimum of 30 cells imaged per biological replicate. 

Following image acquisition, analysis was performed via ImageJ. An overview of 

this is shown in Figure 2.5. Colour channels were split, then channels of interest (SON, 

phospho-SR, CIZ1, H3K27me3) were maximum intensity projected, while the DAPI 
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channel was median intensity projected with the aim to remove background staining from 

cells sheared by cytospinning. A mask of the DAPI channel was then generated via auto-

thresholding, binary image conversion, and use of the particle analysis setting. The mask 

was then applied to the channels of interest (SON, phospho-SR, Ciz1, H3K27me3) to 

allow for a per-cell nucleus analysis. For measuring staining intensity, the measure tool 

in the region of interest manager was used to automatically identify maximum and mean 

intensity within each nucleus. For measuring speckle size, auto-thresholding, binary 

conversion and the watershed tool were applied to the SON layer, and particle analysis 

was then iterated through each nucleus in the image to estimate the number and average 

size of speckles on a per-cell basis. An example image of the nucleus masks generated 

from the DAPI channel, and an example of the SON particle analysis is shown in Figure 

2.5. All analysis was performed on the raw image files with no adjustment of brightness 

and contrast. However, brightness and contrast were increased as stated for images shown 

in this thesis, for ease of viewing. 
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Figure 2.5 Schematic of image analysis performed using ImageJ 

An overview of Image analysis performed via ImageJ. Example used is from WT 

female CD4+ T cells at day 2 of differentiation, with staining for DAPI (cyan) and 

SON (pink). A mask of the DAPI channel was generated and applied to the channel of 

interest to identify each nucleus. From this intensity per nucleus could be identified. 

Automated thresholding and particle analysis was then iterated through each nucleus, 

allowing for determination of speckle size and area. 
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2.7 In vivo mouse models 

 

2.7.1 S. mansoni egg injection 

An overview of the experiment and tissue analysis is shown in Figure 2.6. 

Procedures were performed by Dr James Hewitson. Schistosome eggs were recovered 

from the livers of C57BL/6 mice at week 7 post-infection following exposure to 100 S. 

mansoni cercariae. Cercariae were obtained from schistosome-infected Biomphalaria 

glabrata snails provided by the Barrett Centre for Helminth Control (Aberystwyth 

University, UK). Livers were digested overnight at 37ºC with shaking with 0.2U/ml 

collagenase D (Roche) in the presence of 5000U/ml polymyxin B (Merck). Eggs were 

purified by centrifugation through 10 ml percoll (GE Healthcare) / 20ml 0.25M sucrose 

(450 xg, 5min, room temperature), washed in PBS and stored at -20ºC before usage. 5000 

of these dead S. mansoni eggs in 200 μl PBS were delivered via intraperitoneal (IP) 

injection into females and males of WT or Malat1-/- mice. Two weeks later, the mice were 

intravenously (IV) challenged with another 5000 eggs in 200 μl PBS. Following 

intravenous challenge, S. mansoni eggs are transported to the lung by the pulmonary 

artery and become lodged in the lung parenchyma, causing localised type 2 inflammation. 

After another week tissues were harvested for analysis. 
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Figure 2.6 Overview of S. mansoni egg injection experiment 

A schematic of the S. mansoni egg-injection model including the egg-injection 

procedure, tissue extraction, and the flow cytometry panels were performed on each 

tissue. 

 



113 
 

2.7.2 Tissue preparation 

All samples were extracted and processed by myself, James Hewitson, Katie West, 

Joanna Greenman and Shinjini Chakraborty. Lungs were cut into 2mm sized pieces and 

digested with 0.4 U/ml Liberase TL (Roche) and 80 U/ml DNase I type IV in 2 ml HBSS 

(both Sigma-Aldrich) for 45 min at 37°C. Enzyme activity was inhibited with addition of 

EDTA of final concentration of 10 mM (pH 7.5). Single-cell suspensions were created via 

passing digests through 100-μm nylon filters (Falcon) in complete RPMI 1640. Immune 

cells were enriched via a Percoll gradient. Cells were washed twice with RPMI, then re-

suspended in 8 ml of 33% isotonic Percoll (GE Healthcare) in PBS. Samples were 

centrifuged at 700 x g at room temperature for 12 minutes on the lowest brake and 

acceleration settings, and the supernatant was then removed. Finally, pellets were 

resuspended in 3 ml ACK red blood cell lysis buffer. Spleen single cell suspensions were 

generated via passing spleen suspensions through a 70 μm filter and treatment with 3 ml 

ACK buffer. 

 

2.7.3 Flow cytometry analysis 

Following immune cell extraction, immune cells from the lungs and the spleen 

were stained for analysis via flow cytometry. Three panels were used for analysis of the 

in vivo model: a myeloid cell panel, a T cell surface receptor panel investigating 

proportions of activated and naïve cells, and a T cell intra-cellular cytokine (ICC) panel. 

The overall gating strategy for these panels is shown in Figure 2.7, and antibodies used 

in each panel are shown in Table 2.5. 
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Figure 2.7 Gating strategy used for flow cytometry analysis of the S. mansoni 

egg injection model. 

Overview of the gating strategy for flow cytometry analysis of the S. mansoni egg 

injection model. This example is from an injected WT female mouse lung. For all 

panels, CD45+ cells were selected following live/dead, cell selection and singlet 

gating. For the T cell surface panel, CD4+ TCRβ+ cells were selected, and the 

proportions of CD44hi CD62Llo cells were analysed. For the ICC panel, CD4+ TCRβ+ 

cells were selected, then quadrants were drawn to identify IL10+ IL4+ and IFNγ+ cells. 

For the myeloid panel, Eosinophils were identified via SIGLECF+ and CD11b+ 

expression, and RELMα expression was investigated within this population. 

Neutrophils were identified as CD11b+ and Ly6G+. CD11b+ cells were investigated 

for CD64+ and Ly6C expression. Both CD64+ Ly6C low and CD64+ Ly6C high 

monocytes were selected here, and were investigated for RELMα expression. 
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Table 2.5 Antibody panels used for flow cytometry analysis of the S. mansoni egg 

injection experiment 

 

  

Surface Panel: ICC Panel: Myeloid Cell Panel: 

Live/Dead (Zombie Aqua) Live/Dead (Zombie Aqua) Live/Dead (Zombie Aqua) 

TCRβ- PeCy7 CD45- BV785 CD45- BV785 

CD4- PerCPCy5.5 TCRβ- PeCy7 CD11b- PB 

CD8- e450 CD4- PerCPCy5.5 LY6G- APC-Cy7 

CD62L- PE CD41- APC CD45- FITC 

CD44- FITC IL4- PE-Dazzle LY6C- BV605 

CD19- APC-Cy7 IL10- PE SIGLECF- e710 

CD45- BV785 IFNγ- FITC CD64- PE 

CD41- APC 
 

MHCII- A700 

 
 

iNOS- PE-e610 
  

RELMα (rabbit anti-RELMα, 

goat anti-rabbit A647) 
  

YM1 (biotin-YM1, Srcp PE-

Cy7) 
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2.8 RNA sequencing 

 

2.8.1 Sample validation and preparation 

For our long-read Oxford Nanopore Technologies (ONT) RNA sequencing 

experiments, RNA was extracted and prepared including DNase I treatment as described 

previously, from WT and Malat1-/- female naïve CD4+ T cells and cells at day 2 of Th2 

differentiation. Initial RNA concentration and purity was assessed via nanodrop. A small 

portion of RNA (5 μl) was then used for cDNA synthesis and qRTPCR as a quality check. 

Th2 marker Gata3, T cell activation markers Cd69 and Il2ra, and Malat1 were assessed 

to ensure the T cells had differentiated correctly and that there was no cross contamination 

between WT and Malat1-/- samples. Samples failing quality checks were excluded and not 

sent for sequencing. Samples were then analysed via the Agilent 2100 bioanalyzer by 

Lesley Gilbert (York University Technology facility). RNA integrity numbers (RINs) for 

all samples were between 8.8-10. 

 

2.8.2 Library preparation and long-read ONT sequencing 

Minimum 300 ng RNA in 10 ul were provided for sequencing. Full length cDNA 

libraries were prepared by Sally James at the York University Technology Facility using 

the ONT cDNA-PCR Sequencing V14 – Barcoding kit (SQK-PCB114.24). cDNA RT 

adapters were ligated to 3’ ends (polyA tails) of transcripts, prior to strand switching 

cDNA synthesis and a 13 cycle PCR reaction with barcoded primers, labelling each cDNA 

sample with a unique DNA barcode. Barcoded cDNAs were pooled at equimolar ratios 

before final adapter ligation and sequencing on R10.4.1 flowcells in ONT PromethION 

sequencer (8 samples per flow cell). Live superaccuracy basecalling and barcode 
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demultiplexing were performed in MinKNOW software (version 24.06.10) at the time of 

the run. We acquired 0.745-1.121 million reads per sample, with 604-840 bases mean 

read length. Demultiplexed reads were analyzed through the workflow transcriptomes 

from Epi2MeTM application, specifically designed by ONT. The Viking cluster, provided 

by the University of York, was used for the analyses. 

 

2.8.3 RNAseq data analysis 

Long-read Oxford Nanopore Technology (ONT) sequencing then analysis was 

performed by Sally James and Fabiano Pais at the Genomics Lab and Data Science Hub 

respectively, in the University of York Bioscience Technology Facility. The Epi2Me 

workflow (available at https://github.com/epi2me-labs/wf-transcriptomes) was used to 

generate differential gene expression (DGE) data with edgeR (Robinson et al., 2009), and 

differential transcript usage (DTU) data with Dexseq (Anders et al., 2012), using a 

reference transcriptome. CSV files generated from this and from pre-existing short-read 

sequencing (performed previously by Katie West) were analysed using python, Microsoft 

Excel, and R version 4.2.2. R package pheatmap version 1.0.12 was used to generate 

heatmaps. GSEA analyses (Subramanian et al., 2005) were performed using R package 

clusterprofiler version 4.16.0, and the GSEA website (available at https://www.gsea-

msigdb.org/gsea/index.jsp). Cluster analysis was performed via STRING db (Szklarczyk 

et al., 2023) (accessible through https://string-db.org/) with k means clustering. 

 

2.9 Data availability 

Raw data are available upon request. RNAseq data have been deposited in the 

National Center for Biotechnology Gene Expression Omnibus database 

https://github.com/epi2me-labs/wf-transcriptomes
https://www.gsea-msigdb.org/gsea/index.jsp
https://www.gsea-msigdb.org/gsea/index.jsp
https://string-db.org/
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at https://www.ncbi.nlm.nih.gov/geo/. Accession numbers are GSE279185 for Illumina 

RNAseq and GSE278413 for Oxford Nanopore Technologies RNAseq data. 

 

2.10 Diagrams and schematics 

All schematics for pathways, treatments or models were generated using either 

Powerpoint (Microsoft Office), Biorender software available at https://biorender.com/, or 

NIH BioART  

 

2.11 Statistical analyses 

All results, unless specified otherwise, were plot and analysed using GraphPad 

Prism 9 or 10 (GraphPad Software). In instances where multiple experiments have been 

merged, each experiment is represented via the symbols used for each data point- circles 

are experiment 1, squares experiment 2, triangles experiment 3 etc. Appropriate statistical 

methods, as detailed below, were used to compensate for experimental variability. 

For comparison of just two samples, unpaired or paired T-tests were used as 

appropriate for the experiment. For comparison of multiple groups with lower n (n<9), 

one-way ANOVAs were used for statistical testing, followed by Sidak’s multiple 

comparisons test for comparison of samples with biological relevance (most often 

comparing WT female to Malat1-/- female, WT male to Malat1-/- male, and WT female to 

WT male). Confidence levels were set to 0.05 for significance. In data with larger n 

(n>10), consensus between Anderson-Darling, Shapiro-Wilk and D’Agostino & Pearson 

tests were used to determine normality. If all samples proved normally distributed either 

T-tests or one-way ANOVAs were performed as previously described. If one or more 

https://www.ncbi.nlm.nih.gov/geo/
https://biorender.com/
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samples proved to not follow a normal distribution, then Mann-Whitney U or Kruskal-

Wallis tests followed by Dunn’s multiple comparison tests were used to identify 

significance, with confidence levels of 0.05. Analysis of data between two differing time 

points, or when sample number was unequal between replicates, resulted in use of a two-

way ANOVA with Sidak’s post-hoc test for significance (p<0.05). P values in graphs are 

displayed as asterisks representing P value classification, where * ≤ 0.05, ** ≤ 0.01, ***≤ 

0.001 and **** ≤ 0.0001. In relevant places (e.g. p value is borderline non-significant) 

the raw p value will be shown instead. 
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3. Malat1 Regulates End-Stage Th2 

Differentiation in a Sex-Specific 

Manner 
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3.1 Introduction 

3.1.1 Statement 

Some of the work presented in this chapter is also featured in the publication: 

Gwynne M, West KA, van Dongen S, Kourtzelis I, Coverley D, Teichmann SA, James 

KR, Hewitson JP, Lagos D. Malat1 regulates female Th2 cell cytokine expression through 

controlling early differentiation and response to IL-2. J Immunol. 2025 Aug 28:vkaf177. 

doi: 10.1093/jimmun/vkaf177. Epub ahead of print. PMID: 40865984. 

 

3.1.2 Malat1 and IL10 expression 

Previous work in the Lagos lab group from Dr. James Hewitson and Dr. Katie 

West was performed on investigating the role of Malat1 in CD4+ T cell differentiation 

(Hewitson et al., 2020). Initial bulk RNA-seq experiments identified that Malat1 was 

rapidly downregulated during the first 24 hours of T cell differentiation. This 

downregulation was anti-correlated with an increase in expression of genes involved in 

RNA binding, ribosomal function, metabolism, and cellular structure/localization. In vitro 

T cell differentiation experiments were then performed, revealing that Malat1 loss in Th1, 

Th2, and Th17 cells caused a significant downregulation of cytokine IL10. These results 

were also confirmed at the RNA level by qRTPCR. Further exploration identified that 

transcription factor Maf correlated with Malat1 and was downregulated following Malat1 

loss. Investigating the effects of Malat1 loss in vivo, during L. donovani infection Malat1 

loss led to a decrease in IL10 expression, increase in neutrophil iNOS expression, and 

improved parasite clearance. During Plasmodium chabaudi chabaudi AS infection, the 

experiment was terminated early due to an increased rate of weight loss. IL10 expression 

was again significantly decreased, along with a small decrease in IFNγ expression. 



122 
 

Together, these results clearly demonstrated that Malat1 was core to Th cell 

differentiation, particularly impacting the expression of IL10. 

Dr. Katie West performed further experiments for her PhD thesis (not shown here) 

investigating differences between female and male CD4+ T cells. Initial experiments 

indicated that, during Th2 differentiation, the impact of Malat1 loss on IL10 expression 

in Th2 cells was seen to only occur in females, with Malat1 loss in males leaving IL10 

expression unaffected. Proteomics analyses using RNA antisense purification coupled 

with mass spectrometry (RAP-MS) (McHugh & Guttman, 2018), then identified that 

Malat1 had distinct RBP binding partners based on sex, with RBPs such as MBNL1, 

ALDOA and TIAL1 bound more in females, and SRSF1, SRSF10 and PUF60 bound 

more in males (unpublished). This initial work provided a strong case that Malat1 may 

be involved in different pathways between female and male CD4+ T cells, warranting 

further investigation. 
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3.1.3 Chapter hypothesis and aims 

Previous work in T helper cells has suggested that Malat1 may differentially 

regulate female and male Th2 differentiation, with a particularly strong impact on IL10 

expression. In this chapter, we aimed to test the hypothesis that Malat1 has distinct effects 

on female and male Th2 differentiation. We aimed to fully characterise the effect of 

Malat1 loss on end-stage Th2 differentiation and response to exogenous levels of IL2 in 

both female and male CD4+ T cells, using in vitro and in vivo models of Th2 

differentiation. 

The aims of this chapter were to: 

- Identify the effects of Malat1 deficiency on cytokine expression in female and 

male Th2 cells. 

- Assess the impact of Malat1 deficiency on the transcriptome during Th2 

differentiation. 

- Determine whether Th cell activation strength modulates the effects of Malat1 

loss on Th2 cell differentiation. 

- Investigate how Malat1 loss affects Th2 differentiation in vivo.  
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3.2 Results 

3.2.1 Malat1 loss downregulates Th2 cell cytokine expression in females 

To investigate the impact of Malat1 loss in male and female CD4+ T cells, we 

began by performing in vitro Th2 cell differentiations of naïve CD4+ T cells obtained from 

WT and Malat1-/- mice, of both female and male sex. Levels of cytokines IL10 and IL4 

were then measured in endpoint differentiated Th2 cells by intracellular cytokine staining 

(flow cytometry) and qRTPCR. A schematic of this is shown in Figure 3.1. Malat1-/- mice 

were generated by the Prasanth laboratory (Nakagawa et al., 2012), via insertion of a LacZ 

gene and polyadenylation signal downstream of the transcriptional start site of Malat1 

(Figure 3.2 A). Malat1 knock-out in both naïve and Th2 cells was confirmed via qRTPCR, 

(Figure 3.2 B). Some residual Malat1 RNA expression was still detectable via qRTPCR 

at around 0.02% of normal WT levels. Residual expression was previously observed by 

Nakagawa et al. in brain tissue, and was hypothesized to be caused by the presence of an 

internal promoter (Nakagawa et al., 2012). We still chose to proceed with this model, as 

the vast majority of Malat1 expression is ablated and it has proven a reliable platform for 

analysing the effects of Malat1 loss on CD4+ T cells previously. 
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Figure 3.1 In vitro Th cell differentiation schematic 

Schematic representation of the stages of Th cell differentiation in vitro, including Th 

cell activation, early differentiation, and the response to IL2. 
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Figure 3.2 LacZ Malat1 knock-out model and Malat1 knock-out efficiency 

A. Schematic representation of Malat1 knock-out via lacZ and poly-A site insertion. B. 

Relative levels of Malat1 RNA expression detected by qRTPCR in naïve and Th2 cells, 

for female and male WT and Malat1-/- samples (n=9). 
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When investigating cytokine expression at end-point differentiation (Figure 3.3 

A), we observed that the percentage of IL10 expressing cells was significantly 

downregulated in Malat1-/- females when compared to WT females, with around a 50% 

decrease in expression (Figure 3.3 B). However, in males Malat1 loss did not appear to 

impact IL10 expression. Similar results were observed for IL4 (Figure 3.3 C) and IL10 

IL4 double positive cells (Figure 3.3 D), although the decrease in expression seen was 

less than that of IL10. WT male cytokine expression in this in vitro model was also 

significantly lower than WT female expression, at a similar level to that of Malat1-/- 

females (Figure 3.3 B, C). Transcript expression of Il10, Il4 and Maf were assessed by 

qRTPCR, revealing significant decreases in both Il10 and Il4 transcripts in Malat1-/- 

females (Figure 3.3 E, F), and non-significant (p=0.3069) downwards trend for Maf 

expression (Figure 3.3 G). No statistically significant changes were seen in males. 
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Figure 3.3 Malat1 loss suppresses cytokine expression during Th2 differentiation 

A. Representative FACS plots of IL10 and IL4 expression in WT and Malat1-/- 

female and male in vitro differentiated Th2 cells, at end point differentiation. B. 

Percentage IL10 expression in WT or Malat1-/- CD4+ T cells from mice of both sexes 

at day 6 of in vitro Th2 differentiation (experimental end-point). Levels determined 

by flow cytometry with intracellular cytokine staining (n=6 per condition, data from 

2 experiments of n=3, appropriate statistics as detailed in the methods were used to 

compensate for experimental variability.). C. As in B. but for IL4 expressing cells. D. 

As in B. but for IL10+ IL4+ double positive expression. E. Il10 transcript levels in in 

vitro differentiated Th2 cells at day 6, determined by qRTPCR. Levels normalised to 

U6 and average levels of WT females (n=6, data from 2 experiments of n=3). F. As 

in E. but for Il4. G. As in E. but for Maf.  
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3.2.2 The effect of Malat1 loss on cytokine expression is enhanced upon 

inhibiting IL10 signalling 

 As IL10 is a potent anti-inflammatory cytokine, we theorised that high expression 

in WT female Th2 cells may suppress levels of other Th2 cytokines, in turn obscuring 

differences in cytokine expression resulting from Malat1 loss. To assess this, we 

performed Th2 in vitro differentiation experiments in the presence of an anti-IL10 

receptor antibody or an IgG control. Cytokine expression was then investigated by flow 

cytometry. We also assessed levels of another Th2 cytokine, IL13, in these experiments. 

 Anti-IL10R treatment in females did not impact the percentage of cells expressing 

IL10, although we did observe the sex-specific decrease in Malat1-/- females in both IgG 

and anti-IL10R treated samples (Figure 3.4 A). However, anti-IL10R treatment enhanced 

expression of both IL4 and IL13 (Figure 3.4 B, C) in WT females. While no significant 

changes were observed on Malat1 loss for either IL4 and IL13 in the IgG treated samples, 

significant decreases in both cytokines were observed in response to IL10R blockade in 

Malat1-/- females. Again, no changes were observed following Malat1 loss in males. The 

female specific decrease in expression from Malat1 loss was observed in anti-IL10R 

treated samples for both IL4/IL13 and IL10/IL4 double positive cells as well (Figure 3.4 

D, E). This demonstrated that the sex-specific decrease in IL10 compensates for the 

effects of Malat1 on other Th2 cytokines. 
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Figure 3.4 IL10R blockade enhances the effects of Malat1 loss on pro-

inflammatory cytokine expression 

A. Percentage IL10 expression from CD4+ T cells derived from WT or Malat1-/- mice of 

both sexes at day 6 (experimental end-point) of in vitro Th2 differentiation, with or 

without 10 µg/ml anti-IL10 receptor antibody treatment. Levels determined by flow 

cytometry with intracellular cytokine staining (n=6 per condition, data pooled from two 

experiments of n=3, appropriate statistics as detailed in the methods were used to 

compensate for experimental variability). B. As in A. but for IL4 expressing cells. C. As 
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3.2.3 Malat1 causes a transcriptional blunting of the Th2 differentiation 

programme 

 To identify whether the sex-specific effects of Malat1 loss were affecting overall 

Th2 differentiation or just limited to cytokine expression, we examined an Illumina short-

read RNA-seq dataset for transcriptomic changes resulting from Malat1 loss. This dataset 

was originally created by Dr. Katie West and involved sequencing of WT and Malat1-/- 

females and males, in both naïve and Th2 cells. 

 Sequencing results identified few significant changes resulting from Malat1 loss 

in both naïve and Th2 cells. Assessment of core Th2 genes (Table 3.1 A, B) revealed that, 

as expected, Il10, Il4 and Maf levels were downregulated following Malat1 loss in Th2 

cells in females and not males. However, none of these reached statistical significance in 

this dataset following multiple correction testing. This suggested this RNA-seq dataset 

represented a conservative estimate of the effects of Malat1 loss. 

To further examine this dataset, we opted to investigate differences in DEGs 

between naïve and Th2 cells for each of the samples. Similar numbers of genes were 

significantly upregulated (~1000) and downregulated (~1500) during Th2 differentiation 

in all samples, with few changes resulting from Malat1 loss (Figure 3.5). Assessment of 

core Th2 genes (Table 3.2 A-D) displayed upregulation in all samples between naïve and 

Th2 cells, suggesting correct Th2 differentiation had occurred. Assessment of core Th2 

genes revealed WT females displayed a stronger upregulation of Il10, IL4 and Maf when 

compared to Malat1-/- females (Table 3.2 A-D), confirming our previous results on the 

protein and RNA level (Figure 3.3), although Gata3 and IL13 were upregulated slightly 

in Malat1-/- females.  
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Table 3.1 Differentially expressed Th2 genes between WT and Malat1-/- female 

and males in Th2 cells 

A. WT female vs Malat1-/- female B. WT male vs Malat1-/- male 
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Figure 3.5 Similar numbers of DEGs occur during Th2 differentiation following 

Malat1 loss 

A. Volcano plots comparing transcriptome-wide gene expression changes during in 

vitro Th2 differentiation of WT female CD4+ T cells, with numbers of significantly 

upregulated and downregulated (FDR<0.05, LFC<-1 and >1) genes highlighted. Data 

derived from our short-read RNA-seq dataset. B. As in A. but for Malat1-/- females. 

C. As in A. but for WT males. D. As in A. but for Malat1-/- males. 
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Table 3.2 Core Th2 genes are significantly upregulated during Th2 

differentiation, and to a lesser degree in Malat1-/- females and males 

A. WT female B. Malat1-/- female 

C. WT male D. Malat1-/- male 
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We assessed effects of Malat1 loss on the transcriptome during Th2 differentiation 

by comparing the LFC of all (FDR<0.01) or the top 500 DEGs during Th2 differentiation 

with the LFC of these same genes resulting from Malat1 loss in Th2 cells. Here, we 

observed a transcriptome-wide blunting effect on Th2 gene expression in females (Figure 

3.6 A), with genes upregulated during Th2 differentiation upregulated to a lesser extent 

from Malat1 loss, with a similar effect on downregulated genes. This effect was not seen 

from Malat1 loss in males (Figure 3.6 B). Taking a stricter threshold for DEGs than 

previously between Th2 and naïve CD4+ T cells from WT and Malat1-/- female mice 

(FDR<0.001, LFC>2 or <-2), we found 524 DEGs from both WT and Malat1- /- females, 

469 DEGs only in WT, and 139 DEGs only in Malat1-/- Th2 cells. Both common and WT 

only DEGs were primarily up-regulated during Th2 differentiation, whereas Malat1-/- 

only DEGs were primarily down-regulated.  

We then performed GeneSet Enrichment Analysis (GSEA) using the Gene 

Ontology- Biological Processes (GO-BP) genesets, aiming to identify the activated and 

suppressed genesets during Th2 differentiation. Genes involved in mitosis and cell 

division were generally upregulated during Th2 differentiation (Figure 3.7, Figure 3.8). 

Significantly downregulated genesets in WT females, mainly IFNβ signalling and protein 

folding (Figure 3.7 A), were not present in Malat1-/- females (Figure 3.7 B). 

Downregulated genesets were involved in immune cell activation, immune processes, and 

adaptive immunity, suggesting potential defects occurring in cell activation. Genesets 

were similar between WT and Malat1-/- males (Figure 3.8 A, B), however downregulated 

genesets from both WT and Malat1-/- males were involved in immune effector processes 

and defence responses, potentially suggested decreased Th cell responses compared to 

females. Overall, these results suggest that Malat1 loss in females impairs transcriptional 

changes that occur during Th2 differentiation across the transcriptome. 
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Figure 3.6 Malat1 loss in females blunts transcriptional changes that occur 

during Th2 differentiation 

A. Effects of Malat1 loss on gene expression trajectories during Th2 differentiation. 

LFC in gene expression during in vitro Th2 differentiation in females (y axis) plot 

against LFC in gene expression between fully differentiated WT and Malat1-/- female 

Th2 cells (x axis). Skew from x axis represents effect of Malat1 loss on 

transcriptome-wide gene expression. Data acquired from previously mentioned 

short-read RNA-seq experiment, and is shown for all significant (FDR<0.01) or the 

top 500 most significant DEGs between Th2 and naïve CD4+ T cells in females. B. 

As in A. but for WT and Malat1-/- males. C. Pie chart displaying proportions of 

significant DEGs between naïve and in vitro differentiated Th2 cells from the short-

read RNA-seq dataset. Data shown for both WT and Malat1-/- cells (black), WT only 

(blue), and Malat1-/- only (red). D. Pie charts displaying percentages of up- and 

down-regulated DEGs during in vitro Th2 differentiation in our short-read RNA-seq 

dataset. Data shown for both WT and Malat1-/-, WT only, or Malat1-/- only cells. 
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Figure 3.7 GSEA analysis of DEGs during Th2 differentiation in WT and 

Malat1-/- females 

A. GSEA for gene ontology-biological process (GO:BP) genesets, of DEGs during 

Th2 differentiation in WT females. Significance, gene count and gene ratio are 

shown for the top 10 significantly activated and suppressed genesets during Th2 

differentiation. Data from our short-read RNA-seq dataset. B. As in A. but for 

Malat1-/- females. 
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Figure 3.8 GSEA analysis of DEGs during Th2 differentiation in WT and 

Malat1-/- males 

A. GSEA GO:BP analysis of DEGs during Th2 differentiation in WT males. 

Significance, gene count and gene ratio are shown for the top 10 significantly 

activated and suppressed genesets. B. As in A. but for Malat1-/- males. 
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3.2.4 The sex-specific effect of Malat1 loss is activation strength 

independent 

 As male cell in vitro Th2 differentiation was typically weaker than that observed 

in female cells, we next tested whether Malat1 deficiency affected Th2 differentiation 

under weaker activation conditions. To achieve this, we varied the levels of anti-CD3 used 

during Th2 differentiation, using 2 μg/ml as weaker activation condition, and assessed 

cytokine expression and cell numbers at end-point differentiation. We also treated cells 

with anti-IL10R again at the weaker activation condition, to assess the impact of Malat1 

loss on IL4 and IL13. 

 As expected, at standard conditions (10 μg/ml) IL10 displayed significantly 

decreased expression in Malat1-/- and WT males, while the decrease in IL4 was borderline 

non-significant (Figure 3.9 A, B). At weaker conditions, both IL4 and IL10 levels in WT 

females were lower than during standard differentiation, suggesting that we had 

successfully reduced differentiation strength. Cell numbers also did not increase between 

day 4 and day 6 (Figure 3.9 C, D), while numbers typically doubled at standard polarising 

conditions. Malat1-/- cells still displayed lower IL10 expression with suboptimal 

differentiation, while IL4 levels were not significantly affected. IL10R blockade at 

weaker activation conditions slightly upregulated expression of IL4 in WT females, 

however this did not enhance decreases in IL4 and IL13 from Malat1 loss in females. 

