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Abstract 

CD8+ T cells have an important role in adaptive immunity. By possessing cytotoxic potential, 

CD8+ T cells are key effectors of the adaptive immune system, targeting diseased cells for 

destruction. CD8+ T cells are a key focus in the growing field of immuno-oncology because of 

their role in tumour cell killing. Naïve CD8+ T cells exist in a state of quiescence. Upon antigen 

recognition and co-stimulation, the CD8+ T cell escapes from this state of dormancy and 

towards a complex programme of cellular growth, cell cycle entry, and differentiation, leading 

to the production of short-lived effector T cells (SLECs), and memory progenitor cells (MPECs). 

The memory T cell pool which remains shares a lot of characteristics with the naïve cell 

including a capacity to remain dormant, engage in self-renewal, and maintain proliferative 

potential and multipotency upon restimulation, in a manner very similar to stem cells. 

Another characteristic shared with stem cells is a capacity for rapid proliferation.  

Like stem cells, at the peak of expansion, CD8+ T cells are also predominantly found in S phase, 

however it is not currently known whether their cell cycle regulation is similar to stem cells. 

There is also a good body of evidence showing a correlation between the rate of proliferation 

and the route of differentiation in CD8+ T cells. Cells which rapidly re-enter S-phase post 

mitosis favour differentiation towards the SLEC phenotype, while cells which stall in G1 phase 

favour the MPEC phenotype. However, the exact nature of this correlation, and how such a 

switch in cell cycle regulation is governed during the expansion phase is not well understood. 

This is in part because CD8+ T cells are resistant to cell cycle inhibiting agents, making the 

synchronisation studies seen in classic cell cycle analysis experiments not possible to do with 

CD8+ T cells. 

In order to investigate how the cell cycle is regulated in CD8+ T cells, we used PRIMMUS 

(Proteomic analysis of Intracellular iMMUnolabelled cell Subsets), a method which utilises 

FACSorting to conduct proteomic analysis on sorted populations from asynchronous CD8+ T 

cells, thereby allowing a method to identify the cell cycle regulated proteins in CD8+ T cells 

without the need for synchronisation.  

Our analysis identified 160 proteins which had a strong periodicity rating, indicating they were 

likely to be cell cycle regulated. The majority of these identities consisted of mitotic proteins 
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such as those involved in kinetochore assembly. In Embryonic Stem (ES) cells, rapid 

proliferation is facilitated by the inhibition of an E3 ubiquitin ligase known as the anaphase 

promoting complex cyclosome (APC/C) due to high expression of the pseudo-substrate Emi1. 

This prevents APC/C from binding with co-activator Cdh1, and thus preventing the 

degradation of many S phase promoting mechanisms, especially proteins which are involved 

with origin licensing such as Cyclins E and A, which stay constitutively active. This results in a 

shortened G1 and G2 phase, with the majority of stem cells found in S phase more than any 

other cell cycle phase. In CD8+ T cells we noticed that many targets of APC/CCdh1, including 

DNA replication enzymes and origin licensing components and regulators, showed either very 

low periodicity or very little fluctuation over the course of cell cycle, indicating a loss of cell 

cycle regulation. We also observed that Cyclin A was found to fluctuate far less in CD8+ T cells 

than has been observed in the somatic Nb4 cells, and that Emi1 had a very high level of 

periodicity. When comparing this dataset with other studies on asynchronous populations for 

ES and somatic cells, we found a greater overlap of processes shared between CD8+ T cells 

and ES cells than with somatic cells which suggested CD8+ T cells may share stem-like qualities 

in their cell cycle regulation. We therefore hypothesised that Emi1 has a role in defining cell 

cycle rate and by extension, the eventual differentiation fate. 

To test this hypothesis, we conducted another proteomic analysis comparing IL-2 treated T 

effector cells to IL-15 treated memory T cells. Within these two phenotypes, we further 

divided them into G1 delayed and actively cycling cells. Absolute protein content was 

generally higher in effector cells. But when examining APC/C substrate abundance relative to 

total protein content, we found that G1 delayed memory T cells had a higher proportion of 

APC/C substrates compared with G1 delayed effector T cells. This was not the case with 

actively cycling cells, which showed similar proportions of APC/C substrates between effector 

and memory. This could imply that while memory T cells are encouraged to exit cell cycle, 

they retain much of the machinery to re-enter, maintaining a higher state of cell cycle 

“readiness” than arrested effector T cells possess. We also noted that Emi1 levels were 

consistent between memory and effector cells, with the true correlating factor of Emi1 

expression being whether the cell was G1 delayed or actively cycling, with actively cycling cells 

expressing a high quantity of Emi1, while G1 delayed cells expressing very little.  
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To examine the role of Emi1 on CD8+ T cells more directly, we induced a knockout of Emi1 by 

Crispr. This knockout of Emi1 lead to T effector cells undergoing “re-replication”, in which the 

genome is duplicated a second time before the cells enter M phase. The cells that did not 

experience re-replication, experienced an apparent block to cell cycle re-entry. While re-

replication was present in memory T cells, the effect on cell cycle re-entry did not appear. The 

re-replication is likely to have occurred as a consequence of insufficient APC/CCdh1 inhibition. 

This results in the degradation of origin licensing regulating proteins like Cyclin A and geminin, 

resulting in inappropriate origin licensing, which is essential for commencement of DNA 

replication. However, if the cell becomes deficient in Emi1 before origin licensing occurs, it 

remains within G1 and becomes unable to progress, a phenomenon observed in Emi1 

disruption within transformed cancer cells and stem cells. That we saw no increase in G1 

phase in knockout memory T cells could imply that Emi1 was already significantly reduced in 

memory cells, rendering the knockouts impact on G1 phase bellow detection. 

We therefore conclude that CD8+ T cells achieve a rapid proliferation phenotype via stem cell-

like regulation of cell cycle, enabling steady re-entry into S-phase mediated by high levels of 

Emi1, and that IL-15 treated cells shift their cell cycle behaviour, reducing Emi1 and thus 

reducing their proliferative activity. Because we noticed in our dataset the fluctuation of 

deubiquitinase Usp1 mimics the pattern of Emi1 fluctuation, we hypothesise that SLEC 

associated transcription factor Id2 and MPEC associated transcription factor Id3, proteins 

which Usp1 preserves, may be the link between cell cycle speed and memory phenotype, as 

Id2 and Usp1 are both APC/CCdh1 substrates, but Id3 is not. We suggest a model then in which 

Emi1 mediated APC/CCdh1 inhibition promotes both rapid proliferation and survival of Id2, 

driving cells towards the effector cell fate. While in the absence of Emi1, cells remain in G1 

where APC/CCdh1 is active, degrades Id2, allowing Id3 to promote the memory cell fate. 
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Lay Abstract 

CD8+ T cells have an important role in controlling the spread of infection and have a lot of 

potential as a novel tool for treating cancer. One of their key characteristics which allows 

them to carry out these roles is that they can divide very rapidly in response to infection. This 

results in a large pool of effector cells which are able to recognise and kill any infected cells, 

and memory cells which remain in the body after the infection has cleared and act as early 

responders upon repeat infection. 

CD8+ T cells share a number of behaviors with stem cells in that they are both capable of self 

renewal, and as they divide both are capable of producing a variety of different types of cells. 

In addition, they share a rapid turnover of cell division.  

Cell division is the final step in a wider process known as the cell cycle. The cycle consists of 

four phases, the first gap phase (G1 phase) in which the cells prepare to duplicate their 

genome (S phase), then a second gap phase (G2 phase) as the cells prepare to divide (M 

phase). Following M phase, cells return to G1 and remain within the cycle, or leave the cycle 

and stop dividing. To better understand how CD8+ T cells divide, we designed a method in 

which CD8+ T cells could be sorted based on which cell cycle phase they were in, collected, 

and processed for mass spectrometry, a technique which permits the identification of most 

proteins within cells. The protein content of each cell could then be quantified, allowing us to 

see which biological processes are active at each cell cycle phase.  

CD8+ T cells were found to share a number of characteristics with stem cells, namely that a 

number of proteins which are typically degraded during G1 phase in other cell types did not 

fluctuate over the course of the cell cycle. A similar mechanism is seen within stem cells which 

enables them to maintain a rapid progression from M phase to S phase. The role of one of 

these proteins, called Emi1, was further characterised, with its expression seen as critical for 

successful cell division. Overall, these data indicates that CD8+ T cells share a number of 

mechanisms with stem cells which enable rapid cell division, with Emi1 being a key 

component that allows for rapid re-entry in to S phase. 
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1 Introduction 

Classical descriptions of the immune system separate it into two distinct arms, referred to as 

the innate and the acquired immune response. The innate arm consists predominately of 

myeloid lineage leukocytes including macrophages, neutrophils, dendritic cells (DCs), and NK 

cells, all of which have a role in the early response to infection, such as inflammation, the 

attraction of myeloid cells to the site of infection, phagocytosis, and other more generally 

applied means of controlling and containing pathogens. The acquired immune response 

instead is mediated predominately by lymphoid lineage leukocytes. Unlike the innate system 

which relies on generic danger signals, including pathogen associated molecular patterns 

(PAMPs), lymphocytes instead go through a process known as VDJ recombination upon their 

antigen recognising receptors, which enables a large repertoire of antigen specific 

recognition, and thus a more specified means of clearing infection. 

These cells are primarily split into T lymphocytes and B lymphocytes. The former are 

responsible for targeted destruction of infectious agents and mediating the nature and 

strength of infection, while the latter is responsible for production of antibodies against the 

source of infection. The innate response is very rapid, immediately active shortly after the 

infectious agent appears. The acquired immune response however is slower typically only 

being apparent 5-7 days post infection. This is in part because lymphocytes require activation 

by certain cells of the innate immune response, known as antigen presenting cells (APCs), to 

phagocytose the infectious agent and present the peptide antigens to the lymphocytes within 

the lymph nodes. Following this antigen led activation, the lymphocytes proliferate and 

differentiate into a pool of effector cells which act to clear the infection, as well as a pool of 

long lived memory cells, providing long lasting immunity to repeat infections. These memory 

lymphocytes remain in circulation or in the tissue at the site of infection, ready to produce a 

targeted attack even without myeloid intervention (Dempsey, Vaidya, and Cheng 2003). 

1.1 CD8 T cell immunology 

CD8+ T have a primary role in limiting viral infection and cancer progression through 

recognising key viral/tumour antigens on the infected cell surface and targeting them for 

destruction (Kim and Ahmed 2010). Once they are stimulated by pAPCs, they go through three 

stages of development known as the activation phase, the expansion phase, and the 
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contraction phase. The activation phase is characterised by major rewiring of their cellular 

proteomes and metabolism, including a shift in activity to cytokine production, most notably 

Interferon (IFN)-γ as well as a small amount of Interleukin (IL)-2. During the expansion phase, 

activated T cells rapidly proliferate, the doubling rate averages at 6-8 hours with some studies 

demonstrating a peak doubling time of 4.5 hours, or even as little as 2 hours (Kurts et al. 1997; 

Yoon, Kim, and Braciale 2010). During this phase, T cells will begin to differentiate towards 

one of two T effector (Teff) phenotypes, the short lived effector cell phenotype (SLEC) which 

are have a high capacity for infection clearance die during the subsequent contraction phase, 

and the memory progenitor phenotype (MPEC) which remain (Mehlhop-Williams and Bevan 

2014) Figure 1. 

 

Figure 1 Naïve T cells are activated by APCs at Activation phase, this leads the T cells to enter the Expansion phase where the 
cells rapidly proliferate and differentiate to form a large pool of effector cells and a small pool of memory progenitor cells. 
During the Contraction phase, the effector cells die and leave behind the pool of memory progenitors which differentiate in 
to the stable pool of long lived memory cells, returning to a state of quiescence. 

Because of their ability to target specific cells for destruction, there is a lot of interest in 

adapting these cells for use in cancer immunotherapy. One method is adoptive T cell transfer 

(ACT) in which tumour recognising CD8+ T cells (commonly referred to as tumour infiltrating 

lymphocytes (TILs)) are extracted from the patient, grown ex vivo with IL-2, and then 

reintroduced to the patient. This method is however limited by the number of TILs which can 

be successfully extracted from the patient, and thus require additional time for expansion. 

This expansion period often require cytokine modulation or other forms of bioengineering 

materials such as biopolymer implants to both encourage growth of the pool for the length 

of time required, but must be done so in a manner which, also encourage a development of 

memory T cells for long lived tumour immunity (Morotti et al. 2021). Another method is 

chimeric antigen receptor (CAR) T cells, in which CD8+ T cells from the patient are genetically 

modified to produce TCRs which are already specific for the tumour antigen of choice, getting 
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around the limited pool of tumour recognising cells in the patient, and the more recent 

generations of CAR T cells are engineered to produce more cytokine such as IL-2 following 

antigenic stimulation (Tomasik, Jasiński, and Basak 2022). However, a number of other 

problems face these therapies, a main one being the immunosuppressive microenvironment 

around the tumour which can prevent activation, proliferation, and effector function of re-

introduced CD8+ T cells (Martín-Otal et al. 2022; Sterner and Sterner 2021). A CD8+ T cell’s 

capability to expand is crucial for its function, with a weaker capability to proliferate resulting 

in reduced capability to control tumour growth following ACT (Chee et al. 2020). 

1.1.1 Naïve T cells, Activation 

A naïve CD8+ T cell requires 3 stimulation signals to activate and initiate proliferation: 

antigenic stimulation via the TCR, co-stimulator signalling from pAPCs via molecules such as 

CD28, and cytokine stimulation primarily driven by IL-2. Stimulation of the TCR alone leads a 

cell to become anergic, meaning the cells do not express the IL-2 receptor CD25, fail to 

proliferate, and become unresponsive to further stimulation attempts. A dual signal of TCR 

and CD28 induces production of IL-2 and proliferation within the first 24 hours. IL-2 

stimulation through the IL-2 receptor (IL-2R) enables rapid proliferation as the cells enter the 

expansion phase (Mondino et al. 2006).  

TCR stimulation leads to phosphorylation of lymphocyte-specific protein tyrosine kinase (Lck), 

which in return phosphorylates the ζ chains of the TCR along the immunoreceptor tyrosine-

based activation motifs (ITAMS). This enables recruitment of TCR-associated protein 70 

(Zap70), which is subsequently phosphorylated by Lck. Zap70 then phosphorylates four key 

sites on the linker for activation of T cells (LAT) which allows for recruitment of proteins into 

the LAT signalosome. The downstream effect is activation of the Rat sarcoma (Ras)/ 

extracellular signal-related kinase (Erk)/Activator protein 1 (AP-1) pathway, Protein kinase C-

θ (PKCθ)/ κB kinase (IKK)/ nuclear factor-κB (Nf-κB) pathway, and the calcium-dependent 

Calcineurin/nuclear factor of activated T cells (NFAT) pathway. (Brownlie and Zamoyska 2013; 

Hwang et al. 2020). The transcription factors downstream of these pathways, NFAT, Nf-κB, 

and AP-1 all contribute to the transcription of IL2 and also contribute to the transcription of 

IL2RA, which encodes IL2RA/CD25, the alpha subunit of the IL-2 receptor (Liao, Lin, and 

Leonard 2013) (Figure 2). 
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Figure 2 MHC-I presented peptide stimulated the TCR and CD8 leading to phosphorylation via Lck and autophosphorylation 
of kinases around the ITAMS, including phosphorylation of Zap70 which leads to phosphorylation events around LAT and 
recruitment of proteins around it forming the signalosome. This triggers three major pathways cascades, the PKCθ/IKK/Nf-
κB pathway, Map kinase pathway, and the Calcineurin pathway, leading to an upregulation of IL-2 and the IL-2 receptor. 
CD28 stimulation by the APC leads to activation of PI3K which enhances PKCθ, deactivating Cbl-b which would otherwise 
inhibit the signalosome, promoting anergy. PI3K also leads to mTORC1 activation via AKT, resulting in activation of E2F and 
cell cycle initiation. Figure originally published in (Lewis and Ly 2021) 

Lck positively regulates phosphoinositide-dependent kinase 1 (PDK1) activity, which 

stimulates two major pathways: PKCθ/IKK/Nf-κB pathway and the Ak strain transforming 

(AKT)/ mammalian target of rapamycin complex 1 (mTORC1) pathway. Lck mediates this via 

activation of phosphoinositide 3-Kinase (PI3K), which is enhanced by co-receptor CD28 

stimulation. PI3K is also responsible for enabling the assembly of mTOR complex 2 (mTORC2), 

which activates AKT, enabling it to target its substrates, such as the mTORC1 inhibitor, TSC1/2, 

thereby upregulating mTORC1 activity. (Brownlie and Zamoyska 2013; Hwang et al. 2020; Jutz 

et al. 2016; Spolski, Li, and Leonard 2018). 

With TCR stimulation alone, however, the components of the LAT signalosome, as well as 

PKCθ are targeted for degradation by the E3-Ubiquitin ligase Cbl-b. Cbl-b also has the effect 

of reducing PI3K activity by preventing formation of phosphatidylinositol-3-phosphate (PIP3). 
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The net effect of this is a sharp reduction in NFAT, NFκB, AP-1, and mTOR activity, resulting in 

the cell becoming anergic (Liu, Langdon, and Zhang 2014). 

CD28 co-stimulation counteracts this effect by enhancing PKCθ activity, which promotes 

degradation of Cbl-b. Indeed, loss of PKCθ activity further decreases transcription factor 

activity downstream of LAT (Gruber et al. 2009), while knockout (KO) of CD28 reduces 

proliferation (Li et al. 2004). Conversely, either Cbl-b deletion, or a Cbl-b inactive mutant, 

enables T cell proliferation and production of IL-2 in the absence of CD28 signal. Loss of Cbl-b 

activity greatly enhances CD28-mediated proliferation and IL-2 production (Paolino et al. 

2011). Consistent with a role in negatively regulating activation, Cbl-b also emerged as a top 

hit in a CRIPSR genetic screen for regulators of secondary activation in human CD8+ T cells 

(Shifrut et al. 2018). 

Interestingly, there is no requirement for Lck in the activation of memory T cells upon 

secondary infection by LCMV in vivo. The frequency of antigen-specific T cells after secondary 

challenge to antigen was unaffected in memory cells depleted of Lck compared to Lck-replete 

cells. Rechallenged Lck-depleted cells also produce comparable levels of interferon (IFN)-γ 

levels to Lck-replete cells (Tewari et al. 2006). This is in direct contrast to naïve cells depleted 

of Lck, which do not proliferate in response to antigen (Seddon et al. 2000). In addition, ex 

vivo memory T cells seem more reliant on cytokine signalling to induce proliferation, with 

antigen and CD28 stimulation alone proving insufficient to trigger proliferation in memory T 

cells (Cho et al. 1999).  

1.1.2 Memory and Effector T cell Differentiation 

During the expansion phase, CD8+ T cells undergo a state of rapid proliferation, during which 

time the cells begin to differentiate towards two main phenotypes, SLECs and MPECS. SLECs 

are characterised by high expression of T-box transcription factor (T-bet) which upregulates 

receptor KLRG1 (Joshi et al. 2007). SLECs have greater capacity for cytotoxicity via production 

of granzyme B and perforin, while MPECs have a greater capacity for survival via expression 

of the interleukin IL-7 α-chain receptor (CD127). T-bet is understood to contributes a great 

deal to the SLEC phenotype, and knockout studies has shown a severe decrease in SLEC 

development, with activation of T-bet-/- naïve T cells favouring MPEC fate (Fixemer et al. 

2020). T-bet is shown to be essential for cytotoxicity (Sullivan et al. 2003) and has a role in 

downregulating CD127 expression (Knox et al. 2014; Yeo and Fearon 2011). Mechanistically, 



6 
 

loss of CD127 caused by high expression of T-bet reduces the cells access to survival signal IL-

7, contributing to these cells being generally short lived (Kaech et al. 2003). However, T-bet 

KO studies have demonstrated no direct role in influencing cell cycle mechanisms (Sullivan et 

al. 2003).  

MPECs are positive for another T-box transcription factor Eomesodermin (Eomes), along with 

reduced expression of T-bet (Joshi et al. 2007). While T-bet and Eomes both have the effect 

of downregulating CD127 expression in CD8+ T cells, Eomeshi T-betlo MPEC cells preserve far 

more CD127 expression than T-bethi SLECs (Knox et al. 2014), Eomes also has a role in 

upregulating pro-survival protein Bcl-2 (Kavazović et al. 2020) enabling the MPECs to outlive 

the contraction phase, and differentiate towards one of the memory T cell phenotypes, 

including the central memory T cell (Tcm), and effector memory T cell (Tem). 

Tcm cells revert to a more naïve-like phenotype, regaining expression of L-selectin (CD62L) and 

the chemokine receptor CCR7 characteristic of naïve T cells, both of which enable the Tcm to 

exit the periphery via the high endothelial venules (HEV) and localise within the secondary 

lymph nodes (Debes et al. 2005; Galkina et al. 2007).  

Tem lack both CCR7 and CD62L, and as such localise predominately in peripheral blood and 

tissue. Just as Tcm are more naïve-like in response to re-stimulation, Tem more closely behave 

like Teff, possessing greater cytotoxic capability than Tcm, but have much reduced proliferative 

capability (Cellerai et al. 2010). Tcm can differentiate into both Tem and Teff, while Tem only 

differentiate towards the Teff phenotype, indicating a hierarchy of memory phenotype 

through which T cells irreversibly progress upon re-stimulation, losing naïve-like qualities of 

longevity and proliferative potential as they become more cytotoxic (Gattinoni et al. 2011) 

(Figure 3). This hierarchy is encoded within the epigenome. Naïve cells possess a lot of closed 

chromatin states with very low levels of DNA methylation, hiding away key cell cycle genes. 

DNA Methylation is greatly enhanced within Teff following activation, while methylation is 

much reduced in the memory pool following contraction. Within the memory pool, the closed 

chromatin suppresses the transcription of many cell cycle genes within Tcm  in a manner 

resembling  naïve cells, while Tem chromatin states resembles that of the more open Teff 

phenotype (Barski et al. 2017; Youngblood et al. 2017).  
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Figure 3 Hierarchy of differentiation from Naïve to Effector T cell. Each phenotype is capable of producing cells of its own 
phenotype or to the phenotype further down the hierarchy. 

There seems to be a correlation with relative levels of T-bet vs Eomes within memory 

populations, with Tcm expressing less T-bet than Tem. While Eomes levels remain consistent 

between these populations, Eomes expression is generally lost in Teff phenotype, where T-bet 

is predominantly expressed (Knox et al. 2014). It is interesting to note that levels of T-bet 

expression also seem to follow the above mentioned hierarchy, with only 20% of Tcm 

expressing low levels of T-bet compared to 50% of Tem cells, while high levels of T-bet are 

seen in 20% of Tem cells and 30% of fully differentiated Teff (McLane et al. 2013).  

One notable difference between naïve and memory T cells is the rate of proliferation they 

undergo for self-renewal. Studies analysing the amount of deuterium in glucose or the total 

amount of isotope labelled “heavy water” (2H20) over the course of a culture have determined 

that a mixed population of CD8+ T memory cells have a resting dilution rate of between 0.007 

– 0.015 d-1 (doubling time = 46 – 99 days)(Macallan, Busch, and Asquith 2019), far faster than 

that of naïve T cells at 0.00045 d-1 (doubling time = 1400 days)(del Amo et al. 2018). 

Proliferation time has not yet been determined for different memory T cell population. Such 

studies have been performed on CD4+ Tcm and Tem which put their proliferation rate at as fast 

a 15 days and 48 days respectively (Macallan et al. 2004).  

