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CHAPTER EIGHT

GENERAL DISCUSSION
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THE EFFECTOR/MEMORY CONFUSION
Immunotherapies are rapidly gaining ground in clinical practice. The use of anti-CD20 
monoclonal antibodies has become common practice in the past years in the treatment 
of B cell malignancies and autoimmune diseases, whilst anti-CD49d- and more recently, 
anti-PD-1 monoclonal antibodies  were shown to be effective in the treatment of, 
respectively, active relapsing-remitting multiple sclerosis and non-small cell lung carcinoma 
(1-4). Whereas these concern effects exerted by infusion of monoclonal antibodies that 
target specific functions of T cells, treatment of cancer with adoptive transfer of tumour-
directed T cells is also taking flight. One specific example that rightfully gained a large 
amount of media attention concerns the promising results obtained with T cells engineered 
to have a T cell receptor specific for CD19 as a therapy for treatment-refractory acute 
and chronic lymphatic leukaemia, so called CART cell therapy (5-7). Similarly, treatment 
of patients with metastasized melanoma with T cells genetically engineered to target 
melanoma epitopes has also proven beneficial in some patients (8). Indeed, pre-existent T 
cell responses directed again the presenting malignancies are generally insufficient owing 
to various mechanisms, amongst which prominently T cell functional exhaustion that is 
exacerbated by a high expression of co-inhibitory receptors like the afore mentioned 
PD-1 but also CTLA-4. These examples illustrate the enormous potential of T cell-centred 
immunotherapy in the treatment of various human diseases, also including the treatment 
of viral proliferation. With respect to the latter, treatment with adoptive transfer of T cells 
targeting Epstein-Barr virus (EBV) or human cytomegalovirus (hCMV) epitopes in the face 
of virus-induced complications occurring after solid organ and haematopoietic stem cell 
transplantation has also already taken off. Although this is still done on a small scale, 
it shows promising effects (9-14). However, before we are fully capable of adjusting T 
cell responses to maximum efficacy, much remains to be learned about T cell biology 
in humans, especially since most of the knowledge obtained so far derives from murine 
models. 

Numerous T cell publications kick off with stating that during active viral infection a large 
effector T cell population is formed, which declines during the contraction phase to leave 
behind a small memory T cell population after convalescence.  While this largely captures 
the essence of a T cell response, much is also wrong with this description. Specifically, it 
does not take into consideration: I. ongoing stimulation by a persisting viral infection in II. 
an organism with a life span of about eighty years and III. the specific effects of differences 
in antigenic exposure and environmental signals per anatomical location.

In Chapter 3 we show that circulatory cells with an IL-7RαloKLRG1hi phenotype (named 
short-lived effector cells in murine models during the acute phase of infection) are actually 
quite common amongst hCMV-specific CD8+ T cell populations found during viral latency. 
Because these cells frequently display a TEMRA phenotype and express granzyme B, this 
finding nicely illustrates how ‘memory’ cells in humans may very well exhibit traits of effector 
cells. Indeed, the hCMV-specific CD8+ T cell populations found during viral latency are 
also large in size, with single epitope-specific populations sometimes taking up more than 
ten percent of the entire circulating CD8+ T cell pool (15). While such properties best fit 
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the functional profile of effector cells, these populations may also persist for several years 

on a clonal level, which would again better fit a memory profile (16). 

To complicate things even further, acute phase effector cells are generally CD28 

and CD27 positive, while cells with a similar phenotype during viral latency are seldom 

expressing cytotoxic effector molecules (17). Terms like effector, memory, central-memory 

and effector-memory and effector-type can therefore be confusing as they suggest 

the existence of specific not functionally overlapping entities. Instead, the opposite is true 

and care should be taken when using these terms.

To put things simple: T cell function and effectiveness are ultimately determined by 

the expressed proteome. Reasoning backwards, the proteome is shaped by the various 

extracellular signals that are translated into (epi)genetic regulatory systems that determine 

which genes are transcribed and in which splice variant, and which are not. If, in the future, 

we want to be able to further use T cell-centred immunotherapies with optimal effectivity, 

then we must understand how the different effector and memory subsets function to 

control, or fail to control (as demonstrated in Chapter 7) specific pathological entities in 

humans. Please note here that function involves more than the ways in which a CD8+ T cell 

compromises the mechanisms of action of a virus, but also the ways by which the T cells 

migrate to-, and persist at a given anatomical location. 