This may be due to low expression of these cytokines under these conditions. 
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Figure 3.9 Malat1 loss affects IL10 expression in females independent of 

differentiation strength 

A. Percentage IL4+ expression in WT or Malat1-/- in vitro differentiated Th2 cells 

derived from female and male mice, with 10 μg/ml or 2 μg/ml levels of anti-CD3 

antibody. Levels determined by flow cytometry with intracellular cytokine staining 

(n=9, data from 3 experiments of n=3, appropriate statistics as detailed in the 

methods were used to compensate for experimental variability). B. As in A. but for 

IL10+ cells. C. Cell counts at day 4 of Th2 in vitro differentiation of WT or Malat1-/- 

cells derived from female and male mice, with 10 μg/ml or 2 μg/ml concentration of 

anti-CD3 antibody (n=9). D. as in C. but at day 6 of differentiation. 
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Figure 3.10 IL10R blockade during weaker T cell activation does not enhance 

the effects of Malat1 loss on IL4 and IL13 

A. Percentage IL10 expression in WT or Malat1-/- in vitro differentiated Th2 cells 

derived from female and male mice. Samples were treated with 2 μg/ml of anti-CD3 

at activation, with and without treatment with an anti-IL10 receptor antibody. Levels 

determined by flow cytometry with intracellular cytokine staining (n=6, from 2 

experiments of n=3, appropriate statistics as detailed in the methods were used to 

compensate for experimental variability). B. As in A. but for IL4+ cells. C. As in A. 

but for IL13+ cells. 
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3.2.5 Malat1 loss is required during early Th2 differentiation 

 Knock-out models have previously been seen to disrupt the genomic loci, 

potentially causing phenotypes unrelated to the lncRNA transcript (Eisener-Dorman et 

al., 2008). To confirm effects on cytokine expression were due to loss of the Malat1 RNA, 

we utilised alternate Malat1 knock-down of Malat1 during Th2 differentiation via anti-

sense oligonucleotide GapmeRs. We treated cells with control or Malat1 targeting 

GapmeRs either at experimental start (day 0) or prior to resuspension in IL2 (day 4), to 

assess whether Malat1 is required from the start or only during the IL2 response.  

 Assessment of GapmeR knock-down efficiency (Figure 3.11 A) showed an 

average 70-80% knock-down throughout polarisation. Treatment of female naïve CD4+ 

T cells (day 0) with Malat1-targeting GapmeRs mimicked results seen in Malat1-/- cells, 

displaying significantly reduced IL10 expression compared to non-targeting control 

(NTC) treated females (Figure 3.11 B). However, GapmeR treatment at day 4 did not 

result in any changes to IL10 expression, suggesting that Malat1 loss is required for 

correct differentiation from the start of differentiation. In males, GapmeR treatment did 

not significantly change IL10 expression at day 0 or day 4. No significant effects were 

seen from Malat1 loss in females or males in terms of IL4 or IL10 IL4 double positive 

cells, although non-significant downwards trends were seen in GapmeR treated females 

(Figure 3.11 C, D).  

 GapmeR treated cells were also co-treated with IgG or anti-IL10R, to assess the 

effect of Malat1 loss on other cytokine expression. IL10R blockade here again enhanced 

the effect of Malat1 loss on IL4, leading to a sex-specific significant decrease in 

expression in Malat1-/- females (Figure 3.12 A, B). However, no effect was seen on IL13 

during IL10R blockade (Figure 3.12 C). This lack of impact on IL13 may be due to 

overall lower levels of IL13 seen under both GapmeR treated and NTC treated conditions 
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(when compared to Figure 3.4 C). These results confirmed the sex specific effects of 

Malat1 loss on IL10 and IL4 expression via an alternate knock-down method and 

suggested that Malat1 is required during early differentiation for correct Th2 

differentiation.  
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Figure 3.11 The effect of Malat1 depletion on IL10 expression occurs during 

early stages of differentiation 

A. Malat1 RNA levels at days 1, 2 and 6 (end-point) of in vitro Th2 differentiation, 

following treatment with NTC or Malat1 targeting GapmeRs on day 0. Levels 

determined by qRTPCR and normalised to U6 and average levels of NTC treated 

GapmeRs. B. Percentage of IL10+ expression in in vitro differentiated WT Th2 cells 

derived from female and male mice, treated with either non-targeting control (NTC) 

GapmeRs or Malat1 targeting GapmeRs at day 0 or day 4 of differentiation. Levels 

determined by flow cytometry with intracellular cytokine staining (n=6, from 2 

experiments of n=3, appropriate statistics as detailed in the methods were used to 

compensate for experimental variability). C. As in B. but for IL10+ IL4+ double 

positive cells. D. As in B. but for IL4+ cells.  
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Figure 3.12 Anti-IL10R blockade enhances the effects of Malat1 GapmeR 

treatment on IL4 but not IL13 

A. Percentage of IL10+ expression in in vitro differentiated Th2 cells, derived from 

WT female and male mice treated with non-targeting control (NTC) or Malat1 

targeting GapmeRs during differentiation. Cells were further treated with or without 

anti-IL10 receptor antibody during differentiation. Levels determined by flow 

cytometry with intracellular cytokine staining (n=6, from 2 experiments of n=3, 

appropriate statistics as detailed in the methods were used to compensate for 

experimental variability). B. As in A. but for IL4+ cells. C. As in A. but for IL13+ 

cells. 
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3.2.6 Differentiating Th2 cells respond to IL2 in a sex-specific manner in 

vitro 

As we saw that Malat1 loss was required from the start of differentiation, we 

hypothesised that this might affect IL2 receptor expression by day 4 of T cell 

differentiation, which in turn would affect the response to IL2. We next investigated how 

T cells respond to IL2 during late-stage differentiation, and if the IL2 response was 

disrupted from Malat1 deficiency. We differentiated cells from naïve to Th2 cells, 

assessing cytokine expression at day 4 (just prior to resuspension in rIL2) and day 6 (end-

point differentiation). 

 Prior to rIL2 treatment, IL10 expression was similar between WT and Malat1-/- 

cells in both females and males. rIL2 treatment in females caused a large significant 

increase in IL10 expression in WT females, however Malat1 loss suppressed this increase 

(Figure 3.13 A). Males also displayed a reduced increase in IL10 in response to rIL2, at 

similar levels to the Malat1-/- females. Sex-specific responses to IL2 in Malat1-/- female 

mice were also seen for IL4 and IL4 IL10 co-expression (Figure 3.13 B, C). Further 

investigation of IL4+ IL10- cells revealed no significant changes from Malat1 loss (Figure 

3.13 D), suggesting that the increase in IL4+ cells was likely driven by increasing numbers 

of double positive cells. qRTPCR analysis of RNA samples taken between days 4 and 6 

also revealed that Malat1 levels in WT females significantly increased following IL2 

treatment, with no change occurring in males (Figure 3.13 E). This may reflect the general 

hypo-responsiveness of WT males to IL2 in our in vitro polarisation conditions. 
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Figure 3.13 Cytokine expression in response to rIL2 is disrupted following 

Malat1 loss in females 

A. Percentage IL10 expression in WT or Malat1-/- CD4+ T cells at days 4 (prior to 

exogenous IL2 addition) and day 6 (experimental end-point) of in vitro Th2 

differentiation. Levels determined by flow cytometry with intracellular cytokine 

staining (n=14 per condition, 4 experiments of n=3, 1 experiment of n=2, , 

appropriate statistics as detailed in the methods used to compensate for experimental 

variability). B. As in A., but for IL4+ cells. C. As in A., but for IL10+ IL4+ double 

positive cells. D. As in A., but for IL4+ IL10- cells. E. Malat1 levels in in vitro 

differentiated Th2 cells at day 4 (prior to resuspension in IL2) and at day 6 

(experimental end point), determined by qRTPCR. Levels normalised to U6 and 

average levels of WT females at day 4 (n=11). 
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3.2.7 Malat1 loss suppresses expression of the IL2 receptor 

 We then performed Th2 differentiation experiments with WT and Malat1-/- mice, 

and assessed expression of the IL2 receptor by flow cytometry at day 4 (just prior to 

resuspension in rIL2). We opted to investigate expression of two subunits of the IL2R. 

These were IL2Rα and IL2Rγ. IL2Rα is a conventional marker of T cell activation (Belot 

et al., 2018), and is required for the high affinity form of the IL2 receptor (Ross & 

Cantrell, 2018). IL2Rγ forms part of the medium affinity IL2 receptor but is capable of 

signalling. IL2Rγ is X-linked (Puck et al., 1993), so differences in expression could 

explain the sex-specific effects seen during Th2 differentiation. 

 IL2Rα expression was significantly suppressed in Malat1-/- females at day 4, with 

a small decrease from ~90% of cells expressing IL2Rα to ~75% in Malat1-/- females 

(Figure 3.14 A, B). In Malat1-/- males a similar but non-significant downwards trend was 

also observed. IL2Rγ expression was significantly decreased in both Malat1-/- females 

and males (Figure 3.14 C, D). GapmeR-mediated Malat1 knockdown also resulted in 

significant decreases in IL2Rα and IL2Rγ in female cells (Figure 3.14 E, F), while there 

were no significant changes seen in male-derived cells. Interestingly, assessment of 

IL2Rα and IL2Rγ expression via qRTPCR revealed no significant changes resulting from 

Malat1 loss (Figure 3.15 A, B). This demonstrated that Malat1 loss in females disrupts 

expression of the IL2R, and these changes may be at the translational level, or 

transcriptional changes may be occurring at earlier time points.  
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Figure 3.14 Malat1 loss disrupts expression of the IL2R 

A. Representative dot plots displaying IL2Rα expression in WT and Malat1-/- female 

mice at day 4 of Th2 in vitro differentiation. B. Percentage IL2Rα expression in WT 

or Malat1-/- CD4+ T cells from mice of both sexes at day 4 of in vitro Th2 

differentiation. Levels determined by flow cytometry (n=7, pooled from 1 

experiment of n=3, and 2 of n=2, appropriate statistics as detailed in the methods 

used to compensate for experimental variability). C. As in A. but for IL2Rγ 

expression. D. As in B. but for IL2Rγ+ expression (n=5, pooled from one experiment 

of n=3, and one of n=2). E. Percentage IL2Rα expression in CD4+ T cells from WT 

mice, at day 4 of in vitro Th2 differentiation. Cells were treated with either non-

targeting control (NTC) or Malat1 targeting GapmeRs. (n=5, one experiment of n=3 

one of n=2). F. As in E. but for IL2Rγ+ cells. 
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Figure 3.15 Il2ra and Il2rg transcript levels are not disrupted at day 4 following 

Malat1 loss 

A. Il2ra transcript levels in WT or Malat1-/- CD4+ T cells derived from male or 

female mice at day 4 of in vitro Th2 differentiation of. Expression determined by 

qRTPCR. Levels normalized to U6 and average levels of WT females (n=8, 2 

experiments of n=3, 1 of n=2, appropriate statistics as detailed in the methods used 

to compensate for experimental variability). B. As in A. but for Il2rg. 
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3.2.8 Male differentiating Th2 cells are less sensitive to IL2 treatment 

 The response to rIL2 in Figure 3.13 caused a larger upregulation of cytokine 

expression in females than males, suggesting a difference in responsiveness to IL2. We 

investigated this by performing titrations of different rIL2 levels during Th2 

differentiation of WT females and males. We varied rIL2 concentrations at day 4 between 

2-20 U/ml and measured cytokine expression and cell numbers at end-point 

differentiation. 

 Increasing concentrations of rIL2 up to 10 U/ml caused increases in both IL10 and 

IL4 in female cells (Figure 3.16 A, B), however in male cells this increase did not occur 

to a similar degree. Male cells also demonstrated significantly lower IL10 expression than 

female cells at all concentrations of IL2, and significantly lower levels of both IL4 and 

IL10/IL4 double positives at standard rIL2 levels (10 U/ml) (Figure 3.16 A-C). While 

female cell numbers at day 6 increased along with rIL2 concentration, male cells were 

able to expand effectively even at the lowest rIL2 concentration (Figure 3.16 D). To 

account for experiment-experiment differences, we also normalised IL10, IL4 and 

IL10/IL4 expression between experiments (Figure 3.16 E-G), which confirmed 

difference in IL2 responsiveness between females and males. Overall, this suggests that 

male Th2 cells may be less sensitive to differences in IL2 levels in terms of for cell 

expansion, and do not upregulate cytokine expression to the same extent as in females. 
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Figure 3.16 Male CD4+ T cells display lower sensitivity to exogenous IL2 levels 

A. Percentage IL10 expression in CD4+ T cells from WT or Malat1-/- mice of both 

sexes, at day 6 of in vitro Th2 differentiation. Cells were resuspended at day 4 of in 

vitro differentiation in the indicated concentrations of rIL2. Levels determined by 

intracellular staining (n=10 per condition, 2 experiments of n=2, 2 experiments of 

n=3, appropriate statistics as detailed in the methods used to compensate for 

experimental variability). B. As in A. but for IL4 expression. C. As in A. but for 

IL10+ IL4+ double positive expression. D. As in A. but for total numbers of live cells 

(as determined by trypan blue staining and haemocytometer counts) at day 6 of in 

vitro Th2 differentiation. E. As in A. but with IL10 expression normalised to 10 

U/ml. F. As in E. but for IL4 expression. G. As in E. but for IL10+ IL4+ cells. 
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3.2.9 Malat1 loss causes a sex-specific decrease in IL10 expression in an 

in vivo model of lung inflammation 

 To identify whether the Malat1 loss affected Th2 differentiation and cytokine 

expression profile in vivo, we used the S. mansoni egg-injection model in WT and Malat1 

to stimulate lung inflammation. A schematic for this model is shown in Figure 3.17 A and 

in section 2.7.1 of this thesis. We analysed immune cell responses in the lung as the 

primary site of inflammation, and the spleen to identify systemic effects. As this 

experiment required a large number of mice and required staining of multiple flow 

cytometry panels per organ, we opted to split processing of females and males on different 

days. 

 While total mouse weight did not significantly change (Figure 3.17 B), lung 

weights significantly increased in size in all samples upon egg injection, and spleen 

weights increased in all bar Malat1-/- males (Figure 3.17 C, D. Total lung immune cells 

also increased, although this only reached significance in WT females and Malat1-/- males 

(Figure 3.17 E, F). 
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Figure 3.17 S. mansoni egg-injection triggered immune responses in both the 

lung and the spleen 

A. Schematic of S. mansoni egg injection experiment. 5,000 dead S. mansoni eggs 

were injected IP into mice, then after a week the injection was repeated IV via the 

tail vein. After another week, lungs and spleens were harvested and processed for 

FACS. B. Total weight of naïve and S. mansoni egg injected (Sm) WT or Malat1-/- 

mice of both sexes (n=4 for Malat1-/- male naïve, n=5 for all other naïve, n=9 for egg 

injected mice). C. Dry lung weight as a percentage of body weight for naïve and Sm 

egg injected WT or Malat1-/- mice of both sexes. D. As in C. but for dry spleen 

weight. E. Total cell numbers in lungs of naive and Sm egg injected WT or Malat1-/- 

mice of both sexes. F. As in E, but for total splenic cell numbers.  
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We first analysed granulocyte and monocyte responses in the lungs via flow 

cytometry, to confirm the generation of a localised type 2 inflammatory response. As 

expected, percentages of eosinophils (CD45+ CD11b+ SIGLECF+) and eosinophil cell 

numbers both increased dramatically upon infection in all samples, as did eosinophil 

activation (RELMα expression) (Figure 3.18 A, D). Interestingly, Malat1-/- females 

displayed a slight decrease in eosinophil cell numbers (Figure 3.18 B), although this did 

not reach significance. Neutrophil percentages significantly decreased in females in 

response to egg injection, although cell numbers did not change (Figure 3.18 E, F), 

suggesting that this change was likely due to expansion of other cell subsets. Neutrophil 

cell numbers were elevated in both WT and Malat1-/- males compared to females, however 

Malat1-/- males displayed a significant decrease on infection, while WT males did not. 

Bone marrow derived (Ly6Chi) monocyte (CD11b+ CD64+) percentages were 

significantly reduced on egg-injection in all samples bar Malat1-/- males, although cell 

numbers were unaffected, again suggesting that this was due to expansion of other cell 

types (Figure 3.19 A, B). Local patrolling (Ly6Clo) monocyte percentages were 

unchanged in response to infection, however numbers increased in all samples bar 

Malat1-/- females (Figure 3.19 C, D). Both Ly6Chi and Ly6Clo monocytes displayed 

significantly increased RELMα expression upon infection, suggesting an increase in 

alternative (type 2) activation (Figure 3.19 E, F). 

After confirming that we had generated robust alternative monocyte and 

eosinophil activation, we assessed lymphocyte cells via a lymphocyte surface panel. B 

(CD19+ CD45+) cell percentages were significantly reduced in both WT and Malat1-/- 

females and not in males in the lung on egg-injection (Figure 3.20 A), however numbers 

for all samples in both the lung (Figure 3.20 A, B) and the spleen were unaffected on 

infection (Figure 3.20 C, D) suggesting this was caused by expansion of another cell type. 
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Lung CD4+ T cell (CD45+ CD4+ TCRβ+) percentages were significantly increased only 

in WT females and Malat1-/- males, while cell numbers only significantly increased in WT 

females (Figure 3.21 A, B). Splenic CD4+ T cell percentages were unaffected by infection, 

while cell numbers did slightly increase in Malat1-/- males (Figure 3.21 C, D).  CD4+ T 

cell activation (CD44hi CD62Llo) in the lungs was significantly increased on infection for 

both percentages and cell numbers in all samples (Figure 3.21 E, F). Borderline non-

significant downwards trends in CD44hi CD62Llo cells were observed resulting from 

Malat1 loss in females and not males, suggesting Malat1 loss may be impacting T cell 

activation. No significant changes were seen in splenic CD4+ T cells on infection, bar an 

increase in Malat1-/- male cell numbers on infection (Figure 3.21 G, H). 
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Figure 3.18 Egg-injection generates robust eosinophil responses in the lung 

A. Percentages of eosinophils (CD45+, CD11b+, SIGLECF+) in lungs of naïve or Sm 

egg injected WT or Malat1-/- mice of both sexes. Levels determined by surface 

staining (n=4 for Malat1-/- male naïve, n=5 for all other naïve, n=9 for egg injected 

mice). B. As in A. but for total eosinophil cell numbers. C. Percentages of RELMα 

expressing lung eosinophils. D. Total cell numbers of RELMα+ eosinophils. E. As in 

A. but for the percentage of neutrophils (CD45+, CD11b+, Ly6G+) in the lungs. F. 

Total neutrophil cell numbers. 
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Figure 3.19 Egg-injection triggers monocyte alternative activation 

A. Percentages of Ly6Chigh monocytes (CD45+, CD11b+, CD64+, Ly6Chigh) in lungs 

of naïve or Sm egg injected WT or Malat1-/- mice of both sexes. Levels determined 

by surface staining (n=4 for Malat1-/- male naïve, n=5 for all other naïve, n=9 for egg 

injected mice). B. As in A. but for Ly6Clow monocytes. C. Total lung ly6Chigh 

monocyte cell numbers. D. Total lung Ly6Clow monocyte cell numbers. E. 

Percentage of RELMα expressing Ly6Chigh monocytes in the lung. F. As in E. but for 

Ly6Clow monocytes. 
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Figure 3.20 B cells are unaffected by Malat1 loss 

A. Percentages of B cells (CD45+, CD19+) in lungs of naïve or Sm egg injected, WT 

or Malat1-/-, female or male mice. Levels determined by surface staining (n=4 for 

Malat1-/- male naïve, n=5 for all other naïve, n=9 for egg injected mice). B. Total 

lung B cell numbers. C. Percentages of B cells in the spleens. D. Total splenic B cell 

numbers. 
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Figure 3.21 Malat1 loss may impact CD4+ T cell activation in the lung 

A. Percentages of CD4+ T cells (TCRβ+ CD4+) cells in lungs of naïve or Sm egg 

injected WT or Malat1-/- mice of both sexes. Levels determined by surface staining 

(n=4 for Malat1-/- male naïve, n=5 for all other naïve, n=9 for egg injected mice). B. 

Total lung CD4+ T cell numbers. C. Percentages of CD4+ T cells in the spleen. D. 

Total splenic CD4+ T cell numbers. E. Percentage of activated (CD44high CD62Llow) 

CD4+ T cells in the lung. F. Total activated lung CD4+ T cell numbers. G. 

Percentages of splenic  activated CD4+ T cells. H. Activated splenic CD4+ T cell 

numbers. 
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We then assessed CD4+ T cell cytokine expression using an intra-cellular cytokine 

staining flow cytometry panel. In agreement with in vitro data, IL10 expression in the 

lung was significantly decreased in Malat1-/- females when compared to WT females, both 

in terms of percentage of CD4+ cells expressing IL10 and total cell numbers (Figure 3.22 

A-C). No significant changes were seen resulting from Malat1 loss in males. Similar 

results were also observed in the spleen, where IL10 was again significantly decreased in 

Malat1-/- females and not males (Figure 3.22 D, E). IL4 expression was not affected by 

Malat1 loss in either the lungs or the spleen, although splenic IL4+ cell numbers did 

increase in Malat1-/- males on infection (Figure 3.23 A-D). IFNγ expression in terms of 

cell numbers was significantly decreased in lung Malat1-/- females, while the percentage 

of cells in the spleen expressing IFNγ was significantly increased in Malat1-/- males 

(Figure 3.23 E-H). When investigating double positive cells, the percentage of IL10/IL4 

double positive cells was significantly decreased in Malat1-/- females in both the lung and 

the spleen (Figure 3.24 A-D), although this did not reach significance in lung cell 

numbers. Malat1-/- males displayed the opposite of this, with significantly increased 

percentages of IL10 IL4 double positives in the spleen. IL10 IFNγ double positives were 

also significantly decreased in Malat1-/- females in the lung (Figure 3.24 E, F), although 

this result was not seen in the spleen (Figure 3.24 G, H). Overall, these results 

demonstrated that the sex-specific effects of Malat1 loss on cytokine expression, 

especially on IL10 and IL10 IL4 cells, are also observed in in vivo generated Th2 cells.  
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Figure 3.22 In vivo loss of Malat1 disrupts IL10 expression in females 

A. Representative FACS plots of IL10 and IL4 expression in lung CD4+ TCRβ+ 

cells from Sm egg-injected WT or Malat1-/- mice of both sexes. B. Percentages of 

lung IL10 expressing TCRβ+ CD4+ cells derived from naïve or Sm egg injected WT 

or Malat1-/- mice of both sexes. Levels determined by intracellular staining (n=4 for 

Malat1-/- male naïve, n=5 for all other naïve, n=9 for egg injected mice). C. Total 

numbers of lung IL10 expressing TCRβ+ CD4+ cells. D. As in B. but for splenic 

IL10 expressing TCRβ+ CD4+ cells. E. Total numbers of splenic IL10 expressing 

TCRβ+ CD4+ cells. 
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Figure 3.23 Malat1 loss does not affect IL4 or IFNγ expression in vivo 

A. Percentages of lung IL4 expressing TCRβ+ CD4+ cells derived from naïve or Sm 

egg injected WT or Malat1-/- mice of both sexes. Levels determined by intracellular 

staining (n=4 for Malat1-/- male naïve, n=5 for all other naïve, n=9 for egg injected 

mice). B. Total numbers of lung IL4 expressing TCRβ+ CD4+ cells. C. Percentages of 

splenic IL4 expressing TCRβ+ CD4+ cells. D. Total numbers of splenic IL4 

expressing TCRβ+ CD4+ cells. E. Percentages of lung IFNγ expressing TCRβ+ CD4+ 

cells. F. Total numbers of lung IFNγ expressing TCRβ+ CD4+ cells. G. Percentages 

of splenic IFNγ+ expressing TCRβ+ CD4+ cells. H. Total numbers of splenic 

IFNγ+ expressing TCRβ+ CD4+ cells. 
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Figure 3.24 Malat1 loss disrupts IL10+ IL4+ and IL10+ IFNγ+ cells in vivo 

A. Percentages of lung IL10+ IL4+ double positive TCRβ+ CD4+ cells derived from 

naïve or Sm egg injected WT or Malat1-/- mice of both sexes. Levels determined by 

intracellular staining (n=4 for Malat1-/- male naïve, n=5 for all other naïve, n=9 for 

egg injected mice). B. Total numbers of lung IL10+ IL4+ double positive TCRβ+ 

CD4+ cells. C. Percentages of splenic IL10+ IL4+ double positive TCRβ+ CD4+ cells. 

D. Total numbers of splenic IL10+ IL4+ double positive TCRβ+ CD4+ cells. E. 

Percentages of lung IL10+ IFNγ+ double positive TCRβ+ CD4+ cells. F. Total 

numbers of lung IL10+ IFNγ+ double positive TCRβ+ CD4+ cells. G. Percentages of 

splenic IL10+ IFNγ+ double positive TCRβ+ CD4+ cells. H. Total numbers of splenic 

IL10+ IFNγ+ double positive TCRβ+ CD4+ cells. 
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Following confirmation that the egg-injection experiment triggered type 2 

inflammation in the lung, and that we observed sex-specific effects on cytokine 

expression in Th cells in vivo, we performed a second in vivo egg injection experiment. 

In this experiment females and males were processed on the same days, allowing for more 

direct comparisons. Due to the changes seen in vitro on the IL2 receptor, we investigated 

IL2Rα and IL2Rγ in the T cell surface receptor panel. We also added IL13 in the CD4+ T 

cell intra-cellular cytokine panel to allow for identification Th2 cells, via expression of 

both IL4 and IL13. Full exploration of this experiment is shown in the appendix of this 

thesis, but only relevant figures will be shown in text (these include eosinophil activation, 

IL2R staining and parts of the cytokine panel). Of note, the immune response generated 

in this experiment was weaker than previously, as eosinophil numbers and RELMα 

expression (Figure 3.25A-C) were decreased compared to the previous experiment 

(Figure 3.19).  
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Figure 3.25 The repeated egg-injection experiment generated a weaker type 2 

response 

A. Percentages of eosinophils (CD45+, CD11b+, SIGLECF+) in lungs of Sm egg 

injected WT or Malat1-/- mice of both sexes. Levels determined by surface staining 

(n=5). B. Eosinophil lung cell numbers. C. Percentages RELMα expressing 

eosinophils in lungs of S. mansoni egg injected, WT or Malat1-/- mice of both sexes. 
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When investigating IL2R expression, overall IL2R expression in CD4+ T cells 

was lower in vivo than our in vitro experiments. IL2Rα expression was decreased in 

Malat1-/- females in both the lung and the spleen, although this only reached significance 

in the spleen (Figure 3.26 A, B). Interestingly, IL2Rα was significantly affected in Malat1-

/- males, upregulated in the lung and downregulated in the spleen. IL2Rγ was unaffected 

by Malat1 loss in the lung but decreased in Malat1-/- females and WT males in the spleen, 

with no difference resulting from Malat1 loss in males (Figure 3.26 C, D). IL2Rα IL2Rγ 

double positive cells were unaffected in the lung but downregulated in WT males and 

upregulated in Malat1-/- males in the spleen (Figure 3.26 E, F).  

We further investigated IL2R expression within activated (CD44hi CD62Llo) cells, 

as we reasoned these may be similar to the activated Th cells we generate in vitro. Here, 

IL2Rα expression was decreased in Malat1-/- females only in the lung, while in the spleen 

IL2Rα expression was increased in Malat1-/- males only (Figure 3.27 A, B). IL2Rγ was 

significantly decreased again only in the spleen for both Malat1-/- females and WT males 

(Figure 3.27 C, D), while IL2Rα IL2Rγ double positives displayed little change, with 

only a significant increase in Malat1-/- males in the spleen (Figure 3.27 E, F). Overall, 

these results suggest that Malat1 loss affects IL2R expression in vivo. 

In terms of cytokine expression in this experiment, the percentage of cells 

expressing IL10 displayed a borderline non-significant decrease in Malat1-/- females in 

both the lungs and the spleen (Figure 3.28 A-D). The lack of significance was potentially 

due to the overall weaker immune response. No significant results were seen for other 

cytokine expression, including IL13. However, when using IL4 and IL13 to gate for Th2 

cells (CD4+ TCRβ+ IL4+ IL13+), Malat1 loss in females caused a large and significant 

decrease in IL10 within this population (Figure 3.28 E, F), again confirming the sex-

specific effects of Malat1 loss on cytokine expression in vivo. 
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Figure 3.26 Malat1 loss impacts the expression of the IL2R in vivo 

A. Percentages of lung IL2Rα expressing TCRβ+ CD4+ cells from the lungs of Sm 

egg injected WT or Malat1-/- mice of both sexes. Levels determined by intracellular 

staining (n=5). B. Percentages of splenic IL2Rα expressing TCRβ+ CD4+ cells. C. 