The events which determine whether cells differentiated in the expansion phase towards the 

short lived SLECs or the MPEC phenotype is still a topic of active debate, with many citing the 

role of antigen stimulation strength and type of cytokine stimulation as prevailing, though the 

exact mechanism of developing a diverse population of differentiated cells is still to be fully 

explored. Recent studies have demonstrated a link between rate of cell cycle progression and 

eventual fate of newly activated T cells. The Fluorescent Ubiquitination-based Cell Cycle 
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Indicator (Fucci) system offers us a means of directly tracking the cell cycle activity of cycling 

cells. This is done by using fluorescent markers tagged to two key cell cycle regulatory 

proteins, the licensing factor Cdt1 and its inhibitor Geminin, both of which will be described 

in greater detail further down. Cdt1 expresses predominately during early cell cycle, and can 

be an indicator of cells which stall in re-entry, while Geminin is expressed from mid cell cycle 

through to just before mitosis. (Zielke and Edgar 2015). Within Fucci mice (Kinjyo et al. 2015) 

it was observed that within the first 7 days post immunisations, proliferating T cells distinguish 

themselves into slow and fast proliferators, and that slow proliferating cells behaved as 

MPECs, and fast proliferating, as SLECs. Another study has demonstrated similar findings, 

where CD62L+ MPEC cells transition through the cell cycle phases at a slower rate, 

demonstrating by a slower uptake of BrdU and EDU, than CD62L- SLEC at 3-6 days post 

immunisation irrespective of the strength of antigenic signal  (Kretschmer et al. 2020). 

1.1.3 Stemness and Exhaustion 

The pool of memory T cells that remains following contraction phase return to a state of 

dormancy, similar to naïve cells. These cells share a lot of traits with stem cells in that within 

both naïve and memory populations is a capability to self-renew in the absence of antigenic 

stimulation, a good capacity for survival, and the potential to form a new pool of Tcm, Tem, and 

Teff cells following (re-)stimulation with antigen. These characteristics are often referred to T 

cell “stemness” (Graef et al. 2014). Within the memory pool formed, Tcm would have more 

stemness than Tem being further up the differentiation hierarchy, while Teff would have the 

least stemness. While naïve T cells arguably have the most stemness of all these phenotypes, 

there is a naïve-like phenotype of memory cell known as the T stem cell memory (Tscm) cell 

which has an enhanced capacity for self renewal and is capable of production of all other 

memory phenotypes (Gattinoni et al. 2011). Tscm express a similar array of markers as naïve T 

cells do (CD62L+ CD44-) but express elevated levels of CD95, and IL-2 receptor β-chain (CD122) 

(Gattinoni et al. 2009). They are produced directly from naïve cells, and rely on Wnt signalling 

mediated upregulation of the transcription factor Tcf1 in order for Tscm to maintain their 

stemness (Gattinoni et al. 2009; Kaech and Cui 2012). 

When an activated T cell is exposed to a sustained consistent antigenic stimulation, as is often 

seen during chronic infection, it results in a dysfunctional cell state known as the exhausted T 

cell (Tex). They are characterised by a range of exhaustion markers such as Pd-1, Tim-3, Lag-3, 
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and Tigit, all of which have an inhibitory role which leads to reduced cytokine production, 

proliferative capacity, and an impaired ability to clear infections, and therefore represent cells 

that have entirely lose their stemness (Wherry 2011). While typical Tex are do not express 

Tcf1, there exists a subset of Tcf+ Pd-1+ T cells, often referred to as precursor exhausted T cells 

(Tpex). These Tpex show many of the hallmarks of exhaustion, but still maintain a capacity for 

self-renewal and proliferative capacity in a manner similar to other memory phenotypes. 

When activated, they show themselves as capable of producing other Tpex and Tex. Indeed, 

when a pool of exhausted cells are treated with PD-1 blockade, inducing proliferation, it is 

only the Tpex which proliferate as a result (Siddiqui et al. 2019). 

A number of other proteins have been identified in maintaining stemness in T cells, this 

includes Bach2, Id3, and c-Myb, all of which have been shown to have a role in fostering 

production of Tcf1 and thus in preserving stemness across T cell phenotypes. Bach2 deficiency 

results in a reduction in Tpex within exhausted populations of T cells, while its overexpression 

promotes their production during chronic infection (Utzschneider et al. 2020; Yao et al. 2021). 

Id3 is understood to be essential for the formation of memory T cells (Ji et al. 2011), and is 

also observed to be highly expressed within Tpex, becoming lost along with Tcf1 as exhausted 

cells begin to express Tim3, terminally differentiating towards Tex (Utzschneider et al. 2020). 

C-Myb is also a pivotal regulator of stemness in CD8+ T cells by activating transcription of Tcf1, 

and is understood to promote Tscm and encourage Tpex cells, preserving stemness as cells move 

towards exhaustion (Z. Chen et al. 2019; Heuser and Gattinoni 2022) 

These accounts provide more evidence towards the connection between proliferation and 

differentiation, as cells which proliferate more slowly are able to retain stemness. Taken 

together, it  is thus quite likely that there is an intimate relationship between T cell fate post-

immunisation and regulation of cell cycle progression. 

1.2 Cell cycle 

The cell cycle is divided into 4 phases (Figure 4), the first gap phase (G1) as the cell prepares 

for DNA replication (S) followed by a second gap phase (G2) when the cell prepares for mitosis 

(M). Quiescent, or G0 cells enter the cell cycle by first transiting through G1. During G1, cells 

pass through a commitment step called the restriction point (R). Before R, cells are susceptible 

to cell cycle arrest by mitogen starvation. However, beyond R, progression through the cell 
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cycle is mitogen-independent in human fibroblasts. The time cells spend in pre-R G1 is 

heterogeneous compared with the time spent in the remaining phases of the cell cycle 

(Zetterberg and Larsson 1985; Zetterberg, Larsson, and Wiman 1995). Additionally mitogen 

starved cells which exit to G0 and are reintroduced to mitogen have been observed to take 

up to an additional 8 hours to complete mitosis compared to cells cultured in mitogen-replete 

conditions (Zetterberg and Larsson 1991). Thus, G0, pre-R and post-R G1 are distinct phases 

that are distinguished in their mitogen responsiveness and in the length of time needed to 

progress to S-phase.  

 

Figure 4 Cell cycle consists of two major events. DNA duplication which occurs in S phase, and cell division in M phase, with 
two gap phases before them known as G1 and G2 respectively. G1 can be further separated in to 2 phases as defined by the 
moment after which mitogen restriction does not prevent the cell from committing to cell cycle completion, referred to as the 
R point. Before the cells enter R point, they are able to exit the cell cycle entirely becoming quiescence/senescent, known as 
being in G0. 

Key proteins that control cell cycle progression include 1) the cyclin proteins, which rise and 

fall in abundance at key stages of cell cycle, 2) the cyclin-dependent kinases (Cdks) which 

become active when bound to their cognate cyclins and 3) the Cdk inhibitor proteins (Cdki) 

which control cell cycle progression at key check points in response to mitogen starvation or 

cellular stress (e.g., DNA damage). 
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1.2.1 Cyclins and Cdks 

Cyclins, Cdks and Cdkis have key roles in regulating the activity of E2F, a transcription factor 

that promotes the expression of cell cycle genes, including the cyclins and Cdks themselves. 

In G0 and pre-R G1, E2F mediated transcription is inhibited by pocket proteins Rb, p107, and 

p130, preventing the cell from progressing to S phase (Stengel et al. 2009). An active kinase 

complex is formed by interaction of cyclin D with either Cdk4 or Cdk6, and this kinase activity 

mediates hyperphosphorylation of Rb, causing Rb to decouple from E2F, and thereby enable 

E2F to promote upregulation of its targets. Such targets include a large number of S phase 

proteins, as well as cyclin E and cyclin A. Cyclin E will form a complex with Cdk2 which amongst 

other processes will contribute to Rb hyperphosphorylation, resulting in a positive feedback 

loop of E2F activation (Dyson 1998). Recent work suggests that Cdk4/6 regulates cellular 

processes other than those downstream of E2F (Figure 5). 

Cyclin D3-Cdk6 phosphorylates key enzymes in the glycolysis pathway, diverting metabolites 

from glycolysis into the pentose phosphate pathway to promote redox balance (via 

production of NADPH) and cellular anabolism (e.g. by generating nucleotide precursors) 

production of nucleotide precursors to support DNA replication (Wang et al. 2017).   

 

 

Figure 5 E2F upregulates S phase promoting proteins, but in early G1/G0 is inhibited by Rb. Activation of Cyclin D-Cdk4/6 
leads to phosphorylation of Rb which decouples from E2F enabling transcription of its targets. One of its targets is Cyclin E, 
which when coupled with Cdk2 enables another means for Rb phosphorylation, resulting in a positive feedback loop. This can 
be slowed by the presence of Cdki of either the INK4 family or Cip/Kip family. 
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1.2.2 CdkIs 

Cdk activities can be inhibited by stoichiometric binding to Cdkis, of which there are two main 

families: the INK4 family consisting of p16, p15, p18, and p19, which inhibit Cyclin D-Cdk4/6 

complex; and the Cip/Kip family which consists of p27, p21, and p57, and are known to inhibit 

any cyclin-Cdk complexes within the cell cycle, and are able to induce cell cycle arrest at G1 

phase (Sherr and Roberts 1999). The regulation of Cdk4/6 complexes by the Cip/Kip family 

members are more complex. Cip/Kip proteins can catalyse the formation of cyclin-Cdk 

complexes and in the absence of p21 or p27, cyclin D-Cdk complexes do not form (Cheng et 

al. 1999). Trimeric species containing p27 phosphorylated on tyrosine 74, cyclin D and Cdk4 

retain kinase activity (Guiley et al. 2019). On the other hand, high levels of p21 inhibit Cdk4 

(Labaer et al. 1997). Cip/Kip proteins are inactivated by post-translational modification and 

degradation. For example, tyrosine phosphorylation on p27 by mitogen-activated tyrosine 

kinases disrupts the inhibitory interaction of p27 with Cdk2 and promotes p27 degradation 

(Grimmler et al. 2007). 

1.2.3 Cell Cycle Progression 

There are a number of crucial checkpoints, some of which are specific to key phase transition 

points, such as G1/S and G2/M checkpoints, while others are not specific to any one phase. 

These checkpoints ensure cells do not continue along the cell cycle until properly fit to do so 

and in some cases will trigger the production of Cdkis, forcing the cell towards 

quiescence/senescence, or even apoptosis. 

The phosphorylation of Rb as described above makes up the G1/S checkpoint, which ensures 

that the cell has sufficient quantity of activated Cdk2 to enable progress on to S phase. This 

starts with replication origin licensing in which the origin recognition complex (ORC) binds to 

the DNA. Cdc6 and Cdt1 are phosphorylated by both Cdk2/Cyclin E, Cdk2/Cyclin A, and Cdc7 

(Ballabeni et al. 2009; Bermejo, Vilaboa, and Calés 2002), allowing them to be recruiting to 

the ORC. Cdt1 and Cdc7 recruitment then enables the formation of the minichromosome 

maintenance (Mcm) 2-7 to form a complex near the origin site, initiating replication (Evrin et 

al. 2009). Geminin inhibits origin licensing by binding to Cdt1, preventing it from being 

recruited to the ORC. Geminin expression increases in S phase and peaks a G2/M in order to 

prevent the possibility of premature origin-licensing which would then lead to re-replication 

(Bermejo et al. 2002; Klotz-Noack et al. 2012). 
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Another important checkpoint mechanisms is the DNA Damage Response which senses DNA 

damage, and induces cell cycle arrest to allow for DNA damage repair. These mechanisms can 

be divided into two broad pathways, the p53 pathway, and the Checkpoint Kinase (CHK)1 

pathway. p53 in a transcription factor which responds to cellular distress. When not needed, 

p53 expression is kept low by  degradation by the E3 ubiquitin ligase Mdm2. Mdm2 can be 

inhibited by sensor proteins which are activated in response to DNA damage such as ataxia 

telangiectasia mutated (ATM), which responds to double strand breaks in DNA, and ataxia 

telangiectasia and Rad3 related protein (ATR), which responds to replicative stress and are 

not cell cycle restricted, meaning these mechanisms operate at any time during the cell cycle 

when DNA damage is detected. ATM and ATR also phosphorylate p53, allowing it to form a 

tetramer and become activated as a transcription factor (Cheng et al. 2009; Davison et al. 

1998). 

This results in upregulation of a number of DNA repair mechanisms, as well as cell cycle arrest 

factors including p21, pausing cell cycle at any phase at which this may occur (Wade Harper 

et al. 1993). Chk1 is also activated by phosphorylation by activated ATR, and this enables Chk1 

to phosphorylate Wee1 and Cdc25. Once phosphorylated, Wee1 becomes activated and 

phosphorylates Cdk1 in turn, inhibiting it and thereby inhibiting cell cycle at the G2/M border 

(Russell and Nurse 1987). Cdc25 is a phosphatase and is instead is inhibited by Chk1, rendering 

it unable to dephosphorylate either Cdk1 or Cdk2, ensuring these Cdks remain inactive 

(Dunphy and Kumagai 1991). 

As the cells continue through M phase, they encounter the mitotic spindle checkpoint, which 

occurs between metaphase and anaphase and is predominately mediated by the E3 ubiquitin 

ligase Anaphase Promoting Complex Cyclosome (APC/C). During prometaphase, the 

kinetochore forms on the centromere and attaches to the microtubules protruding from the 

spindles as the cell enters metaphase. APC/C binds with its co-activator Cdc20 and 

polyubiquitinates both Cyclin B and Securin, tagging them for degradation (Thornton and 

Toczyski 2003). Securin is an inhibitor that binds to Separase. Once decoupled, Separase will 

cleave the cohesin complex which keep the chromatin together, allowing the sister chromatid 

to separate and the cell to enter anaphase (Sullivan, Lehane, and Uhlmann 2001; Uhlmann, 

Lottspelch, and Nasmyth 1999). To ensure this process does not occur too early, kinetochore 

complexes that remain unattached to chromatin can orchestrate the construction of the 
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mitotic checkpoint complex (MCC) consisting of BubR1, Bub3, Mad2, and Cdc20. This MCC 

will couple with a second subunit of Cdc20 already coupled with the APC/C, preventing 

APC/CCdc20 from interacting with UbcH10, thought to be required for Ube2S mediated 

ubiquitin elongation. This ‘closed’ form of APC/C remains stable until APC/CMcc can initiate 

autoubiquitination of Cdc20Mcc upon complete chromatin attachment, and thereby triggering 

MCC disassembly and subsequent re-activation of APC/CCdc20 (Alfieri et al. 2016; Sudakin, 

Chan, and Yen 2001; Uzunova et al. 2012). Thus, only when all kinetochores along the 

chromosome are properly attached and aligned can the chromatid pairs separate. 

1.2.4 E3 Ubiquitin Ligases APC/C and SCF 

In addition to mitotic spindle checkpoint, APC/C plays a role in aiding in controlling S-phase 

entry and mitotic exit. This is done with the aid of a different co-activator, Cdh1 (also known 

as Fzr1) (Figure 6). In Metaphase, Cdh1 is phosphorylated by Cdk1/Cyclin B, keeping it from 

forming a complex with APC/C. However, when APC/CCdc20 reduces the abundance of Cyclin 

B, Cdk1/Cyclin B mediated phosphorylation is outcompeted by the Cdc14b phosphatase that 

removes the phosphate from Cdh1, enabling the formation of APC/CCdh1. One of the 

substrates of APC/CCdh1 is Cdc20, so over the course of Anaphase, the APC/CCdc20 becomes 

replaced by APC/CCdh1 (Bassermann et al. 2008; Foe et al. 2011). 

APC/CCdh1 prevents origin licensing from taking place by targeting a number of E2F targets for 

degradation. This includes Cyclins E and A, ORC complex proteins, and inhibitors of Cdki such 

as Skp2, keeping cells from transitioning from G1 to S phase. Indeed, inactivation of the 

APC/C-Cdh1 has been shown to be a second crucial step after E2F activation in promoting the 

transition from G1 to S (Cappell et al. 2016). Thus, proteins required for G1/S are upregulated 

by increased synthesis via transcription by E2F and maintain an increased stability via APC/C 

inactivation. APC/C inactivation in G1 is mediated by multiple mechanisms, including 

phosphorylation of Cdh1 (Kramer et al. 2000) by Cdk2 (Lukas et al. 1999) and by the 

accumulation the pseudosubstrate inhibitor protein, Emi1 (also known as Fbxo5) (Cappell et 

al. 2018). Additionally, there are deubiquitinases (DUBs), including Usp37, which stabilise 

APC/C substrates by removing ubiquitin chains that would otherwise target these proteins for 

proteasomal destruction (Huang et al. 2011).  
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Figure 6 E3 ubiquitin ligase relies on co-activator Cdh1 in order to target its substrates. Once coupled, it is able to 
polyubiquitinate many proteins which promote S phase progression including Cyclin A, which tags them for proteolytic 
degradation. This can however be reverse by deubiquitinases such as Usp37. Once Cyclin A-Cdk2 is abundance enough to 
outpace APC/CCdh1 activity, it can inhibit Cdh1 coupling with APC/C by phosphorylating it. Another mechanism is that of the 
pseudo-substrate Emi1 which binds to the co-activator pocket of APC/C, thereby preventing Cdh1 from forming a complex. 
and substrate of APC/CCdh1. Emi1 is also a substrate of APC/CCdh1 and so will be degraded until the abundance of Emi1 can 
outpace APC/CCdh1 activity. 

Skp1-Cul1-F-box (SCF) complex is another E3 ubiquitin ligase which is important to mediating 

cell cycle control. Like APC/C, it has a number of co-activators which determine its targets, 

and while there are many such co-activators, there are four which are relevant to cell cycle 

regulation. S-Phase Kinase Associated Protein 2 (Skp2), β-Transducin repeats-containing 

protein (βTrCP), F-box and WD repeat domain containing 7 (Fbxw7), and Cyclin F. SCFSkp2 

targets phosphorylated p27, which is phosphorylated by Cdk2/Cyclin E (Hao et al. 2005). This 

means once E2F activity will reach a threshold in which sufficient abundance of Cyclin E is 

produced to phosphorylate p27 which is then polyubiquitinated and subsequently degraded.  

The resulting positive feedback loop allows high E2F activity to overcome p27 mediated 

inhibition. It has been observed that a similar mechanism occurs with p57 (Kamura et al. 2003) 

and p21 (Bornstein et al. 2003). SCFSkp2 also targets unbound Cyclin E (Nakayama et al. 2000), 

but because Skp2 is a substrate of APC/CCdh1, it is predominately active when APC/CCdh1 is 
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already inhibited in late G1 through to S phase (Bashir et al. 2004). This means SCFSkp2 

degrades Cyclin E while it is released from Cdk2 during S phase. 

SCF binds to Cyclin F once it is phosphorylated by Akt (Choudhury et al. 2017),  SCFCyclin F forms 

as the cells approach G2 and targets activator E2Fs (E2F1, E2F2, E2F3a), preventing their 

activity post S phase (Dankert et al. 2016). In addition, SCFCyclin F targets Cdh1, while APC/CCdh1 

targets Cyclin F (Choudhury et al. 2016), which may indicate that SCFCyclin F has a role in aiding 

S phase progression, while APC/CCdh1 enables a resurgence in activating E2Fs following M 

phase (Emanuele et al. 2020). Like Cyclin F, Fbxw7 requires phosphorylation by Akt to bind 

with SCF. Once formed, SCFFbxw7 is known to predominately regulate the degradation of Cyclin 

E and Myc (Schülein, Eilers, and Popov 2011). Unlike Cyclin F, Fbxw7 is not a substrate of 

APC/CCdh1 and as such can target Cyclin E for degradation during G1 phase, which has the 

consequence of promoting APC/CCdh1 activity by preventing Cdh1 phosphorylation from 

Cdk2/Cyclin E (Lau et al. 2013). 

SCFβ-TrCP is not directly cell cycle regulated like Cyclin F, Cdh1, of Cdc20 is. Instead, regulation 

is governed by phosphorylation of its targets. Canonical degron motifs for APC/Cβ-TrCP must be 

phosphorylated (Paul et al. 2022), and as such its targets can be cell cycle regulated via 

phosphorylation by one or more kinases. For example, Wee1 is degraded following 

phosphorylation by Cdk1 and polo-like kinase (Plk1) (Watanabe et al. 2004); Cyclin F following 

phosphorylation by Casein Kinase 2 (Ck2) (Mavrommati et al. 2018); and Cdc25a 

phosphorylated by Chk1 and Chk2. This allows SCFβ-TrCP to have a dual role in controlling 

APC/CCdh1 activity by polyubiquitinating Cdh1 when it is phosphorylated by Plk1 and Cdk2 

(Fukushima et al. 2013) , and Emi1 when it is phosphorylated by Cdk1 (Margottin-Goguet et 

al. 2003). 

1.3 Cell Cycle Mechanisms in CD8+ T cells 

1.3.1 Naive 

In many ways, T cells present a unique behavior in how cell cycle is regulated. Naïve CD8+ T 

cells remain in a quiescent state, doubling at a time scale of months to years (Tough and 

Sprent 1994), requiring only minimal TCR stimulation from self-peptide expressed on MHC, 

as well as stimulation by IL-7 to maintain survival (Seddon and Zamoyska 2002). Though the 

exact mechanisms that suppress cell cycle entry in naïve cells are not clear, there are a 
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number of factors which are understood to contribute to this quiescence. mRNA expression 

of Klf4 correlates with that of p21, and knockout of Klf4 leads to an increase in proliferation 

upon activation (Yamada et al. 2009). Indeed, upon activation, it has been observed that the 

degradation of Klf4 is essential to enable cell cycle entry (Hao et al. 2017). Foxp1 is also 

understood to be an important mediator of quiescence in naïve T cells. Knockout experiments 

show that a loss of Foxp1 leads to enhanced expression of IL-7r, and allows for IL-7 mediated 

proliferation possibly by negatively regulating Mek and Erk signal (Feng et al. 2011), and a 

subsequent increase in activating E2F proteins (Wei et al. 2016). Stat1 is also observed to 

maintain quiescence via suppression of mTOR and cMyc pathways in response to type I 

interferons (Kye et al. 2021). 

1.3.2 Activation induced proliferation 

TCR/CD28 stimulation of naïve cells is sufficient to initiate proliferation. TCR/CD28 stimulation 

leads to phosphorylation of Rb, expression of cyclin E, cyclin A, and Cdk2, and the degradation 

of p27 (Appleman et al. 2000). Conversely, cells that become anergic from TCR stimulation 

alone have increased p27 (Boussiotis et al. 2000). Rapamycin, an inhibitor of mTOR, induces 

a severe delay in proliferation (D’Souza and Lefrançois 2003), resulting from decreased levels 

of cyclin D3 and cyclin E. And while cyclin D3 levels recover 3-5 days following rapamycin 

treatment, cyclin E remains low, suggesting a reliance on mTOR for antigen-induced E2F 

activation. Although the exact mechanism is unknown, expression of a rapamycin resistant 

mutant of p70S6k rescues E2F activity in rapamycin-treated cells; thereby demonstrating that 

mTOR activity promotes cell cycle progression by activating E2F through S6K (Brennan et al. 

1999). In contrast to wild-type cells, proliferation of IL-2-/- cells is arrested completely by 

rapamycin. Together these results suggest that IL-2 signalling contributes to proliferation in 

an mTOR-independent manner. Interestingly, mTOR inhibition does not delay cells in the 

expansion phase (Colombetti et al. 2006). 

mTOR also upregulates the c-Myc transcription factor, which has a crucial role in T cell 

metabolism (Vartanian et al. 2011; Waickman and Powell 2012; Wang et al. 2011) and 

expression of several cell cycle regulators, including p27, cyclins and Cdks (Dang et al. 2006). 

T cells lacking c-Myc have defects in glycolysis, glutaminolysis, cell growth and proliferation. 

Indeed, compared to wild type, c-Myc knockout cells show decreased levels of Cdk4, Cdk2 

and CDC25A (Wang et al. 2011). Furthermore, in Raptor deficient cells that poses impaired 
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mTORC1 activity present attenuated transcription factors including Myc, but also Gabpa, YY1, 

and Srebf1, all of which are associated with mitochondrial function (Tan et al. 2017). 

Cdki proteins interfere with the pathways downstream of TCR stimulation. p27 is a key 

negative regulator of IL-2 production in anergic CD4+ T cells (Boussiotis et al. 2000). Ectopic 

expression of p27, but not p21, suppresses IL-2 production in control CD4+ T cells. Depletion 

of p27 in stimulated Jurkat T cells enhances transcription of an IL-2 luciferase reporter 

construct and enhanced cellular AP-1 activity. The proposed mechanism is that p27 directly 

binds JAB1/COPS5, a subunit of the COP9 signalosome and a positive regulator of AP-1, 

inducing translocation from the nucleus to the cytoplasm (Tomoda, Kubota, and Kato 1999), 

thereby suppressing IL-2 transcription (Boussiotis et al. 2000). Whether this effect extends to 

CD8+ T cells is yet to be determined. 