Virus-specific CD8+ T cell differentiation is shaped by virus infection behaviour
We investigated proteomic differences between human virus-specific CD8+ T cells in nearly 

every chapter in this dissertation. As described in Chapter 2 and Chapter 3, we found that 

during the acute phase of primary hCMV and Epstein-Barr virus (EBV) infection occurring 

in renal transplant recipients (RTRs), CD8+ T cells specific for either virus differ with regard 

to their phenotype. While acute phase hCMV-specific cells highly expressed granzyme B 

and the transcription factor (TF) T-bet, EBV-specific cells highly expressed granzyme K and 

the TF eomesodermin (Eomes). Moreover, these distinct traits were largely retained over 

a long period of time after convalescence when the T cells may be called memory cells. 

It can be argued that these results may not represent what is happening in the healthy 

state, since RTRs are treated with immunosuppressive agents that affect T cells in order to 

prevent allograft rejection. Nevertheless, the hCMV- and EBV-specific CD8+ memory T cell 

phenotypes of healthy individuals are similar to those seen in RTRs after convalescence. 

As such, acute phase CD8+ ‘effector’ T cells in the circulation differ in their proteome 

according to specificity. Also during the memory phase, circulating CD8+ T cells targeting 

different viral epitopes display distinct proteomes.

In Chapter 6 and Chapter 7, we describe how circulating polyomavirus BK 

(BKV) VP1-specific ‘memory’ CD8+ T cells in healthy adults are predominantly  

exhibiting a central-memory (CD45RA¯CCR7+CD28+CD27+, TCM) or early-differentiated 

(CD45RA¯CCR7¯CD28+CD27+, effector-memory, or TEM#1) phenotype. Interestingly, these 

cells are therefore much more alike to the influenza A virus MP1 (influenza)- and respiratory 

syncytial virus NP (RSV)-specific CD8+ T cells than to the hCMV pp65 or IE- and EBV BMLF-

1-specific cells (see also Chapter 2). Given the current belief that influenza and RSV are 
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cleared from the body after infection, whereas hCMV and EBV (like BKV), enter a state of 
viral latency after primary infection, this was an unexpected finding.

BKV-, influenza- and RSV-specific CD8+ memory T cells populations have in common 
that the main target of viral infection is located in epithelial cells lining the lungs (influenza 
and RSV), respectively the urogenital tract (BKV). Instead, hCMV is commonly thought 
to reactivate from, amongst others, infected endothelial cells (18). EBV is thought to 
reactivate from epithelial cells lining the oropharynx, as well as from memory B cells during 
latency (19-21). Knowing that T cell activation results from roughly three types of signals 
(TCR stimulation, co-stimulation and cytokines), that are all provided by the environment 
of the CD8+ T cell, it is likely that the anatomical compartment in which we measure 
the virus-CD8+ T cells matters much.

Quite recently, a specific subtype of CD8+ T cells that confers protection against 
pathology for a prolonged, if not indeterminate period of time in specialized tissues like 
brain, lung, skin and intestine, has been identified. These so called tissue-resident memory 
T cells (TRMs) can be defined by their expression of CD69 (a C-type lectin) and CD103 
(integrin αE), molecules that ensure that these cells are locally retained (22). As described 
in Chapter 1, virus-specific TRMs are different from their circulating counterparts with regard 
to the CD45RA(R0)/CCR7/CD28/CD27-defined phenotype, but also when it concerns 
their expression of serine proteases (granzymes) and IL-7Rα and their associations with 
these phenotypes. For example, brain CD8+ T cells often express IL-7Rα while displaying 
an advanced CD45RA(R0)/CCR7/CD28/CD27-defined phenotype that is associated with 
a low IL-7Rα expression in the circulation (23). Furthermore, as discussed extensively in  
Chapter 1, virus-specific CD8+ T cells targeting the same epitope mostly differ substantially 
from one another when located in the circulation or tissues. Such phenotypic variations 
between (re)circulating and TRM CD8+ T cell populations suggest that different anatomical 
locations require a distinct functional profile to maintain an appropriate balance between 
immunity and immunopathology. They also suggest that the location determines 
the differentiation path of a CD8+ T cell. 