Percentages of lung IL2Rγ expressing TCRβ+ CD4+ cells. D. Percentages of splenic 

IL2Rγ expressing TCRβ+ CD4+ cells. E. Percentages of lung IL2Rα+ IL2Rγ+ double 

positive TCRβ+ CD4+ cells. F. Percentages of splenic IL2Rα+ IL2Rγ+ double positive 

TCRβ+ CD4+ cells. 
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Figure 3.27 Malat1 loss impacts the expression of the IL2R in activated CD4+ T 

cells in vivo 

A. Percentages of lung activated (CD44hi CD62Llo) TCRβ+ CD4+ cells expressing 

IL2Rα+ from Sm egg injected WT or Malat1-/- mice of both sexes. Levels determined 

by intracellular staining (n=5). B. Percentages of splenic IL2Rα+ expressing 

activated TCRβ+ CD4+ cells. C. Percentages of lung activated TCRβ+ CD4+ cells 

expressing IL2Rγ+. D. Percentages of splenic IL2Rγ+ expressing activated TCRβ+ 

CD4+ cells. E. Percentages of lung activated TCRβ+ CD4+ cells expressing both 

IL2Rα+ IL2Rγ+. F. Percentages of splenic IL2Rα+ IL2Rγ+ expressing activated 

TCRβ+ CD4+ cells. 
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Figure 3.28 Malat1 loss in females affects IL10 expression in IL4+ IL13+ Th2 

cells 

A. Percentages of lung IL10 expressing TCRβ+ CD4+ cells from Sm egg injected WT 

or Malat1-/- mice from both sexes. Levels determined by intracellular staining (n=5). 

B. Total numbers of lung IL10 expressing TCRβ+ CD4+ cells. C. Percentages of 

splenic IL10 expressing TCRβ+ CD4+ cells. D. Total numbers of splenic IL10 

expressing TCRβ+ CD4+ cells. E. Percentages of IL10+ expressing cells within lung 

Th2 (IL4+ IL13+ TCRβ+ CD4+) cells. F. Total numbers of IL10+ expressing Th2 

(IL4+ IL13+ TCRβ+ CD4+) cells. 
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3.3 Discussion 

In this chapter, we demonstrated that lncRNA Malat1 controls Th2 differentiation 

in a sex-specific manner, with Malat1 loss in females affecting not just expression of 

cytokine IL10, but also impacting expression of other Th2 cytokines and blunting 

transcriptomic changes that occur during Th2 differentiation. We discovered that Malat1 

controls expression of the IL2 receptor, with loss leading to a blunted response to rIL2, 

likely causing the cytokine and transcriptomic changes seen. We also identified that WT 

male cells display reduced sensitivity to IL2, potentially explaining why Malat1 loss does 

not impact cytokine expression in males. Finally, we validated the effects of Malat1 loss 

in an in vivo model of type 2 lung inflammation, identifying sex-specific decreases in 

cytokine expression, particularly affecting IL10 and IL10 IL4 expression, and limited 

effects from Malat1 loss on the IL2 receptor.  

Our results demonstrate that Malat1 is a novel cell intrinsic and sex-specific 

regulator of Th2 differentiation, with effects of Malat1 loss seen both in vivo and in an in 

vitro assay. Identifying novel cell intrinsic mediators of sexual dimorphism in T cells is 

critical to addressing differences in incidence and severity of immunopathologies such as 

autoimmune disorders or allergies between females and males (Conrad et al., 2023; 

Gutiérrez-Brito et al., 2024). Known sex-specific drivers of T cell differentiation are 

predominantly related to the X chromosome or hormonal regulation. However, Malat1 is 

not X-linked, and the effects of Malat1 loss were seen in an in vitro assay performed in a 

hormone-independent environment suggesting that the sex differences were not a result 

of hormonal regulation. Previous literature has also not suggested that Malat1 plays a role 

in hormonal regulation either, although this does not rule out potential hormonal priming 

of naïve CD4+ T cells, which could result in differing intracellular organisation between 

females and males. Oestrogen has previously been shown to alter thymic T cell 
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development (Rijhsinghani et al., 1996), potentially suggesting differences in T cell 

intracellular organisation following maturation, although this was primarily shown to 

affect T cell numbers. Cell-intrinsic drivers of T cell sexual dimorphism so far have 

primarily been linked to X chromosome inactivation escape (Forsyth, Toothacre, et al., 

2024), or to direct interactions with Xist (R. Y. Guo et al., 2022). However, no research 

has suggested that Malat1 can affect X chromosome inactivation or bind to Xist. 

Malat1 loss here was particularly seen to affect the expression of cytokine IL10 

in females, and IL10 signalling blockade was seen to enhance the impact of Malat1 loss 

on other Th2 cytokines, revealing decreases in expression of both IL4 and IL13. This 

combined with the RNA-seq data identifying suppression of transcriptomic changes 

suggests that Malat1 loss is inhibiting overall Th2 differentiation. IL10 is highly produced 

by Th2 cells with expression levels similar to those of IL4, IL5 and IL13 (Saraiva & 

O’Garra, 2010), although IL10 expression is not Th2 specific and can be expressed by all 

Th cells later during differentiation (Jankovic et al., 2010; Yssel et al., 1992). IL10 has 

previously been shown to suppress both Th1 and Th2 differentiation (Akdis & Blaser, 

2001), suggesting that the high level of IL10 produced in in vitro differentiated Th2 cells 

masked the effects on other cytokine expression. However, this effect may be context 

dependent, as IL10 expression during intestinal inflammation is involved more in 

suppressing Th1 and promoting Th2 responses (Webster et al., 2022). IL10 expression in 

Th2 cells is directly regulated by transcription factor MAF (Saraiva & O’Garra, 2010), 

which has previously been shown to be disrupted from Malat1 loss in Th1 cells (Hewitson 

et al., 2020), although this was only investigated in female mice. In Th2 cells both MAF 

and IL10 lie downstream of GATA3 and STAT6 signalling (Saraiva & O’Garra, 2010; 

Shoemaker et al., 2006) suggesting disruption to the core Th2 signalling from Malat1 loss 

in females, which would explain the further effects on IL4, IL13 and the Th2 



175 
 

transcriptome seen, although confirmation would require further investigation of these 

pathways. 

IL10 is known to be a major driver of immune sexual dimorphism, with both 

expression levels and the cellular effects varying between sexes. IL10 expression can be 

directly induced in male CD4+ T cells via testosterone signalling, potentially explaining 

the lower expression levels in our in vitro model compared to in vivo (Liva & Voskuhl, 

2001), while oestrogen instead promotes a more general pro-inflammatory cytokine 

expression (Mohammad et al., 2018). Interestingly, some sex differences have also been 

observed in IL10 signalling, such as a heightened STAT3 activation from IL10 signalling 

in male blood leukocytes (Islam et al., 2022), suggesting stronger intracellular regulation 

of IL10. This increased intracellular signalling may explain the higher IL10 levels seen 

in WT females seen here. 

The effect on differentiation in female Malat1-/- cells is likely to be caused, at least 

in part, by the disrupted response to IL2. IL2 signalling via STAT5 in Th2 cells promotes 

the expression of IL4Rα and IL4, and therefore disruption to IL2 signalling could inhibit 

transcriptional changes from IL4 signalling (Liao et al., 2008; Wohlfert et al., 2011). 

Malat1 in humans has been linked to both IL4 and GATA3 expression in Th2 

differentiation previously, with Malat1 knock-down disrupting both IL4 and GATA3 

expression in a model of ovalbumin induced Th2 differentiation (Liang & Tang, 2020). 

Disruption to IL4 signalling would likely impact GATA3 levels however, and no 

differences were seen in Gata3 transcript expression from Malat1 loss in our RNA-seq 

data, although again this could be caused by the compensatory mechanism from the 

increased IL10 levels in WT females. IL10 expression is also in part regulated by 

downstream IL2R activation and IL2 signalling. IL2 signalling in Th cells promotes 
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expression of transcription factors such as BLIMP-1 and MAF, both of which promote 

IL10 expression in Th cells (Rani et al., 2011; Shouse et al., 2024).  

Malat1 loss in females specifically was able to impact expression of both IL2Rγ 

and IL2Rα in vitro. In vivo Malat1 loss had a modest effect on IL2R expression, 

particularly affecting IL2Rα levels in activated lung T cells, and IL2Rγ levels in splenic 

T cells. However, levels of these two IL2R subunits were extremely variable between in 

vitro and in vivo differentiated Th2 cells, and the T cells in vivo were likely at differing 

stages of activation. Expression dynamics also differ between the IL2R subunits in Th 

cell differentiation, as IL2Rα is expressed relatively quickly following T cell activation 

and is commonly used as a marker of Th cell activation and differentiation (Belot et al., 

2018), while IL2Rγ is expressed constitutively instead. The disruption to IL2Rα 

expression may hint at impacts from Malat1 loss at earlier time points during the Th2 

differentiation procedure, such as during initial T cell activation. This is also consistent 

with our GapmeR knockdown experiments revealing that Malat1 was required at the early 

stages of differentiation and could also explain the fact that Malat1 loss does not impact 

the Il2ra and Il2rg transcripts at day 4, as the RNA levels may be disrupted in prior time 

points. 

IL2Rα expression in CD4+ T cells is associated with the development of Tcm cells 

(Dooms et al., 2007). Interestingly, in CD8+ T cells, Malat1 was shown to regulate 

memory cell formation and to affect cell proliferation and IL2 expression, likely via 

targeting of PRC2 (Kanbar et al., 2022). Memory cell formation in CD8 T cells is also 

heavily linked to IL2 signalling, with IL2 shown to rescue CD8s from death following 

cell contraction and to promote differentiation to effector memory cells. (Boyman et al., 

2010). Malat1 has been demonstrated to associate with EZH2 and PRC2 in a number of 
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different cell types, also including a T cell lymphoma line and embryonic stem cells (S. 

H. Kim et al., 2017), with knock-down shown to dysregulate H3K27me3 patterns. During 

T cell differentiation subset specific genes and cytokines are demethylated to upregulate 

expression, which is particularly important for core Th2 cytokine IL4 (D. U. Lee et al., 

2002), while active methylation occurs to suppress alternate Th cell subsets transcription 

factor and cytokine expression (Yano et al., 2003). This could suggest that Malat1 is 

regulating similar pathways between CD4+ and CD8+ T cells via its known association 

with PRC2, although further research into histone methylation and whether Malat1 

associates with PRC2 during Th2 differentiation would be required to investigate this. 

However, more recent research have shown that direct interactions between PRC2 and 

lncRNA such as Malat1 may be an experimental artifact,. CLIP and RIP experiments 

performed with denaturing conditions have failed to identify PRC2 binding to lncRNAs 

(J. K. Guo et al., 2024), while RNase A degradation during CLIP (previously used to show 

that RNA was required for PRC2 occupancy on chromatin) in fact lead to non-specific 

chromatin precipitation, suggesting that it is not directly regulated by lncRNAs (Hall 

Hickman & Jenner, 2024; Healy et al., 2024). However, regulation of PRC2 by Malat1 

may still occur via regulation of an intermediate RBP, or as a result of Malat1 regulating 

other processes. 

Malat1 has also been shown to affect alternative splicing, via its interactions with 

SR and HNRNP splicing factors (Miao et al., 2022; Tripathi et al., 2010). Changes in 

alternative splicing events are core to T cell activation (Ip et al., 2007), and play further 

roles in regulating T cell differentiation, proliferation and apoptotic signalling (Banerjee 

et al., 2023). Malat1 loss affecting the function of its associated splicing factors could 

cause the observed effects on differentiation. Some Malat1 RBP binding partners are 

already known to regulate parts of T cell differentiation. SRSF1 is a regulator of Treg 
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cells, with knock-down causing aberrant expression of proinflammatory cytokines such 

as IL17 (Katsuyama & Moulton, 2021). Meanwhile, SRSF2 has been shown to be 

upregulated in and linked to exhausted T cells, where it regulates H3K27 acetylation (Z. 

Wang et al., 2020). In terms of other cellular roles, Malat1 has been shown to localise to 

actively transcribing chromatin and aid in the targeting of transcription factors and 

transcriptional repressors (Aslanzadeh et al., 2024), disruption of which could also 

explain the general impacts on Th2 differentiation. 

While IL2Rα was disrupted only in Malat1-/- females, IL2Rγ expression was 

disrupted in both Malat1-/- females and males in vitro and in some T cell subsets in vivo. 

This discrepancy could be explained by the high affinity receptor mediating the majority 

of the biological effects of IL2 (Ross & Cantrell, 2018). However, we also observed a 

differential sensitivity to IL2 observed between females and males. IL2 activation of 

STAT5 is suggested to be critical for Th2 differentiation, promoting the expression of Th2 

cytokines such as IL4 (Cote-Sierra et al., 2004), although our results suggest IL2 may be 

more critical for Th2 differentiation in females than males, and therefore disruption to the 

IL2 receptor would not cause the same level of disruption in males. Increased sensitivity 

to IL2 in females has been noted previously in other immune cell types. Female ILC2s 

demonstrate increased proliferation and cytokine expression in response to IL2 (Cephus 

et al., 2017), while female NK cells produce higher levels of IFNγ than males in response 

to increasing levels of IL2 (Menees et al., 2021). This may suggest that generally IL2 

signalling is altered in males, or that males are less sensitive to IL2.  

As part of T cell differentiation, IL2 signalling in activated Th cells promotes 

CD4+ T cell expansion through the mTORC pathway (Katzen et al., 1985; Ross & 

Cantrell, 2018), however despite the effects on cytokine expression no differences were 

noted in cell numbers resulting from Malat1 loss. This could suggest that Malat1 loss 
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affects specific signalling pathways, and proliferation is unaffected. This result could also 

be in part due to a high amount of cell death occurring during the contraction phase of Th 

cell differentiation (Garrod et al., 2012; McKinstry et al., 2010), which could act as a 

compensatory mechanism. Malat1 has also previously been linked to cell proliferation in 

cancers, with knockdown of inhibiting ovarian cancer cell progression (Gordon et al., 

2019) and hepatocellular carcinoma proliferation (Malakar et al., 2016), suggesting that 

further experiments may identify differences here, and future experiments should trial 

methods such as CFSE staining for assessing whether cell division is impacted. 

The effect on IL10 expression in vivo may hint at real consequences in infection 

if Malat1 is mutated or its expression is altered. IL10 in vivo is critical for a number of 

infections and diseases, generally preventing tissue damage during acute levels of 

inflammation by inhibiting activity of Th cells, NK cells and macrophages (Couper et al., 

2008). Th2 cytokine expression, particularly IL10, is also known to be an important 

determinant of full Schistosoma worm infection outcomes in mice. Neutralisation or 

knock-out of IL10 during S. mansoni infection was seen to enhance Th1 responses and 

increase granuloma size (Flores Villanueva et al., 1993; Sadler et al., 2003). Failure to 

properly set up Th2 responses in Schistosoma infection in mice is suggested to increase 

mortality (MacDonald et al., 2002). Therefore, it would be interesting to perform further 

exploration investigating Malat1 loss in full S. mansoni infection. Due to the IL10R 

blockade in vitro enhancing the effects of Malat1 loss on Th2 differentiation, future 

experiments investigating IL10R blockade in vivo may enhance differences on other Th 

cell cytokines and in other cell types. However, IL10 levels in this in vivo model are lower 

than in vitro (5% compared to 20%), while the inverse occurs for IL4 expression (20% to 

10%), therefore the impact of IL10R blockade on IL4 and IL13 may not occur to the same 

extent. IL10 expression from CD4+ T cells is also critical in developing immune tolerance 
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to allergens (Akdis & Akdis, 2014), and therefore further validation of Malat1 loss on 

Th2 differentiation in alternative in vivo models of allergic inflammation, such using the 

HDM allergen (Woo et al., 2018), may provide additional context for the role of Malat1 

in allergy and autoimmunity. 

While we identified similar trends for the effects of Malat1 loss on IL10 in females 

both in vivo and in vitro, we also observed a number of differences in our in vivo model 

compared to our in vitro model for Th2 cell generation. Malat1 loss in vivo in males 

generally displayed enhanced immune responses to egg-injection, more similar to those 

observed in WT females.  Neutrophil and Ly6CHigh monocyte percentages significantly 

decreased on egg-injection in Malat1-/- males similar to those seen in females, while CD4+ 

T cell percentages significantly increased similar to those seen in WT females. 

Meanwhile, in the spleen both total and activated splenic CD4+ T cell numbers 

significantly increased only in Malat1-/- males. In terms of the Th2 differentiation, we 

observed a significant decrease in IL10+ expression and IL10+ IL4+ expression in Malat1-

/- females, consistent with our in vitro data, as well as a significant decrease in IL10+ IFNγ 

+ cells. However, we did not observe significant decreases in IL4 and IL13 expression 

from Malat1 loss, although this was inconsistent in our in vitro dataset without treatment 

with anti-IL10R blocking antibody, which was not used in our in vivo experiments. We 

also did not observe a significant increase in IL10 and IL4 expression in WT females 

compared to WT males in vivo, with consistent cytokine levels seen between both WT 

male and females. We also observed changes in the IL2R in Malat1-/- females in vivo, 

with decreased IL2Rα and IL2Rγ expression in Malat1-/- females both overall and in 

activated (CD44+) cells, consistent with our results in vitro. However, expression levels 

of IL2Rα were greatly decreased in vivo (3-5%) compared to in vitro (70-80% 

expression), which is likely a consequence of the Th cells in vivo being at differing stages 
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of differentiation. IL2Rγ expression also differed between the lung (6% expression) and 

spleen (70% expression), suggesting that IL2Rγ levels may be more tissue specific in vivo 

and therefore less comparable to our in vitro data. 

we also observed differences in Malat1-/- males not seen in vitro, such as 

significant increases in splenic IL4+ on injection not seen in other samples, significant 

increases in IFNγ+ and IL10+ IL4+ cells compared to WT males, and significant decreases 

in splenic IL2Rγ + cells compared to WT males. We also observed that in vivo Th2 cells 

displayed lower IL10 expression compared to our in vitro models and, higher IL4 and 

IL13 expression. These in vivo results in males may suggest that Malat1 loss enhances 

the overall immune response in males, particularly highlighting the sex-specific effects 

of Malat1 loss, and may suggest that Malat1 is affecting different intracellular pathways 

between females and males. However, none of the changes in cytokine expression in 

males were seen in our in vitro assays, potentially suggesting that these could be induced 

from Malat1 loss in other immune cell types or from hormonal regulation. 

Th cell differentiation in our in vitro model was seen to differ between males and 

females. In vitro, males generally displayed lower cytokine expression than females, and 

RNA-seq data in males displayed a suppression in immune effector genesets and an 

overall smaller upregulation of core Th2 genes. However, the differences in cytokine 

expression are not seen in our in vivo model, with roughly similar levels of IL10, IL4 and 

IL13 expression between females and males. This may suggest that supplementary factors 

are missing from the in vitro polarisation assays, particularly in males. Testosterone in 

particular is linked to heightened expression of IL10 in Th cells (Liva & Voskuhl, 2001), 

potentially suggesting that male CD4+ T cells require this for the heightened expression 

seen in females. Alternatively, oestrogen can promote inflammatory cytokine expression, 

potentially limiting IL10 expression in females in vivo (Mohammad et al., 2018), and 
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phenol red in media may have weak oestrogenic activity (Berthois et al., 1986). Future 

experiments investigating how hormones affect Th cell differentiation in vitro may 

provide useful information, alongside investigating Th cell differentiation in hormone 

free media. 

Sex differences have also been previously reported in full Schistosoma worm 

infections. In humans, males are more likely to be re-infected with Schistosoma following 

praziquantel treatment than females, and the prevalence of infections is known to be 

higher in males (Trienekens et al., 2020). However, the differences in humans may be at 

least in part due to an increased exposure rate, which could explain the increased infection 

rates when compared to females (Ayabina et al., 2021). In mice, testosterone has been 

identified as a regulator of S. mansoni infection, with males displaying reduced numbers 

of adult worms than females as a result of testosterone signalling (Nakazawa et al., 1997). 

Meanwhile, infected female mice display an overall stronger inflammatory response to S. 

mansoni infection (Eloi-Santos et al., 1992). This may warrant future investigation on the 

role of Malat1 in full Schistosoma infection, and whether it could act as a driver for sexual 

dimorphism in the immune response here. 

To conclude, the work presented in this chapter suggests that Malat1 is a critical 

sex-specific regulator of end-stage Th2 differentiation. Malat1 loss has wide ranging 

impacts in females on Th cell differentiation, impacting expression of the IL2R, Th2 

subset cytokines, and transcriptional changes during Th2 differentiation, with effects seen 

both in vivo and in vitro. This provides an exciting platform for investigating novel 

lncRNA regulators of sexual dimorphism in CD4+ T cells. 
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4. Malat1 Regulates the Th2 Gene 

Programme During Early 

Differentiation via Repression of a 

Type-I Interferon Inducible 

Geneset 
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4.1 Introduction 

4.1.1 Statement 

Some of the work presented in this chapter is also featured in the publications: 

Gwynne M, West KA, van Dongen S, Kourtzelis I, Coverley D, Teichmann SA, James 

KR, Hewitson JP, Lagos D. Malat1 regulates female Th2 cell cytokine expression through 

controlling early differentiation and response to IL-2. J Immunol. 2025 Aug 28:vkaf177. 

doi: 10.1093/jimmun/vkaf177. Epub ahead of print. PMID: 40865984. 

 

4.1.2 CD4+ T cell activation (markers CD69, IL2Rα, CD44)  

As previously mentioned, during T cell activation a major transcriptional and 

translational burst occurs in the first 24 hours, leading to the expression of a number of 

key T cell activation genes. Several cell surface receptor genes, due to their relative low 

expression in naïve T cells and direct links to TCR stimulation, are commonly used as 

marker of activation. These include CD69, IL2Rα, and CD44. CD69 expression is 

triggered via TCR stimulation, via activation-associated transcription factors such as AP-

1 causing rapid transcriptional upregulation (Cibrián & Sánchez-Madrid, 2017). In terms 

of its expression kinetics, Cd69 mRNA becomes detectable under an hour post-activation. 

Transcript levels then peak at around 2-3 hours and begin to decrease after 4-6 hours 

(Cibrián & Sánchez-Madrid, 2017). Interestingly, CD69 protein expression is not directly 

coupled to that of the transcript. CD69 protein is first detectable at low levels on the cell 

surface at 2-3 hours post-activation, when Cd69 transcript expression peaks. The protein 

levels then increase from here until 12 hours post-activation, remaining at stable levels 

for 24 hours, while the transcript levels decrease after the 3 hour peak (M. Wang et al., 

2008). 
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Despite its high expression levels during in vitro activation, CD69 binding to its 

ligand Gal-1 on DCs modulates T cell activation via interacting with the Jak3/Stat5 

pathway. Early activation of this pathway is used to attenuate Th cell activation, 

enhancing Treg differentiation to limit and prevent T cell overactivation (Cibrián & 

Sánchez-Madrid, 2017). CD69, through its interaction with Gal1, has previously been 

shown to negatively regulate IL17 and IFNγ expression in Th1 and Th17, cells and 

promote IL10 expression in Tr1 cells (Fuente et al., 2014).  CD69 may also be involved 

in regulating Th2 cell differentiation too, as CD69 knock-out has been shown to enhance 

Th2 cytokine expression in asthma models (Fuente et al., 2014).  

In comparison to CD69, both IL2Rα and CD44 are used as markers of later 

activation. While both IL2Rα and CD44 expression is also triggered following TCR-

stimulation and via activation of AP-1 and NF-kB pathways, expression is delayed in 

comparison to CD69. In terms of these receptors, expression is first detectable at 24 hours 

post-activation, reaching maximal expression at 48 hours post activation. Also unlike 

CD69, IL2Rα and CD44 expression remains high during the remainder of Th cell 

differentiation (Fuente et al., 2014; Moran et al., 2016).  

 

4.1.3 Type-I IFN signalling in CD4+ T cells 

Type-I IFNs are primarily produced in response to viral infection, with the aim of 

inducing antiviral states in surrounding cells. The most well studied of these include the 

IFNα cluster, consisting of 13 separate Ifna genes, and IFNβ. Less well studied type-I 

IFNs include IFN ε, κ, ω, δ and τ. Type-I IFNs signal via the IFNα receptor (IFNAR), 

comprised of subunits IFNAR1 and IFNAR2 (Kuka et al., 2019). 
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 In terms of type-I IFN impacts on Th cells, signalling during initial Th cell 

activation has shown to inhibit T cell expansion (Dondi et al., 2003). However, signalling 

during differentiation primarily pushes cells towards a Th1 phenotype, but can also help 

cause Tfh cell differentiation (Kuka et al., 2019). Type I IFN signalling aids in 

upregulating expression of TBET (Nakayamada et al., 2014), and IFN signalling during 

Th1 differentiation promotes IFNγ expression. This in turn triggers M1 macrophage 

activation and enhances cytotoxic T cell responses, mediating infected cell apoptosis and 

viral clearance. In terms of the Tfh response, type-I IFN signalling in CD4+ T cells is 

required for initial Tfh activation. IFN signalling results in increased expression of Tfh 

master regulator BCL6, and of Tfh surface markers CXCR5 and PD-1 (Nakayamada et 

al., 2014). However, end-point differentiated Tfh cell expression of cytokines such as 

IL21 is unaffected by IFN signalling (Dondi et al., 2003). 

In vivo type-I IFN signalling shows slightly differing and contrasting responses to 

those in vitro. Type-I IFNs in vivo in both humans and mice are primarily produced by 

DCs, acting to modulate T cell responses. During acute infection, type I IFNs have been 

suggested to promote CD4+ T cell differentiation, clonal expansion, and survival similar 

to that identified in vitro. However, in contrast to this type-I IFNs may also aid in the 

creation of an immunosuppressive environment (Kuka et al., 2019), and have been shown 

to stimulate IL10 expression in some Th cell subsets such as Th17 cells in mice (L. Zhang 

et al., 2011). Type-I IFN signalling during chronic infection has also been suggested to 

increase expression T cell exhaustion markers PD-1, TIM-3 and TIGIT in humans 

(Sumida et al., 2022). In some specific conditions, CD4+ T cells are also able to produce 

type-I IFNs, likely in the context of antitumour immunity in humans. Here, tumour 

infiltrating CD4+ T cells are suggested to utilise type-I IFNs to upregulate class-I MHC 
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expression, enhancing CD8+ T cell cytotoxicity and improving patient outcomes (Lei, de 

Groot, et al., 2024). 

Type-I IFN signalling may also play a role in priming naïve T cells for responses. 

While there is limited research in this area, recent research into naïve CD4+ T cells 

suggests they display significant heterogeneity, forming distinct sub-populations. One 

subpopulation in mice is characterised by increased expression of type-I IFN responsive 

genes and was suggested to be IFN primed (Deep et al., 2024). This type-I IFN primed 

cluster of cells is suggested to be both infection and commensal independent and is 

present even in both germ free and specific pathogen free mice (Even et al., 2024). This 

cluster of IFN primed cells is linked to diminished TCR signalling and a preference to 

differentiate towards memory cells over effector cells, suggesting that type-I IFN 

signalling in naïve CD4+ T cells may aid in priming cells towards Tcm fate (Deep et al., 

2024). Interestingly, subsequent research investigating naïve cell cytokine priming 

identified that helminth Nippostrongylus brasiliensis infection altered the differing 

subpopulations of naïve cells, resulting in an IL4 responsive naive subpopulation. This 

subpopulation, when transferred to uninfected mice, resulted in reduced responses to 

immunisation (Even et al., 2024). 

 

4.1.4 Nanopore long-read RNA sequencing 

The majority of published RNA-sequencing data uses next generation short-read 

Illumina RNA sequencing (Stark et al., 2019). For short-read sequencing, cDNA libraries 

are generated, where input RNA is enriched for mRNA via oligo(dT) capture, fragmented 

into short (<300 bp) sequences, then reverse transcribed. cDNA libraries are then loaded 

onto the flow cell, where fragments are then sequenced by DNA polymerase, which 
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incorporates fluorescently tagged nucleotides into its complimentary sequence, allowing 

for accurate base identification (Goodwin et al., 2016). However, the fragmented 

sequences required for Illumina sequencing are much shorter than a typical mRNA, 

meaning that accurate identification of different splice variants or repetitive regions of 

transcripts is not possible with this technology (Castaldi et al., 2022). 

To overcome the limitations of Illumina sequencing, long-read sequencing 

methods such as Oxford Nanopore Technology (ONT) or PacBio sequencing were 

developed. The ONT sequencing method involves applying a constant voltage across a 

membrane-embedded pore and helicase protein, which passes single stranded nucleic 

acids through the pore in a step wise manner. Alterations in current caused by differing 

charges in single stranded nucleic acids passing through the pore allows for accurate real-

time base calling (Y. Wang et al., 2021). ONT RNA sequencing can involve generation of 

cDNA libraries and limited PCR-amplification (PCR-cDNA sequencing) or direct-RNA 

sequencing, which overcomes limitations associated with reverse-transcription and also 

allows for identification of post-transcriptional nucleotide modifications, such as 

methylation (Jain et al., 2022). 

Unlike short-read sequencing, ONT sequencing does not require RNA 

fragmentation, allowing for significantly longer reads. Reads are able to span multiple 

exons and can cover the full transcript length, allowing for more precise identification of 

different transcript isoforms and better identification of transcript co-dependencies (H. 

Wu et al., 2023). The fragmentation step also introduces biases towards certain major 

isoforms seen in short-read sequencing, which are avoided in long-read sequencing (H. 

Wu et al., 2023). In terms of comparability to Illumina sequencing for analysing gene 

expression, recent benchmarking has revealed that ONT direct RNA and PCR-cDNA 

sequencing perform similarly to short-read sequencing in terms of identifying differential 
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gene expression (Y. Chen et al., 2025), making the ONT sequencing method extremely 

useful for analysing gene expression, alternative splicing, post-transcriptional 

modifications, and polyA length from the same sequencing run. 

