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Summary and Discussion 

Altered T cell subset composition and functionality are well acknowledged changes that 

occur during ageing (1-4). At present, the molecular mechanisms underlying these age-

related changes in T cell subset composition and function are not fully understood. Gene 

expression changes caused by miRNAs is one of the molecular mechanisms that impact T-

cell physiology.  

The overall aim of this thesis was to study T-cell activation induced kinetics of miRNA 

expression, determine age related changes in miRNA expression in defined T-cell subsets 

and to dissect the role of specific miRNAs in the age related alterations of T cell composition 

and function. 

In chapter 2 we reviewed the literature with respect to involvement of miRNAs in specific T 

cell subsets during maturation and upon ageing. An extensive number of studies describe 

crucial roles for miRNAs in differentiation of defined T-cell subsets. The expression levels of 

specific miRNAs change upon antigen engagement of T cells and regulate downstream 

signaling pathways of TCR (5,6). In addition, studies showing age-associated changes in 

miRNA levels in T cells are emerging. Single miRNAs have been shown to interfere with 

specific pathways important for physiological function of T cells, e.g. TCR signaling, cell 

cycle and impaired DNA damage responses (7-9). Despite of these relative recent findings, 

there only are a limited number of studies that have addressed dynamics of activation 

induced miRNA changes. Moreover, comprehensive overviews of ageing-related changes in 

miRNA expression and concepts on how they are involved in ageing of T cells are still 

lacking. 

In Chapter 3 we investigated changes in miRNA expression patterns in CD4 and CD8 T 

cells upon in vitro T-cell stimulation with αCD3/αCD28. We showed dynamic activation 

induced changes, with upregulation of several miRNAs, such as miR-21, miR-155 and miR-

146a, in agreement with previously published studies (10-12). Strong upregulation of miR-21 

in both CD4 and CD8 T cells is likely to play an important role in immune responses. MiR-21 

targets genes involved in TCR signaling, such as AP-1 and CD69 (13). Thus, increased 

expression of miR-21 in T-cell subsets is likely to negatively modulate signal transduction 

downstream of TCR and hence dampen immune responses. In addition, we identified 

downregulation of miR-31, miR-223 and miR-451 following T-cell activation. Differential 

regulation between CD4 and CD8 T cells was observed for four miRNAs. These are new 

findings that add to current knowledge on T-cell activation. Specifically, we showed induction 

of miR-18a and miR-21 and downregulation of miR-223 and miR-451 which was, for all four 

miRNAs, more pronounced in CD4 then in CD8 T cells. This can be explained as a result of 

differential responses of CD4 and CD8 T cells to antigen. Interestingly, we observed 
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downregulation of miR-31 in contrast to a previous study that reported an increased 

expression of miR-31 following CD4+ T-cell activation (6). This discrepancy may be 

explained by differences in the experimental set up between these two studies such as the 

concentrations of αCD3/αCD28 and the incubation time. Overall, we present a complex 

pattern of miRNA expression regulation upon T-cell activation which reflects activation 

kinetics and may play a role downstream of T-cell signaling.  

 

Age related miRNA expression changes in T cells  
In Chapter 4 we generated miRNA signatures of T-cell clones of healthy young and elderly 

donors with low and high population doublings (PD’s) by small RNA-sequencing. We 

showed that the most pronounced changes were related to population doublings (PD’s) of T-

cell clones regardless of the age of the donors. High PD T-cell clones are accepted to 

represent a state resulting from chronic antigenic stress and, as such, are used to study the 

effects of clonal T-cell expansion (14). High PD T-cell clones are characterized by loss of 

CD28 expression and reduced production of IL-2. We showed increased expression of miR-

9 and miR-34 in T-cell clones with high number of PD’s. Potential target genes of these 

miRNAs identified by AGO2-RIP-Chip experiments in Jurkat cells included genes associated 

with cellular senescence and cell cycle pathways. For one of these targets, CR4-NOT 

Transcription Complex Subunit 6- Like (CNOT6L), the expression levels in the T-cell clones 

showed an inverse correlation with high PD’s. Further work is required to validate if CNOT6L 

is a true target of miR-9 and/or miR-34a. In addition, we showed increased miR-9 levels in 

CD28- T cells as compared to CD28+ T cells. A possible direct targeting effect was 

proposed based on the identification of two binding sites of miR-9 in 3’UTR transcript of 

CD28, but inhibition of miR-9 in Jurkat cells did not result in increased expression of CD28  

(see below).  