Therefore, trans-compartment effects on the CD8+ T cell response could explain why 
circulating BKV-specific CD8+ T cells are more alike to circulating influenza- and RSV-specific 
CD8+ T cells, since both populations are located distally from the epicentre of infection. 
It would also offer an explanation for why hCMV-specific CD8+ T cells in the circulation 
frequently display an advanced (immediately cytotoxic) phenotype as these cells would 
be more often exposed to antigen and inflammatory signals presented by hCMV-infected 
endothelial cells. Particularly strong supporting evidence for this hypothesis derives from 
the finding that hCMV-specific CD8+ T cells frequently express CX3CR1, a chemokine 
receptor that mediates homing to activated fractalkine-expressing stressed endothelial 
cells (24). T cell-mediated damage to endothelial cells has even been implicated in 
the process of atherosclerotic plaque formation (24, 25). In a similar fashion, we describe 
in Chapter 7 that BKV-specific CD8+ T cells differentiate towards CD28¯ TEM and TEMRA cells 
in the face of BKV viremia in a group of RTRs capable of regaining immunological control 
over the virus. Hence, if BKV is detectable in the circulation, where it is normally not found, 
then the BKV-specific CD8+ T cells indeed differentiate further. 
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However, despite this differentiation in the face of antigenemia by CD8+ T cells 
in a proportion of RTRs that were able to regain control over BKV, the BKV-specific 
CD28¯ TEM subsets did not differ significantly increase their expression of granzyme B  
(Chapter 7). Indeed, as demonstrated by the differentiation maps presented in Chapter 2, 
circulatory CD8+ T cells with a CD28¯ phenotype frequently express this serine protease. 
Furthermore, BKV VP1-specific CD8+ T cells in the renal allograft differed little from their 
counterparts detected in the circulation with regard to the CD45RA/CD27 phenotype. 
However, in allografts affected by BKVN we found that virtually all the VP1-specific CD8+ 
T cells co-expressed both CD69 and CD103 as opposed to only a small part of the VP1-
specific CD8+ T cells an allograft not affected by BKVN. As such, BKV VP1-specific TRMs 
accumulate at the epicentre of BKV infection but fail to control the virus. In line with their 
failure to control BKV, the TRMs were also not expressing any granzyme B. Whereas this 
may be a trait intrinsic to kidney-resident CD8+ memory populations (which we do not 
know yet), it could also be an indication that the CD8+ T cells fail to differentiate due to 
the immunosuppressive treatment. In the allografts not affected by BKVN we did find BKV-
specific CD8+ T cells that expressed granzyme B (Chapter 7). However, despite our finding 
that these cells were not expressing CD103 one could hypothesize that these granzyme B 
expressing populations act locally, possibly as some kind of short-lived effector cells, and 
possibly even locally generated by the CD69+/CD103+ TRMs, to control BKV. 

Transcriptional control of human CD8+ T cell differentiation
If we want to successfully utilize the different functional types of acute phase and 
memory/latency phase CD8+ T cells targeting different viruses (and viral epitopes) as 
immunotherapies in the future, also across different anatomical barriers, then it is important 
to understand how these responses are regulated. For several years, human CD8+ T cell 
subsets have been defined by markers like CD45 isotypes (a protein tyrosine phosphatase), 
CCR7 (a lymphoid tissue-homing receptor), and the co-stimulatory receptors CD28 and 
CD27. However, these are all end products of the process of T cell differentiation itself, 
and they do not directly say anything about the mechanisms that are directly steering T 
cell differentiation. Indeed, the use of these markers derives from a period of time in which 
it was difficult to simultaneously study the behaviour of multitude of molecules expressed 
by CD8+ T cells like we are now able to do using multichannel flowcytometry, as well as 
transcriptomics and proteomics.

Studies into the transcriptomes of different types of CD8+ memory T cells in both 
mouse and man, have identified core effector and memory mRNA signatures (26, 27). 
In turn, in the last years much became clear about how the expression of certain sets 
of genes, responsible for the generation of CD8+ T cell effector and (different) memory 
populations, is regulated by typical extracellular signals (e.g. IL-12) and intracellular TFs 
(e.g. T-bet and Eomes) (28-32).  As discussed in Chapter 1, T-bet and Eomes have been 
identified as important regulators of type 1 (cytotoxic) differentiation, whereas other TFs, 
like GATA2, FOXP3, and RORγt were found to be essential in steering T cell differentiation 
towards type 2 (classic helper cells), respectively regulatory (immunomodulatory T cells) 
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and type 17 (IL-17-producing) T cells. They act by directly or indirectly inducing translation 
of specific sets of genes into mRNA, through binding to DNA (33). 