 

4.1.5 Hypothesis and aims 

Results in chapter 3 of this thesis indicated that Malat1 loss was required during 

early Th2 differentiation to affect end-point Th2 differentiation. In this chapter, we tested 

the hypothesis that Malat1 loss affects gene expression in early differentiating Th2 cells. 

We aimed to determine how Malat1 loss affects the transcriptome of differentiating Th2 

cells in vitro using long-read RNA sequencing. 

The aims of this chapter were to: 

- Investigate the effects of Malat1 loss on naïve CD4+ T cell activation and 

early Th2 cell differentiation 

- Investigate transcriptomic changes resulting from Malat1 loss at day 2 of 

differentiation via long-read ONT RNA sequencing. 

- Identify Malat1-dependent pathways that are associated with Th2 

differentiation and explore whether their disruption phenocopies the impact of 

Malat1 loss on Th2 differentiation. 
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4.2 Results  

4.2.1 Malat1 loss causes a sex-specific increase in the early activation 

marker CD69 

To identify if Malat1 loss disrupted early T cell activation, we performed in vitro 

Th2 cell differentiations of naïve CD4+ T cells from WT and Malat1-/- mice, of both 

female and male sex. We investigated the expression of early activation marker CD69 

during the first 24 hours by flow cytometry and qRTPCR. Cd69 mRNA expression peaks 

at 3 hours post-activation (Cibrián & Sánchez-Madrid, 2017), and the protein level 

becomes detectable at later time points, peaking at around 24 hours (M. Wang et al., 

2008). Therefore, we opted to take samples for analysis at 3- , 7- and 24-hours post-

activation. 

When investigating receptor expression (Figure 4.1 A, B), we observed increasing 

expression of CD69 during activation, reaching the maximum expression levels at 24 

hours. The kinetics of CD69 expression were shifted as a result of Malat1 loss in females, 

with the percentage of cells expressing CD69 increasing at 3 hours following activation, 

the effect reaching statistical significance at the 7-hour mark. However, at 24 hours CD69 

expression was significantly decreased in Malat1-/- females instead, suggesting that the 

dynamics of CD69 expression were shifted slightly earlier. WT males displayed similar 

trends to Malat1-/- females, with a significant increase at 3 hours post-activation, however 

no changes were seen between WT and Malat1-/- males. 

We next assessed transcript levels at these time points by qRTPCR. Consistent 

with previous literature, we observed that Malat1 levels in both males and females were 

rapidly downregulated by the 24-hour mark of activation, at <10% of the levels in naïve 

cells (Figure 4.2 A). When assessing Cd69 expression (Figure 4.2 B), we identified 
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differing kinetics compared to the receptor expression, with Cd69 transcript expression 

peaking at 3 hours post-activation, then decreasing back to naïve cell levels by 24 hours. 

Here, at 3 hours post-activation, we observed a significant increase in the Malat1-/- 

females, consistent with the results at the protein level. For comparison, we investigated 

expression of a second activation marker IL2Rα (also known as CD25) at these time 

points by flow cytometry (Figure 4.2 C), however IL2Rα only began to be upregulated 

at 24 hours, providing little comparison at earlier time points, and no significant 

differences were identified here. Overall, these results indicated that Malat1 loss affects 

the kinetics of T cell activation in females. 
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Figure 4.1 Malat1 loss affects CD69 expression and kinetics 

A. Representative FACS plots displaying CD69 expression in WT and Malat1-/- 

female and male in vitro differentiated Th2 cells, at 3 hours post-activation. B. 

Percentage CD69+ expression in CD4+ T cells from WT or Malat1-/- cells of both 

sexes, at 0-, 3-, 7- and 24-hours into Th2 in vitro differentiation. Levels determined 

by flow cytometry (n=6, 2 experiments of n=3, appropriate statistics as detailed in 

the methods used to compensate for experimental variability). 
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Figure 4.2 Malat1 loss affects CD69 mRNA levels 

A. Malat1 transcript levels in WT and Malat1-/- CD4+ T cells of both sexes, at 0-, 3-, 

7- and 24-hours of in vitro Th2 differentiation. Levels determined by qRTPCR, and 

normalised to U6 and the average levels of WT females at 0 hours (n=6, data from 2 

experiments of n=3, appropriate statistics as detailed in the methods used to 

compensate for experimental variability). B. As in A. but for Cd69 transcript 

expression. C. Percentage of IL2Rα expression in CD4+ T cells from WT or Malat1-

/- mice of both sexes, at 0-, 3-, 7- and 24-hours of in vitro Th2 differentiation. Levels 

determined by flow cytometry (n=6, 2 experiments of n=3). 
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4.2.2 Time course experiments of Th2 differentiation identifies 

disruption of key Th2 genes at 2 days post-activation 

Following the above findings on CD69 expression during the first 24 hours of 

activation, we explored whether the altered activation kinetics affected expression of core 

Th cell differentiation genes. We therefore performed an exploratory time-course 

experiment, collecting RNA between days 1-4 of Th2 differentiation, and exploring gene 

expression by qRTPCR. 

We first assessed Malat1 and Xist as quality controls (Figure 4.3 A, B), observing 

downregulation of Malat1 in WT males compared to WT females between days 1-3, and 

Xist downregulation in Malat1-/- females at day 2. Due to effects previously seen on the 

IL2R (Figure 3.14), we then assessed expression of the IL2 receptor and IL2 (Figure 4.3 

C-E), observing consistent suppression of Il2ra, Il2rg and Il2 transcripts in Malat1-/- 

females beginning at day 2. No changes were observed at day 4 of differentiation, 

consistent with our previous data displaying no differences in Il2Ra and Il2Rg transcript 

levels at day 4 of differentiation (Figure 3.15). We also assessed expression of key 

transcription factors involved in Th2 differentiation. These included Th2 transcription 

factor Gata3, Th1 transcription factor Tbet, and IL10 controlling factor Maf (Figure 4.4 

A-C). Both Gata3 and Tbet levels were again suppressed in Malat1-/- females at day 2 

post-activation, similar to effects seen on IL2/IL2R and Xist. No changes were observed 

to Maf levels at these early time points. We performed further validation by qRTPCR at 

2 days post-activation, with a larger sample size for greater statistical power (Figure 4.5 

A-D). Here, we observed significant suppression of Il2ra, Il2rg, Gata3 and Xist in Malat1-

/- females , consistent with results of our exploratory experiment, (Figures 4.3, Figure 

4.4), however we also observed non-significant downwards trends in Malat1-/- males for 

Gata3, Il2ra and Il2rg, suggesting a level of disruption to males resulting from Malat1 
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loss during early differentiation. This suggested that Malat1 loss caused major disruption 

to Th2 gene expression profiles in early differentiating cells (day 2 post-activation). 

 

 

  

Figure 4.3 Malat1 loss impairs Il2 receptor and cytokine transcript expression 

during early differentiation 

A. Malat1 transcript levels in WT and Malat1-/- CD4+ T cells of both sexes at days 1-

4 of in vitro Th2 differentiation, determined by qRTPCR. Levels normalised to U6 

and average levels of WT females at day 1 (n=3). B. As in A. but for Xist transcript 

expression. C. As in A. but for Il2ra transcript expression. D. As in A. but for Il2rg 

transcript expression. E. As in A. but for Il2 transcript expression. 
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Figure 4.4 Malat1 loss impairs Gata3 transcript expression during early 

differentiation 

A. Gata3 transcript levels in WT and Malat1-/- CD4+ T cells of both sexes at days 1-4 

of in vitro Th2 differentiation, determined by qRTPCR. Levels normalised to U6 and 

average levels of WT females at day 1 (n=3). B. As in A. but for Tbet transcript 

expression. C. As in A. but for Maf transcript expression.  
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Figure 4.5 Malat1 loss impairs early Th2 differentiation at day 2 of in vitro 

differentiation 

A. Gata3 transcript levels in CD4+ T cells from WT and Malat1-/- mice of both sexes, 

at day 2 of in vitro Th2 differentiation, determined by qRTPCR. Levels normalised to 

U6 and average levels of WT females (n=8 for WT females, n=9 for all other 

conditions, data from 3 experiments of n=3, appropriate statistics as detailed in the 

methods used to compensate for experimental variability). B. As in A. but for Il2rg 

transcript expression. C. As in A. but for Il2ra transcript expression. D. As in A. but 

for Xist transcript expression (n=6, 2 experiments of n=6).   
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4.2.3 GATA3 expression is disrupted following Malat1 loss in both 

females and males 

We next assessed whether GATA3 protein levels were disrupted following Malat1 

loss. We reasoned that disruption to GATA3 may explain the overall disruption to Th2 

differentiation and end-point cytokine expression. We performed Th2 differentiations 

experiments collecting samples for flow cytometry analysis from WT andMalat1-/- naïve 

and day 2 differentiated cells. 

As a result of Th2 differentiation, GATA3 expression drastically increased 

between naïve and day 2 differentiated cells (Figure 4.6 A, B). Consistent with the RNA 

results, at day 2 both the percentage of cells expressing GATA3 and the GATA3 median 

fluorescence intensity (MFI) were significantly decreased in females following Malat1 

loss (Figure 4.6 C, D). However, despite no significant changes to transcript levels, 

GATA3 expression was significantly reduced in Malat1-/- males, suggesting the impact of 

Malat1 loss on Th2 differentiation could not be explained by its effect on GATA3 levels, 

as this was not sex-specific. 
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Figure 4.6 Malat1 loss suppresses GATA3 expression at day 2 of in vitro Th2 

differentiation 

A. Representative FACS plots of GATA3 expression in WT and Malat1-/- CD4+ T 

cells of both sexes at day 2 of in vitro Th2 differentiation. B. As in A. but for naïve 

CD4+ T cells. C. Percentage of GATA3+ expression in CD4+ T cells from WT or 

Malat1-/- mice of both sexes, at day 2 of in vitro Th2 differentiation (n=8 per 

condition, 2 experiments of n=4, appropriate statistics as detailed in the methods 

used to compensate for experimental variability). D. As in C. but for GATA3 median 

fluorescence intensity (MFI). 

 



200 
 

4.2.4 Malat1 loss suppresses the downregulation of a type-I interferon 

responsive geneset 

Following identification that Malat1 loss affected gene expression at day 2 of 

differentiation, we performed RNA-seq analysis of WT and Malat1-/- female cells, both 

in naïve CD4+ T cells and at day 2 of differentiation. As Malat1 is linked to alternative 

splicing events, we chose to perform long-read nanopore RNA-seq to accurately identify 

differing RNA isoforms (H. Wu et al., 2023). The protocol for this is listed in greater 

detail in the methods section of this thesis.  

Prior to sequencing, samples were validated via qRTPCR to ensure that Th2 

differentiation had occurred correctly, Malat1 was correctly suppressed in the Malat1-/- 

females, and to identify if similar trends were seen on early gene expression as in Figure 

4.5. Here, Il2ra, Il2rg and Gata3 (Figure 4.7 A-C) were upregulated at day 2, suggesting 

correct Th2 differentiation, and Malat1 was also confirmed to not be expressed in the 

Malat1-/- females (Figure 4.7 D). Downwards trends at day 2 were identified for Il2ra, 

Il2rg, Gata3 and Xist (Figure 4.7 A-E) in Malat1-/- female samples, suggesting that these 

samples were representative of the effects of Malat1 loss and were appropriate for RNA-

seq analysis. 
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Figure 4.7 Long-read sequencing sample validation 

A. Il2ra transcript expression in CD4+ T cells chosen for long read RNA-seq from 

WT and Malat1-/- mice of both sexes, at days 0 and 2 of in vitro Th2 differentiation. 

Levels determined by qRTPCR. Levels normalised to U6 and average levels of WT 

females at day 0 (n=4). B. As in A. but for Il2rg transcript expression. C. As in A. 

but for Gata3 transcript expression. D. As in A. but for Malat1 transcript expression. 

E. As in A. but for Xist transcript expression. 
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From our sequencing data, we initially investigated DEGs between WT and 

Malat1-/- female samples. Similar to our previous short-read sequencing results, naïve 

cells displayed few differences between WT and Malat1-/- females, with 16 DEGs at 

FDR<0.1 (Figure 4.8 A, Table 4.1). However, at day 2, 239 DEGs were identified at 

FDR<0.1, of which 199 were upregulated resulting from Malat1 loss (Figure 4.8 B, 

Figure 4.9). GSEA hallmark analysis revealed strong significant upregulation of IFNα 

and IFNγ response genesets, while downregulated genesets including hypoxia and 

glycolysis only showed reached modest statistical significance. While downwards trends 

were identified in this dataset for both Il2ra and Gata3 (Il2ra LFC = −0.589 and Gata3 

LFC = −0.401) neither reached significance, suggesting that IFN responsive gene 

upregulation may be the most prominent feature of Malat1 loss at this time point. 
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  Figure 4.8 Malat1 loss triggers upregulation of a large number of transcripts 

during early differentiation 

A. Volcano plot displaying LFC in gene expression between WT and Malat1-/- 

female cells, against -logFDR at day 0 of in vitro Th2 differentiation. Data derived 

from our nanopore long-read RNAseq dataset (n=4 per group). B. As in A. but for 

day 2 of in vitro Th2 differentiation. C. GSEA hallmark gene sets significantly 

enriched (-logFDR shown) within significantly downregulated genes in Malat1-/- 

cells at day 2 of in vitro differentiation. D. As in C. but for day 2 of in vitro 

differentiation. 
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Gene name LFC FDR 
Snf8 -1.7590961 9.33E-05 
Hspa1b 3.22754044 0.00015885 
Gm47283 1.59401137 0.00030269 
Hspa1a 3.14048541 0.00035047 
Gm35279 4.76290568 0.00340621 
Gm42427 1.6221625 0.01321738 
Dnajb1 1.21454344 0.01322504 
Gm10524 1.39790094 0.01398078 
Gm33887 1.46744881 0.01767938 
Cndp2 -1.1846287 0.02825061 
n-R5s125 -2.805354 0.03544061 
Camk2b 1.56841857 0.03578047 
Gng11 -2.3471341 0.03727618 
Gm20481 3.35471598 0.04366374 
Gm4316 1.2984562 0.05152143 
Trdc -0.9081753 0.05791964 

Table 4.1 Differentially expressed genes (FDR<0.1) between WT and Malat1-/- 

naïve CD4+ T cells from Nanopore long-read RNA-seq 
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Figure 4.9 Malat1 loss upregulates expression of IFN stimulated genes 

Heatmap displaying Z scored log2CPM for significant DEGs (FDR<0.01) between 

WT and Malat1−/− cells at day 2 of in vitro differentiation. Data from our nanopore 

long-read RNA-seq dataset. Genes presented in descending order of LFC. 
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Further investigation of upregulated genes at day 2 was performed via STRING 

analysis and k-means clustering (k=9). Here, we identified a major cluster of typical 

interferon stimulated genes (ISGs), including Ifit1bl1, Ifit3, Ifit1, Ifngr1, Oas2, Iigp1 and 

many others, that were upregulated as a result of Malat1 loss at day 2. This gene module 

also contained important type-I IFN responsive transcription factors, including Stat1, Irf1 

and Irf7 (4.10 and Table 4.2). Interestingly, while Ifngr1 was significantly upregulated as 

part of this gene modules, Ifng itself was unaffected, consistent with our previous results 

exploring Tbet expression (Figure 4.4 B). Of note, in other clusters cytokine genes such 

as Il9, Il1b and Il12a, chemokine pathway genes Ccl6, Ccl9, Ccr9 and Ccl2, and 

expression of X-linked PRR Tlr7 were found to be upregulated resulting from Malat1 

loss.  
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Figure 4.10 STRING analysis identifies a cluster of type-I ISGs and 

transcription factors resulting from Malat1 loss 

STRING network of significantly up-regulated genes in Malat1-/- cells at day 2 of in 

vitro Th2 differentiation. Data derived from our nanopore long read RNA-seq 

dataset. Clusters identified by k-means clustering (k=9). 
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Table 4.2 Gene clusters and genes identified by K-means clustering among up-

regulated DEGs in day 2 Malat1-/- cells 
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We next investigated how Malat1-associated DEGs were regulated during 

differentiation. The majority of DEGs were significantly downregulated between naïve 

and day 2 cells (Figure 4.11 A), suggesting that these DEGs may require suppression for 

correct Th2 differentiation. Malat1 loss was seen to skew this effect, inhibiting their 

downregulation. We further investigated expression of these day 2 DEGs between naïve 

and end-point differentiated Th2 cells, using our previously mentioned short-read 

sequencing data. Here, we observed similar downregulation during differentiation and 

resultant skew from Malat1 loss (Figure 11 B). When investigating the ISG module 

(Figure 11 C, D), this effect was further pronounced, with all bar two genes 

downregulated during differentiation. Again, a failure to properly downregulate these 

genes was seen resulting from Malat1 loss. Further analysis of all transcriptomic changes 

between naïve and day 2 cells revealed that, as in our short-read sequencing data between 

naïve and Th2 cells, Malat1 loss also displayed transcriptome-wide impacts on Th2 

differentiation, with a general suppression of transcriptomic changes occurring during 

differentiation (Figure 11 E, F). Overall, these analyses demonstrated that Malat1 is 

necessary for early Th2 differentiation, with a role in suppressing IFN responsive gene 

expression. 
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  Figure 4.11 Malat1 loss suppresses downregulation of an IFN-stimulated geneset 

A. The effects of Malat1 loss on gene expression trajectories during the first two 

days of Th2 differentiation. LFC in gene expression in WT female CD4+ T cells 

during the first 2 days of in vitro differentiation (y axis), plot against LFC between 

WT and Malat1−/− female cells at day 2 of in vitro Th2 differentiation (x axis). Data 

from our nanopore long read RNA-seq dataset, shown for all statistically significant 

DEGs between WT and Malat1−/− cells at day 2. Colours indicate the level of 

significance in differential expression when comparing day 2 vs naïve CD4+ T cells 

B. Tracking the trajectories of genes affected by Malat1 loss at day 2 throughout Th2 

differentiation. LFC in gene expression in WT female CD4+ T cells during full in 

vitro Th2 differentiation (from our short-read RNA-seq dataset) plot against LFC 

between WT and Malat1−/− female cells at day 2 of in vitro Th2 differentiation 

(nanopore long-read dataset). Data shown for all statistically significant DEGs 

between WT and Malat1−/− cells at day 2 of in vitro Th2 differentiation. C. As in A., 

but with data filtered to only show the IFN gene module identified at day 2 in Figure 

4.10. D. As in B., but with data again filtered for the IFN gene module. E. As in A., 

but with data shown for all significant DEGs between naïve and day 2 of in vitro Th2 

differentiation in WT female CD4+ T cells. F. As in E, but only for the top 500 DEGs 

by significance. 
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4.2.5 DEGs resulting from Malat1 loss are enriched on chromosome 19  

Due to disrupted Xist expression identified from qRTPCR analysis at day 2, and 

upregulation of X-linked Tlr7 in our RNA-seq dataset, we performed further analysis of 

chromosomal enrichment within DEGs (FDR<0.1) as seen in Figure 4.12 A. This 

revealed that the X chromosome was underrepresented in this dataset, instead with 

enrichment of chromosomes 2, 3, 5, 7, 11 and 19. When normalising for gene number per 

chromosome (Figure 4.12 B) the X chromosome remained under-represented, however 

chromosome 19 (where Malat1 resides in the mouse genome) became the most highly 

enriched, with chromosome 11 in second. Further investigation of DEGs present on 

chromosome 19 (Figure 4.12 C) revealed the presence of the IFIT family of genes (Ifit1, 

Ifit2, Ifit3, Ifit1bl1, Ifit1bl2 and Ifit3b), which were all significantly (FDR<0.05) 

upregulated following Malat1 loss.  

When investigating the IFNα and IFNγ response hallmark genesets for 

comparison of normalised chromosomal enrichment (Figure 4.12 D, E), chromosome 19 

remained slightly enriched but not to the same extent. Instead, these genesets displayed 

highest enrichment for chromosomes 16 and 17 respectively. To test for significant 

enrichment of these genes within our dataset, GSEA analysis for mouse positional 

genesets in the day 2 Malat1-/- DEGs confirmed significant enrichment of chromosome 

19 band C1, which contains the 6 mouse Ifit genes (Figure 4.12 F, Table 4.3). 

Interestingly, chromosomal bands 1H3, 16A3 and 5E5 were all also significantly 

enriched, due to of IFN inducible clusters of Ifi, Iglc and Gbp gene families respectively 

present on these bands. 
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Figure 4.12 DEGs resultant from Malat1 loss are enriched on chromosome 19 

A. Percentages of DEGs (FDR<0.1) from our long read RNA-seq dataset in Malat1-/- 

cells at day 2 of in vitro differentiation, present on each chromosome in the mouse 

genome. B. Percentages of DEGs in Malat1-/- female cells on each chromosome, 

normalised to total gene numbers per chromosome. C. List of DEGs present on 

chromosome 19 and the X chromosome. D. Percentages of interferon alpha response 

genes from the hallmark GSEA set present on each chromosome, normalised to total 

gene numbers per chromosome. E. As in D. but for interferon gamma response genes 

from the hallmark GSEA set. F. GSEA chromosome  positional gene set terms enriched 

within DEGs in Malat1-/- cells at day 2 of in vitro differentiation. 
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Gene name Chromosome band 
Ifi208 1H3 
Mndal 1H3 
Ifi206 1H3 
Fcgr3 1H3 
Ifi203 1H3 
Ifi209 1H3 
Ifi214 1H3 
Ifi213 1H3 
2010309G21Rik 16A3 
Iglv2 16A3 
Iglc1 16A3 
Iglc2 16A3 
Iglc3 16A3 
Iglv1 16A3 
Iglv3 16A3 
Ifit1bl2 19C1 
Ifit1 19C1 
Ifit2 19C1 
Ifit3 19C1 
Ifit3b 19C1 
Ifit1bl1 19C1 
Gbp6 5E5 
Gbp4 5E5 
Gbp9 5E5 
Gbp10 5E5 
Gbp11 5E5 

Table 4.3 Significantly enriched genes and corresponding chromosome bands in 

Malat1-/- DEGs at day 2 of differentiation 
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4.2.6 Upregulation of the type-I IFN responsive geneset can be validated 

by qRTPCR 

We next performed validation of the RNA-seq results via qRTPCR. We aimed to 

confirm the suppression of ISGs during differentiation as well as the upregulation at day 

2 following Malat1 loss and identify whether similar trends occurred in males. We 

performed Th2 differentiations, collecting RNA from naïve and day 2 of differentiation. 

We then selected a set of the most highly upregulated ISGs from Malat1 loss (Ifit1bl1, 

Ifit3b, Iigp1 and Ifit1) and three major transcription factors (Stat1, Irf1 and Irf7) for 

analysis. 

When comparing naïve to day 2 differentiated cells (Figure 4.13), we identified 

significant downregulation of Ifit1bl1, Ifit1, Irf7 and Stat1 for WT females. This 

significant downregulation was seen in these genes for all samples (WT and Malat1-/- of 

both sexes) bar Stat1, which was significantly downregulated only in WT females. 

Downwards trends were also observed for Iigp1, Ifit3b and Irf1, although these did not 

reach significance. When investigating expression of these genes at day 2 (Figure 4.14), 

we identified that Ifit1bl1, Ifit1, Iigp1, Ifit3b and Irf7 were all significantly upregulated 

from Malat1 loss in females, confirming the Malat1 dependent inhibition of the ISG 

module seen in the RNA-seq data. Transcription factors Irf1 and Stat1 did not reach 

significance here, although upwards trends were still seen. Interestingly, ISG expression 

was also elevated in WT males, reaching significance for Ifit1bl1, Ifit3b and Irf7 when 

compared to WT females, however no significant impacts were seen from Malat1 loss in 

males. 
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Figure 4.13 qRTPCR validates downregulation of IFN-stimulated genes during 

Th2 differentiation 

A. Ifit1bl1 transcript expression in WT and Malat1−/− CD4+ T cells from both sexes, 

at days 0 and 2 of in vitro Th2 differentiation. Determined by qRTPCR  and 

normalised to U6 and average levels of WT cells from female mice at day 0 (n=9, 3 

experiments of n=3, appropriate statistics as detailed in the methods used to 

compensate for experimental variability). B. As in A. but for Ifit1. C. As in A. but for 

Iigp1. D. As in A. but for Ifit3b. E. As in A. but for Stat1. F. As in A. but for Irf1. G. 

As in A. but for Irf7. 



217 
 

  

Figure 4.14 qRTPCR confirms significant upregulation of IFN-stimulated 

genes at day 2 of differentiation from Malat1 loss 

A. Ifit1bl1 transcript expression in WT and Malat1−/− CD4+ T cells from both 

sexes, at day 2 of in vitro Th2 differentiation. Levels determined by qRTPCR 

(n=9, 3 experiments of n=3, appropriate statistics as detailed in the methods 

used to compensate for experimental variability) and normalised to U6 and 

average levels of WT cells from female mice. B. As in A. but for Ifit1. C. As in 

A. but for Iigp1. D. As in A. but for Ifit3b. E. As in A. but for Stat1. F. As in A. 

but for Irf1. G. As in A. but for Irf7. 
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4.2.7 Type-I Interferon treatment disrupts Th2 differentiation in a sex-

specific manner 

We next explored the link between early IFN stimulated gene expression and end-

point Th2 differentiation. We performed Th2 differentiations of WT female and male cells, 

combined with treatment of 5000 U/ml of IFNβ. Samples were collected on day 2 to 

assess upregulation of the IFN stimulated gene module via qRTPCR, day 4 to assess IL2R 

expression via flow cytometry, and day 6 to assess cytokine expression. We also 

performed this experiment with IL10R blockade, to assess impacts on IL4 and IL13. 

At day 2, IFNβ treatment caused significant upregulation of ISGs Ifit1bl1 and 

Ifit3b Irf7 and Stat1, with a borderline non-significant upregulation of Irf1 (Figure 4.15 

A). No change was seen for Iigp1 or Ifit1 as a result of IFNβ treatment, and no significant 

changes were identified in IFNβ treated males (Figure 4.15 B). Some differences were 

observed between IFNβ treatment and Malat1 loss, as Iigp1 and Ifit1 were not 

significantly upregulated from IFNβ treatment, while stronger effects were seen from 

IFNβ treatment on Stat1 and Irf1. 

When assessing cytokine expression in differentiated Th2 cells, IFNβ treatment 

caused significant downregulation of cytokine IL10 in females, phenocopying the impact 

of Malat1 loss (Figure 4.16 A). However, IL4 was unaffected (Figure 4.16 B). IL10R 

blockade alongside IFNβ treatment was able to enhance the effects on IL13 resulting in 

a significant decrease in expression, however IL4 expression remained unaffected (Figure 

4.17). When assessing IL2R expression at day 4 of differentiation, IFNβ treatment in 

females caused a non-significant downward trend in IL2Rα expression (Figure 4.18 A), 

and a strong significant decrease in IL2Rγ expression (Figure 4.18 B), again similar to 

the impacts of Malat1 loss. No differences were seen in males. Overall, these results 



219 
 

suggest that activation of ISGs during early Th2 differentiation can partially replicate the 

effects of Malat1 loss.  



220 
 

  

Figure 4.15 IFNβ treatment upregulates IFN-stimulated genes in females 

A. Transcript levels of interferon induced transcription factors (Stat1, Irf1, Irf7) and 

genes (Ifit1bl1, Ifit3b, Iigp1, Ifit1) in WT female CD4+ T cells at day 2 of in vitro Th2 

differentiation, with treatment of 0 or 5000 U/ml IFNβ. mRNA levels determined by 

qRTPCR (n=7) and normalised to U6 and average levels for the 0 U/ml treatment. B. 

as in A. but for WT male Th2 cells. 
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Figure 4.16 IFNβ treatment phenocopies the sex-specific impacts of Malat1 loss 

on IL10 expression 

A. Percentages of IL10 expression in WT CD4+ T cells at day 6 of in vitro Th2 

differentiation. Samples were also treated with 0 or 5000 U/ml IFNβ during initial 

activation. Levels determined by flow cytometry with intracellular cytokine staining 

(n=8 for all conditions except for 0 U/ml treated WT male which is n=7, from two 

experiments of n=4). B. As in A. but for IL4 expressing cells. 
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Figure 4.17 IL10R blockade reveals IFNβ treatment suppresses IL10 and IL13 

expression in females 

A. Percentages of IL10 expressing WT TCRβ+ CD4+ cells from mice of both sexes at 

day 6 of in vitro Th2 differentiation. Cells were treated with 0 or 5000 U/ml IFNβ, 

and with either IgG control or anti-IL10R antibody. Levels determined by flow 

cytometry with intracellular cytokine staining (n=4). B. As in A. but for IL4 

expressing cells. C. As in A. but for IL13 expressing cells. 
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Figure 4.18 IFNβ treatment impacts IL2R levels in females 

A.  Percentage of IL2Rα expression in WT CD4+ T cells from both sexes, at day 4 of 

in vitro Th2 differentiation. Cells were treated with 0 (control) or 5000 U/ml IFNβ. 

Levels determined by flow cytometry with surface staining (n=8, from 2 experiments 

of n=4, appropriate statistics as detailed in the methods used to compensate for 

experimental variability). B. As in A. but for IL2Rγ expressing cells. 
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4.2.8 Malat1 loss does not affect type-I IFN expression during Th2 

differentiation 

We next investigated whether Th2 cells were either expressing or responding to 

type-I IFNs during early differentiation. We aimed to assess general type-I IFN cytokine 

Ifna and Ifnb expression, as well as isoform Ifna4 which was lowly detectable in our 

RNA-seq dataset, and Ifnar1 and Ifnar2 expression. We performed Th2 differentiations, 

collecting samples on day 0 and day 2 for qRTPCR analysis of type-I IFN expression, 

and for flow-cytometry analysis of IFNAR1 expression. 

