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Abstract 

The innate and adaptive immune systems intertwine in mounting an effective 

immune response against invading pathogens. The activation of innate immune 

components is often a prerequisite for the initiation of the adaptive immune response. 

The Pellino family consists of a 3-membered family of E3 ubiquitin ligases (Pellino 

1, Pellino 2, and Pellino 3) that play important roles in immunity by catalysing post-

translational modification of important signalling molecules. Pellino proteins have 

been widely studied for their roles in innate immunity. Nevertheless, emerging 

reports have highlighted the potential of Pellino proteins in regulating adaptive 

immune system. This thesis aims to further the knowledge in this area by performing 

the first systematic characterisation of the role of Pellino proteins in generating 

adaptive immune cell populations. To this end novel genetic models were generated 

resulting in mice that lack individual and combination of the Pellino family. Such 

models allowed for the first time to investigate potential functional interactions 

between the Pellino family members. While Pellino 3 does not mediate the 

production of various T and B cell subsets, Pellino 2 has a role in CD4 and CD8 T 

cell activation that is dependent on age. Importantly, the findings also highlight a 

selective role for Pellino 1 in negatively regulating the generation of activated CD4 

and CD8 T cells, as well as germinal centre B cells and plasma cells in both young 

(10-12 weeks old) and aged (6 months old) mice. Interestingly, Pellino 1 and Pellino 

2 exhibit distinctive functional roles in mediating CD8 T cell activation as individual 

deficiency of Pellino 1 and Pellino 2 favours its differentiation into CD8+ effector 

memory (Tem) and central memory (Tcm) cells, respectively. This suggests that they 

might have different physiological roles in controlling cytotoxic functions of Tem 

cells or systemic infections through Tcm cells. It was also found that Pellino 1 

negatively modulates IL-17 production in Th17 cells. The mechanistic basis to the 

role of Pellino 1 in controlling T cell activation and IL-17 production is also explored. 

The studies conclude that this regulatory function of Pellino 1 is intrinsic to T cells 

and not antigen presenting cells. Overall, this body of work provides novel insight 

into the role of Pellino proteins, particularly Pellino 1, in the adaptive immune 

system. It also forms a foundation for future research to elucidate the physiological 

role of Pellino 1 in Th17 cell differentiation and may represent a new pathway that 

may be open to therapeutic exploitation in the treatment of inflammatory diseases. 
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1.1  The immune system 

 

The immune system is a defence system that deploys intricate protective mechanisms 

against a wide array of pathogenic infections that challenge the host. The pool of 

immune cells that constitutes the immune system eliminates deleterious microbes via 

distinctive yet specific effector functions. Immune cells can be broadly grouped into 

two arms of the immune system, which are innate and adaptive immunity. Innate 

immune cells include granulocytes, monocytes, macrophages, dendritic cells, and 

natural killer (NK) cells; adaptive immune cells generally encompass T lymphocytes 

(also named T cells) and B lymphocytes (B cells). 

 

Traditionally, innate and adaptive immunity have been distinguished based on 

several attributes. The first difference between these two arms of the immune systems 

is the degree of specificity to antigens. Innate immune responses are directed by 

germline-encoded, non-rearranging pattern-recognition receptors (PRRs), which 

sense pathogen-associated molecular patterns (PAMPs) that are shared by many 

pathogens (Kurtz, 2005). This leads to non-specific immune reactions. Unlike innate 

immunity, adaptive immune system exerts specificity in antigen recognition due to 

somatic rearrangement of gene elements encoding the highly diverse antigen 

receptors – T cell receptor (TCR) and immunoglobulin (Ig) (Lanier & Sun, 2009).  

 

The second feature that differentiates innate and adaptive immunity is the speed of 

the response. Because PRRs are widely expressed on numerous cells, targeting a 

broad range of invading pathogens, the innate immunity is programmed to initiate 

rapid response and hence acts as the first line defence system (Chaplin, 2010). In 

contrary, the adaptive response occurs during the late stages of an immune response 

as it can take up to a week for naïve T cells and B cells to go through activation, 

differentiation, and clonal expansion to gain lymphocyte effector function (Bedoui et 

al., 2016).  

 

The generation of immunological memory is a key feature of adaptive immunity. 

Long-lived, antigen-specific adaptive immune cells generated following the initial 

encounter with an antigen, such as memory CD8+ T cells, can provide quicker and 



18 

 

more robust immune response when they are re-challenged with the same antigen 

(Lertmemongkolchai et al., 2001). Conversely, innate immune cells, such as 

neutrophils have a short lifespan of a few hours or days, restricting their ability to 

manifest immune memory (Lanier & Sun, 2009).  

 

Taken together, immune cells have always been categorised based on the features of 

the two separate immune systems. Although NK cells are defined as lymphocytes, 

the lack of antigen-specific cell surface receptors leads them to be categorised as 

components of innate immunity. However, this remains debatable as NK cell 

memory has been unveiled in some studies (Vivier et al., 2011). Emerging evidence 

has shown that the innate and adaptive immune cells display overlapping 

characteristics, leaving such classification in question (Lanier & Sun, 2009). Whether 

this branching system is ambiguous, it is more vital to learn more about the individual 

roles and interactions between these immune cells for better disease management and 

the development of novel therapeutic solutions.  

 

 

 

1.2  The adaptive immune system 

 

The adaptive immune system is a specialised system that orchestrates immune 

responses and maintains stability of immunity over a lifetime. Using chicken as a 

model, two lymphocyte lineages were first unearthed from thymus and avian bursa 

of Fabricius in 1965 (Cooper et al., 1965). In addition, antibody-secreting cells were 

also derived from bone marrow, which coined the term B (for bursa or bone marrow 

origin) lymphocytes (Ivanyi et al., 1972); similar nomenclature was adopted for T 

(for thymus origin) lymphocytes. T cells and B cells are two major components of 

the adaptive immune system that account for a specific immune response.  
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1.2.1  T cell development and its subsets 

 

T cell development takes place in the thymus. Lymphoid progenitors that originate 

in the bone marrow migrate to the thymus via the blood. Here, the early T cells do 

not express TCR and are called double negative (DN; CD3-4-8-) thymocytes based 

on the absence of expression of cluster of differentiation (CD) 4 or CD8. They 

develop into two mature T cell lineages – the main T cell population that expresses 

αβ TCR or the minor T cell population that expresses γδ TCR (Zhao et al., 2018). 

Unlike γδ T cells, αβ T cells give rise to CD4+ and CD8+ immature thymocytes via a 

differentiation pathway. In the mouse thymic cortex, this differentiation occurs based 

on DN thymocytes’ surface expression of CD44 and CD25 shows the following 

sequence of surface marker changes: CD44+CD25- (DN1), CD44+CD25+ (DN2), 

CD44-CD25+ (DN3), and CD44-CD25- (DN4) (Godfrey et al., 1993). Following the 

transition from DN2 to DN4, these cells undergo TCR rearrangement to generate a 

αβ TCR (Godfrey et al., 1993). This leads to the generation of small double positive 

(DP) thymocytes that co-express both CD4+ and CD8+.  

 

Cortical thymic epithelial cells bear MHC molecules that present self-peptide to bind 

with αβ TCR on DP thymocytes. If the interaction is too weak to induce a viability 

signal, DP thymocytes experience death by neglect (Germain, 2002). The appropriate 

level of signalling is required for positive selection of DP thymocytes that will go 

through maturation to yield single positive CD4+ or CD8+ immature thymocytes. 

When DP thymocytes enter the medulla, they undergo negative selection where cells 

that interact strongly with the major histocompatibility complex (MHC)-self peptides 

complexes are eliminated via acute apoptosis (Germain, 2002). These cells are now 

ready to be distributed to peripheral lymphoid sites from the medulla.  

 

Three theories have been proposed to explain the basis to single positive CD4+ and 

CD8+ lineage commitment. The first theory, known as the instruction model, implies 

that engagement between TCR and MHC ligands dictate the fate of DP thymocytes. 

CD4+CD8+ thymocytes which express TCR that binds to MHC class I results in CD8+ 

expression, whereas interaction with MHC class II results in CD4+ expression 

(Borgulya et al., 1991). In contrast, the selection/stochastic model outlines a random 
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lineage occurrence followed by an appropriate pairing of TCR/MHC to achieve cell 

survival and maturation (Davis et al., 1993). The third possible explanation for the 

mechanism of lineage commitment is the asymmetric model. This model suggests 

that CD8 commitment depends on MHC class I instructional signal, whereas CD4 

lineage may be a default commitment independent of MHC signals (Suzuki et al., 

1995). 

 

Naïve T cells can be distinguished from memory T cells based on their surface marker 

expression of different adhesion receptors. Two major T cell activation/memory 

markers that define subsets of CD4+ and CD8+ T cells in mice are CD62L (L-selectin; 

MEL-14; Leu-8) and CD44 (H-CAM; Pgp-1) (Mackay et al., 1990; Gerberick et al., 

1997).  

 

 

CD62L is the unique peripheral lymph node (PLN) homing receptor that regulates 

recirculation of naïve CD4+ T cells to PLN (Bradley et al., 1994). CD62L is also 

known as MEL-14 in mice (Gallatin et al., 1983) and Leu-8 in humans (Berg & 

James, 1990). Memory CD4+ T cells from murine spleen lack MEL-14 (Bradley et 

al., 1992). Interestingly, CD62L expression can be influenced by 

microenvironmental conditions within PLN such that in-vitro cytokine stimulation 

of naïve CD4+ T cells with interleukin-2 (IL-2) decreases CD62L expression, 

whereas stimulation with IL-6 and notably transforming growth factor beta 1 (TGF-

β1) increases CD62L expression (Picker et al., 1993).  

 

CD44, also identified as P-glycoprotein 1 (Pgp-1)/Ly-24 in mice, is crucial for the 

generation of lymphoid progenitors within bone marrow (Miyake et al., 1990). 

Uncommitted DN thymocytes in the thymus possess low CD44 expression, which is 

then lost for the initiation of TCRβ rearrangement, elevation of T-cell specific genes 

expression, and T cell development (Canté-Barrett et al., 2017). Mature T cells regain 

CD44 expression. Furthermore, CD44 surface expression on CD4+ and CD8+ T cells 

is upregulated after antigenic encounter (Budd et al., 1987; Butterfield et al., 1989), 

revealing the function of CD44 as a marker for memory T cells. 
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The distinct expression of CD62L and CD44 in naïve and memory T cells suggests 

that they are likely to demonstrate distinct recirculation patterns to PLN. While naïve 

T cells migrate from blood to PLN via high endothelial venules, memory T cells 

travel from blood to peripheral  tissues to PLN via afferent lymph (Mackay et al., 

1990). Collectively, naïve T cells are characterised by a CD62LhighCD44low 

expression, whereas effector memory T cells (Tem) are identified by a 

CD62LlowCD44high phenotype (Gerberick et al., 1997). There is an additional subset 

of CD8+ T cells – central memory CD8+ T cells (Tcm), which exhibits a 

CD62LhighCD44high phenotype (Nakajima et al., 2021). Tem cells move freely 

between secondary lymphoid organs and tissues to render immune surveillance and 

immediate effector functions, whereas Tcm cells are home to secondary lymphoid 

organs (Laidlaw et al., 2016). 

 

 

1.2.2 T cell activation and differentiation  

 

Following T cell development in the thymus, naïve single positive T cells exit the 

thymus and enter secondary lymphoid organs, such as the lymph nodes and the 

spleen, where they encounter foreign antigens presented by MHC molecules of 

antigen-presenting cells (APCs), such as dendritic cells, macrophages, and B cells 

(Sallusto et al., 2004). The interaction of antigenic peptide and TCR is the initial step 

to activate naïve T cells for optimal T cell responsiveness (Hochweller et al., 2010). 

The TCR complex consists of two TCR chains in heterodimeric form (the typical 

TCRα/TCRβ or the small fraction of TCRγ/TCRδ) bonded with six CD3 chains 

(Shah et al., 2021). Adjacent to the TCR complex are the CD4 or CD8 molecules 

expressed on the surface of T cells, acting as co-receptors to facilitate T cell 

development by engaging different classes of MHC molecules (Tikhonova et al., 

2012). Besides that, a co-stimulatory signal that involves the binding of CD28 on T 

cells with CD80 (B7-1) or CD86 (B7-2) on APCs is required to promote T cell 

proliferation and differentiation (Luckheeram et al., 2012; Xia et al., 2018). The co-

stimulatory engagement is also vital to avoid cell death or anergy, a hyporesponsive 

state of T cells towards IL-2 restimulation, caused by weak TCR signals (Shah et al., 
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2021). Collectively, two signals resulting from the bindings of TCR/peptide and 

CD28/CD80/86 are necessary for productive T cell activation.  

 

Following the initial step of T cell activation, naïve CD4+ T cells and naïve CD8+ T 

cells undergo differentiation into effector cells with various functions. Effector CD8+ 

T cells, also known as cytotoxic T lymphocytes (CTL), are responsible for clearing 

viral infections, such as Epstein-Barr gamma herpes virus (EBV), herpes simplex 

virus (HSV), lymphocytic choriomeningitis virus (LCMV), Listeria, and influenza 

(Zhang & Bevan, 2011). In addition, activated CD8+ T cells also help to limit lung 

tissue injury by releasing immunosuppressive cytokine IL-10 (Palmer et al., 2010). 

 

On the other hand, lineage decision of activated CD4+ T cells into distinct T helper 

cell subsets is mediated by cytokine polarisation (Figure 1.1). Five main T helper 

populations have been identified in chronological order: T helper 1 (Th1), T helper 2 

(Th2), regulatory T cell (Treg), T helper 17 (Th17), and T follicular helper (Tfh) 

(Saravia et al., 2019).  

 

Th1 cell differentiation is driven by IL-12 and interferon (IFN)-γ (Shirota et al., 

2004). T-box expressed in T cells (T-bet) has been identified as the master 

transcription factor that dramatically upregulates IFN-γ production and IL-12Rβ2 

expression (Lugo-Villarino et al., 2003, Afkarian et al., 2002). IFN-γ activates signal 

transducer and activator of transcription (STAT) 1, which increases T-bet expression 

and thus enhances IFN-γ generation (Afkarian et al., 2002, Lighvani et al., 2001). 

IL-12-induced STAT4 has also been demonstrated to act in a similar positive 

feedback loop that increases IFN-γ production and IL-12Rβ2 expression by elevation 

of IFN-γ secretion (Luckheeram et al., 2012). In addition, T-bet also inhibits Th2 and 

Th17 lineage by interfering the function of the Th2 principal regulator, GATA-

binding protein (GATA) 3 and forming linkage with Th17-committed RAR-related 

orphan receptor C (Rorc) promoter, respectively (Hwang et al., 2005; Lazarevic et 

al., 2011). Th1 cells generate effector cytokines IFN-γ and tumour necrosis factor 

(TNF) that are critical for intracellular antiviral and antibacterial responses (Saravia 

et al., 2019; Laidlaw et al., 2016; Du et al., 2010).  
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Th2 lineage differentiation is initiated by IL-4, which is an inducer of STAT6, 

leading to the expression of the Th2 master transcription factor GATA3 (Zhu et al., 

2001). GATA3 is capable of suppressing Th1 development by diminishing STAT4 

(Usui et al., 2003). This is further supported by the finding that naïve CD4 T cells 

differentiate into Th1 cells, instead of Th2, in mice lacking GATA3 (Zhu et al., 

2004). It is reported that STAT3 and STAT5 play a role in assisting Th2 

development. While STAT6 requires STAT3 coordination to engage with Th2 cell-

related gene loci in the differentiation process (Stritesky et al., 2011), GATA3 

cooperates with STAT5 for complete differentiation of Th2 cells via interaction with 

different IL-4 loci (Zhu et al., 2003). Interestingly, it has also been shown that STAT5 

signalling can result in Th2 cell differentiation in the absence of IL-4 (Zhu et al., 

2006). Th2 cells produce cytokines IL-4, IL-5, and IL-13 that exert potent immunity 

against extracellular parasites, such as helminth infections (Saravia et al., 2019).  

 

Approximately a decade after the discovery of Th1 and Th2, Treg cells were 

designated with an immunosuppressive phenotype (Saravia et al., 2019). The master 

regulators for Treg cells are IL-2 and TGF-β. TGF-β contributes to forkhead 

transcription factor (FOXP) 3 induction upon TCR engagement (Chen et al., 2003). 

Activation of Sma- and Mad-related protein (Smad) 2  and Smad3 downstream to 

TGF-β signalling is also found to promote Treg cell differentiation by amplifying 

FOXP3 expression (Takimoto et al., 2010). Furthermore, Smad3 suppresses Th17 

differentiation by hindering transcription of the Th17-lineage principal regulator, 

retinoic acid receptor-related orphan receptor gamma-T (RORγt) (Martinez et al., 

2009). On the other hand, IL-2 signalling activates STAT5, which antagonises 

STAT3 function to bind to the IL-17 locus, resulting in a Treg lineage commitment 

that is favoured over Th17 cell development (Laurence et al., 2007). Treg cells are 

defined by the expression of their signature cytokine IL-10 that is crucial for anti-

inflammatory and prevention of autoimmune development (Luckheeram et al., 

2012). Treg cells have also been shown to control tissue damage by restraining host 

antiviral response in both chronic and acute viral infection (Swain et al., 2012).  

 

About two decades later, Th17 cells are identified partially from early research on 

the functions of IL-12 and IL-23 (Saravia et al., 2019). Polarising cytokines for Th17 

differentiation include IL-6, IL-21, IL-23, and TGF-β (Luckheeram et al., 2012). The 
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principal transcription factor of Th17 differentiation is RORγt. Further details of 

Th17 cell differentiation are outlined in section 1.4. Signature effector cytokines of 

Th17 cells are IL-17A, IL-17F, and IL-22 (Saravia et al., 2019). Th17 cells, though 

often associated with autoimmunity, are immunologically important against fungal 

and bacterial infections (Patel & Kuchroo, 2015).  

 

Tfh cells are identified by the expression of C-X-C motif receptor-5 (CXCR5) and 

coexpression of programmed cell death-1 (PD-1) and/or inducible T-cell 

costimulator (ICOS), a member of CD28 family (Haynes et al., 2007; Nurieva et al., 

2008). Situated in follicular regions of lymphoid tissue, Tfh cells are responsible for 

regulation of B-cell immunity (Breitfeld et al., 2000). IL-6 and IL-21 have been 

elucidated to be the major cytokines participating in Tfh cell differentiation (Nurieva 

et al., 2008). In contrast to Th17 cell development, Tfh cell differentiation in vitro is 

induced by IL-21 independent of TGF-β (Nurieva et al., 2008). IL-6 and IL-21 

signalling lead to the activation of B-cell lymphoma (Bcl)-6, the master transcription 

factor of Tfh cell, which drives Tfh differentiation and suppresses the development 

of other Th cell lineages (Nurieva et al., 2009). Following Tfh cell differentiation, 

Tfh cells play an important role in driving B cell differentiation into Ig-secreting cells 

by IL-21 production (Bryant et al., 2007) and assisting Ig class switching to define 

the antibody repertoire by IL-4 production (Reinhardt et al., 2009). 
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Figure 1.1 Th cell differentiation from naïve CD4+ T cells.  

Described in detail in section 1.2.2. Th cell differentiation is dictated by polarising 

cytokines, giving rise to the expression of master transcription factor of different Th 

cell subsets. Figure created with BioRender.com. 

 

 

1.2.3 B cell development and its subsets 

 

B cells go through a series of developmental events in the bone marrow that are 

marked by immunoglobulin (Ig) rearrangement status and surface protein expression 

(Figure 1.2, Figure 1.3). Progenitor B (pro-B) cells that arise from the common 

lymphoid progenitors can be divided into three stages, namely fraction A, B, C 

(Hardy et al., 1991). While the Ig genes of fraction A are in germline configuration, 

the Ig heavy chain (IgH), encoded by three genes (V, D, J) rearranges first in fraction 

B. D-J joining in fraction B precedes V-DJ gene recombination that occurs in fraction 

C (Hardy et al., 1991). Pro-B cells are also recognised by the expression of CD43, 

IL-7 receptor, and BP-1 (Hardy et al., 1991). The loss of these early B lineage surface 

markers and a successful VDJ rearrangement generate large pre-B cells expressing 

pre-B cell receptor (BCR), which encompasses two Ig μ-chains and two surrogate 
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light chains (λ5 and VpreB) together with two signalling subunits (Igα and Igβ) 

(Nishimoto et al., 1991; Herzog et al., 2009).  

 

 

Figure 1.2 B cell receptor complex.  

The B cell receptor complex consists of two light chains, two heavy chains, and two 

heterodimers of Igα and Igβ. Figure created with BioRender.com. 

 

Subsequently, pre-BCR signalling induces large pre-B cell proliferation and 

differentiation into small pre-B cells that is accompanied by the transcriptional 

silencing of λ5 and VpreB (Parker et al., 2005). The expression of intracellular Ig μ-

chains in small pre-B cells also activates gene rearrangement of Ig light chain that 

comprises of the λ chain (Igλ) and the κ chain (Igκ) (Reth et al., 1987). This leads to 

the formation of immature B cells that are marked by the expression of BCR, which 

consists of two Ig μ-chains and two Igλ or Igκ chains (Herzog et al., 2009). Immature 

B cells also have a low expression of IgM molecules (IgMdull) prior to their 

development into the highest IgM expression (IgMbright) transitional B cells that are 

transported to the spleen by the bloodstream (Carsetti et al., 1995). Here, transitional 

B cells become long lived mature B cells with a downregulated IgM expression and 

an enhanced expression of IgD (Loder et al., 1999). 

 

Specific pools of peripheral B cell subsets have been identified based on their 

receptor expression. B1 cells were first found primarily in the peritoneal cavities, 

express Ly-1 (also known as CD5) and constitute only 1-5% of total splenic B cells 



27 

 

in mice (Hayakawa et al., 1985). The conventional B cells, B2 cells, were identified 

by a slightly lower CD19 and IgM expression in comparison to B1 cells (Wang et 

al., 2012). Besides that, other surface markers that are used to differentiate B1 and 

B2 cells include CD45RAloIgDloCD23-CD43+ for B1 cells, and 

CD45RAhiIgDhiCD23+CD43- for B2 cells (Prieto & Felippe, 2017). In mice, the 

CD45 isoform B220 was demonstrated to be a pan-B-cell marker (Bleesing & 

Fleisher, 2002). B1 cells play a role in front-line defence by secreting natural 

antibodies against infections. They also generate polyreactive IgM autoantibodies 

that can recognise both self and foreign antigens (Bhat et al., 1992). In contrast, B2 

cells are involved in mounting adaptive immune responses to pathogens and giving 

rise to memory B cells (Alter-Wolf et al., 2009). 

 

Transitional B cells in the spleen can develop either into marginal zone (MZ) B cells 

or follicular (FO) B cells, according to the signalling inputs they receive (Mebius & 

Kraal, 2005). Several theories have been proposed for this cell-fate decision of 

mature B cells, but more research is warranted to fully understand the mechanism. A 

signature surface protein used to distinguish MZ B cells and FO cells is CD23 

(Waldschmidt et al., 1988). CD23+ FO B cells were discovered to dwell in the splenic 

follicle, whereas CD23- MZ B cells were found to reside in the splenic MZ (Figure 

1.4). Furthermore, FO B cells, which are smaller in size than MZ B cells, express 

high levels of IgD and moderate levels of IgM, CD21, and CD38; the bigger MZ B 

cells express low levels of IgD and high levels of IgM, CD21, and CD38 (Kearney 

et al., 1997).  

 

Besides these phenotypic differences, MZ B cells and FO B cells also exhibit 

functional distinctions. Despite a slower proliferation rate of MZ B cells in 

comparison to FO B cells, MZ B cells are quicker in mounting an immune response 

through IgM antibodies secretion when treated with lipopolysaccharides (LPS) in 

vitro (Kearney et al., 1997). MZ B cells provide a first-line protection against blood-

borne T-independent (TI) antigens and encapsulated bacteria (Kruetzmann et al., 

2003; Weller et al., 2004). Conversely, antigen-activated FO B cells require T cell 

help [T-dependent (TD)] to undergo differentiation predominantly into short-lived, 

low-affinity IgM plasma cells, while a small proportion instigate the formation of 

germinal centre (GC) (Roulland et al., 2007). Rapid cell proliferation, clonal 
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expansion, and Ig class switching occur in GC for the generation of short-lived IgG-

, IgE-, or IgA-secreting plasma cells as well as memory B cell (Roulland et al., 2007). 

B cells that differentiate into GC B cells bear CD95+ and GL7+ surface markers 

(Hӓgglӧf et al., 2023; Martínez-Riaño et al., 2023). 

 

Plasma cells, as the final form of mature B cells, function as antibody-producing B 

cells to combat infection and disease. They can be generated by three major sources: 

(i) B1 cells producing IgM or IgA, (ii) germinal centre B cells giving rise to long-

lived plasma cells, and (iii) plasmablasts in the extrafollicular zone in the spleen 

growing into short-lived, low-affinity plasma cells in both TI and TD response 

(MacLennan et al., 2003). Plasma cells can be recognised by B220- and CD138+ 

expression (Kumazaki et al., 2007).  

 

 

 

Figure 1.3 B cell development.  

Described in detail in section 1.2.3. B cell development begins in bone marrow and 

continues to occur in the spleen or lymph node. Figure created with BioRender.com. 
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Figure 1.4 (a) Spleen anatomy and (b) the white pulp niche in mice.  

The white pulp of the spleen contains a rich reservoir of T cells and B cells. Figure 

created with BioRender.com. 

 

 

1.3 The IL-17 family cytokines and receptors  

 

Cytotoxic T lymphocyte-associated antigen-8 (CTLA-8) was discovered via 

complementary deoxyribonucleic acid (cDNA) library screening of murine lymphoid 

cells in 1993 (Rouvier et al., 1993). It exhibits 57% homology to Herpesvirus saimiri 

gene 13 (HVS13), an open reading frame of a T cell-infecting virus HVS (Albrecht 

et al., 1992). CTLA-8 was then renamed as interleukin-17 (IL-17, also known as IL-

17A) when a novel cytokine receptor, termed IL-17R was found to bind to both 

CTLA-8 and HVS13 (Yao et al., 1995a). In 1995, human IL-17 was identified to be 

63% and 72% homologous to murine CTLA-8 and HVS13, respectively (Yao et al., 

1995b). The function of IL-17 gathered substantial attention following the discovery 

of Th17 cells a decade later (Harrington et al., 2005).  

 

New members of the IL-17 family, IL-17B through IL-17F were found based on 

structural homology with IL-17A (Li et al., 2000, Lee et al., 2001, Starnes et al., 

2001, Starnes et al., 2002). Additionally, IL-17N was revealed from genome database 
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screening of Japanese pufferfish Takifugu rubripes (Korenaga et al., 2010). Among 

the IL-17 family members, IL-17F displays the highest degree of sequence overlap 

(55%) with IL-17A, followed by IL-17B, IL-17D, and IL-17C that share 29 to 23% 

homology with IL-17A; IL-17E is the least similar to IL-17A, sharing only 16% of 

sequence conservation (Brembilla et al., 2018).  

 

The IL-17 receptor (IL-17R) family is characterised by a cytoplasmic domain, called 

SEFIR, that is common to both  SEF [similar expression to fibroblast growth factor 

(FGF) genes] and IL-17Rs and is implicated in Toll like receptor (TLR)/IL-1R 

pathways (Novatchkova et al., 2003). It is believed that most IL-17 signalling 

transduces through IL-17Rs complexes encompass a shared IL-17RA chain and a 

second chain that confers specificity. However, the second chains of the IL-17Rs do 

not necessarily align with the reciprocal IL-17 binding in terms of nomenclature. For 

instance, IL-17A and IL-17F bind to IL-17RC, IL-17C binds to IL-17RE, and IL-

17E binds to IL-17RB. These receptors are coupled with IL-17RA (Monin & Gaffen, 

2018). An exception to this is the binding of IL-17B to IL-17RB, at a lower degree 

than IL-17E. It is also unclear whether IL-17RA is required for IL-17B signalling, 

while the receptor for IL-17D is yet to be determined (Monin & Gaffen, 2018).  

 

 

1.4 The development of Th17 cells   

 

A variety of cell types that contribute to the production of IL-17 has been identified: 

Th17 cells, CD8+ cytotoxic T cells, γδ T cells, NK T cells (Monin & Gaffen, 2018), 

natural Th17 cells (Marks et al., 2009), type 3 innate lymphoid cells (Villanova et 

al., 2014), mucosal associated invariant T cells (Majumder & McGeachy, 2021), 

mast cells, and Paneth cells (Mills, 2023). Neutrophils have also been reported to 

serve as a source of IL-17 in the lung after LPS challenge (Ferretti et al., 2003). 