There is significant interest in the roles of Cdk4/6 in immunomodulation, and how small 

molecule inhibitors of Cdk4/6 affect immune cell phenotypes. Recent data using Cdk4/6 

inhibitors (Cdk4/6i) suggest a direct role in Cyclin-Cdks in controlling T cell differentiation. 

Three Cdk4/6i are FDA-approved for HR+ breast cancer: palbociclib (PD-0332991), 

abemaciclib (LY2835219) and ribociclib (LEE011). Numerous clinical trials are ongoing for the 

treatment of other solid tumours (Álvarez-Fernández and Malumbres 2020). Interestingly, 

recent evidence suggests these inhibitors function similarly to the INK4 family of proteins by 

binding to monomeric Cdk4/6 (Guiley et al. 2019).  Proliferation of CD4+ Treg cells is inhibited 

by Cdk4/6 inhibition whereas proliferation of CD8+ cells is unaffected (Goel et al. 2017). 

Indeed, CD8+ T cell function can be augmented by Cdk4/6 inhibition. Treatment of CD8+ T cells 

with Cdk4/6 inhibitors enhances NFAT activity, increasing expression of the IL-2 receptor α 

(CD25) and production of IL-2 and granzyme B, indicating that Cdk6 may have a role in limiting 

T cell effector differentiation (Deng et al. 2018).  

In summary, T cell activation produces a signalling cascade that triggers a change in gene 

expression that promotes cell growth, increased anabolic metabolism, and stimulation of 

nascent Cdk/E2F activities. The significant rewiring of the proteome and metabolism is 

important for supporting the next phase of CD8+ T cell differentiation, in which activated cells 

rapidly proliferate to clonally expand antigen-specific CTLs.  
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1.3.3 IL-2 driven proliferation 

A key regulator of CD8+ T cell proliferation in the expansion phase is IL-2. IL-2 is a cytokine and 

potent T cell mitogen (Smith and Ruscetti 1981) that is produced primarily by activated CD4+ 

and to a lesser extent CD8+ T cells (Nelson 2004). The IL-2 receptor is composed of three 

chains. The IL-2Rα (CD25), IL-2Rβ (CD122), and the common γ-chain (CD132). CD25 itself has 

no intracellular interactions and instead provides greater affinity between IL-2 and the other 

two components of the IL-2 receptor. CD122 and CD132 form a dimer and recruit Jak1 and 

Jak3 respectively, but have low affinity for IL-2 (Kd ≈ 450nM). CD25 alone also has a low 

affinity with IL-2 (Kd ≈ 10 nM), but when in a tetramer with CD122 and CD132, the affinity for 

IL-2 increases almost 1000 fold (Kd ≈ 300 pM), enabling prolonged signal transduction through 

CD122 and CD132. Signal strength of IL-2 can therefore be regulated via regulation of CD25 

expression (Stauber et al. 2006). 

Upon activation, CD8+ T cells secrete IL-2 and begin production and expression of CD25. While 

TCR stimulation alone has been shown to be sufficient to induce proliferation of CD8+ T cells, 

the absence of IL-2 signal results in suboptimal expansion and slower cell cycle progression 

(D’Souza and Lefrançois 2003), and indeed, blockade of IL-2 leads to reduced proliferation 

(Mishima et al. 2017). In addition, the presence of IL-2 in culture reduces the minimum 

threshold of TCR signalling required to enter cell cycle (Au-Yeung et al. 2017). 

Continuous exposure to IL-2 is essential for prolonged expansion. IL-2 starvation leads to 

reduced cell viability, loss of CD25 expression, and decreased cellular protein content, 

including many major cell cycle regulators: cyclin D2, cyclin D3, cyclin A, cyclin B1, cyclin B2, 

Cdk4, Cdk6, Cdk1, p15 and p21. Notably, p27 is one of the few proteins to increase as a result 

of IL-2 starvation (Rollings et al. 2018). 

p27 is implicated in controlling cell cycle exit in the contraction phase. In vivo experiments 

utilising p27 KO CD8+ T cells continued to expand up to day 11 post immunisation, while WT 

began contraction by day 8. The effect of p27 is more pronounced for MPECs than SLECs as 

MPEC cells maintained their higher populations as late as 30 days post immunisation, while 

SLEC p27 knockouts generally returned to similar cell numbers as WT cells by day 15. This 

difference in response is likely due to MPECS expressing higher pro-survival factors and having 

a greater capacity for IL-2 production than SLECs (Singh et al. 2010).  



20 
 

Whereas studies consistently show that p27-/- mice exhibit splenic and thymic hyperplasia 

(Fero et al. 1996; Kiyokawa et al. 1996; Nakayama et al. 1996), the data for p21-/- mice are 

conflicting (Balomenos et al. 2000). Activated p21-/-, p27-/- double knockout (DKO) splenocytes 

are hyperproliferative in vitro. Freshly isolated splenocytes from p21-/- but not p27-/- mice, 

had a higher frequency of CD25 expressing naïve CD4+ and CD8+ T cells. The percentage of 

CD25+ cells in activated DKO or p27-/- splenocyte cultures were elevated by ~10% relative to 

wild type, or to p21-/- (Wolfraim et al. 2004), which may enhance T cell sensitivity to IL-2, and 

therefore mitogen-induced proliferation.  

Downstream of IL-2 receptor activation is the STAT5 pathway (Moriggl, Sexl, et al. 1999), 

which is known to positively regulate proliferation (Figure 7). STAT5 activation induces 

homeostatic proliferation in naïve CD8+ T cells, even in the absence of cytokine stimulation 

(Burchill et al. 2003), and in activated T cells, STAT5 enhances E2F activity by activating p70S6K 

just as  mTOR does following TCR stimulation. (Lockyer, Tran, and Nelson 2007). STAT5 KO T 

cells have reduced cell cycle regulators, including cyclin D2, cyclin D3, cyclin E, cyclin A, and 

Cdk6 (Moriggl, Topham, et al. 1999). All of these proteins play important roles in G1-S phase 

progression. STAT5 signalling upregulates levels of pro-survival proteins Bcl-2 and Bcl-XL. 

Additionally, STAT5 upregulates c-Myc, further implicating it as an important mediator of 

CD8+ T cell proliferation (Lord et al. 2000). Constitutively active STAT5 promotes homeostatic 

proliferation and survival of CD8+ T cells. Interestingly, STAT5 also enhances presence of T 

memory cell phenotype, increasing the frequency of cells expressing CD127, CD122, CD62L 

and Bcl-2(Hand et al. 2010) .  
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Figure 7 IL-2 stimulation of the complete IL-2 receptor triggers three major pathways. The PI3K pathways which mostly 
controls T-bet activity by inhibiting Foxo1 via mTORC1; the MapK pathways which allows Erk to mediate cell survival 
mechanisms; and Stat5 which activated E2F and enhances both survival and memory differentiation mechanisms, taking over 
from mTORC1 as the main promoter of cell cycle. Previously published in (Lewis and Ly 2021) 

mTOR is also upregulated by IL-2 via the PI3K/AKT pathway. However, other pathways 

contribute more strongly to T cell proliferation in the expansion phase, as inhibiting mTOR in 

this phase does not arrest proliferation (Howden et al. 2019). Similarly, naïve CD8+ treated 

with AKT inhibitors responded less to stimulation, with proliferation severely reduced by day 

2 of the culture in a dose dependent manner (Cho et al. 2013). If treated three days post 

activation, however, AKT inhibition was shown to have little impact on proliferation 

(Macintyre et al. 2011).  

Conversely, T cells expressing constitutively activated AKT were defective in memory T cell 

development in vivo. These cells have reduced CD127, CD122, CD62L and Bcl-2 (Hand et al. 

2010). CD127 reduction is predominately controlled by PI3K/AKT activity in a STAT5 

independent way, as STAT5 knockout cells had little impact on CD127 (Xue et al. 2002). 

Constitutively active AKT containing cells also showed poor STAT5 phosphorylation in 

response to any cytokine stimulation, and as a result had a defect in homeostatic 

proliferation. 
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Taken together, these data suggest that a principal role of the IL2R/PI3K/AKT/mTOR pathway 

is the differentiation of T cells towards the SLEC phenotype, which occurs in parallel to 

IL2R/STAT5. The latter is the dominant pathway that promotes upregulation of cell cycle 

regulatory proteins and therefore proliferation of CD8+ T cells. 

Cdk2/Cyclin E/A complexes phosphorylate numerous substrates, including targets outside of 

canonical cell cycle pathways that directly regulate DNA replication and mitosis. For example, 

cyclin E/A-Cdk2 phosphorylates and inhibits Foxo1 within a number of cancer cell lines (Huang 

et al. 2006). In T cells, mTOR drives differentiation towards SLEC phenotype by 

phosphorylation of Foxo1, an inhibitor of SLEC phenotype transcription factor T-bet. 

(Michelini et al. 2013; Pollizzi et al. 2015; Rao et al. 2010). Thus, Cdk2-mediated inhibition of 

Foxo1 raises the intriguing possibility that Cdk2 may also have a role in enhancing T-bet 

activity, and thus provide a mechanism by which high Cdk2 expression can enhance 

differentiation. However, this has yet to be demonstrated in T cells. 

1.3.4 IL-15 stimulation 

IL-15 is another cytokine which interacts with CD122 and CD132 with comparatively weak 

affinity (Kd = 25nM) (Meghnem et al. 2017), however the IL-15 specific subunit IL15Rα 

(CD215) has a very strong affinity to IL-15. Although IL-15 interacts with the same signal-

transducing receptors that IL-2 does, and in one instance was shown to have a similar effect 

to IL-2 in lowering the antigen stimulation threshold required to induce proliferation (Au-

Yeung et al. 2017), the effects of IL-15 are noted as being more active in promoting survival 

signal Bcl-2 than inducing proliferation, and as a result, in CD215 knockout mice, CD8+ T cells 

produce less Bcl-2 and show increased sensitivity to death (Wu et al. 2002). IL-15 is often 

introduced to antigen experienced cells ex vivo in order to induce memory phenotype cells. 

The difference in outcome between IL-2 and IL-15 stimulation might be explained in the 

methods of delivery. While CD215 is expressed on CD8+ T cells, it is reported that IL-15 signal 

is mostly delivered via trans signalling from antigen presenting cells which present CD215 and 

IL-15 together, letting them bind in the cytosol or binding externally and then being recycled 

to express at the immune synapse before presenting them as a presented ligand to interact 

with CD122/CD132 on the T cell as part of the immune synapse (Dubois et al. 2002; Nolz and 

Richer 2020). This proximity to antigen presenting cells may allow for a number of other 



23 
 

signalling events which could give way to some of the differences observed between IL-15 

and IL-2 response. 

Conversely, studies which artificially increased CD215 expression by transfection with IL-15RA 

mRNA have shown an increase of IL-15 induced signal transduction, resulting in enhanced 

proliferation and increased production of IFN-γ (Rowley et al. 2009). Another study compared 

WT CD8+ T cells with CD8+ T cells possessing mutant CD122 which had impaired association 

with STAT5. They observed that the impaired cells proliferated less than WT, retained CD62L 

and did not express KLRG1, in line with the Tcm phenotype, while Tem phenotype required a 

stronger CD122 signal, and in fact required IL-2 rather than IL-15 to be induced. These 

accounts therefore indicate weak CD122 signalling is enough to push for MPEC like behaviour, 

and furthermore that strength of CD122 signal determines whether the memory phenotype 

is closer to naïve or effector (Castro et al. 2011).  

Another observation from this study was that both IL-15 and IL-2 signal resulted in similar 

expression of pSTAT5, but noted that IL-15 levels of pSTAT5 were more transient, decreasing 

over the course of an hour, while IL-2 mediated pSTAT5 expresion was more sustained, 

remaining relatively high even up to 3 hours(Castro et al. 2011). A similar observation of high 

pSTAT5 in response to IL-15 compared to IL-2 was made independently by another 

study(Grange et al. 2015) who then went on to examine CD8+ T cells transduced to express 

active STAT5. They demonstrated that these cells had increased sensitivity to CD122 

signalling, regardless of whether mitigated by IL-2 or IL-15, and that post immunisation, these 

cells demonstrated Tem like traits determined by KLRG1 expression and IFNγ production post 

re-stimulation (Grange et al. 2015). These observations when taken together suggest that 

intensity of IL-2R signal is the main driver of T cell differentiation. That high but transient 

STAT5 phosphorylation occur in response to weak CD122/CD132 signalling and favour 

memory phenotype with high survival and proliferative potential due to STAT5 mediated Bcl-

2, Cyclin, and Cdk production, yet slow cell cycle progression, possibly due to a reduction of 

AKT mediated E2F activation. 

As part of terminal differentiation to Teff, CD8+ T cells maintain high expression of T-bet, which 

results in downregulation of CD127, upregulation of CD122 and CD215. and a reduction in the 

expression of CD132 signal inhibit SOCS-1 (Yeo and Fearon 2011). This would have the effect 

of making the Teff more reliant on CD122 mediated Bcl-2 upregulation for survival, while 
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upregulation of CD215 may enhance IL-15 mediated signal, and afford Teff less reliance on the 

immune synapse to receive the signal. 

Conversely, quiescent memory T cells pre-incubated with IL-15 have been shown to more 

rapidly proliferate following antigen re-stimulation than with antigen re-stimulation alone. 

This mechanism is mediated by both Stat5 and mTORC1 mediated p70s6K phosphorylation 

(Richer et al. 2015).  

1.4 Proteomics 

Due to the complexity of cell cycle regulation mechanisms, and the relatively unexplored 

territory that is cell cycle control in T cells, it would be beneficial to employ a method that 

provides an unbiased means of data acquisition. Bottom-up Proteomics is the method in 

which proteins are extracted from cells or tissue samples, broken down into peptides, and 

processed for acquisition via mass spectrometry. These peptides are then compared against 

a database of proteins in order to work out which proteins these peptides originally made up, 

with their numbers translating to a relative abundance of protein within the cell. 

The standard protocol for acquisition can be typically broken down into six steps, following 

the culture of cells/tissue, as detailed below (Figure 8) 

1. Extraction of proteins 
2. Reduction and Alkylation 
3. Digestion into peptides 
4. Clean up 
5. LC-MS/MS 
6. Data Analysis 

 
At the very beginning of the process, the samples are cultured, these could be from a variety 

of sources including, cell lines, tissues, in vivo and ex vivo experiments. Once a sufficient 

quantity of sample has been acquired, the proteins are extracted, typically by lysing the cell 

with the use of ionic detergents such as SDS. 
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Figure 8 Cells or tissue are taken from culture and the proteins extracted by lysis. At this stage there is an option to run them 
through a gel in order to carry out size exclusion and remove impurities. Proteins are reduced to break up the disulphide 
bonds, and alkylated in order to prevent the re-formation of disulphide bonds on cysteine residues. Proteins are then digested 
into peptides with the preferred choice of enzyme. The peptides are then passed through c18 silica column to desalt the 
peptides. Peptides are then undergo liquid chromatography and are sprayed into a mass spectrometer for acquisition. For 
large samples, it may be desirable to fractionate the peptides by an additional step of liquid chromatography prior to running 
them through LC-MS. The peptide m/z readings are taken and can be used for data analysis. 

Once extracted, there is the optional step run the samples through an acrylamide gel. The 

benefit of this step is to remove impurities which would otherwise obfuscate the MS reading, 

but can also be used for size-resolution, to remove proteins that are beyond a certain size 

range if they are not relevant to the analysis at hand. However, this step is not necessary if it 

is intended that entire proteome and if samples are kept free from most sources of 

contamination from the start. The proteins will then be reduced and alkylated. The reduction 

breaks the disulphide bonds, which will free up more cleavage sites for the enzymes during 

digestion, while Alkylation prevents the now free sulfhydryl groups on the Cysteine residues 

from reforming disulphide bonds. The proteins are then digested using proteolytic enzymes 

into peptides. The most common of these is Trypsin, which cleaves proteins at the C-terminal 

of Arginine and Lysine. However, other enzymes can be used, such as Lys-C, which cleaves 

only the C-terminal of Lysine. 
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In the case of fixed cells, it is possible to bypass the need of SDS and instead apply the 

digestion enzyme used for proteolysis directly to the cells. The enzymes will then 

simultaneously degrade the proteins into peptides and extract them from the cell into 

solution in a method which is referred to as the in-cell digest. The benefit of this system is 

that it reduces the chance for impurities to be introduced to the sample and enhances the 

amount of yield by cutting down on the steps required in sample processing (Kelly et al. 2022). 

Following digestion, it is important to remove all impurities from the peptide sample, as any 

impurities will be detected by the mass spectrometer, and may mask the peptides 

themselves. This can be done via running the sample through an affinity column such as c18 

silica, which binds to the peptides but not the salts, and then elutriate the peptide into a fresh 

tube. If the sample has not been separated prior to digestion, then it may be beneficial to 

separate the sample at this point using Liquid Chromatography in a step known as 

fractionation. This allows for more of the sample to be visualised by spreading it over multiple 

runs. 

The sample, or fractions, will then be loaded into the mass spectrometer via high pH 

chromatography (known as LC-MS) where the sample/fractions is separated across a pH 

gradient and sprayed into the mass spectrometer for acquisition. Two scans will be performed 

by the Mass spectrometer, often referred as MS/MS, the first scan (MS1) will measure a 

chromatogram for every peptide, measuring the mass to charge ratio (m/z) against 

abundance of signal. Typically the top twenty most abundant peptides within a certain time 

frame are identified, and one at a time the machine will separate those peptides and perform 

the second scan (MS2) These approaches are known as Data Dependent Acquisition (DDA) in 

which the MS1 data informs the machine what to collect for MS2 acquisition (Karpievitch et 

al. 2010). 

Data Independent Acquisition (DIA) instead focuses on peptides within a specific m/z window 

and carry out a MS2 scan on every peptide within this range. The scans are conducted in 

intervals of specific ranges, known as windows. For example, if set up to collect all peptides 

with a m/z between 500 and 900, the MS scans will be done in 20 windows of 20 m/z 

segments, starting with 500 – 520, and then 520 – 540, and so on until the entire range from 

500 to 900 is covered. After this point the scan will cycle back to the first window, repeating 

the scan for the entire peptide spray. MS1 scans are conducted periodically in order to help 
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contextualise the data, but are not required to pull out peptides as they are in DDA (Krasny 

and Huang 2021). 

While similar global analysis can be done much more easily via a transcriptomic approach, it 

has been well documented that transcriptomic and proteomic data do not correlate well. This 

is because, while transcriptomics can inform us which genes are being expressed, it cannot 

account for changes in translation or degradation rates (Ly et al. 2014). This is especially 

pertinent when examining cell cycle regulation as a large number of mechanisms are 

determined by different rates of degradation. It is therefore necessary to utilise proteomic 

data to get a more accurate impression of the fluctuations on protein content as cells progress 

through the cell cycle. 

Another advantage of using proteomics, compared with more targeted techniques, is that it 

allows us to gain an unbiased view of cellular protein content, as well are providing 

information on global protein expression within the cell. This in turn will enable us to obtain 

a comprehensive look at how all mechanisms within T cells change over the course of the cell 

cycle, providing new insight into the factors which mediate cell cycle control of CD8+ T cells 

post activation. 

Utilising the PRIMMUS (Proteomic analysis of Intracellular iMMUnolabelled cell Subsets) 

technique, it is possible to carry out proteomic comparisons of different cell populations 

sorted by FACS. Chromatin staining will separate between G1, S and G2/M phase, as DNA 

content is expected to double between G2 and G1. While phosphorylated histone 3 can be 

used to separate M phase from the G2 population, as such a phenotype is only seen in mitotic 

cells (Ly et al. 2017) 

1.5 Aims and objectives 

The aims for this project are: 

 Examine the proteome of CD8+ T cells at key cell cycle stages and identify any novel 

cell cycle regulated mechanisms 

 Analyse the proteomes of cycling CD8+ T cells following stimulation with IL-2 or IL-15 

and observe how cell cycle is differentially regulated between them. 
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 Identify the mechanisms of cell cycle which are prominent within CD8+ T cells which 

differ when compared to somatic cell cycle processes; create and test hypothesis 

based on these findings. 

 Determine a molecular mechanism which explains the relationship between 

proliferation and differentiation. 
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2 Methods 

2.1 OT-1 Mouse 

C57BL/6J RAG1-/- OT-1 mice were selected as our model organism due to the ease at which 

OT-1 T cell proliferation can be triggered ex vivo. Homozygous RAG1 knock out ensures that 

the mouse is unable to produce its own supply of mature T cell due to an inability to perform 

V(D)J recombination, required for TCR development (Mombaerts et al. 1992). These mice 

express a transgenic TCR specific for the ovalbumin peptide OVA257-264 (SIINFEKL), also 

known as N4 peptide. This ensures these mice only be able to produce CD8+ T cells which are 

activated by the SIINFEKL antigen, which is not naturally expressed within the mouse (Kelly et 

al. 1993). 

2.2 T cell culture 

Inguinal, Brachial, Axillary, and Mesenteric lymph nodes were dissected from the mice and 

disrupted via passage through a 70 µm NylonG cell strainer (352350; Falcon). Naïve cells 

harvested from the lymph nodes were placed into culture in complete media consisting of 

Iscove’s Modified Dulbecco’s Medium (IMDM)(I3390-1L; Merck) supplemented with 10% 

heat inactivated Fetal Bovine Serum (FBS)(f9665; Sigma-Aldrich), 1% Penicillin/Streptomycin 

(P4333-100ML; Sigma-Aldrich), 1% L-glutamine (11500626; Fisher Scientific), and 50 µM β-

Mercaptoethanol (M6250; Sigma-Aldrich).  

Activation was induced by incubation with 6 nM N4 antigen peptide SIINFEKL (HY-P1771A-

5mg; Cambridge bioscience) for up to 48 hours. To produce memory  T cells along with 

effector T cells, naïve cells were incubated with N4 and 1:500 αCD28 (Cat:553294 Clone:37.51 

; BD Pharmigen) for 48 hours. Activated T cells were then washed in media and returned to 

culture with 20 ng/ml human IL-2 (200-02; Peprotech), or 10 ng/ml IL-15 (200-15; Peprotech) 

with daily supplements of equivalent volume cytokine added in 24 hour intervals for the 

duration of the culture. Confirmation of activation was made with a combination panel of 

CD25, CD68, and CD44 (see Appendix, figure 1). Confirmation of T cell phenotype was made 

with a panel of CD25, CD62L and CD44 (see Appendix, figure 2). Application of daily 

supplementation of IL-2 vs supplementation only at days 2 and 4 over the course of the 

culture were stained with pRb and pH3 S10 to determine the impact such regimes had on cell 

cycle distribution (see Appendix, figure 3) 
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2.3 Flow Cytometry 

Cells were removed from culture and stained with Live/Dead fixable near-IR Dead cells stain 

kit (L34975;Thermofisher) as per manufacturer’s instructions. 

Surface staining was done in FACS buffer (0.1% BSA (Fisher bioreagents; BP9702-100), 0.01% 

Sodium Azide (S8032; Sigma-Aldrich), PBS (D1408-500ml; Sigma-Aldrich) with antibodies at 

the appropriate concentration for 20 minutes at 4oc. 

Cells were centrifuged at 400g for 2 minutes, washed in PBS and resuspended and fixed in 2% 

Formaldehyde (28908; Thermofisher) for 30 minutes at room temperature in constant 

rotation. 

Cells requiring intracellular staining were centrifuged, supernatants removed, and pellets 

were resuspended by vortexing and permeablised by addition of 500µl ice cold 90% MeOH 

(M/4000/PC17; Fisher bioreagents) dropwise with gentle vortexing to the cells, and stored at 

-20oC. 

Prior to the intracellular stain, the cells were washed twice with FACS buffer and then 

incubated with antibodies at the appropriate concentration for 1 hour at 4oC. The cells were 

then washed and acquired in FACS buffer or FACS buffer with 1 µg/ml Hoechst 33342 

Data were acquired using either a MACSQuant Analyzer (Miltenyi), or a Fortessa (BD 

Biosciences). FACS sorting was performed using a FACSAria IIu (BD Biosciences). 