Type-I IFNs were not detectable in naïve cells by qRTPCR but were expressed at 

low levels at day 2 (Ct values of 30-33). No differences resulting from Malat1 loss were 

observed in RNA levels of Ifna, Ifnb, Ifna4, Ifnar1 or Ifnar2 at this time point, either in 

females or males (Figure 4.19). In terms of IFN receptor expression by flow cytometry, 

both the percentage of cells expressing IFNAR1 and IFNAR1 MFI increased between 

naïve and cells at day 2 of differentiation (Figure 4.20). Again, no significant changes 

were seen in Malat1-/- females, although a small significant increase was seen in Malat1-

/- male naïve cells. This suggests that the increased expression of ISGs in Malat1-/- females 

was not a result of increased type-I IFN signalling occurring during differentiation of Th2 

cells. 
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Figure 4.19 Malat1 loss during Th2 differentiation does not affect type-I IFN 

cytokine or receptor transcript expression 

A. Ifna transcript expression in CD4+ T cells from WT and Malat1-/- mice of both 

sexes at day 2 of in vitro Th2 differentiation, determined by qRTPCR (n=9, 3 

experiments of n=3, appropriate statistics as detailed in the methods used to 

compensate for experimental variability). Levels normalised to U6 and average 

levels of WT females. B. as in A. but for Ifna4 transcript expression. C. As in A. but 

for Ifnb transcript expression. D. As in A. but for Ifnar1 transcript expression. E. As 

in A. but for Ifnar2 transcript expression.  
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Figure 4.20 Malat1 loss during Th2 differentiation does not affect IFNAR1 

expression 

A. Percentage of IFNAR1+ expression in CD4+ T cells from WT or Malat1-/- 

mice of both sexes at day 0 and day 2 of in vitro differentiation. Levels 

determined by flow cytometry with surface staining (n=6, data pooled from two 

experiments of n=3, appropriate statistics as detailed in the methods used to 

compensate for experimental variability). B. As in A. but for IFNAR1 MFI. 
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4.2.9 Malat1 loss has limited effects on alternative splicing 

Malat1 has previously been reported to associate with SR and HNRNP splicing 

factors (Miao et al., 2022), and shown to affect alternative splicing events (Tripathi et al., 

2010). Therefore, we proceeded to analyse DTU via Dexseq in our long-read RNA-seq 

dataset to identify whether Malat1 loss affected splicing during early differentiation. 

Malat1 loss in females displayed only a modest effect on DTU, significantly 

impacting 25 genes at FDR<0.1 (Table 4.4). Genes affected included cytokines, such as 

Il21, Il24 and core Th2 cytokine Il4, histone demethylase Kdm2a, and lncRNA Gas5. 

When looking DTU patterns between naïve and day 2 cells, a portion of significant genes 

such as Il4, Il24, Kdm2a and Trim12a demonstrated isoform usage changes due to Malat1 

loss that showed opposing patterns to those induced during differentiation (Figure 4.21), 

suggesting that Malat1 loss may inhibit changes in alternative splicing events that occur 

during Th2 differentiation. However, other significant genes such as Ndufs6 and Snf8 did 

not follow this trend, and the overall percentage changes for significant isoforms 

remained small. 
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FDR_DTU Gene name 
Number of 
isoforms 

Number of differentially 
expressed isoforms (KO vs 
WT) 

0.00076427 2310001H17Rik 38 3 
0.03906294 Clec12a 2 2 
1.43E-11 Dnajc7 19 7 
0.01076268 Fntb 5 1 
0.00168573 Gas5 149 5 
0.01403486 Gimap4 6 1 
0.01762127 Gimap5 4 2 
0.03129099 Gstt1 2 2 
0.00026601 Il21 2 2 
0.00927377 Il24 4 2 
0.03329888 Il4 4 1 
0.02890363 Kdm2a 5 1 
0.09584018 Lsm6 4 3 
0 Ndufs6 5 3 
0.08244566 Phkg2 9 1 
0.08639127 Plaat3 3 2 
0.04679064 Prr13 5 1 
0.01584275 Snf8 5 3 
0 Snhg1 26 13 
0.09778325 Snhg17 74 1 
0.00047815 Snx6 5 2 
0.00077081 Trim12a 6 2 
0.0116619 Usp53 3 2 
0.0018117 Xaf1 5 1 
0.0398128 Xpo7 4 0 

  

Table 4.4 Genes demonstrating DTU (FDR<0.05) between WT and Malat1-/- 

cells on day 2 of CD4+ T cell differentiation 
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Figure 4.21 Malat1 loss has modest effects on differential transcript usage 

Transcript usage as a percentage of total gene abundance for indicated genes that 

demonstrated statistically significant DTU in our long read RNA-seq dataset. Levels 

shown between WT and Malat1-/- female CD4+ T cells at day 2 of in vitro 

differentiation (left graphs) or between day 0 and day 2 in WT female cells (right 

graphs). Levels determined by Dexseq (n=4 per condition). Tables indicate isoforms. 

Stars indicate significance. 
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4.3 Discussion 

In this chapter we investigated the impacts of Malat1 loss on early differentiation. 

We discovered that Malat1 loss initially enhances early activation, identified via earlier 

CD69 expression dynamics. Further exploration however revealed that by day 2 of 

differentiation Malat1 loss had disrupted the expression of important Th cell 

differentiation genes such as Gata3, Il2ra and Il2rg, as well as X-chromosome 

inactivation lncRNA Xist. RNA-seq and qRTPCR at this time point identified that Malat1 

loss inhibited the suppression of a type-I IFN stimulated geneset present in naïve CD4+ T 

cells. Activation of ISG signalling during differentiation via IFNβ treatment partially 

phenocopied the effects of Malat1 loss on cytokine expression and the IL2R, linking the 

impacts seen from Malat1 loss during early activation to the effects on end-point 

differentiation.  

Despite suppressing overall Th2 differentiation, Malat1 loss in females enhanced 

expression of T cell activation marker CD69 at early time points. CD69 expression 

displayed a stronger initial but shorter-lived expression. Increased TCR engagement and 

activation signalling has previously been shown to bias differentiation towards Th1 cells 

and inhibit Th2 differentiation (Tao et al., 1997), potentially linking this to effects seen 

on end-point differentiation from Malat1 loss. WT male cells here also displayed similar 

CD69 expression dynamics to that of Malat1-/- females, with increased expression at early 

time points. As Malat1 levels are depleted during this same 24-hour period that CD69 is 

upregulated, Malat1 may have an inhibitory effect on initial Th cell activation. Previous 

literature has shown that Malat1 knock-down delocalises SR proteins and transcript 

processing factors from nuclear speckles to the rest of the nucleus (Tripathi et al., 2010), 

which could suggest its downregulation during Th cell differentiation is required for the 
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release of transcript processing factors. However, further experiments identifying Malat1 

binding partners in Th2 cells and their localisation would be required to confirm this. 

We identified day 2 as a critical moment for Malat1 in Th cell differentiation. The 

sex-specific downregulation of Il2ra and Il2rg transcripts seen here from Malat1 loss 

potentially explains the disruption to IL2R protein levels seen at day 4 of differentiation, 

and the further inhibition of Gata3 expression both at the protein and transcript level can 

partially explain the impacts of Malat1 loss on overall differentiation. However, GATA3 

protein expression was disrupted in both Malat1-/- females and males, therefore this could 

not be the sole cause of the sex-specific decrease in Th2 differentiation. Interestingly, Xist 

expression was significantly downregulated in Malat1-/- females alongside core Th2 

genes in our qRTPCR data, and X-linked gene Tlr7 was significantly upregulated in our 

RNA-seq data. This could suggest a reduced level of X chromosome inactivation resulting 

from Malat1 loss, although X-linked gene Il2rg expression was decreased from Malat1 

loss, and the X chromosome was underrepresented in DEGs. Further experiments 

investigating allele specific expression of X-linked genes via techniques such as allele 

specific qRTPCR would also be required to determine whether and how Malat1 loss 

affects X inactivation (Papp et al., 2003). 

Despite a decrease in GATA3 expression at day 2, Malat1-/- male end-point Th2 

differentiation is not disrupted when compared to WT males. This may suggest that, 

similar to the IL2R, male cells are less sensitive to levels of GATA3 than female cells. 

However, given the importance of GATA3 in Th2 differentiation, there may be 

compensatory mechanisms at play to also explain this result. GATA3- cells may represent 

inactivated cells, which could die during the contraction period of Th cell differentiation 

while the GATA3+ cells still expand as normal in response to IL2, acting as a 

compensatory mechanism (McKinstry et al., 2010). Male Malat1-/- CD4+ T cells in our in 
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vivo model also displayed slightly increased cytokine expression in response to egg-

injection, in both the spleen and the lung. This could suggest that Malat1 loss in males 

enhances Th2 cell differentiation, potentially by upregulating downstream signalling such 

as increased STAT6 activation, offsetting the GATA3 decrease in early differentiation. 

However, further investigation of Th2 signalling pathways would be required in males to 

confirm this.  

Despite previous literature on Malat1 and splicing regulation (Miao et al., 2022), 

we observed only 25 genes with significant DTU from Malat1 loss at day 2. Some small 

changes were observed in cytokine mRNAs, including IL4, IL21 and IL24, and in histone 

demethylase Kdm2a potentially hinting at defects in transcriptional repression (L. Liu et 

al., 2021). Effect sizes of significantly affected transcripts were also comparatively small 

to the ISG upregulation seen at the same time point. This is in agreement with some 

previous research in mouse brainstems and livers which also did not identify differences 

from Malat1 loss in alternative splicing (B. Zhang et al., 2012), suggesting a role for 

Malat1 in other cellular processes. However, while DTU provides the percentages of each 

mature transcript variant detected and is representative of alternatively spliced isoforms 

(Anders et al., 2012), it does not necessarily represent overall splicing efficiency, which 

could be affected here instead. Further analysis of our RNA-seq dataset via investigation 

of processes such as intron inclusion could provide an idea of how Malat1 affects splicing 

efficiency. Splicing in eukaryotes also occurs co-transcriptionally, and our cDNA 

synthesis step involving adapter ligation to the 3’ poly-A tail of completely transcribed 

mRNAs. Therefore, future analysis using alternate techniques like RNA polymerase II 

ChIP-seq may provide more information on whether splicing efficiency is affected (Titus 

et al., 2024).  
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The major impact of Malat1 loss on early activation appeared to be the failure to 

suppress the ISG module. Th1 transcription factor Tbet and cytokine Ifng were not 

significantly upregulated following Malat1 loss in our RNA-seq data, suggesting that this 

defect in ISG suppression was not due to nor caused a shift from Th2 to Th1 

differentiation, with only disrupted Th2 differentiation seen. Activation of this ISG 

module via IFNβ treatment resulted in similar impacts on Th2 differentiation as Malat1 

loss, suggesting that suppression of this module is required for correct Th2 cell 

differentiation, although ISG expression and impacts on end-point differentiation did vary 

slightly between Malat1 loss and IFNβ treatment. The upregulated ISG module contained 

three major type-I IFN signalling transcription factors: Irf1, Stat1 and Irf7. All these 

factors were significantly upregulated as a result of Malat1 loss in our long-read RNA-

seq data. However, only Irf7 remaining significant in our qRTPCR validation, although 

Stat1 was significantly downregulated during differentiation only in WT females by 

qRTPCR. Irf1, Stat1 and Irf7 are linked to viral immune responses and expression of type 

I IFNs. However, Irf1 and Stat1 have previously been linked to regulating Type-I 

immunity and differentiation, which could explain the inhibition of Th2 differentiation 

seen with their upregulation. IRF1, along with BATF, is a major transcription factor 

required for differentiation of Th1 cells to Tr1 cells (Giang & La Cava, 2017), while 

STAT1 is required alongside STAT4 for typical Th1 polarisation in response to viruses, 

promoting expression of IFNγ and TBET (Finn et al., 2023). 

IRF7 is the master regulator of type-I IFN gene expression and ISGs (W. Ma et 

al., 2023). IRF7 expression is triggered via activation of pattern recognition receptors 

(PRRs) in the cytoplasm, with activation allowing translocation to the nucleus for its 

transcription factor activity. However, the function of IRF7 in T cells has not been well 

reported on. In CD8+ T cells, decreased expression of IRF7 was previously shown to 
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disrupt responses to specific viral epitopes, suggesting it may play a role in suppressing 

viral infection (S. Zhou et al., 2012). In CD4+ T cells, IRF7 may be involved in Th1 

immune responses like IRF1 and STAT1, with IRF7 shown to affect type-I IFN expression 

in Th1/Th17 cells in the context of antitumour Th cell activity (Lei, Xiao, et al., 2024). 

However, no changes in type-I IFN production directly were seen in our Th2 cells by 

qRTPCR and while IFNAR1 expression did increase during activation, again no changes 

were seen from Malat1 loss, suggesting its effects are primarily on intracellular 

signalling. IRF7 is also known to play a role in other lymphocyte cells too, with 

involvement in B cell germinal centre formation and IgG class switching (Fike et al., 

2025), and in promoting ILC2 type 2 cytokine expression and encouraging cell expansion 

(He et al., 2019). 

ISG module expression, specifically IFIT proteins, IRF7, and STAT1 but not 

IFNγ, has been previously identified in aberrant Th2 cells in the context of asthma and 

allergy, linking to the disrupted Th2 differentiation seen here. Human Th cells stimulated 

with house dust mite antigen developed a type-I IFN responsive subset, which was seen 

to restrain allergic Th2 responses (Seumois et al., 2020). A similar subset of type-I IFN 

responsive Th cells was also identified in mice, again containing similar ISGs to those 

seen from Malat1 loss (Tibbitt et al., 2019). Consistent with the restrained Th2 response 

in allergy and our IFNβ treated cells, type-I IFN signalling has been shown to disrupt Th2 

differentiation, with IFNβ signalling specifically shown to disrupt GATA3 expression 

(Huber et al., 2010). This could link expression of the ISG module to our observed 

downregulation of the IL2R and GATA3, and eventual suppression of end-stage Th2 

differentiation. However, Malat1 loss affected GATA3 levels in both sexes, although we 

did not identify any changes in ISG expression in males, suggesting that this could only 

partially explain the effects of Malat1 loss. 
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When investigating chromosomal representation in the ISG module, we identified 

enrichment of chromosome 19, where Malat1 resides. This enrichment was likely due to 

the increased expression of Ifit family genes, which are present on chromosome 19 on 

band C1 and highly upregulated from Malat1 loss. Ifit gene expression is triggered 

following type-I IFN signalling and viral infection, with IFIT proteins forming a complex 

providing broad spectrum antiviral immunity. This complex is involved in viral RNA 

sensing and binding to eIF3 to inhibit cap-dependent protein translation (Diamond & 

Farzan, 2013). This translational inhibition ability from the IFIT complex could also 

explain why Gata3 and Il2r transcript levels are not significantly differentially expressed 

in our RNA-seq dataset, but we detected changes in the protein level. In terms of 

chromosomal gene regulation, both Malat1 and Neat1 in humans, which reside on 

chromosome 11 instead of 19, have been shown to bind to actively transcribing chromatin 

across chromosome 11 (West et al., 2014), suggesting that Malat1 may aid in regulating 

gene expression along its chromosome of residence. Adding to this, Malat1 loss in mice 

has also been shown to upregulate expression of neighbouring genes on chromosome 19 

via in cis interaction, (B. Zhang et al., 2012), although the IFIT proteins enriched in our 

data are not present near to the Malat1 gene locus (location 19qA in mice).  

Expression of this ISG module is also downregulated during Th2 differentiation, 

potentially linking this to the ISG expressing subset previously identified in naïve cells 

(Deep et al., 2024). The 50 gene signature that defines these ISG expressing naïves shows 

substantial overlap (26/50) with the ISG module identified here from Malat1 loss, 

including expression of both Irf7 and Stat1. These ISG expressing naïves demonstrate 

impaired TCR stimulation, and were suggested to favour differentiation towards Tcm 

cells. Our results may suggest that Malat1 aids in transcriptional repression of this lineage 

during Th2 differentiation. Malat1 has been shown to regulate specific genesets 
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previously during immune cell activation and differentiation, via its interactions with 

RNA processing and transcription factors. In macrophages Malat1 has been seen to 

inhibit type-I IFN responses via inhibition of TDP-43 cleavage and IRF3 signalling (W. 

Liu et al., 2020), potentially warranting further exploration of this as a mechanism behind 

ISG expression in Th2 cells. However, despite the activation of similar pathways, Malat1 

loss in macrophages mainly affected type-I IFN cytokine expression with little overlap of 

ISGs identified here, and investigated ISGs STAT1 and IFIT1 expression were unaffected. 

As previously mentioned, Malat1 has been shown to affect PRC2 function in a 

number of cell types (Arratia et al., 2023; Kanbar et al., 2022; S. H. Kim et al., 2017), 

which could help explain the failure to suppress the ISG module. Malat1 regulation of 

PRC2 inhibited expression of memory cell associated genes via association with 

component EZH2 (Kanbar et al., 2022). This could suggest that Malat1 may be more 

generally involved in transcriptional repression of memory cell formation in T cells. A 

subset of genes affected by Malat1 loss in CD8+ T cells overlap with our RNA-seq 

dataset, including transcription factor Stat1 and Ifit family genes. Further adding to this, 

STAT1 expression in CD8+ T cells has been identified as a major regulator of memory 

cell formation (Quigley et al., 2008), suggesting Malat1 may regulate somewhat similar 

pathways between CD4+ and CD8+ T cells. However, the majority of genes affected by 

Malat1 loss differ between our RNA-seq dataset and CD8+ T cells, and transcription 

factors Irf1 and Irf7 expression are unaffected by Malat1 loss in CD8+ T cells. Further 

investigation of H3K27me3 levels via immunofluorescence staining or chromatin 

immunoprecipitation (ChIP) (Young et al., 2011), and investigation of interaction 

between Malat1 and PRC2 components by RNA immunoprecipitation (Ye et al., 2020) 

would likely be required to confirm whether the effects seen on the ISG module are PRC 

dependent. 
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We identified sex-differences between females and males in terms of ISG 

expression and type-I IFN responsiveness. A portion of the ISG module, including Irf7, 

Ifit1bl1 and Ifit3b were expressed significantly higher in WT males than females. 

Furthermore, male ISG expression was unaffected by Malat1 loss, and males were less 

responsive to the levels of IFNβ utilised in our experiment. This increased expression of 

the ISG module could be representative of decreased differentiation strength seen in our 

in vitro model. Alternatively, this may suggest that male Th cells are less sensitive to type-

I IFN treatment than females. Previous research has identified that the X chromosome is 

involved in promoting the response to type-I IFNs. Some cell types, such as pDCs, are 

more responsive to type-I IFNs in females than males, with links to increased expression 

of X-linked proteins such as TLR7 (Webb et al., 2019). Sex differences in type-I IFN 

signalling have also been previously identified in CD4 T cell responses. In HIV-1 infected 

individuals, females express significantly higher levels of type-I IFNs and ISGs in CD4+ 

T cells, including expression of genes seen in our dataset, such as IFIT genes, IRF7, IRF1, 

and STAT1. This increased expression was also correlated with a lower viral load than 

males, potentially suggesting that female CD4+ T cells may be more responsive to type-I 

IFN signalling (El-Badry et al., 2024). 

The work presented in this chapter suggests that Malat1 is a crucial sex-specific 

determinant of early Th cell differentiation in females. Malat1 controls the suppression 

of a set of ISGs, which are potentially involved in Tcm cell differentiation, at day 2 of in 

vitro differentiation. Increased expression of this ISG module phenocopied the effects of 

Malat1 loss on Th2 differentiation, resulting in disruption of the IL2 response and end-

point cytokine expression. However, the mechanism behind the Malat1 regulated 

suppression of ISGs is still unknown, and is likely not caused by any effects of Malat1 

loss on alternative splicing. Males constitutively express higher ISG levels than females 
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and are unaffected by Malat1 loss, potentially explaining the decreased level of end-point 

differentiation in WT males and the lack of effect seen from Malat1 loss in vitro. 
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5. Malat1 Regulates Nuclear 

Speckle Function and X 

Chromosome Inactivation During 

Th Cell Differentiation 
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5.1 Introduction 

5.1.1 Nuclear speckle function and their role in Th cell differentiation 

Nuclear speckles are sub-nuclear membrane-less compartments that form in 

interchromosomal regions. Nuclear speckles are formed via association of core speckle 

proteins SON and SRRM2, and contain a number of pre-mRNA splicing factors, 

spliceosome RNA components, other non-coding RNAs, and inactive RNA polymerase 

II (Spector & Lamond, 2011; Xie et al., 2006). In terms of their function, the 

phosphorylation state of speckle-associated pre-mRNA splicing factors regulates their 

localisation between speckles and areas of active splicing (Aubol et al., 2018; Brown et 

al., 2008). This regulation of splicing factor localisation is thought to generate 

concentration gradients of splicing efficiency surrounding speckles, leading to increased 

rates of splicing in their proximity (Bhat et al., 2024). Previous research has also 

suggested that speckles may regulate transcription. DNA loci present in proximity to 

nuclear speckles display amplified transcript levels compared to those further away, and 

actively transcribed genes have also previously been identified to cluster around nuclear 

speckles (Brown et al., 2008; J. Kim et al., 2020).  

Malat1 is a core ncRNA component of nuclear speckles, and has been shown 

previously to localise there in a number of different cell types (Fei et al., 2017; Tripathi 

et al., 2010). While initial knock-out models suggested that Malat1 was dispensable for 

speckle formation (B. Zhang et al., 2012), recent studies demonstrated that Malat1 instead 

plays a role in intra-speckle organisation. In the majority of speckles, Malat1 localises 

specifically to the speckle periphery along with other spliceosomal RNAs, while SON, 

SRRM2 and other pre-mRNA splicing factors localising to the speckle centre. Depletion 

of Malat1 instead caused a reduction in the total amount of SON present within speckles, 
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and resulted in SON, SRRM2 and pre-mRNA splicing factor presence in the speckle 

periphery (Fei et al., 2017). Alongside its speckle organisational role, interactions 

between Malat1 and speckle-associated splicing factors have previously been shown to 

regulate both their phosphorylation state and activity in terms of alternative splicing 

(Miao et al., 2022). Furthermore, Malat1 knock-down has been shown to reduce splicing 

factor association with speckles (Tripathi et al., 2010). 

While nuclear speckles in T cells have not been well studied, some prior research 

has suggested that speckles are linked to both T cell activation, in both CD4+ and CD8+ 

T cells. TCR stimulation of cells derived from whole blood resulted in drastic increases 

in both speckle numbers and size (Dow et al., 2010; McCuaig et al., 2015). However, no 

detailed research has been performed on how speckles change during early T cell 

activation, or between human or murine naïve and differentiated cells. 

 

5.1.2 X chromosome inactivation during Th cell differentiation 

 Prior research into X chromosome inactivation in lymphocytes suggests that T 

and B cells display altered Xi dynamics when compared to regular somatic cells (Syrett 

et al., 2019; J. Wang et al., 2016). Naïve T and B cells from female mice and humans do 

not display Xist cloud localisation present over the Xi, and also display reduced 

H3K27me3 suppression marks, suggesting that the Xi is not fully suppressed in this state. 

Xist localisation and Xi inactivation as a whole is lost during T cell maturation in the 

thymus, with only around 10% of mature thymocytes containing regular Xist marks on 

the Xi. During T cell activation, both Xist localisation and H3K27me3 marks return to the 

Xi, with in vitro stimulation followed by FISH identified that full Xist clouds completely 

return to T cells at around 2 days post activation (Syrett et al., 2019). TCR signalling via 
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the NF-kB pathway was identified as the direct cause for Xist and other inactivation marks 

to reappear on Xi, and this re-inactivation was seen for several different types of Th cell 

differentiation, including Treg, Th1 and CD8 T cells (Forsyth, Toothacre, et al., 2024; 

Huret et al., 2024). Interestingly, while Xist does not associate with the Xi in naïve cells, 

the Xi itself remains primarily transcriptionally silent in unstimulated T cells and some 

H3K27me3 levels still remain (Forsyth, Toothacre, et al., 2024). 

 Reduced Xist and silencing complex localisation to the Xi is thought to allow for 

increased X-linked gene escape during T cell activation. Several genes have previously 

been shown to escape the X re-inactivation during T cell differentiation, including Il2rg, 

Kdm6a, Cd40l, Cxcr3, Tlr7 and Tlr8 (Forsyth, Toothacre, et al., 2024; Youness et al., 

2023). In SLE, a disease displaying heavy sex bias towards females (Christou et al., 

2018), peripheral T cells from pediatric patients display mislocalised Xist patterns (J. 

Wang et al., 2016) and increased expression of X-linked genes (Q. Lu et al., 2007; Syrett 

et al., 2019), suggesting increased Xi escape may even contribute towards disease 

progression.  
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5.1. Chapter aims 

In the previous chapter, we identified that Malat1 loss disrupts gene expression 

changes during early Th2 differentiation in a sex specific manner, specifically enhancing 

expression of an ISG module. Malat1 is known to localise to nuclear speckles and interact 

with speckle-localised splicing components, and disruption to speckle function could 

provide a mechanism for how Malat1 loss affects Th cells. However nuclear speckles are 

not well researched in CD4+ T cells. In this chapter, we aimed to investigate how nuclear 

speckles change during early Th2 differentiation and whether Malat1 loss affects their 

function, via immunofluorescence imaging and analysis. We also tested the hypothesis 

that Malat1 affected X chromosome inactivation during early Th2 differentiation, as a 

possible explanation for the sex-specific effects seen on Th2 differentiation. 

The aims of this chapter were to: 

- Identify how nuclear speckles change during both mouse and human Th cell 

differentiation 

- Investigate whether Malat1 loss affects nuclear speckle formation and 

function during early Th2 differentiation. 

- Investigate the effects of Malat1 loss on X chromosome inactivation during 

early Th2 differentiation. 

- Investigate whether Malat1 affects H3K27me3 deposition during early Th2 

differentiation. 
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5.2 Results 

5.2.1 Nuclear speckles increase in both number and size during T cell 

differentiation 

As Malat1 localises to nuclear speckles and plays a role in speckle organisation, 

we aimed to investigate whether Malat1 loss disrupted nuclear speckle formation and 

function during early differentiation. To first investigate this, we performed in vitro Th2 

differentiation experiments of WT females, collecting, fixing and permeabilising at naïve 

and day 2 Th2 cells. Resultant slides were then stained for DAPI and core speckle marker 

SON. We chose SON as a marker, as previous research had identified no localisation of 

SON to nuclear bodies other than speckles, and that there was little diffuse nuclear signal 

from staining (A. Sharma et al., 2010). We also opted to use the LSM880 microscope 

with airyscan processing for high resolution imaging of cells, taking tilescan Z-stack 

images. For image analysis we investigated both nuclear speckle numbers and size, as 

prior literature has linked nuclear speckle numbers to global changes in splicing, and size 

to unspliced RNA buildup within the speckles (O’Keefe et al., 1994; J. Wu et al., 2024). 

Images were analysed via ImageJ as detailed in methods chapter 2.6.5.In brief, z-stack 

images were converted into maximum intensity projections, and a cell mask was 

generated from the DAPI layer. The mask was then applied to the SON layer, then auto-

thresholding and particle analysis were performed in each cell to estimate SON particle 

size and number. We reasoned that this automated analysis provided a more unbiased 

analysis of nuclear speckle number and size compared to manual approaches. Click or tap 

here to enter text. 

From our images, we were able to identify distinct clusters of SON staining 

(Figure 5.1 A+B, Supplementary Figures 13+14) present within interchromatin regions 



245 
 

(dim DAPI staining) in the cell nucleus, similar to previous literature that had performed 

immunofluorescence staining for nuclear speckles (Ilık et al., 2020; A. Sharma et al., 

2010; J. Wu et al., 2024). Interestingly, speckle size and number as indicated by SON 

staining in these images appeared to visually increase during the first two days of Th2 

differentiation. This was confirmed after performing image analysis, as we identified that 

nuclear speckle dramatically increase between days 0 and 2 in WT female-derived cells 

from around 25 speckles in naïve cells to around 50 by day 2 of differentiation (Figure 

5.1 C), alongside an increase in average nuclear speckle area (Figure 5.1 D) from ~0.2 to 

~0.4 µm2. This measured speckle size, while at the low end, also falls within currently 

published estimates of nuclear speckle sizes at 0.3-3 µm in diameter (Bhat et al., 2024), 

giving confidence that our speckle analysis method was able to correctly identify nuclear 

speckles. 
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Figure 5.1 Nuclear speckle numbers and size increase during Th differentiation 

A. Representative 63x images from SON and DAPI staining of in vitro differentiated 

WT female CD4+ T cells, at naïve and 48 hours post-activation. Brightness and 

contrast were increased by 20% on all images. B. Representative cell from A. at 48 

hours of in vitro Th2 differentiation, with example speckles highlighted by red 

circles with yellow arrows. C. Violin plot displaying nuclear speckle count per cell 

nucleus of WT female CD4+ T cells during in vitro Th2 differentiation, at naïve and 

48 hours post-activation. Minimum 30 cells were counted from two tilescan images 

at each condition, and results were merged between 2 biological replicates (Naïve 

total n=64, day 2 n=145). D. As in C. but for speckle area (um2). 

Naive Day 2

A.