Nonetheless, this finding remains controversial as neutrophils do not release IL-17 

during acute oropharyngeal candidiasis (Huppler et al., 2015).  

 

The Th17 cell is a key contributor to IL-17 production and is one of the predominant 

CD4+ T cells subsets that has been extensively studied. It is well known that IL-6 and 
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TGF-β work together to promote the differentiation of naïve CD4+ T cells into Th17 

cells (Bettelli et al., 2006). This is directed by the expression of RORγt, a 

transcription factor that determines the Th17 lineage (Ivanov et al., 2006). Besides 

that, IL-21 and IL-23 upregulate RORγt expression, promoting the generation of IL-

17 (Zhou et al., 2007).  

 

IL-23 is also indispensable for increased IL-17 levels produced by memory T cells 

(Aggarwal et al., 2003). This is further evidenced by the pathogenic development of 

inflammatory autoimmune diseases, such as experimental autoimmune 

encephalomyelitis (EAE), induced by Th17 cells via the IL-23-IL-17 pathway 

(Langrish et al., 2005). Although the IL-23 heterodimer consists of a p19 subunit and 

a shared p40 subunit with IL-12 (Oppmann et al., 2000), IL-12 is not related to IL-

17 production (Aggarwal et al., 2003).  

 

Interestingly, a diverse combination of cytokines that activate Th17 cells can lead to 

two different types of Th17 cells that differ in being pathogenic in inducing 

autoimmune disease or non-pathogenic in causing little or no autoimmune responses. 

TGF-β1 and IL-6 are demonstrated to be factors driving the non-pathogenic 

phenotype of Th17 cells, whereas IL-23 dependent TGF-β3 and IL-6 stimulation 

results in the more proinflammatory/pathogenic Th17 cells (Lee et al., 2012). 

Moreover, the presence of IL-23 without TGF-β is described to induce pathogenic 

Th17 cells (Ghoreschi et al., 2010).  

 

In short, a paradigm involving three overlapping steps – differentiation, 

amplification, and stabilisation in Th17 cell development has been delineated. IL-6 

and TGF-β are cytokines responsible for Th17 cell differentiation; IL-21 secreted by 

developing Th17 cells facilitates amplification; and IL-23 is essential for Th17 cell 

survival and stability to achieve their full functional capacity (Patel & Kuchroo, 

2015).  
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1.5 Role of IL-17 and Th17 cell in infection and autoimmunity 

 

Th17 cells do not produce IL-17A only, but also generate IL-17F (Harrington et al., 

2005), IL-21 (Nurieva et al., 2007), IL-22 (Liang et al., 2006), granulocyte-

macrophage colony-stimulating factor (GM-CSF), IFN-γ, and TNF (Mills, 2023). 

Based on this plethora of cytokines, there is evidence to support a function for Th17 

cells in inducing a cytokine milieu that mediates the innate immune defence. This 

includes aiding the infiltration of neutrophils and macrophages to injured tissues via 

the induction of a variety of chemokines, such as chemokine (C-X-C motif) ligand 

(CXCL) 1, CXCL2, CXCL5, and CXCL8 (IL-8) by IL-17 (Onishi & Gaffen, 2010). 

Furthermore, IL-17 also induces granulocyte colony-stimulating factor (G-CSF) and 

GM-CSF that prolong neutrophil lifespan in inflamed rheumatoid arthritis synovium 

(Parsonage et al., 2008). IL-6, another product of the IL-17 pathway, acts in a positive 

feedback loop to sustain Th17 differentiation for acute responses (Ogura et al., 2008). 

IL-17 also triggers the production of pro-inflammatory cytokines, namely IL-1β, IL-

6, TNF-α (Onishi & Gaffen, 2010). 

 

The role of IL-17 in mitigating fungal and bacterial infections has been well 

implicated. Host defence in the kidney and survival of IL-17R-deficient mice were 

compromised upon Candida albicans systemic challenge, possibly due to impaired 

neutrophils peripheral circulation and recruitment to the infected organs (Huang et 

al., 2004). Mice lacking IL-17RA or Act1, an adaptor in IL-17 signalling, displayed 

highest susceptibility against oropharyngeal candidiasis compared with mice treated 

with antibody blockade of IL-17 or IL-17RA, and IL-17-deficient mice (Whibley et 

al., 2016). Chronic mucocutaneous candidiasis (CMC) is an infectious disease caused 

by Candida albicans and, in a lower degree, Staphylococcus aureus that affects the 

nails, skin, oral and genital mucosal layer. In humans, both IL-17 and IL-17F are 

crucial, even though they are redundant for eradicating CMC (Puel et al., 2011).  

 

The secretion of IL-8, a cytokine that drives Helicobacter pylori (Hp)-related acute 

inflammatory response, is boosted by IL-17 in Hp-infected gastric mucosa. This 

observation was accompanied by consistent upregulated and downregulated IL-17 

expression during Hp infection and after Hp elimination, respectively (Luzza et al., 
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2000). Klebsiella pneumoniae challenge via intranasal causes 100% fatality in mice 

lacking IL-17R in comparison to control mice; this study also showed delayed 

neutrophil migration to the alveolar space associated with decreased mRNA and 

protein level of G-CSF and macrophage inflammatory protein (MIP)-2 in IL-17R-

deficient mice (Ye et al., 2001). In addition, IL-17 contributed to activation and 

pneumococcal killing by neutrophils in response to intranasal immunisation with 

Streptococcus pneumoniae in humans (Lu et al., 2008). Overall, these findings 

corroborate the role of IL-17 in modulating antifungal and antibacterial immunity. 

 

Autoimmunity develops when immune cells are chronically activated and improperly 

targeting host antigens, resulting in detrimental inflammation. The role of IL-17 as 

the hallmark of autoimmune diseases has been well documented. Increased IL-17 

mRNA expression in immune cells was detected in the cerebrospinal fluid of multiple 

sclerosis patients (Matusevicius et al., 1999). Th17 cells also demonstrated the ability 

to cross the blood-brain barrier and participate in forming multiple sclerosis lesions 

(Kebir et al., 2007). In autoimmune arthritis, IL-17 promotes cartilage and bone 

destruction (Sato et al., 2006). Similarly, using IL-17-deficient mice, it has been 

depicted that IL-17 is critical for the development of collagen-induced arthritis 

(CIA), an animal model of rheumatoid arthritis, by triggering autoantigen-specific 

immune responses (Nakae et al., 2003).  

 

Besides that, much attention has been paid to elucidate the role of IL-17 in the 

pathogenesis of psoriasis. A Spanish cross-sectional observation study has outlined 

a strong relevance between single nucleotide polymorphism in IL17RA and psoriasis 

(Batalla et al., 2015). Mice lacking IL-23 or IL-17R were found to be less prone to 

develop plaque type psoriasis caused by topical application of TLR7/TLR8 ligand, 

imiquimod (van der Fits et al., 2009). Th17 cells have been identified in the dermis 

of psoriatic skin, along with augmented IL-17 mRNA in parallel to psoriasis disease 

activity (Lowes et al., 2008). Like psoriasis, Crohn’s disease, the more common form 

of irritable bowel disease (IBD), manifests an activated Th17 phenotype with 

increased IL-17 production (Kleinschek et al., 2009). It has been studied that IL-23 

induced IL-17 drives chronic intestinal inflammation in IBD (Yen et al., 2006). 
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Nevertheless, IL-17 is indispensable to maintain healthy skin and mucosa. IL-17 

enhances epithelial cell proliferation and wound healing after skin injury (McGeachy 

et al., 2019). Consistently in the gut, IL-17 is beneficial in preserving the epithelial 

integrity by mediating the tight junction protein occludin in a dextran sodium 

sulphate model of acute IBD (Lee et al., 2015). While IL-17 is necessary to provide 

anti-microbial responses and restore barrier function, excessive IL-17 and Th17 cells 

can be potent inducers of autoimmunity. In short, these findings highlight the 

favourable and deleterious potential of IL-17 in containing infections and developing 

autoimmune diseases, respectively. 

 

 

1.6 Regulation of IL-17 activity 

 

Given that unrestrained production of IL-17 is a risk factor of chronic inflammation 

and autoimmune conditions, a tight regulation to maintain an appropriate balance is 

vital for health. The IL-17 signalling pathway is an intricate feedback loop and IL-

17 itself promotes transmission of regulatory signals (McGeachy et al., 2019). 

Besides that, signals from other cytokines that interact with the target cell can also 

lead to either synergistic activation or dampening of IL-17 expression.  

 

 

1.6.1 Positive regulators of IL-17 

 

Molecules that promote the expression of IL-17 have been identified (Figure 1.5). It 

is well known that RORγt is the signature Th17 lineage transcription factor. This is 

further substantiated by inhibition of Th17 cell differentiation and imiquimod-

induced psoriasis-like skin inflammation using a selective RORγt inverse agonist 

called TMP778 (Skepner et al., 2014). A second transcription factor that is essential 

for Th17 differentiation is Runt-related transcription factor 1 (Runx1); it induces 

RORγt expression and interacts directly with RORγt (Zhang et al., 2008).  

 

In addition, STAT3 has been found to influence Th17 differentiation through its 

binding to the promoter regions of IL-17A and IL-17F (Chen et al., 2006). IL-17 
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induction is also controlled by the IL-6-mediated Janus Kinase (JAK) 2/STAT3 

pathway. Phosphorylated STAT3 in CD4+ T cells and proinflammatory cytokines, 

such as IL-17, IL-1β, and IL-6 are diminished when mice with CIA are treated with 

JAK2 inhibitor, AG490 (Park et al., 2014). The role of nuclear factor kappa B (NF-

κB) as a positive regulator of IL-17 has been described. IL-17 secretion is halted 

when NF-κB activation is suppressed by BAY11-7082, a synthetic inhibitor of 

inhibitor kappa B alpha (IκB-α) phosphorylation (Huang et al., 2008). Furthermore, 

two family members of NF-κB, RelA/p65 and c-Rel bind to RORγ and RORγt 

promoters, respectively to increase their expression, which leads to Th17 

differentiation (Ruan et al., 2011).  

 

Interferon regulatory factor (IRF) 4 also contributes to Th17 differentiation. Mice 

lacking IRF4 are resistant to EAE due to impeded Th17 differentiation, decreased 

RORγt expression, and elevated Foxp3 expression (Brüstle et al., 2007). Rho-

associated, coiled-coil-containing protein kinase (ROCK) 2-induced phosphorylation 

of IRF4 is indispensable for IL-17 and IL-21 production (Biswas et al., 2010). 

Additionally, Kruppel-like factor (KLF) 4 mediates IL-17 production through direct 

interaction with IL-17 promoter without affecting RORγt expression (Lebson et al., 

2010). Basic leucine zipper ATF-like transcription factor (BATF) has also been 

shown to induce IL-17 expression and Th17 differentiation (Jordan-Williams et al., 

2013). 
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Figure 1.5 Positive regulators of IL-17.  

Described in detail in section 1.6.1. A myriad of cytokines and molecules are 

involved in different signaling pathways that induce (black arrows and lines) the 

expression of RORc and consequently il17 gene. Figure created with BioRender.com. 

 

 

1.6.2 Negative regulators of IL-17 

 

Molecules that negatively modulate IL-17 expression have been studied (Figure 1.6). 

Differentiation of Th17 is blunted by the presence of IFN-γ and IL-4 (Harrington et 

al., 2005). IL-27 is important to control EAE by inhibiting Th17 development, thus 

decreasing IL-17 production (Batten et al., 2006). Suppressor of cytokine signalling 

3 (SOCS3) also negatively impacts IL-23 signalling, leading to the suppression of 

Th17 differentiation (Chen et al., 2006). While interaction between Runx1 and 

RORγt results in IL-17 expression, Runx1-Foxp3 complex blocks Th17 

differentiation (Zhang et al., 2008). Runx1-induced transactivation of Rorc, the gene 

encoding RORγt is stifled through its binding to tyrosine 304 of T-bet (Lazarevic et 
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al., 2011). Intriguingly, Foxp3 and IRF8 can interact with RORγt to hamper IL-17 

promoter activation and reduce IL-17 transcription, respectively (Ichiyama et al., 

2008; Ouyang et al., 2011). Peroxisome proliferator-activated receptor γ (PPARγ) 

has been depicted to repress human and mouse Th17 differentiation by obstructing 

RORγt transcription (Klotz et al., 2009). Unlike many regulators, v-ets 

erythroblastosis virus E26 oncogene homolog 1 (Ets-1) dampens Th17 differentiation 

without influencing RORγt (Moisan et al., 2007). 

 

 

Figure 1.6 Negative regulators of IL-17.  

Described in detail in section 1.6.2. A range of cytokines and molecules are involved 

in different signaling cascades that inhibit (red arrows and lines) the expression of 

RORc and consequently il17 gene. Figure created with BioRender.com. 
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1.7 The Pellino family 

 

The research described in this thesis describes investigation into the roles of the 

Pellino family proteins in adaptive immune cell populations. Pellino in Drosophila 

melanogaster was first discovered via binding to autophosphorylated and activated 

form of the serine/threonine protein kinase Pelle using the two-hybrid system 

(Groβhans et al., 1999). Pelle shares similarity in amino acid sequence with the 

mammalian kinase called IL-1R-associated kinase (IRAK) 1 (Cao et al., 1996). 

Genes for Pellino-like proteins were sequenced in Caenorhabditis elegans (Rich et 

al., 2000) and Ciona intestinalis (Hotta et al., 2000), indicating a cross-species 

conservation in Pellino proteins. Following that, three members of the mammalian 

Pellino family – Pellino 1, Pellino 2, and Pellino 3 were identified and genetically 

mapped (Jiang et al., 2003; Yu et al., 2002; Jensen and Whitehead, 2003a). Human 

Pellino 1 and Pellino 2 genes, namely PELI1 and PELI2 have six exons and are 

located on chromosome 2 and chromosome 14, respectively (Resch et al., 2001). The 

PELI3 gene that encodes Pellino 3 protein has eight exons and is mapped to 

chromosome 11 in humans. Unlike Pellino 1 and Pellino 2, Pellino 3 is expressed in 

two alternative spliced forms – the larger Pellino3a and the smaller Pellino3b (Jensen 

and Whitehead, 2003a).  

 

Early reports established the role of Pellino family as scaffolding proteins: (i) Pellino 

1 and Pellino 2 associates with IRAK1, IRAK4, TNF receptor associated factor 

(TRAF) 6, and transforming growth factor β-activated kinase (TAK)1 in the TLR 

signalling pathway that promotes activation of the transcription factor NF-κB (Jiang 

et al., 2003; Jensen and Whitehead, 2003b; Strelow et al., 2003), (ii) Pellino 3 acts 

as a positive regulator of mitogen-activated protein kinase (MAPK) pathway (Jensen 

and Whitehead, 2003a; Butler et al., 2005). All three Pellino proteins contain a 

CH2CH2 RING motif that is closely related to the structure of the C3HC4 RING 

domain, a classical feature found in E3 ubiquitin ligases (Saurin et al., 1996; 

Schauvliege et al., 2006). Such studies suggested that Pellino proteins may be 

capable of conferring E3 ligase activity (Schauvliege et al., 2006). The latter study 

also inferred that IRAK1-mediated phosphorylation of Pellino proteins occur at the 

RING domain upon their association, which is required to promote stronger binding 
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to IRAK1 and in turn induce polyubiquitination of IRAK1 (Schauvliege et al., 2006). 

The association between Pellino proteins and IRAK1 may not involve the RING 

domain of Pellino, but it requires IRAK1 kinase activity (Schauvliege et al., 2006; 

Lin et al., 2008). Despite that, some reports have illustrated that IRAK/Pellino 

interaction is independent of IRAK1 kinase activity (Butler et al., 2007). 

 

In relation to structure, all three Pellino proteins contain a RING motif and a 

forkhead-associated (FHA) domain, which is a recognised phosphothreonine-binding 

module (Figure 1.7). The C-terminal 140 amino acids across the Pellino family are 

dispensable for interaction with IRAK1, whereas the N-terminal domain of Pellino 

1, 2, and 3b are shown to mediate this interaction (Lin et al., 2008). The structure of 

the N-terminal region of Pellino 2 (amino acids 15-275) has been resolved through 

x-ray crystal structure (Lin et al., 2008). Besides that, the unusual ‘wing’ or 

appendage adjacent to the FHA domain in Pellino 2 accounts for increased affinity 

and specificity in its binding to IRAK1 (Lin et al., 2008). This likely explains variable 

affinity of the FHA domain for the target protein in different Pellino proteins. For 

instance, Pellino 1 displays high affinity for receptor interacting protein (RIP) 1 but 

not TRAF6, whereas Pellino 3 can bind strongly to TRAF6 (Huoh & Ferguson, 

2014). 

 

 

Figure 1.7 Molecular structures of Pellino proteins.  

Pellino proteins contain an FHA domain in between two inserts that form a ‘wing’ 

and a RING-like domain. Figure created with BioRender.com. 
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Each of the Pellino proteins demonstrates E3 ubiquitin ligase activity in vitro (Butler 

et al., 2007). Ubiquitination is a post-translational modification where ubiquitin (Ub) 

or small ubiquitin-like modifiers are covalently bound to the target proteins (Ohtake 

et al., 2015). Ub is a small protein consisting of 76 amino acids (Chicooree et al., 

2013). This chemical reaction encompasses three steps that are catalysed by the 

sequential action of 3 enzymes: a ubiquitin activating E1 enzyme, followed by 

conjugation of ubiquitin to an E2 conjugating enzyme, and lastly transfer of the 

ubiquitin to the lysine residues of target proteins by E3 ubiquitin ligases (Figure 1.8; 

Hershko & Ciechanover, 1998). E3 ligase dictates substrate specificity for all E2 

ubiquitin-conjugating enzymes. Seven lysine (K/Lys) residues have been identified 

as the coupling sites for ubiquitination; among them are K48 and K63 being the most 

well-documented residues and other lysine sites including K6, K11, K27, K29, and 

K33 (Peng et al., 2003). Primarily, polyubiquitination at K48 is associated with 

proteosomal protein degradation, whereas K63-linked polyubiquitination leads to 

DNA repair and signal transduction by decorating surfaces of proteins with 

polyubiquitin chains that act as docking sites for signalling platforms (Ohtake et al., 

2015). 
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Figure 1.8 The three-step reaction of ubiquitination.  

Described in detail in section 1.7. The ubiquitination pathway involves a sequential 

action of an E1 enzyme, an E2 enzyme, and an E3 ubiquitin ligase. Figure created 

with BioRender.com. 

 

 

1.7.1. Pellino proteins and innate immune signalling 

 

Despite the strong structural homology across the Pellino family, disparate functional 

roles of the individual members in the immune system have been demonstrated. To 

date the functional role of  Pellino proteins has been mostly explored in innate 

immune signalling pathways. To this end an initial overview of innate immune 

signalling will be provided. Innate immune signalling is initiated by PRRs after 

recognition of PAMPs. Examples of PRRs are TLRs, nucleotide-binding and 

oligomerization domain (NOD)-like receptors, retinoic acid-inducible gene (RIG)-1-

like receptor, and cytosolic nucleic acid-sensing receptors (Moynagh, 2014). TLRs 

form an important family of PPRs with TLR4 being the prototypical member of this 

family (Figure 1.9).  
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Activation of TLR4 leads to complex downstream signalling cascades (Fig 1.9). All 

TLRs and IL-1R harbour a common intracellular Toll/IL-1R (TIR) domain that 

recruits TIR adaptor proteins upon TLR/IL-1R activation (O’Neill et al., 2013). 

When triggered by pathogens, such as LPS, a cell membrane component of gram-

negative bacteria (Chow et al., 1999), TLR4 interacts with either myeloid 

differentiation primary response gene 88 (MyD88) or TIR-domain-containing 

adapter-inducing interferon-β (TRIF, also known as TICAM1) and their respective 

bridging adapters, MyD88-adapter-like (Mal) and TRIF-related adaptor molecule 

(TRAM) (Fitzgerald et al., 2001; Rowe et al., 2006, Yamamoto et al., 2003). MyD88 

pathway leads to the hyper-phosphorylation and activation of IRAK1 and IRAK4, 

followed by their coupling with the E3 ubiquitin ligase TRAF6 (Li et al., 2002; 

Suzuki et al., 2002). TRAF6 then activates TAK1, resulting in downstream 

phosphorylation and proteasomal degradation of IκB kinase (IKK) α and IKKβ 

(Wang et al., 2001). This abrogates the inhibitory effect of IKK complexes on NF-

κB, enabling nuclear translocation of NF-κB and subsequent induction of pro-

inflammatory gene expression (Moynagh, 2005).  

 

Besides that, TLR4 can also deploy a MyD88-independent pathway to activate NF-

κB. TRIF recruited by TRAM interacts with RIP1 and Pellino 1, which subsequently 

regulates K63-polyubiquitination of RIP1 (Cusson-Hermance et al., 2005; Chang et 

al., 2009). This allows for the recruitment of TAK1 and IKKα/IKKβ complex 

through their binding to TAK1-binding proteins (TABs) and NF-κB essential 

modulator (NEMO), respectively. These events stimulate the activation and 

transcription of NF-κB (Rahighi et al., 2009; Humphries & Moynagh, 2015). 

Moreover, TRIF pathway can also trigger the sequential activation of TRAF3, 

IKKε/IKK-related kinases TANK-binding kinase (TBK) 1 complex, and IRF3, 

resulting in the downstream production of type 1 IFNs (Fitzgerald et al., 2003; 

Sharma et al., 2003; Kagan et al., 2008). 
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Figure 1.9 TLR4/IL-1R signalling pathway.  

Described in detail in section 1.7.1. Pellino 1 contributes to the activation of TRIF-

dependent NF-κB pathway by inducing RIP1 polyubiquitination upon stimulation of 

TLR4 with LPS. Figure created with BioRender.com. 

 

 

Inflammasomes, multimeric protein complexes, activated by the interaction between 

PRRs and PAMPs, also play an important role in the generation of pro-inflammatory 

cytokines (Blevins et al., 2022). To date, the nucleotide-binding domain, leucine-

rich-containing family, pyrin domain-containing (NLRP) 3 is the most extensively 

studied inflammasome. The NLRP3 inflammasome encompasses a NLRP3 sensor 
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protein, an adaptor protein apoptosis-associated speck-like protein containing a 

caspase activation and recruitment domain (ASC), and an effector molecule caspase-

1 (Schroder et al., 2010). The NLRP3 inflammasome is formed via a two-step 

process. Firstly, signal 1 or the priming signal triggered by an inflammatory stimulus 

(eg. TLR4 agonist) is necessary to upregulate the expression of NLRP3 and pro-

inflammatory cytokines, such as pro-IL-1β and pro-IL-18 (Schroder et al., 2010). 

Secondly, signal 2 or the activation signal induced by a variety of stimuli including 

PAMPs, and danger associated molecular patterns (DAMPs), such as alum and 

extracellular adenosine triphosphate (ATP), is critical for NLRPs inflammasome 

assembly and a form of cell death called pyroptosis (Yang et al., 2019). The 

activation step is also required for the maturation of IL-1β and IL-18 (Yang et al., 

2019). 

 

 

1.7.2 The role of Pellino 1 in immunity  

 

The mammalian counterpart of Pellino, named Pellino1 was first identified and 

shown to interact with IRAK1, IRAK4, TRAF6, and TAK1 in TLR and IL-1R 

signalling pathway for the activation of NF-κB (Jiang et al., 2003). Using protein 

overexpression and in vitro kinase assays, Pellino 1 did not affect the MAPK 

signalling pathway, implying a specific role in NF-κB activation (Jensen and 

Whitehead, 2003b). Smad6 is a negative regulator of NF-κB activation via TGF-β-

induced association with Pellino 1, inhibiting the formation of IRAK4-IRAK1-

Pellino-1-TRAF6 complex that leads to the expression of pro-inflammatory genes 

(Choi et al., 2006). Overall, these studies delineate that Pellino 1 modulates NF-κB 

activity. 

 

The generation of a Pelino 1 knockout mouse has shed some light on the 

physiological functions of Pellino 1 in innate immune system. Pellino 1 deficiency 

impairs TLR3-induced RIP1 ubiquitination and IKK activation in the TRIF-

dependent TLR pathway (Chang et al., 2009). Pellino 1 is partially required for TLR4 

signalling (that involves both TRIF- and MyD88-dependent pathways) and 

dispensable for the signalling function of IL-1R, TLR2, and TLR9, suggesting that 
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Pellino 1 does not play a role in the transmission of MyD88-dependent signals 

(Chang et al., 2009). In addition, Pellino 1 does not affect TLR3-stimulated activation 

of IKKε, IRF3, and subsequent IFNβ expression, reinforcing the specific function of 

Pellino 1 in TRIF-dependent IKK-NF-κB signalling axis (Chang et al., 2009). 

Interestingly, Pellino 1-deficient B cells are partially defective in B cell survival and 

proliferation induced by cytosine-phosphate-guanine (CpG) (TLR9 ligand), 

consistent with the effect shown in RIP1-deficient B cells (Chang et al., 2009; 

Vivarelli et al., 2004).  

 

However, there are distinct findings on the role of Pellino 1 in TLR3 signalling. 

Macrophages and dendritic cells from Pellino 1 [F397A] knock-in mutant mice with 

abolished E3 ligase activity demonstrated decreased IFNβ mRNA production and 

protein secretion when stimulated with LPS and polyinosinic-polycytidylic acid 

[Poly (I:C)]. Similar results were observed in mouse embryonic fibroblast (MEF) 

infected with Sendai virus (Enesa et al., 2012). Furthermore, poly (I:C)-stimulated 

RIP1 polyubiquitination, IKK complex activation, and MAPK activation were intact 

in bone marrow-derived macrophage (BMDM) from these mutant mice. The 

contrasting data between Pellino 1 knockout and knock-in mice needs to be 

addressed, but potentially elucidates that Pellino 1 acts devoid of its E3 ligase activity 

(Enesa et al., 2012). Normal IFNβ production in mice with complete loss of Pellino 

1 may suggest compensation by other members of Pellino family or participation of 

additional E3 ligases in the signalling pathway (Enesa et al., 2012). 

 

On the other hand, research on the functional relevance of Pellino 1 in adaptive 

immunity has produced some significant findings. Pellino 1 is an essential protein in 

regulating peripheral T cell tolerance by negatively regulating T cell activation 

(Chang et al., 2011). Pellino 1 promotes K48 polyubiquitination of c-Rel, one of the 

five family members of NF-κB that results in its degradation and so represses NF-

κB-driven activation of T cells (Chang et al., 2011). Pellino 1-deficient mice are also 

more susceptible to autoimmunity as depicted by splenomegaly, increased immune 

cells infiltration in various tissues, increased serum antinuclear antibodies, and 

immune complexes deposition in kidney glomeruli (Chang et al., 2011). Besides that, 

Pellino 1-deficient mice are resistant to EAE induction by inhibiting degradation of 

TRAF3, which is a negative regulator of MAPK activation (Xiao et al., 2013). Pellino 
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1 is found abundantly present in microglia and facilitated K63 ubiquitination of 

cellular inhibitor of apoptosis (c-IAP) by being a downstream target of TRAF6 upon 

MyD88-dependent TLR activation. Activated c-IAP in turn regulates K48 

ubiquitination of TRAF3, leading to MAPK signalling that produces 

proinflammatory cytokines and causes autoimmune neuroinflammation (Xiao et al., 

2013).  

 

In addition, Pellino 1-deficient mice demonstrate enhanced IgG deposition in the 

kidney that is correlated with exacerbated lupus-like autoimmunity, accompanied by 

higher levels of plasma cells and GC B cells (Liu et al., 2018). Pellino 1 mediates 

K48 ubiquitination and degradation of NF-κB inducing kinase (NIK), resulting in 

noncanonical NF-κB signalling that induces autoantibody production. In human 

peripheral blood mononuclear cells (PBMCs), PELI1 expression is negatively 

associated with systemic lupus erythematosus (SLE) severity and autoantibodies 

production (Liu et al., 2018).  

 

 

1.7.3 Pellino 2 and its role in the immune system 

 

Pellino 2 was characterised and expressed as a tissue restricted protein in mice. Using 

Clustal W analysis, Drosophila Pellino was identified to be 53% identical to mouse 

Pellino 2, while mouse Pellino 1 was 75% identical to mouse Pellino 2 (Resch et al., 

2001). Pellino 2 was capable of binding to IRAK1 when overexpressed and was 

required for LPS- and IL-1-induced activation of NF-κB-dependent gene promoters 

(Yu et al., 2002). Overexpression of Pellino 2 also enhances the expression of c-Jun 

and Ets-like protein-1 (Elk-1), which results in MAPK and NF-κB pathways 

activation (Jensen and Whitehead, 2003b). Pellino 2 has been demonstrated to 

associate with BCL10 during TLR4 signalling triggered by LPS, leading to 

downstream activation of NF-κB (Liu et al., 2004). The study also shows that SOCS3 

acted as a negative regulator of this LPS signalling by inhibiting the interaction 

between BCL10 and Pellino 2 (Liu et al., 2004). The deployment of BCL10 to TLR4 

signalling pathway was negatively impacted by SOCS3 in a feedback loop (Liu et 

al., 2004). Knockdown of Pellino 2 in cell lines using short hairpin ribonucleic acid 
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(shRNA) approach has suggested that Pellino 2 is indispensable for IL-1 and LPS-

induced K63- and K-48-linked polyubiquitination of IRAK1 (Kim et al., 2012). 