In Chapter 2, we aimed to ‘map’ how T-bet and Eomes expression levels in CD8+ T cells 
correspond to the CD45RA/CCR7/CD28/CD27 phenotype, as well as to the expression of 
predictors of T cell functionality like IL-7Rα, granzyme K and granzyme B. Indeed, the more 
cytotoxic CD28¯ subsets generally express high levels of T-bet protein and interestingly, 
also vice versa: cells with a high expression of T-bet generally expressed high(er) levels 
of granzyme B (on the protein level). Similar to what we found on the protein level in  
Chapter 2 and Chapter 3, Hertoghs et al. already showed at mRNA level how T-bet 
and Eomes were upregulated by hCMV-specific CD8+ T cells over the course of primary 
infection, from the acute phase to viral latency (34). This work also led to the discovery 
of the involvement of another TF, ZNF683, in the differentiation of hCMV-specific CD8+ T 
cells. Because of its strong molecular resemblance to Blimp1, it was named ‘Homolog of 
Blimp1 in T cells’, or ‘Hobit’ (35). Very recently, Hobit and Blimp1 were each found to be 
essential to instructing tissue retention in TRM populations (36). 

Of specific importance is the finding of Kurachi et al. that removing BATF from 
a mouse model resulted in a severe disruption of the large network of other TFs acting in 
CD8+ T cells (37). This shows that care must be taken when interpreting the results from 
studies looking into the effects of single TFs on the CD8+ T cell response as many TFs 
interact with one another in various complex ways. For example, when both T-bet and 
Eomes are silenced in experimental mice, then interestingly CD8+ T cell differentiation 
is steered towards a RORγt-expressing type 17 program (38, 39). T-bet and Eomes, in 
turn, are strongly influenced by other TFs like Foxo1, Runx1 and Runx3 (39-42). Also, 
TFs may possess a certain degree of functional redundancy, meaning that - for example 
- Eomes partially compensates for the functions of T-bet in a T-bet-knockout model (30, 
31). Nevertheless, T-bet and Eomes also differ from one another as T-bet was found to 
be particularly important for the generation of acute phase effector cells, whereas Eomes 
was found to be important for the generation of memory populations and for a functional 
secondary T cell response after antigenic recall (31). Eomes is not the only TF that was 
implicated in memory formation. Other factors identified in the last few years include 
BATF, IRF4 and Foxo1 (37, 43). These findings all demonstrate the complexity with which 
a large network of TFs acts to shape the phenotype and functional profile of individual 
CD8+ T cells, also across different anatomical locations. As such, as technically complex 
as it may be, the effects of removal or functional mutations of specific TFs must always 
be placed in the context of the entire network of TFs acting in CD8+ T cells if we want to 
truly understand their specific role in CD8+ T cell differentiation. Especially important may 
also be the differences in which some TFs are expressed by cell types in mouse and man. 
For example, Hobit is expressed not by CD8+ T cells in the circulation of mice, while it is 
expressed by murine TRMs (35, 36). In contrast, Hobit is frequently expressed by circulatory 
human effector-type cells (44). These findings suggest different functions of highly similar 
TFs in murine and human T cells, and also show that care must be taken when interpreting 
studies into the roles of TFs done only in mouse models. 
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Compared to the findings of Hertoghs et al., work described in this thesis also illustrates 
another important layer of control in T cell differentiation. For example, while the T-bet 
protein levels in hCMV-specific CD8+ T cells are generally higher than the Eomes protein 
levels (see Chapter 2 and Chapter 3), Hertoghs et al. report that the mRNA levels of 
these TFs in hCMV-specific CD8+ T cells show the opposite (34).  As such, mRNA levels do 
not necessarily translate into equal levels of protein, which should be taken into account 
when interpreting data on the transcriptome of cells. The exact technical details of this 
specific example given here have not been investigated further (as of yet), but recent work 
on other molecules and cell types has also shown the importance of post-transcriptional 
regulation in shaping the T cell proteome and therewith T cell effectivity. 

Epigenetic regulation, occurring in the form of histone modification and DNA 
methylation modulates the accessibility of specific parts of the CD8+ T cell chromatin 
for transcriptional factors to inhibit or promote transcription of the genes located there. 
For example, the capacity of murine CD8+ T cells to produce interferon-γ was found to 
depend on the degree of methylation of the IFNG locus. In memory CD8+ T cells this is 
much lower than in naive cells, the former which also rapidly (further) demethylated this 
locus upon activation in order to increase its accessibility for translation (45). Another 
example involves overt epigenetic modification of the PDCD1 gene (coding for PD-1) 
during acute and chronic viral infection (46). Indeed, PD-1 is a co-inhibitory molecule and 
is known to negatively regulate immune functions of CD8+ T cells (47). These data illustrate 
how epigenetic modification controls important aspects of CD8+ T cell functionality and 
ultimately control over a viral infection.