C. D.

-DAPI
-SON

B.
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5.2.2 Malat1 loss disrupts nuclear speckle numbers during 

differentiation 

We next investigated whether nuclear speckles differ when Malat1 is lost at day 2 

of differentiation. To confirm this, we performed Th2 in vitro polarisations of WT and 

Malat1-/- female- and male-derived cells, collecting slides on days 0 and 2 of 

differentiation for immunofluorescence staining with DAPI and SON. Images were again 

acquired on the LSM-880 with airyscan processing and analysed by ImageJ for speckle 

number and size. 

At day 2, visibly lower numbers of speckles could be seen resulting from Malat1 

loss in females (Figure 5.2 A, Supplementary Figures 15+16), and this decrease was 

further confirmed by the previously used image analysis (Figure 5.2 B). Interestingly, 

while Malat1 loss did not significantly affect nuclear speckle numbers in males, WT males 

had significantly lower numbers than females. Nuclear speckle size (Figure 5.2 C) was 

unaffected by Malat1 loss in females or males. However, WT males also displayed 

significantly lower speckle sizes when compared to WT females. When performing image 

analysis investigating change in speckles between days 0 and 2, both speckle numbers 

and size significantly increased for all samples (Figure 5.3 A, B). 

 



248 
 

  

Figure 5.2 Nuclear speckle numbers and size increase during Th2 differentiation 

A. Representative 63x images from SON and DAPI staining of in vitro differentiated 

WT and Malat1-/- female CD4+ T cells, at 48 hours post-activation. Brightness and 

contrast were increased by 20% on all images. B. Violin plot displaying nuclear 

speckle count per cell nucleus of WT and Malat1-/- female and male CD4+ T cells 

during in vitro Th2 differentiation, at 48 hours post-activation. Minimum 30 cells 

were counted from two tilescan images at each condition, and results were merged 

between 2 biological replicates (total WT female n=98, Malat1-/- female n=192, WT 

male n=110, Malat1-/- male n=141). C. As in B. but for nuclear speckle area (um2). 
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Figure 5.3 Nuclear speckle numbers and size increase during Th2 

differentiation 

A. Violin plot displaying nuclear speckle count per cell nucleus of WT and Malat1-/- 

female and male CD4+ T cells at days 0 and 2 of in vitro Th2 differentiation. 

Minimum 30 cells were counted from two tilescan images at each condition, and 

results were merged between 2 biological replicates (day 2 cell numbers as listed in 

Figure 5.2, naïve numbers: total WT female n=64, Malat1-/- female n=85, WT male 

n=65, Malat1-/- male n=106). C. As in B. but for nuclear speckle area (um2). 
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As previous literature had suggested that Malat1 loss could disrupt SON 

expression (Fei et al., 2017), we also investigated whether core speckle components Son 

and Srrm2 transcript levels were disrupted during T cell differentiation. We performed in 

vitro Th2 differentiation of WT and Malat1-/- female and male CD4+ T cells, collected 

RNA at days 0 and 2 of in vitro Th2 differentiation, and investigated transcript levels by 

qRTPCR. 

Neither Son nor Srrm2 levels significantly changed between day 0 and 2 of 

differentiation (Figure 5.4 A, B). However, both transcripts displayed a downwards trend 

upon Malat1 loss in females at day 2 of differentiation, although this change remained 

non-significant. Overall, these results suggest that Malat1 may regulate nuclear speckle 

formation in a sex-specific manner, without significantly affecting core speckle protein 

transcript levels. 
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Figure 5.4 Son and Srrm2 transcript levels are not significantly affected by 

Malat1 loss 

A. Son transcript expression in WT and Malat1−/− in vitro differentiated female or 

male cells at day 0 and day 2 of differentiation. mRNA levels determined by qRT-

PCR (n=6) and normalised to U6 and average levels of WT cells from female mice at 

day 0. B. As in A. but for Srrm2 expression. C. Son expression 

in WT and Malat1−/− in vitro differentiated female or male cells at day 2 of 

differentiation. D. As in C. but for Srrm2 expression. 
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5.2.3 Malat1 loss affects SR protein phosphorylation during 

differentiation 

Following identification of a significant decrease in nuclear speckle numbers 

resulting from Malat1 loss in females, we next aimed to measure if nuclear speckle 

activity was disrupted, via investigation of SR protein phosphorylation. SR protein 

phosphorylation causes SR protein localisation out of speckles to the nucleoplasm, where 

they are then able to engage the spliceosome and participate in splicing regulation (Aubol 

et al., 2018; Long et al., 2019). We reasoned that changes in phospho-SR intensity could 

imply changes in SR protein activation, and a build-up of phosphorylated SR proteins in 

speckles and could imply disruption to SR protein localisation. To assess this, we again 

collected slides from WT and Malat1-/- females and males on day 0 and 2 of in vitro Th2 

differentiation, staining for DAPI, SON, and phospho-SR proteins via an anti-

phosphoepitope-SR antibody. 

Phosphorylated SR protein staining visibly increased in WT females during 

differentiation alongside the previously identified increase in nuclear speckles, suggesting 

that speckle activity increased during differentiation (Figure 5.5 A+B, Supplementary 

Figures 17-20). While phospho-SR foci did not overlap with nuclear speckles, phospho-

SR foci were predominantly positioned in proximity to nuclear speckles (Figure 5.5 B), 

consistent with their localisation out of speckles to aid with nearby transcript splicing 

(Aubol et al., 2018). SR protein phosphorylation was further confirmed by image analysis 

with ImageJ, where we identified a significant increase in mean phospho-SR protein 

staining between days 0 and 2 (Figure 5.5 C). 

When comparing WT and Malat1-/- cell images at day 2, we did not observe any 

visible changes in phospho-SR protein localisation from Malat1 loss or any overlap 
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between phospho-SR foci and nuclear speckles (Figure 5.5 B+D, Supplementary Figures 

19-22). Analysis with ImageJ identified a significant decrease in mean phospho-SR 

intensity resulting from Malat1 loss in females and not males, suggesting a sex-specific 

decrease in SR protein activation occurred from Malat1 loss (Figure 5.5 E). WT males 

also displayed significantly lower phospho-SR staining than WT females, with no Malat1-

dependent effects observed. Overall, these data suggest that Malat1 loss disrupts SR 

protein activation and therefore nuclear speckle function in a sex-specific manner. 
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Figure 5.5 SR protein phosphorylation is disrupted following Malat1 loss 

A. Representative 63x images of phospho-SR, SON and DAPI staining of naïve WT 

female CD4+ T cells. Brightness and contrast increased by 20% on all images. B. As 

in A. but at day 2 of Th2 in vitro differentiation. C. Violin plot of the change in mean 

phospho-SR nuclear intensity during the first 2 days of in vitro Th2 differentiation 

(total naïve n=52, day 2 n=86). D. As in A. but for Malat1-/- female CD4+ T cells at 

day 2 of Th2 in vitro differentiation. E. Mean nuclear intensity of WT and Malat1-/- 

CD4+ T cells of both sexes at day 2 of in vitro Th2 differentiation. Data merged 

between 2 biological replicates (total WT female n=86, Malat1-/- female n=125, WT 

male n=97, Malat1-/- male n=101). 
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5.2.4 Malat1 loss affects Xi complex formation in females 

Due to the observed Malat1-dependent sex-specific differences in gene 

expression and nuclear speckle formation at day 2 of differentiation, a time window 

coinciding with X chromosome re-inactivation (J. Wang et al., 2016), we performed 

preliminary experiments with Professor Dawn Coverley, investigating whether Malat1 

loss affected X chromosome inactivation. Here, we performed Th2 differentiation of WT 

and Malat1-/- female cells and collected slides for immunofluorescence staining at 

differing time points during the initial 48 hours of T cell differentiation. We investigated 

at 2-, 6-, 24- and 48-hours post-activation, as we had previously identified changed to 

CD69 expression from Malat1 loss during early activation, and the 24- and 48-hour time 

points would line up with transcriptomic and speckle differences seen at days 1 and 2 of 

differentiation. Cells were fixed, permeabilised, and investigated by immunofluorescence 

staining. To investigate Xi formation, we used two antibodies targeting the nuclear protein 

CIZ1, a core part of the X inactivation complex which can be used as a marker of Xi patch 

formation (Sofi & Coverley, 2023). CIZ1 strongly associates with Xist in the nucleus, 

aiding in anchoring the X inactivation complex to the Xi. We used two antibodies for 

studying CIZ1, the CIZ1-1794 Ab which targets the CIZ1 N terminal region, and the 

CIZ1-87 Ab which targets the CIZ1 C terminal region, both provided by the Coverley lab 

group. Slides were investigated and imaged on the Coverley lab group’s Zeiss Axiovert 

200M, with Zen Blue. 

When investigating WT naïve cells (Figure 5.6 A, Supplementary Figures 27-30), 

we identified little to no CIZ1 staining on the Xi patch in the majority of cells, only small 

delocalised CIZ1 foci, suggesting that no Xi patch was present at this time point. 

Following T cell activation, we visually identified an increase in CIZ1-1794 foci 

formation in WT cells, starting in some cells as early as 6 hours post-activation. This 
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became clearly visible in nearly all cells by 24 hours. At 48 hours, a clear large Xi patch 

had formed in most cells, suggesting that Xi formation was completed by this time point. 

When comparing WT and Malat1-/- mice, we identified that the Xi patches appeared 

smaller at 48 hours in Malat1-/- females (Figure 5.6 B, Supplementary Figures 31+32), 

although no differences were easily visible in naïve cells (Figure 5.6 C, Supplementary 

Figures 33+34). Interestingly, while the CIZ1-1794 antibody was detectable on the Xi at 

earlier time points, the CIZ1-87 Ab did not appear to localise well to the Xi until nearly 

48 hours, instead staining the periphery of the nucleus. While this may represent different 

CIZ1 domains interacting with differing areas, the CIZ1-1794 Ab had been previously 

shown to co-localise well with Xist (Sofi & Coverley, 2023), and we therefore opted to 

use this antibody for following analyses. 
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Figure 5.6 CIZ1 localises to the X chromosome during CD4+ T cell 

differentiation 

A. Representative 40x images with DAPI and CIZ1 (both N terminal 87 and C 

terminal 1794 antibodies) staining of WT female CD4+ T cells in naïve cells, 6 hours, 

24 hours and 48 hours post-activation. B. Representative 40x images of WT and 

Malat1-/- female CD4+ T cells at 48 hours post-activation, stained with DAPI and 

CIZ1 (87 and 1794 Abs). C. As in B. but for naïve cells. Brightness and contrast of 

all images shown in this figure were increased by 20%, for ease of viewing. 
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We next investigated Xi inactivation progress during Th2 in vitro differentiation. 

To assess this, we determined four categories representing stages of Xi formation, based 

on previous literature which had categorised Xist patch assemblies on the X chromosome 

during T cell maturation in the thymus (Syrett et al., 2019; J. Wang et al., 2016). These 

categories were no Xi (N, represented by no CIZ1 staining on the Xi), dispersed CIZ1 

foci within a nuclear area (D), a clear Xi focal point (F), and a clear large Xi patch (P). 

Examples of each category are shown in Figure 5.7 A. Slides were investigated under a 

microscope, and cells within each category were visibly counted within two focal areas 

at 63x magnification. Slides were randomised to reduce bias, and counts were verified by 

Dawn Coverley. 

Categorisation of cells from all time-points in the first replicate (Figure 5.7 B) 

revealed that WT female cells progressed through each category during in vitro Th2 

differentiation. The majority of naive cells displayed the N category, intermediate time 

points displayed a mixture of D, F and P categories, and at 48 hours the majority displayed 

P category. Interestingly, a significant decrease in P formation in Malat1-/- females was 

seen at both 24 and 48 hours, suggesting that Xi patch formation had been partially 

disrupted from Malat1 loss. During early differentiation (naïve and 2 hours), we observed 

a slight increase in cells displaying the D category in Malat1-deficient cells at early time 

points. Repetition of this experiment (Figure 5.7 C) confirmed these results, with similar 

increases in D category at early time points (although no significance was seen in this 

replicate), and suppression of P categories at 48 hours, suggesting that the dynamics of 

Xi formation are disrupted from Malat1 loss. 
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Figure 5.7 Malat1 loss affects Xi patch formation during differentiation 

A. Representative images for Xi patch identification and categorisation from CIZ1 

staining, including no Xi, dispersed CIZ1 foci, Xi focal point and clear Xi patch. B. 

Xi patch categorisation from one WT and one Malat1-/- mouse of CD4+ T cells during 

in vitro differentiation. Between 90 and 130 total cells were counted and categorised 

from three-5 static focal planes per sample. Time points include naïve, 2 hours, 6 

hours, 24 hours and 48 hours post-activation. Chi-square tests were performed to 

identify changes in each category. C. Replicate of Xi patch identification performed 

in B. 
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From images captured at each time point, we next investigated CIZ1-1794 

staining intensity per nucleus via ImageJ to attempt to quantify changes in Xi patch 

formation. We reasoned that mean and maximum intensity measurements may correspond 

to the strength of the Xi patch, and allow for quantification of differences resulting from 

Malat1 loss. CIZ1 maximum intensity was significantly decreased following Malat1 loss, 

confirming disruption of the Xi patch. no significant changes were seen at other time 

points resulting from Malat1 loss (Figure 5.8 A). When investigating mean intensity, we 

identified a modest significant downregulation resulting from Malat1 loss at 24 and 48 

hours, similar to that seen with maximum intensity (Figure 5.8 B). However, we also 

identified a statistically significant increase at 6 hours, potentially consistent with the 

increase in patch formation seen in Figure 5.7, although this was at an earlier time point. 

Overall, these results suggest that Malat1 loss disrupts X inactivation kinetics and Xi 

patch formation during CD4+ T cell differentiation. 
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Figure 5.8 Malat1 loss impacts CIZ1 intensity during T cell differentiation 

A. Violin plot displaying maximum CIZ1-1794 intensity per cell nucleus of WT and 

Malat1-/- female CD4+ T cells during in vitro Th2 differentiation, at naïve, 6 hours, 

24 hours and 48 hours post-activation. Cells were counted from 5 images at each 

condition and merged between 2 biological replicates (total cells 0 hours WT n=109 

Malat1-/- n=105, 6 hours WT n=83 Malat1-/- n=86, 24 hours WT n=70 Malat1-/- 

n=94, 48 hours WT n=83 Malat1-/- n= 104). B. As in A. but for mean CIZ1-1794 

expression. 
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5.2.5 Malat1 affects X-linked gene expression during Th2 differentiation  

Due to the identified disruption to Xi patch formation, we re-analysed our day 0 

against day 2 long-read RNA-seq dataset, specifically to identify expression patterns of 

X-linked genes and whether these are affected by deletion of Malat1. As previously 

mentioned, at day 2 only 6 DEGs between WT and Malat1-/- females were X-linked, with 

four of them upregulated following Malat1 loss (Figure 5.9 A). Included in this set was 

gene Tlr7, which has previously been shown to escape X inactivation in T cells (Souyris 

et al., 2018) and Cfp, which is involved in complement activation. 

When comparing naïve to day2 cells, there were total 193 significant (FDR<0.05) 

X-linked activation-associated DEG. Of these, 99 genes were upregulated in WT females 

with 23 common between WT and Malat1-/- females, and 94 downregulated with 16 in 

common and 2 downregulated only in Malat1-/- females (Figure 5.9 B), suggesting an 

inhibition of transcriptional changes of X-linked during differentiation resulting from 

Malat1 loss, consistent with our results investigating the whole transcriptome (Figure 

4.11 A). When investigating how Malat1 affects changes in expression of these X-linked 

DEGs at day 2 (Figure 5.9 C), Malat1 loss visually appeared to have a stronger effect in 

regards to LFC on X-linked genes suppressed during differentiation. When setting a LFC 

cutoff of >1 between WT and Malat1-/- females at day 2 we identified 20 genes 

downregulated during differentiation but upregulated due to Malat1 loss and only 4 genes 

upregulated during differentiation and downregulated from Malat1 loss (Figure 5.9 D), 

suggesting that Malat1 loss may affect specifically the suppression of X-linked genes, 

although many of these changes were non-significant. Downregulated genes with 

increased LFC resulting from Malat1 loss included immune genes such as Btk, Gata1, 

Tlr7 and Cfp, although of these only Tlr7 and Cfp were significantly differentially 

expressed between WT and Malat1-/- females. 
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Following this, we investigated whether components of X chromosome 

inactivation were disrupted from Malat1 loss. Of the lncRNAs involved in X inactivation 

(Table 5.1 A) only Xist was significantly (FDR<0.05) upregulated between day 0 and day 

2 in WT females. Xist was also downregulated resulting from Malat1 loss at day 2 

consistent with our qRTPCR results, although this did not reach significance in our RNA-

seq data. Of Xist interacting RBPs (list compiled from Da Rocha & Heard, 2017; McHugh 

et al., 2015), Tardbp (TDP-43), Ezh2, Hnrnpc, Hnrnpk, Matr3 Ptbp1 and Pcgf5 were 

significantly (FDR<0.05) upregulated during differentiation (Table 5.1 B), consistent with 

the increased rate of Xi patch formation. Malat1 loss did not significantly affect 

expression of any of Xist interacting RBPs at day 2 of differentiation, and effect sizes 

were still relatively weak, with only Rybp displaying a LFC>1 from Malat1 loss. 
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Figure 5.9 Malat1 loss affects expression of X-linked genes 

A. List of significant (FDR<0.05) X-linked DEGs between WT and Malat1-/- females 

at day 2 of in vitro Th2 differentiation. B. Significant (FDR<0.05) upregulated and 

downregulated DEGs between naïve and in vitro differentiated Th2 cells at day 2 for 

both WT and Malat1-/- cells (black), only WT (blue), and only Malat1-/- (red). C. LFC 

for significant X-linked DEGs between WT female naïve and day 2 in vitro 

differentiated Th2 cells against LFC between WT and Malat1−/− female cells at day 

2. Significant DEGs at day 2 labelled with *. D. Heatmap displaying Z scored 

log2CPM of differentiation-associated DEGs at day 2 of differentiation (LFC>1 

between WT and Malat1−/− cells at day 2). Genes ordered by decreasing LFC. 
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Table 5.1 Table of X chromosome inactivation lncRNAs and Xist interacting 

RBPs between day 0 and day 2 of in vitro Th2 differentiation 

A. 

B. 

LncRNAs involved in Xi formation 

 

Xist interacting RBPs 
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5.2.6 Inhibition of Xi formation may disrupt Th2 differentiation 

To assess whether inhibition of Xi patch formation affected Th2 differentiation, 

we compared WT and Ciz1-/- mice. We isolated naïve CD4+ T cells from WT and Ciz1-/- 

female mice, then performed in vitro Th2 differentiation. Cell numbers and cytokine 

expression (IL10 and IL4) were then assessed as markers of activation in terminally 

differentiated cells. 

Cell numbers resulting from Ciz1 loss were not significantly affected when 

compared to WT cells, although there was a small downwards trend seen in the Ciz1-/- 

mice (Figure 5.10 A). Cytokine expression in a majority of Ciz1-/- samples displayed non-

significant downwards trends for IL10+, IL4+ and IL10+ IL4+ double positive cells (Figure 

5.10 B). However, one outlier Ciz1-/- mouse (as determined by Grubbs test alpha=0.05 for 

IL10+, IL4+ and IL10+ IL4+ expression) instead displayed increased cytokine expression 

compared to WT samples. Removal of this outlier sample (Figure 5.10 C) resulted in a 

significant downregulation of IL10+ and IL10+ IL4+ double positive cells with a non-

significant downwards trend for IL4+ cells, similar to the effects of Malat1 loss (Figure 

3.3 A). This suggests that inhibition of X chromosome inactivation may suppress Th2 

differentiation, potentially consistent with increased type I inflammatory and Th1 

associated genes from Xi escape in females (Huret et al., 2024; Itoh et al., 2019; Souyris 

et al., 2018), although further replicates and investigation of the effects of Ciz1 loss in 

males will be required to confirm this result. 
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Figure 5.10 Ciz1 loss may disrupt CD4+ T cell differentiation 

A. Cell counts at end-point Th2 in vitro differentiation of WT or Ciz1-/- female cells. 

B. Percentage of IL10+ live TCRβ+ CD4+ WT or Ciz1-/- in vitro differentiated Th2 

cells derived from female mice at day 6 (experimental end-point). Levels determined 

by intracellular cytokine staining (n=4 per condition). C. As in B. but with the 

potential outlier Ciz1-/- mouse sample removed. 
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5.2.7 Malat1 loss affects H3K27me3 deposition during early Th cell 

differentiation 

In chapter 4.2.3, we identified that Malat1 loss in females during early 

differentiation caused CD4+ T cells to fail to suppress an ISG module. We speculated that 

this may be caused by the potential regulation of PRC2 by Malat1 (Arratia et al., 2023; 

S. H. Kim et al., 2017), although direct interactions between Malat1 and PRC2  has more 

recently been disputed. Furthermore, Xi patch formation triggers the deposition of 

repressive histone marks such as H3K27me3 on the X chromosome via PRC2 (Tjalsma 

et al., 2021), and alteration to this may explain the previously observed decrease in Xi 

patch formation. To investigate whether PRC2 function was altered following Malat1 loss 

in females, we performed immunofluorescence staining of WT and Malat1-/- female slides 

collected for Xi patch analysis at day 2 of differentiation. Slides were stained with DAPI 

and an anti-H3K27me3 antibody and imaged on the Zeiss Axiovert 200M provided by 

the Coverley lab, with Zen Blue. 

We identified a decrease in H3K27me3 deposition between WT and Malat1-/- 

females at 48 hours post-differentiation (Figure 5.11 A, Supplementary Figures 35+36), 

in both the whole nucleus and on the Xi specifically. Further image analysis was then 

performed via ImageJ, to quantify differences in H3K27me3 maximum and mean 

intensity. Both maximum (Figure 5.11 B) and mean (Figure 5.11 C) H3K27me3 intensity 

were significantly reduced resulting from Malat1 loss, with a near 50% decrease in 

maximum H3K27me3 intensity, potentially suggesting that H3K27me3 deposition was 

disrupted at day 2 of Th2 differentiation. 
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Figure 5.11 Malat1 loss impacts nuclear H3K27me3 intensity during 

differentiation 

A. Representative 40x images with DAPI and H3K27me3 staining of in vitro 

differentiated WT and Malat1-/- female CD4+ T cells at 48 hours post-activation. 

Brightness and contrast were increased by 40% on all images. B. Violin plot 

displaying maximum H3K27me3 intensity per cell nucleus of WT and Malat1-/- 

female CD4+ T cells during in vitro Th2 differentiation, at 48 hours post-activation. 

Results merged from two mice per condition. Cells were counted from 5 images at 

each condition and merged between 2 biological replicates (WT female n=100, 

Malat1-/- female n=85). C. as in B. but for mean H3K27me3 intensity. 
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Due to the significant change in maximum intensity, we next investigated whether 

total H3K27me3 levels were disrupted from Malat1 loss. To assess this, we performed in 

vitro Th2 differentiations of WT and Malat1-/- cells, collecting protein samples at day 2 

for western blot analysis of H3K27me3 and total H3 levels. We investigated both female 

and male samples, to identify if H3K27me3 levels differed between sexes. 

Despite the changes to mean and maximum intensity in Figure 5.16#1, no clear 

differences were seen in band strength resulting from Malat1 loss in either females or 

males (Figure 5.12 A), suggesting that total H3K27me3 levels were not disrupted. 

Densitometry analysis (Figure 5.12 B) identified a slight downwards trend for both 

Malat1-/- females and males consistent with the small decrease in mean H3K27me3 

intensity seen, however this was not statistically significant. This could suggest that total 

H3K27me3 levels are relatively unaffected from Malat loss while targeted H3K27me3 

deposition to specific areas may instead be disrupted, although this would require further 

investigation. 
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Figure 5.12 Malat1 loss does not change overall H3K27me3 levels 

A. Western blot displaying H3K27me3 and total H3 levels in WT and Malat1-/- 

females and males, in in vitro differentiated CD4+ T cells at 48 hours post-

activation (n=3). B. Densitometry of A. with normalisation of H3K27me3 

levels to total H3 levels, then to the average of Malat1-/- males. 
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5.2.7 MALAT1 is downregulated during human T cell in vitro 

differentiation 

Finally, we aimed to investigate MALAT1 and nuclear speckles in the context of 

in vitro differentiation of human cells. We specifically investigated whether the hallmark 

downregulation of MALAT1 and increase in nuclear speckle numbers and size occurred 

during CD4+ T cell differentiation. Total CD4+ T cells were provided by Dr. Dave Boucher 

after purification from whole blood of 4 donors (Figure 5.13 A). We isolated between 5-

10 million cells per 10 ml of blood from each donor total (Figure 5.13 B). To assess T cell 

differentiation, we performed both Th0 (no addition of subset specific cytokines) and Th2 

in vitro differentiation assays, with 100,000 total CD4+ T cells per well. After 3 days cell 

numbers were counted to assess whether T cell expansion had occurred, RNA samples 

were collected for qRTPCR, and slides were collected for immunofluorescence staining. 

Extra Th0 cells following slide and RNA sample collection were resuspended in IL2 and 

expanded, with overall differentiation assessed by flow cytometry at day 8. Unfortunately, 

not enough Th2 cells remained after RNA and slide collection, and in vitro Th2 

differentiation was assessed by qRTPCR at day 3 instead. 

By day 3, cell numbers had doubled for all donors, for both Th0 and Th2 in vitro 

differentiation (Figure 5.13 C, D). For assessing in vitro Th0 differentiation, cell numbers 

had increased by day 8 (Figure 5.14 A), and cells produced high levels of IFNγ (20-40%) 

(Figure 5.14 B) and lower levels of IL4 (3-9%) (Figure 5.14 C), suggesting that cells had 

activated and differentiation had occurred. For assessing in vitro Th2 differentiation, RNA 

levels of Il4 and Il13 were assessed at day 3 by qRTPCR. In vitro Th2 differentiated 

samples displayed significant upregulation of both Il4 (Figure 5.15 A) and Il13 (Figure 

5.15 B), again confirming that Th2 differentiation had occurred. Following confirmation 

of in vitro differentiation, we investigated MALAT1 levels at day 0 and day 3 by qRTPCR 
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(Figure 5.15 C) and observed significant downregulation of MALAT1 during both Th0 

and Th2 in vitro differentiation, confirming that this is a hallmark of both mouse and 

human CD4+ T cells. 
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Figure 5.13 Isolation of total CD4+ T cells from human blood 

A. Schematic displaying isolation of total CD4+ T cells from human blood. B. Total 

CD4+ T cells isolated per donor. C. CD4+ T cell counts following 3 days of either 

Th0 or Th2 in vitro differentiation (n=4). D. As in C. but split by individual donor. 
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Figure 5.14 Human Th0 cell cytokine expression following in vitro differentiation 

A. Human CD4+ T cell counts per donor following 8 days of Th0 in vitro 

differentiation. B. Percentage of CD4+ TCRβ+ cells expressing IFNγ in in vitro 

differentiated T cells. Results split per donor. C. As in B. but for IL4 expressing cells. 

 



276 
 

  

Figure 5.15 Malat1 levels decrease following human T cell activation 

A. Il4 transcript levels normalised to U6 at days 0 and 3 of Th2 in vitro 

differentiation of human CD4+ T cells. B. As in A. but for Il13. C. Malat1 transcript 

levels normalised to U6 at day 0 and day 3 of Th0 or Th2 in vitro differentiation of 

human CD4+ T cells. 
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5.2.8 Nuclear speckles increase in numbers and size during human in 

vitro differentiation 

We next investigated whether nuclear speckle numbers and size changed during 

human Th cell differentiation, via immunofluorescence staining of slides collected at days 

0 and 3 of in vitro Th0 and Th2 differentiation. Slides were stained with both DAPI and 

anti-SON antibodies. 

Similar to murine CD4+ T cells, both nuclear speckle numbers and size visibly 

increased during Th cell differentiation (Figure 5.16 A+B and Supplementary Figures 23-

26). Image analysis revealed significant increases for both speckle numbers and size for 

Th2 (Figure 5.17 A, B) and Th0 (Figure 5.17 C, D) in vitro Th2 differentiations. 

Interestingly, numbers at both day 0 and day 3 are lower than speckle numbers in mice, 

with around 20 speckles seen at day 3, compared to around 50 at day 2 in murine CD4+ 

T cells. Nuclear speckle sizes were also increased in humans compared to mice, with an 

area of around 0.7 um2 at day 3 compared to an area of around 0.4 um2 in murine CD4+ 

T cells. Overall, this confirms that an increase in speckle numbers and size occurs during 

both murine and human Th cell differentiation, although there are large differences in 

speckle size and number.  
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Figure 5.16 SON staining of human CD4+ T cells 

A. Representative images of SON and DAPI staining of human CD4+ T cells from 

donor A. at days 0 and 3 of Th2 in vitro differentiation. Brightness and contrast were 

increased by 20% on all images.  B. As in A. but for donor C. 
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Figure 5.17 Speckle numbers and size increase during human CD4+ T cell 

differentiation 

A. Violin plot displaying nuclear speckle count per cell nucleus of human CD4+ T 

cell, at both day 0 and day 3 in vitro Th2 differentiation. Results merged from 4 

donors. B. As in A. but for nuclear speckle area (um2). C. Violin plot displaying 

nuclear speckle count per cell nucleus of human CD4+ T cell, at both day 0 and day 3 

in vitro Th0 differentiation. Results merged from 4 donors. D. As in C. but for 

nuclear speckle area (um2).  
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5.3 Discussion 

In this chapter, we investigated whether Malat1 affected changes in nuclear 

architecture, including nuclear speckles, the inactive X chromosome, and H3K27me3 

deposition. We identified sex-specific effects on both nuclear speckle formation and Xi 

patch formation resulting from Malat1 loss, providing a novel link between these core 

nuclear processes. We identified that both nuclear speckle numbers and size significantly 

increased during Th cell differentiation in both humans and mice, and Malat1 loss here 

disrupted nuclear speckle numbers and activity (determined by SR protein 

phosphorylation) in a sex-specific manner. Preliminary work also revealed that Malat1 

loss disrupted localisation of Xi component CIZ1 to the inactive X chromosome, and 

further investigation with a model of Xi disruption (Ciz1-/- mice) caused similar trends to 

cytokine expression in fully differentiated cells to those of Malat1 loss. H3K27me3 

maximum and mean staining intensity were also significantly decreased following Malat1 

loss in females, however overall protein levels were unaffected, suggesting that targeting 

of H3K27me3 deposition may instead be altered. 