Pellino 2 knockdown macrophages also reduced messenger ribonucleic acid (mRNA) 

stability of pro-inflammatory genes, including keratinocytes-derived chemokine 

(KC) (also known as CXCL1) and IL-6 when stimulated with LPS (Kim et al., 2012). 

Our research group generated Pellino 2-deficient mice to explore the physiological 

role of Pellino 2 and demonstrated a role for Pellino 2 in NLRP3 signalling by 

regulating K63-linked ubiquitination and hence priming of NLRP3 (Humphries et 

al., 2018). This results in the activation of NLRP3. The study also proposes a counter-

regulatory relationship between IRAK1 and Pellino 2, whereby the inhibitory effect 

of IRAK1 on NLRP3 activation is terminated through Pellino 2-mediated 

ubiquitination of IRAK1 (Humphries et al., 2018).  

 

 

1.7.4 Pellino 3 regulates innate immunity signalling  

 

Pellino 3 was first highlighted as a pivotal scaffolding protein in IL-1 signalling 

(Jensen and Whitehead, 2003a). According to protein sequence alignment, Pellino 3 

was found to share 84% and 85% similarity with Pellino 1 and Pellino 2, respectively 

(Jensen and Whitehead, 2003a). The regulatory role of Pellino 3 in activating p38 

MAPK pathway was attributed to the additional 27-amino acid region at its N 

terminus, which was a unique characteristic in contrast to other Pellino members 

(Butler et al., 2005). This is further evidenced by its ability to activate c-Jun and Elk-

1 in the MAPK pathway (Jensen and Whitehead, 2003a). Pellino3b, the shorter of 

the two alternatively spliced Pellino 3 mRNAs, induced Lys63-linked IRAK1 

polyubiquitination, resulting in inhibition of both IL-1-triggered IRAK1 degradation 

and subsequent TAK1-dependent NF-κB activation (Xiao et al., 2008). Intriguingly, 

this negative modulation of downstream signalling from Lys63-linked IRAK1 

polyubiquitination is contrary to the traditional view that it is associated with 

signalling transduction.  

 

Pellino 3 plays a negative role in mediating type I IFN expression through TLR3 

signalling pathway. Mice lacking Pellino 3 had greater protection against 



48 

 

encephalomyocarditis virus because of enhanced expression of Ifnb in response to 

TLR3 activation. This was implicated through Lys63-linked TRAF6 

polyubiquitination by TLR3-induced Pellino 3, halting the interaction of TRAF6 with 

IRF7 and hence impaired nuclear translocation of IRF7 and downregulated Ifnb 

expression (Siednienko et al., 2012). Besides TLR3, Pellino 3 can also be activated 

by scavenger receptor-A1 in oxidised low density lipoproteins (LDL) signalling. 

TLR4-dependent IFNβ expression was diminished during the formation of foam cells 

by macrophages in atherosclerosis. This was due to mono-ubiquitination of TRAF 

family member-associated NF-κB activator by Pellino 3, which in turn blocked the 

recruitment of TBK1 to TRAF3 and subsequent IRF3 activation (Tzieply et al., 

2012). 

 

In addition to TLR signalling, Pellino 3 also regulates NOD2 signalling pathway, an 

intracellular receptor for the recognition of bacterial peptidoglycan (Rubino et al., 

2012). Pellino 3-deficient mice involved in experimental colitis models displayed 

attenuated release of NOD2-induced proinflammatory cytokines and heightened 

intestinal inflammation, consistent with the pattern observed in patients with Crohn’s 

disease where reduced Pellino 3 was found in their colons (Yang et al., 2013a). It 

was described that Pellino 3 was responsible for inducing Lys63-linked 

ubiquitination of RIP2, which assisted the recruitment of TAK1 and IKK complexes, 

leading to NF-κB and MAPKs activation (Yang et al., 2013a; Hasegawa et al., 2008). 

This finding indicates the importance of Pellino 3 in maintaining gut homeostasis. 

Upon TNF and cyclohexamide co-stimulation, Pellino 3 has been described to 

interact with RIP1, hindering the formation of death-inducing signalling complex 

(DISC) and suppressing TNF-induced apoptosis (Yang et al., 2013b). Intriguingly, 

this mechanism involving Pellino 3 was performed via its FHA domain instead of its 

RING-like domain, suggesting that certain Pellino functions may not require E3 

ubiquitin ligase activity. Furthermore, Pellino 3 also contributed to protection against 

IL-1β-driven insulin resistance in obesity. Pellino 3 targeted TRAF6-mediated 

ubiquitination, disrupting stabilisation of HIF-1α, which in turn decreased HIF-1α-

dependent IL-1 β expression and inflammation (Yang et al., 2014). Collectively, the 

evidence delineating Pellino 3 as a crucial regulator in immune signalling and disease 

control provides insight into the development of new therapeutic solutions.  
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1.8 Regulation of T cell signalling by ubiquitination  

 

Although the regulatory role of Pellino proteins in T cell immunity has not been 

widely reported, ubiquitination is an important post-translational modification to 

regulate T cell signalling and deregulated actions of ubiquitin ligases can result in 

autoimmunity (Hu & Sun, 2016). It is well documented that the E3 ligase action of 

TRAF6 in inducing polyubiquitination of NEMO is required to activate NF-κB in T 

cells (Sun et al., 2004). Another E3 ubiquitin ligase, Itch promotes JunB 

polyubiquitination and expression of Th2 cytokine genes upon T cell activation (Gao 

et al., 2004). Moreover, Casitas B cell lymphoma (Cbl) induces ubiquitination of 

TCRζ chain, affecting T cell activation (Wang et al., 2001). Two members of the Cbl 

family, c-Cbl and Cbl-b, are found to regulate T cell function via termination of TCR 

signals (Naramura et al., 2002). The growing appreciation of the role of 

ubiquitination in adaptive immunity prompts an investigation into the role of other 

E3 ubiquitin ligases such as the Pellino family in regulating specific immunity. 
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1.9 Aims of project 

 

Many studies have focused on elucidating the role of Pellino proteins in innate 

immune signalling. Nonetheless, emerging reports on the association of Pellino 1 

with autoimmunity driven by T cell and B cell functions highlight the potential of 

Pellino proteins in mediating adaptive immune system. This thesis aims to perform a 

comprehensive characterisation of the roles of Pellino proteins in generating adaptive 

immune cell populations. The work was aided by the generating of mice lacking the 

different members of the Pellino family. The overarching aim was underpinned by 3 

specific objectives: 

 

- To explore the role of the individual Pellino family members in the generation 

of T and B cell populations 

 

- To employ mice that are deficient in multiple Pellino family members in order 

to characterise functional interplay in the Pellino family   

 

- To further explore the effect of Pellino 1 on T cell activation and 

differentiation 
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2.1 Materials 

 

2.1.1 Reagents 

 

Reagents     Supplier  Catalogue # 

Acetic acid 99-100% (glacial)  Sigma-Aldrich  27221 

Agarose     Promega  V3125 

B-mercaptoethanol    Gibco   21985023 

Bovine serum albumin (BSA)   Sigma-Aldrich  A2153-100g 

Bromophenol blue    Sigma-Aldrich  B0126 

Carboxyfluorescein succinimidyl ester eBioscience  65-0850-84 

Chloroform     Sigma-Aldrich  C2432-1L 

Cytosine-phosphate-guanine (CpG) 1826  Invivogen  tlrl-1826-1 

DirectPCR lysis reagent (Tail)  Viagen Biotech 102-T 

Dulbecco's modified eagle medium  

(DMEM)     Invitrogen  10103542 

Ethylenediaminetetraacetic acid (EDTA) 

disodium salt dihydrate   Sigma-Aldrich  E5134-250G 

Fetal bovine serum (FBS)   Sigma-Aldrich  F7524-500ml 

Flagellin     Invivogen  tlrl-stfla 

GelRed® Nucleic Acid Gel Stain   Biotium  41003 

Glycine     Sigma-Aldrich  G8898-1kg 

GSK805     MedChem  HY-12776 

Intracellular (IC) Fixation buffer  Invitrogen  00-8222-49 

Isopropanol     Fisher Scientific 11358461  

Lipopolysaccharide (LPS) Enzo Life Sciences ALX-581-012- 

L002  

Minimum essential medium (MEM) 

vitamin solution 100x    Sigma-Aldrich  M6895-100ML 

Methanol      Sigma-Aldrich  322415-2L   

Molecular biology grade water   Sigma-Aldrich  W4502-1L 

Non-essential amino acid 100x   Sigma-Aldrich  M7145-100ML 

OneComp eBeadsTM compensation beads Invitrogen  01-1111-42 
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Reagents     Supplier  Catalogue # 

PageRuler™ Plus prestained protein ladder Thermo ScientificTM 26620 

Pam2CysSerLys4 (Pam2CSK4)  Invivogen  tlrl-pm2s-1 

Pam3CysSerLys4 (Pam3CSK4)  Invivogen  tlrl-pms 

Phosphate-buffered saline (PBS)  Sigma-Aldrich  D8537-500ml 

Penicillin Streptomycin   Gibco   15070-063 

Polyinosinic-polycytidylic acid [Poly (I:C)] Invivogen  tlrl-pic-5 

Proteinase K     Qiagen   19131 

Protogel     National Diagnostics EC-890 

RNaseZAPTM     Ambion  R2020-250ML 

Roswell Park Memorial Institute (RPMI)  

1640 medium     Gibco   61870-044 

SB-505124     Sigma-Aldrich  S4696-5MG 

Sodium pyruvate 100 mM   Sigma-Aldrich  S8636-100ML 

Tetramethylethylenediamine (TEMED)  Sigma-Aldrich  T9281 -100ml 

3,3',5,5'-tetramethylbenzidine (TMB)  MOSS, Inc.  TMB-US-1L 

Tris base     Sigma-Aldrich  T6066-5KG 

Tris-HCl     Thermo ScientificTM 15893661 

Tween-20     Sigma-Aldrich  P1379-500ml 

Zymosan      Invivogen  tlrl-zyn 

1 kb DNA ladder    New England Biolabs N3232S 

1X red blood cell (RBC) lysis buffer  Invitrogen  00-4333-57 

2X DreamTaq Green PCR Master Mix Thermo ScientificTM K1082 

2X PerfeCTa® SYBR® Green FastMixes™  Avantor  733-1386 

(±)-ML 209     Tocris   5987 
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2.1.2 Kits 

 

Kits        Supplier 

Naïve CD4+ T cell Isolation Kit    Miltenyi 

Murine IL-1β ELISA Kit     R&D Systems 

Murine IL-4 ELISA Kit     R&D Systems 

Murine IL-6 ELISA Kit     R&D Systems 

Murine IL-10 ELISA Kit     R&D Systems 

Murine IL-17 ELISA Kit     R&D Systems 

Murine TNF-α ELISA Kit     R&D Systems 

Murine IFN-γ ELISA Kit     R&D Systems 

 

 

2.1.3 Antibodies 

 

2.1.3.1 Antibodies for immunoblotting 

 

Primary Antibody   Supplier      Dilution Diluent 

Extracellular signal-regulated  

kinase (ERK)    Cell Signalling     1:1000 5% BSA TBST 

IRF4     Cell Signalling     1:1000 5% BSA TBST 

c-Jun N-terminal kinases (JNK)  Cell Signalling     1:1000 5% BSA TBST 

Pellino 1/2    Santa Cruz      1:200 5% BSA TBST 

Phospho-ERK    Cell Signalling     1:1000 5% BSA TBST 

Phospho-JNK    Cell Signalling     1:1000 5% BSA TBST 

Phospho-p38    Cell Signalling     1:1000 5% BSA TBST 

p38     Cell Signalling     1:1000 5% BSA TBST 

STAT3    Cell Signalling     1:1000 5% BSA TBST 

β-actin     Sigma Aldrich      1:4000 5% BSA TBST 

 

 

 

 



55 

 

Secondary Antibody   Supplier Dilution Diluent 

IRDye® 680RD Goat anti-Mouse Li-cor  1:5000  5% BSA TBST 

IRDye® 680RD Goat anti-Rabbit Li-cor  1:5000  5% BSA TBST 

 

 

2.1.3.2 Antibodies for IFN-β ELISA 

 

Antibody  Supplier Dilution    Diluent  Function 

Rat anti-Mouse  

IFN- β   Santa Cruz 1:1000       1% BSA PBS Capture 

Rat anti-Mouse  

IFN- β   PBL   1:2000       1% BSA PBS Detection 

Anti-Rabbit HRP Promega 1:2000       1% BSA PBS Reporter   

 

 

2.1.3.3 Antibodies for flow cytometry 

Antibody   Clone   Target  Supplier  Dilution 

Zombie  

NIRTM Dye    -    Cell viability  Biolegend  1:1000 

Fc block    2.4G2   Fc receptor  BD Pharmingen 1:100 

CD3 PE-Cy7    145-2C11   CD3 T cell  BD Pharmingen 1:100 

CD4 PerCP    RM4-5   CD4 T cell  Biolegend  1:200 

CD8 ef450    53-6.7   CD8 T cell  Invitrogen  1:200 

γδTCR PE    eBioGL3   γδTCR T cell  Invitrogen  1:200 

CD62L FITC    MEL-14   Naïve T cell  Biolegend  1:200 

CD44 APC    IM7    Memory T cell Invitrogen  1:200 

B220 V500    RA3-6B2   B cell   BD Horizon  1:200 

CD21 FITC    7E9    MZ B cell  Biolegend  1:200 

CD138 PE    281-2   Plasma cell  Biolegend  1:200 

CD23 PerCP    B3B4   Follicular B cell Invitrogen  1:200 

CD19 APC    eBio1D3   B1 and B2 cell Invitrogen  1:200 

CD95 PE-Cy7    Jo2    GC B cell  BD Pharmingen 1:200 

GL-7 ef450    GL-7    GC B cell  Invitrogen  1:200 
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2.1.4 Primer Sequences 

 

2.1.4.1 Real-time PCR primers 

 

Gene    Primer Sequence 5’-3’ 

Murine HPRT   Forward: AGGGATTTGAATCACGTT 

    Reverse: TTTACTGGCAACATCAACAG 

Murine Il17a    Forward: TCCAGAAGGCCCTCAGACTA 

    Reverse: TCAGGACCAGGATCTCTTGC 

Murine Il17f   Forward: CCCCATGGGATTACAACATCAC 

    Reverse: CATTGATGCAGCCTGAGTGTCT 

 

 

2.1.4.2 DNA PCR primers 

 

Allele    Primer Sequence 5’-3’ 

Murine Peli1   Forward: GCTGTTCTGGAGATGAGCACTT 

Reverse: CCTTGGCAGCCTGAGGAGTA 

Murine Peli2 (reaction 1) Forward: GCCTCTACAGGATGCTCATTT 

Reverse: GGACAGTCATGCTAGTCTGAGG 

Murine Peli2 (reaction 2) Forward: CGTGTCCATCACTCTTAAATGAA 

Reverse: GCACCATTGTACCTAAAGTAGAGAC  

Murine Peli3 (reaction 1) Forward: GTGCATACACATTCATGCAAGC 

Reverse: CCCAACATAGGTGTTTCCTCTCC 

Murine Peli3 (reaction 2) Forward: GACACGTGTGGAGATAATGAGG 

Reverse: ACCCAGGCACAAGTCAAGC 

Housekeeping (control) Forward: GAGACTCTGGCTACTCATCC 

Reverse: CCTTCAGCAAGAGCTGGGGAC 
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2.1.5 Buffers 

 

Buffer     Ingredients 

4X Laemmli sample buffer  0.25 M Tris-HCl, pH 6.8, 6% (w/v) SDS, 40%  

(w/v) glycerol, 0.04% (w/v) bromophenol blue,  

20% (v/v) β-mercaptoethanol 

4X Laemmli lower tris buffer  1.5M Tris, 0.4% (w/v) SDS, pH 8.8 

4X Laemmli upper tris buffer  0.5M Tris, 0.4% (w/v) SDS, pH 6.8 

SDS running buffer  25 mM Tris, 192 mM glycine, 0.1% (w/v)  

SDS, pH 8.3 

Laemmli transfer buffer  25 mM Tris, 192 mM glycine, 15% (v/v)  

methanol 

Tris-Acetate-EDTA (TAE) buffer 40 mM Tris base, 0.1% (v/v) glacial acetic 

acid, 1mM EDTA disodium salt dihydrate 

Tris buffered saline (TBS)  25 mM Tris, 0.14 M NaCl, pH 7.4   

Block buffer (Immunoblotting) TBS, 0.1% (v/v) Tween-20, 5% (w/v) BSA or 

non-fat dry milk powder  

Block buffer (ELISA)   PBS, 1% (w/v) BSA      

Wash buffer (ELISA)   PBS, 0.05% (v/v) Tween-20 

FACS buffer    PBS, 2% (w/v) HI-FBS 

T cell media  RPMI 1640 containing L-Glutamine, 10%   

(v/v) FBS, 1% (v/v) 5000 units/ml penicillin  

5000 µg/ml streptomycin, 0.4% (v/v) MEM 

Vitamin solution 100x, 1% (v/v) non-essential 

amino acid 100x, 0.1% (v/v) B-

mercaptoethanol, 1% (v/v) sodium pyruvate 
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2.1.6 Gifts 

 

Reagents below were gifted by Dr. Eoin McNamee (Maynooth University): 

 

Reagents    Supplier  Catalogue Number 

BAY-11-7085 (10mM)  Tocris   1743 

JSH-23 (10mM)   Sigma-Aldrich  J4455 

Ruxolitinib (10mM)   Selleck Chem  S1378 

AMG 548 (10mM)   Tocris   3920 

SP 600125 (10mM)   Tocris   1496 

FR 180204 (10mM)   Tocris   3706 

Everolimus (10mM)   Tocris   6188 

 

 

Reagents below were gifted by Dr. Andrew Hogan (Maynooth University): 

 

Reagents     Supplier  Catalogue # 

autoMACS® running buffer [magnetic  

activated cell sorting (MACS) buffer] Miltenyi  130-091-221 
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2.2  Methods 

 

2.2.1 Mice 

 

2.2.1.1 Generation of Pellino-knockout mice 

 

 
C57BL/6 mice were used as wild type (WT) mice with intact Pellino proteins. Pellino 

2-deficient (Peli2-/-) and Pellino 3-deficient (Peli3-/-) mice were created by Taconic 

Artemis using patented technology (Humphries et al., 2018; Siednienko et al., 2012). 

Heterozygous Pellino 1-deficient on a Pellino 2 & 3-double knockout background 

mice (Peli1+/-Peli2/3-/-) were generated by the Transgenics Facility in Trinity 

Biomedical Science Institute using clustered regularly interspaced short palindromic 

repeats (CRISPR). This procedure was performed with the approval of Animal 

Research Ethics Committee in Trinity College Dublin (Ref: 241109 and 111012).  

 

Following that, Peli2/3-/- mice were mated with Peli+/-Peli2/3-/- mice to generate 

Pellino triple-knockout (Peli1/2/3-/-) mice (Figure 2.1). Subsequently, Pellino 

double-knockout (Peli1/2-/- and Peli1/3-/-) mice were generated through the mating 

of Peli1/2/3-/- mice and Peli2-/- or Peli3-/- mice, leading to the establishment of double-

knockout mice colony (Figure 2.2). A multi-step breeding has been deployed to 

generate Pellino 1-deficient (Peli1-/-) mice (Figure 2.3). Firstly, Peli1+/-Peli2/3-/- mice 

were mated with WT mice to produce Peli1/2/3+/- mice, which were crossed with the 

same genotype, yielding various combinations. By crossing two Peli1+/- offsprings, 

Peli1-/- mice were generated. 
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Figure 2.1 Breeding strategy of Pellino triple-knockout mice 

Schematic figure showing the generation of Pellino triple-knockout offspring through 

two-step breeding, creating Pellino triple-knockout colony.   

 

 

 

Figure 2.2 Breeding strategy of Pellino double-knockout mice  

Representative schematic figure showing the generation of Pellino double-knockout 

offspring through two-step breeding, creating Pellino double-knockout colony.  
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Figure 2.3 Breeding strategy of Peli1-/- mice  

Representative schematic figure showing the generation of Peli1+/-  mice (upper 

panel), which were heterozygous parents to Peli1-/- mice (lower panel). 

 

All Pellino single-knockout (SKO) mice used for experiments in Chapter 3 and 4 

were matched with littermate WT mice (labelled as WT x SKO in Chapter 3 figures) 

whenever possible. All Pellino double-knockout and triple-knockout mice used for 

experiments in Chapter 3 and 4 were matched with WT mice from the WT colony 

(labelled as WT colony in Chapter 3 figures) whenever possible. WT x SKO and WT 

colony mice were pooled together as WT for statistical analysis in Chapter 3. 10-12 

weeks old mice were used as young mice, whereas 6 months old mice were used as 

old mice in Chapter 3. 8-10 weeks old mice were used in Chapter 4 if not otherwise 

specified. 
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2.2.1.2 Genotyping 

 

3-week-old mice were earpunched by Bioresource Unit staff. 1.4 μl of Proteinase K 

(0.4 mg/ml) and 70 μl of DirectPCR lysis reagent (Tail) were added to the tissue 

samples stored in sterile 1.5 ml tubes. The samples were then lysed to generate crude 

DNA by incubating at 55 oC for a minimum of 3 hours or overnight. Samples were 

incubated for an additional 45 minutes at 85 oC to inactivate Proteinase K. Samples 

were vortexed briefly and subjected to short-spin centrifugation for 5 seconds to 

collect cell debris. 2 μl of supernatant was used as DNA template for PCR 

amplification. Predesigned DNA primers were used to facilitate amplification of 

DNA generated. Remaining DNA samples were stored at -20°C. The reagents that 

made up a final volume of 20 μl reaction mix prepared on ice were outlined as below:  

 

Pellino 1  

Reagent        Volume (μl) 

2X DreamTaq Green PCR Master Mix         10 

Forward Primers (100 μM)            0.5 

Reverse Primers (100 μM)            0.5 

DNA               2 

Nuclease-free Water             7 

 

Pellino 2 and Pellino 3 – reaction 1  

Reagent        Volume (μl) 

2X DreamTaq Green PCR Master Mix         10 

Forward Primers (100 μM)            0.25 

Reverse Primers (100 μM)            0.25 

Housekeeping primer 1260-1 (100 μM)          0.2 

Housekeeping primer 1260-2 (100 μM)          0.2 

DNA               2 

Nuclease-free Water             7.1 
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Pellino 2 and Pellino 3 – reaction 2 

Reagent        Volume (μl) 

2X DreamTaq Green PCR Master Mix         10 

Forward Primers (100 μM)            0.25 

Reverse Primers (100 μM)            0.25 

DNA               2 

Nuclease-free Water             7.5 

 

Samples were amplified using an Applied Biosystems Step OneTM real-time PCR 

instrument. DNA denaturation was initiated at 95°C for 5 minutes before samples 

were subjected to 30 cycles of 95°C for 30 seconds to denature DNA, 60°C for 30 

seconds to anneal DNA, and 72°C for 1 minute to extend DNA. A final extension 

step was performed at 72°C for 10 minutes before the product was being incubated 

at 4°C. PCR products were stored at -20°C or immediately quantified by agarose gel 

electrophoresis. 

 

Agarose gel was prepared by adding 2 g of agarose to 100 ml of Tris-Acetate-EDTA 

buffer. This solution was heated to fully dissolve agarose and allowed to cool to 

below 50°C. 10 μl of GelRed® Nucleic Acid Gel Stain (1:10000 dilution) was added 

to the solution and swirled to mix before it was poured into a pre-assembled gel tray 

with well combs. The solution was left at room temperature for at least 15 minutes 

to solidify into gel, which was then transferred to the electrophoresis rig filled with 

TAE buffer. 10 μl of amplified PCR mixture alongside a 1 kb DNA ladder was loaded 

to the gel and subjected to electrophoresis at 90 volts. DNA bands were visualized 

under ultraviolet light (254 nm) in a Syngene G:Box and images captured were 

printed for analysis and recording purposes. 
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2.2.2 Cell culture  

 

2.2.2.1 Isolation and culture of primary bone marrow derived 

dendritic cells (BMDCs) 

 

Age and gender matched WT and Peli1-/- mice were sacrificed by cervical 

dislocation. In a laminar flow hood, femurs and tibias of mice were removed after 

being sterilised with EtOH (70% (v/v)). 10 ml of media [RPMI supplemented with 

heat inactivated FBS (10% (v/v)), penicillin G (100 µg/ml) and streptomycin (100 

µg/ml)] was used to flush the bone marrow into a 50ml tube with a 27-gauge needle. 

Cells were then centrifuged at 400 g for 5 minutes. Supernatant was discarded and 

the pellet was resuspended in 8 ml of media. 2ml of cells were added to a T175 cm2 

culture flask, and 30 ml of media containing 20 ng/ml (6 µl) GM-CSF (100 µg/ml) 

was then added. Cells were incubated at 37oC in a humidified chamber conditioned 

with 5% CO2 for 3 days before cells were fed with an additional pre-warmed 30 ml 

of media GM-CSF (20 ng/ml). Supernatant was removed from the flask 3 days later 

and replenished with 30 ml of media containing GM-CSF (20 ng/ml) before returning 

to culture. On the following day, 30 ml of RPMI, supplemented with GM-CSF, was 

gently added to cells which were cultured for a further 3 days. Differentiated non-

adherent BMDCs were collected and pelleted by centrifugation at 400 g for 5 

minutes. Cells were resuspended in 10 ml media and counted using a Countess 

counter. Cells were made up to 6.25 x 105 cells/ml and plated 200 µl in a 96-well U 

bottom plate for downstream cytokine analysis. Cells were cultured in a 37oC 

humidified chamber under a 5% CO2 atmosphere for at least 2 hours or overnight 

before being subjected to desired treatments. To investigate possible regulatory 

functions of Pellino 1 in antigen presenting cells, TLR ligands were added to the 

treated group (concentrations of ligands outlined in Figure 4.13). Cells were 

incubated in a 37°C humidified chamber under a 5% CO2 atmosphere for 24 hours. 

After centrifuging samples at 800 g for 3 minutes, 200 µl of supernatant was stored 

at -20°C or immediately measured for levels of TNF-α, IL-6, IL-12 p40, IL-12 p70, 

and IFN-β by sandwich enzyme-linked immunosorbent assay. 
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2.2.2.2 Isolation and culture of splenocytes 

 

Mice were sacrificed and weighed. Spleens were isolated under sterile environment 

in a laminar flow hood. Spleens were weighed and stored in 5 ml ice-cold media 

[RPMI supplemented with heat inactivated FBS (10% (v/v)), penicillin G (100 

µg/ml) and streptomycin (100 µg/ml)]. Spleens were passed through 70 µm strainers 

and collected into 15 ml tubes by flushing the strainers twice with 2.5 ml of ice-cold 

media to obtain single cell suspension. Spleen cells were then subjected to 

centrifugation at 400 g for 5 minutes at room temperature (RT), followed by the 

removal of supernatant. Cell pellets were resuspended in 3 ml of 1X RBC lysis buffer 

and the suspensions were left at RT for 3 minutes. 12 ml of ice-cold media was added 

to each sample to stop the lysis before being centrifuged at 400 g for 5 minutes at 

RT. Supernatant was discarded and cell pellets were resuspended in 5 ml of ice-cold 

T cell media. Spleen cells were counted and seeded (2×106 cells/ml; 200 µl) in 96-

well plates. 50 µl of anti-CD3 (0.5 µg/ml), diluted in cold sterile PBS, was added to 

wells of a 96-well plate prior to incubation at 4°C overnight. Plate bound anti-CD3 

was washed with 200 µl of PBS twice to remove any unbound anti-CD3. 50 µl of T 

cell media and 50 µl of anti-CD28 (0.5 µg/ml) diluted in T cell media were added to 

untreated group and stimulated group, respectively. To investigate the potential 

pathway involved in IL-17 production, inhibitors were added to the treated group 

(indicated inhibitors outlined in figure 4.10). Cells were incubated in a 37°C 

humidified chamber under a 5% CO2 atmosphere for 48 hours. After centrifuging 

samples at 800 g for 3 minutes, 200 µl of supernatant was stored at -20°C or 

immediately measured for levels of IL-4, IL-10, IL-17, IFN-γ, and TNF-α, by 

sandwich enzyme-linked immunosorbent assay.  