2.4 EdU Click reaction 

Cells were stained for EdU with use of the Click-IT EdU imaging kit (C10337;Invitrogen) as per 

manufacturer’s instructions with some modifications. Cells in cultured were pulsed with 1 µM 

EdU for 30 minutes prior to removal from culture and processed for Flow Cytometry as above. 

Prior to intracellular staining, the cells were incubated with the click reaction mix, swapping 

out the azide-488 that came with the kit for azide-AF594 (CLK-1295-1; Jena Bioscience). 

2.5 Proliferation assay 

Naïve cells were washed with PBS and incubated at 37oC for 20 minutes with 5 µM Cell Trace 

Violet (C34571A; Invitrogen) at a volume of 1ml per 1e7 cells. Following incubation, the cells 

were quenched with 2x volume of media and incubated at 37oC for 5 minutes. 
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2.6 Western Blot 

Cell pellets were lysed using 2% SDS + protease inhibitor cocktail (P8340ML; Sigma-Aldrich) 

and incubating at 65oC for 5 minutes, then 1 µl Benzonase (70664-3; Sigma-Aldrich) was 

added and incubated for a further 15 minutes. The lysates were then sonicated with a 

Ultrasonic Processor (UP200ST;Hielscher) at full power for two cycles of 20s on 30s off. 

Protein content for lysates were then assessed using Micro BCA Protein Assay Kit (23235; 

Thermofisher) as per manufacturer’s instruction. 

Lysates were incubated with NuPage LDS Sample Buffer (NP0007; Invitrogen) and incubated 

at 95oC for 5 minutes and loaded into NuPage 4%-12% Bis-Tris gradient MOPS gel 

(NP0323BOX; Invitrogen) in MOPS SDS Running Buffer (NP0001; Invitrogen) and run at 70 

volts for 15 minutes and then 140 volts for 75 minutes. The gel was blotted on to an 

Immobilon-FL PVDF membrane (IPFL00010; Millipore Sigma) submerged in transfer buffer 

(24mM Tris Base (BP152-1; Fisher Bioreagents), 192mM Glycine (G8898-1KG; Sigma-Aldrich), 

20% Ethanol (20821.330; VWR)) at 120 volts for 105 minutes, and then left to block in 

Intercept Blocking buffer (927-70001; Li-cor) for 1 hour or overnight. 

The membrane was stained in primary antibody diluted in blocking buffer + 0.1% tween 20 

(H5151; Promega) for 4 hours or overnight, and the secondary antibody diluted in blocking 

buffer 0.1% tween 20 and 0.01% SDS. The membrane was washed following both stains in 

PBS + 0.1% tween. 

The membrane was imaged using a Li-Cor Odyssey CLx (Li-Cor) and analysed using ImageJ. 
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2.7 Antibodies 

Specificity Conjugate Clone Company Cat. number Dilution 

m CD8a PerCP 53-6.7 BioLegend 100732 1:100 

m CD8a AF647 53-6.7 Biolegend 100724 1:400 

m CD8b PE-Cy7 H35-17.2 Invitrogen 25-0083-82 1:400 

m CD25 PE PC61 BioLegend 102008 1:400 

m CD25 PE-Cy7 PC61 BioLegend 102016 1:100 

m CD25 APC PC61 BioLegend 102012 1:400 

m CD44 ef450 IM7 eBiosciences 48-0441-82 1:200 

m CD44 APC-eF780 IM7 Invitrogen 47-0441-82 1:200 

m CD69 AF488 H1.2F3 BioLegend 104516 1:300 

m CD69 APC H1.2F3 BioLegend 104514 1:200 

m CD62L APC MEL-14 BioLegend 104412 1:100 

p-H3(Ser10) PE D7N8E Cell Signaling 29237S 1:350 

p-

Rb(Ser807/811) 

AF488 D20B12 Cell Signalling 4277S 1:300 

Emi1 AF546 B-3 Santa Cruz Sc365212 

AF546 

1:400 

Eg5 AF647 EPR23276-52 Abcam ab283273 1:1,600 

γH2AX PE 20E3 Cell Signalling 5763S 1:50 

Emi1 (Rabbit Ab) EPR15320 Abcam AB184950 1:5,000 

Zap70 (Mouse Ab) 29/Zap70 

Kinase 

BD Biosciences 610239 1:5,000 

Mouse IgG IRDye 

800CW 

Polyclonal 

Goat 

Li-Cor 926-32210 1:10,000 

Rabbit IgG AF680 Polyclonal 

Donkey 

Life 

Technologies 

A10043 1:10,000 

 

2.8 Sample preparation for MS 

Sorted cells for mass spec analysis were washed and resuspended in triethylammonium 

bicarbonate (TEAB) digestion buffer (100 nM TEAB, 50 µM CaCL2, 50 µM MgCL2), incubated 
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with 1 µl Benzonase at 37oC for 15-30 minutes, and then digested using the in-cell digestion 

protocol (Kelly et al. 2022) in Pierce Trypsin Protease (90057; Thermo Fisher) overnight at a 

ratio of 1 µg trypsin per 20 µg of protein. The lysates are then reduced with either 20 mM 

dithiothreitol (DTT) or 5 mM Bond-Breaker TCEP solution (77720; Thermo Fisher). 

TMT tagging was done using TMT10plex™ Isobaric Label Reagent Set (90110;Thermo Fisher) 

as per manufacturer’s instructions 

Peptides were acidified in either 1% trifluoroacetic acid (TFA), or if destined for fractionation 

later, 1% formic acid. Fragments of C18 silica membrane were placed in 200 µl tips, wetted 

with 100% acetonitrile (MeCN) (A955-1; Fisher Chemicals) and primed with 1% TFA/formic 

acid (10596814; Thermo Fisher). For samples in excess of 100 µg, higher capacity Sep-Pak Vac 

tC18 cartridges (WAT036790; Waters) were used instead. 

The sample was loaded onto pre-conditioned columns, washed with 0.1% TFA/formic acid, 

and then eluted into fresh tubes with 70% MeCN diluted in either 0.1% TFA, or 0.1% formic 

acid. Samples with TMT labels were additionally washed with 0.5% acetic acid and were 

eluted with 70% MeCN in 0.5% Acetic acid before being dried. 

2.9 Mass Spectrometry 

2.9.1 Data Dependent Analysis 

LC-MS analyses were performed on an Orbitrap Fusion™ Lumos™ Tribrid™ Mass 

Spectrometer (Thermo Fisher Scientific, UK) coupled on-line, to an Ultimate 3000 HPLC 

(Dionex, Thermo Fisher Scientific, UK). Peptides were separated on a 75x50 cm (2 µm particle 

size) EASY-Spray column (Thermo Scientific, UK), which was assembled on an EASY-Spray 

source (Thermo Scientific, UK) and operated constantly at 50oC. Mobile phase A consisted of 

0.1% formic acid in LC-MS grade water and mobile phase B consisted of 80% acetonitrile and 

0.1% formic acid. Peptides were loaded onto the column at a flow rate of 0.3 μL min-1 and 

eluted at a flow rate of 0.25 μL min-1 according to the following gradient: 2 to 40% mobile 

phase B in 120 min and then to 95% in 11 min. Mobile phase B was retained at 95% for 5 min 

and returned back to 2% a minute after until the end of the run (160 min in total for each 

fraction). 

The spray voltage was set at 2.2kV and the ion capillary temperature at 280oC. Survey scans 

were recorded at 120,000 resolution (scan range 380-1500 m/z) with an ion target of 4.0E5, 
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and injection time of 50ms. MS2 was performed in the Ion Trap (at a rapid mode), with ion 

target of 2.0E4 and HCD fragmentation (Olsen et al, 2007) with normalized collision energy of 

28. The isolation window in the quadrupole was 0.7 Thomson. Only ions with charge between 

2 and 6 were selected for MS2. Dynamic exclusion was set at 60 s and the injection time at 

50ms. MS3 performed in the orbitrap at 50,000 resolution with isolation window of 0.7 

Thomson. Ions were further fragmented by HCD with normalised collision energy of 55. The 

scan range was set between 100 and 500 m/z the AGC target at 5.0e4. The maximum injection 

time was set to 90ms and 5 precursor ions were chosen to perform SPS on. Data Dependent 

Acquisition was carried out on TMT labeled peptides. The peptides were analyzed using an 

Ultimate 3000 RSLCnano HPLC (ULTIM3000RSLCNANO;Dionex, ThermoFisher) coupled via 

electrospray ionisation to an Orbitrap Fusion Lumos Tribrid Mass Spectrometer 

(ThermoFisher) . 

2.9.2 Data Independent Analysis 

Peptides (equivalent of 1 µg) were injected onto a C18 reverse-phase chromatography system 

(UltiMate 3000 RSLC nano, Thermo Scientific) and electrosprayed into an Orbitrap Exploris 

480 Mass Spectrometer (Thermo Fisher). For liquid chromatography the following buffers 

were used:  buffer A (0.1% formic acid in Milli-Q water (v/v)) and buffer B (80% acetonitrile 

and 0.1% formic acid in Milli-Q water (v/v). Samples were loaded at 10 μL/min onto a trap 

column (100 μm × 2 cm, PepMap nanoViper C18 column, 5 μm, 100 Å, Thermo Scientific) 

equilibrated in 0.1% trifluoroacetic acid (TFA). The trap column was washed for 3 min at the 

same flow rate with 0.1% TFA then switched in-line with a Thermo Scientific, resolving C18 

column (75 μm × 50 cm, PepMap RSLC C18 column, 2 μm, 100 Å). Peptides were eluted from 

the column at a constant flow rate of 300 nl/min with a linear gradient from 3% buffer B to 

6% buffer B in 5 min, then from 6% buffer B to 35% buffer B in 115 min, and finally from 35% 

buffer B to 80% buffer B within 7 min. The column was then washed with 80% buffer B for 4 

min. Two blanks were run between each sample to reduce carry-over. The column was kept 

at a constant temperature of 50oC. 

The data was acquired using an easy spray source operated in positive mode with spray 

voltage at 2.40 kV, and the ion transfer tube temperature at 250oC. The MS was operated in 

DIA mode. A scan cycle comprised a full MS scan (m/z range from 350-1650), with RF lens at 

40%, AGC target set to custom, normalised AGC target at 300%, maximum injection time 
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mode set to custom, maximum injection time at 20 ms, microscan set to 1 and source 

fragmentation disabled.   MS survey scan was followed by MS/MS DIA scan events using the 

following parameters: multiplex ions set to false, collision energy mode set to stepped, 

collision energy type set to normalized, HCD collision energies set to 25.5, 27 and 30%, 

orbitrap resolution 30000, first mass 200, RF lens 40%, AGC target set to custom, normalized 

AGC target 3000%, microscan set to 1 and maximum injection time 55 ms. Data for both MS 

scan and MS/MS DIA scan events were acquired in profile mode. 

2.10 Proteomic analysis 

RAW data files from DDA experiments were processed using MaxQuant software (Ver 1.6.2.6) 

(Tyanova, Temu, and Cox 2016). The raw files were submitted along with a M.musculus FASTA 

file obtained from Uniprot.org on 2019-09-10 (55,197 entries). Group specific parameters 

were set to Reporter ion MS3, selecting that 10plex preset. Variable modifications included 

Oxidation (M) and Acetyl (Protein N-tem), and fixed modifications were set to include 

Carbamidomethyl (C). The Digestion model was set as Trypsin/P. Within the global 

parameters, for Protein Quantification, a minimum ratio count of 2 was selected, utilizing 

Unique and razor for quantification of peptides. Both unmodified peptides and peptides with 

Oxidation (M) and actetyl (Protein N-term) modifications were selected for quantification, 

with unmodified counterpart peptides discarded. 

RAW data files from DIA experiments were processed using Spectronaut (version 

16.2.220903.53000, Biognosys, AG). The directDIA workflow, using the default settings (BGS 

Factory Settings) with the following modifications was used: decoy generation set to mutated; 

Protein LFQ Method was set to QUANT 2.0 (SN Standard) and Precursor Filtering set to 

Identified (Qvalue); Precursor Qvalue Cutoff and Protein Qvalue Cutoff (Experimental) set to 

0.01; Precursor PEP Cutoff set to 0.1 and Protein Qvalue Cutoff (Run) set to 0.05. For the 

Pulsar search the settings were: maximum of 2 missed trypsin cleavages; PSM, Protein and 

Peptide FDR levels set to 0.01; scanning range set to 300-1800 m/z and Relative Intensity 

(Minimum) set to 5%; cysteine carbamidomethylation set as fixed modification and acetyl (N-

term), deamidation (asparagine, glutamine), dioxidation (methionine, tryptophan), glutamine 

to pyro-Glu and oxidation of methionine set as variable modifications. The database used was 

M.musculus downloaded from uniprot.org on 2022-10-25 (55,311 entries). 
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The output from MaxQuant or Spectronaut was then processed in R (4.0.3). TMT data sets 

were filtered to contain only samples with tmt values which appeared in the S phase samples 

shared between both runs. All values were normalised to a proportion of S phase proteins in 

order to combine the two datasets. These datasets were further normalised to ratios of the 

G0 data. T-sne was used to verify the impact of grouping on these measures. Both TMT and 

DIA datasets where otherwise normalised by calculating parts per million (PPM) by dividing 

the value by the sum of the total and multiplying the result by 1e6. Approximate protein copy 

number was determined by making use of the proteomic ruler.  This was done by determined 

that  the mass of DNA within mouse CD8 T cells was estimated to be 3.006e-12 for cells within 

2n such as the pRb- cohort and 4.008e6-12 for the pRb+ cohort based on taking a weighted 

average on how many cells were likely to be 2n vs 4n within the cohort. Copy number for each 

protein identified in the DIA was then calculated as the product of DNA mass divided by the 

total histone intensity recorded, Avogadro’s number divided by the Molar mass of the 

protein, and the protein’s intensity. GO term analysis was done by exporting a list of proteins 

from the dataset and retrieving the Gene Ontology (GO) terms from Uniprot.org 

The list of GO terms used to identify proteins with cell cycle terms is as follows: "cell cycle|cell 

division|cytokinesis|kinetochore|mitotic|chromosome segregation|replication” 

Further analysis of GO terms was done utilizing the DAVID Bioinformatics resources 

https://david.ncifcrf.gov/ 

2.11 Crispr 

Target sights for Crispr were identified by use of the online tool ChopChop 

(https://chopchop.cbu.uib.no/) under the default settings. Candidates were selected for their 

high GC content, low number of mis-match pairs, and high efficiency. These candidate target 

sequences were then mapped to the gene using SnapGene. Candidates which targeted exons 

2-4 of the guide RNA sequences were selected and obtained from Integrated DNA 

Technologies 

Emi1 Oligos Sequence 

G44 ACAGGTGCACGAATCCCCTG 

G12 CCGGCACAATGAGTTCGTGG 

Thy1 Oligo ACAGACAAGCTGGTCAAGTG 
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Transfection of the guides was done with use of the Neon Tranfection 100 µl kit (MPK10096; 

Invitrogen). Guide RNA was incubated with TracrRNA (B00817; IDT) in Nuclease free duplex 

buffer (1072570; IDT) for 5 minutes at 98oC. Samples were then allowed to cool down before 

incubating with the TrueCast Cas9 protein V2 (A36499; Thermo Fiasher) and Resuspension 

Buffer T from the kit 20 minutes at 37oC. T cells were prepared for transfection by 

centrifugation at 300g for 5 minutes and resuspended in Resuspension Buffer T at a 

concentration of roughly 1.2e6 cells/100ul. 1.2e6 cells were mixed with the assembled Cas9 

complex and transfection was carried out utilizing the Neon 100µl Tips within a solution of 

Electrolytic Buffer E2 provided by the kit. Electroporation was induced using the Neon 

Transfection System (Invitrogen) with a programme of 3 pulses of 10ms 1600V for Activated 

T cells and 4 pulses of 5ms 2500V for naive T cells. 

2.12 PCR 

Guides were designed to assess CrispR KO efficiency via TIDE Analysis. The criteria for their 

design were 1) the guide needed to be at least 250bp away from the cut site but no more 

than 450bp away, and 2) the product size would need to be at least 500bp long. These criteria 

were placed into a Primer-BLAST webtool (https://www.ncbi.nlm.nih.gov/tools/primer-

blast/) with primers identified prioritised by having the fewest number of off-target areas. 

PCR mixes were created using the Phusion High-Fidelity DNA Polymerase Reagents (M0530L; 

New England Biolabs) as per manufacturer’s instructions. Samples were spun down and 

removed of liquid before being lysed with PCR Lysis buffer (0.1% SDS, 0.05% Tween, 400ug/ml 

Proteinase K (25530-015; Life Technologies). PCR was then conducted with the following 

settings on a T100 Thermo Cycler (Biorad). 98oC for 1 minutes, 98oC for 15 seconds, optimal 

temperature (between 62oC and 72oC) for 15 seconds, 72oC for 45 seconds, then repeat from 

step 2 34 times, then 72oC from 10 minutes, and finally hold at 12oC. A fraction of the PCR 

product was run through a 1.5% Agarose gel constituted from UltraPure Agarose (16500-500; 

Invitrogen) in TAE buffer (;Fisher Bioreagents) run at 120V for 20 minutes and imaged on a Li-

cor D-Digit (Li-Cor). The remaining product was then purified using the Monarch PCR & DNA 

Cleanup Kit (T1030L;New England Biolabs) as per manufacturer’s instructions. The purified 

product was then quantified with a Qubit 3.0 (Invitrogen) and sent to the MRC Protein 
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Phosphorylation and Ubiquitylation Unit in Dundee (https://dnaseq.co.uk/) for sequencing. 

The returned sequences were then analysed using the TIDE analysis webtool 

(https://tide.nki.nl/). 
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3 Proteomics on CD8 T cells reveal stem and somatic cell cycle 

regulatory characteristics 

3.1 Introduction 

A key regulatory mechanism of mitotic cell cycle progression in somatic cells (Figure 9 top) is 

the periodic expression of cyclin proteins. For example, Cyclin E peaks as cells approach the 

G1/S checkpoint, Cyclin A upon reaching G2, and Cyclin B at the G2/M checkpoint (Dyson 

1998; Gookin et al. 2017). In contrast to somatic cells, mouse Embryonic Stem Cells (mESCs) 

have a much more rapid proliferative phenotype (Li and Kirschner 2014), and their cycle 

differs from that observed within somatic cells in a number of key ways to facilitate this 

phenotype (Figure 9 bottom). First it is understood that mESCs have a much shorter G1 phase, 

with mESCs more rapidly entering S phase (Coronado et al. 2013). Second, the periodic nature 

of the cyclins are altered, with Cyclin’s A and E reported as constitutively active along with a 

number of other E2F targets, while Cyclin B retains periodic fluctuating behavior between the 

two models (Stead et al. 2002; White et al. 2005).  

 

 

Figure 9 Models of cyclin activity over the course of the cell cycle in both somatic (top) and stem cell (bottom) models. 
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Sustained levels of Cyclins E and A are understood to result from decreased APC/C activity in 

mESCs as a result of high levels of the inhibitor Emi1 (Bar-On,  anit Shapira, et al. 2010). 

Naïve and memory CD8+ T cells share many features with stem cells, such as self-renewal 

when unstimulated, and a level of multipotency in the differentiation towards the various 

memory and effector phenotypes (Gonzalez et al. 2021; Graef et al. 2014). Once stimulated 

with IL-2, CD8+ T cells exhibit a very rapidly proliferative phenotype (Mondino et al. 2006) as 

is typically observed in cycling mESCs. It is therefore the aim of this study to identify the cell 

cycle regulated protein network in CD8+ T cells in order to assess how closely their cell cycle 

regulated proteome follows either the stem cell model or the somatic model of cell cycle 

regulation. 

To produce a population of CTL differentiated cyling CD8 T cells, OT-1 T cells were placed in 

to culture with N4 antigen for 48 hours, and then removed from antigen and placed in IL-2 

for a further 72 hours, harvested at the 120 hour time point. IL-2 was provided at the 96 hour 

time point in order to maintain cell cycle re-entry over the course of the culture. 

3.1.1 PRIMMUS 

Traditionally, cell cycle analysis has been reliant on the use of synchronisation, where cells 

are exposed to a cell cycle inhibitory agent. Frequently used inhibitors include the Cdk4/6 

inhibitor Palbociclib and the microtubule polymerization inhibitor Nocodazole. Arrested cells 

are then released and harvested at different times following inhibitor removal to obtain 

synchronous cell populations for downstream experimentation, including biochemistry. Such 

approaches come with the inherent drawback of directly interfering with physiological cell 

cycle mechanisms, introducing an inherent bias into the regulatory networks (Ly, Endo, and 

Lamond 2015). In addition to this, it has been observed that T cells in particular are resistant 

to arrest by such agents, which slow down their proliferation  but do not stop it entirely 

(Heckler et al. 2021). 

This makes attempts to synchronise them very challenging, and as of yet there is no published 

viable protocol to synchronise CD8+ T cells. For these reasons, we decided to make use of the 

PRIMMUS technique, as defined by (Ly et al. 2017). This process involves a mixture of DNA 

and antibody based staining of key cell cycle markers so that the cell cycle phases can be 

separated by cell sorting from an asynchronous population. As illustrated in Figure 10, we 
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used p-Rb staining as a means to separate early and late G1 within the 2n peak of the DNA 

stain. The p-Rb negative group provides an indicator of E2F activity, with a high level of p-Rb 

indicating cell cycle entry (Weinberg 1995), while low levels of p-Rb are likely to indicate 

earlier G1 phase, and would also include cells which are in G0 (Figure 10). The 4n peak can be 

separated into G2 and M by the inclusion of the p-Histone 3 antibody, which has been used 

in PRIMMUS before to separate cells undergoing mitosis from cells in G2 previously. S phase 

is then crudely defined as any events that fall between these two gates. 

 

Figure 10 Schematic of how the cell cycle phases were separated via FACS. The DNA vs p-Rb separated early G1 from late G1 
within what would be the 2n peak. The 4n peak designated as G2/M was further divided by p-H3 at Serine 10 into G2 and M 
phase populations. Events between the 2n and 4n peak were designated as S phase cells. 

3.1.2 Tandem Mass Tagging (TMT) dyes 

TMT dyes are isobaric labels which are made up of three components. A peptide reactive 

group which binds to free amines; a reporter group which will contain a different combination 

of 13C and 15N isotopes, and a spacer which ensures all TMTs have the same mass while they 

are intact. Peptides from each sample were incubated with each unique TMT and then pooled 

together prior to the desalting step. During acquisition, after undergoing the MS2 scan, the 

machine can break down the TMT tags on the peptide in the quantification scan (MS3 scan), 

causing cleavage of the TMT at the balance group, releasing the reporter group which is then 

measured by the mass spectrometer. 

The unique combination of isotopes allows each tag to appear as a distinct peak making it 

possible to trace back how much each sample contributed to the total protein content 

detected in the pool. This allows for a quantifiable comparison of protein content across all 
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samples from a single MS run while having the added benefit of enhancing the signal of 

otherwise low abundance proteins.  

The sorted cells from three separate specimens were treated for mass spectrometry and 

labeled with TMT dyes and pooled. At the time the highest multiplex available was the 10-

plex kit, which meant in order to fit all 5 cell cycle phases in triplicate, it was necessary to use 

2 separate runs with a common set of samples between the pools (Figure 11).  

  

Figure 11 T cells cultures from three separate mice were separated by FACS and organised into two groups of TMT mixtures, 
with the S phase samples of each mouse shared between both pools so they may be normalised.  

3.2 Processing of Proteomic Data 

3.2.1 Normalisation of TMT pools 

The readout was first mapped against the same fasta file used to generate the list with 

Maxquant, which initially contained 6267 unique protein identities. Removing any proteins 

that had zero intensities in all conditions left 6243 identities. The list was then filtered to 

only include proteins that appeared in the S phase samples of both the G1-S pool and the S-

M pool, with proteins that only appeared in one but not the other excluded, leaving 5612 

identities. The reporter intensity values within the filtered list was then normalised by 

dividing each protein by the average of the S phase values contributed from each of the 

three specimens, combining the two pools into one complete dataset. A t-SNE was 

conducted on the samples before and after normalisation. While the non-normalised 
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samples showed greater clustering by TMT pool than by cell cycle phase as seen with the S 

phase samples (Figure 12). As a consequence of S phase normalisation, the fluctuation 

patterns of all proteins were distorted, causing even expected periodic proteins like Cyclin 

B1 to have similar patterns of expression as non-periodic proteins like GAPDH around S 

phase (Figure 13 left). To restore their fluctuation patterns, we normalised each data point 

against its respective G1pRb- value (Figure 13 right). A t-SNE (Figure 12 bottom) showed that 

as a result, the  grouping of the datasets was now much stronger by specimen of origin 

rather than cell cycle phase, however, there was still a general trend of each phase grouping 

together, with G1pRb+ on the top left of each cluster, and G2 at the bottom right of each 

cluster. In addition, there was no longer any noticeable grouping based on run, indicating 

that any large biases that may have been present because the samples were carried out on 

two different runs were no longer predominate factors. 