We further determined a positive regulation of IL-2 by miR-9, which is consistent with a 

previously published study (15). Inhibition of miR-9 in Jurkat cells resulted in a decreased 

amount of soluble IL-2. MiR-9 has been suggested to positively regulate IL-2 production via 

targeting PR domain containing 1, with ZNF domain (PRMD1) which is a suppressor of IL-2 

(15). We observed a negative correlation between IL-2 levels and PD’s and a positive 

correlation between miR-9 and PD’s. A possible explanation for this observation might be a 

sustained expression of PRDM1 in longitudinally cultured cells due to ineffective inhibition by 

miR-9We have not studied expression levels of PRDM1 in T-cell clones which, thus, 

remains to be established. 
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In Chapter 5 we studied age-associated differences in miRNA signatures in naïve 

(CD45RO-) and memory (CD45RO+) T cells. We observed age-related differences in 

miRNA expression predominantly within the CD45RO- and not in CD45RO+ T-cell 

compartment. Seventeen miRNAs showed at least 2-fold change in between CD45RO- T 

cells obtained from young and old donors. We validated age-dependent increase in the 

levels of miR-21, miR-223 and miR-15 in CD45RO- T cells. The age-associated differences 

in miR-21 expression were restricted to naïve (CD45RO-) T cells. The age-related 

differential miRNA expression in naïve CD45RO- T-cells could present true age associated 

differences or differences related to changes in the composition of this T-cell subset  in 

elderly individuals. The two main changes in the CD45RO- T-cell compartment during 

ageing are the accumulation of highly differentiated effector memory T cells (TEMRA) and the 

increase of peripherally expanded CD31- Tnaive cells. We observed increased expression of 

miR-21 and miR-223 in TEMRA cells when compared to naïve T cells. In addition, we found 

increased expression of miR-21 in CD31- Tnaive cells. The observed findings are consistent 

with a previous study that reported high expression of miR-21 in effector memory and TEMRA 

subsets of CD8 T cells (16). Expression of miR-223 within T-cell subsets has not been 

studied previously. We observed increased expression of miR-21 upon T cell activation 

while we observed decreased expression of miR-223. Moreover, miR-21 but not miR-223 

levels were increased in T-cell clones with high population doublings. Age-related increase 

in miR-21 is likely driven by post-thymic TCR stimulation. As miR-21 has a known anti-

apoptotic role, we speculate that increased expression of mR-21 in TEMRA and CD31- Tnaive 

cells is protective against apoptotis and one of the explanations for the prolonged survival 

and accumulation of these T-cells with age.  
In both chapter 4 and chapter 5 we identified changes in miRNA expression corresponding 

to T-cell ageing. In chapter 4 miRNA expression differences reflected cellular ageing of T 

cells, while in chapter 5 miRNA expression changes reflected combination of T-cell 

composition changes, activation and cellular ageing. We did not identify the same miRNA 

expression changes in chapters 4 and 5. This can be explained by the distinct T-cell 

populations used for analysis, e.g. CD4 T-cell clones, while ex vivo isolated naïve CD45RO-  

cells were included both CD4 and CD8 T-cell subsets.  