 

 

2.2.2.3 Naïve CD4+ T cell isolation  

 

Spleen cells from an individual mouse or pooled from multiple mice were brought 

up to 108 total cells to ensure sufficient naive CD4+ T cells yield. Splenocytes were 

centrifuged at 400 g for 5 minutes to generate cell pellets that were resuspended in 

40 µl of ice cold magnetic activated cell sorting buffer per 107 total cells. Naive CD4+ 
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T cells were isolated from mouse splenocytes using the reagents in the naïve CD4+ T 

cell isolation kit from Miltenyi. 10 µl of Biotin-Antibody Cocktail per 107 total cells 

was added to cells and mixed well for a 5-minute incubation in the refrigerator (2-

8°C). Following that, 20 µl of MACS buffer per 107 total cells, 20 µl of Anti-Biotin 

Microbeads per 107 total cells, and 10 µl of CD44 Microbeads per 107 total cells were 

added to cells and mixed well for a 10-minute incubation in the refrigerator. Cells 

were washed with 100 µl of MACS buffer per 107 total cells before being subjected 

to centrifugation at 300 g for 10 minutes. LS column was setup in the magnetic field 

of a QuadroMACSTM Separator and rinsed with 3 ml of MACS buffer. Supernatant 

was completely removed using pipettes and cell pellets were resuspended in 550 µl 

MACS buffer to be passed through the LS column. By employing the negative cell 

isolation using this MACS technology, unlabelled cells in the flow through 

representing the enriched naive CD4+ T cells were collected in a 15 ml tube together 

with the subsequent 3 ml of MACS buffer used to wash the column. Cells were 

centrifuged at 400 g for 5 minutes and resuspended in 1 ml T cell media for cell 

counting. 5×105 cells/ml of naive CD4+ T cells were seeded 200 µl per well in 96-

well plates for cytokine analysis, whereas naive CD4+ T cells were seeded (1×106 

cells/ml; 500 µl) in 24-well plates for protein analysis. 

 

 

2.2.2.4 Th17 cell differentiation in vitro 

 

Purified naive CD4+ T cells from spleen cells were counted and seeded (5×105 

cells/ml; 200 µl) in 96-well round-bottom plates. 50 µl of anti-CD3 (1 µg/ml), diluted 

in cold sterile PBS, was added to wells of a 96-well plate prior to incubation at 4°C 

overnight. Plate bound anti-CD3 was washed with 200 µl of PBS twice to remove 

any unbound anti-CD3. 50 µl of T cell media and 50 µl of anti-CD28 (5 µg/ml) 

diluted in T cell media were added to untreated group and stimulated group, 

respectively. In stimulated group for Th17 cell differentiation, naive CD4+ T cells 

were also treated with polarising cytokines: (i) TGF-β (5 ng/ml) and IL-6 (20 ng/ml) 

or (ii) IL-1β (20 ng/ml) and IL-23 (20 ng/ml) in the presence of anti-IFN-γ (10 µg/ml) 

and anti-IL-4 (10 µg/ml). Cells were incubated in a 37°C humidified chamber under 

a 5% CO2 atmosphere for 96 hours. After centrifuging samples at 800 g for 3 minutes, 
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200 µl of supernatant was stored at -20°C or immediately measured for levels of IL-

17 by sandwich enzyme-linked immunosorbent assay.  

 

 

2.2.3 Flow cytometry  

 

2.2.3.1 Extracellular staining 

 

2x106 spleen cells from WT and Peli1-/- mice were transferred to a V-bottom plate 

for extracellular staining. Cells were washed with 250 μl ice cold PBS and 

centrifuged at 400 g for 5 minutes. 100 μl of Fixable Viability Zombie NIRTM Dye 

(1000x dilution in PBS) was added to cells, whereas 100 μl of PBS was added to 

unstained controls. Cells were incubated at 4°C for 20 minutes in dark (plate covered 

with aluminium foil). CFSE-labelled cells were not stained with Fixable Viability 

Zombie NIRTM Dye to avoid interaction with CFSE within the cells. 150 μl of ice 

cold fluorescence-activated cell sorting (FACS) buffer (PBS containing 2% heat 

inactivated-FBS) was added to cells, followed by centrifugation at 400 g for 5 

minutes. 50 μl of Fc block (100x dilution in FACS buffer) was added to all samples 

to prevent non-specific antibody binding. Cells were incubated at 4°C for 10 minutes 

in dark before adding 50 μl of T cell and B cell surface staining mastermix to cells 

(concentrations of antibodies outlined in section 2.1.3.3). Compensation samples 

were also prepared by mixing 1 drop of compensation beads and 1 μl of antibody in 

50 μl of FACS buffer. Subsequently, cells and compensation samples were incubated 

at 4°C for 15 minutes in the dark. During this incubation, unstained control was 

incubated with 50 μl of FACS buffer only to be used as a negative control. Samples 

were centrifuged at 400 g for 5 minutes after 150 μl of FACS buffer was added to 

samples. Samples were resuspended in 100 μl of FACS buffer and 100 μl IC Fixation 

buffer before being transferred to 1.5 ml tubes for acquisition by Attune flow 

cytometry. Flow cytometry data was analysed using FlowJo software.  
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2.2.3.2 Carboxyfluorescein succinimidyl ester (CFSE) analysis 

 

Single-cell suspension of splenocytes were washed twice with 5 ml of PBS and 

subjected to centrifugation at 400 g for 5 minutes. Cells were counted, diluted to 1 

x107 splenocytes and 1 ml of this suspension was added to a 15 ml tube. The tube 

was laid horizontally. 110 µl of PBS was added to the top of the tube and 1.1 µl of 

the 5 mM stock of CFSE was added to the PBS. The tube was then securely capped 

and vortexed briefly. Splenocytes were labelled with CFSE (5 μM) by incubating for 

5 minutes at RT in the dark (tube covered with aluminium foil). The reaction was 

halted by adding 10 ml of PBS containing 5% of heat inactivated FBS and the 

suspension was centrifuged at 300 g for 5 minutes. The cell pellet was washed in the 

same manner twice. CFSE-labelled spleen cells were counted and cultured (2x106 

cells/ml; 200 µl) in 96-well plates in a 37°C humidified chamber under a 5% CO2 

atmosphere for 72 hours. Cells were either untreated or treated with plate bound anti-

CD3 (1 µg/ml) and soluble anti-CD28 (1 µg/ml) diluted in T cell media. Non CFSE-

labelled spleen cells were also cultured as a negative control. 

 

 

2.2.3.3 Gating strategy  

 

Lymphocytes were gated according to the forward scatter area (FSC-A) and side 

scatter area (SSC-A). To exclude doublets, cells were gated on forward scatter height 

(FSC-H) against FSC-A. The Zombie NIRTM dye-negative cells represents the live 

singlets. In this population, T cell and B cell subsets were selected using different 

cell surface markers (subset cell surface markers outlined in section 2.1.3.3) (Figure 

2.4 and Figure 2.5).  The purity of CD11b+-depleted spleen cells and naïve CD4+ T 

cells (CD44low and CD62Lhi) were also determined from live single cells using flow 

cytometry (Figure 2.6 and Figure 2.7). 
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Figure 2.4 T cell subsets identification of a WT mouse using flow cytometric 

antibodies 

Representative dot plots showing gating strategy of T cell subsets in the murine 

spleen by flow cytometry using extracellular antibodies against Zombie NIR, CD3, 

B220, CD4, CD8, γδTCR, CD44, and CD62L conjugated to appropriate 

fluorochromes. 
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Figure 2.5 B cell subsets identification of a WT mouse using flow cytometric 

antibodies 

Representative dot plots showing gating strategy of B cell subsets in the murine 

spleen by flow cytometry using extracellular antibodies against Zombie NIR, B220, 

CD19, CD138, GL7, CD95, CD23, and CD21 conjugated to appropriate 

fluorochromes. 
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                  (a) 

 

 

(b)     

 

 

Figure 2.6 CD11b+-depleted spleen cells isolated from a WT mouse confirmed 

using flow cytometric antibodies 

Representative dot plots of (a) spleen cells without CD11b+ depletion and (b) 

CD11b+-depleted spleen cells were identified using extracellular antibodies against 

Zombie NIR and CD11b conjugated to appropriate fluorochromes. CD11b is a 

marker for myeloid cells. 
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(a) 

 

 

(b) 

 

 

Figure 2.7 Enriched naïve CD4+ T cells isolated from a Pellino-1 deficient mouse 

confirmed using flow cytometric antibodies 

Representative dot plots showing (a) gating strategy of spleen cells without naïve 

CD4+ T cells enrichment using extracellular antibodies against Zombie NIR, CD3, 

CD4, CD44, and CD62L conjugated to appropriate fluorochromes. (b) Purified naïve 

CD4+ T cells from spleen cells were confirmed after isolation using MACS 

technology. 
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2.2.4 Enzyme-linked immunosorbent assay (ELISA) 

 

2.2.4.1 ELISA for IFN-γ, TNF-α, IL-4, IL-6, IL-10, IL-12 p40, IL-12 

p70, IL-17 

 

96-well assay plates (Costar®) were coated with 25 µl of 120-fold diluted capture 

antibody in PBS. Plates were covered with cling film to avoid evaporation and 

incubated overnight at 4°C. Plates were washed three times with a wash buffer (PBS-

T). Plates with blocked with 100 µl diluent (1% (w/v) BSA in PBS) in each well at 

RT for a minimum of 1 hour. Plates were washed three times again with PBS-T. 25 

µl of samples were added (neat or diluted in reagent diluent). Wells with standards 

were also coated with 25 µl of 2-fold serial diluted standards from a top working 

concentration. Plates were covered and incubated overnight at 4°C. Plates were 

washed three times with PBS-T. 25 µl of detection antibody diluted 60-fold in diluent 

was added to each well. Plates were incubated at RT for 2 hours and the wash step 

was repeated. 25 µl of Streptavidin-horseradish peroxidase (HRP) diluted 40-fold in 

diluent was added to every well followed by incubation at RT for 30 minutes. Plates 

were washed three times with PBS-T again. 25 µl of enzyme substrate (TMB) was 

added to every well and the plates were incubated in dark for 10 to 15 minutes. When 

the colour changed, 13 µl of 10% sulfuric acid was added to each well to halt the 

reaction. The optical density (OD) value of each well was measured at 450 nm and 

590 nm by a microplate reader. Standards and samples were assayed in triplicate. A 

standard curve was generated from the standards to determine the sample 

concentrations. Data analysis was performed using GraphPad Prism 6 software. 

 

 

2.2.4.2 ELISA for IFN-β 

 

Plates were coated with 25 µl of 1000-fold diluted monoclonal rat anti-mouse IFN-β 

in PBS. Plates were covered with cling film and incubated on an orbital shaker at RT. 

Plates were washed three times with a wash buffer (PBS-T). Plates with blocked with 

100 µl reagent diluent (1% (w/v) BSA in PBS) in each well at RT for 2 hours. Plates 

were washed three times again with PBS-T. 25 µl of samples were added either neat 
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or diluted in reagent diluent. Wells with standards were also coated with 25 µl of 

2500-fold serial diluted standards from a top working concentration (2 ng/ml). Plates 

were covered and incubated overnight at 4°C. Plates were washed three times with 

PBS-T. 25 µl of polyclonal rabbit anti-mouse IFN-β diluted 2000-fold in reagent 

diluent was added to every well. Plates were incubated at RT for 2 hours and the 

wash step was repeated. 25 µl of anti-rabbit Streptavidin-HRP diluted 3000-fold in 

diluent was added to each well followed by incubation at RT for 30 minutes. Plates 

were washed six times with PBS-T again. 25 µl of enzyme substrate (TMB) was 

added to every well and the plates were incubated in dark for 10 to 15 minutes. When 

the colour changed, 13 µl of 10% sulfuric acid was added to each well to stop the 

reaction. The OD value of each well was measured at 450 nm and 590 nm by a 

microplate reader. Standards and samples were assayed in triplicate. A standard curve 

was generated from the standards to determine the sample concentrations. Data 

analysis was performed using GraphPad Prism 6 software. 

 

 

2.2.5 Western blot analysis 

 

2.2.5.1 Protein harvest  

 

Cells were harvested after indicated stimulations in a 37°C humidified chamber under 

a 5% CO2 atmosphere. Cells were transferred to 1.5 ml tubes and centrifuged at 400 

g for 5 minutes. Supernatant was removed. 80 µl of 2x sample buffer was added to 

each well and combined with the cell pellets in 1.5 ml tubes. Samples were boiled at 

95°C for 5 minutes and stored at -20°C for downstream application. 

 

 

2.2.5.2 Sodium dodecyl sulfate - polyacrylamide gel electrophoresis 

(SDS-PAGE) 

 

5% acrylamide stacking gel and 8-15% resolving gel were prepared according to the 

recipe by Laemmli (Laemmli, 1970). A higher percentage resolving gel was used to 

ensure better resolution of smaller sized target protein. 2 μl of pre-stained protein 
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ladder (10-180 kDa) and same volume of samples (10-15 μl) were loaded into each 

well. The amount of protein loading was determined by the loading control (eg. β-

actin) expression. Electrophoresis was performed at 80 V for approximately 90 

minutes, followed by 100 V for 1.5 – 2 hours.  

 

 

2.2.5.3 Immunoblotting 

 

After protein separation by electrophoresis was completed, the proteins were 

transferred by electrophoresis again to nitrocellulose membranes. Whatmann paper 

and nitrocellulose membranes were soaked in the transfer buffer for 5 minutes prior 

to use. Three Whatmann papers were positioned at the bottom, stacked with the 

resolving gel and then a single layer of nitrocellulose before three more Whatmann 

papers were added at the top surface in a closed transfer unit. Following the transfer, 

membranes were washed briefly in TBST buffer. Membranes were then blocked with 

TBST containing 5% (w/v) BSA at RT in an orbital shaker for 1 hour to inhibit non-

specific antibody binding. Membranes were incubated at 4°C overnight on an orbital 

shaker with primary antibody in blocking reagent as per dilution below. Membranes 

were incubated at RT under constant agitation for one hour with a secondary antibody 

that can detect the corresponding host species of the primary antibody in blocking 

reagent after they were washed 3 times in TBST for 5 minutes each time. Protein 

bands were visualised using the Odyssey infrared imaging system from Licor 

Biosciences. 

 

 

2.2.6 Quantitative real-time polymerase chain reaction (PCR) 

 

2.2.6.1 RNA isolation from splenocytes 

 

While conditioned media of treated splenocytes were used for cytokine analysis, cell 

pellets pooled from three wells were transferred to RNase free tubes for mRNA 

analysis. Cells were lysed in 500 μl Trizol. Samples were subjected to RNA isolation 

immediately or stored at -20°C. 200 μl of chloroform per 1 ml of Trizol used was 
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added to samples. Tubes were capped and inverted for vigorous mixing. The 

homogenous mixture was incubated at RT for 2 minutes. Samples were centrifuged 

at 12,000 g for 15 minutes at 4°C to allow separation. Approximately 200 μl of the 

colourless upper aqueous phase was transferred to new RNase free tubes without 

disturbing the interphase or the lower red phenol-chloroform phase. 500 μl of 

isopropanol per 1 ml of Trizol used was added to the aqueous phase to precipitate the 

RNA. The solution was mixed by pipetting up and down before being incubated at 

RT for 10 minutes. RNA was pelleted by centrifugation at 12,000 g for 10 minutes 

at 4°C. Supernatant was removed, followed by resuspension of pellet in 1 ml of 75% 

(v/v) ethanol per 1 ml of Trizol used to wash the RNA. The mixture was vortexed 

briefly and centrifuged at 7,500 g for 5 minutes at 4°C. Ethanol was removed and the 

RNA pellet was air dried for 10 minutes. The pellet was resuspended in 20 μl of 

RNase-free water and incubated in a heat block at 60 °C for 10 minutes. The RNA 

concentration of each sample was measured by a NanodropTM spectrophotometer. An 

absorbance at 260 nm over absorbance at 280 nm ratio of 1.8-2.0 indicated pure 

RNA. RNA was stored at -80 °C for downstream application. 

 

 

2.2.6.2 Complementary DNA (cDNA) synthesis from RNA 

 

To make a DNA copy from mRNA, a master mix consisting of 1 μl of 50X Qscript 

reverse transcriptase (enzyme) and 4 μl of 5X Qscript reaction mix (buffer) per 

sample was prepared on ice. 15 μl of nuclease-free water was added to RNase free 

tubes, followed by 5 μl nuclease-free water containing 1 μg of RNA and 5 μl of the 

master mix, bringing the mixture to a final volume of 20 μl. Remaining RNA samples 

were stored at -80°C. After giving the mixture a brief vortex, it was inserted into a 

thermal cycler for DNA synthesis. Samples were incubated at 22°C for 5 minutes, 

followed by 42°C for 30 minutes, then 85°C for 5 minutes, and were lastly held at 

4°C. cDNA products were stored at -20°C or immediately analysed by RT-PCR. 
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2.2.6.3 Quantitative real-time PCR analysis 

 

Predesigned DNA primers were used to target and amplify the region of interest on 

previously generated cDNA (outlined in section 2.2.5.2). Remaining cDNA samples 

were stored at -20°C. The reagents that made up a final volume of 20 μl reaction mix 

prepared on ice were outlined as below:  

 

Reagent        Volume (μl) 

2X PerfeCTa® SYBR® Green FastMixes™         10 

Forward Primers (10 μM)            1 

Reverse Primers (10 μM)            1 

cDNA               2 

Nuclease-free Water             6 

Reaction mix of every target gene was added in triplicate wells on PCR plates to 

ensure reproducibility of assay. Samples were quantified using an Applied 

Biosystems Step OneTM real-time PCR instrument. cDNA denaturation was initiated 

at 95°C for 10 minutes before samples were subjected to 30 cycles of 95°C for 15 

seconds to denature DNA, 57°C for 30 seconds to anneal DNA, and 72°C for 45 

seconds to extend DNA.  

 

 

2.2.7 Statistical analysis 

 

GraphPad Prism 6 was used to perform statistical analysis. For comparison of one 

grouping variable with more than one data set, one-way ANOVA test with a Tukey 

multiple comparison was used. For comparison of two grouping variables with more 

than one data set, two-way ANOVA test with a Sidak multiple comparison was used. 

In all figures, a p-value < 0.05 was regarded as statistically significant with asterisk 

marking for *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001. 
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3.1 Introduction 

 

It has been demonstrated that Pellino proteins play a role in mediating innate immune 

signalling. Over the last decade, there has been growing evidence on the regulatory 

function of Pellino proteins, in particular Pellino 1, in adaptive immunity. However, 

no systematic study has been performed to evaluate the potential role of Pellino 

proteins in the development and function of adaptive immune cells.  

 

Immunophenotyping is a technique to identify immune cell type and their phenotype 

based on surface marker expression using flow cytometry. It has been widely used in 

clinical laboratory settings for diagnosis, prognosis, and treatment optimisation of 

many diseases (Mason et al., 2006; Overman et al., 2010). On the other hand, 

immunophenotyping is also a powerful tool in basic research to perform cell 

enumeration as well as providing information on their activation status and cellular 

function (Newton and Dobrovolskaia, 2022; Pockley et al., 2015).  

 

The spleen is a secondary lymphoid tissue that contains a rich repertoire of immune 

cells. It is also a site for removal of damaged erythrocytes and initiation of immune 

responses against blood-born antigens (Cesta, 2006). Immune cell distribution in 

spleen tissue of mice was reported (Hensel et al., 2019), as summarised in table 3.1 

below, making it an ideal immune organ for a comprehensive study of the adaptive 

immune system: 
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Cell type Frequency in male (%) 

(n ≥ 6) 

Frequency in female (%) 

(n ≥ 7) 

T cells 42.32 38.76 

B cells 18.01 21.36 

Macrophages 4.58 3.60 

Dendritic cells 3.95 2.23 

NK cells 3.48 3.00 

Neutrophils 3.45 2.15 

Immature myeloid cells 1.99 2.32 

Table 3.1 Cell type distribution in spleens of 8-week-old C57BL/6NCr mice  

Distribution of various immune cell subtypes based on immunophenotypic analysis 

of splenocytes from C57BL/6NCr male mice (n ≥ 6) and female mice (n ≥ 7) (Hensel 

et al., 2019). 

 

The generation of Pellino single-knockout (SKO) mice (Peli1-/-, Peli2-/-, and Peli3-/-), 

double-knockout mice (Peli1/2-/-, Peli1/3-/-, and Peli2/3-/-) and triple-knockout mice 

(Peli1/2/3-/-)  is described in section 2.2.6.1. In the figures of this chapter, WT 

controls to SKO mice have been identified by the name WT x SKO (white symbol). 

On the other hand, WT controls to double/triple-KO have been identified by the name 

WT colony with a different symbol colour (mustard symbol). Statistics were applied 

to combined WT group named WT (purple symbol) in comparison to Pellino 

single/double/triple-KO mice. 

 

This project initially aimed to examine the role of Pellino proteins in adaptive 

immune cell development through ex vivo T cell and B cell immunophenotypic 

analysis of splenocytes from various Pellino knockout mice models. This study also 

explored the age and gender dimension of Pellino proteins in influencing T cell and 

B cell subset development and activation. 

 

 

 

 



81 

 

3.2 Results 

 

3.2.1 Measurement of body and spleen weights in Pellino-deficient 

mice 

 

Peli1, Peli2, and Peli3 single-, double-, and triple-knockout mice were sex matched 

and categorised into two age groups: 10 to 12 weeks old (referenced as young) and 6 

months old (referenced as aged/old). Body and spleen weights of these mice were 

recorded and also used to calculate spleen:body weight ratio. Male Peli1/2-/- mice 

showed reduced body weight in comparison to WT mice at both young (Fig. 3.1a) 

and old (Fig. 3.1b) age. Similarly, old male (Fig. 3.1b) and female (Fig. 3.2b) 

Peli1/2/3-/- mice also weighed less than WT mice.  

 

Splenomegaly, a sign of autoimmunity has been reported in Peli1-/- mice (Chang et 

al., 2011). Hence, it was intriguing to investigate this phenotype in mice that are 

deficient in other Pellino proteins. In comparison to WT mice, Peli1-/-, Peli1/2-/-, 

Peli1/3-/- , and Peli1/2/3-/- mice of young female mice had increased spleen to body 

ratio, which was not demonstrated in the males (Fig. 3.1c and Fig. 3.2c). While old 

Peli1-/- and Peli1/2-/- male mice showed elevated spleen to body ratio relative to WT, 

only old Peli1/2-/- female mice portrayed the same effect (Fig. 3.1d and Fig. 3.2d).  

This finding reveals a Pellino1-driven impact in autoimmunity that is consistent with 

previous studies and is not affected by other Pellino proteins (Chang et al., 2011; Liu 

et al., 2018).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



82 

 

(a)      (b) 

B
o

d
y

 w
e

ig
h

t
 (

g
)

W
T

 x
 S

K
O

W
T

 c
o
lo

n
y

W
T

P
1
 -
/-

P
2
 -
/-

 

P
3
 -

/-

P
1
/2

 -
/-

P
1
/3

 -
/-

P
2
/3

 -
/-

P
1
/2

/3
 -

/-

0

1 0

2 0

3 0

4 0
* * *

1 0 - 1 2  w e e k s  o ld  ( y o u n g )

B
o

d
y

 w
e

ig
h

t
 (

g
)

W
T

 x
 S

K
O

W
T

 c
o
lo

n
y

W
T

P
1
 -
/-

P
2
 -
/-

 

P
3
 -

/-

P
1
/2

 -
/-

P
1
/3

 -
/-

P
2
/3

 -
/-

P
1
/2

/3
 -

/-

0

2 0

4 0

6 0
*

*

6  m o n t h s  o ld  ( o ld )

 
 

 

(c)      (d) 

S
p

le
e

n
 t

o
 b

o
d

y
 r

a
t
io

W
T

 x
 S

K
O

W
T

 c
o
lo

n
y

W
T

P
1
 -
/-

P
2
 -
/-

 

P
3
 -

/-

P
1
/2

 -
/-

P
1
/3

 -
/-

P
2
/3

 -
/-

P
1
/2

/3
 -

/-

0 .0 0 0

0 .0 0 2

0 .0 0 4

0 .0 0 6

0 .0 0 8

0 .0 1 0

1 0 - 1 2  w e e k s  o ld  ( y o u n g )

S
p

le
e

n
 t

o
 b

o
d

y
 r

a
t
io

W
T

 x
 S

K
O

W
T

 c
o
lo

n
y

W
T

P
1
 -
/-

P
2
 -
/-

 

P
3
 -

/-

P
1
/2

 -
/-

P
1
/3

 -
/-

P
2
/3

 -
/-

P
1
/2

/3
 -

/-

0 .0 0 0

0 .0 0 5

0 .0 1 0

0 .0 1 5

0 .0 2 0

6  m o n t h s  o ld  ( o ld )

*

* * * *

 
 

 

Figure 3.1 Measuring the effects of Pellino deficiency on body and spleen 

weights of male mice  

 

Age matched wild type (WT) and Pellino-deficient male mice were monitored for 

variations in (a, b) body weight and (c, d) spleen:body ratios at (a, c) 10 to 12 weeks 

old and (b, d) 6 months old. Pellino-deficient mice were single-deficient in Pellino 1 

(P1-/-), Pellino 2 (P2-/-) or Pellino 3 (P3-/-); double-deficient in Pellino 1 and Pellino 

2 (P1/2-/-), Pellino 1 and Pellino 3 (P1/3-/-) or Pellino 2 and Pellino 3 (P2/3-/-); triple-

deficient in Pellino 1, Pellino 2, and Pellino 3 (P1/2/3-/-). All error bars are S.D. 

Statistical analysis was performed using one-way ANOVA. 
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Figure 3.2 Measuring the effects of Pellino deficiency on body and spleen 

weights of female mice  

 

Age matched WT and Pellino-deficient female mice were monitored for variations 

in (a, b) body weight and (c, d) spleen:body ratios at (a, c) 10 to 12 weeks old and 

(b, d) 6 months old. Pellino-deficient mice were single-deficient in Pellino 1 (P1-/-), 

Pellino 2 (P2-/-) or Pellino 3 (P3-/-); double-deficient in Pellino 1 and Pellino 2 (P1/2-

/-), Pellino 1 and Pellino 3 (P1/3-/-) or Pellino 2 and Pellino 3 (P2/3-/-); triple-deficient 

in Pellino 1, Pellino 2, and Pellino 3 (P1/2/3-/-). All error bars are S.D. Statistical 

analysis was performed using one-way ANOVA. 
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3.2.2 Measurement of splenocyte number in Pellino-deficient mice 

 

Recording splenocyte number is useful to quantify the actual size of target immune 

cell populations within a spleen. For instance, the size of TCR-αβ repertoire was 

determined using total number of T cells derived from naïve mouse splenocytes 

(Casrouge et al., 2000). To generate a quantitative data on T and B cell enumeration, 

live splenocyte number was measured. It allows an accurate estimation of the size of 

various T and B cell subpopulations in the mouse spleen with different Pellino-

deficiencies.  

 

Live splenocytes generated from young Peli1/2-/- mice were significantly higher than 

WT mice, whereas the numbers of spleen cell in other mouse strains did not greatly 

vary with WT mice (Fig. 3.3a). There was no apparent difference between other 

genotypes with WT mice in old group (Fig. 3.3b). These data indicate that there may 

be infiltration of immune cells to the spleen in the absence of Pellino 1 and 2. 

 

 

 

3.2.3 Immunophenotyping of T cell populations in Pellino-deficient 

mice 

 

Given that Pellino 1 is a negative regulator of T cell activation (Chang et al., 2011), 

the impact of Pellino proteins on each T cell subset was further explored. T cells can 

be predominantly found in a mouse spleen. Single cell suspensions from spleens of 

sex and age matched mice lacking various Pellino proteins were generated. These 

spleen cells were then stained extracellularly with different cell surface markers to 

identify CD3+ T cells, CD4+ T cells, naïve CD4+ T cells, activated CD4+ T cells, 

CD8+ T cells, naïve CD8+ T cells, effector memory CD8+ T cells, central memory 

CD8+ T cells, and γδ T cells by flow cytometry. This quantitative study was presented 

in two parameters: live cell number and cell frequency/percentage. Live cell number 

of a particular population was calculated by multiplying the frequency of the 

indicated population with total live spleen cells. Data interpretation using both cell 

number and percentage helps to draw a more solid conclusion with a higher 

confidence. 
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Figure 3.3 Splenocytes numbers in Pellino-deficient mice 

 

Male and female mice were monitored for variations in splenocytes numbers at (a) 

10 to 12 weeks old and (b) 6 months old. Pellino-deficient mice were single-deficient 

in Pellino 1 (P1-/-), Pellino 2 (P2-/-) or Pellino 3 (P3-/-); double-deficient in Pellino 1 

and Pellino 2 (P1/2-/-), Pellino 1 and Pellino 3 (P1/3-/-) or Pellino 2 and Pellino 3 

(P2/3-/-); triple-deficient in Pellino 1, Pellino 2, and Pellino 3 (P1/2/3-/-). All error 

bars are S.E.M. Statistical analysis was performed using one-way ANOVA. 
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3.2.3.1 Enumeration of CD3+ T cells in Pellino-deficient mice 

 

CD3 chains bound to the TCR complex (Shah et al., 2021) are a universal marker for 

T cells, hence all T cells are CD3 positive. They are further distinguished by a 

negative signal for B cell marker (B220) (Fig. 3.4a). Single Pellino-deficient mice 

exhibited comparable CD3+ T cell count in comparison to WT mice regardless of age 

(Fig. 3.4b, c, d, e). This trend was replicated in double and triple Pellino-deficient 

mice with the exception of Peli1/2-/- mice (Fig. 3.4b, c, d, e).  