 

 

Figure 12 The datasets separated by each TMT signal were grouped using s t-SNE showing output of raw intensities (top-left) 
S-phase normalised intensities (top-right) (perplexity = 6), and normalised to G1pRb- (bottom-left) (perplexity = 4). R1 = Mouse 
1, R2 = Mouse 2, R3 = Mouse 3, S_Rx = S phase from G1-S pool, S_Rx.1 = S phase from S-M TMT pool, G0eG1.S.mix = a mixed 
sampling of all samples from G1-S pool. S.M.mix = a mixed sampling of all samples from S-M pool, n=3.  
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Figure 13 The general pattern of fluctuation across the phases of the cell cycle for a number of identified cyclins and GAPDH 
as a non-fluctuating protein to compare. Raw intensities from the two TMT groups were normalised on S-phase (left) where 
they share sample, each sample was then normalised against their respective G1pRb- value (right) to recover the fluctuation 
pattern. 

3.2.2 Periodicity 

A hallmark of cell cycle regulated proteins is that they show regular fluctuations of increase 

and decrease over the course of a cell cycle. This can be statistically determined by use of the 

Fisher’s test for periodicity which evaluates the pattern of protein abundance over a time 

course extending to several cycles (Wichert, Fonkianos, and Strimmer 2004). Due to the 

difficulties of synchronising T cells mentioned above, it is not possible to have all T cells at the 

same phase of cycle at a given time point. However, by taking FACSorting T cells based on cell 

cycle phase, and putting the resulting intensities from each specimen together, it is possible 

to forge a pseudo-time course, with each mouse in place of a new cycle (Figure 14). The test 

looks for the general pattern between the set of triplicate in order to determine periodicity, 

with a non-periodic protein showing an inconsistent pattern of fluctuation and thus 

generating a high p value, and a periodic protein showing very consistent patterns and thus a 

lower p value. 
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Figure 14 Periodicity is determined by putting the intensity of a protein at each phase in cell cycle order, and then arranging 
the intensity change in each mouse together, creating a pseudo-timecourse. CD8a (above) shows an example of a non-
periodic protein, Cyclin B1 (below) shows an example of a periodic protein. 

 

3.3 Analysis of Periodic Proteins 

Our criteria for identified proteins within our data set that were likely to be cell cycle 

regulated were that they needed a consistent pattern of fluctuation across all three samples, 

and that the fluctuation needed to be substantial. The first of these criteria was determined 

by the protein demonstrating a p-value of less than 0.05 on the Fisher’s test for periodicity. 

The second by setting a threshold of change between the highest and lowest of the 

normalised intensities to be at least of 2-fold change. Application of these criteria resulted in 

a set of 160 proteins which were deemed to be likely cell cycle regulated (Figure 15). In order 

to ascertain how many CTL unique cell cycle proteins were within contained within this 

dataset, the data was filtered to focus on proteins that did not have cell cycle associated GO 

terms. Within our list, we identified 88 proteins with cell cycle GO annotations leaving the 

remaining 72 proteins lacking cell cycle annotations. However, further analysis of GO terms 

was unable to determine any specific pathways or mechanisms from these novel cell cycle 

regulated proteins. 
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Figure 15 Proteomics identified 160 proteins as cell cycle regulated. These proteins met the criteria of being less than 0.05 on 
the Fisher’s Periodicity Test and for the range of the normalised intensity fluctuation to be greater than a 2 fold different. red 
= proteins identified as being without cell cycle specific GO term, each one is labelled by name. n=3. 

3.3.1 Meta-analysis with other periodic datasets 

To better assess how well CD8+ T cells compare with other established cell cycle models, a 

meta analysis was conducted in which datasets that had identified cell cycle regulated genes 

were compared against the 160 genes identified in CD8 T cells as periodic. We included the 

proteomic dataset on NB4 cells, due to the similar utilisation of PRIMMUS for cell cycle 

phase comparison (Ly et al. 2014), to represent a more somatic model of cell cycle. Due to a 

paucity of similar proteomic studies, we broadened our search to include transcriptomic 

datasets, allowing the inclusion of a study which followed a similar model of FACSorting cells 

for RNA-seq carried out on haematopoetic stem cells (HSC) (Kowalczyk et al. 2015). This 

would serve as a more stem-like cell cycle model. These datasets of cell cycle regulated 

genes were then compared together with our own list obtained from CD8+ T cells (Figure 

16). We observed 43 genes which were in both CD8 T cells and the HSC dataset, 39 genes 

which were common to all three cell types, and only 4 which were specifically common to 
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both CD8+ T and NB4 cells. To better assess the contents of these gene sets, Functional 

Annotation Clustering was conducted. In all of these gene sets, the more highly enriched GO 

term was Cell Cycle and we extracted each gene which appeared with this term (Table 1). 

Many genes in the Common gene set, which are the set of genes identified as periodic in all 

three datasets, included genes which are active in the G2/M border, such as kinetochore 

components Cenpe, Aurkb, Bub1, Bub1b, and Plk1, as well as spindle formation including 

Kif11, Kif23, Aruka, Nusap1 and Tpx2 as well as genes which encoded a number of APC/C 

associated proteins including Cdc20, Claspin, and Plk1. It was also noted that two different 

APC/C associating E2 ubiquitin ligases Ube2c and Ube2s were considered periodic in CD8 T 

cells, one with HSC and the other with NB4 respectively. Two observations of interest were 

that Cyclin A2 was common between CD8+ T cells and NB4 cells, while Emi1 appeared as 

common between CD8 cells and HSC, indicating that Cyclin A2 still fluctuates as seen in 

somatic cells, yet they still have a reliance of Emi1 for cell cycle control as observed in more 

stem-like models. 

  

Figure 16 intersection of periodic gene expression which were identified in any of the four datasets. HSC = Haematopoetic 
stem cells, transcriptomic, 2523 genes, CTL = CD8 T cells, proteomic, 160 genes, NB4 = NB4 leukaemia cells, 356 genes, 
proteomic. 

  





49 
 

changed by considerably less (4-fold). When examining the fluctuation of intensity over the 

course of the cell cycle (Figure 18 top), we observed that Cyclin A2 and Cyclin B1 behaved as 

expected, namely, Cyclin A2 peaking as it approached the G2M border and Cyclin B1 peaking 

in M phase. But the extent of this change was far shallower in Cyclin A2. Comparing this with 

a similar proteomic dataset on NB4 cells, separated via elutriation (Ly et al. 2014), we 

observed that the increase in Cyclin A2 and B1 were much more comparable to each other in 

NB4 cells (Figure 18 bottom). In addition to this, we observed that levels of Orc1, which 

decreased upon G1 phase exit in NB4 cells showed no such fluctuation in CD8 T cells, 

remaining constitutively expressed. This loss of periodic behavior, along with the diminished 

fold-change in Cyclin A2 abundance over the course of a cell cycle is reminiscent of the stem 

cell model of cell cycle control rather than that seen in somatic cells. 

 

Figure 17 proteomics identified 7 proteins of the common Cyclins and Cdk inhibitors (red) labelled here by name. Dotted lines 
mark the boundary for proteins which were less than 0.05 on the Fisher’s Periodicity Test and that the range of the normalised 
intensity fluctuation to be greater than a 2 fold different. n=3. 
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Figure 18 Fold change of Orc 1 (left), Cyclins A (middle) and B (right) over the course of cell cycle between collected data from 
CD8+ T cells (top) and published dataset of NB4 cells (bottom). In both instances fold change shows change in intensity from 
the earliest phase separated. Both datasets were produced via PRIMMUS. n=3.  

 

3.3.3 Cell Cycle regulated status of APC/C substrates in T cells 

Because Cyclin A degradation is mediated by APC/C, and because APC/C inhibition is a known 

regulatory feature of stem cell cycle progression, we next checked the periodicity of 145 

known APC/C target proteins within the dataset. Of this list, 97 of them were present in the 

dataset, of which 35 were identified as cell cycle regulated (Figure 19). It was noted that Emi1 

was most significantly periodic protein of the APC/C substrates while one of the proteins 

which was not considered periodic was Geminin, which is responsible for inhibition of origin 

re-licensing (Li and Blow 2005). This finding echoes what has been observed in ES cells, in 

which Geminin degradation is reduced via inhibition of APC/C, enabling for high levels of Cdt1 

which are instead regulated by Cdk2 activity (Ballabeni et al. 2011). 
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Figure 19 Proteomics identified a large number of APC/C substrates (red) within the dataset. Dotted lines mark the boundary 
for proteins which were less than 0.05 on the Fisher’s Periodicity Test and that the range of the normalised intensity 
fluctuation to be greater than a 2 fold different. Each protein which met either of these criteria is here labelled by name. n=3. 

In order to better assess the significance of which APC/C substrates were cell cycle regulated 

within T cells, two lists of proteins were constructed based on whether or not these substrates 

met or did not meet our threshold for being cell cycle regulated and on these we conducted 

Functional Annotation Clustering of GO terms on DAVID. Of the cell cycle regulated APC/C 

substrates group (Figure 20 right), the most strongly enriched GO term was Cell cycle, but the 

more mechanistic GO terms which enriched included Microtubules, Kinesin motor, Mitotic 

spindle midzone, and Kinetochore, all of which are mechanisms based around Mitosis. Non-

cell cycle regulated APC/C substrates (left) were most enriched with DNA replication and DNA 

Damage/repair, but also included DNA origin binding, and duplex unwinding. All processes 

which are associated with S-phase progression. 

Closer examination showed the genes that made up the DNA Replication term included Origin 

licensing components Mcm2, Mcm4, and Cdc45; Replication enzymes Top1 and Pold3; 
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scaffold proteins Rfc4; Histone chaperone Nasp; and E3 ubiquitin ligases Rbbp6, which is 

associated with Mcm10 (Miotto et al. 2014), and Dtl, which regulates Cdt1 (Sansam et al. 

2006). While the cell cycle regulated gene set also showed enrichment in DNA damage/repair, 

it was notably a much weaker enrichment than within the non-cell cycle regulated gene set. 

Together, this indicates that the APC/C substrates which are cell-cycle regulated in T cells are 

strongly associated with the M phase side of cell cycle processes, while those which are not 

cell cycle regulated are associated with S phase entry side. This may indicate that CD8+ T cells 

have a similar strategy of cell cycle progression as seen in stem cells, in which S phase 

promoting proteins evade degradation as a result of inhibition of APC/C, thereby enabling 

rapid re-entry into S phase. 

  

Figure 20 DAVID GO terms and enrichment scores generated from proteins selected from APC/C substrates, 62 of which were 
non-periodic (left) (p>0.05 fisher’s periodicity or fold-change <2), and 35 were periodic substrates (right) (p<0.05 fisher’s 
periodicity and fold-change>2). Top 15 most enriched clusters selected (Cell Cycle Regulated selection only returned 6 
clusters). Enrichment score denotes importance of the group term to the list by ranking biological significance of gene groups 
based on all p-value EASE scores of all enriched terms.  

 

3.4 Discussion 

This study identified 160 cell cycle regulated proteins within IL-2-mediated proliferating CD8+ 

T cells. Broadly speaking, the meta-analysis showed a much larger number of cell cycle 

regulated proteins in common between HSC and CD8+ T cells than seen in common between 

CD8 and NB4 cells. On the surface this could indicate that T cells regulate proliferation in 

manner similar to that seen in HSC rather than that observed in somatic cells. However, it is 

difficult to draw such conclusion from this comparison due to the inherent differences 

between proteomic and transcriptomic datasets. This is because while transcriptomic data 

can provide a lot of information on which genes are currently being expressed, other factors 
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including the rate of translation, and rates of degradation, have a big impact in the behavior 

of the proteome that cannot be accounted for by RNA alone. We were able to detect Cyclins 

D3, A2, B1, and B2, however no isoforms of Cyclin E were detected, though this is likely due 

to the relatively low abundance of the E cyclins within T cells, as was the case in other T cell 

proteomic datasets (Rollings et al. 2018). We were also unable to detect all but one of the 

Cip/Kip family of Cdk inhibitors within our dataset. The exception to this is p21 which was only 

detected in one of the two runs, and so was excluded from analysis. It has been observed that 

Cip/Kip proteins are typically absent within mESCs (Fujii-Yamamoto et al. 2005). If Cip/Kip 

abundance falls below detection within CD8+ T cells, this too may further indicate a more stem 

cell like proliferative environment. 

As has been mentioned previously, APC/C plays an important role in mediating cell cycle 

regulation at two key time points across the cell cycle (Figure 21). The first is in mitosis, where 

the APC/C forms a complex with Cdc20, allowing it to polyubiquitinate targeted proteins, 

promoting the cells traversal through stages of mitosis. APC/CCdc20 mediates the degradation 

of both Cyclin A and Nek2a once the centrosome has been constructed, enabling transition 

into metaphase (Hames et al. 2001). APC/CCdc20 also mediates degradation of Securin, 

releasing active seperase, which will then cleave the cohesin rings, initiating sister chromatid 

separation. This enables entry into anaphase (Uhlmann et al. 1999). APC/CCdc20 also mediates 

transition through anaphase by initiating spindle disassembly and spindle-pole separation 

though degradation of Kinesins such as Kip1, Cin8, and Kinesin related protein Xkid, as well as 

spindle related proteins Ase1 (Castro et al. 2005). 

The second time point is the approach to mitotic exit and up until entry into S phase, in which 

APC/C forms a complex with Cdh1. APC/CCdh1 and APC/CCdc20 share many targets which aid in 

mitotic exit. This includes Cyclin B (Clute and Pines 1999), key kinetochore components such 

as Aurora kinase B, Cenp family proteins, and Sgo2, as well as geminin, an inhibitor of origin 

licensing post mitosis. All these proteins typically increase in abundance as the cells approach 

M phase (Alfieri, Zhang, and Barford 2017; Honda et al. 2000; McGarry and Kirschner 1998). 

APC/CCdh1 also targets Cdc20 for degradation, reducing the population of APC/CCdc20 

complexes, leading to the transition seen in late stage mitosis where APC/CCdh1 becomes the 

dominant APC/C complex (Foe et al. 2011). 
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APC/CCdh1 remains within the daughter cells and predominately targets for degradation 

promotors of S-phase progression, such as origin licensing proteins including Cdc6, Cdki 

inhibitor Skp2, and Cyclin E, ensuring that the cell remains within pre-R G1 or exits from cell 

cycle entirely. APC/CCdh1 also targets factors which inhibit origin licensing, such as Geminin 

which prevents MCM2-7 formation around chromatin, and Cyclin A which can inhibit origin 

licensing proteins such as Cdc6 and Cdt1. In so doing, the potential for origin licensing remains 

high yet unable to begin until APC/CCdh1 is sufficiently inhibited (Mailand and Diffley 2005; 

Sivaprasad, Machida, and Dutta 2007).  

 

Figure 21 APC/C binds with one of two co-activators Cdh1 or Cdc20, which allow the E3 Ubiquitinase to locate its targets. 
Abundance of the APC/CCdh1 complex rises as the cells exit M phase and decreases as they approache the beginning of S phase. 
APC/CCdc20 abundance rises as the cells enter in to M phase and decreases as the cells are about to exit mitosis. 

 

The APC/C has a dynamic relationship with the cyclins, which can act as substrate, activator, 

and suppressor of the complex depending on the context. Cdk1/Cyclin B and Cdk1/Cyclin A 

mediated phosphorylation both enables coupling of Cdc20 to APC/C and inhibits coupling of 

Cdh1 as the cells approach G2. As the cells being M phase entry, APC/CCdc20 targets Cyclin B 

for degradation, reducing Cdk1 activity and thus enhancing instances of APC/CCdh1, which in 

turns leads to degradation of Cyclin A and Cyclin B seen around mitotic exit (Fujimitsu, 

Grimaldi, and Yamano 2016; Greil, Engelhardt, and Wäsch 2022; Parry and O’Farrell 2001; 

Reber, Lehner, and Jacobs 2006). Phosphorylation of Cdh1 also occurs during G1 phase of cell 

cycle, mediated by Cdk2/Cyclin E and A. Once E2F regulated transcription is uninhibited by 

Rb, levels of Cyclin E and A can surpass the proteolytic capacity of the  APC/CCdh1 . This leads 

to an increased phosphorylation of Cdh1 and thus a reduction of APC/CCdh1, from late G1 

through to G2 (Reber et al. 2006; Zielke et al. 2008). 



55 
 

Emi1 inhibits APC/C activity by competing with Cdh1 for the coactivator binding pocket, 

thereby permanently preventing Emi1 from forming a complex with its coactivator. Emi1 is 

both a substrate and an inhibitor of APC/CCdh1 in a phenomenon known as a bistable switch. 

While APC/CCdh1 is dominant, Emi1 remains low until sufficient levels of E2F activity allows for 

both the Cdk2/Cyclin E to impair APC/CCdh1 and Emi1 mRNA levels to increase, enhancing 

translation of Emi1 until the abundance of Emi1 reaches a critical point that it overwhelms  

APC/CCdh1 ability to degrade it (Cappell et al. 2018). This is because Emi1 has a relatively weak 

D-box domain, the degron target of APC/CCdh1 and the C-terminal sequences of Emi1 are 

understood to be able to block Ube2S mediated ubiquitin elongation. These factors together 

act in concert to reduce the efficacy of APC/CCdh1 , resulting in a reduction in degradation for 

its other substrates (Frye et al. 2013). 

Within the classic cell cycle model (Figure 22 top) generally thought to apply to most somatic 

cells, inhibition of APC/CCdh1 is predominately mediated by phosphorylation. Cdh1 

phosphorylation by either Plk1 or Cdk2/Cyclin E/A allows another E3 ubiquitin ligase SCFβ-TrCP 

to polyubiquiniate it and thereby trigger its degradation (Fukushima et al. 2013). Within stem 

cells however, it is reported that APC/CCdh1 substrates such as Cyclins A and E, remain 

constitutively expressed, their periodic fluctuations much shallower than that seen in somatic 

cells. This is due to a greatly increased abundance of Emi1 preventing formation of APC/CCdh1 

complexes (Figure 22 bottom). To avoid issues with origin licensing that APC/CCdh1 would 

otherwise protect against, stem cells also have increased abundance of Cdc6 and Cdt1, 

allowing for safe rapid re-entry into S phase. This also results in a much shorter G1 phase 

(Ballabeni et al. 2011).  
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Figure 22 Classical cell cycle models state that APC/C contributes to the cyclic nature of Cyclins E and A by tagging them for 
degradation as the cells enter G1 phase. Once Cdk2-Cyclin E/A concentrations reach a critical point, however, they can disable 
APC/CCdh1 by phosphorylation of Cdh1, preventing it from coupling with the APC/C. Within Stem cells however, APC/C is 
permanently inhibited by Emi1, preventing APC/C from accessing Cdh1, and as a result Cyclins E and A remain constitutively 
expressing throughout the cell cycle. 

It is interesting that Cyclin A2 was identified as cell cycle regulated as, in the absence of Cyclin 

E, this is one of the key differences cited between the models of stem cell and somatic cell  

cycle regulation (Dyson 1998; Gookin et al. 2017; Li and Kirschner 2014). Especially as Cyclin 

A2 was identified as cell cycle regulated within NB4 cells but not within HSC. Yet we also 

demonstrated that, in comparison to NB4 cells, Cyclin A2 fluctuated to lesser degree possibly 

indicating that its overall abundance is not being depleted as dramatically as within NB4. Such 

a reduction in fluctuation may be indicative of a reduction in degredation, such as might be 

seen with an inhibited APC/C activity as predicted by the Stem cell model.  

Of the APC/C substrates detected within CD8+ T cells, those which were cell cycle regulated 

were strongly M phase associated, while those which were not cell cycle regulated were S 

phase associated, possibly indicating targeted inhibition of APC/CCdh1 which is predominately 

active from mitotic exit to the entry into S phase, and is known to target S phase progression 

proteins such as A and E cyclins, and Cdc6 for degradation (Araki et al. 2003). Complementing 

this was the observation that Ube2c, an E2 ubiquitin ligase required for the activation of 

APC/CCdh1 (Brown et al. 2016) was common between HSC and CD8+ T cells further 

demonstrating how aligned CD8+ T cells are with the APC/CCdh1 reliant model of stem cell 
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control. Conversely, CD8+ T cells also shared cell cycle regulated Ube2s with NB4 cells. While 

Ube2s is also associated with APC/CCdh1 and is essential for the elongation of the polyubiquitin 

chain (Brown et al. 2016), it is also an essential component of the M phase oriented APC/CCdc20 

complex, forming a stable association with Cdc20 (Craney et al. 2016). 

It is difficult to say definitively with this dataset what the implications are for T cells to have 

both Ube2s and Ube2c present as cell cycle regulated, though it does demonstrate an aspect 

of somatic cell cycle control seen in CD8+ T cells. 

APC/CCdh1 moderation plays an important role in the cell cycle of mESC, and what this analysis 

indicates is it is likely the case with CD8+ T cells as well. However, it is clear that while CD8+ T 

cells share a lot of properties with Stem cell model, it is not an exact match. It is therefore 

likely that CD8+ T cells share aspects of cell cycle regulation between the two models.
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4 APC/C activity identified as important factor in T cell proliferation  

4.1 Introduction 

4.1.1 T cell fate and S-phase entry 

Following antigenic stimulation, CD8+ T cells begin to differentiate towards the SLEC 

phenotype, which rapidly proliferate into Teff cells, or the MPEC phenotype which produce 

the pool of Tcm and Tem cells. It is not yet certain when lineage commitment is established, 

and exactly what triggers it, but there is a good body of evidence which correlates division 

speed with T cell fate. One study observed that MPECs fated to become Tcm had markedly less 

uptake of BrdU than Tem progenitors or SLECs, indicating SLECS were more likely to enter into 

S phase. This behavior was independent of signaling strength, either from antigenic 

stimulation or cytokine stimulation, with the effect of IL-2 stimulation enhancing EdU uptake 

only impacting non-Tcm progenitors (Kretschmer et al. 2020). 

Another study looking at the Fucci/OT-1 mouse observed that CD8+ T cells which mostly 

expressed Cdt1 and thus were predominately in G1/G0 had greater expression of memory 

markers such as CD62L and IL-7R, known markers of memory phenotype. Furthermore, by 

isolating single cells on the basis of the number of times they had divided using CTV to label 

the generations they confirmed greater expression of Cdt1 correlated with slower division 

time, and  microarray analysis of these slower dividing cells confirmed a more memory like 

profile. Likewise, the faster proliferating cells presented a more effector like profile (Kinjyo et 

al. 2015). Another study noted that after incubating CD8+ T cells in the Cdk4/6 inhibitor 

Palbociclib and reducing their rate of division, the proportion of Tcm produced were much 

higher. The production of Tcm increased in a dose dependent manner with palbociclib, with 

Tcm going from roughly 10% of the population to close to 50% at the strongest concentration 

of the inhibitor. This effect was seen both immediately after and 24 hours post activation 

(Heckler et al. 2021).  

Having established in Chapter 3 that IL-2 stimulated cycling CD8+ T cells share characteristics 

of ES cell cycle, we compared the uptake of EdU within the 2n peak of IL-2 treated activated 

CD8+ T cells to Retinal Pigment Epithelial-1 (RPE-1) cells as a model of somatic cells which are 

in exponential growth (Figure 23). We found that CD8+ T cells had a substantially higher 
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concentration of EdU+ cells within the 2n peak, indicating that a greater proportion of cells 

were entering S-phase.  

 

Figure 23 Distribution of EdU of the population within the 2n DNA peak of RPE-1 cells mid cycle (left) and CD8+ T cells (CTL) 
(middle) activated for 48 hours and incubated in IL-2 for 72 hours. Quantification of EdU (right) with Student’s T-Test 
conducted, **** = p<0.0001, n=3 from one experiment. 