We identified that nuclear speckle numbers and size increase drastically during in 

vitro T cell differentiation in murine CD4+ T cells, with preliminary data suggesting that 

similar effects are also seen with human CD4+ T cells. However, the results in human 

cells used comparatively few donors, and we did not have any donor information to 

identify sex or ensure that patients were healthy, likely requiring further investigation in 

future experiments. During T cell activation a major transcriptional burst occurs, with 

levels of thousands of transcripts increasing (Conley et al., 2016). As speckles regulate 

pre-mRNA splicing efficiency (Bhat et al., 2024) the increase in speckle numbers and 

activity likely coincides with increased demand for mRNA processing and splicing in 

activated T cells. The increase in speckle numbers and activity at day 2 also coincides 
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with the completion of Xi patch formation, potentially suggesting that these processes 

may be regulated by similar signalling pathways in T cells. X chromosome inactivation 

in CD4+ T cell differentiation is controlled via TCR stimulation in an NF-kB pathway 

dependent manner (Forsyth, Toothacre, et al., 2024), and while NF-kB signalling has not 

been shown to affect speckle formation some NF-kB signalling pathway proteins are 

known to localise to speckles (D. Wang et al., 2023), providing an avenue for further 

exploration. 

Interestingly, this increase in speckle function occurs alongside a decrease in 

Malat1 levels (Figure 3.2 C, Figure 4.2 A) This could suggest speckles in activated Th 

cells contain lower amounts of Malat1, which may affect speckle function. Alongside the 

decrease in Malat1 and increase in speckle numbers, SR protein phosphorylation was also 

seen to increase. Malat1 has previously been shown to regulate SR protein 

phosphorylation (Tripathi et al., 2010), potentially suggesting that Malat1 

downregulation is required for their activation in Th cells. As an alternative explanation, 

Malat1 here may inhibit SR protein mobility instead, as previously mentioned Malat1 

knockdown has previously been shown to trigger de-localisation of SR proteins from 

nuclear speckles to the nucleoplasm (Tripathi et al., 2010), therefore lower Malat1 levels 

may also aid in movement of SR proteins to sites of active transcription. 

Despite previous literature suggesting that Malat1 does not affect speckle 

formation (B. Zhang et al., 2012), complete Malat1 loss caused a significant sex-specific 

decrease in both nuclear speckle numbers and SR-protein phosphorylation, at day 2 of in 

vitro differentiation. This effect occurs despite the downregulation of Malat1 that occurs 

during Th2 differentiation, suggesting that some amount of Malat1 present may be critical 

for correct speckle formation. However, this could also suggest that the effects of Malat1 

loss only become relevant when its levels are both limiting to cell activation (as seen from 
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our CD69 results) and required for nuclear speckle biogenesis. Interestingly, previous 

work of Malat1 and nuclear speckles did not investigate them in immune cells, which 

could suggest that Malat1 is also involved in differing intracellular pathways in different 

cell types. As CD4+ T cells are required to undergo rapid major changes in intracellular 

organisation during differentiation, they may be less resilient to the effects Malat1 loss 

via any compensatory mechanisms or redundancy. Previous research suggesting that 

Malat1 loss did not affect nuclear speckles also did not investigate either core-speckle 

markers or total SR protein phosphorylation, instead investigating phosphorylation of 

only SRSF1-6 by western blots as readout of nuclear speckle function (B. Zhang et al., 

2012). This could suggest that Malat1 may have a more specific effect on SON 

localisation in speckle formation, or on activation and phosphorylation of other speckle-

associated proteins such as HNRNP proteins or PTBP1. Further adding to this, disruption 

to SON levels and localisation has been identified previously from Malat1 loss (Fei et al., 

2017), although transcript levels of both core speckle proteins Son and Srrm2 were not 

significantly disrupted here. 

In our preliminary imaging work, we confirmed that X chromosome inactivation 

occurred during the first 2 days of T cell differentiation, transitioning from little to no Xi 

patch formation in naïve cells, to full Xi patch formation by day 2 of differentiation. 

Malat1 loss here partially disrupted this process, suggesting that Malat1 may affect X 

chromosome inactivation and potentially providing a link to why Malat1 loss has sex-

specific effects on Th2 differentiation. This would also link to the downregulation of Xist 

transcript levels identified in the previous chapter. However, further super resolution 

microscopy experiments would be required for confirmation that repression of the Xi 

itself is disrupted, and other experiments such as RNA-FISH would likely be required to 

ensure that the effect is on Xist and Xi localisation and not just on CIZ1. Literature so far 
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has not suggested that Malat1 interacts with Xist or is involved in X inactivation, 

providing little context for how Malat1 loss here can affect Xi patch formation. However, 

some HNRNP and SRSF splicing proteins, such as SRSF1, SRSF2, HNRNPU and 

HNRNPK, are known to bind to both Malat1 and Xist, and may play dual roles in the 

regulation of X chromosome inactivation and splicing (Agostini et al., 2012; Z. Lu et al., 

2020; Malakar et al., 2016; Navarro-Cobos et al., 2022; Nguyen et al., 2019; Tripathi et 

al., 2010). HNRNPK and HNRNPU, two proteins that have previously been shown to 

interact with Malat1 (Aslan et al., 2023; Nguyen et al., 2019), play critical roles in X 

chromosome inactivation, with HNRNPK mediating Xist recruitment of PRC1/2, and 

HNRNPU aiding in anchoring Xist to the Xi (Hasegawa et al., 2010; Nakamoto et al., 

2020). Disruption to phosphorylation of these splicing factors from Malat1 loss would 

likely affect their activity, potentially explaining the effects on Xi patch formation. 

Alternatively, Malat1 loss could alter mobility of these proteins, preventing localisation 

to the Xi. WT female and male CD4+ T cells also displayed differences in nuclear speckle 

numbers, size, and SR protein phosphorylation, which were significantly decreased in WT 

males compared to females. As X inactivation occurs in tandem with the increase in 

speckle numbers during T cell differentiation, this could suggest increased speckle 

numbers and activity in females may be due to an increased demand for SR proteins 

involved in X inactivation, a demand not required in males. Further identification of 

Malat1 and Xist RBP binding partners during Th2 differentiation via techniques such as 

RAP-MS, and investigation of their localisation via immunofluorescence staining would 

provide more information on how these processes could be linked in the future (McHugh 

& Guttman, 2018). 

We identified trends suggesting that Malat1 loss primarily inhibits suppression of 

X-linked genes at day 2 of differentiation, suggesting increased rates of Xi escape in 
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Malat1-/- females, potentially linking this to the decreased Xi patch formation seen. Ciz1-

/- mice also displayed similar trends in disrupted cytokine expression as those from 

Malat1 loss in females, suggesting that inhibition of X chromosome inactivation may also 

inhibit Th2 differentiation, linking to the effects of Malat1 loss. Interestingly, Xi escape 

in T cells has previously been shown to promote Th1 responses via Kdm6a and Tlr7 

expression, which upregulate type-I IFNs and cytokines IFNγ and IL17 (Huret et al., 

2024; Itoh et al., 2019). Tlr7 was present in our RNA-seq data (Table 4.2) and was one of 

two significantly upregulated X-linked genes at day 2 alongside complement protein Cfp. 

TLR7 activity lies directly upstream of IRF7 signalling (Ning et al., 2011), therefore 

increased Tlr7 escape from the Xi could explain the upregulation of IRF7 and ISGs seen 

when Malat1 is lost.  

However, the results using Ciz1-/- mice were not fully conclusive, with one 

potential outlier displaying significantly increased end-point cytokine expression instead. 

Furthermore, X-linked gene Il2rg (Figure 4.5) decreased in expression by qRTPCR at day 

2 when increased Xi escape should enhance expression levels, and analysis via regular 

qRTPCR and RNA-seq cannot identify whether expression is specifically increased from 

the Xi over the autosomal X. Complete assessment of Xi escape would require 

experiments such as allele-specific qRTPCR (Vasques & Pereira, 2001) to confirm if this 

is the case. CIZ1 is also not solely involved in X chromosome inactivation, with roles in 

cell cycle regulation via interactions with CDC6 and CDK2 (Pauzaite et al., 2016), 

providing an opportunity for non-specific effects. Therefore, alternate methods of 

inhibiting Xi patch formation such as Xist targeting anti-sense oligonucleotides (Bauer et 

al., 2021) or small molecules (Nickbarg et al., 2023) may be required to confirm the 

effects on Th2 differentiation. 
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During early activation (~2 hours post-activation), Xi patch formation was 

partially enhanced by Malat1 loss. This small increase could reflect the stronger early 

activation dynamics identified in Figure 4.1 from CD69 expression, as Xi patch formation 

in CD4+ T cells is known to be directly tied to TCR stimulation via the NF-kB signalling 

pathway (Forsyth, Toothacre, et al., 2024). The connection between T cell differentiation 

and X chromosome inactivation may suggest that the decrease in Xi patch formation in 

Malat1-/- females at later time points could also reflect the general decrease in Th cell 

differentiation strength seen there, instead of representing a direct effect of Malat1 in Xi 

formation. This could also suggest that nuclear speckle biogenesis is regulated by a 

similar pathway in CD4+ T cells, potentially explaining why both occur during a similar 

timeframe, although further work would be required to identify whether this is the case. 

At day 2 of differentiation Malat1 loss was also seen to decrease H3K27me3 

intensity in females, suggesting that H3K27me3 deposition in the nucleus may be 

disrupted. However, total H3K27me3 levels as identified by western blot were not 

significantly affected from Malat1 loss, although there was a slight downwards trend, 

which could reflect the small significant decrease in mean intensity seen from Malat1 

loss. As mentioned previously, Malat1 has been linked to H3K27me3 deposition via 

PRC2, and previous research has suggested that Malat1 may affect PRC2 targeting 

(Arratia et al., 2023; S. H. Kim et al., 2017), which could explain the differences in 

H3K27me3 intensity without largely affecting overall levels. Alternatively, the disruption 

to overall differentiation from Malat1 loss and the high levels of H3K27me3 seen in naïve 

cells may act as a compensatory mechanism (Wei et al., 2009), where any decrease in 

methylation levels from Malat1 loss is offset by the amount remaining from the less 

differentiated state of the cell. Regulation of PRC2 by Malat1 could also explain multiple 

effects seen from Malat1 loss during early differentiation, including both the upregulation 



286 
 

of the ISG module, and the decrease in Xi patch formation. During Th cell differentiation, 

deposition of H3K27me3 on genes from alternate Th cell subsets is critical for their 

repression (Wei et al., 2009). Meanwhile Xist recruitment of PRC2 is required for 

deposition of repressive H3K27me3 marks on the Xi (Bousard et al., 2019), aiding in the 

formation of a transcriptionally repressive state. The large decrease in maximum 

H3K27me3 could aso reflect the decrease in Xi patch formation. However, while we have 

seen overall changes in H3K27me3 levels in females, repetition of this experiment would 

be required in males to identify whether Malat1 loss only affects H3K27me3 levels in 

females alone. Furthermore, the lack of H3K27me3 level change via western blot may 

require investigation from techniques such as ChIP-seq (Young et al., 2011) to identify if 

methylation of ISGs or the Xi is disrupted from Malat1 loss. 

To conclude, Malat1 is core to nuclear speckle formation in Th2 cells, with Malat1 

downregulation core to both human and murine T cell activation, and complete Malat1 

loss inhibiting both speckle formation and function during Th2 differentiation in a sex-

specific manner. In murine CD4+ T cells Malat1 loss has further ranging effects on other 

aspects of nuclear architecture, affecting H3K27me3 deposition during T cell 

differentiation and X chromosome inactivation, potentially providing some explanation 

for how Malat1 affects Th cell differentiation in a sex-specific manner. 
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6 Concluding Discussion 
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6.1 Malat1 in Th cell differentiation 

Previous work attempting to identify roles of Malat1 in Th cell differentiation 

were often conflicting, with some studies suggesting no function (Yao et al., 2018), some 

suggesting that Malat1 inhibited Th cell differentiation (Masoumi et al., 2019), and others 

suggesting that Malat1 promoted Th differentiation (Xue et al., 2022). Furthermore, not 

all studies investigated how Malat1 regulated Th cells in vivo, and prior studies either did 

not report investigating sex or only investigated female cells. In this thesis, we have 

determined that Malat1 is a critical cell-intrinsic and sex-specific regulator of both early 

and late Th2 cell differentiation, and that it may act as a novel molecular co-ordinator of 

differentiation-associated nuclear processes including nuclear speckle formation and X 

inactivation. Impacts of Malat1 loss on cytokine expression, particularly IL10 expression, 

were seen both in vitro (Chapter 3. Aim 1. Identify the effects of Malat1 deficiency on 

cytokine expression in female and male Th2 cells) and in vivo (Chapter 3. Aim 4. 

Investigate how Malat1 loss affects Th2 differentiation in vivo) during Th2 

differentiation, with transcriptome-wide effects on overall differentiation identified via 

RNA-seq experiments (Chapter 3. Aim 2. Assess the impact of Malat1 deficiency on the 

transcriptome during Th2 differentiation.) 

Our work investigating end-point Th cell differentiation in females broadly agreed 

with previous work, where Malat1 loss in female cells disrupted cytokine IL10 expression 

in Th1 and Th2 cells via an effect on Maf (Hewitson et al., 2020), and where Malat1 loss 

affected GATA3 expression in Th2 cells (X. H. Wu et al., 2022). However, we did not 

identify effects on end-point cytokine expression from Malat1 loss in males, although 

some effects such as a decrease in IL2Rγ and GATA3 levels were seen in both Malat1-/- 

females and males. Further expanding on this, we identified that the high IL10 levels 

produced in female Th2 cells over males masked effects from Malat1 loss on other 
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cytokines. The broader effect on Th cell differentiation in females was likely caused by a 

general disruption to IL2R levels following Malat1 loss, and the sex differences in part 

by decreased sensitivity to IL2 in male cells (Chapter 3. Aim 3. Determine whether Th 

cell activation strength modulates the effects of Malat1 loss on Th2 cell differentiation). 

Biological sex has been implicated in IL10 expression and signalling previously, as IL10 

is responsive to testosterone, and its expression in CD4+ T cells can be directly stimulated 

by testosterone (Liva & Voskuhl, 2001). However, IL10 signalling may be constitutively 

stronger in females, as female blood leukocytes showed increased STAT3 activation and 

upregulated TNFα expression in response to IL10 signalling compared to males (Warren 

et al., 2017), suggesting that the positive feedback loop that regulates IL10 expression is 

enhanced in females. Complete IL10 loss in mice is also known to cause increased rates 

of inflammatory bowel diseases in females (Casado-Bedmar et al., 2023), suggesting that 

female Th cells may induce higher levels of anti-inflammatory signalling to compensate 

for an enhanced inflammatory immune environment, resulting in the increased IL10 

levels seen in WT females here. 

In terms of the effects of Malat1 on early Th cell activation and differentiation, 

Malat1 is downregulated during the first 24 hours of Th cell differentiation, which may 

be linked to the transcriptional burst at this time point (Dey et al., 2023; Hewitson et al., 

2020). Consistent with this, we identified enhanced early activation resulting from Malat1 

loss (Chapter 4. Aim 1. Investigate the effects of Malat1 loss on naïve CD4+ T cell 

activation and early Th2 cell differentiation), suggesting that high Malat1 levels are 

inhibitory for initial Th cell activation. However, complete Malat1 loss suppressed early 

Th cell differentiation in females by day 2, via impaired suppression of an ISG module, 

which has previously been associated with naïve cells and disrupted Th2 differentiation 

(Chapter 4. Aim 2. Investigate transcriptomic changes resulting from Malat1 loss at day 
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2 of differentiation via long-read ONT RNA sequencing). Increased ISG expression in 

female immune cells has been identified in response to viral infection previously (J. J. 

Chang et al., 2013; Pujantell & Altfeld, 2022), and this is thought to be linked to the pro-

inflammatory effects of oestrogen signalling and Xi escape of pro-inflammatory genes 

such as Tlr7 (Laffont et al., 2014; Seillet et al., 2012). In contrast to this, WT male 

differentiating Th2 cells here displayed higher ISG expression during early activation 

than WT females. This could suggest that Th2 differentiation in males is more permissive 

to low level ISG signalling, potentially due to the lack of inflammatory X-linked genes, 

or that ISG expression may require more dedicated suppression in WT females. This could 

also explain how ISG levels in Malat1-/- females are similar to those seen in WT males 

and yet only disrupt IL2R and cytokine expression in females. ISG activation in females 

partially phenocopied the effects of Malat1 loss, suggesting that activation of the ISGs 

affected IL2R expression and end-point cytokine expression, linking the effects of Malat1 

loss on early and late Th cell differentiation. (Chapter 4. Aim 3. Identify Malat1-

dependent pathways that are associated with Th2 differentiation and explore whether their 

disruption phenocopies the impact of Malat1 loss on Th2 differentiation).  

We also identified here that WT males displayed decreased sensitivity to differing 

levels of IL2 when compared to females. Sex has previously been shown to affect IL2 

signalling in other cell types. Similar to our work in Th cells, female ILC2s respond 

stronger to IL2 signalling than males suggesting that females overall may be more 

sensitive to IL2 levels, although this mostly affected ILC2s in females (Warren et al., 

2017). STAT5 signalling downstream of IL2 has also been shown to differ between 

females and males as well, with knockout of STAT5A causing disruption to liver cell 

function and gene expression in females but not males, potentially suggesting that STAT5 

signalling targets different genesets between sexes (Park et al., 1999). Alternatively, as 
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cytokine expression in vivo was more similar between WT females and males, other 

components may be missing from our in vitro experiments that modulate IL2 signalling, 

such as cell surface receptor signalling from other immune cell types of hormonal 

signalling.  

Despite an effect from Malat1 loss on expression of Th2 transcription factor 

GATA3, no effects on end-point cytokine expression or the Th2 transcriptome were seen 

in males. While sex differences in GATA3 expression have been identified previously, 

they mostly suggest that GATA3 is responsive to oestrogen and upregulated in cancers in 

females (H.-W. Lee et al., 2013), which would not explain our results in a hormone 

independent environment. Our results could suggest that males may be less sensitive to 

GATA3 levels than females, similar to the effects seen for IL2. However, another 

explanation for this could lie in the contraction phase of T cell differentiation (McKinstry 

et al., 2010), where GATA3- cells die and lead to underrepresentation of the GATA3- cells 

later in differentiation. We also identified slightly increased levels of cytokine production 

in Malat1-/- males in vivo, suggesting that Malat1 could repress downstream signalling of 

GATA3 in males, which rescues the effects of GATA3 loss, while other sex-specific 

effects such as the decrease in IL2Rα expression and increased ISG expression still inhibit 

female differentiation. Further adding to this explanation, chromatin remodelling in CD8+ 

T cells has been shown to affect whether GATA3 can access and promote expression of 

some genes (Eeckhoute et al., 2007), potentially suggesting that the disruption to 

H3K27me3 deposition in males could act as a compensatory mechanism for the decreased 

GATA3 levels in males. 

We identified a sex-specific decrease in IL10 expression due to Malat1 loss both 

in vitro and in a model of type 2 lung inflammation in vivo, consistent with decreased 

IL10 expression seen from L. donovani and Plasmodium chabaudi chabaudi infection. 
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This could suggest real consequences from Malat1 dysregulation in infection as IL10 is 

critical to regulating the immune response in a number of diseases (Carlini et al., 2023; 

Schopf et al., 2002). These sex-specific effects of Malat1 loss on Th2 cytokine expression 

could improve our overall understanding of sex differences in autoimmunity and type 2 

immunopathologies. Outside of its initial links to cancer, Malat1 is known to be 

upregulated and linked to inflammatory pathways, with links in mice to experimental 

autoimmune encephalitis (Masoumi et al., 2019), and in human clinical data to 

rheumatoid arthritis (Chatterjee et al., 2020), SLE (Gao et al., 2020; H. Yang et al., 2017), 

and multiple sclerosis (Shaker et al., 2019). Furthermore, in type 2 immunity Malat1 

expression has been linked to atopic dermatitis and allergic rhinitis, promoting T cell 

differentiation and type 2 inflammatory cytokine production here (Ruiz-Ojeda et al., 

2024; X. H. Wu et al., 2022). The sex-specific effects of Malat1 seen here could also 

partially explain how high levels of Malat1 could trigger disease progression in females 

and not males (Conrad et al., 2023; Dunn et al., 2024), although further work would likely 

need to investigate whether Malat1 directly affects these conditions.  

 

6.2 Nuclear architecture in T cell/lymphocyte development 

We discovered that Malat1 plays a novel role in regulating nuclear architecture in 

a sex-specific manner during early Th cell differentiation, specifically that Malat1 affects 

deposition of repressive marker H3K27me3 (Chapter 5. Aim 2. Investigate whether 

Malat1 affects H3K27me3 deposition during early Th2 differentiation) and that Malat1 

loss partially disrupts Xi complex localisation during Th cell differentiation (Chapter 5. 

Aim 1. Investigate the effects of Malat1 loss on X chromosome inactivation during early 

Th2 differentiation). Spatial organisation of nuclei is known to be critical for function. 
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Genes of similar function on different chromosomes cluster together into specific 

genomic compartments, and actively expressed genes typically localise to areas with 

increased inter-chromosomal contacts in the nuclear interior. Repressed genes meanwhile 

typically localising near the nuclear periphery in nuclear lamina-associated domains 

(Meldi & Brickner, 2011). Genomic organisation is also known to differ greatly between 

cell types, likely due to differing gene expression requirements. For chromatin 

organisation, DNA in the nucleus is supercoiled and wrapped around histones, which 

comprise of two histone H3-H4, H2a-H2b dimers, and are separated by a linker H1. In 

transcriptionally active areas, histones are loosely packed together to allow for physical 

access of transcription associated machinery to required genes. Meanwhile, in 

transcriptionally repressive areas histones are tightly compressed together, preventing 

physical access. As mentioned previously, transcriptionally active area histones are 

typically associated with H3K27ac and H3K4me marks, while repressive areas are 

associated with H3K27me3 and H3K9me3 marks (Hübner et al., 2012).  

Biological sex has previously been shown to affect nuclear architecture in 

differing cell types, although outside of studies on the X chromosome most papers 

reporting on nuclear architecture do not include sex as a variable (Fischer & Riddle, 

2017). In germline cells, following DNA demethylation cells are seen undergo repressive 

histone modification remodelling from PRC2 component EZH2, resulting in sex-specific 

histone signatures (T. C. Huang et al., 2021). Investigation into female and male muscle 

fibers also identified differences in chromatin accessibility between sexes, suggesting that 

nuclear architecture may generally differ between females and males (Hanks et al., 2025). 

Nuclear bodies other than nuclear speckles and the X chromosome may also be affected 

by sex. Both expression of Neat1 and paraspeckle formation are known to be oestrogen 

sensitive (Chakravarty et al., 2014), and paraspeckles and their associated lncRNA Neat1 
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have been linked to pregnancy, with loss affecting both corpus luteum and progesterone 

expression during pregnancy (Pisani & Baron, 2019).  

Regulation of nuclear architecture is known to be important for Th cell 

differentiation. Major changes in nuclear architecture including widespread chromatin 

and transcriptional remodelling occur as a result of TCR stimulation, cytokine signalling 

and co-stimulatory signalling. Naïve cells display a highly compact chromatin structure, 

with differentiation inducing wide scale chromatin de-condensation to allow for enhanced 

gene expression. Th cell transcription factors play a role in this, with activation induced 

AP-1 and IL2 induced STAT5 mediating long-range chromatin interactions (B. Wang & 

Bian, 2025). Alongside this, wide-scale histone demethylation and acetylation occurs, and 

the nuclear envelope is disrupted to reduce gene association with the nuclear lamina (Xu 

et al., 2024). However, some level of H3K27me3 deposition is still required during Th 

cell differentiation, to allow for repression of transcription factors from other Th cell 

subsets and enforcing Th cell subset commitment (Wei et al., 2009).  

While some research has suggested that Malat1 is not involved in regulating 

nuclear architecture (Eißmann et al., 2012), more recent research has identified that 

Malat1 affects the function of complexes involved in chromatin structure and 

transcriptional regulation (M. Huang et al., 2018; Kanbar et al., 2022; S. H. Kim et al., 

2017; L. Yang et al., 2011). Malat1 and neighbouring paraspeckle lincRNA Neat1 have 

also been shown to interact with areas of active transcription via RNA-RNA interactions, 

potentially suggesting that it may be involved in co-ordinating localisation of factors 

involved in transcriptional regulation or transcript processing to actively transcribing 

genes (West et al., 2014). Regulation of transcriptional and chromatin machinery by 

Malat1 could link between both the observed change in H3K27me3 deposition and ISG 

upregulation when Malat1 is lost during Th cell differentiation. Knock-out of PRC2 
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catalytic component EZH2, which Malat1 has been shown to interact with (D. Wang et 

al., 2015; X. Wang et al., 2016), has also previously shown mixed impacts on Th cell 

differentiation, displaying a perceived Th1 skew and enhanced IFNγ expression during 

differentiation, potentially linking the changes in H3K27me3 deposition and increased 

ISG expression from Malat1 loss (Karantanos et al., 2016). However, EZH2 knock-out 

also enhanced IL10 expression in Th2 cells (Y. Zhang et al., 2014), suggesting that a 

decrease in H3K27me3 levels alone is likely not the cause of IL10 suppression. IL10 has 

also been shown to be particularly responsive to the epigenetic landscape of the cell, with 

knock-out of chromatin remodelling enzymes such as CTCF causing disruption to IL10 

expression in Th cells previously (Ribeiro de Almeida et al., 2009; H. Zhang & Kuchroo, 

2019), potentially linking disrupted chromatin architecture from Malat1 loss to the effects 

seen on end-point Th cell differentiation. 

Malat1 has also been shown to associate with PRC2 component EZH2 in CD8+ T 

cells and is involved in targeting PRC2 to suppress genes involved in memory cell 

formation (Kanbar et al., 2022). Due to overlap between memory cells and ISG 

expression this could suggest that Malat1 is performing similar roles between CD4 and 

CD8 T cells, and disruption to targeting of PRC2 may explain the changes seen in 

H3K27me3 staining, while not affecting overall levels. ISG expression in naïve CD4+ T 

cells has also been previously linked to central memory cell formation (Deep et al., 2024), 

which could suggest regulation of similar memory associated genesets between CD4+ and 

CD8+ T cells. Tcm cells display limited cytokine production capabilities when compared 

to effector or effector memory subsets (Berard & Tough, 2002), potentially explaining the 

suppressed cytokine expression in end-point differentiation, although further research on 

identifying specific effector and memory subsets via flow cytometry would be required 

to investigate this in CD4+ T cells. 
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The X chromosome inactivation process involves significant transcriptional 

repression and genomic rearrangement. Xist recruits repressive complexes to modify the 

chromatin of the inactive X chromosome, leading to transcriptional repression, chromatin 

condensation and Xi localisation to the nuclear periphery (Augui et al., 2011; Loda et al., 

2022), while Firre is involved in anchoring the Xi at the nuclear periphery via 

interchromosomal contacts (Fang et al., 2020). Consistent with our work, previous 

literature has shown altered Xi states in naive lymphocytes, with the Xi complex only re-

localising to the Xi following cell activation (Syrett et al., 2019; J. Wang et al., 2016). X 

chromosome inactivation is also intrinsically linked to TCR stimulation and T cell 

differentiation (Forsyth, Toothacre, et al., 2024), and while the disruption to Xi patch 

localisation from Malat1 loss could represent indirect differences in Th cell activation, 

the effect on Xi patch formation from Malat1 loss could only occur in females, potentially 

explaining the causes of the female-specific effects seen throughout in vitro and in vivo 

Th cell differentiation. 

In terms of the effects of Malat1 loss, disrupted Xi patch formation from Malat1 

loss would likely affect H3K27me3 deposition on the X chromosome. The inter-

chromosomal contacts formed via lncRNA Firre would also likely be disrupted from an 

overall decrease in X inactivation. This disruption could cause a general disruption to 

overall nuclear architecture and cause global impacts on transcription, although would 

require further investigation. Disrupted X inactivation or Xi escape has not been directly 

linked to modified IL10 expression in differentiated Th cells previously, although Xi skew 

(bias in Xi formation towards one X chromosome) has been linked to decreased IL10 

levels (Roberts et al., 2022), providing some link between altered Xi states and the 

decrease in IL10 expression seen here. While links between Xi patch formation on Th2 

differentiation have also not been identified previously, it has also been linked to 
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increased ISG expression and a skew towards type-I IFN cytokine expression via the 

escape of X-linked genes, particularly Kdm6a and Tlr7. While Kdm6a is unaffected in 

our RNA-seqs dataset, Tlr7 is upregulated resulting from Malat1 loss at day 2 and lies 

upstream of IRF7 activation, potentially explaining the increased ISG expression only in 

females, which could then link to the disrupted end-point Th2 differentiation (Huret et 

al., 2024; Itoh et al., 2019).  