 

With respect to age, there was a significantly higher number of CD3+ T cells in young 

Peli1/2-/-  mice (Fig. 3.4b), but the percentage dropped significantly as they became 

older when compared with WT mice (Fig. 3.4e). Generally, there were no statistical 

sex differences detected across WT and Pellino-deficient mice in both young and old 

mice group (Fig. 3.4f, g).  
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Figure 3.4 CD3+ T cell enumeration in Pellino-deficient mice 

 

Representative dot plots showing CD3+ T cell frequencies of (a) a 6-month-old male 

WT mouse and a Peli1/2-/- mouse. Male and female mice were monitored for 

variations in (b, c) CD3+ T cell numbers and (d, e) CD3+ T cell frequencies at (b, d) 

10 to 12 weeks old and (c, e) 6 months old. Age matched mice were monitored for 

gender variation in CD3+ T cell frequencies at (f) 10 to 12 weeks old and (g) 6 months 

old. Pellino-deficient mice were single-deficient in Pellino 1 (P1-/-), Pellino 2 (P2-/-) 

or Pellino 3 (P3-/-); double-deficient in Pellino 1 and Pellino 2 (P1/2-/-), Pellino 1 and 

Pellino 3 (P1/3-/-) or Pellino 2 and Pellino 3 (P2/3-/-); triple-deficient in Pellino 1, 

Pellino 2, and Pellino 3 (P1/2/3-/-). All error bars are S.E.M. Statistical analysis was 

performed using (b, c, d, e) one-way ANOVA and (f, g) two-way ANOVA. 
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3.2.3.2 Enumeration of CD4+ T cells in Pellino-deficient mice 

 

CD4+ T cells are important mediators of adaptive immunity and differentiate into a 

specialised Th cell based on interactions with peptide-MHC complex in a particular 

cytokine milieu (Zhu et al., 2009). CD4+ T cells were identified as CD3+ and CD4+ 

populations by flow cytometry (Fig. 3.5a).   

 

CD4+ T cell enumeration demonstrated heterogeneity in cell numbers (Fig. 3.5b, c) 

and cell frequencies (Fig. 3.5d, e), but information could be gleaned from the 

consideration of age. CD4+ T cell numbers were significantly enhanced in young 

Peli1/2-/- mice, but not in older mice (Fig. 3.5b, c) and it did not affect the population 

frequency (Fig. 3.5d, e). CD4+ T cell numbers increased significantly in Peli1-/- and 

Peli2-/- mice in comparison with WT mice as they aged (Fig. 3.5b, c), but this trend 

was not observed when cell quantity is expressed as a percentage (Fig. 3.5d, e). On 

the other hand, CD4+ T cell frequency in young Peli2/3-/- mice did not differ from 

WT mice (Fig. 3.5d), but old Peli2/3-/- mice had a significantly lower CD4+ T cell 

frequency than WT mice (Fig. 3.5e). Peli3-/-, Peli1/3-/-, and Peli1/2/3-/- mice had 

mostly comparable CD4+ T cell count with WT mice (Fig. 3.5b, c, d, e). From the 

perspective of gender differences, all groups had similar CD4+ T cell frequency 

irrespective of age (Fig. 3.5f, g).  
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Figure 3.5 CD4+ T cell enumeration in Pellino-deficient mice 

 

Representative dot plots showing CD4+ T cell frequencies of (a) a 6-month-old 

female WT mouse and a Peli2/3-/- mouse. Male and female mice were monitored for 

variations in (b, c) CD4+ T cell numbers and (d, e) CD4+ T cell frequencies at (b, d) 

10 to 12 weeks old and (c, e) 6 months old. Age matched mice were monitored for 

gender variation in CD4+ T cell frequencies at (f) 10 to 12 weeks old and (g) 6 months 

old. Pellino-deficient mice single-deficient in Pellino 1 (P1-/-), Pellino 2 (P2-/-) or 

Pellino 3 (P3-/-); double-deficient in Pellino 1 and Pellino 2 (P1/2-/-), Pellino 1 and 

Pellino 3 (P1/3-/-) or Pellino 2 and Pellino 3 (P2/3-/-); triple-deficient in Pellino 1, 

Pellino 2, and Pellino 3 (P1/2/3-/-). All error bars are S.E.M. Statistical analysis was 

performed using (b, c, d, e) one-way ANOVA and (f, g) two-way ANOVA. 
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3.2.3.3 Enumeration of naïve CD4+ T cells in Pellino-deficient mice 

 

Naïve CD4+ T cells arriving the spleen from the thymus are inert until the encounter 

of antigenic peptide (Hochweller et al., 2010). They lack the memory T cell marker 

CD44 expression, but express CD62L that facilitates their recirculation to peripheral 

lymph nodes (Gerberick et al., 1997; Bradley et al., 1994). Therefore, naïve CD4+ T 

cells were identified on the flow cytometer as CD44- and CD62L+ subtype of total 

CD4+ T cells (Fig. 3.6a). 

 

Naïve CD4+ T cell numbers and percentages were very dispersed in young mice, 

hence there was no statistical differences observed (Fig. 3.6b, d). Old Peli1-/- mice 

had similar naïve CD4+ T cell numbers (Fig. 3.6c), but significantly lower frequency 

in comparison to WT mice (Fig. 3.6e). No pronounced differences were noticeable 

in old Peli2-/-, Peli3-/-, and  Peli2/3-/- mice compared with WT mice (Fig. 3.6c, e). Old 

Peli1/2-/- mice had significantly lower naïve CD4+ T cell numbers and percentages in 

parallel, emphasising a stark phenotype (Fig. 3.6c, e). There was also a significant 

reduction of naïve CD4+ T cell frequency in old Peli1/3-/- and Peli1/2/3-/- mice (Fig. 

3.6e). 

 

From the age dimension, Peli1/2-/- mice lost naïve CD4+ T cell numbers and 

frequency significantly as they became more mature (Fig. 3.6b, c, d, e). There was 

also a significant decrease in naïve CD4+ T cell percentages for Peli1-/-, Peli1/3-/-, 

and Peli1/2/3-/- mice along the duration of aging (Fig. 3.6d, e). Together, the loss of 

naïve CD4+ T cells was illustrated in a Pellino1-specific fashion over the maturation 

of mice. While there were no statistical differences between different genders in 

young mice (Fig. 3.6f), the frequency of naïve CD4+ T cells in old WT female mice 

was significantly reduced in contrast to old WT male mice (Fig. 3.6g).  
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Figure 3.6 Naïve CD4+ T cell enumeration in Pellino-deficient mice 

 

Representative dot plots showing naïve CD4+ T cell frequencies of (a) a 6-month-old 

male WT mouse and a Peli1/2-/- mouse. Male and female mice were monitored for 

variations in (b, c) naïve CD4+ T cell numbers and (d, e) naïve CD4+ T cell 

frequencies at (b, d) 10 to 12 weeks old and (c, e) 6 months old. Age matched mice 

were monitored for gender variation in naïve CD4+ T cell frequencies at (f) 10 to 12 

weeks old and (g) 6 months old. Pellino-deficient mice were single-deficient in 

Pellino 1 (P1-/-), Pellino 2 (P2-/-) or Pellino 3 (P3-/-); double-deficient in Pellino 1 and 

Pellino 2 (P1/2-/-), Pellino 1 and Pellino 3 (P1/3-/-) or Pellino 2 and Pellino 3 (P2/3-/-

); triple-deficient in Pellino 1, Pellino 2, and Pellino 3 (P1/2/3-/-). All error bars are 

S.E.M. Statistical analysis was performed using (b, c, d, e) one-way ANOVA and (f, 

g) two-way ANOVA. 
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3.2.3.4 Enumeration of activated CD4+ T cells in Pellino-deficient 

mice 

 

Upon engagement with peptide presented by APCs, naïve CD4+ T cells become 

activated and harbour a CD62LlowCD44high phenotype (Gerberick et al., 1997). Thus, 

activated CD4+ T cells were gated as CD44+ and CD62L- subtype of total CD4+ T 

cells by flow cytometry (Fig. 3.7a). 

 

Young Peli1-/-, Peli1/2-/-, Peli1/3-/-, and Peli1/2/3-/- mice had significantly increased 

activated CD4+ T cell numbers and percentages as compared to WT mice, but the 

generation of this cell type was unaffected in young Peli2-/-, Peli3-/-, and Peli2/3-/- 

mice (Fig. 3.7b, d). There was also a significantly higher activated CD4+ T cell 

numbers and frequency in old Peli1-/-, Peli2-/-, and Peli1/2-/- mice compared to WT 

mice (Fig. 3.7c, e). There were no differences in activated CD4+ T cells numbers and 

frequency in old Peli3-/-, Peli1/3-/-, Peli2/3-/-, and Peli1/2/3-/- mice, compared with 

WT controls (Fig. 3.7c, e).  

 

It was obvious that Peli2-/- mice accumulated significantly more activated CD4+ T 

cell numbers and frequency in the spleen as they aged (Fig. 3.7b, c, d, e). Peli1-/- and 

Peli1/2-/- mice had a significantly higher level of activated CD4+ T cells in 

comparison to WT mice from young to old age (Fig. 3.7b, c, d, e). These data suggest 

that a strong activated CD4+ T cells phenotype is driven by the absence of Pellino 1 

irrespective of age. It also implies the Pellino 2 plays a role in maintaining the 

enhanced activated CD4+ T cell phenotype in old age, but not during young age.  

 

By taking sex differences into account, the young mice did not depict any statistical 

differences (Fig. 3.7f). In old mice, there was a significant increase of activated CD4+ 

T cells in WT females in comparison to WT males (Fig. 3.7g).  
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Figure 3.7 Activated CD4+ T cell enumeration in Pellino-deficient mice 

 

Representative dot plots showing activated CD4+ T cell frequencies of (a) a 6-month-

old male WT mouse and a Peli1/2-/- mouse. Male and female mice were monitored 

for variations in (b, c) activated CD4+ T cell numbers and (d, e) activated CD4+ T 

cell frequencies at (b, d) 10 to 12 weeks old and (c, e) 6 months old. Age matched 

mice were monitored for gender variation in activated CD4+ T cell frequencies at (f) 

10 to 12 weeks old and (g) 6 months old. Pellino-deficient mice were single-deficient 

in Pellino 1 (P1-/-), Pellino 2 (P2-/-) or Pellino 3 (P3-/-); double-deficient in Pellino 1 

and Pellino 2 (P1/2-/-), Pellino 1 and Pellino 3 (P1/3-/-) or Pellino 2 and Pellino 3 

(P2/3-/-); triple-deficient in Pellino 1, Pellino 2, and Pellino 3 (P1/2/3-/-). All error 

bars are S.E.M. Statistical analysis was performed using (b, c, d, e) one-way ANOVA 

and (f, g) two-way ANOVA. 
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3.2.3.5 Enumeration of CD8+ T cells in Pellino-deficient mice 

 

To date, the role of Pellino proteins in regulating CD8+ T cell function has not been 

published. Hence, this study also aimed to assess potential connection between 

Pellino proteins and CD8+ T cell immunity. CD8+ T cells, a subtype of CD3+ T cells, 

are classified as cytotoxic T cells once they become activated. CD8+ T cells express 

both CD3 and CD8 markers (Fig. 3.8a).   

 

There were no remarkable differences of CD8+ T cell count in young and old Peli1-

/-, Peli2-/-, and Peli3-/- mice compared to WT mice (Fig. 3.8b, c, d, e). While young 

Peli1/2-/- mice did not show significant difference in CD8+ T cell count in comparison 

to WT mice at young age (Fig. 3.8b, d), they lost CD8+ T cell percentages 

significantly in comparison to WT mice at old age (Fig. 3.8e). Moreover, Peli1/3-/-, 

Peli2/3-/-, and Peli1/2/3-/- mice had comparable levels of CD8+ T cells with WT mice 

(Fig. 3.8b). 

 

In relation to age, no clear pattern was defined across Pellino-deficient mice (Fig. 

3.8b, c, d, e); CD8+ T cell frequency dropped significantly in old Peli1/2-/- mice only 

(Fig. 3.8e). Furthermore, no difference was detected when comparing CD8+ T cells 

in young males and females of all genotypes (Fig. 3.8f). Similar to naïve CD4+ T 

cells, there was a significantly lower CD8+ T cell frequency in old WT female mice 

in contrast to old WT male mice (Fig. 3.8g).  
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Figure 3.8 CD8+ T cell enumeration in Pellino-deficient mice 

 

Representative dot plots showing CD8+ T cell frequencies of (a) a 6-month-old male 

WT mouse and a Peli1/2-/- mouse. Male and female mice were monitored for 

variations in (b, c) CD8+ T cell numbers and (d, e) CD8+ T cell frequencies at (b, d) 

10 to 12 weeks old and (c, e) 6 months old. Age matched mice were monitored for 

gender variation in CD8+ T cell frequencies at (f) 10 to 12 weeks old and (g) 6 months 

old. Pellino-deficient mice were single-deficient in Pellino 1 (P1-/-), Pellino 2 (P2-/-) 

or Pellino 3 (P3-/-); double-deficient in Pellino 1 and Pellino 2 (P1/2-/-), Pellino 1 and 

Pellino 3 (P1/3-/-) or Pellino 2 and Pellino 3 (P2/3-/-); triple-deficient in Pellino 1, 

Pellino 2, and Pellino 3 (P1/2/3-/-). All error bars are S.E.M. Statistical analysis was 

performed using (b, c, d, e) one-way ANOVA and (f, g) two-way ANOVA. 
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3.2.3.6 Enumeration of naïve CD8+ T cells in Pellino-deficient mice 

 

Like naïve CD4+ T cells, naïve CD8+ T cells need to be activated via interaction with 

peptide presented by APCs to acquire effector functions (Hochweller et al., 2010). 

Naïve CD8+ T cells have a low CD44 expression and a high CD62L expression 

(Gerberick et al., 1997). They were therefore characterised as CD44- and CD62L+ 

subset of total CD4+ T cells by flow cytometry (Fig. 3.9a).   

 

There was no significant difference found in young mice across all genotypes (Fig. 

3.9b, d). There was no difference in CD8+ T cell numbers in old Peli1-/- mice relative 

to WT mice (Fig. 3.9c), but naïve CD8+ T cell frequency decreased in Peli1-/- mice  

(Fig. 3.9e). Naïve CD8+ T cells in old Peli2-/-, Peli3-/-, and Peli2/3-/- mice were closely 

matched with WT mice (Fig. 3.9c, e). However, naïve CD8+ T cells were 

significantly decreased in aged Peli1/2-/- mice (Fig. 3.9c, e). Naïve CD8+ T cell 

percentages were also significantly reduced in old Peli1/2/3-/- mice (Fig. 3.9e). 

Although a decrease of naïve CD8+ T cells was shown in old Peli1/3-/- mice, its small 

sample size was likely account for its statistical insignificance (Fig. 3.9e). 

Collectively, this finding implies a common age-associated reduction in naïve CD8+ 

T cells across all mice bearing Pellino1-deficiency. 

 

When considering sex as a factor in young mice, there was no statistical difference 

across all groups (Fig. 3.9f). Similar to naïve CD4+ T cells and CD8+ T cells, there 

was a significantly lower naïve CD8+ T cell frequency in old WT female mice in 

contrast to old WT male mice (Fig. 3.9g).  
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Figure 3.9 Naïve CD8+ cell enumeration in Pellino-deficient mice 

 

Representative dot plots showing naïve CD8+ T cell frequencies of (a) a 6-month-old 

male WT mouse and a Peli1/2-/- mouse. Male and female mice were monitored for 

variations in (b, c) naïve CD8+ T cell numbers and (d, e) naïve CD8+ T cell 

frequencies at (b, d) 10 to 12 weeks old and (c, e) 6 months old. Age matched mice 

were monitored for gender variation in naïve CD8+ T cell frequencies at (f) 10 to 12 

weeks old and (g) 6 months old. Pellino-deficient mice were single-deficient in 

Pellino 1 (P1-/-), Pellino 2 (P2-/-) or Pellino 3 (P3-/-); double-deficient in Pellino 1 and 

Pellino 2 (P1/2-/-), Pellino 1 and Pellino 3 (P1/3-/-) or Pellino 2 and Pellino 3 (P2/3-/-

); triple-deficient in Pellino 1, Pellino 2, and Pellino 3 (P1/2/3-/-). All error bars are 

S.E.M. Statistical analysis was performed using (b, c, d, e) one-way ANOVA and (f, 

g) two-way ANOVA. 
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3.2.3.7 Enumeration of effector memory CD8+ T cells in Pellino-

deficient mice 

 

Activated CD8+ T cells orchestrate immune responses against neoplastic cells and 

viral infections (Raskov et al., 2021; Zhang & Bevan., 2011). Memory CD8+ T cells 

may be subdivided into effector memory (Tem) and central memory CD8+ T cells 

(Tcm) based on their anatomical location. While CD8+ Tem cells lacking PLN 

homing receptor CD62L expression are prevalent in nonlymphoid tissues, CD8+ Tcm 

cells expressing CD62L tend to reside in secondary lymphoid organs (Laidlaw et al., 

2016). CD8+ Tem cells confer protection against infections arising within peripheral 

organs due to their ability to migrate into tissues and exert cytotoxic functions 

(Martin & Badovinac, 2018). Based on the CD44highCD62Llow phenotype of Tem, 

CD8+ Tem cells were identified as CD44+ and CD62L- subtype of total CD8+ T cells 

by flow cytometry (Fig. 3.10a). 

 

When examining the effect of Pellino proteins in CD8+ T cell activation, significantly 

higher CD8+ Tem cell numbers in young Peli1/2-/-, Peli1/3-/-, Peli1/2/3-/- mice and 

old Peli1-/- and Peli1/2-/- mice were exhibited (Fig. 3.10b, c). Furthermore, CD8+ Tem 

cell frequency was also significantly elevated in both age groups of all genotypes that 

contain Pellino 1 deficiency, except old Peli1/2/3-/- mice which showed similar 

pattern without statistical significance (Fig. 3.10d, e). There was no difference in 

CD8+ Tem cells in Peli2-/-, Peli3-/- mice, and Peli2/3-/- mice relative to WT mice 

regardless of age (Fig. 3.10b, c, d, e). The greater production of CD8+ Tem cells 

found in mice carrying Pellino 1-deficiency began from young age and remained 

until they aged; this is especially striking in Peli1/2-/- mice. 

 

Gender exploration in young mice revealed no difference in CD8+ Tem cells between 

males and females in all genotypes except a higher level in young Peli1/2/3-/- female 

mice than male mice (Fig. 3.10f). In old age group, no difference in CD8+ Tem cells 

was observed between the two genders in all genotypes (Fig. 3.10g). 
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Figure 3.10 Effector memory CD8+ T cell (Tem) enumeration in Pellino-

deficient mice 

 

Representative dot plots showing CD8+ Tem cell frequencies of (a) a 6-month-old 

male WT mouse and a Peli1/2-/- mouse. Male and female mice were monitored for 

variations in (b, c) CD8+ Tem cell numbers and (d, e) CD8+ Tem cell frequencies at 

(b, d) 10 to 12 weeks old and (c, e) 6 months old. Age matched mice were monitored 

for gender variation in CD8+ Tem cell frequencies at (f) 10 to 12 weeks old and (g) 

6 months old. Pellino-deficient mice were single-deficient in Pellino 1 (P1-/-), Pellino 

2 (P2-/-) or Pellino 3 (P3-/-); double-deficient in Pellino 1 and Pellino 2 (P1/2-/-), 

Pellino 1 and Pellino 3 (P1/3-/-) or Pellino 2 and Pellino 3 (P2/3-/-); triple-deficient in 

Pellino 1, Pellino 2, and Pellino 3 (P1/2/3-/-). All error bars are S.E.M. Statistical 

analysis was performed using (b, c, d, e) one-way ANOVA and (f, g) two-way 

ANOVA. 
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3.2.3.8 Enumeration of central memory CD8+ T cells in Pellino-

deficient mice 

 

It is reported that CD8+ Tcm cells are responsible for clearing systemic infections due 

to their central location within secondary lymphoid organs and enhanced 

proliferative capability in response to antigens (Wherry et al., 2003). They were 

characterised as CD44+ and CD62L+ population by flow cytometry (Fig. 3.11a).   

 

Young mice of Pellino-deficient mice depicted comparable CD8+ Tcm cells with WT 

mice except for a significant increase of CD8+ Tcm cells found in young Peli1/2-/- 

(Fig. 3.11b, d). Old Peli2-/- mice also showed higher levels of CD8+ Tcm cells 

compared with WT mice in terms of cell number and frequency (Fig. 3.11c, e). While 

CD8+ Tcm cell frequency was primarily unaffected by the loss of Pellino proteins, 

there a significant reduction of CD8+ Tcm cell frequency in old Peli1/2-/- mice (Fig. 

3.11e).  

 

Viewing from an age factor, Peli2-/- mice gained significantly greater CD8+ Tcm cells 

than WT mice as they aged (Fig. 3.11b, c, d, e). Conversely, Peli1/2-/- mice had 

significantly higher CD8+ Tcm cell count than WT mice at young age (Fig. 3.11b, d), 

which depleted significantly at old age (Fig. 3.11c, e). This suggests that CD8+ Tcm 

cell generation was extensively impacted by aging process in Peli1/2-/- mice. 

Examination of gender dimension in both young and old mice revealed no difference 

in CD8+ Tcm cells in female mice compared to their male counterparts across all 

genotypes (Fig. 3.11f, g). 
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Figure 3.11 Central memory CD8+ T cell (Tcm) enumeration in Pellino-deficient 

mice 

Representative dot plots showing CD8+ Tcm cell frequencies of (a) a 6-month-old 

male WT mouse and a Peli1/2-/- mouse. Male and female mice were monitored for 

variations in (b, c) CD8+ Tcm cell numbers and (d, e) CD8+ Tcm cell frequencies at 

(b, d) 10 to 12 weeks old and (c, e) 6 months old. Age matched mice were monitored 

for gender variation in CD8+ Tcm cell frequencies at (f) 10 to 12 weeks old and (g) 

6 months old. Pellino-deficient mice were single-deficient in Pellino 1 (P1-/-), Pellino 

2 (P2-/-) or Pellino 3 (P3-/-); double-deficient in Pellino 1 and Pellino 2 (P1/2-/-), 

Pellino 1 and Pellino 3 (P1/3-/-) or Pellino 2 and Pellino 3 (P2/3-/-); triple-deficient in 

Pellino 1, Pellino 2, and Pellino 3 (P1/2/3-/-). All error bars are S.E.M. Statistical 

analysis was performed using (b, c, d, e) one-way ANOVA and (f, g) two-way 

ANOVA. 
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3.2.3.9 Enumeration of γδ T cells in Pellino-deficient mice 

 

γδ T cells are critical players in cancer immunity, tissue repair, and protection against 

pathogens (Silva-Santos et al., 2015; Ribot et al., 2021; Vantourout & Hayday, 

2013). As a subset of T cells, γδ T cells express CD3 and γδTCR, hence they were 

identified as CD3+ and γδTCR+ population by flow cytometry (Fig. 3.12a).     

 

γδ T cell numbers in young Peli1/2-/- mice were significantly increased when 

compared to WT mice (Fig. 3.12b). There was no considerable difference detected 

between other young Pellino-deficient and WT mice with regards to γδ T cell 

numbers and frequencies (Fig. 3.12b, d). In aged mice, there was no difference in γδ 

T cell numbers and frequencies of old Peli1-/-, Peli2-/-, Peli3-/-, and Peli1/3-/- mice 

relative to WT mice (Fig. 3.12c). γδ T cell percentages of old Peli1/2-/- and Peli1/2/3-

/- mice were significantly decreased, whereas γδ T cell percentages were significantly 

elevated in old Peli2/3-/- mice compared with WT mice (Fig. 3.12e).  

 

Age comparison in γδ T cell populations demonstrated declined production of these 

cells in Peli1/2-/-, Peli1/3-/-, and Peli1/2/3-/- mice as they grew older (Fig. 3.12b, c, d, 

e). On the other hand, this trend was reversed in Peli2/3-/- mice (Fig. 3.12b, c, d, e). 

Collectively, this implies the existence of intricate interactions among the Pellino 

family proteins when more than one member is simultaneously absent. By exploring 

gender dimension in young mice, there were significantly more γδ T cells in young 

WT females than WT males (Fig. 3.12f). Other young Pellino-deficient mice 

exhibited no difference in γδ T cells between genders (Fig. 3.12f). Furthermore, γδ T 

cell frequency in old females in contrast to their male counterparts was also similar 

(Fig. 3.12g). 
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Figure 3.12 γδ T cell enumeration in Pellino-deficient mice 

 

Representative dot plots showing γδ T cell frequencies of (a) a 6-month-old male WT 

mouse and a Peli1/2-/- mouse. Male and female mice were monitored for variations 

in (b, c) γδ T cell numbers and (d, e) γδ T cell frequencies at (b, d) 10 to 12 weeks 

old and (c, e) 6 months old. Age matched mice were monitored for gender variation 

in γδ T cell frequencies at (f) 10 to 12 weeks old and (g) 6 months old. Pellino-

deficient mice single-deficient in Pellino 1 (P1-/-), Pellino 2 (P2-/-) or Pellino 3 (P3-/-

); double-deficient in Pellino 1 and Pellino 2 (P1/2-/-), Pellino 1 and Pellino 3 (P1/3-

/-) or Pellino 2 and Pellino 3 (P2/3-/-); triple-deficient in Pellino 1, Pellino 2, and 
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Pellino 3 (P1/2/3-/-). All error bars are S.E.M. Statistical analysis was performed 

using (b, c, d, e) one-way ANOVA and (f, g) two-way ANOVA. 

 

 

Table 3.2 Statistical significance relevance of splenic T cell subpopulations 

between WT and Pellino-deficient strains. Y = young mice, O = old mice, # = cell 

number, % = cell percentage/frequency, red column = statistical significant increase, 

blue column = statistical significant reduction, white column = no statistical 

significant changes. 

 

 

3.2.4 Immunophenotyping of B cell populations in Pellino-deficient 

mice 

 

Although Pellino 1 has been positively and negatively linked with B cell-related 

diseases (Park et al., 2014; Liu et al., 2018), the impact of Pellino proteins on each 

B cell subset remains to be fully investigated. B cells are the second most prevalent 

cell type in a mouse spleen. Single cell suspensions of sex and age matched mice 

lacking various Pellino proteins were generated from the spleen. These spleen cells 

were then stained extracellularly with different cell surface markers to identify B220+ 

T cells, B1 cells, B2 cells, immature B cells, follicular B cells, marginal zone B cells, 

germinal centre B cells, and plasma cells by flow cytometry. This quantitative 

analysis was again presented in two parameters: live cell number and cell 

frequency/percentage. 
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3.2.4.1 Enumeration of B220+ B cells in Pellino-deficient mice 

 

B cells are a component of the adaptive immune system that exert defensive 

mechanism against pathogens by releasing antibodies. B220 is the CD45 (leukocyte 

common antigen) isoform in mice that marks B lymphocytes (Bleesing & Fleisher, 

2002). Therefore, B cells were detected as B220+ population by flow cytometry (Fig. 

3.13a).     

 

Young singly Pellino 1-, Pellino 2-, or Pellino 3-deficient mice had similar B cell 

numbers compared with WT mice (Fig. 3.13b), but Peli2-/- mice had enhanced 

frequency of B cells (Fig. 3.13d). The B cell numbers in young Peli1/2-/- mice were 

also markedly larger than that for WT mice of the same age (Fig. 3.13b), but this was 

not reflected in the population frequency (Fig. 3.13d). This implies that there may be 

a mild tendency towards B cell production in the absence of Pellino 2 that is related 

to Pellino 3 as this trend can be reversed by the loss of Pellino 3.  