 

The role of miRNAs in the regulation of CD28 expression 
In chapter 6, we studied the involvement of the miR-23a~24-2 cluster in the IL-15-induced 

downregulation of CD28. IL-15 treatment was previously shown to induce an effector 

memory phenotype in CD8 cells with concomitant loss of CD28 (17). We confirmed 
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decreased expression of CD28 following IL-15 treatment. In addition, we showed a 

significant upregulation of the miR-23a~24-2 cluster by IL-15. Moreover, we showed direct 

targeting of CD28 by two members of this cluster, i.e. miR-24 and miR-27a, in luciferase 

reporter assays. To determine whether endogenous CD28 transcripts are also targeted by 

miRNA-24 and miR-27a, we overexpressed these miRNAs in Jurkat cells that express high 

levels of CD28. We were not able to demonstrate a clear effect on CD28 expression upon 

miRNA overexpression in Jurkat cells. In chapter 4 we also failed to see an effect of miR-9 

inhibition on CD28 expression (see above). The failure to show an effect on CD28 

expression may in part be related to the high expression of CD28 in Jurkat cells, which may 

be hard to modulate by the overexpression or inhibition of single miRNAs. Alternatively, we 

might not see an effect on CD28 expression due to presence of other high affinity targets, 

which can act as sponges and prevent binding to and regulation of the CD28 transcript.  

To further study the possible regulation of CD28 protein expression in Jurkat cells by 

miRNAs, we determined which miRNAs were predicted to bind to the 3’UTR by at least two 

target gene prediction programs. In addition to the miR-23a~24-2 and miR-9 binding sites 

discussed above, we revealed two miR-31 binding sites (Figure 1). We have previously 

identified decreased expression of miR-31 upon T-cell stimulation in chapter 3. However, 

we found increased levels of miR-31 in CD28- T cells when compared to CD28+ T cells 

(Figure 2A). The high number of predicted miRNA binding sites for different miRNAs, might 

at least in part explain why we were not able to show an effect on CD28 protein expression 

upon modulation of single miRNAs.  

 

 

 

 

 
Figure 1. Schematic overview of miRNA binding sites in the 3’UTR of CD28. MiRNA binding sites, 

as identified by at least two different miRNA target gene prediction programs are depicted. In addition, 

we indicated the two 6-mer miR-9 seed sequences as identified in chapter 4.  

 

To determine the endogenous levels of the above mentioned miRNAs, we performed qRT-

PCR in Jurkat cells (Figure 2B). This revealed high expression of miR-9, moderate 

expression of miR-24 and relatively low expression of miR-27a, miR-23a and miR-31. As 

CD28 levels are high in Jurkat, it is unlikely that the highly expressed miR-9 alone can 

regulate CD28 expression in Jurkat cells. In line with the high CD28 expression in Jurkat 
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cells we did not observe enrichment of the CD28 transcript in the AGO2-IP fraction 

indicating that CD28 transcripts are not targeted by miRNAs in Jurkat cells. It may very well 

be that multiple miRNAs that can bind to the 3’UTR of CD28 need to be expressed at high 

levels to reach effective targeting of CD28. Despite of the effectiveness of using cell line 

models for studying many T cell properties, Jurkat cells may not represent the right model to 

study miRNA-dependent regulation of CD28. Maybe, other cell lines, e.g. lymphoblastic 

leukemia cell line Molt4 with moderate CD28 expression levels or primary T cells need to be 

considered, although the latter is technically more challenging.  

 

 

 

 

 

 

Figure 2. MiRNA expression in primary T-cell subsets and Jurkat T cells. 
Relative miRNA expression level of A, miR-31 in CD3+CD28+ and CD28- T-cell subsets and B, miR-

23a, miR-24a, miR-27a, miR-31 and miR-9 expression levels in Jurkat T cells. Expression of miRNAs 

was normalized to the expression levels of RNU48.  