 

6.3 Nuclear speckle function in T cells 

Here, we discovered that speckle numbers, size and activity all drastically increase 

during Th cell differentiation (Chapter 5. Aim 3. Identify how nuclear speckles change 

during both mouse and human Th cell differentiation), consistent with previous results 

identifying changes in speckle numbers during T cell activation (Dow et al., 2010; 

McCuaig et al., 2015). This increase in number and activity suggests an increase in 

splicing and mRNA processing, likely due to the increased transcript processing 

requirements from the Th cell transcriptional burst (Conley et al., 2016). Interestingly, 

this event occurs parallel to a decrease in Malat1 levels, suggesting that differing Malat1 

level within speckles could affect their function. Malat1 in lung fibroblast cells regulates 

speckle intracellular organisation; splicing factors and proteins such as SON and SRRM2 

typically localise to the speckle core, while Malat1 and other RNAs localise to the speckle 

periphery (Fei et al., 2017; Shinn et al., 2025). Loss of Malat1 is thought to cause a more 

mixed phenotype of protein and RNA content, a decrease in overall SON levels, and a 

decrease in speckle SR protein localisation to the speckles (Fei et al., 2017). In our work, 

Malat1 was shown to be inhibitory for initial Th cell activation via expression of marker 

CD69, suggesting that low levels of Malat1 in speckles may be important for cell 
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activation or differentiation processes, potentially via the release of speckle-localised 

splicing factors. However, despite the decrease in Malat1 levels during activation, 

complete Malat1 loss in females partially disrupted both speckle formation and function, 

suggesting that Malat1 plays a non-redundant role in speckle function when both its levels 

are limiting and novel speckle biogenesis is occurring (Chapter 5. Aim 4. Investigate 

whether Malat1 loss affects nuclear speckle formation and function during early Th2 

differentiation). 

Consistent with our results, Malat1 is known to interact with and affect the 

function of speckle-associated proteins involved in splicing and pre-mRNA processing 

(Z. Y. Hu et al., 2016; Malakar et al., 2016; Tripathi et al., 2010). This could suggest 

global disruption to splicing or transcript processing occurring from Malat1 loss in Th 

cells, which would explain the transcriptomic blunting effect seen in females. While 

alternative splicing events were unaffected in our RNA-seq dataset, we did not investigate 

whether splicing efficiency (un-spliced vs fully spliced transcripts) or transcript 

processing were affected by Malat1 loss instead (Sánchez-Escabias et al., 2022). Previous 

work has suggested that speckles localise in proximity to areas of active transcription, 

and regulate transcript splicing efficiency (Bhat et al., 2024). As an alternate explanation, 

disruption to genomic architecture from Malat1 loss could affect speckle and actively 

transcribed localisation, again delaying transcript processing. Disruption to speckles has 

previously been linked to a reduction in chromatin interactions (S. Hu et al., 2019), 

suggesting potential knock-on effects of speckle disruption on overall genome 

arrangement, which could also affect repression of the Xi. Analysis of un-spliced 

transcripts via investigating intron retention in our long-read ONT-seq dataset could be 

performed to investigate whether splicing is affected by Malat1 loss, however as splicing 

occurs co-transcriptionally further experiments such as ChrRNA-seq (Sánchez-Escabias 
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et al., 2022) or RNA polymerase II ChIP seq may also be required to fully explore this 

(Titus et al., 2024).  

Neither Malat1 nor nuclear speckles have been shown to interact with the X 

chromosome inactivation previously, although some speckle component proteins (such as 

HNRNPU, HNRNPK, SRSF1 and SRSF2) are also core to the Xi complex and can 

interact with both Malat1 and Xist (Agostini et al., 2012; Z. Lu et al., 2020; Malakar et 

al., 2016; Navarro-Cobos et al., 2022; Nguyen et al., 2019; Tripathi et al., 2010), 

providing some links between these processes. Disruption of SR protein phosphorylation 

from Malat1 loss could affect their activity and ability to localise to the Xi, causing the 

reduction in X inactivation seen in our preliminary data. Splicing of Xist has also 

previously been shown to affect its expression and function. Efficient Xist intron removal 

by PTBP1 is required for its expression in embryonic stem cells (Stork et al., 2018), and 

differences in Xist splicing is also linked to a reduced Xi heritability (Matsuura et al., 

2021). Previous research identified that Malat1 can interact with PTBP1 to regulate 

alternative splicing events (Miao et al., 2022) providing some links between Malat1 and 

Xist, and consistent with altered Xist splicing we observed significant downregulation of 

Xist transcript levels from Malat1 loss by qRTPCR at day 2 of differentiation. Some 

Malat1 and Xist RBP interactors have also been shown to play a role in Th cell 

differentiation (J. W. Chang et al., 2009; Luo et al., 2025), providing potential bridges 

between disruption to these two nuclear processes and overall Th cell differentiation and 

cytokine expression. 

Alongside speckles, other nuclear condensates such as paraspeckles may also 

change during Th cell differentiation. Paraspeckle lincRNA Neat1 is downregulated 

during Th cell activation (Hewitson et al., 2020), suggesting an effect on paraspeckle 

formation during T cell differentiation. The processes of nuclear condensate formation, X 
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inactivation and chromatin remodelling all occur within a similar timeframe of the first 

few days of Th cell differentiation, suggesting major co-ordination of nuclear re-

arrangements during Th cell differentiation, which ultimately controls cell progression 

through to end-point differentiation and cytokine expression. Coordination of nuclear 

processes is critical for correct cell differentiation and involves complex regulation and 

dynamic interplay from a number of different nuclear factors (Cha, 2024). Crosstalk 

between nuclear condensates (both speckles and paraspeckles) under differing conditions 

have also previously been shown to be important for chromatin architecture and intra-

chromosomal contact formation (Hsu et al., 2025; S. Hu et al., 2019; K. Li & Wang, 

2021), cementing the inter-linked nature of these different nuclear processes. As Malat1 

loss has been shown to affect a number of these processes, this may imply that Malat1 

aids in co-ordinating these processes during Th cell differentiation, although further 

identifying direct RBP interactors with Malat1 would be required to investigate this 

further. While the regulation of speckle and paraspeckle biogenesis during Th cell 

differentiation is not known and requires further investigation, X inactivation and 

chromatin remodelling are directly regulated by NF-κB signalling from TCR engagement 

(Forsyth, Toothacre, et al., 2024; L. Zhang et al., 2019), a pathway that Malat1 has also 

previously been shown to affect (Juan et al., 2018; Shi et al., 2021; G. Zhao et al., 2016; 

H. J. Zhou et al., 2018). 
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6.4 Future work 

6.4.1 Investigating Malat1 interacting RBPs during Th cell 

differentiation 

While we have identified disruptions caused by Malat1 loss to Xi patch 

formation, H3K27me3 deposition, and speckle formation in female Th cells, we have 

not identified direct interactions with RBPs to link Malat1 to these processes, and also 

have not identified direct interactions between these pathways. Therefore, future 

experiments should be involved in investigating the Malat1 interactome in 

differentiating or differentiated Th cells, and how it may differ between females and 

males. Previous techniques involving cross-linking of RNA and RBPs and then 

purification of resultant complexes, such as RAP-MS (McHugh & Guttman, 2018), 

HyPR-MS (Spiniello et al., 2018) and CHART-MS (Davis & West, 2015) have been 

utilised to identify RBP interactomes of lncRNAs previously, including Malat1. More 

targeted techniques such as RIP-seq could also be used to identify whether known 

Malat1 binding RBPs (Ye et al., 2020), such as EZH2 or SRSF1, interact with Malat1 

during Th2 differentiation. Further experiments could also be performed on Xist, to 

identify common RBP binding partners with Malat1 that could explain the differences 

seen in X inactivation. 

Previous results have shown that Malat1 loss leads to the delocalisation of SR 

proteins such as SRSF1 from the speckles and the nucleus, and reduced targeting of EZH2 

to specific genes (Kanbar et al., 2022; Tripathi et al., 2010; X. Wang et al., 2016). Further 

immunofluorescence experiments investigating the localisation of some of these factors 

may identify whether this is dysregulated when Malat1 is lost, and this could be combined 

with FISH experiments to identify Malat1 localisation in WT cells. The interaction 
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between Malat1 and PRC2 could also be further investigated by ChIP-seq experiments, 

which could identify genes differentially methylated when Malat1 is lost (Young et al., 

2011).  

 

6.4.2 Further characterising the effects of Malat1 loss in type 2 immunity 

and Th cell differentiation 

Despite effects in vivo, our model of type 2 immunity still displays a number of 

limitations. These include the fact that Malat1-/- could also affect other cell types and not 

just CD4+ T cells, potentially obscuring or enhancing certain effects we identified. A 

conditional CD4+ T cell knock-out of Malat1 may therefore be beneficial to investigating 

T cell specific effects in vivo, and how this affects overall type 2 responses (Gubin et al., 

2014; Shui et al., 2006). Further adding to this, our experimental model of type 2 lung 

inflammation using S. mansoni eggs is not representative of type 2 immunopathologies 

such as asthma or dermatitis, and effects between type 2 mouse models may differ. 

Therefore, future experiments could investigate whether Malat1 affects mouse models 

such as the HDM allergen model of lung inflammation. 

Some further questions remain unanswered about how Malat1 loss affects Th cell 

differentiation, specifically whether Malat1 loss affects Tcm and Tem differentiation, and 

whether the sex-specific effects can be identified in other Th cell subsets. Further FACS 

investigation of markers such as IL7Rα, CD44 and CD62L in both in vitro and in vivo 

models of Th2 differentiation would allow for identification of naïve, effector, effector 

memory and central memory cells, and specific Th1, Th17 and Treg differentiation 

models could be used to identify whether Malat1 loss disrupts differentiation and 

cytokine expression in each subset. 
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6.4.3 Investigating sex-differences in Th cell differentiation 

During Th2 differentiation we identified a number of sex differences inherent to 

WT Th cells and as a result of Malat1 loss, such as a decreased IL2 sensitivity in WT 

males, and the sex specific decrease in cytokine expression resultant from Malat1 loss. 

As our in vitro studies were performed in a hormone independent manner, we concluded 

that the impacts on Th cell differentiation are cell intrinsic. However, cytokine levels in 

our in vivo model were more similar between females and males than our in vitro model, 

suggesting some factors may be missing in vitro for correct Th cell differentiation. It may 

prove useful to investigate how hormones modulate Th2 differentiation and whether this 

affects Malat1, potentially in vitro via treatment of both male and female cells with sex 

hormones, or in vivo via the use of castrated mice or hormonal replacement. 

The sex-specific effects resulting from Malat1 loss here have also only been 

observed in mouse Th cells. Mouse and human immune systems are known to differ 

(Mestas & Hughes, 2004), and lncRNA function has also previously been shown to differ 

between mouse and humans (C. J. Guo et al., 2020). Furthermore, identifying sex-specific 

disruption to Th differentiation from Malat1 loss in human cells would have more direct 

impacts on human health. As performed in this study, human CD4+ T cells can be isolated 

from whole blood, however knockout of MALAT1 in this context is not possible. Pilot 

studies investigating MALAT1 knockdown via methods such as antisense 

oligonucleotides or siRNA treatment (Amodio et al., 2018) during Th cell differentiation 

would allow for study of how MALAT1 affects human Th cells. As an alternative option, 

humanised mouse models such as the Hu-BLT model could also be used to investigate 

the impact of human MALAT1 loss on immune cells (Karpel et al., 2015).  
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6.5 Concluding remarks 

To conclude, despite its high expression and strong conservation, the role of 

Malat1 in immune cells is not well understood. Here, we identified that Malat1 regulates 

Th2 differentiation in a sex-specific manner. Malat1 loss disrupts cytokine expression and 

general transcriptomic changes that occur during differentiation in females, via aberrant 

upregulation of an ISG module during early differentiation, which disrupts IL2R 

expression and the response to extrinsic levels IL2. When investigating the mechanism 

of Malat1 loss we identified disruption to nuclear architecture in females during early 

time points, identifying that nuclear speckle numbers and activity increase during Th cell 

differentiation. We Identified similar disruption from Malat1 loss on X chromosome 

inactivation and H3K27me3 deposition, identifying novel potential connections between 

Malat1, nuclear speckles, polycomb and Xi formation. Overall, these results show that 

Malat1 is a critical sex-specific and cell-intrinsic regulator of Th cell differentiation with 

roles in co-ordinating differentiation-associated changes in nuclear architecture and X 

inactivation, and potential relevance in explaining sex-differences in autoimmunity and 

type 2 immunopathologies. 
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Acronyms 

Acronym Abbreviation 

ACK ammonium-chloride-potassium  

ARG1 arginase 1 

ASO anti-sense oligonucleotide 

BCA bicinchoninic assay 

BSA bovine serum albumin 

CCR C-C chemokine receptor 

CD cluster of differentiation 

cDNA complimentary DNA 

CHART capture hybridisation analysis of RNA targets 

ChIP chromatin immunoprecipitation 

CIZ1 Cip1-interacting zinc finger protein 

CLIP crosslinking immunoprecipitation 

Ct cycle threshold 

DC dendritic cells 

DEG differentially expressed gene 

DMSO dimethyl sulphoxide  

DNA deoxyribonucleic acid 

DTU differential transcript usage 

EDTA ethylenediaminetetraacetic acid  

FACS fluorescence activated cell sorting  

FBS foetal bovine serum 

FDR false discover rate 

FIRRE functional intergenic repeating RNA element 

FOXP3 forkhead box protein P3 

FSC forward scatter 

GATA GATA binding protein 

GSEA geneset enrichment analysis 

HDM house dust mite 

HNRNP heterogenous nuclear ribonuclear proteins 

IFN interferon 
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IFNAR IFNa receptor 

Ig Immunoglobulin 

IL interleukin 

IL10R IL10 receptor 

IL2R interleukin 2 receptor 

IL4R interleukin 4 receptor 

ILC innate lymphoid cells 

iNOS inducible nitric oxide synthase 

IP interperitoneal 

ISG interferon stimulated gene 

IV intravenous 

LFC log2 fold change 

lincRNA long intergenic non-coding RNA 

lncRNA long non-coding RNA 

MAF avian musculoaponeurotic fibrosarcoma oncogene homolog 

MALAT1 metastasis associated lung adenocarcinoma transcript 1 

mascRNA MALAT1-associated small cytoplasmic RNA 

MHC major histocompatibility complex 

MFI median fluorescence intensity 

miRNA micro-RNA 

mRNA messenger RNA 

MS mass spectrometry 

ncRNA non-coding RNA 

NEAT1 nuclear enriched abundant transcript 1 

NEAT2 nuclear enriched transcript 2 

NET neutrophil extracellular traps 

NFAT nuclear factor of activated T cells 

NK natural killer 

NTC non-targeting control 

nTreg thymic derived Treg 

ONT Oxford nanopore technology 

PBS phosphate-buffered saline 
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piRNA PIWI-interacting RNA 

PRC polycomb repressive complex 

PRR pattern recognition receptor 

pTreg peripheral Treg 

qRTPCR quantitative real-time polymerase chain reaction 

RAP RNA-antisense purification 

RBP RNA-binding protein 

RELMα resistin-like molecule alpha 

RIN RNA integrity number 

RIP RNA immunoprecipitation 

RNA ribonucleic acid 

RNA-seq RNA sequencing 

RPMI roswell park memorial institute 

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SLE systemic lupus erythematosus 

Sm S. mansoni 

SNP single nucleotide polymorphism 

snRNA small nuclear RNA 

SR serine/arginine 

SRRM2 serine/arginine repetitive matrix protein 2 

SRSF serine and arginine-rich splicing factor 

SSC side scatter 

STAT signal transducer and actovator of transcription 

TBET T-box transcription factor 

Tcm T central memory 

TCR T cell receptor 

Tem T effector memory 

Tfh T follicular helper 

TGF transforming growth factor 

Th T helper 

TNF tumour necrosis factor 

Tr1 T regulatory 1 
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Treg Regulatory T cell 

WT wild-type 

Xa active X chromosome 

Xi inactive X chromosome 

XIST X-inactive specific transcript  

TLR toll-like receptor 
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Supplementary Figure 1 Representative Isotype and FMO Control FACS Plots 

A. Representative flow cytometry plots displaying IL10 and IL4 and isotype control 

staining in WT female CD4+ T cells. Data from day 6 of a Th2 in vitro polarisation 

(Figure 3.13). B. Representative flow cytometry plots displaying IL13 and isotype 

control staining in anti-IL10R treated WT female CD4+ T cells. Data from day 6 of a 

Th2 in vitro polarisation (Figure 3.4). C. Representative flow cytometry plots 

displaying GATA3 staining and FMO control. Data from day 2 of Th2 in vitro 

polarisation (Figure 4.6). 
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Supplementary Figure 2 Representative Isotype and FMO Control FACS Plots 

A. Representative flow cytometry plots displaying CD69 staining and FMO control 

in WT female CD4+ T cells. Data from 3 hours post-Th2 in vitro polarisation (Figure 

4.1). B. Representative flow cytometry plots displaying IL2Rα staining and FMO 

control in WT female CD4+ T cells. Data from day 4 of a Th2 in vitro polarisation 

(Figure 3.14). C. Representative flow cytometry plots displaying IL2Rγ staining and 

FMO control in WT female CD4+ T cells. Data from day 4 of a Th2 in vitro 

polarisation (Figure 3.14). D. Representative flow cytometry plots displaying 

IFNAR1 staining and FMO control in WT female CD4+ T cells. Data from day 2 of a 

Th2 in vitro polarisation (Figure 4.20).  
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   A. Naive 

B. Th2 

C. Naive 

D. Th2 

Supplementary Table 1. Significantly differentially expressed genes between WT 

and Malat1-/- female and males in naïve and Th2 cells 



381 
 

  

Supplementary Figure 3 S. mansoni egg-injection repeat responses in both the 

lung and the spleen.  

A. Total weight of S. mansoni egg injected (Sm) WT or Malat1-/-, female or male 

mice (n=5). B. As in A. but for lung weight as a % of body weight. C. As in A, but 

for spleens. D. Total cell numbers in lungs of S. mansoni egg injected (Sm) WT or 

Malat1-/-, female or male mice (n=5). E. As in D, but for splenic cell numbers.  
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Supplementary Figure 4 S. mansoni egg-injection repeat monocyte responses 

A. Percentages of Ly6Chigh monocytes (CD45+, CD11b+, CD64+) in lungs of S. 

mansoni egg injected, WT or Malat1-/-, female or male mice. Levels determined by 

surface staining (n=5). B. As in A. but for Ly6Clow monocytes. C. Lung Ly6Chigh 

monocyte cell numbers. D. Lung Ly6Clow monocyte cell numbers. E. Percentage of 

Ly6Chigh monocytes in the lung expressing RELMα. F. As in E. but for Ly6Clow 

monocytes. 
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Supplementary Figure 5 S. mansoni egg-injection repeat B cell responses 

A. Percentages of B cells (CD45+, CD19+) in lungs of S. mansoni egg injected, WT 

or Malat1-/-, female or male mice. Levels determined by surface staining (n=5). B. 

Lung B cell numbers. C. Percentages of B cells in the spleens. D. Splenic B cell 

numbers. 
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Supplementary Figure 6 S. mansoni egg-injection repeat Neutrophil responses 

E. Percentages of neutrophils (CD45+, CD11b+, Ly6G+) in the lungs of S. mansoni 

egg injected, WT or Malat1-/-, female or male mice. Levels determined by surface 

staining (n=5). F. Neutrophil cell numbers. 
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Supplementary Figure 7 S. mansoni egg-injection repeat T cell activation 

A. Percentages of CD4+ T cells (TCRβ+ CD4+) cells in lungs of S. mansoni egg 

injected, WT or Malat1-/-, female or male mice. Levels determined by surface 

staining (n=5). B. Lung CD4+ T cell numbers. C. Percentages of CD4+ T cells in the 

spleen. D. Splenic CD4+ T cell numbers. E. Percentages of activated (CD44high 

CD62Llow) CD4+ T cells in the lung. F. Activated lung CD4+ T cell numbers. G. 

Percentages of activated CD4+ T cells in the spleen. H. Activated splenic CD4+ T cell 

numbers. 
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Supplementary Figure 8 S. mansoni egg-injection repeat lung T cell IL4, IL13 

and IFNγ responses 

A. Percentages of lung IL4+ TCRβ+ CD4+ cells derived from S. mansoni egg injected 

(Sm) WT or Malat1-/-, female and male mice. Levels determined by intracellular 

staining (n=5). B. Numbers of lung IL4+ TCRβ+ CD4+ cells. C. As in A. but for 

IL13+ TCRβ+ CD4+ cells. D. Numbers of lung IL13+ TCRβ+ CD4+ cells. E. As in A. 

but for lung IFNγ+ TCRβ+ CD4+ cells. F. Numbers of lung IFNγ+ TCRβ+ CD4+ cells.  
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Supplementary Figure 9 S. mansoni egg-injection repeat spleen T cell IL4, IL13 

and IFNγ responses 

A. Percentages of splenic IL4+ TCRβ+ CD4+ cells derived from S. mansoni egg 

injected (Sm) WT or Malat1-/-, female and male mice. Levels determined by 

intracellular staining (n=5). B. Numbers of splenic IL4+ TCRβ+ CD4+ cells. C. As in 

A. but for IL13+ TCRβ+ CD4+ cells. D. Numbers of splenic IL13+ TCRβ+ CD4+ cells. 

E. As in A. but for splenic IFNγ+ TCRβ+ CD4+ cells. F. Numbers of splenic 

IFNγ+ TCRβ+ CD4+ cells.  
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Supplementary Figure 10 S. mansoni egg-injection repeat lung T cell double 

positive cytokine responses 

A. Percentages of lung IL10+ IL4+ TCRβ+ CD4+ cells derived from S. mansoni egg 

injected (Sm) WT or Malat1-/-, female and male mice. Levels determined by 

intracellular staining (n=5). B. Numbers of lung IL10+ IL4+ TCRβ+ CD4+ cells. C. 

As in A. but for IL10+ IL13+ TCRβ+ CD4+ cells. D. Numbers of lung IL10+ IL13+ 

TCRβ+ CD4+ cells. E. As in A. but for lung IL10+ IFNγ+ TCRβ+ CD4+ cells. F. 

Numbers of lung IL10+ IFNγ+ TCRβ+ CD4+ cells. G. As in A. but for lung IL4+ 

IFNγ+ TCRβ+ CD4+ cells. H. Numbers of lung IL4+ IFNγ+ TCRβ+ CD4+ cells. 
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Supplementary Figure 11 S. mansoni egg-injection repeat spleen T cell double 

positive responses 

A. Percentages of splenic IL10+ IL4+ TCRβ+ CD4+ cells derived from S. mansoni 

egg injected (Sm) WT or Malat1-/-, female and male mice. Levels determined by 

intracellular staining (n=5). B. Numbers of splenic IL10+ IL4+ TCRβ+ CD4+ cells. C. 

As in A. but for IL10+ IL13+ TCRβ+ CD4+ cells. D. Numbers of splenic IL10+ IL13+ 

TCRβ+ CD4+ cells. E. As in A. but for splenic IL10+ IFNγ+ TCRβ+ CD4+ cells. F. 

Numbers of splenic IL10+ IFNγ+ TCRβ+ CD4+ cells. G. As in A. but for IL4+ 

IFNγ+ TCRβ+ CD4+ cells. H. Numbers of splenic IL4+ IFNγ+ TCRβ+ CD4+ cells. 
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Supplementary Figure 12 S. mansoni egg-injection repeat lung T cell IL4 IL13 

double positive responses 

A. Percentages of lung IL4+ IL13+ TCRβ+ CD4+ cells derived from S. mansoni egg 

injected (Sm) WT or Malat1-/-, female and male mice. Levels determined by 

intracellular staining (n=5). B. Numbers of lung IL4+ IL13+ TCRβ+ CD4+ cells. C. 

As in A. but for splenic IL4+ IL13+ TCRβ+ CD4+ cells. D. Numbers of splenic IL4+ 

IL13+ TCRβ+ CD4+ cells. 

 



391 
 

  

Naive

-DAPI
-SON

Supplementary Figure 13 

Representative 63x images from SON and DAPI staining naïve WT female CD4+ T 

cells. Brightness and contrast were increased by 20%. 
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Supplementary Figure 14 

Representative 63x images from SON and DAPI staining in vitro differentiated WT 

female CD4+ T cells at day 2 of differentiation. Brightness and contrast were 

increased by 20%. 
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Supplementary Figure 15 

Representative 63x images from SON and DAPI staining in vitro differentiated WT 

female CD4+ T cells at day 2 of differentiation. Brightness and contrast were 

increased by 20%. 
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Supplementary Figure 16 

Representative 63x images from SON and DAPI staining in vitro differentiated 

Malat1-/- female CD4+ T cells at day 2 of differentiation. Brightness and contrast 

were increased by 20%. 
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Supplementary Figure 17 

Representative 63x images of phospho-SR, SON and DAPI staining of naïve WT 

female CD4+ T cells. Brightness and contrast increased by 20%.  
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Supplementary Figure 18 

Representative cell image of phospho-SR, SON and DAPI staining of naïve WT 

female CD4+ T cells. Brightness and contrast increased by 20%. 
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Supplementary Figure 19 

Representative 63x images of phospho-SR, SON and DAPI staining of WT female 

CD4+ T cells at day 2 of in vitro Th2 differentiation. Brightness and contrast 

increased by 20%. 
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Supplementary Figure 20 

Representative cell image of phospho-SR, SON and DAPI staining of WT female 

CD4+ T cells at day 2 of in vitro Th2 differentiation. Brightness and contrast 

increased by 20%. 
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Supplementary Figure 21 

Representative 63x images of phospho-SR, SON and DAPI staining of Malat1-/- 

female CD4+ T cells at day 2 of in vitro Th2 differentiation. Brightness and contrast 

increased by 20%.  
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Supplementary Figure 22 

Representative cell image of phospho-SR, SON and DAPI staining of Malat1-/- 

female CD4+ T cells at day 2 of in vitro Th2 differentiation. Brightness and contrast 

increased by 20%. 
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Supplementary Figure 23 

Representative images of SON and DAPI staining of human CD4+ T cells from 

donor A. at day 0 of Th2 in vitro differentiation. Brightness and contrast were 

increased by 20%. 
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Supplementary Figure 24 

Representative images of SON and DAPI staining of human CD4+ T cells from 

donor C. at day 0 of Th2 in vitro differentiation. Brightness and contrast were 

increased by 20%. 
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Supplementary Figure 25 

Representative images of SON and DAPI staining of human CD4+ T cells from 

donor A. at day 3 of Th2 in vitro differentiation. Brightness and contrast were 

increased by 20%. 
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Supplementary Figure 26 

Representative images of SON and DAPI staining of human CD4+ T cells from 

donor C. at day 3 of Th2 in vitro differentiation. Brightness and contrast were 

increased by 20%. 
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Supplementary Figure 27 

Representative 43x images with DAPI and CIZ1 (both N terminal 87 and C terminal 

1794 antibodies) staining of naïve WT female CD4+ T cells. Brightness and contrast 

were increased by 20%. 
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Supplementary Figure 28 

Representative 43x images with DAPI and CIZ1 (both N terminal 87 and C terminal 

1794 antibodies) staining of WT female CD4+ T cells 6 hours post-activation. 

Brightness and contrast were increased by 20%. 
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Supplementary Figure 29 

Representative 43x images with DAPI and CIZ1 (both N terminal 87 and C terminal 

1794 antibodies) staining of WT female CD4+ T cells 24 hours post-activation. 

Brightness and contrast were increased by 20%. 
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Supplementary Figure 30 

Representative 43x images with DAPI and CIZ1 (both N terminal 87 and C terminal 

1794 antibodies) staining of WT female CD4+ T cells 48 hours post-activation. 

Brightness and contrast were increased by 20%. 
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Supplementary Figure 31 

Representative 43x images with DAPI and CIZ1 (both N terminal 87 and C terminal 

1794 antibodies) staining of WT female CD4+ T cells 48 hours post-activation. 

Brightness and contrast were increased by 20%. 
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Supplementary Figure 32 

Representative 43x images with DAPI and CIZ1 (both N terminal 87 and C terminal 

1794 antibodies) staining of Malat1-/- female CD4+ T cells 48 hours post-activation. 

Brightness and contrast were increased by 20%. 
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Supplementary Figure 33 

Representative 43x images with DAPI and CIZ1 (both N terminal 87 and C terminal 

1794 antibodies) staining of naïve WT female CD4+ T cells. Brightness and contrast 

were increased by 20%. 
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Supplementary Figure 34 

Representative 43x images with DAPI and CIZ1 (both N terminal 87 and C terminal 

1794 antibodies) staining of naïve Malat1-/- female CD4+ T cells. Brightness and 

contrast were increased by 20%. 
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Supplementary Figure 35 

Representative 40x images with DAPI and H3K27me3 staining of in vitro 

differentiated WT female CD4+ T cells at 48 hours post-activation. Brightness and 

contrast were increased by 40%. 
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Supplementary Figure 36 

Representative 40x images with DAPI and H3K27me3 staining of in vitro 

differentiated Malat1-/- female CD4+ T cells at 48 hours post-activation. Brightness 

and contrast were increased by 40%. 
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