 

Moreover, the increase of B cell numbers and frequency observed in Peli1/2-/- and 

Peli2-/- mice, respectively was restricted in younger mice as there was no statistically 

meaningful sign of aberrant B cell expression in comparison with aged WT mice 

(Fig. 3.13c, d). When comparing between different genders of mice, females of 

young and old mice exhibited similar B cell frequency compared with the males (Fig. 

3.13f, g). Taken together, this Pellino 2-associated B cell phenotype is age and sex 

specific.  
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Figure 3.13 B220+ cell enumeration in Pellino-deficient mice 

 

Representative dot plots showing B220+ cell frequencies of (a) a 10- to 12-week-old 

male WT mouse and a Peli2-/- mouse. Male and female mice were monitored for 

variations in (b, c) B220+ cell numbers and (d, e) B220+ cell frequencies at (b, d) 10 

to 12 weeks old and (c, e) 6 months old. Age matched mice were monitored for 

gender variation in B220+ cell frequencies at (f) 10 to 12 weeks old and (g) 6 months 

old. Pellino-deficient mice were single-deficient in Pellino 1 (P1-/-), Pellino 2 (P2-/-) 

or Pellino 3 (P3-/-); double-deficient in Pellino 1 and Pellino 2 (P1/2-/-), Pellino 1 and 

Pellino 3 (P1/3-/-) or Pellino 2 and Pellino 3 (P2/3-/-); triple-deficient in Pellino 1, 

Pellino 2, and Pellino 3 (P1/2/3-/-). All error bars are S.E.M. Statistical analysis was 

performed using (b, c, d, e) one-way ANOVA and (f, g) two-way ANOVA. 
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3.2.4.2 Enumeration of B1 cells in Pellino-deficient mice 

 

B1 cells are abundantly found in the peritoneal cavity, but constitute only a small 

fraction of the spleen of adult mice. B1 cells are crucial for first line defence by 

secreting natural antibodies against bacterial pathogens (Bhat et al., 1992). B220 and 

CD19 were utilised as markers to identify B1 and B2 cell subtype. When B cells 

develop into B1 cells, unlike B2 cells, CD19 is expressed before B220 and CD43 

(Ghosn et al., 2011). As such, B1 cells harbour extracellular expression of CD19+ 

and B220low-negative  that can be identified by flow cytometry (Fig. 3.14a). 

 

There was no discrete difference in B1 cell population illustrated between WT mice 

and Pellino protein-deficient mice (Fig. 3.14b, c, d, e), suggesting that Pellino 

proteins are not involved in the regulation of B1 cell production. There was also no 

considerable difference in B1 cell enumeration with regards to age in mice expressing 

Pellino proteins or not. Interestingly, the prevalence of B1 cell was significantly 

higher in young female Peli2-/- mice than that for male Peli2-/- mice (Fig. 3.14f). This 

explains the non-uniform spread of B1 cell frequency in young Peli2-/- mice (Fig. 

3.14d). There was no difference between males and females of all groups in aged 

mice (Fig. 3.14g). Overall, Pellino 2 may have a gender-biased impact on B1 cell 

production.  
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Figure 3.14 B1 cell enumeration in Pellino-deficient mice 

 

Representative dot plots showing B1 cell frequencies of (a) a 10- to 12-week-old 

male WT mouse and a Peli2/3-/- mouse. Male and female mice were monitored for 

variations in (b, c) B1 cell numbers and (d, e) B1 cell frequencies at (b, d) 10 to 12 

weeks old and (c, e) 6 months old. Age matched mice were monitored for gender 

variation in B1 cell frequencies at (f) 10 to 12 weeks old and (g) 6 months old. 

Pellino-deficient mice were single-deficient in Pellino 1 (P1-/-), Pellino 2 (P2-/-) or 

Pellino 3 (P3-/-); double-deficient in Pellino 1 and Pellino 2 (P1/2-/-), Pellino 1 and 

Pellino 3 (P1/3-/-) or Pellino 2 and Pellino 3 (P2/3-/-); triple-deficient in Pellino 1, 

Pellino 2, and Pellino 3 (P1/2/3-/-). All error bars are S.E.M. Statistical analysis was 

performed using (b, c, d, e) one-way ANOVA and (f, g) two-way ANOVA. 
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3.2.4.3 Enumeration of B2 cells in Pellino-deficient mice 

 

B2 cells are responsible for mounting adaptive immune responses and providing 

memory upon second encounter of pathogens (Alter-Wolf et al., 2009). In contrast 

to B1 cells, B220 and CD43 are expressed before CD19 in B2 cells (Ghosn et al., 

2011), giving rise to their CD19- and B220low-negative expression that can be 

determined by flow cytometry (Fig. 3.15a).   

 

Consistent with the literature (Alter-Wolf et al., 2009), it was evident that majority 

of B cells in adult mice were B2 cells as outlined by the high frequency in the spleen 

(Fig. 3.15d, e). Single deficiency in any Pellino proteins did not affect B2 cell 

population at both young and old age (Fig. 3.15b, c, d, e). However, young Peli1/2-/- 

and Peli2/3-/- mice had significantly higher B2 cell numbers and frequency, 

respectively compared with WT mice without consistency of pattern in both 

parameters measured (Fig. 3.15b, d). This data rules out the potential of Pellino 

proteins in regulating B2 cell production. Age factor also did not significantly impact 

B2 cell expression (Fig. 3.15b, c, d, e). On the other hand, sex analysis showed bias 

towards lower percentages of B2 cells found in young females of Peli3-/- in 

comparison to the males (Fig. 3.15f). Nonetheless, gender difference did not 

contribute to disparate B2 cell enumeration in old mice (Fig. 3.15g). 

 

 

 

 

 

 

 

 

 

 

 

 



123 

 

CD19 
 

 

(a)           WT                    P2/3-/ - 

                  
 

 

 

(b)      (c) 

L
iv

e
 c

e
ll

s
 (

1
0

6
)

W
T

 x
 S

K
O

W
T

 c
o
lo

n
y

W
T

P
1
 -
/-

P
2
 -
/-

 

P
3
 -

/-

P
1
/2

 -
/-

P
1
/3

 -
/-

P
2
/3

 -
/-

P
1
/2

/3
 -

/-

0

2 0

4 0

6 0

8 0

1 0 0

1 0 - 1 2  w e e k s  o ld  ( y o u n g )

* *

 

L
iv

e
 c

e
ll

s
 (

1
0

6
)

W
T

 x
 S

K
O

W
T

 c
o
lo

n
y

W
T

P
1
 -
/-

P
2
 -
/-

 

P
3
 -

/-

P
1
/2

 -
/-

P
1
/3

 -
/-

P
2
/3

 -
/-

P
1
/2

/3
 -

/-

0

2 0

4 0

6 0

8 0

6  m o n t h s  o ld  ( o ld )

 
 

 

(d)      (e) 

F
r

e
q

u
e

n
c

y
 (

%
)

W
T

 x
 S

K
O

W
T

 c
o
lo

n
y

W
T

P
1
 -
/-

P
2
 -
/-

 

P
3
 -

/-

P
1
/2

 -
/-

P
1
/3

 -
/-

P
2
/3

 -
/-

P
1
/2

/3
 -

/-

0

2 0

4 0

6 0

8 0

1 0 - 1 2  w e e k s  o ld  ( y o u n g )

*

    

F
r

e
q

u
e

n
c

y
 (

%
)

W
T

 x
 S

K
O

W
T

 c
o
lo

n
y

W
T

P
1
 -
/-

P
2
 -
/-

 

P
3
 -

/-

P
1
/2

 -
/-

P
1
/3

 -
/-

P
2
/3

 -
/-

P
1
/2

/3
 -

/-

0

2 0

4 0

6 0

8 0

6  m o n t h s  o ld  ( o ld )

 

B
2
2
0

 



124 

 

(f)       

F
r

e
q

u
e

n
c

y
 (

%
)

W
T

P
1  -

/-
 

P
2  -

/-

P
3  -

/-

P
1 /2

 -
/-

P
1 /3

 -
/-

P
2 /3

 -
/-

P
1 /2

/3
 -

/-
0

2 0

4 0

6 0

8 0
M a le

F e m a le

*

1 0 - 1 2  w e e k s  o ld  ( y o u n g )

 
 

(g) 

F
r

e
q

u
e

n
c

y
 (

%
)

W
T

P
1
 -
/-

 

P
2
 -

/-

P
3
 -

/-

P
1
/2

 -
/-

P
1
/3

 -
/-

P
2
/3

 -
/-

P
1
/2

/3
 -

/-

0

2 0

4 0

6 0

8 0

M a le

F e m a le

6  m o n t h s  o ld  ( o ld )

 
 

Figure 3.15 B2 cell enumeration in Pellino-deficient mice 

 

Representative dot plots showing B2 cell frequencies of (a) a 10- to 12-week-old 

male WT mouse and a Peli2/3-/- mouse. Male and female mice were monitored for 

variations in (b, c) B2 cell numbers and (d, e) B2 cell frequencies at (b, d) 10 to 12 

weeks old and (c, e) 6 months old. Age matched mice were monitored for gender 

variation in B2 cell frequencies at (f) 10 to 12 weeks old and (g) 6 months old. 

Pellino-deficient mice were single-deficient in Pellino 1 (P1-/-), Pellino 2 (P2-/-) or 

Pellino 3 (P3-/-); double-deficient in Pellino 1 and Pellino 2 (P1/2-/-), Pellino 1 and 

Pellino 3 (P1/3-/-) or Pellino 2 and Pellino 3 (P2/3-/-); triple-deficient in Pellino 1, 

Pellino 2, and Pellino 3 (P1/2/3-/-). All error bars are S.E.M. Statistical analysis was 

performed using (b, c, d, e) one-way ANOVA and (f, g) two-way ANOVA. 
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3.2.4.4 Enumeration of immature B cells in Pellino-deficient mice 

 

Murine B cell development begins in bone marrow where immature B cells are 

generated and marked by the expression of a functional BCR (Herzog et al., 2009). 

Roughly 10% of immature transitional B cells overcome negative selection and 

successfully migrate to the spleen where they develop into mature B cells that are 

equipped with the ability to mount an efficient immune response (Sims et al., 2005). 

Immature B cells are denoted as B220+ cells that do not express CD23 or CD21 by 

flow cytometry (Fig. 3.16a).  

 

There was a significant higher number of immature B cells in young Peli1/2-/- mice 

in comparison to WT mice (Fig. 3.16b). Immature B cell distribution in old mice was 

similar across all genotypes (Fig. 3.16c, e). On the other hand, gender analysis 

showed that immature B cells were significantly increased in young female WT mice 

compared with male WT mice (Fig. 3.16f). This pattern was replicated in young 

Peli2-/- mice (Fig. 3.16f). No obvious phenotype was detected between sexes in old 

mice (Fig. 3.16g), implying that Pellino 2 may manipulate B cell development 

differently between sexes during young age only. 
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Figure 3.16 Immature B cell enumeration in Pellino-deficient mice 

 

Representative dot plots showing immature B cell frequencies of (a) a 6-month-old 

male WT mouse and a Peli3-/- mouse. Male and female mice were monitored for 

variations in (b, c) immature B cell numbers and (d, e) immature B cell frequencies 

at (b, d) 10 to 12 weeks old and (c, e) 6 months old. Age matched mice were 

monitored for gender variation in immature B cell frequencies at (f) 10 to 12 weeks 

old and (g) 6 months old. Pellino-deficient mice were single-deficient in Pellino 1 

(P1-/-), Pellino 2 (P2-/-) or Pellino 3 (P3-/-); double-deficient in Pellino 1 and Pellino 

2 (P1/2-/-), Pellino 1 and Pellino 3 (P1/3-/-) or Pellino 2 and Pellino 3 (P2/3-/-); triple-

deficient in Pellino 1, Pellino 2, and Pellino 3 (P1/2/3-/-). All error bars are S.E.M. 

Statistical analysis was performed using (b, c, d, e) one-way ANOVA and (f, g) two-

way ANOVA. 
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3.2.4.5 Enumeration of follicular B cells in Pellino-deficient mice 

 

The maturation of splenic immature transitional B cells gives rise to follicular (FO) 

B cells or marginal zone (MZ) B cells (Mebius & Kraal, 2005). Subsequently, FO B 

cells can differentiate into plasma cells and induce germinal centre (GC) formation 

when they encounter antigens and undergo T cell-facilitated activation (Roulland et 

al., 2007). FO B cells bear high and medium level of CD23 and CD21 surface 

markers, respectively (Fig. 3.17a). 

 

Singly deficient Pellino mice did not illustrate different FO B cell enumeration in 

comparison to WT mice in both young and old age groups (Fig. 3.17b, c, d, e). The 

double or triple Pellino knockout mice also showed similar patterns (Fig. 3.17b, c, d, 

e) with the exception to young Peli1/2-/- mice, which had significantly greater FO B 

cell numbers compared to WT mice (Fig. 3.17b). In relation to gender differences, 

comparable FO B cell frequency was observed in both age groups (Fig. 3.17f, g). 

Taken together, Pellino proteins are not involved in the generation of FO B cells.  

 

 

3.2.4.6 Enumeration of marginal zone B cells in Pellino-deficient 

mice 

 

MZ B cells are splenic transitional B cells that act as first-line defence against blood-

borne T-independent antigens and encapsulated bacteria (Kruetzmann et al., 2003; 

Weller et al., 2004). MZ B cells were marked by a low expression of CD21 and a 

high expression of CD23 (Fig. 3.18a).  

 

There was no noticeable difference in MZ B cell population between WT mice and 

mice lacking Pellino proteins in both age groups (Fig. 3.18b, c, d, e). Different gender 

also did not bring about varying pattern across all genotypes (Fig. 3.18b, c, d, e). This 

finding reveals that Pellino proteins lack participation in MZ B cell production. 
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Figure 3.17 Follicular B cell enumeration in Pellino-deficient mice 

Representative dot plots showing follicular B cell frequencies of (a) a 6-month-old 

male WT mouse and a Peli3-/- mouse. Male and female mice were monitored for 

variations in (b, c) follicular B cell numbers and (d, e) follicular B cell frequencies 

at (b, d) 10 to 12 weeks old and (c, e) 6 months old. Age matched mice were 

monitored for gender variation in follicular B cell frequencies at (f) 10 to 12 weeks 

old and (g) 6 months old. Pellino-deficient mice were single-deficient in Pellino 1 

(P1-/-), Pellino 2 (P2-/-) or Pellino 3 (P3-/-); double-deficient in Pellino 1 and Pellino 

2 (P1/2-/-), Pellino 1 and Pellino 3 (P1/3-/-) or Pellino 2 and Pellino 3 (P2/3-/-); triple-

deficient in Pellino 1, Pellino 2, and Pellino 3 (P1/2/3-/-). All error bars are S.E.M. 

Statistical analysis was performed using (b, c, d, e) one-way ANOVA and (f, g) two-

way ANOVA. 
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Figure 3.18 Marginal zone B cell enumeration in Pellino-deficient mice 

Representative dot plots showing marginal zone B cell frequencies of (a) a 6-month-

old male WT mouse and a Peli3-/- mouse. Male and female mice were monitored for 

variations in (b, c) marginal zone B cell numbers and (d, e) marginal zone B cell 

frequencies at (b, d) 10 to 12 weeks old and (c, e) 6 months old. Age matched mice 

were monitored for gender variation in marginal zone B cell frequencies at (f) 10 to 

12 weeks old and (g) 6 months old. Pellino-deficient mice were single-deficient in 

Pellino 1 (P1-/-), Pellino 2 (P2-/-) or Pellino 3 (P3-/-); double-deficient in Pellino 1 and 

Pellino 2 (P1/2-/-), Pellino 1 and Pellino 3 (P1/3-/-) or Pellino 2 and Pellino 3 (P2/3-/-

); triple-deficient in Pellino 1, Pellino 2, and Pellino 3 (P1/2/3-/-). All error bars are 

S.E.M. Statistical analysis was performed using (b, c, d, e) one-way ANOVA and (f, 

g) two-way ANOVA. 
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3.2.4.7 Enumeration of germinal centre B cells in Pellino-deficient 

mice 

 

Splenic B cells that reside in the germinal centre (GC) undergo proliferation, clonal 

expansion, and immunoglobulin class switching to generate antibody-secreting 

plasma cells and memory B cells (Roulland et al., 2007). GC B cells are recognised 

by simultaneous expression of CD95 and GL7 ((Fig. 3.19a; Hӓgglӧf et al., 2023; 

Martínez-Riaño et al., 2023). 

 

At young age, GC B cells were significantly increased in Peli1/2-/-,  Peli1/3-/-, and 

Peli1/2/3-/- mice compared to WT mice (Fig. 3.19b, d). Despite the lack of statistical 

significance, young Peli1-/- mice depicted a similar trend (Fig. 3.19b). It was 

supported by augmented percentage of GC B cells in young Peli1-/- mice that was 

statistically significant (Fig. 3.19d). These data provide strong evidence that GC B 

cell development is negatively mediated in a Pellino 1-specific manner. Interestingly, 

this pattern is also age dependent as old mice lost the phenotype, albeit a significant 

increase of GC B cell numbers was observed in Peli1-/- and Peli1/2/3-/- mice (Fig. 

3.19c), but not in GC B cell percentages (Fig. 3.19e). There was a significant 

upregulation of GC B cells in young Peli1/2-/- and Peli1/3-/- female mice in 

comparison to their male counterparts (Fig. 3.19f). Conversely, old Peli3-/- female 

mice had a significantly lower percentage of GC B cells than the males (Fig. 3.19g). 

In short, Pellino 1 does not seem to functionally crosstalk with other Pellino family 

members in the context of GC B cell development.  
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Figure 3.19 Germinal centre B cell enumeration in Pellino-deficient mice 

 

Representative dot plots showing germinal centre B cell frequencies of (a) a 10- to 

12-week-old male WT mouse and a Peli1/2/3-/- mouse. Male and female mice were 

monitored for variations in (b, c) germinal centre B cell number and (d, e) germinal 

centre B cell frequencies at (b, d) 10 to 12 weeks old and (c, e) 6 months old. Age 

matched mice were monitored for gender variation in germinal centre B cell 

frequencies at (f) 10 to 12 weeks old and (g) 6 months old. Pellino-deficient mice 

were single-deficient in Pellino 1 (P1-/-), Pellino 2 (P2-/-) or Pellino 3 (P3-/-); double-

deficient in Pellino 1 and Pellino 2 (P1/2-/-), Pellino 1 and Pellino 3 (P1/3-/-) or Pellino 

2 and Pellino 3 (P2/3-/-); triple-deficient in Pellino 1, Pellino 2, and Pellino 3 (P1/2/3-

/-). All error bars are S.E.M. Statistical analysis was performed using (b, c, d, e) one-

way ANOVA and (f, g) two-way ANOVA. 
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3.2.4.8 Enumeration of plasma cells in Pellino-deficient mice 

 

Plasma cells are terminally differentiated B cells that secrete antibodies to tackle 

foreign pathogens (D’Souza & Bhattacharya, 2019). Plasma cells harbour B220- and 

CD138+ surface markers (Fig. 3.20a; Kumazaki et al., 2007).  

 

Similar to GC B cells, the numbers and frequency of plasma cells in young mice 

lacking Pellino 1 were significantly increased compared with WT mice (Fig. 3.20b, 

d). However, plasma cell enumeration was not impacted by the loss of Pellino 2 

and/or Pellino 3 in both young and old mice (Fig. 3.20b, c, d, e), indicating a Pellino 

1-specific role in regulating plasma cell production. In old mice, plasma cell numbers 

were significantly more abundant in Peli1-/- mice than WT mice (Fig. 3.20c), 

although this was not reflected in plasma cell frequency (Fig. 3.20e). Pellino 1-

mediated plasma cell generation diminishes as aging takes place. When considering 

the gender profile, plasma cell production was significantly biased towards the young 

Peli1-/- female mice in contrast to the males (Fig. 3.20f). Aged female mice did not 

have varying levels of plasma cells in comparison to male mice (Fig. 3.20f, g).  
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Figure 3.20 Plasma cell enumeration in Peli-deficient mice 

 

Representative dot plots showing plasma cell frequencies of (a) a 10- to 12-week-old 

male WT mouse and a Peli1/2/3-/- mouse. Male and female mice were monitored for 

variations in (b, c) plasma cell numbers and (d, e) plasma cell frequencies at (b, d) 

10 to 12 weeks old and (c, e) 6 months old. Age matched mice were monitored for 

gender variation in plasma cell frequencies at (f) 10 to 12 weeks old and (g) 6 months 

old. Pellino-deficient mice were single-deficient in Pellino 1 (P1-/-), Pellino 2 (P2-/-) 

or Pellino 3 (P3-/-); double-deficient in Pellino 1 and Pellino 2 (P1/2-/-), Pellino 1 and 

Pellino 3 (P1/3-/-) or Pellino 2 and Pellino 3 (P2/3-/-); triple-deficient in Pellino 1, 

Pellino 2, and Pellino 3 (P1/2/3-/-). All error bars are S.E.M. Statistical analysis was 

performed using (b, c, d, e) one-way ANOVA and (f, g) two-way ANOVA. 
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The relevance of various Pellino-deficient mouse models on B cell populations are 

summarised in table 3.3 below. 

 

 

Table 3.3 Statistical significance relevance of splenic B cell subpopulations 

between WT and Pellino-deficient strains. Y = young mice, O = old mice, # = cell 

number, % = cell percentage/frequency, red column = statistical significant increase, 

white column = no statistical significant changes. 

 

 

3.3 Discussion 

 

Research focusing on the functions of Pellino proteins has deepened our 

understanding of the regulatory roles of Pellino proteins in the immune system. To 

date, studies have predominantly demonstrated the functional role of Pellino proteins 

in innate immune signalling pathways. Whilst there are emerging studies unravelling 

the potential of Pellino proteins in regulating adaptive immunity, a comprehensive 

study on the role of Pellino family members in generating adaptive immune cell 

populations has yet to be carried out. This formed the basis for the initial studies in 

this body of work. 

 

Single knockout (KO) mouse models of individual Pellino family members used in 

research have contributed to the advancement of knowledge in Pellino biology over 

the years. Utilising singly deficient mice in Pellino 1 (Peli1-/-), Pellino 2 (Peli1-/-) or 

Pellino 3 (Peli1-/-), the work in this thesis aims to investigate the role of the individual 

Pellino proteins in the production of T cell and B cell subtypes. In addition, this thesis 
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also intends to examine functional crosstalk in the Pellino family for the first time 

using mice that are deficient in multiple Pellino family members. To date, only 

Pellino 1/Pellino 2 double-KO cells have been employed to study their E3 ligase 

activity in TAK1 activation (Strickson et al., 2017). Mice with multiple Pellino-

deficiency are viable, although Peli1/2-/- and Peli1/2/3-/- mice are generally smaller in 

weight. 

 

A mouse spleen is enriched with a variety of immune cells. Adaptive immune 

components – T and B cells constitute a high frequency of the immune cells in the 

spleen (Hensel et al., 2019). Therefore, the murine spleen is the secondary lymphoid 

tissue chosen to explore the effect of Pellino proteins in the generation of T and B 

cell populations. Enlarged spleen (splenomegaly) is often associated with 

autoimmune diseases (Viallard et al., 2024). By conducting physical examination 

and spleen weight measurement, mice that are deficient of Pellino 1 have 

splenomegaly, a sign of autoimmunity. This data corresponds to the observation in 

Pellino 1-KO mice (Chang et al., 2011), suggesting a protective role of Pellino 1 in 

autoimmunity. Moreover, this effect is specific to Pellino 1 as both the spleen weight 

and spleen:body ratio are unaffected in the absence of Pellino 2 and Pellino 3. The 

abundant presence of splenocytes in young Peli1/2-/- mice may indicate increased 

immune cells infiltration in the spleen, which is generally linked with cancer 

prognosis and characteristics of autoimmune diseases, such as lupus nephritis (Cao 

et al., 2019).  

 

T cell immunophenotypic study in this thesis provides insight into the roles of Pellino 

proteins in T cell subtypes including CD3+ T cells, CD4+ T cells, naïve CD4+ T cells, 

activated CD4+ T cells, CD8+ T cells, naïve CD8+ T cells, effector memory CD8+ T 

(Tem) cells, central memory CD8+ T (Tcm) cells, and γδ T cell. In young mice, the 

high number of viable spleen cells in Peli1/2-/- mice give rise to significantly elevated 

number of CD3+, CD4+, and γδ T cell. However, this finding is not reflected by their 

corresponding percentage suggesting other cell types may also contribute to increase 

in overall numbers of spleen cells. 

 

The present analysis also demonstrates a striking phenotype in which activated CD4+ 

T cells and Tem cells are dramatically elevated in mice lacking Pellino 1 in 
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comparison to WT mice. The production of these cells is not affected by the absence 

of Pellino 2 or Pellino 3. The prevailing effect of Pellino 1-driven phenotype in 

activated CD4+ and Tem cell populations of Peli1/2-/-, Peli1/3-/-, and Peli1/2/3-/- mice 

suggests that there is no functionality overlap among all Pellino members. This 

phenomenon implies a role solely for Pellino 1 in the Pellino family as a negative 

regulator of T cell activation. This is consistent with the negative impact of Pellino 1 

on T cell activation that has been previously established (Chang et al., 2011). 

However, our studies provide the first insight that this function of Pellino1 does not 

extend to other Pellino family members. 

 

Naïve CD4+ and naïve CD8+ T cell enumerations are similar across all genotypes at 

young age. However, as the mice age, there is an emerging pattern of losing naïve 

CD4+ T cells and gaining activated CD4+ T cells and this is further augmented in a 

Pellino 1-specific fashion. This is also evidenced in the reduction of naïve CD8+ T 

cells and augmentation of Tem cells compared to WT mice that is apparent in the 

absence of Pellino 1 in aged mice. Notably, the aging process contributes to this 

phenotype. Under normal circumstances, memory T cell formation peaks during 

early childhood as they have many first interaction with new antigens; T cell 

compartment stabilises and produces less memory while it maintains 

immunosurveillance during adulthood (Kumar et al., 2018). Therefore, the age-

related conversion of naïve CD4+ and naïve CD8+ T cell into respective activated 

CD4+ T cells and Tem cells might underpin aberrant T cell activation in mice lacking 

Pellino 1 that progresses with time. This consolidates the role of Pellino 1 in 

modifying the molecular landscape of T cell activation.  

 

There are several interesting observations depicted in the old age group. Firstly, CD3+ 

T cell enumeration reveals a lower frequency of CD3+ T cell in old Peli1/2-/- mice in 

comparison to WT mice. CD3 is a marker for all T cells, including CD4+ and CD8+ 

T cells. While CD4+ T cell population in Peli1/2-/- mice is unaffected, there is a 

significantly reduced CD8+ T cell population in these mice in contrast to WT mice, 

which may account for the overall CD3+ T cell decrease. Because total CD8+ T cell 

count is not affected in mice bearing individual Pellino 1 or Pellino 2 deficiency, it 

indicates an existing compensation between Pellino 1 and Pellino 2 to maintain total 

CD8+ T cell homeostasis.  
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Secondly, there is a significant increase of total CD4+ T cell number in old Peli2-/- 

mice in comparison to WT mice. This enhanced T cell count gives rise to 

significantly higher activated CD4+ T cells in old Peli2-/- mice than WT mice without 

affecting naïve CD4+ T cell population. It is also consistent with the influence of 

Pellino 2 on CD8+ T cell compartment whereby old Peli2-/- mice had unchanging 

naïve CD8+ T cells and significantly greater Tcm cells in contrast to WT mice. Since 

this phenotype is not illustrated in young mice lacking Pellino 2, CD4+ and CD8+ T 

cell activation mediated by Pellino 2 is age-associated.  

 

Further exploration into CD8+ T cell subsets delineates varying functions of different 

Pellino proteins. While Pellino 1 negatively mediates Tem cell production, it does 

not influence the Tcm subset. On the other hand, Pellino 2 is not involved in Tem 

cell production, but it appears to control Tcm cell generation in old age. However, 

there appears to be some functional and complex interplay between Pellino 1 and 

Pellino 2 in Tcm generation at a young age since young Peli1/2-/- mice show 

upregulated numbers of Tcm cells. However, in old mice, the loss of Pellino 1 and 

Pellino 2 results in a shift of naïve CD8+ T cells into Tem cells, negatively impacting 

the expression of Tcm cells. This phenotype is likely due to the dominant effect of 

Pellino 1 over Pellino 2 in regulating Tem production. It would be interesting to 

explore this biology in the context of infection and assess the impact of Pellino 1 and 

Pellino 2 deficiency in Tem and Tcm-mediated protection against lymphocytic 

choriomeningitis virus or Listeria monocytogenes (Wherry et al., 2003; Huster et al., 

2006). Taken together, Pellino 1 and Pellino 2 appear to negatively regulate the 

formation of Tem and Tcm cells, respectively. 