 
The role of miR-21 in T cells  
MiR-21 has been well characterized in terms of its pro-survival and anti-apoptotic properties 

in T cells (10,18). In line with these findings, we observed reduced cell growth and induction 

of apoptosis upon inhibition of miR-21 in Chapter 7. Despite of the existing evidence on 

functional involvement of miR-21 in T-cell survival and apoptosis, so far no studies have 

provided a comprehensive overview of genes targeted by miR-21 in T cells. To identify T-

cell specific miR-21 target genes, we performed AGO2 RNA Immuno Precipitation (RIP) 

experiments followed by gene expression profiling (Chip) in Jurkat cells with miR-21 

overexpression. We identified the pro-apoptotic molecule large tumor suppressor kinase 1 

(LATS1) as the most enriched miR-21 target gene and verified LATS1 as a direct target of 

miR-21. In line with our findings, a very recent study also showed a role for miR-21 in the 

regulation of LATS1 in cervical cancer cells (19). LATS1 is a member of Hippo signaling 

pathway and is involved in regulation of cell proliferation and survival which was 

documented in lymphoid cells, including naïve T cells (20). The pro-apoptotic role of LATS1 
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was demonstrated by showing that overexpressing inhibited cell growth and induced 

apoptosis in breast cancer cells (21). Activation of the p16-Rb pathway has been linked to 

reduced LATS1 levels contributing to cell cycle arrest in human fibroblasts (22). 

Overexpression of miR-21 was shown to reduce replicative lifespan of endothelial cells via 

affecting p21 and CDK2 levels, while miR-21 inhibition extended replicative lifespan of 

endothelial cells (23). It may be anticipated that miR-21 contributes to T-cell survival and 

senescence via suppression of LATS1 levels via similar mechanisms. MiR-21 was shown to 

target other genes involved in apoptosis, such as PDCD4 and PTEN (24,25). Consistent 

with these findings, we identified PDCD4 as a highly enriched miR-21 target and showed 

increased expression following miR-21 inhibition. PTEN is not expressed in Jurkat cells and 

is therefore not identified as a target by us (26). We provided evidence for miR-21 

involvement in preventing T-cell apoptosis and identified novel target genes, including the 

pro-apoptotic LATST1, via which miR-21 may exert this function. 

 
Conclusion 
Data presented in this thesis include miRNA changes during T-cell activation and ageing in 

distinct in vitro and ex vivo isolated T-cell subsets. Our data support an age-dependent 

increase of miR-21 in highly differentiated T cells and its anti-apoptotic role. Moreover, we 

show replicative senescence induced changes in expression levels of miRNAs, such as 

miR-9 and miR-34a. These miRNAs may potentially target genes involved in senescence 

pathways. In addition, we provide preliminary results on the role of miR-23a~24-2 in IL-15 

mediated downregulation of CD28. Other miRNAs, such as miR-9 and miR-31 may also be 

part of the CD28 regulatory pathways.   

 

Future Perspectives 

Regulation of CD28 is critical in T-cell activation and, as such, in the immune response (27). 

While a single miRNA can target many genes, multiple miRNAs may be needed to 

effectively regulate a single gene (28). To date, regulation of CD28 by miRNAs is poorly 

understood. In this thesis we provide preliminary evidence for potential regulation of CD28 

expression by miR-24, miR-27a, miR-23a, miR-9 and miR-31 in Jurkat cells. All five miRNAs 

show differential expression in CD28+ vs CD28- T cells (Figure 3A). However, 

overexpression or inhibition of these miRNAs in Jurkat cells did not reveal significant effects 

on CD28 expression. We show that miR-23a~24-2 cluster members are induced by IL-15 

stimulation, whereas expression of miR-9 and miR-31 were shown to be upregulated via 

TCR activation potentially affecting expression of CD28 (Figure 3B). 
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Figure 3. miRNA expression in primary CD28+ and CD28- T cells and regulation of CD28 by 
miRNAs. A, Expression of miR-24, miR-31, miR-27a, miR-9 and miR-23a in CD28+ and CD28- T cells. 

T-cell subsets were obtained from n=6 healthy young and n=4 healthy old. Expression of miRNAs to the 

expression levels of RNU48. B, Schematic overview of CD28 regulation by IL-15 and TCR signaling via 

induction of miR-23a~24-2 and miR-31 in T cells.  