To investigate the relationship between T cell fate and cell cycle, we examined the cell cycle 

phase distribution of TCR activated T cells treated either with IL-2 or IL-15, which promote 

effector or memory fate, respectively. To do this, we set up a culture of CD8+ T cells and 

following 48 hours of antigenic stimulation, incubated them with IL-2 or IL-15 for a further 48 

hours, collecting the cells at 24 hour intervals. Cell cycle phases were separated by DNA, 

denoting the 2n peak for G1, the 4n peak for G2/M and the area between these peaks as S-

phase. G1 and G2 were further subdivided based on staining of p-Rb and uptake of EdU after 

a 30 minutes pulse. Cells within the 4n peak that showed high intensity p-Rb staining were 

identified as being mitotic (Figure 24) (Jacobberger et al. 2008). 
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Figure 24 Gating strategy for the quantification of cell cycle distribution of IL-2 and IL-15 treated cells. Events which were in 
either  G1pRb- and MpRb++EdU- were selected by p-Rb vs DNA content (left) as well as a general pRb+ group. This group is then 
further dissected (right) by EdU staining. 

We observed that after 48 hours of antigenic stimulation (Figure 25), the majority of the CD8+ 

T cells were found to be EdU positive (69%). This level of EdU uptake was maintained at the 

72 hour point (24 hours post cytokine treatment) regardless of cytokine treatment, instead 

there was a shift in the proportion of G1 cells. IL-15 treated cells had a larger proportion 

(23.0%) of G1 cells without EdU compared with IL-2 treated (14.9%) or even to the 48 hour 

time point prior to cytokine stimulation (10.7%). By the 96 hour point (48 hours post cytokine 

treatment), the phenotype of the cells in the two cytokines was completely different. IL-2 

treated cells had more EdU negative G1 cells (36.5%) indicating a moderate slowing down of 

cell cycle progression, while  IL-15 treated were predominately EdU negative (88.5%), 

indicating a shift towards cell cycle arrest. 
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Figure 25 Cell cycle distribution of CD8+ T cells stimulated with antigen for 48 hours, and then either IL-2 or IL-15 for a further 
48 hours, G1 is defined as events within the 2n gate, S as events between the 2n and 4n gate. G2 as events within the 4n gate 
and M as events within the 4n gate and with exceptionally high p-Rb staining. n=3 

4.1.2 Proposed model for cell cycle control 

Because the cell cycle of CD8+ T cells shares a number of features observed in the regulation 

of cell cycle in stem cells, it is possible that the mechanisms used to allow stem cells faster 

entry in to S-phase are present within CD8+ T cells. The main driving mechanism being a 

greater abundance of Emi1 at early cell cycle, allowing for constitutively active APC/C 

substrates between mitotic exit and S phase re-entry. To investigate this, we looked into a 

published proteomic dataset comparing the estimated copy number across a variety of CD8+ 

T cell subtypes, including IL-2 treated and IL-15 treated (Brenes et al. 2022 pre-print). 

This dataset (Figure 26) showed that naïve cells do not express Emi1 or Cdh1 above detectable 

limits, but after 24 hours of TCR stimulation, Emi1 copy numbers increased to just over 8600 

copies. This abundance increases 2-fold following treatment with IL-2, but decreased 4-fold 

in IL-15. Cdh1 by comparison changes very little, not above detectable limits in TCR stimulated 

CD8+ T cells, rising to just under 1000 copies in IL-2 treated and just about 3500 copies in IL-

15 treated cells. When we consider that Emi1 inhibits APC/CCdh1 by obstructing the binding 

pocket of APC/CCdh1 and thereby reducing the amount of active APC/CCdh1 available, the 

relative abundance of these proteins could be an indicator of the state of APC/CCdh1 activity 
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within these phenotypes, with a high Emi1 to Cdh1 ratio indicating suppressed APC/CCdh1 

activity as seen in the IL-2 treated cells. 

 

Figure 26 Emi1 and Cdh1 levels in p14 T cells from naïve, stimulated with antigen for 24hrs, stimulated and then treated with 
IL-2, or with IL-15. Copy number from DIA dataset calculated using the Histone Ruler. Data was taken from Immpres.co.uk on 
16/11/2022 

Together these data suggest that within cycling CD8+ T cells, there are distinct mechanisms of 

cell cycle control (Figure 27). A slow, more somatic like model in which cells are kept in an 

extended G1 by APC/CCdh1 as is seen in a classical somatic cell cycle model, and a fast more 

stem cell-like model whereby a high abundance of Emi1 enables for faster re-entry into S 

phase similar to that observed in stem cells. Exposure to different cytokine stimulation may 

be an important factor in how CD8+ T cells become programmed towards either model. In 

order to address this hypothesis, we have analysed both the original TMT dataset and a newly 

obtained proteomic dataset comparing the differences between T cells during cycle in 

response to IL-15 and IL-2. What follows is an exploratory approach to the proteomic data 

collected with the intention to get a broad overview on the nature of cell cycle progression in 

either phenotype. A more direct look at the effect of Emi1 on cell cycle progression will be 

described in chapter 5. 
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Figure 27 Proposed model for control of cell cycle behaviour between slow and fast cycling T cells is predominately mediated 
by Emi1. Slow proliferating cells have a lower Emi1 to Cdh1 ratio, allowing APC/CCdh1 to form and target S-phase promoting 
proteins for degradation, keeping the cell in G1 phase for a prolonged period of time. Fast proliferating cells instead have a 
high Emi1 to Cdh1 ratio, successfully reducing the amount of active APC/CCdh1. This results in a shortened G1 phase and 
therefore a faster rate of proliferation. 

4.2 Breakdown of DDA dataset 

4.2.1 Kmeans clustering of fluctuation patterns 

Having identified 160 proteins in CD8+ T cells that were cell cycle regulated, we decided to 

further analyse the fluctuation patterns of these proteins. To do this we applied K-means 

clustering to these cell cycle regulated proteins within the TMT dataset. Using an elbow plot 

to examine the optimal number of clusters within the dataset (Figure 28), it was shown that 

3 clusters represented over 75% of the variance, with 4 clusters pushing this to just over 80%. 

Any higher value for K only increased the representation by small increments and in some 

cases returned a cluster of 1 protein. We decided to accept the 4 cluster Kmeans as this was 

the point just before the improvement plateaued. 
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Figure 28 Analysis of the variance provided by separating the TMT data into different numbers of clusters via Kmeans 
clustering.  

Four distinct clusters of fluctuation patterns emerged (Figure 29). The largest cluster 

consisting of 88 identities followed a pattern of gradually increasing in abundance from the 

start of the cell cycle through to the end, peaking at M phase (M peaking). The other clusters 

were of a more similar size, containing 21-28 identities each. What was shared between these 

three clusters was the difference in abundance between pRb+ and pRb- populations of G1. 

This included a cluster of proteins that had an abundance peaking at the earliest point of cell 

cycle, possible prior to restriction point, but decreased as the cells transitioned towards 

entered S phase (G1pRb- peaking). The other two clusters of proteins were defined by having 

a fairly low abundance prior to restriction point, but were generally high in all other phases 

of cell cycle, one of which show very high abundance specifically within the late G1/early S 

phase population (G1pRb+ peaking), while the other showed no specific pattern of 

differentiation beyond being low pre-restriction point (G1pRb- low). 

In order to assess these clusters for novel mechanisms, we took the protein list of each 

cluster and filtered them to exclude any GO terms which were associated with processes of 

cell cycle (Table 2). This revealed that while the M peaking cluster was the largest of the 

four, it only contained a small fraction of proteins which were not already associated with 
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cell cycle terms, and were therefore considered cell cycle regulated proteins specific to CD8+ 

T cells. 
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Figure 29 TMT dataset was submitted for Kmeans clustering on the basis of their fluctuation patterns over the course of a cell 
cycle utilising Ward’s minimum variance method for clustering, with dissimilarities squared prior to clustering. Genes which 
did not have cell cycle related GO terms highlighted in red, K= 4, n=3 
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signalling and is understood to aid proliferation in a number of cancer models more globally 

(Jiang et al. 2022), and Uhrf1 which works with Dnmt1 to maintain DNA methylation during 

DNA replication in S phase (Zhang et al. 2011). But looking at the general clustering 

enrichment of GO terms for the p-Rb+ group of APC/C substrates (Figure 32), terms associated 

with M phase processes such as Kinetochore, Mitotic spindle, and Kinesin motor are 

dominant, echoing much of what was observed in the broader cell cycle regulated analysis 

(Figure 20).  

 

Figure 30 Distribution of proteins between p-Rb positive and p-Rb negative populations within the 2n gate. Fold change 
calculates from ppm normalisation of intensities from G1pRb--S phase dataset. Highlighted red are proteins identified as novel 
cell cycle regulated proteins by not having cell cycle associated GO terms. Significance was determined by Student’s t-test. 
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Figure 31 Distribution of proteins between p-Rb positive and p-Rb negative populations within the 2n gate. Fold change 
calculates from ppm normalisation of intensities from G1pRb--S phase dataset. Highlighted red are proteins identified as APC/C 
targets. Significance was determined by Student’s t-test. 
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Figure 33 OT-1 T cells were activated with N4 and anti-CD28 and incubated for 48 hours. The cells were then divided, with 
half given IL-2 and the other half given IL-15 daily for a further 72 hours. 

Our DIA analysis returned 6901 proteins to which we applied the Proteomic ruler technique, 

using a list of mouse histone uniprot ids to identify the histones within the dataset.  

4.3.1 Mechanisms of APC/C control 

We first examined the distribution of known T cell markers between IL-2 and IL-15 treated 

cells in order to confirm the effector status of the samples (Figure 34). In both the pRb+ and 

pRb- populations known Tmem marker CD62L was raised in the IL-15 treated, and Teff markers 

CD25 and Granzyme B were raised in IL-2 treated samples. IL-7 receptor was elevated in Tmem 

in the pRb- population, but was lost in the pRb+ group. This is in fitting with observations that 

CD8+ T cells expression of IL-7 receptor is higher in the memory phenotype, and that the 

expression of IL-7 receptor is inversely correlated with proliferation (Koenen et al. 2013). 

While T-bet levels were similar in both Tmem and Teff, it is difficult to judge what this implies. 

Phenotype of MPEC vs SLEC relies on the relative levels of both T-bet and Eomes, and in our 

dataset Eomes was not detected (Li et al. 2013). In contrast to what had been recorded 

previously (Immpress.co.uk accessed 2023), Emi1 showed no difference between IL-2 and IL-

15 treated CD8+ T cells. 
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Figure 34 Proteomic analysis comparing IL-15 and IL-2 copy number in the p-Rb- gate (left) and the p-Rb+ gate (right). Proteins 
in red represent selected markers of T cell phenotype. Significance was calculated using ANOVA followed by Tukey’s test. n=3 

To examine in more detail the state of APC/CCdh1 activity between Teff and Tmem, we extracted 

the copy number of key proteins in APC/CCdh1 regulation. Copy number of Emi1 revealed that 

when accounting for Rb phosphorylation, Emi1 expression between Teff and Tmem is identical 

(Figure 35). When looking at both E2 ubiquitin ligases required for APC/CCdh1 functionality, 

they appear significantly higher in Teff, but not by much, and indeed when comparing the fold 

increase from pRb- to pRb+ of either protein, neither Teff nor Tmem show any difference in their 

expression of Ube2c or Ube2s (Figure 36). 

 

Figure 35 Copy number of Emi1(left), Ube2c(middle), and Ube2s(both) from DIA dataset. Copy number was calculated using 
the Histone Ruler. Significance was determined by ANOVA, ***p<0.001, **p<0.01, *p<0.05, NS= Not Significant, n=3 
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Figure 36 Fold change of copy number for Ube2c (left) and Ube2s (right) between pRb+ and pRb- populations of cells. Copy 
number was calculated using the Histone Ruler applied to DIA acquired intensities. Significance was determined by Student’s 
T test NS= Not Significant. n=3 

Tmem cells seems to have significantly more Plk1 copies that Teff, which could indicate a greater 

extent of Cdh1 phosphorylation (Figure 37), but the increase was fairly marginal and so 

unlikely to be a major factor in APC/C activity. The only component of SCF β-TrCP complex itself 

which was increased in Teff was the scaffold component Cul1, other components such as the 

E2 ubiquitin ligase binding Rbx1 and the substrate targeting Fbxw11 (Wu et al. 2003) showed 

no difference between either phenotype. Comparing fold change from pRb- to pRb+ of these 

proteins did not reveal any difference in behaviour between how these proteins behaved in 

either Teff or Tmem, making it very unlikely that this pathway has been altered as a result of 

cytokine treatment. 

Looking at proteins involved in mediating origin licensing, Teff had increased copies of Cdt1, 

Cdc6 and Geminin, though notably Cyclin A2 levels were identical (Figure 38), possibly 

indicating a greater readiness for S-phase re-entry. Comparing fold change of pRb- to pRb+, 

the only significant difference was seen in Geminin levels, which increased in Tmem by 2.6 fold 

compared to the 2-fold change in Teff. 
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Figure 37 Copy number (top) and fold-change from pRb+ to pRb- (bottom) of components of the SCF β-TrCP pathway for 
degrading Cdh1. Copy number was calculated using the Histone Ruler. Significance was determined by ANOVA (top) or by 
student’s T test (bottom) ***p<0.001, **p<0.01, *p<0.05, NS= Not Significant, n=3 

 

Figure 38 Copy number (top) and fold-change from pRb+ to pRb- (bottom) of proteins important with mediating origin 
licensing. Copy number was calculated using the Histone Ruler. Significance was determined by ANOVA (top) or by student’s 
T test (bottom) **p<0.01, *p<0.05, NS= Not Significant, n=3 
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4.3.2 Global differences between Teff and Tmem 

As a general trend, Teff had a greater number of copies of APC/C targets and indeed more 

widely on proteins across the board than Tmem, a disparity which is seen in both the pRb+ and 

pRb- populations. A similar pattern is observed between pRb+ and pRb- when focusing on 

only one of the two T cell phenotypes, where pRb+ T cells tend to have a richer number of 

copies (Figure 39). It is likely that this disparity is a result of the difference in cell size and 

density that each of these phenotypes have. Upon activation a naïve T cell blasts, growing in 

size as it gets ready to proliferate, but it has been observed that memory T cells revert back 

to a more naïve-like state, decreasing in both size and density (Allam et al. 2009).  

 

Figure 39 Volcano plots showing the comparison of the copy number between pRb+ pRb- groups in IL-2 (top left) and IL-15 
(top right) treated T cells, and between IL-15 and IL-2 treated cells both within the p-Rb negative (bottom left) and the p-Rb 
positive (bottom right) populations. Red highlights proteins identified as APC/C substrates.. Significance was calculated using 
ANOVA followed by Tukey’s test. n=3 
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To compensate for this, we examined the proteomes of Teff and Tmem using ppm calculations 

(Figure 40), which shows that protein content ias more evenly distributed between IL-15 and 

IL-2 treated samples, yet the increase in protein content seen between pRb- and pRb+ was 

still apparent even in the analysis of ppm. What ppm revealed is that most APC/C substrates 

were significantly higher in abundance within the Tmem population for all pRb+ cells. Very few 

of these substrates reach a 2-fold increase from Teff and thus are below the threshold of what 

could be considered a substantial shift in abundance. However, the general trend of 

distribution in samples between pRb- and pRb+ show APC/C substrate expression is skewed 

in favour of Tmem within pRb+ T cells (Figure 41), indicating that cycling Tmem may have a 

greater capacity for proliferation than cyclin Teff. 

A closer examination of the GO terms enriched in the pRb- populations (Figure 42) revealed 

a good enrichment score for terms associated with both cell cycle, protein manufacture, and 

cholesterol metabolism within Teff, while Tmem showed a generally very low enrichment score, 

with terms mostly pertaining to a few domains. 
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Figure 41 Histograms showing range of fold change of the parts per million calculation for APC/C substrates acquired from 
DIA proteomic dataset. Fold change of IL-15 against IL-2 for population of p-Rb- (left) and p-Rb+ (right). Dotted line shows 
the central bar where a fold change of 0 is recorded for these proteins. Curve shows the distribution. If the apex of the curve’s 
peak is on the dotted line, the data is normally distributed. 

 

Figure 42 DAVID GO terms and enrichment scores generated from proteins which were significantly different between, and 
at least 2-fold greater in parts per million between IL-2 (top) and IL-15 (bottom) treated samples which were p-Rb+. 223 
proteins were included for IL-2 dataset and 103 proteins from the IL-15 dataset. First 15 most enriched selected. Enrichment 
score denotes importance of the group term to the list by ranking biological significance of gene groups based on all p-value 
EASE scores of all enriched terms. 
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4.3.3 pRb- populations and Naïve T cells 

Having examined the proteome of both cycling pRb+ CD8+ T cells and the potentially more 

dormant pRb- CD8+ T cells, we considered it necessary to establish how different the pRb- 

group was from the far more quiescent naïve phenotype. Even when using the more 

proportional measure of ppm to calculate fold change between naïve and pRb- Teff (Figure 

43), compared with naïve CD8+ T cells there is a skew of distribution with 1395 proteins 

identified as significantly greater than 2-fold increased in IL-2 treated cells versus 498 proteins 

in naïve cells. The same can be seen between naïve and Tmem, with 873 proteins higher in IL-

15 treated versus 329 proteins higher in naïve, all of which supporting naïve T cells having a 

generally lower protein content.  

 

Figure 43 Volcano plots showing the comparison of ppm for each protein within the proteome between naïve T cells, and the 
pRb- population of either IL-2 (left) or IL-15 (right) treated cells. Significance was calculated using ANOVA followed by Tukey’s 
test. n=3 

Between pRb- Teff and Naïve T cells, the naïve cells are enriched with proteins associated with 

metabolism with terms such as Mitochondrion, Lipid metabolism, and Respiratory chain 

appearing with good enrichment scores (Figure 44). 
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Figure 44 DAVID GO terms and enrichment scores generated from proteins which were significantly different between, and 
at least 2-fold greater in parts per million between naïve T cells (top) and pRb- IL-2 treated T cells (bottom). 498 proteins were 
included for IL-2 dataset and 1395 proteins from the IL-15 dataset. First 15 most enriched selected. Enrichment score denotes 
importance of the group term to the list by ranking biological significance of gene groups based on all p-value EASE scores of 
all enriched terms. 

 

While Teff instead show a high enrichment of protein manufacture processes including terms 

like Endoplasmic Reticulum, Glycosylation, and Translation initiation, as well as general cell 

cycle terms, all of which indicate that the Teff cells in G1pRb- are still very much a part of the 

cell cycle when compared with the more G0 naïve T cells. A similar pattern of enrichment 

distribution can also be seen between naïve and Tmem (Figure 45) demonstrating that neither 

pRb- Teff nor Tmem closely resemble the naïve quiescent state.  
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Figure 45 DAVID GO terms and enrichment scores generated from proteins which were significantly different between, and 
at least 2-fold greater in parts per million between naïve T cells (top) and pRb- IL-15 treated T cells (bottom). 329 proteins 
were included for IL-2 dataset and 873 proteins from the IL-15 dataset. First 15 most enriched selected. Enrichment score 
denotes importance of the group term to the list by ranking biological significance of gene groups based on all p-value EASE 
scores of all enriched terms. 

4.3.4 pRb+ populations of Teff and Tmem 

Proteins which were high in the pRb+ groups would indicate proteins which are upregulated 

in both Teff and Tmem which were already committed to cell cycle completion. Looking at the 

enrichments of GO terms within the pRb+ of Teff and Tmem (Figure 46) we found that Teff had a 

higher enrichments in proteins associated with metabolic processes such as Amino Acid 

Biosynthesis, Glycolysis, and Oxidoreductase activity. In addition there was a higher 

enrichments in terms linked with vesicle transport, and vesicles such as Lysosome, Endosome 
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and Autophagy, possibly pointing to an increase in protein trafficking and degradation. 

Conversely, Tmem which instead showed more typical enrichments to cell cycle processes such 

as of DNA damage repair and the general Cell cycle GO terms, in and amongst the protein 

domain terms. 

 

Figure 46 DAVID GO terms and enrichment scores generated from proteins which were significantly different between, and 
at least 2-fold greater in parts per million between pRb+ populations of IL-2 (top) and IL-15 (bottom) treated T cells (right). 
219 proteins were included for IL-2 dataset and 112 proteins from the IL-15 dataset. First 15 most enriched selected. 
Enrichment score denotes importance of the group term to the list by ranking biological significance of gene groups based on 
all p-value EASE scores of all enriched terms. 

To compare which cell cycle proteins featured more prominently in these two cycling groups, 

the cell cycle GO cluster of the IL-15 treated and the G1-S transition GO cluster of IL-2 treated 

groups were examined to see which genes were included (Table 3).Within the Teff we find both 

Cyclin D3 and Cdk6, but also two Cdk inhibitors, p21 and p15, while the Tmem has mostly M 
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Figure 47 DAVID GO terms and enrichment scores generated from proteins which were significantly different between and at 
least 2-fold greater in copy number between G1pRb+ and G1pRb- in IL-2 treated cells (top) and IL-15 treated cells (bottom). 179 
proteins were included for IL-2 dataset and 159 proteins from the IL-15 dataset. First 15 most enriched selected. Enrichment 
score denotes importance of the group term to the list by ranking biological significance of gene groups based on all p-value 
EASE scores of all enriched terms. 

To better identify the differences between these two cycling phenotypes, we assessed that 

177 proteins appeared in both groups, 42 proteins were unique to Teff, and 62 unique to 

Tmem (Figure 48). Another GO term enrichment analysis was conducted on the list of 

proteins unique to Teff and to Tmem (Figure 49), the results of which yielded fairly low number 

of GO terms, though this is likely due to the relatively short gene list provided for the 

analysis. The terms that did come up  however where still fairly similar between both Teff 

and Tmem. 
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Figure 48 Venn diagram of genes which were significantly different between, and at least 2-fold greater in copy number 
between G1pRb+ and G1pRb- Total list was made from list of statistically significant increase of ≥2-fold change within IL-2 

stimulated cells (179 genes) and IL-15 stimulated cells (159 genes)  

 

Figure 49 DAVID GO terms and enrichment scores generated from proteins which were identified as unique to G1pRb+T cells 
from both IL-2 treated (top) and IL-15 treated cells (bottom). Unique proteins are proteins which appeared as significantly 
above 2-fold change higher in pRb+ against pRb- populations which only appeared in one dataset. 42 proteins were included 
for IL-2 dataset and 62 proteins from the IL-15 dataset. First 10 most enriched selected. Enrichment score denotes importance 
of the group term to the list by ranking biological significance of gene groups based on all p-value EASE scores of all enriched 
terms. 
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Most proteins identified as unique to cycling Tmem were actually very similar in how they 

behaved between pRb- and pRb+  Teff, with only a small shift in fold change (Figure 50).  

  

Figure 50 Volcano plots showing the comparison of the copy number between p-Rb positive and p-Rb negative groups in IL-2 
(left) and IL-15 (right) treated T cells, Red highlights proteins identified as unique to cycling IL-15 treated cells. Numbers in 
brackets depict fold change difference for all proteins that are p<0.05. Significance was calculated using ANOVA followed by 
Tukoys test. n=3 

The only exception to this was Cenpj which was not significantly different between pRb+ and 

pRb- IL-2 treated cells. The proteins unique to Teff on the other hand did not show such 

similarity, with many of them not significantly different between pRb+ and pRb- 

subpopulations of Tmem cells. The most notable of which were Melk, Sass6 and Cdca5, which 

showed a significant increase of greater than 30-fold change only within Teff (Figure 51). 

 

Figure 51 Volcano plots showing the comparison of the copy number between p-Rb positive and p-Rb negative groups in IL-2 
(left) and IL-15 (right) treated T cells, Red highlights proteins identified as unique to cycling IL-2 treated cells. Numbers in 
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brackets depict fold change difference for all proteins that are p<0.05. Significance was calculated using ANOVA followed by 
Tukey’s test. n=3 

4.4 Discussion 

In this chapter we examined the proteome of cycling CD8+ T cells, and identified a number of 

mechanisms which help define the regulatory network of cell cycle, and how it differs 

following differentiation between memory and effector phenotypes, both in relation to APC/C 

control and more globally. 