 

In addition to T cell enumeration, B cell immunophenotypic study in this thesis sheds 

light on the role of Pellino proteins in B cell subsets including B1 cells, B2 cells, 

immature B cells, FO B cells, MZ B cells, GC B cells, and plasma cells. Pellino 1 

plays a negative role in regulating GC B cells and plasma cells, whereas Pellino 2 

and Pellino 3 do not contribute to the regulation of B cell subtypes. The regulatory 

impact of Pellino 1 on GC B cells and plasma cells diminishes with age; thus, it will 

be important to investigate the molecular mechanism related to age. In line with 

published findings, our data shows that Pellino 1 may have a protective role during 
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young age against B cell-mediated autoimmunity characterised by high prevalence 

of GC B cells and plasma cells (Liu et al., 2018). 

 

The impact of Pellino proteins on T cell and B cell subtypes was also evaluated from 

a sex/gender dimension. There are several phenomena displayed in this study that are 

female skewed, such as splenomegaly that links to autoimmunity in a Pellino 1-

specific manner. Intriguingly, there is reduced naïve CD4+ T cells and increased 

activated CD4+ T cells in old WT female mice. Naïve CD8+ T cells are generally less 

in old WT female mice that is represented by a reduction of total CD8+ T cells. Young 

WT female mice also have a higher frequency of γδ T cells than the males. 

Furthermore, B cell immunophenotyping also reveals enhanced GC B cells in young 

Peli1/2-/- and Peli1/3-/- female mice, whereas young Peli1-/- female mice have elevated 

plasma cell population. The gender bias shown in these mice aligns with other 

research that show female are more prone to develop T cell and/or B-cell-driven 

autoimmune diseases, such as rheumatoid arthritis, Sjӧgren’s syndrome, systemic 

lupus erythematosus, and Grave’s disease (Xing et al., 2022). Sex hormones, immune 

cells composition, and genetic factors are among factors that account for the higher 

risk to autoimmunity in female (Miquel et al., 2023).  

 

In short, these findings corroborate the role of Pellino 1 in negatively modulating T 

cell and B cell activation, as well as conferring protection against autoimmunity. 

Unlike Pellino 1, Pellino 2 does not affect naïve CD4+ and naïve CD8+ T cells while 

activating their counterparts, suggesting Pellino 2 regulates T cell activation via a 

different pathway. While Pellino 1 negatively impacts Tem cells, Pellino 2 imposes 

a greater influence on Tcm cells. This again highlights the different functional roles 

between Pellino 1 and Pellino 2 in mediating T cell activation. These studies form 

the basis for future studies to better understand these differences between Pellino 1 

and Pellino 2 as well as to study the mechanism(s) used by Pellino 1 in controlling T 

cell and B cell activation.  
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4.1 Introduction 

 

The immune system has 2 functional arms – the innate immune system and adaptive 

immune system. Although these two immune systems are commonly viewed as two 

separate entities, they are also interdependent. The discovery of PAMPs and PRRs 

has further refined the paradigm of interaction between innate immunity and adaptive 

immunity (Medzhitov & Janeway, 1997). 

 

Recognition of PAMPs by PRRs activate APCs, such as macrophages and dendritic 

cells, producing the antigen-specific signals in the form of MHC-peptide complexes 

(Medzhitov & Janeway, 1997). This acts as a first signal that is critical for T cell 

activation through the engagement between peptide presented by MHC on the 

antigen presenting cell and the TCR on the T cell. The ligation of PAMPs to PRRs 

also leads to the expression of costimulatory molecules (B7.1 (CD80) and B7.2 

(CD86) ) on APCs. The binding of B7.1 or B7.2 to CD28 on T cells provides a second 

signal that is pivotal for clonal expansion of T cells, sustaining their proliferation and 

survival (June et al., 1994). In addition, encounter of pathogens by PRRs also results 

in the secretion of effector cytokines, which instructs the differentiation of activated 

T cells into a specific T helper subset, including Th1, Th2, Th17, Treg, and Tfh 

(Medzhitov & Janeway, 1997). Distinct effector T cells that form as an outcome of 

this process may then control the innate response. For instance, Th1 cells contribute 

to the activation of macrophage for antimicrobial activity through the production of 

IFN-γ (Dalton et al., 1993). IL-17 secreted by Th17 cells modulates the activation of 

neutrophils and their protection against pneumococcal (Lu et al., 2008). 

 

The T cell response acts in an antigen-specific fashion but is also dependent on PRR 

activation by PAMPs. This entire mechanism ensures that a T cell that receives signal 

1 and signal 2 derived from the same APC only elicits productive activation, 

preserving the specificity of T cell effector function (Liu & Janeway, 1992). It also 

prevents autoimmunity as PRRs do not generally recognise self-antigens and instead 

PAMPs from foreign organisms (Medzhitov & Janeway, 1997). In short, the 

interaction between PAMPS and PRRs, together with activation of the TCR and 

regulatory cytokines, gives rise to the 3 signals necessary to induce effector functions 
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of adaptive immune cells. It is apparent that the activation of innate immunity is 

required for the initiation of the adaptive immune response to an antigen, which may 

in turn facilitate target innate immune cells to mount an appropriate immune 

response.  

 

The role of Pellino proteins in the innate immune system is being delineated over 

time. However, there is a gap of knowledge on the regulatory role of Pellino proteins 

in the adaptive immune system. Emerging reports on the involvement of Pellino 

proteins, particularly Pellino 1, in regulating T cell- and B cell-associated immunity 

are beginning to reveal its potential to control adaptive responses. It is suggested that 

Pellino 1 has a protective role against autoimmunity, such as SLE (Liu et al., 2018). 

Despite that, Pellino 1 has also been recently linked with the production of IL-17A 

in psoriasis (Kim et al., 2023). Among a myriad of cytokines, uncontrolled IL-17 

production has been predominantly identified as a key factor for the development of 

autoimmune diseases, such as multiple sclerosis, rheumatoid arthritis, and psoriasis 

(Kebir et al., 2007; Sato et al., 2006; Batalla et al., 2015). Given that both Pellino 1 

and IL-17 are correlated with autoimmunity, we were especially interested to further 

examine the relationship between Pellino 1 and IL-17. 

 

The production of IL-17 is tightly regulated by different signalling pathways to 

maintain immune homeostasis (Fig. 4.1). Signalling through TCR and co-stimulation 

of CD28 leads to activation of NF-κB and nuclear factor of activated T cells (NFAT)-

mediated AP-1 (Zhang et al., 2021). Differentiation of Th17 cells is mainly governed 

by IL-6, IL-21, IL-23, and TGF-β. IL-6 induces the expression of IL-21 in activated 

T cells and increases IL-23 receptor expression on Th17 cells (Nurieva et al., 2007; 

Yang et al., 2007). IL-21 and IL-23 have been reported to positively mediate the 

Th17-lineage transcription factor RORγt expression, which is encoded by Rorc 

(Zhou et al., 2007). The coupling of IL-6, IL-21, and IL-23 to their respective 

receptors activates JAK, leading to the activation of STAT3, which is vital for Th17 

differentiation and development (Nishihara et al., 2007; Woś & Tabarkiewicz, 2021; 

Bloch et al., 2018).  
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On the other hand, the canonical TGF-β signalling pathway activates Smad2 and 

Smad3 by phosphorylation prior to the formation of a complex with Smad4 (Zhang 

et al., 2018). In the absence of TGF-β signalling, Smad4 recruits SKI and then 

engages with multiple loci of Rorc to suppresses RORγt transcription (Zhang et al., 

2019). However, this effect is reversible by TGF-β-mediated degradation of SKI, 

allowing RORγt expression and Th17 differentiation (Zhang et al., 2017). It is 

postulated that the binding of TNF-α to TNF receptor 1 on Th17 cell membrane in 

an inflammatory environment is responsible for the activation of p38, JNK, and ERK, 

resulting in phosphorylation of STAT3; activated STAT3 triggers RORγt 

transcriptional activity and IL-17 secretion (Yang et al., 2018).  

 

Furthermore, metabolic pathways can also influence the development of Th17 and 

hence IL-17 production. CD28 costimulatory signals activate mammalian target of 

rapamycin (mTOR), a serine/threonine kinase which regulates glycolysis to meet the 

metabolic need of effector T cells (Frauwirth et al., 2002; Maclver et al., 2013). Th17 

cell regulation relies mainly on glycolysis as glucose-deprivation and blockade of 

mTOR activity with rapamycin restricts the production of Th17 cells (Cluxton et al., 

2019). A glycolytic enzyme called pyruvate kinase M2 promotes Th17 cell 

differentiation by increasing phosphorylated STAT3 in the nucleus (Damasceno et 

al., 2020). Besides that, inhibition of glycolysis using 2-deoxyglucose limits Th17 

cell production in vitro and confers resistance to the development of EAE (Shi et al., 

2011). 

 

Recent reports have shed light on the impact of Pellino 1 in mediating adaptive 

immune responses. Our comprehensive study of the roles of Pellino proteins in the 

generation of adaptive immune cell populations also emphasised a specified role for 

Pellino 1 in T cell development. Based on our understanding of how the innate 

immune response gives rise to T cell activation and differentiation, this part of the 

present study aimed to further investigate the role of Pellino 1 in mediating 

downstream T cell effector functions.  
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Figure 4.1 Th17 cell differentiation.  

Described in detail in section 4.1. A wide range of molecules are involved in Th17 

differentiation pathways that induce (black arrows) the expression of RORc and 

consequently il17 gene. Figure created with BioRender.com. 
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4.2 Results 

 

4.2.1 Proliferation of splenic CD4+ T cells is unaltered by Pellino 1 

 

Our immunophenotyping data, described in the previous chapter, highlighted a key 

role for Pellino1 in the control of T cell populations as evidenced by increased 

numbers of activated CD4+ and CD8+ T cell populations in Pellino 1 knockout mice. 

This prompted our interest to further investigate the role of Pellino 1 in its potential 

involvement in regulating T cell effector responses. Activated CD4+ T cells that 

differentiate into different Th subtypes (Th1, Th2, Th17, Treg, and Tfh) produce 

lineage-committed effector cytokines (Swain et al., 2012) and so we investigated the 

effect of Pellino1 deficiency on T cell proliferation, differentiation, and effector 

cytokine production.  

 

We first considered whether Pellino 1 influenced CD4+ T cell proliferation rate. For 

this study, splenic T cells were primed for proliferation with TCR and CD28 

stimulation or left unstimulated for 72 hours. Engagement of TCR and CD28 on 

CD4+ T cells led to proliferation over the course of three days (Fig. 4.2a). 

Nevertheless, splenic CD4+ T cell proliferation rate in Peli1-/- mice did not differ from 

WT mice when normalising to untreated cells of WT mice (Fig. 4.2b). Overall, this 

data shows that Pellino 1 does not have a role in CD4+ T cell proliferation and we 

next assessed if Pellino 1 could affect T cell differentiation and T cell effector 

function.  
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Figure 4.2 Effect of Pellino 1-deficiency on splenic CD4+ T cell proliferation  

 

Spleen cells isolated from 8- to 10-week-old WT and Pellino 1-deficient (P1-/-) mice 

were incubated with CFSE (5 μM) in dark at RT for 10 minutes prior to culture over 

72 hours. (a) Splenic CD4+ T cell proliferation was analysed by flow cytometry using 

CFSE dilution. (b) Pooled data is expressed relative to unstimulated splenic CD4+ T 

cell in WT mouse as fold increase in proliferation. Data are representative of 3 

independent experiments. All error bars are S.E.M. Statistical analysis was 

performed using two-way ANOVA. 
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4.2.2 Loss of Pellino affects the production of CD4+ T cell 

differentiation-related cytokines  

 

 

Spleen cells isolated from WT and Peli1-/- mice were cultured for 48 hours in the 

presence of anti-CD3 and anti-CD28 co-stimulation to activate Th cell effector 

responses that were assessed by measuring the protein secretion levels of Th cell 

lineage cytokines: IFN-γ and TNF-α (Th1 cells), IL-4 (Th2 and Tfh cells), IL-17 

(Th17 cells), IL-10 (Treg cells). Cytokines were assayed by ELISA. There was a 

modest augmentation of levels of IFN-γ observed in stimulated Peli1-/- spleen cells 

relative to WT cells (Fig. 4.3a). Basal and stimulated-levels of TNF-α (Fig. 4.3b) and 

IL-4 (Fig. 4.3c) were not affected in Peli1-/- spleen cells. On the other hand, IL-17 

(Fig. 4.3d) and IL-10 (Fig. 4.3e) levels were elevated significantly in Peli1-/- spleen 

cells, relative to WT cells, when co-stimulated with anti-CD3 and anti-CD28. TGF-

β secretion was also examined, but its level was undetected by ELISA. These data 

suggest that Pellino 1 plays some role in mediating IFN-γ, IL-17 and IL-10 

production in the process of T cell activation and differentiation.  
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Figure 4.3 Effect of Pellino 1-deficiency on T helper cell differentiation-

associated cytokine production in splenocytes 

 

Spleen cells isolated from 8- to 10-week-old WT and Pellino 1-deficient (P1-/-) mice 

were cultured without treatment (UT) or with anti-CD3 (0.5 μg/ml) and anti-CD28 

(0.5 μg/ml) over 48 hours. Conditioned media was assayed by ELISA for levels of 

(a) IFN-γ, (b) TNF-α, (c) IL-4, (d) IL-17, and (e) IL-10. Data are representative of 4 

independent experiments. All error bars are S.E.M. Statistical analysis was 

performed using two-way ANOVA with statistical significance indicated by *p ≤ 

0.05 and **p ≤ 0.01. 
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4.2.3 IL-17 production is unaffected by the loss of Pellino 2, but 

elevated in the absence of Pellino 3 

 

Pellino 1 has been depicted to confer protection against autoimmune disorders, such 

as systemic lupus erythematosus (Liu et al., 2018), whereas aberrant IL-17 level is 

primarily implicated in the pathogenesis of rheumatoid arthritis (Nakae et al., 2003). 

Our data above highlights a striking increase of IL-17 in mice lacking Pellino 1. 

Based on the relevance of Pellino 1 and IL-17 in autoimmunity, it was intriguing to 

further explore the regulatory role of other Pellino proteins in controlling IL-17 

levels. Spleen cells isolated from WT and Peli2-/- or Peli3-/- were stimulated for 48 

hours with anti-CD3 and anti-CD28 and assessed for IL-17 cytokine levels. While 

IL-17 levels were unaffected by the absence of Pellino 2 (Fig. 4.4a), IL-17 levels 

were augmented by Pellino 3-deficiency (Fig. 4.4b). This result highlights the 

potential of Pellino 3 as a negative regulator of IL-17 and potentially mirrors the 

effect of  Pellino 1 in regulation of IL-17.  

 

To assess potential crosstalk of Pellino proteins in regulating IL-17 production, the 

above experiment was replicated in Pellino 1 and Pellino 2-double deficient mice 

(Peli1/2-/-) or Pellino 1 and Pellino 3-double deficient mice (Peli1/3-/-). IL-17 

production was significantly augmented in both Peli1/2-/- (Fig. 4.4a) and Peli1/3-/- 

mice (Fig. 4.4c) compared with WT mice. Together, these results indicate a 

substantial Pellino 1-specific role in negatively mediating IL-17 production. In other 

words, secretion level of IL-17 is dictated by the presence of Pellino 1.  
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Figure 4.4 Effect of Pellino 2 and Pellino 3 single and double-deficiency on IL-

17 production by spleen cells 

 

Spleen cells isolated from 8- to 10-week-old WT and (a) Pellino 2-deficient (P2-/-)  

and Pellino 1 and Pellino 2-deficient (P1/2-/-) mice or (b) Pellino 3-deficient (P3-/-) 

mice were cultured without treatment (UT) or with anti-CD3 (0.5 μg/ml) and anti-

CD28 (0.5 μg/ml) over 48 hours. Spleen cells isolated from (c) 8-month-old WT and 

Pellino 1 and Pellino 3-deficient (P1/3-/-) mice were cultured without treatment (UT) 

or with anti-CD3 (0.5 μg/ml) and anti-CD28 (0.5 μg/ml) over 48 hours. Conditioned 

media was assayed by ELISA for levels of IL-17. Data are shown from an experiment 

that is representative of (a, b) 4 independent experiments and (c) an independent 

experiment. All error bars are S.E.M. Statistical analysis was performed using two-

way ANOVA with statistical significance indicated by ****p ≤ 0.0001. 
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4.2.4 Loss of Pellino 1 enhances production of IL-17 in Th17 cells 

 

The study above was performed in splenocytes and so we next characterised the T-

cell intrinsic role of Pellino1 in controlling IL-17 production by using purified T cell 

populations. Naïve CD4+ T cells were purified from spleen cells using MACS 

technology and subjected to T cell activation by co-stimulation with agonistic CD3 

and CD28 antibodies for 48 hours. To induce Th17 differentiation, isolated pure 

naïve CD4+ T cells was stimulated with CD3 and CD28 antibodies in the presence of 

cytokine combinations that lead to non-pathogenic Th17 (TGF-β and IL-6) and 

pathogenic Th17 (IL-1β and IL-23) for 96 hours (Lee et al., 2012; Shainheit et al., 

2011). To drive differentiation of naïve CD4+ T cells into Th17 cells and not other 

Th cells, they were also treated with IFN-γ neutralising antibody and IL-4 

neutralising antibody. 

 

Stimulating spleen cells with anti-CD3 and anti-CD28 led to a significantly higher 

level of IL-17 in Peli1-/- mice compared with WT mice (Fig. 4.5a), However, naïve 

CD4+ T cells purified from the spleen cells produced very low levels of IL-17 in 

Peli1-/- mice relative to splenocytes (Fig. 4.5b). Despite the trivial levels of IL-17 

production, a similar trend to spleen cells stimulation was observed in that Peli1-/- 

naïve CD4+ T cells showed some augmentation of IL-17 production relative to naïve 

CD4+ T cells from WT mice (Fig. 4.5b). Furthermore, naïve CD4+ T cells stimulated 

with anti-CD3 and anti-CD28 as well as Th17 polarising cytokines, TGF-β and IL-

6, induced IL-17 production in WT cells and this was further enhanced in Peli1-/- 

cells (Fig. 4.6). This suggests that Pellino 1 has a T cell-intrinsic regulatory role in 

controlling non-pathogenic Th17-induced IL-17. When naïve CD4+ T cells were 

stimulated with anti-CD3, anti-CD28, IL-1β, and IL-23, IL-17 was again released by 

both WT and Peli1-/- mice, but a significantly greater level of IL-17 was driven by 

the absence of Pellino 1 (Fig. 4.6). The significant increase of IL-17 levels in both 

non-pathogenic Th17 and pathogenic Th17 cells of Pellino 1-deficient mice further 

validated the negative regulatory of Pellino 1 in IL-17 production (Fig. 4.6) The 

difference was more pronounced in non-pathogenic Th17 compared to pathogenic 

Th17. Overall, these data are consistent with a model in which Pellino 1 negatively 

regulates IL-17 production in both spleen cells and Th17 cells. 
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Figure 4.5 Effect of Pellino 1-deficiency on TCR and CD28-induced IL-17 

production by spleen cells and naïve CD4+ T cells 

 

(a) Spleen cells and (b) naïve CD4+ T cells isolated from the spleens of 8- to 10-

week-old WT and Pellino 1-deficient (P1-/-) mice were cultured without treatment 

(UT) or with anti-CD3 (0.5 μg/ml) and anti-CD28 (0.5 μg/ml) over 48 hours. 

Conditioned media was assayed by ELISA for levels of IL-17. Data are shown from 

an experiment that is representative of 3 independent experiments. All error bars are 

S.E.M. Statistical analysis was performed using two-way ANOVA with statistical 

significance indicated by *p ≤ 0.05 and ***p ≤ 0.001. 
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Figure 4.6 Effect of Pellino 1-deficiency on TCR and CD28-induced IL-17 

production by Th17 cells 

 

Naïve CD4+ T cells isolated from the spleen of 8- to 10-week-old WT and Pellino 1-

deficient (P1-/-) mice were cultured without treatment (0) or with anti-CD3 (1 μg/ml) 

and anti-CD28 (5 μg/ml) over 96 hours. Two groups of stimulated cells were also 

treated with Th17-polarising cytokines: (i) TGF-β (5 ng/ml) and IL-6 (20 ng/ml), (ii) 

IL-1β (20 ng/ml) and IL-23 (20 ng/ml), respectively in the presence of IFN-γ 

neutralising antibody (10 μg/ml) and IL-4 neutralising antibody (10 μg/ml). 

Conditioned media was assayed by ELISA for levels of IL-17. Data are shown from 

an experiment that is representative of 3 independent experiments. All error bars are 

S.E.M. Statistical analysis was performed using two-way ANOVA with statistical 

significance indicated by **p ≤ 0.01 and ****p ≤ 0.0001. 

 

 

 



162 

 

4.2.5 Loss of Pellino 1 augments expression of il17 mRNA  

 

Having demonstrated a role for Pellino 1 in controlling production of IL-17, we next 

probed the potential mechanism by which Pellino 1 targets the pathway that controls 

the levels of IL-17 protein. To this end we examined if Pellino 1 can target the 

transcription of il17 genes by measuring il17 mRNA levels in WT and Peli1-/- mice. 

Since IL-17 represents a family of cytokines, we focused our studies on some 

members of the il17 gene family. IL-17A and IL-17F are two of most well described 

members of the IL-17 family and are encoded by il17a and il17f , respectively. 

Sharing 50% sequence overlap at the protein level, they can be secreted as 

homodimers, IL-17A and IL-17F, or as heterodimer, IL-17A/F (Pușcaș et al., 2019). 

Owing to these characteristics, many analyses have been conducted to find a 

correlation of both cytokines in inflammatory diseases and psoriasis at gene level 

(Shao et al., 2020; Villalpando-Vargas et al., 2021).  

 

Spleen cells stimulated with anti-CD3 and anti-CD28 for 48 hours were harvested 

and assessed for il17a and il17f levels by real time PCR. Co-stimulation of WT cells 

with anti-CD3 and anti-CD28 did promote expression of il17a (Fig. 4.7a), but the co-

stimuli failed to induce il17f (Fig. 4.7b). The expression of il17a (Fig. 4.7a) and il17f 

(Fig. 4.7b) was further enhanced in Peli1-/- cells stimulated with anti-CD3 and anti-

CD28 (Fig. 4.7b). These findings strongly suggest that Pellino 1 targets the pathways 

that promote transcriptional upregulation of il17 genes and underlies the regulatory 

effects of Pellino 1 in tempering the production of IL-17 protein. Together with 

ELISA data above, Pellino 1-deficiency illustrates an impact on the induction of IL-

17 at the mRNA and protein level.  
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Figure 4.7 Effect of Pellino 1-deficiency on TCR and CD28-induced il17 

mRNA levels 

 

Quantitative RT-PCR of (a) il17a and (b) il17f in spleen cells isolated from 8- to 10-

week-old WT and Pellino 1-deficient (P1-/-) mice cultured without treatment (UT) or 

with anti-CD3 (0.5 μg/ml) and anti-CD28 (0.5 μg/ml) over 48 hours. mRNA levels 

are presented as a fold change relative to untreated (UT) WT cells and normalised to 

HPRT expression. Data are shown from an experiment that is representative of 3 

independent experiments. Statistical analysis was performed using two-way ANOVA 

with statistical significance indicated by ***p ≤ 0.001 and ****p ≤ 0.0001. 
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4.2.6 Myeloid cells are indispensable for regulatory effects of Pellino 

1 on expression of IL-17  

 

The composition of a murine spleen includes predominantly T cells, B cells and a 

variety of innate immune cells (Hensel et al., 2019). Given that the T cell response is 

initiated by antigen presenting cells (APCs), the spleen makes a suitable environment 

to study the complexity of immune signalling. While our studies above on purified 

naïve CD4+ T cells is consistent with a T cell-intrinsic role for Pellino 1 in controlling 

IL-17 production, it was noteworthy that the levels of IL-17 were extremely modest 

relative to splenocytes. We speculated that the trivial amounts of IL-17 detected in 

purified naïve CD4+ T cells was caused by the absence of a third signal from the 

APCs that produce polarising cytokines for Th17 differentiation. To examine this 

hypothesis, CD3/CD28 induced expression was measured in splenocytes that were 

depleted of myeloid cells. CD11b+ myeloid cells were depleted from spleen cells 

using MACS technology and confirmed by flow cytometry (Fig. 4.8a). There was a 

significant reduction of CD3/CD28-induced IL-17 levels in spleen cells that were 

depleted of CD11b+ myeloid cells (Fig. 4.8b). This result emphasised the need of 

myeloid cells acting as APCs to induce Th17 differentiation and immune response 

and is consistent with the literature (Liu & Janeway, 1992). However, depletion of 

myeloid cells from splenocytes cultures did not influence the phenotypic 

augmentation of IL17 that is still apparent in depleted cells from the spleens of Peli1-

/- mice (Fig. 4.8b). These data are consistent with a T cell-intrinsic role for Pellino1 

in regulation of IL-17 and is not mediated by any effects in myeloid cells. 
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Figure 4.8 Effect of Pellino 1-deficiency on TCR and CD28-induced IL-17 

production by spleen cells in the absence and presence of splenic myeloid cells 

 

Spleen cells isolated from 8- to 10-week-old WT and Pellino 1-deficient (P1-/-) mice 

were depleted of CD11b positive myeloid cells by MACS technology and (a) 

depletion was confirmed by flow cytometry. CD11b+ myeloid cells were detected on 

a plot of CD11b vs forward scatter area (FSC-A). Spleen cells with intact or depleted 

CD11b+ myeloid cells were cultured without treatment (UT) or with anti-CD3 (0.5 

μg/ml) and anti-CD28 (0.5 μg/ml) over 48 hours. (b) Conditioned media was assayed 

by ELISA for levels of  IL-17. Data are shown from an experiment that is 

representative of 3 independent experiments. All error bars are S.E.M. Statistical 

analysis was performed using two-way ANOVA with statistical significance 

indicated by ****p ≤ 0.0001. 
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4.2.7 Evaluating the upstream targets for Pellino 1 in mediating 

deregulated IL-17 generation  

 

Given that Pellino 1 has been implicated in receptor proximal signalling pathways, 

we next investigated the molecular pathways that may be targeted by Pellino in its 

regulation of IL-17. As summarised in figure 4.1, Th17 cell differentiation involves 

signalling pathways through the TCR complex and receptors including TNFR1, IL-

6R, IL-21R, and TGF-βR; downstream signalling through these receptors lead to 

Th17 cell development and subsequent IL-17 production (Zhang et al., 2021). To this 

end, we used pharmacological agents to target these pathways and assess their effects 

on the enhanced IL-17 production in response to Pellino 1 deficiency.  

 

Spleen cells from WT and Peli1-/- mice were stimulated with anti-CD3 and anti-

CD28 antibodies for 24 h in the presence of NF-κB inhibitors (BAY 11-7085 and 

JSH-23), JAK1/2 inhibitor (Ruxolitinib), RORγt inhibitors (GSK805 and (±)-ML 

209), TGF-β1R inhibitor (SB-505124), p38α inhibitor (AMG 548), JNK1,2,3 

inhibitor (SP 600125), ERK inhibitor (FR 180204), or mTOR inhibitor (Everolimus). 

BAY 11-7085 inhibits IκBα phosphorylation, whereas JSH-23 disrupts NF-kB 

nuclear translocation. Moreover, GSK805 is RORγt inhibitor, whereas (±)-ML 209 

is a RORγt inverse agonist. Secretion of IL-17 was measured by ELISA.  

Each drug impaired IL-17 production in both WT and Peli1-/- cells to a different 

degree (Fig. 4.9). IL-17 production in WT cells was mildly impaired by NF-κB 

inhibitors, indicating there was a modest involvement of NF-κB in Th17 

differentiation. There was very little residual expression of IL-17 in the presence of 

the JAK1/2 inhibitor (Ruxolitinib), RORγt inhibitors (GSK805 and (±)-ML 209), 

TGF-β1R inhibitor (SB-505124), p38α inhibitor (AMG 548) or the mTOR inhibitor 

(Everolimus), indicating critical roles for these pathways in driving production of IL-

17. In contrast, the JNK and ERK inhibitors had little or no effect on IL-17 production 

in WT cells, suggesting that these pathways made little contribution to IL-17 

expression. Notably, there was no significant difference in IL-17 production in Peli1-

/- spleen cells relative to WT cells in the presence of all inhibitors (Fig. 4.9). These 

data suggest that Pellino 1 does not target any of these pathways to suppress IL-17 

production.  
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Figure 4.9 Pharmacological targeting of signalling pathways to investigate 

targets for Pellino 1 in regulating IL-17 production 

 

Spleen cells isolated from 8- to 10-week-old WT and Pellino 1-deficient (P1-/-) mice 

were cultured without treatment (UT) or with anti-CD3 (0.5 μg/ml) and anti-CD28 

(0.5 μg/ml) over 24 hours. Conditioned media was assayed by ELISA for IL-17 level 

upon anti-CD3 and anti-CD28 co-stimulation in the presence of BAY 11-7085 (1 

μM), JSH-23 (10 μM), Ruxolitinib (10 μM), GSK805 (10 μM), (±)-ML 209 (10 μM), 

SB-50512 (10 μM), AMG 548 (10 μM), SP 600125 (10 μM), FR 180204 (10 μM), 

and Everolimus (1 μM). Data are representative of 2 independent experiments. All 

error bars are S.E.M. Statistical analysis was performed using two-way ANOVA. 
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4.2.8 Pellino 1 does not affect the activation of MAPK in T cells 

 

The pharmacological studies above suggested a complex interplay of signalling 

pathways that regulate IL-17 production in WT and Peli1-/- spleen cells. To this end 

we then investigated the role of Pellino 1 in regulating MAPK activation in T cells. 