 

It will be of interest to expand studies on miR-31, miR-24, miR-27a, miR-23a and miR-9 to 

primary human CD28 T cells. Modulation of one or combination of these miRNAs, might 

reveal possible effects on CD28 expression. Another approach to investigate effect of 

miRNAs on CD28 expression is to knockdown dicer, DGCR8 or Drosha in primary T cells. 

Hence, reconstitution of such cells with individual miRNAs may lead to identification of 

miRNAs that lead to functional repression of CD28. 

In this thesis we showed that miR-21 expression is induced by T-cell stimulation and 

increased in TEMRA cells, which accumulate during ageing (1,29). Therefore, it would be of 

interest to study which genes and pathways are affected by miR-21 in these cells. As an 

alternative to the Ago2-RIP-CHIP, several other methods can be applied that allow a more 

direct linking of individual miRNAs to target genes. High-throughput sequencing technique of 

RNA isolated by crosslinking immunoprecipitation (HITS-CLIP) (30) can potentially identify 

Ago-bound miR-21:mRNA complexes. This is powerful technique which is capable of 
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was demonstrated by showing that overexpressing inhibited cell growth and induced 
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increased expression following miR-21 inhibition. PTEN is not expressed in Jurkat cells and 

is therefore not identified as a target by us (26). We provided evidence for miR-21 
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providing an extensive insight in miRNA targeting. However, current protocols still require 

high numbers of starting cells to yield enough RNA of the IP-fractions. Nevertheless, it can 

be anticipated that technological advances will allow downscaling of these procedures 

allowing analysis of primary T-cell subsets.  

We showed elevated expression of several miRNAs in T cells following TCR stimulation e.g. 

increased expression of miR-155, miR-17, miR-18a, miR-19a, miR-19b, miR-20a. These 

miRNAs have repeatedly been observed to play a role in differentiation of effector memory T 

cells and regulation of immune responses (31,32). TEMRA cells are derived from effector 

memory CD8+ T cells that undergo chronic antigenic stimulation (1). MiRNA expression 

profiles in different subsets of ex vivo sorted human CD8+ T cells have been previously 

described (16). However, comprehensive analysis linking miRNA signatures to TEMRA cells 

derived from CD8 and CD4 T cells, the latter consists of minor populations, is still lacking. 

Thus, it would be of interest to study expression levels of these miRNAs in TEMRA cells and 

determine possible differences also in other minor T-cell subsets. In addition, it would be 

interesting to see how these differences in miRNA levels relate to specific phenotypes of the 

cells following antigenic challenge and/or cytokine treatment. This approach can be 

challenging as it may be difficult to isolate sufficient amounts of these low abundant cells. 

Recently, a new technique has been developed which allows for the simultaneous high-

throughput detection of mRNAs and miRNAs at the single cell level by flow cytometry Flow-

FISH (33). This technique allows detection of specific RNA molecules in various leukocyte 

subsets and detection of cytokine-producing antigen-specific T-cell subsets in combination 

with miRNAs in heterogeneous cell populations. Hence, expression of TCR stimulation 

induced miRNAs can be analyzed in defined T-cell subsets using this Flow-FISH method. 

As a next step to determine if ageing related miRNA expression changes in T cells are 

associated with the inflamm-ageing phenotype, these miRNAs should be studied in healthy 

elderly vs frail elderly individuals, characterized with chronic inflammatory  diseases. This 

can be achieved by microarray or more advanced methods such as small RNA sequencing 

or alternatively high-throughput microfluidic qRT-PCR technique which allows for miRNA 

and mRNA profiling analysis of a single cell (34). Dissection of the physiological function of 

miRNAs in aged T cells is essential for a better understanding of the molecular pathways 

affected in age-related diseases. 
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can be achieved by microarray or more advanced methods such as small RNA sequencing 
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