Of the proteins identified as novel cell cycle regulators that were significantly different 

between G1pRb+ to G1pRb-, most were already known to be cell cycle regulated, despite lacking 

the GO terms. Slbp is understood to bind to histone mRNA, and is required for histone pre-

mRNA processing in late S phase (Zheng et al. 2003). Slbp is known to be cell cycle regulated, 

degraded by SCFCyclin F as the cells exit S phase (Dankert et al. 2016). Bard1 forms a complex 

with Brca1, becoming a ubiquitin ligase which is influences DNA repair, centrosome 

regulation, and transcription (Parvin 2009) and is a known target of APC/CCdh1 (Song and Rape 

2010). Atad2 is expressed predominately in S phase, and is shown to promote proliferation in 

a number of different cancer models (Dutta et al. 2022; Koo et al. 2016; Zhou et al. 2020), 

while Rad54l is involved with DNA damage repair and is seen to enhance S phase entry in 

bladder cancer by inhibiting p53 and p21 activity while promoting Rb phosphorylation (Wang 

et al. 2022).  

Pdcd7 has yet to be identified as cell cycle regulated, but is known to trigger apoptotic 

pathways within T cells (Jung Park et al. 1999), and is upregulated in anergic CD8+ T cells (Baas 

et al. 2016). It is part of the G1pRb+ peaking group, and thus only especially high as the CD8+ T 

cell first approaches S phase but lowers once DNA replication begins. It may be that this rise 

is a kind of protection measure, ensuring that the cell is prepped to die at the first sign of 

genomic instability. 

Within the G1pRb- group, Ctla4 and Acvrl1 were identified as raised, both of which are surface 

markers which are associated with decreased TCR mediated activation, Ctla4 by decreasing 

CD28 co-stimulation and thus increasing the likelihood of anergy and Acvrl1 by making up 

part of the TGFβ receptor (Oh et al. 2000; Rowshanravan, Halliday, and Sansom 2018; Tinoco 

et al. 2009).  
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Most intriguing was the finding of Usp1, a deubiqutinase which has been reported to target 

APC/CCdh1 substrates to prevent their degradation which we identified as having a periodic 

pattern which clustered in the G1pRb- group. Particularly notable substrates include Id proteins 

(Williams et al. 2011). Id proteins have a role in directing T cell differentiation, with Id2 

inhibiting factors which otherwise promote the MPEC phenotype, and Id3 instead promoting 

them, though the exact mechanism is yet to be (Hwang, Im, and Rudra 2022). 

Interestingly, while Id2 is a known target of APC/CCdh1, and has been shown to increase in 

abundance with expression of Emi1, Id3 lacks the targeted D-box motif and is thus unaffected 

by APC/CCdh1 activity (Lasorella et al. 2006). With Usp1 at a fairly consistent level once outside 

of G1pRb- phase, it may be the case that cells that spend more time in G1pRb-, where both Emi1 

and Usp1 are low, levels of Id2 would also be low, leading to a greater bias towards MPEC 

generation. This could present mechanism through which CD8+ T cells that are geared towards 

rapid re-entry into cell cycle by APC/CCdh1 inhibition would enhance Id2 levels and thus push 

cell cycle development towards the Teff phenotype. 

Contrary to what had been reported in Immpres, Teff and Tmem showed very similar copy 

numbers of Emi1. The reason for this may be that the data in ImmPRes did not separate pRb+ 

and pRb- subsets within a population. Our dataset reveals that pRb+ T cells have a far higher 

expression of Emi1 compared with pRb- cells, in which Emi1 is barely expressed at all. 

Unsorted Tmem are predominately pRb-, so it is likely that a mixed population may appear to 

have decreased overall levels of Emi1 due to the decreased number of Emi1 expressing pRb+ 

cells within the population. This finding illustrates the need for caution when undertaking 

meta-analysis data from which can be skewed by the presence of a population of actively 

cycling and stalled cycling cells, especially when examining components of the proteome 

which are cell cycle regulated. 

It is important to reflect on the subgroups we might be unable to discriminate against when 

analysing the proteome of a particular population. For the pRb- group, it is likely that the Teff 

and Tmem contain very different types of cells, some of which are gearing up to re-enter cell 

cycle immediately, and some which have stalled at the early G1 stage and may have even 

entered in to a state of quiescence. It is likely that Teff are predominately made up of this first 

category. This is supported by the enriched GO terms for cyclins present, as well as terms for 

Cholesterol metabolism, which is known to be associated with improved proliferation (Yang 



90 
 

et al. 2021). While the Tmem, which lack these terms and are mostly made up of pRb- cells, 

could have a larger proportion of the population closer to quiescence. However, there was a 

clear difference in how pRb- cells of either Tmem or Teff compared to naïve T cells with the 

latter in both cases showing a lack of cell cycle associated proteins entirely, favoring more 

oxphos metabolic processes seen more in non-proliferating cells generally (Kalucka et al. 

2015). Interestingly, when looking at the proportional differences in the proteome between 

pRb+ Teff and Tmem, glycolysis was highlighted as an enriched term within Teff, a metabolic 

process associated with getting past restriction point. This may indicate that Teff have a greater 

capacity for S phase re-entry (Kalucka et al. 2015). 

When comparing proteins which increase from the pRb- to pRb+ within both phenotypes, 

they appear to share a number of processes. This includes Cyclins B1, B2, and A2, as well as 

cell cycle progression supporting E2F2 and its inhibitors E2F7 and E2F8 and APC/C regulator 

Emi1, all of whom are known APC/Ccdh1 targets. Other notable proteins common to both 

phenotypes are a number of Kinesin motor proteins, Kinetochore components, spindle 

assembly checkpoint proteins, and other proteins associated with M phase. However, of the 

unique proteins to Teff, three stood out as highly upregulated, these being Sass6, Melk, and 

Cdca5.  

Sass6 has a role in promoting centriole assembly (Ito et al. 2019), and recent studies show 

Sass6 binds with E2F4 and E2F5 (Hazan et al. 2021), though the downstream effect of this in 

CD8+ T cells is not yet known. There is early evidence however, which indicates Sass6 may be 

essential for centriole formation in ES cells (Grzonka and Bazzi 2022). Cdca5 is transcribed by 

E2F1, and enhances cell proliferation by enhancing the AKT-Erk pathway (H. Chen et al. 2019; 

Nguyen et al. 2010) and has been shown to enhance the stemness capacity in breast cancer 

cells and adrenocortical carcinoma (Hao et al. 2022; Shi et al. 2021). 

Melk, another target of E2F1 (Sun et al. 2021), phosphorylates Foxm1 leading to an array of 

different effects including enhancing kinetochore assembly, and enhancing Plk1 mediated 

degradation of Cdh1 within muscle stem cells (Chen et al. 2020; Costa 2005), and is 

understood to be essential for glioma stem cell proliferation (Joshi et al. 2013). This may be 

further evidence that CD8+ T cells share mechanisms with stem cells to maintain their rapid 

proliferation and could indicate the Teff may be more stem-like in their regulatory systems 

than Tmem at this stage in their development.  
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Looking further afield, we observed that the components of other processes that involved 

APC/C regulation, namely the expression of Ube2c and Ube2s and Cdh1 degradation by SCF, 

did not show any particular bias towards Teff or Tmem beyond a general trend of raised copy 

number in Teff which could simply be a result of increase protein density in general. 

While this might seem to contradict our model, which predicts that Tmem would have a more 

active APC/CCdh1 than Teff, there is still a very strong correlation between Emi1 high population, 

and the pRb+ population. Somewhat surprisingly, when comparing pRb+ populations, Tmem 

had a generally higher proportion of APC/C substrates, as well as high relative count of M 

phase proteins including Kinetochore components, Spindle formation, and Ube2s and Cdc20, 

while higher in Teff were Cdk inhibitors p21 and p16. All of which may suggest that, while IL-

15 might influence more cells towards a more prolonged G1, the cells that do remain in cycle 

may be better able to maintain a faster cell cycle than Teff. 

Together, these results suggest that both Teff and Tmem employ similar strategies of APC/CCdh1 

inhibition via Emi1 to attain a rapid proliferative phenotype when cycling, but IL-15 

stimulation encourages cell to remain in G1pRb-. The decision point for this change in 

behaviour likely occurs at a time point earlier than that captured in this study. Our proposed 

model, that Emi1 enables rapid S-phase entry, is unlikely to be the only factor which separates 

the cell cycle behaviour of Teff and Tmem, yet our analysis has indicated a possible mechanism 

in which Emi1 and Usp1 enable enhanced expression of Id2 and thus a greater capacity for 

Teff differentiation, though this will need to be investigated in greater depth. 
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5 Emi1 KO results in re-replication and impaired S phase entry in IL-2 

mediated expansion  

5.1 Introduction 

Emi1 inhibition of APC/C is understood to be an important factor enabling not only rapid S-

phase re-entry, but also has a role in enabling differentiation of ES cells (Ballabeni et al. 2011; 

Bar-On, M. Shapira, et al. 2010). The evidence presented in previous chapters details that 

CD8+ T cells share a number of regulatory mechanisms with ES cells and that control of APC/C 

at the G1/S checkpoint is key. We hypothesised that an excess of Emi1 would prevent the 

formation of APC/CCdh1 within CD8 T cells, enabling the rapidly proliferative phenotype seen 

in IL-2 treated CD8+ T cells, but that this would not be the case in the slower proliferating IL-

15 treated CD8+ T cells. 

However, our proteomic analysis was not able to resolve the question of whether Emi1 

decrease lead to or was instead a result of cells stalling in G1 following IL-15 stimulation. In 

order to assess this more directly, it became necessary to design a protocol which is able to 

prevent Emi1 from functioning and then observe how this impacts cell cycle. Creating a 

knockout phenotype by conventional ES cell targeting is not possible however, as Emi1 

knockout has proved to be embryonic lethal in mice (Lee et al. 2006). Other studies which 

have tried to define the activity of Emi1 instead focus on knock down (KD) studies utilising 

siRNA or morpohlino oligonucleotides (Machida and Dutta 2007; Shimizu et al. 2013; 

Verschuren et al. 2007). However, this approach is not appropriate for CD8+ T cells as there is 

evidence which shows small RNAs could be detected by Toll-like Receptors, producing off-

target effects which may alter T cell functions (Richardt-Pargmann et al. 2011). 

Cas9 Crispr allows for a precise gene editing of cells which can be applied in vitro. It works by 

taking advantage of the Cas9 enzyme, which cleaves DNA proximal to the site of the 

Protospacer Adjacent Motifs (PAM) sequences. To specify its target, a guide sequence (gRNA) 

which recognizes a specific region near the PAM sequence, is combined with the Trans-

Activating CrispR RNA (TracrRNA) which can then bind to the Cas9 enzyme itself. This Cas9 

complex then creates double stranded breaks at the gene targeted by the gRNA (Anders et 

al. 2014; Garneau et al. 2010).  
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If our hypothesis is correct, then by knocking out Emi1 in cycling Teff, we should expect to see 

a drop in proliferation as APC/CCdh1 would remain high, obstructing cells from entering into S-

phase. 

5.1.1 Development of Emi1 KO 

CD8+ T cells were transfected with Emi1 targeting Cas9 complex at 48 hours post activation in 

order to ensure the cells had switched from TCR driven to IL-2 driven proliferation. After this 

point, cells were left in medium with fresh IL-2 provided daily and samples were collected at 

the 72 hour and 96 hour time point (Figure 52). 

We utilised two guides, G12 and G44, each of which targets the PAM sequence of a separate 

exon of the Emi1 gene. We also utilised a guide which targeted Thy1, a cell surface expressed 

marker on T cells which has no known function on cell cycle regulation. Thy1 knockout is easy 

to verify by flow cytometry and thus serves as an ideal non-target control.  Tracking of Indels 

by Decomposition (TIDE) Analysis, allows use to detect the presence of inserts or deletions 

(indels) within a sequence (Brinkman et al. 2014). This tool enables us to track which part of 

a sequence has been disrupted via the presence of indels, and the percentage of genetic 

material that contains indels, and thus the percentage of our sample which has been 

successfully knocked out. We determined that both guides were capable of inducing indels 

which were persistent at both 72hr and 96hr time points(Figure 53 left), and that compared 

to the no guide control and the non-target control, both guides had a significant impact on 

cell expansion (Figure 53 right). 

 

Figure 52 OT-1 T cells were extracted from the lymph nodes and plated with N4 and anti-CD28 at the 0hr time point, and 
incubated for 48 hours, at which point they were subjected to electroporation with or without the Cas9 CrispR guide complex. 
The cells were returned to IL-2 which was supplemented daily, with samples taken for analysis at the 72hour and 96 hour 
time point. 
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Figure 53 Efficiency of knockout as depicted by the presence of indels using TIDE analysis (as described in Chapter2, left), and 
the cell count (right) of cells collected at the 72hr and 96hr time point. Cells were subjected to transfection either in the 
presence the G12 guide or G44 guide, both of which target Emi1 exons, the irrelevant target site Thy1 guide, and without the 
presence of a guide as a control. n=3 with data from 2 independent expreiments. 

When examined by flow cytometry, we confirmed that for cells within the population of G1pRb- 

we observed a decrease in Emi1 expression for both specific guides, but not for either the 

Thy1 knockout, or the no-guide negative control (Figure 54). Looking more widely, we 

observed a very distinct pattern of cells falling out of S-phase or collecting in the 4n, indicating 

an inability to progress past the G2/M checkpoint, as well as the beginnings of re-replication 

in which cells had greater than 4n DNA content. 

This indicates that the cells dupilicated their genome for a second time before undergoing 

mitosis and thus cytokinesis. In essence, this would mean that they entered into S phase 

before entering M phase. These phenotypes were observed as a result of targeting with either 

Emi1 guide. We observed that the re-replication phenotype became more striking at the 96 

hour time point in which a substantial population of events are seen as greater than 4n (Figure 

55). This rereplicative phenotype mimics what has been observed in Emi1 knock down studies 

(Shimizu et al. 2013; Verschuren et al. 2007), providing good evidence that both these guides 

are capable of selectively knocking out Emi1 up to 48 hours post transfection.  
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Figure 54 Expression of Emi1 in T-cells within the G1pRb- gate, which was used because the cells were similar in morphology at 
this stage of the cell cycle. Cells were transfected with either the G12 or G44 guide for Emi1 targeting, the Thy1 targeting 
guide, or without a guide present at 48 hours.  

 

Figure 55 DNA vs EdU profile of N4 and IL-2 stimulated OT-1 T cells taken the 72hr (top) and 96hr (bottom) time points. Cells 
were transfected with either the G12 or G44 guide for Emi1 targeting, the Thy1 targeting guide, or with no guide and stained 
at 48 hours. 

5.2 Emi1 KO results in change to proliferative behavior of CD8+ T cells 

Having demonstrated a working protocol for Emi1 KO of CD8+ T cells, we then set up an 

experiment to examine the impact that Emi1 KO had on cell cycle phase distribution in both 

Teff and Tmem phenotypes. To achieve this, cells which were transfected with the guides were 
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split into culture with IL-2 or IL-15, to be supplemented daily and collected at the 72 hour 

and 96 hour time points (Figure 56).  

 

 

Figure 56 OT-1 T cells were extracted from the lymph nodes and plated with N4 and anti-CD28 at the 0hr time point, and 
incubated for 48 hours, at which point they were subjected to electroporation with or without the Cas9 CrispR guide construct. 
The cells were placed into culture with either IL-2 or IL-15 which was supplemented daily, with samples taken for analysis at 
the 72 hour and 96 hour time point. 

In order to maximise the efficiency of obtaining Emi1 knockout cells, we utilised both guides 

together in the transfection. Standard imaging on a Nikon microscope (Figure 57) showed that 

each guide separately led to an increase in cells with irregular morphology (the rounded cells 

with a bright halo), and these irregular cells were increased as a result of combining the 

guides. A western blot confirmed that this combination knockout significantly reduced Emi1 

protein in the Teff phenotype (Figure 58), and preliminary results showed a similar reduction 

in Tmem as well. 

 

Figure 57 Images taken of cells in culture at the 96 hour time point through the x10/0.25 objective of a Nikon Eclipse TS100. 
White arrows indicate a  few examples of irregular cells. 
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Figure 58 Western blot (left) of cells taken at the 96hr time point. The levels of Emi1 relative to Zap70 (right) were measured 
to determine knock out success in IL-2 and IL-15 treated T cells * p<=0.05. IL-2: n=3, IL-15: n=1, conducted in one experiment. 

5.2.1 Cell Cycle phase distribution 

In both the Teff and Tmem cells, the combined knockout produced a very strong re-replication 

phenotype seen at both the 72 and 96 hour time points (Figure 59). These cells were gated 

on forward and side scatter (FSC and SSC) to include the re-replicating subset (see Appendix 

figure 4). As expected from what was seen under the microscope, the Emi1 KO cells showed 

a distinctly larger cell size, as demonstrated by an increase is forward scatter (Figure 60). This 

difference in cell size was most notable at 72 hours, a difference which was still present at 96 

hours (Figure 61).   

 

Figure 59 DNA vs EdU profile of IL-2 or IL-15 stimulated OT-1 T cells taken the 72hr (top) and 96hr (bottom) time points 
following Crispr deletion. 
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cytokine treatment. This demonstrated that Emi1 has an important role in mediating 

replication in CD8+ T cells post S phase entry. 

 

 

Figure 62 Profiles of Emi1 KO T cells at the 96 hour time point. Forward Scatter vs Side Scatter (left) shows the gating around 
cells above the average size of lymphocytes. Identification of the large population within the FSC gate in the DNA vs EdU 
staining (right) shows them as superimposed in red.  

 

 

Figure 63 DNA histograms of CD8+ T cells transfected with Emi1 targeting guides G12/G44 (red) and without guide (blue) 48 
hours post activation, then placed into IL-2 or IL-15 for a further 24 and 48 hours.  
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Figure 64 DNA histograms of CD8+ T cells transfected with Emi1 targeting guides G12/G44 and without guide 48 hours post 
activation, then placed into IL-2 (top) or IL-15 (bottom) for a further 24 hours (left) and 48 hours (right). Significance was 
determined with paired Student’s t-test. ****p=<0.0001, **p=<0.01, *p<0.05. n=6, data taken from two independent 
experiments. 

To examine the impact that Emi1 KO had to CD8+ T cells that had yet to enter S phase, we 

focused exclusively on the population of cells within the 2n gate and looked at the cell cycle 

phases measured by pRb and EdU expression (Figure 66). While there was no discernible 

difference in cell cycle distribution by the 72 hour time point, by 96 hours, the IL-2 treated 

cells showed a significant reduction in cells entering in to S phase, and an increase in cells 

which were p-Rb negative. A similar trend was not observed in IL-15 treated cells, indicating 

that the role of Emi1 on S phase progression is much stronger in Teff than it is in Tmem. 

 

Figure 65 Cell cycle phase distribution of CD8+ T cells treated with IL-2 collected at the 72 hour (left) and 96 hour (right) time 
point. Cells were transfected with CAS9 complex targeting Emi1 (KO) or nothing (Ctrl). Significance calculated by student’s t-
test. *p<=0.05, NS= Not Significant. n=6 in two independent experiments 
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Figure 66 Cell cycle phase distribution of CD8+ T cells treated with IL-2 collected at the 72 hour (left) and 96 hour (right) time 
point. Cells were transfected with CAS9 complex targeting Emi1 (KO) or nothing (Ctrl). Significance calculated by Student’s t-
test. *p<=0.05, NS= Not Significant. n=6 in two independent experiments 

Because Emi1 knockout results in re-replication, there is a possibility that the reason more 

cells are in G1pRb- is because of an increase in genomic instability leading to early cell cycle 

arrest, rather than an increase in APC/C activity. To rule this out as a cause, we stained the 

cells for a γH2AX, a known marker of DNA damage. We observed that there was a noticeable 

shift in γH2AX expression in the Emi1 KO samples, with an increased number in the high 

expression peak (Figure 67 left). But when isolating the G1pRb- populations, we noted that both 

control and KO remained in the low expression peak (Figure 67 right), indicating that there 

was no discernible difference in DNA damage between these two populations. 

To confirm that this difference in phase distribution was a result of differences in APC/C 

activity, we stained the samples for Eg5, a known substrate of APC/CCdh1 (Figure 68). We 

expect that when APC/CCdh1 is active, Eg5 expression will be low as it would be tagged for 

degredation, but if APC/CCdh1 is inhibited, Eg5 expression will increase. In Teff cells, while Eg5 

levels remain the same in 2n cells at the 72 hour point, there was a significant decrease in Eg5 

expression at 96 hours (Figure 69), indicating an increase in APC/CCdh1 activity. This result 

demonstrates that within Teff cells rely on Emi1 to obstruct APC/CCdh1 for a more rapid entry 

in to S-phase. 

The Tmem population was less straightforward. Tmem cells did not show a decrease in Eg5 by 96 

hours. Instead in two out of three samples we noted an increase in Eg5 at the 72 hour point 

(Figure 68). This difference reached significance only when two reulst out of the triplicate 
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were included for analysis  (Figure 69), as a result it is difficult to say how representative this 

data is of the Tmem system. 

 

Figure 67 γH2AX expression in N4 stimulated OT-1 T cells at the 96 hour time point, comparing the bimodal peaks of the total 
population (left) to the 2n p-Rb negative gated population (right) 

 

 

Figure 68 Eg5 intensity for CD8 T cells transfected with the CAS9 complex at the 48hr time point with guides targeting Emi1 
(red) or without guides (control). Samples were incubated in IL-2 or IL-15 at 72hr and 96hr. Each row represents a different 
sample within a set of biological triplicates. 
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Figure 69 Eg5 intensity for CD8 T cells transfected with the CAS9 complex at the 48hr time point with guides targeting Emi1 
(red) or without guides (control). Samples were incubated in IL-2 or IL-15 at 72hr and 96hr. Significance was determined by 
students t-test *p<= 0.05, NS= Not Significant. n=3 from one experiment. One data value from the 72hr IL-15 treated control 
group was removed due to being an outlier at 55.7%.  

5.3 Emi1 KO has different effects on naïve CD8 T cells 

Having established the impact Emi1 KO had on already cycling CD8+ T cells, we next attempted 

to measure the impact of Emi1 as CD8+ T cells entered in to the first cell cycle following initial 

stimulation. First we established whether the guides had the same efficacy in naïve cells as 

they did on pre-activated cells (Figure 70). TIDE analysis demonstrated that G44 showed a 

high presence of indels for the first 48 hours, but this dropped dramatically by the 72 hour 

time point, while G12 showed a low presence of indels throughout the culture. We therefore 

decided to utilise only the G44 guide to knock out Emi1 in naïve CD8+ T cells, and continue the 

culture only to the first 48 hours. 
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Figure 72 Eg5 intensity of naïve CD8+ T cells transfected with CAS9 with Emi1 targeting guide (red) or without guide (blue). 
Cells were then incubated in N4 for 24 hours and 48 hours before collection. 

While our preliminary findings do not contain a robust enough dataset to make firm 

conclusions on cell cycle phase distribution, we do observe a trend in which by 24 hours, there 

is an increase in S-phase entry for the knockout group and a decrease in cells at G1pRb+ (Figure 

73). But by 48 hours, this trend appears to be lost. 

 

Figure 73 Cell cycle phase distribution within the 2n gate of CD8+ T cells transfected while naïve with CAS9 with Emi1 targeting 
guide (KO) or without guide (Ctrl). Cells were then incubated in N4 for 24 hours and 48 hours before collection. Significance 
was determined by Student’s t-test. **p<=0.01, *p<=0.05, NS= Not Significant. n=2 from one experiment. 

5.3.1 Impact of Emi1 KO on division index 

Having demonstrated that Emi1 knockout has an impact on a CD8+ T cell’s cell cycle phase 

distribution, we next set out to see if such an impact could also be seen in the rate of cell 

division. To achieve this, naïve CD8+ T cells were stained with CTV prior to transfection, and 

then incubated for up to 48 hours. By 24 hours, the cells had begun their entry into cell cycle 
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as shown by the increase in pRb, and began to rapidly proliferate at 48 hours, with a 

substantial number of cells reaching the 4th generation (Figure 74). While no discernible 

difference was detected between control and Emi1 KO by 24 hours, we observed a larger 

percentage of cells within the earlier generations, and amongst them a marked increase in 

pRb hi cells in generations 0 and 1. 