Indeed, it has been previously proposed that the activation of JNK, ERK, and p38 

downstream to TNF signalling, activates STAT3, leading to IL-17 secretion (Yang 

et al., 2018).  

 

Naïve CD4+ T cells isolated from WT and Peli1-/- spleen cells were co-stimulated 

with CD3 and CD28 antibodies for 20 and 60 minutes to assess the levels of 

phosphorylated JNK, ERK, and p38 and total levels of JNK, ERK, and p38. 

Interestingly, co-stimulation with anti-CD3 and anti-CD28 antibodies promoted 

strong phosphorylation of JNK and ERK but had little or no effect on 

phosphorylation of p38 MAPK (Fig. 4.10). However, Pellino deficiency did not 

affect the anti-CD3 and anti-CD28-induced phosphorylation of JNK and ERK 

suggesting that any regulatory effects of Pellino1 on IL-17 expression that may be 

mediated by regulation of JNK and/or ERK pathways may be due to targeting of 

these kinases downstream of their phosphorylation and activation.  
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Figure 4.10 Effect of Pellino1-deficiency on CD3 and CD28-induced expression 

of MAPKs 

 

Naïve CD4+ T cells isolated from the spleen of 8- to 10-week-old WT and Peli1-/- 

mice were cultured without treatment (0) or with anti-CD3 (1μg/ml) and anti-CD28 

(1μg/ml) over the indicated time course. Cell lysates were generated and 

immunoblotted for p-JNK, p-ERK, p-p38 and total levels of JNK, ERK, and p38. β-

actin acted as a loading control. Data are shown from an experiment that represents 

3 independent experiments. 
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4.2.9 Effects of Pellino 1 deficiency on expression levels of STAT3, c-

Rel, and IRF4 in activated T cells 

 

The various signalling pathways described above tend to converge downstream on 

transcription factors that regulate transcription of various genes. STAT3 and IRF4 

are transcription factors that have been reported to be important positive regulators 

of IL-17 production (Chen et al., 2006; Brüstle et al., 2007). In addition, previous 

work reported the negative role of Pellino 1 in T cell activation by mediating the 

degradation of the transcription factor c-Rel via K48-linked ubiquitination in NF-κB 

pathway (Chang et al., 2011). We thus measured the levels of the transcription factors 

STAT3, IRF4 and c-Rel in T cells and compared these levels between WT and Peli1-

/- cells. 

 

Protein lysates from WT and Peli1-/- naïve CD4+ T cells with or without anti-CD3 

and anti-CD28 stimulation for 20 minutes and 18 hours (Chang et al., 2011) were 

generated and probed with STAT3, c-Rel, IRF-4, and Pellino 1. Co-stimulation with 

anti-CD3 and anti-CD28 antibodies promoted strong induction of IRF4 and c-Rel but 

had little effect on levels of STAT3 (Fig. 4.11). However, Pellino deficiency did not 

affect the anti-CD3 and anti-CD28-induced expression of IRF4 and c-Rel, suggesting 

that any regulatory effects of Pellino1 on IL-17 expression is not due to direct 

targeting of these transcription factors.  
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Figure 4.11 Effect of Pellino1-deficiency on CD3 and CD28-induced expression 

of STAT3, c-Rel, and IRF-4 

 

Naïve CD4+ T cells isolated from the spleen of 8- to 10-week-old WT and Peli1-/- 

mice were cultured without treatment (0) or with anti-CD3 (1μg/ml) and anti-CD28 

(1μg/ml) over the indicated time course. Cell lysates were generated and 

immunoblotted for STAT3, c-Rel, IRF-4, and Pellino 1. β-actin acted as a loading 

control. Data are shown from an experiment that represents 3 independent 

experiments 
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4.2.10 Pellino 1-deficiency has no effect on the TLR-responsive genes 

in dendritic cells 

 

As part of a comprehensive evaluation of the role for Pellino 1 in controlling T cell 

activation, we finally assessed its potential regulatory function in controlling 

activation of antigen presenting cells that are required for T cell stimulation. It should 

be noted that our strongest phenotypes in Pellino 1 deficient cells were apparent in 

splenocyte cultures that contain antigen presenting cells and cytokine from the latter 

can play critical roles in regulating T cell differentiation. For this study, we used bone 

marrow derived dendritic cells (BMDCs) as a model to investigate possible 

regulatory functions of Pellino 1 in antigen presenting cells. An initial screening was 

performed to evaluate the role for Pellino 1 in regulating the expression of pro-

inflammatory cytokines through TLR signalling pathways. BMDCs isolated from 

WT and Peli1-/- mice were stimulated for 24 hours with ligands for TLR2/6 

(Pam2CSK4), TLR 2/1 (Pam3CSK4), TLR2/Dectin-1 (Zymosan), TLR3 [Poly(I:C)], 

TLR4 (LPS), TLR5 (Flagelin), TLR8 (Clo75), TLR7/8 (Clo97), and TLR9 (CpG). 

IL-6 and TNF-α are two common pro-inflammatory cytokines released via TLR 

signalling that can boost adaptive responses at the effector stages (Medzhitov & 

Janeway, 1997). Secreted cytokine levels were measured by ELISA. Each TLR 

ligand induced comparable cytokine protein levels of IL-6 (Fig. 4.12a) and TNF-α 

(Fig. 4.12b) in dendritic cells from WT mice and Peli1-/- mice, suggesting that Pellino 

1 does not appear to mediate the expression of TLR-induced pro-inflammatory genes 

in dendritic cells.  

 

Besides IL-6 and TNF-α, IL-12 p40 and IL-12 p70 can also be released by dendritic 

cells via TLR signalling (Gautier et al., 2005). IL-12 p70 is a pro-inflammatory 

cytokine consisting of p35 and p40 subunit and contributes to Th1 cell, cytotoxic 

CD8+ T cell, and NK cell responses (Verma et al., 2014). IL-12 p40 was secreted by 

both WT and Peli1-/- BMDCs upon TLR stimulation with the exception of Poly (I:C) 

(Fig. 4.13c). However, there was no significant difference between WT and Peli1-/- 

BMDCs in producing IL-12 p40 (Fig. 4.12c). On the other hand, IL-12 p70 was 

secreted at very low levels by both WT and Peli1-/- BMDCs upon zymosan, LPS, 

flagellin, Clo75, and Clo97 challenge (Fig. 4.12d). Like IL-12 p40, BMDCs were 
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more sensitive towards TLR9 induction when challenged with CpG to generate the 

cytokine IL-12 p70 (Fig. 4.12c, d). Overall, comparable level was observed between 

WT and Peli1-/- mice in the production of IL-12 p40 and IL-12 p70 (Fig. 4.12c, d), 

implying that Pellino 1 does not regulate the production of these cytokines in 

dendritic cells. 

 

After 24 hours of stimulation with a range of TLR ligands, WT and Peli1-/- BMDCs 

were found to only respond to ligands that bind to innate immune receptors 

responsible for anti-viral protection, including Zymosan, Poly (I:C), LPS, CpG, and 

to a lesser extent in Clo75 and Clo97 stimulation groups (Fig. 4.13). However, no 

significant difference was observed in the protein levels of IFN-β between WT and 

Peli1-/- BMDCs (Fig. 4.14). Taken together, Pellino1 lacks a regulatory role in 

modulating TLR-induced production of pro-inflammatory cytokines (IL-6, TNF-α, 

IL-12 p40, IL-12 p70) or IFN-β secretion. 

 

Overall, these data are supportive of a model in which the regulatory role of Pellino 

1 in T cell differentiation and especially IL-17 production is likely due to T cell-

intrinsic effects and not due to modulation of antigen presenting cell function.  
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Figure 4.12 Effect of Pellino1-deficiency on TLR-induced expression of pro-

inflammatory cytokines 

 

BMDCs from 8- to 10-week-old WT and Pellino 1-deficient (P1-/-) mice were 

cultured without treatment (UT) or treated with Pam2CSK4 (50 ng/ml), Pam3CSK4 

(50 ng/ml), Zymosan (1 μg/ml), Poly(I:C) (50 μg/ml), LPS (5 ng/ml), Flagelin (1 

μg/ml), Clo75 (1 μg/ml), Clo97 (1 μg/ml), and CpG (1 μg/ml) over 24 hours. 

Conditioned media was assayed by ELISA for levels of (a) IL-6, (b) TNF-α, (c) IL-

12 p40, and (d) IL-12 p70. Data are representative of 5 independent experiments. All 

error bars are S.E.M. Statistical analysis was performed using two-way ANOVA. 
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Figure 4.13 Effect of Pellino1-deficiency on TLR-induced expression of IFN-β 

 

BMDCs from 8- to 10-week-old WT and Pellino 1-deficient (P1-/-) mice were 

cultured without treatment (UT) or treated with Pam2CSK4 (50 ng/ml), Pam3CSK4 

(50 ng/ml), Zymosan (1 μg/ml), Poly(I:C) (50 μg/ml), LPS (5 ng/ml), Flagelin (1 

μg/ml), Clo75 (1 μg/ml), Clo97 (1 μg/ml), and CpG (1 μg/ml) over 24 hours. 

Conditioned media was assayed by ELISA for levels of IFN-β. Data are 

representative of 5 independent experiments. All error bars are S.E.M. Statistical 

analysis was performed using two-way ANOVA. 
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4.3 Discussion 

 

The functions of all members of the Pellino family have primarily been studied in the 

context of innate immune signalling, but their functions in adaptive immune system 

remain ambiguous. Recent reports have shed light on the impact of Pellino 1 in 

mediating adaptive immune responses. Our comprehensive study of the roles of 

Pellino proteins in the generation of adaptive immune cell populations also 

emphasised a role for Pellino 1 in T cell activation. This thesis aimed to further 

investigate the role of Pellino 1 in mediating T cell activation and downstream T cell 

effector functions.  

 

The murine spleen is a reservoir of peripheral immune cells with highest prevalence 

in T cells (38-43%), followed by B cells (18-22%), and a group of immune cells with 

low frequency ranging from 2% to 5% for each of the following cell types: NK cells, 

macrophages, monocytes, neutrophils, and dendritic cells (Hensel et al., 2019). This 

heterogenous pool of immune cells creates a microenvironment that allows various 

immune cells interactions to activate adaptive immune response, making the spleen 

a favoured secondary lymphoid organ to study the immune system. Indeed, 

researchers have used the spleen to support learning of the immune system as well as 

systemic response to inflammation following central nervous system injury (Marcet 

et al., 2017). In this study, we explored the regulatory role of Pellino proteins in 

adaptive immune system in the splenic environment.  

 

Although Pellino 1 has been identified as a negative regulator of T cell activation 

(Chang et al., 2011), its involvement in controlling T cell effector responses is 

unknown. We first assessed if Pellino 1 could regulate rates of T cell proliferation. 

However, rates were comparable in WT and Pellino 1 deficient cells suggesting that 

the effects of Pellino 1 on T cell activation may be downstream of proliferation. To 

this end we then investigated its role in T cell differentiation by characterisation of T 

cell effector cytokines. Our data highlighted novel results that suggest the role of 

Pellino 1 as a negative regulator in splenic IL-17 and IL-10 production during T cell 

activation and differentiation. While we also found that Pellino 1 inhibits IFN-γ 

secretion, this finding is in line with marked elevation of IFN-γ level observed in 
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splenic CD4+ and CD8+ T cells of Peli1-/- mice compared with WT mice (Chang et 

al., 2011). TNF-α level was unaltered, whereas IFN-γ level alone was impacted by 

the loss of Pellino 1, this indicates that Pellino 1 is partially involved in mediating 

Th1 cell differentiation, specifically in a pathway that induces IFN-γ production only. 

Our initial screening also excluded the effect of Pellino 1 on IL-4 generation, but this 

is inadequate to fully exclude its impact on Th2 and Tfh cell differentiation as these 

cells are also defined by other effector cytokines, such as IL-5 and IL-13 for Th2 

cells and IL-21 for Tfh cells (Swain et al., 2012). Similarly, it will be worth 

measuring IL-17F and IL-22 secretion in mice lacking Pellino 1 to fully elucidate its 

influence in Th17 cell differentiation. The negative impact of Pellino 1 on IL-10 

production in turn indicates that Pellino 1 may negatively affect Treg differentiation 

and this would be worthy of further investigation. Furthermore, IFN-γ and IL-10 can 

be produced by other cell types found in the spleen, such as macrophages and NK 

cells (Bhat et al., 2017; Sun et al., 2021), making it difficult to clearly elucidate the 

regulatory function of Pellino 1 on specific effector T cells. Taking the heterogeneity 

of spleen cells and anti-CD3 and anti-CD28 co-stimulation as a representation of T 

cell activation into account, this approach to study the effect of Pellino 1 on T cell 

differentiation is inadequate. Alternatively, the role of Pellino 1 in T cell 

differentiation can be investigated by the generation of Th cell subsets from naïve 

CD4+ T cells in response to polarising cytokines specific to each Th cell. 

 

The most pronounced phenotype associated with Pellino 1 deficiency related to 

augmentation of IL-17 production in T cells and so much of our mechanistic studies 

focused on this pathway. We were also keen to assess if this role of Pellino 1 was 

unique in the Pellino family. We thus examined if Pellino 2 and Pellino 3 also play a 

role in regulating IL-17 production. Our data suggested that Pellino 2 did not have a 

role in mediating IL-17 secretion, but Pellino 3 participated in IL-17 regulation. 

Replicating the experiments in Pellino double knockout mice allowed us to explore 

potential crosstalk of Pellino proteins in IL-17 regulation. It was shown that IL-17 

production was positively correlated with the concomitant loss of Pellino 1 and 

Pellino 2 or Pellino 1 and Pellino 3. A challenge in relation to this part of work was 

the breeding issue of Peli1/3-/- mice that persisted for over a year. Thus, only one 

Peli1/3-/- retired breeder was used to conduct this experiment. The data suggested 

that Pellino 1 and Pellino 2 did not cross talk or functionally interact in regulation of 
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IL-17 and that Pellino 1 and Pellino 3 did not work synergistically to control IL-17 

generation. However, whether Pellino 1 and Pellino 3 act in redundancy in regulating 

IL-17 production warrants further evaluation and unfortunately was not feasible to 

address due to the above breeding issues with mice. 

 

Initial studies focused on splenocyte cultures, but we then progressed to experiments 

on isolated T cells to explore T cell intrinsic roles of Pellino 1. We thus purified naïve 

CD4+ T cells and Th17 cells. However, IL-17 production in isolated naïve CD4+ T 

cells was barely detectable and this may be due to the lack of polarising cytokines 

from antigen presenting cells in the splenocyte cultures. This is aligned with the 

literature (Zhang et al., 2021) and is further confirmed by impaired IL-17 generation 

in activated spleen cells without myeloid cells, which consist of APCs, such as 

dendritic cells and macrophages. Moreover, we tested whether Pellino 1 has a T cell-

intrinsic role in mediating IL-17 production by inducing Th17 differentiation from 

naïve CD4+ T cells with external polarising cytokines stimuli in the absence of APCs. 

Our data confirm a T-cell intrinsic role for Pellino 1 as it negatively mediated IL-17 

secretion by both pathogenic and non-pathogenic Th17 cells. Non-pathogenic Th17 

cells are superior in generating IL-17 compared to pathogenic Th17, indicating the 

overall benefit of IL-17 function outweighs its potential harm in driving 

autoimmunity. As Pellino 1 can control IL-17 production of both phenotypes, it may 

turn off response to infection, while confer protection against IL-17 driven pathology. 

However, further validation in infectious diseases and autoimmune animal models, 

such as EAE, needs to be carried out to consolidate these findings.  

 

Given the role of Pellino 1 as a negative regulator of IL-17 production, we were keen 

to investigate the mechanism of its action. The impact of Pellino 1 on secreted IL-17 

and il17a mRNA expression, which encodes IL-17, suggests that it affects IL-17 

production at protein level, as well as transcriptional level. We also provide evidence 

that the enhanced IL-17 levels did not come from increased number of CD4+ T cells 

in the spleen as its proliferation was unaffected by Pellino 1, as described above. This 

corroborates that T-cell intrinsic regulatory role of Pellino 1 on IL-17 production is 

likely to occur during T cell differentiation upon T cell activation. Hence, a screening 

experiment was conducted to identify potential target pathways for Pellino 1 in 

regulating IL-17 production. These studies did not identify a pathway that Pellino 1 
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may have deployed to suppress IL-17 production since pharmacological inhibition of 

these pathways did not significantly alter the augmentation of IL-17 level caused by 

Pellino 1-deficiency. However, whilst co-stimulation of T cells with CD3 and CD28 

caused strong activation of the JNK and ERK pathways, based on their increased 

phosphorylation status, we did not detect any differences in their activation when 

Pellino 1 was absent. This suggested that any effects of Pellino 1 on these MAPK 

kinase pathways may be downstream of their phosphorylation and activation. While 

splenocytes were used for the inhibitor experiments, naïve CD4+ T cells were used 

for western blot; this inconsistency added complexity to the interpretation of data. 

 

We then focused our efforts on downstream effectors such as the transcription factors 

STAT3, IRF4, and c-Rel. A previous study reported a role for Pellino 1 as a mediator 

of K48 polyubiquitination and degradation of c-Rel (Chang et al., 2011). IRF4 is 

critical for Th17 differentiation and maintaining Th17 phenotype (Brüstle et al., 

2007; Huber et al., 2008; Mudter et al., 2011). STAT3 has been found to regulate IL-

17 transcription through its binding to the promoter regions of IL-17A and IL-17F 

(Chen et al., 2006). However, the levels of these transcription factors were unaffected 

by Pellino 1 deficiency. STAT3 levels were not affected by co-stimulation of T cells, 

whereas IRF4 and c-Rel were strongly induced. We were unable to demonstrate a 

role for Pellino 1 in controlling levels of c-Rel and the reason for this discrepancy is 

unknown. Although Pellino 1 deficiency has no effect on the levels of IRF4, it is 

interesting to note that IRF4 requires the cooperation from BATF-JUN family protein 

complexes to bind to AP1-IRF composite elements in Th17 cells for its 

transcriptional activity and immunological actions (Li et al., 2012). Therefore, it will 

be interesting to determine whether Pellino 1 has an impact on BATF and JUN 

proteins to help explain these findings. In addition, these findings from western blot 

warrant further investigation because of the unknown concentration loaded to wells 

and differences in thickness of the b-actin band between different groups/timepoints 

(Fig.4.10 and Fig. 4.11). 

 

Finally, we focused our efforts on investigating the potential regulatory role of 

Pellino 1 in controlling the function of antigen presenting cells as an indirect means 

to influence T cell differentiation. It was already reported that Pellino 1 is a mediator 

of TLR signalling pathways in macrophages and microglial cells (Chang et al., 2009; 
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Xiao et al., 2013). However, there is very limited knowledge about the role of Pellino 

1 in dendritic cells (DCs). Given the previously described DC-specific role for 

Pellino 2 in TLR9 signalling pathway (Oleszycka et al., 2021), we explored the 

immunomodulatory function of Pellino 1 in DCs. The secretion of  proinflammatory 

cytokines, such as IL-6, TNF-α, IL-12 p40, and IL-12p70 by BMDCs from WT and 

Pellino 1-deficient mice were comparable upon challenge with a variety of TLR 

ligands, indicating that Pellino 1 does not participate in the regulatory pathways of 

these cytokines within DCs.  

 

It has also been demonstrated that TLR signalling can also contribute to antiviral 

response. Four main TLR members that play a crucial role in recognising viral 

genetic materials include TLR3 sensing double-stranded (ds) RNA, TLR7 and TLR8 

responding to single-stranded RNA, and TLR9 detecting dsDNA (Alexopoulou et 

al., 2001; Hemmi et al., 2000; Diebold et al., 2004). Moreover, TLR2 and TLR4 

have been described to be activated by measles virus and respiratory syncytial virus, 

respectively, indicating their involvement in viral recognition (Bieback et al., 2002; 

Kurt-Jones et al., 2000). These signalling pathways leads to the production of type I 

interferon (IFN-α, IFN-β) for antiviral defence (Müller et al., 1994). Our data 

illustrates the ability of TLR2 ligand (Zymosan), TLR3 ligand (Poly (I:C)), TLR4 

ligand (LPS), and TLR9 ligand (CpG) to induce IFN-β in BMDCs lacking Pellino 1 

that matches the level produced by WT BMDCs. All of these data suggest that it is 

unlikely that the regulatory effects of Pellino 1 on T cell activation and differentiation 

are mediated by acting at the level of APCs. Instead, the findings firmly favour a T 

cell intrinsic role for Pellino 1. 

 

In this chapter, we have described a novel role for Pellino 1 in negatively regulating 

T cell-derived IL-17 production. This suggests that Pellino 1 may be a promising 

therapeutic target to ameliorate or prevent IL-17-driven autoimmune diseases. 

Interestingly, recent studies have highlighted the role of Pellino 1 in exacerbating IL-

17-driven skin pathologies, such as psoriasis (Kim et al., 2020; Kim et al., 2023; Cho 

et al., 2023). However, a gap in our understanding of the precise mechanisms by 

which Pellino 1 modulates IL-17 secretion remains to exist. We have tried to identify 

potential molecules/pathways that are involved in shaping this phenotype, but an 

unambiguous target remains to be identified. Clearly Pellino 1 appears to have a T 
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cell-intrinsic role in regulating IL-17 production. This could be further investigated 

by generating conditional knockout mice that are selectively deficient of Pellino 1 in 

T cells. Such models would allow a delineation of the physiological and 

pathophysiological relevance of the function of Pellino1 in Th17 differentiation and 

IL-17 production. This may provide valuable clues to novel pathway that may be 

amenable to therapeutic exploitation. 
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Pellino proteins are E3 ubiquitin ligases that are responsible for post translational 

modification of target proteins. Ubiquitination induced by Pellino proteins can direct 

the target proteins for activation of signalling cascades or degradation. As such, 

members of the Pellino family (Pellino 1, Pellino 2, Pellino 3) have been 

demonstrated to play important roles in regulating immune responses and diverse 

cellular processes.  

 

Many studies have delineated the role of Pellino proteins in innate immune 

signalling. To advance the knowledge of Pellino proteins in mediating adaptive 

immune system, we performed a novel and comprehensive characterisation of the 

role of Pellino proteins in producing T and B cell populations. Populations of T and 

B cell subsets in the spleen of mice lacking individual and different members of the 

Pellino family were quantified by flow cytometry. The importance of age and gender 

on these populations was also examined.  

 

Our study revealed a selective role for Pellino 1 in generating activated CD4+ T cells 

and Tem cells. While Pellino 1 controls T cell activation from a young age, Pellino 

2 has an age-dependent role in producing T cell memory. Additionally, there are 

different roles for Pellino 1 and Pellino 2 in mediating CD8+ T cell compartment. Our 

findings showed that Pellino 1 and Pellino 2 were capable of negatively modulating 

the production of Tem and Tcm cells, respectively. This suggests that Pellino 1 may 

be associated with the cytotoxic capability of Tem cells, whereas Pellino 2 may be 

able to control systemic infections via Tcm cell function.  

 

This study also presented evidence for a Pellino 1-specific role in mediating B cell 

function as evidenced by enhanced levels of GC B cells and plasma cells in mice 

lacking Pellino 1. Uncontrolled production of these B cell subsets has been linked to 

autoimmunity. Therefore, Pellino 1 may possibly serve as a therapeutic target in the 

treatment of autoimmune diseases. Our gender evaluation showed enhanced T cell 

activation in female WT mice. This is aligned with the literature that has reported a 

higher tendency in female to develop autoimmune diseases which are often linked 

with aberrant T cell regulation. There was no gender bias related to T cell or B cell 

activation observed in the absence of Pellino proteins. However, Pellino 1 deficiency 

posed higher risk of splenomegaly, a sign of autoimmunity, in females.  
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Given that IL-17 is often implicated in the pathogenesis of autoimmune diseases, we 

were particularly interested in investigating the functional role of Pellino 1 on IL-17 

secretion. When stimulated with anti-CD3 and anti-CD28, both protein and mRNA 

levels of splenic IL-17 and il17 respectively increased in the absence of Pellino 1. 

Loss of Pellino 1 also led to augmented production of both non-pathogenic and 

pathogenic IL-17 in purified naïve CD4+ T cells stimulated with TGF-β/IL-6 and IL-

1β/IL-23 combinations, respectively. These data indicated that Pellino 1 negatively 

modulates IL-17 production in Th17 cells. Pellino 1-deficiency also did not influence 

TLR-responsive cytokines secretion in BMDMs. Notably, this regulatory function of 

Pellino 1 is intrinsic to T cells and not antigen presenting cells. 

 

There are some limitations in our studies. A small sample size of old Peli1/3-/- mice 

was utilised due to challenges associated with breeding these mice that persisted for 

more than a year. This could have negatively impacted the power of the analysis in 

relation to this genotype. We were also unable to identify the exact target of Pellino 

1 in regulating IL-17 production through our mechanistic studies. Therefore, it is 

necessary to expand this research in future studies by assessing the potential effect 

of Pellino 1 on other positive and negative regulators of IL-17. Our study was also 

limited to ex vivo and in vitro experiments using spleens from mice. It would have 

been beneficial to extend our investigation to human models. However, technical 

problems such as difficulty in knockdown of Pellino 1 using small interfering RNA 

(siRNA) in human PBMCs and difficulty in collecting skin samples of patients with 

psoriasis were among the limiting factors to include human models in this work. 

 

IL-17 is an important cytokine in mediating protection against fungal and bacterial 

infections, but uncontrolled IL-17 expression can promote immunopathology in 

autoimmune diseases. Consequently, much effort has been made to develop IL-17-

targetted therapies such as secukinumab, ixekizumab, and brodalumab for the 

treatment of psoriasis (Mills, 2023). Nevertheless, adverse effects associated with 

these biological therapeutics include suicidal thoughts and increased risk of Candida 

infections in some patients (Schmidt, 2015; Saunte et al., 2017). Small molecule 

drugs (SMDs) can potentially mitigate biologics-related adverse effects without 

compromising the protective effects of IL-17 against infection because of their 

pharmacokinetic profile that do not chronically block IL-17 generation. Additionally, 
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SMDs have a lower production cost and are easier to be administered to the patients 

(Mills, 2023). A recent article has also proposed the use of a SMD that targets Src 

homology 2 domain-containing tyrosine phosphatase (SHP2) to overcome efficacy 

issue of approved IL-17-targetted therapies for the treatment of psoriasis in other IL-

17-associated diseases such as rheumatoid arthritis and multiple sclerosis (Luo et al., 

2023).  

 

As generating small molecule regulators of IL-17 have advantages over biologics in 

combating IL-17-related diseases, the present study points to Pellino 1 as a promising 

candidate target for this purpose. Our findings shed light on a Pellino 1-specific role 

in preventing memory formation of T cells and IL-17 production during T cell 

activation. Targeting Pellino 1 might hold promise for the treatment of IL-17-driven 

autoimmune diseases. IRAK-1 and IRAK-4 have been described to induce 

degradation of Pellino proteins (Butler et al., 2007). Hence, a dual IRAK-1 and 

IRAK-4 inhibitor could be employed to block the degradation of Pellino proteins, 

enhancing the stability of Pellino 1 to negatively regulate IL-17 production.  

 

Overall, this research expanded into a new avenue to learn about the regulatory role 

of Pellino proteins in adaptive immune system. Our work has so far assessed the 

potential molecules and molecular pathways that would contribute to these 

phenotypes during T cell activation; however, the molecular mechanism remains 

largely ambiguous. Hence, more work is warranted to study the underlying molecular 

basis in detail. Moreover, a systematic study is required to characterise Pellino 

proteins in healthy and disease tissue. This would add important new context in 

exploring potential therapeutic targeting of Pellino proteins.  
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