 

 

Figure 74 Cell Trace Violet (CTV) vs p-Rb profile of CD8+ T cells transfected while naïve with CAS9 with Emi1 targeting guide 
or without guide. Cells were then incubated in N4 or in IL-7 for 24 hours and 48 hours before collection. 

It is possible that this increase of events in the earlier generation is due to the presence of the 

re-replicating cells rather than cells which are unable to enter S phase as quickly. However, 

we were unable to measure DNA directly to confirm this due to the incompatibility of the 

Hoechst and CTV stains. Having already established that rereplicatiing cells correlates with an 

above average intensity in both forwards and side scatter, we incorporated an FSC-gate to 

exclude the re-replicating subset (Figure 75). Even with this subsection removed, we could 

still detect an increased percentage of cells which were still in the earlier generations in the 

KOs although this was less than without the FSC-gate  (Figure 76). 
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Figure 75 Forward scatter vs Side scatter profiles of CD8+ T cells transfected while naïve with CAS9 with Emi1 targeting guide 
(right) or without guide (left) collected at 48 hours. FSC gate was drawn around the Control cells and used as the basis to 
identify non-re-replicating cells in the Emi1 KO samples. 

 

Figure 76 CTV vs p-Rb profile of CD8+ T cells transfected while naïve with CAS9 with Emi1 targeting guide or without guide. 
Cells were then incubated in N4 for 48 hours before collection. Cells greater in size due to re-replication were excluded from 
these graphs. 

When each generation was isolated, we noted that ratio of p-Rb- to p-Rb+ was tilted in favour 

of the p-Rb+ in the KO population (Figure 77). This was more prominent when the re-

replicated cells were included, but removing them did not significantly reduce this 

phenomenon and while it is most apparent in the earlier generations, this trend of reduced 
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percentage of pRb- could be observed across all generations. This may indicate that the arrest 

or slowing down of cell cycle progression occurs post S phase entry, as is the case for re-

replicating cells, or just prior to licensing where p-Rb levels are already high. 

 

Figure 77 p-Rb Intensities for CD8+ T cells transfected while naïve with CAS9 with Emi1 targeting guide or without guide. Cells 
were then incubated in N4 for 48 hours before collection. Data presented here shows populations including the re-replicating 
cells (Not FSC Gated) or excluding them (FSC Gated). Each row shows the p-Rb profile of a specific generation as determined 
by CTV staining. Vertical lines show the cut-off gate for p-Rb positive and p-Rb negative, with numbers showing the 
percentage in each gate for each generation. 

We utilised Flowjo’s inbuilt algorithm for measuring division index, which calculates the 

average number of divisions that a cell from the original population undergoes, in order to 

quantify whether Emi1 KO had any impact on the rate of cell cycle. Our preliminary data 

demonstrated that there is an observable decrease in the division index in the Emi1 KO 

samples, and while this difference is less pronounced when removing the re-replicating cells, 

there is still a perceivable difference (Figure 79). As we have established that Emi1 is an 

important protein required for S-phase progression in CD8+ T cells, it is therefore likely that 

this role may have a significant impact on the rate of proliferation. However, this finding 

would need to be confirmed for reproducibility. 
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Figure 78 CTV intensities of CD8+ T cells transfected while naïve with CAS9 with Emi1 targeting guide (red) or without guide 
(blue). Cells were then incubated in N4 for 48 hours before collection. Cells greater in size due to re-replication were included 
(left) or excluded (right) from these graphs. 

 

 

Figure 79 Division index for CD8+ T cells transfected while naïve with CAS9 with Emi1 targeting guide (Emi1 KO) or without 
guide (Control). Cells were then incubated in N4 for 48 hours before collection. Cells greater in size due to re-replication were 
included (left) or excluded (right) from these graphs. Division index was calculated by FlowJo v10 with CV fixed at 3.0. n=2, 
from one experiment. 

 



110 
 

5.4 Discussion 

This work is the first to establish a protocol for Cas9 CrispR knock out of Emi1 in both naïve 

and cycling CD8+ T cells. The efficiency of this method is compromised slightly by the fact that 

method relies on replication in order to maintain the knockout gene in the population. As 

such, when CrispR is used to knock out a protein which is essential for cell cycle, any cells 

which evade transfection will have a competitive advantage and in time will out-proliferate 

the knocked out cells, reducing both the efficiency and the biological impact of the knock out. 

The reason behind the low efficiency therefore may in part be due to the CD8+ T cells 

particularly rapid rate of proliferation once introduced to IL-2.  

Because the time it takes for the Cas9 Crispr to find its target is not uniform, the Emi1 KO may 

be established at different moments of the cell cycle. This could result in a population of cells 

losing Emi1 expression both before and after R point has been reached. Another factor that 

impacts the phenotype is the rate of turnover on the target protein. When an interruption to 

the Emi1 gene is introduced, if there is still a sufficient amount of Emi1 abundance in the cell, 

then the impact of the KO may not be felt until after origin licensing has taken place, leading 

to the re-replication phenotype. 

These re-replicating cells make up the majority of the cell population within the first 24 hours 

transfection. As has been observed in Emi1 KD studies, loss of Emi1 post S-phase entry leads 

to a premature resurgence in APC/CCdh1 activity. This results in the early degradation of Cyclin 

A and Geminin, and subsequently leads to excess in Cdc6 and Cdt1 before the G2/M 

checkpoint is reached (Machida and Dutta 2007) (Figure 80). It is likely that this is the reason 

why EdU uptake decreased in cells 24 hours post Emi1 KO, as cyclin A levels are important for 

regulating S phase progression (Zhao et al. 2014). 
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Figure 80 In a wildtype cell, Emi1 ensure APC/CCdh1 levels are reduced, leading to an upregulation of cyclin A and Geminin, 
reducing Cdt1 as the cells enter S phase, APC/CCdh1 levels remains low until M phase, where they increase, reducing levels of 
Cyclin A and geminin, allowing uninhibited Cdt1 and Cdc6 to initiate licensing during G1. When Emi1 is disrupted after S phase 
entry, APC/CCdh1 rise early, reducing cyclin A and Geminin levels while the cells are still in S phase. This allows Cdt1 and Cdc6 
to initiate licensing and thereby allows the cells to enter S phase before the cells have undergone mitosis. 

It is interesting to note that KD of Emi1 does not result in the same extent of re-replication in 

all cell types. Re-replication has been observed in a number of cancer cell lines including, 

breast cancer (MCF-7), colon cancer (RKO), osteosarcoma (SaOS-2), and glioma (T98G) which 

respond to Emi1 KD with enlarged nuclei and a substantial population of cells >4n. In contrast 

primary cell lines including fibroblasts (NHDF, HFLIII), and epithelial cells (MCF10A) also 

showed signs of re-replication, but were not affected to the same extent as transformed cell 

lines (Shimizu et al. 2013). 

A similar study noted that re-replication was far more present in transformed cell lines 

including HeLA and HCT-116 when compared with primary cell line RPE-1, (Verschuren et al. 

2007). Like these transformed cells, there is evidence that stem cells undergo re-replication 

by loss of Emi1, such as Emi1 KO Zebrafish embryo (Robu, Zhang, and Rhodes 2012) and Emi1 

KD in ES cells (Ballabeni et al. 2011). Together this indicates that there is a greater reliance on 

Emi1 to suppress APC/CCdh1 within transformed cell lines, stem cells, and in CD8+ T cells 

compared with primary somatic cell lines. This could mean that just as cancer cells are known 

to reactivate embryonic mechanisms to enhance their own survival and proliferation, CD8+ T 

cells may as well be returning to embryonic cell cycle regulatory pathways to achieve rapid 

proliferation. 

By focusing on the 2n population we attempted to restrict the analysis to the cells in which 

the KO is introduced before the cells enter S-phase, and thereby try to assess the importance 

that Emi1 has in enabling S phase entry. We have demonstrated that IL-2 mediated Teff cells 

which experience Emi1 KO prior to S-phase entry are less likely to enter S-phase and by 48 
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hours post transfection, there is a higher proportion of pRb negative cells as predicted by our 

model. We demonstrated that there is no change in γH2AX concentration within the pRb- 

population. This likely means that standard forms of DNA damage, including double strand 

breaks are unlikely to be the main factor in limiting S-phase entry. However, it would be 

prudent to also assess for single strand breaks, which may not lead to a noticeable increase 

in γH2AX levels. Instead, levels of p-Chk1, which lies downstream of the single strand break 

detector ATR, could provide a useful readout (Choi et al. 2010). 

Our preliminary data on Emi1 KO in IL-15 induced Tmem showed a very different profile. While 

at 48 hours post transfection, Emi1 KO cells behaved no differently from control cells, there 

was instead an increase in Eg5 by 24 hours in 2n DNA cells. It is difficult to comment precisely 

on the mechanism at play in this case, as such a phenomenon has yet to be observed in other 

models, and indeed it remains to be seen if the preliminary data can be reproduced. However 

it does highlight the role IL-2 has in creating the Emi1 high environment predicted by our 

model.  

Our preliminary findings on naïve cells show little impact of the Emi1 KO 24 hours post 

transfection, but a noticeable effect by 48 hours mimicking what was seen in the Teff. This may 

be because CD25 not expressed in OT-1 up to the first 24 hours post activation, and thus until 

this point, the cells are unable to receive or respond to IL-2 signal. It is therefore likely that 

the Emi1 reliant phenotype is dependent on IL-2 signal, and is not achieved by TCR signaling 

alone. It would be of interest to confirm the importance of IL-2 to upregulating Emi1 by 

making use of the IL-2 knockout clone as seen in  which showed decrease proliferation in 

respond to CD3/CD28 stimulation, and total cell cycle arrest in response to rapamycin 

preincubation prior to activation as oppose to only partial inhibition of cell cycle as seen in 

the wild type (Colombetti et al. 2006). In addition, within 24 hours of activation, Emi1 KO CD8+ 

T cells with a DNA content of 2n showed a large upregulation of Eg5 expression similar to 

what is seen with the Tmem but far more pronounced. If this proves to be reproducible, it may 

be an indication of a yet undocumented mechanism of TCR cell cycle initiation. 

In summary, we have demonstrated further evidence which suggests CD8+ T cells have stem-

like mechanics regulating cell cycle, that an important component of these pathways is Emi1 

mediated APC/CCdh1 inhibition, and that this mechanism is potentially activated only by IL-2 

stimulation.  
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6 Discussion 

This study is the first attempt to characterize the mechanisms of cell cycle regulation with 

CD8+ T cells. We have generated a proteomic data set which dissects cell cycle of an 

asynchronous population and have identified a number of characteristics of cell cycle 

regulation that show similarities to stem cell processes within CD8+ T cells. In particular, we 

have gathered evidence which demonstrates that CD8+ T cells hold a shortened G1 phase 

maintained by constitutively active proteins involved in origin licensing and DNA replication 

such as Mcm2, Mcm4, and Cdc45. We also identified a likely mechanism for this is suppression 

of APC/CCdh1 mediated by high expression of Emi1, confirming this by demonstrating that KO 

of Emi1 leads to a decrease in cells which pass into S phase. 

Stem cells are defined by the potential they hold to differentiate into a variety of possible 

lineages. They are notable for undergoing rapid proliferation in a manner distinct from most 

other cell types (Li and Kirschner 2014), and there is a growing interest in how these two 

characteristics may be mechanistically linked. Within neuron cell development, there are 

three pathways which are pertinent to promoting stem cell maintenance. Notch signaling 

which repressed expression of differentiation, Wnt pathways which promotes proliferation 

via β-Catenin induced upregulation of Cyclin D1 and Myc, and Sox family transcription factors, 

some of which (SoxB1 genes) maintain multipotency and proliferation, while others (SoxB2, 

SoxD, and SoxE genes) promote lineage specification and repress proliferation, or in the case 

of SoxC genes, induce proliferation and terminal differentiation in certain lineages (Muhr and 

Hagey 2021). 

It has been observed that over the course of a neuron cells development from ES cell, as it 

differentiates towards a neural stem cell, levels of Cyclin B1 drop, and along with it so does 

the abundance of B1 family Sox2 and Notch1 as the cell transitions from an amplifying 

progenitor cell with a high expression of Cyclin D1, to a fully differentiated neuron with low 

Cyclin abundance as cell reaches quiescence. Some molecular mechanisms which have been 

elucidated include the activation of Sox2 to maintain stem cell maintenance which drops as 

Cyclin B1 decreases to prepare for differentiation and high levels of Sox2 obscuring the 

binding site of β-Catenin preventing the production of Cyclin D1 (Hagey and Muhr 2014) and 

thus demonstrating an example of molecular crosstalk between cell cycle and differentiation 

mechanisms. Indeed, Wnt-signalling was observed to have a direct impact on shortening G1 
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length via upregulation of Cyclins D1 and E2 in pluripotent stem cells (Jang et al. 2019). It was 

observed that a larger accumulation of the epigenetic mark 5-hydroxymethylcytosine which 

are recruited by D cyclins in G1 and are enhanced in number during an elongated G1, 

influence the lineage restriction of a pluripotent stem cell more towards Neuroectoderm, 

while pluripotent ES cells with a short G1 length were instead biased towards mesoderm 

(Hagey and Muhr 2014; Pauklin et al. 2016). This pattern was similarly seen in Fucci mice 

(Pauklin and Vallier 2013) in that Fucci T cells with a longer G1 were biased towards memory 

phenotype (Kinjyo et al. 2015). 

Emi1 is also implicated in lineage restriction within pluripotent ES cells. Geminin, in addition 

to inhibiting origin licensing, is known to inhibit expression of Sox2, as well as Oct4 and Nanog, 

encouraging differentiation towards trophectoderm. An effect which can be caused directly 

by knock down of Emi1 (V. S. Yang et al. 2011). It is therefore reasonable to consider that CD8+ 

T cell differentiation may similarly be regulated by cell cycle events, and in particular by 

regulation of Emi1. This would be in fitting with what is known of CD4+ T cells, for which 

differentiation is an essential step in their differentiation towards the Th1 or Th2 phenotypes 

(Proserpio et al. 2016). 

One possible mechanism of cell cycle mediated control on differentiation in CD8+ T cells would 

be via Usp1, an APC/CCdh1 substrate downregulated in G1 within HeLa and U2OS cell lines 

(Cotto-Rios et al. 2011). Usp1 was confirmed to be low in G1pRb- but high consistently 

elsewhere within the cell cycle within our dataset, as is Emi1. It is likely then that Usp1 would 

be regulated by Emi1 expression. Id proteins are a family consisting of 4 proteins (Id1-4). They 

are inhibitors of a number of transcription factors such as the E proteins, or ETS, the inhibition 

of which promotes cell proliferation and survival. For example, the inhibition of Id1 and Id3 

leads to an increase in E-box mediated upregulation of p16, leading to cell cycle arrest in 

ovarian cancer cells (Mern, Hasskarl, and Burwinkel 2010), and Id2 has been reported to bind 

hypophosphorylated Rb, and thereby enhancing proliferation (Iavarone et al. 1994). In 

addition to promoting proliferation, Id proteins are also linked with inhibiting pathways of 

differentiation and maintaining stemness in a number of lineages. This includes neural stem 

cells (Niola et al. 2012), thymocytes (Morrow et al. 1999; Rivera et al. 2000) and a large variety 

of cancer cells (Lasorella, Benezra, and Iavarone 2014). Usp1 stabilises Id1, Id2, and Id3, 

preventing their degradation, and thus promoting stemness of the population (Williams et al. 
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2011). This is in direct opposition to APC/CCdh1 which targets Id1 and Id2 for 

polyubiquitination, as well as Usp1 (Lasorella et al. 2006). 

Within CD8+ T cells, there are a few reports that demonstrate the importance of E proteins in 

mediating differentiation. One shows that loss of E2A and HEB resulted in an overall decrease 

in Eomes expression, and a subsequent bias in the production of KLRG1hi CD127lo SLECs over 

KLRG1lo CD127hi MPEC generation (D’Cruz et al. 2012). Complementing this is data 

demonstrating that SLECs lose enhancer regions pertaining to E2A binding sites, which are 

still available in MPECs (Schauder et al. 2021). It has also been shown that Id2 inhibition of 

E2A, and thus decreased expression of Tcf1 results in a decrease in T-bet production, as well 

as a decrease in the production of Id3 (Masson et al. 2013), whereas the loss of Id3 leads to 

defective memory production (C. Y. Yang et al. 2011). 

This demonstrates a clear axis between Id2 and Id3 where high Id2 pushes cells towards the 

SLEC phenotype, and high Id3 towards the MPEC phenotype. Considering that Id2 is APC/CCdh1 

controlled, but Id3 is not, CD8+ T cells with high APC/CCdh1 activity would conceivably have less 

Id2, but still maintain Id3 levels, biasing the cells towards the Tmem phenotype, but also 

enhancing the potential for proliferation by downregulating Cdkis such at p16. Cells that are 

rich in Emi1 and thus have reduced levels of APC/CCdh1 activity would instead have far more 

Id2 activity, with its stability enhanced by a greater abundance of Usp1, especially given 

findings that show that Usp1 is higher in cells which terminally differentiate towards the Teff 

phenotype (Omilusik et al. 2021). These cells would instead be biased towards the Teff 

phenotype and enhance proliferation by further inhibiting Rb. It may be the respective impact 

that Id2 and Id3 have on cell cycle processes that leads to our observation that Tmem cells had 

a greater capacity for proliferation even though they are otherwise prevented from cell cycle 

re-entry, and why we observed Teff had a greater abundance of p16 present in their pRb+ 

group compared with Tmem. 

These findings, if verified, would have a number of implications on cancer immunotherapy. 

One of the major factors for successful anti-tumor responses is the level of stemness within 

the cohort of tumor recognising T cells, and in particular the expression of Tcf1 (Sade-Feldman 

et al. 2018). A prominent obstacle in ACT is the fact that during expansion of TILs, usually done 

in a high dose IL-2 culture, tends to result in a loss of stemness, and even encourage 

exhaustion (Y. Liu et al. 2021). Recent studies have looked in to potential means to retain 
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stemness during expansion, such as culturing with AKT and PI3K inhibitors (Feng et al. 2022), 

and overexpressing c-Jun in CAR T cells, which has the effect of reducing the impact 

exhaustion has on effector function by promoting Ap-1-Irf complex formation (Lynn et al. 

2019). Mechanisms involved with APC/C regulation could offer another avenue of control to 

the ACT repertoire, either through partial inhibition of Emi1, or upregulation of proteins which 

regulate Emi1, in order to enhance APC/C activity and thus preserve Id3 mediated Tcf1 

expression. 

Our analysis showed no difference between copy number of Emi1 between Tmem and Teff when 

separated between pRb+ and pRb-. However, we did observe that the majority of IL-15 treated 

cells presented as pRb-, while IL-2 were instead predominately pRb+, indicating that a change 

in cell cycle behavior had already taken place as a result of the cytokine stimulation. It would 

be of interest to examine the proteome of these cells at an earlier time point post cytokine 

induction. In order to better define when cells have entered origin licensing, it would be useful 

to augment the PRIMMUS panel to incorporate proteins like Geminin, Cdt1, and even Cdc6, 

providing a more complete picture of the status of S phase progression.  

In order to examine the impact of Emi1KO on S phase entry, cells which showed re-replication 

were excluded from the cell cycle phase analysis by focusing on the 2n population. As a result, 

a bias against the successfully knocked out cells was introduced, as the 2n population would 

include far more Emi1 sufficient cells that would continue to divide normally and thus 

overshadow the Emi1KO population. It is possible that the impact of Emi1 on cell cycle entry 

in CD8+ T cells is much greater than we have been able to demonstrate. Carrying out a time 

course assay post activation of naïve T cells would be of interest in order to examine the rate 

of Rb phosphorylation and Edu uptake in order to catch the exact moment the cells begin to 

push towards cell cycle and how Emi1 deficiency impacts this.  

One way to overcome the challenge of the Emi1KO population being outcompete would be 

to enhance the efficiency of the CrispR KO protocol. There are a number of steps which could 

be taken which would improve upon the protocol such as by experimenting with different 

primers which may target more accessible loci. Another factor is the temperature in which 

the Cas9 is left to carry out genome editing. Our protocol puts the cells immediately in 37oC 

following transfection, but certain loci show greater efficiency at lower temperatures (30oC – 

33oC) or higher temperatures (39oC) (Xiang et al. 2017). Another method involves the 
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generation of a mouse line which holds a reporter, such as GFP, which is downstream of the 

Emi1 locus but offset by one frame, such that indels introduced by the KO would shift it back 

into frame. The signal could then be used to identify confirmed Emi1 KO cells during flow 

cytometry (W. H. Liu et al. 2021). As an alternative to Crispr, an inducible knockout would 

allow for a more direct means of gene editing. The Cre system works by incorporating a Locus 

Of X-over-P1 (LoxP) site at the 5’ and 3’ end of the gene in question, this would enable the 

DNA recombinase Cre to loop and recombine the DNA at the LoxP sites, removing the 

sequence between them. Cre generation would also be incorporated into the genome such 

that Cre protein could be generated within the cell along with some means to inhibit it until 

treated with an agent which would release it at a specific time point (Kim et al. 2018). 

Another way to examine the role Emi1 has would be to conduct an overexpression analysis in 

which Emi1 production was genetically engineered within T cells by means of a viral vector. 

Our data has shown that IL-15 stimulation causes the majority of activated CD8+ T cells to 

remain pRb-. If we hypothesise that Emi1 expression is the key difference between which cells 

proliferate and which cells remain with inactive E2F, then we would expect introducing Emi1 

into IL-15 treated cells would cause their behavior to match that of IL-2 treated cells. Within 

a number of somatic models of cell cycle, including MCF10A, HeLa, and non-transformed 

fibroblasts (Bj-5Ta) it has been observed that Emi1 inhibition of APC/CCdh1 activity is essential 

for these cell lines to pass the S phase checkpoint, and that overexpression of Emi1 in these 

cells drastically reduces the time between mitosis and decrease in APC activity (Cappell et al. 

2016). It would be useful therefore to see if within IL-2 treated cells whether Emi1 

overexpression has a similar impact. 

While there is still much to determine about the precise impact Emi1 has on CD8+ T cell 

development, it is clear that it is an essential protein for cell cycle maintenance in a similar 

manner to that seen with stem cells and many cancer models.  
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8 Appendix 

8.1 Dynamics of CD8 T cell proliferation 

 

OT-1 CD8+ T cells were extracted from lymph nodes and incubated with N4 antigen at Day 0 to day 2, at which point the 
cells were washed and returned to culture with IL-2, and supplemented with IL-2 at day 4. Cells were taken each day and 
stained for activation markers CD44, CD69 and CD25 to track activation. Grey are the naïve cells at day 0.  
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8.2 Phenotype of CD8 T cells following IL-2 or IL-15 treatment from day 3 of culture 

OT-1 CD8+ T cells were activated in N4 antigen for 2 days and then kept in IL-2 for 1 day. Cells were then separated in to IL-2 
or IL-15 and collected daily. T for naïve cells (day 0) and from day 3, at which point the culture was split between IL-2 and IL-
15 stimulation. 

 



 
 

1
4

4 

8.3 Cell Cycle phase distribution of cultures with different frequencies of IL-2 supplementation 

Cell cycle analysis of OT-1 cells activated with N4 antigen for 2 days, then provided IL-2 either on days 2 and 4 (top row) or daily from Day 2 (bottom row). Cells were separated into cell cycle 
phases by cell cycle markers p-Rb and pH3 Ser10. Data provided on a set of triplicate conducted over two experiments. We observed fluctuations in the number of cells which were pRb-, 
increasing following 48 hours without IL-2 supplementation, which was not observed as consistently in daily IL-2 supplementation. 
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8.4 Gating strategy used on CD8 T cells post transfection 

 

Gating strategy for T cells following transfection with Emi1 targeting Cas9 Crispr complex or complex free control. Cells 
were first separated for dead cells and then screened for doublets. Due to the expanded size of re-replicating cells, doublet 
screening was augmented to include these populations using DNA content on Area and Width to discriminate against true 
doublets. From this population the 2n gate was based on the DNA and EdU profile, and from this group Edu- and Edu+ were 
quantified, and within the Edu- gate, pRb+ and pRb- were quantified. 