In Chapter 2 we noticed that the ratios between the T-bet and the granzyme B expression 
levels were different per CD45RA/CCR7/CD28/CD27-defined subset and stressed 
the relation between these two molecules, because T-bet directly induces granzyme B 
expression (28, 29, 32, 48, 49). Thus, assuming that T-bet induces granzyme B expression 
in a dose-dependent manner, it is unexpected that the associations between the T-bet 
and granzyme B expression levels differ per CD45RA/CCR7/CD28/CD27 phenotype. It 
is almost as if one molecule of T-bet induces different degrees of granzyme B expression 
in one subset when compared to another. Of course this may have to do with a different 
life span and individual history of the T cells, or with a different chromatin organisation 
per subset, which is important for the granzyme B gene accessibility (28, 29). Also, as 
discussed above, there are more TFs than T-bet and Eomes that may directly or indirectly 
be responsible for granzyme B expression (or inhibition). Distinct epigenetic modifications 
of, for example T-bet and/or granzyme B expression, per CD45RA/CCR7/CD27/CD28-
defined subset may be another mechanism underlying these observations. 

Micro-RNAs (miRNAs) are involved in regulating which genes are translated into 
protein and which genes are not. This is achieved by the base-pairing of the miRNA to any 
target mRNA that contains the complementary sequence, thus preventing translation of 
that strand of mRNA. Although much remains to be learned about the effects of miRNAs 
on CD8+ T cell differentiation, miRNAs appear to be important to memory formation as 
a deficiency of the DICER enzyme (essential to the formation of miRNAs) leads to a skewing 
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of the murine CD8+ T cell response towards the formation of short-lived effector cells 

during LCMV infection (50). In a similar fashion, CD8+ T cells also express hundreds of long 

non-coding RNAs (lncRNAs) of which the functions remain largely elusive as of yet (51). 

Recently, it was shown that lncRNA-BC050410 is closely involved in CD244-dependent-

signalling to reduce IFNγ and TNFα signalling during tuberculosis infection through 

chromatin remodelling (52). As such, miRNAs and lncRNAs are also particularly interesting 

research targets when trying to understand our findings presented in Chapter 2. 

THE PROTEOME ON POINT
As stated before, when put simply, the proteome ultimately dictates the functionality and 

effectivity of a CD8+ T cell.  When we investigated the proteome of the seven largest 

CD45RA/CCR7/CD27/CD28-defined subsets found in the circulation of healthy individuals 

by means of high-resolution mass spectrometry (hrMS, Chapter 4), we found that only six 

percent of the total amount of proteins detected was expressed to a significantly different 

degree between any of the circulatory CD8+ T cell subsets. Furthermore, unsupervised 

hierarchical clustering with specialized software revealed exactly the same hierarchy of 

the subsets as we had found in Chapter 2 where we simply arranged the subsets manually 

according to their expression levels of IL-7Rα and granzyme B. 

As we go from the naïve to the TCM, and then to the four different TEM subsets and 

ultimately the TEMRA subset (see Chapter 1 and Chapter 2 for an overview of these 

subsets), then the expression level of IL-7Rα declines while that of granzyme B increases. 

The changes over the entire CD45RA/CCR7/CD27/CD28-defined spectrum of subsets for 

these two proteins appear to occur in a linear fashion. However, this is also true for most 

of the other proteins identified with hrMS. When we split the 286 differentially expressed 

proteins up over six clusters, then we found three clusters holding proteins that are 

expressed in an increasing manner over the subset spectrum that ranges from the naïve 

to TEMRA states, like granzyme B; one cluster holding proteins of which the expression 

declines, like IL-7Rα; and two clusters that hold proteins that are expressed in a non-linear 

fashion (Chapter 4).

Remarkably, each of these clusters, shown in Chapter 4, hold different serine proteases, 

which is reminiscent for the situation of EBV- and hCMV-specific CD8+ T cells discussed 

above. For example, one cluster comprised proteins highly expressed by all non-naïve 

subsets. This cluster contained granzyme K, but also Eomes, which were indeed both 

found to be highly expressed by EBV-specific CD8+ T cells. Another cluster held proteins 

that were expressed in particular by the CD28¯ TEM and TEMRA subsets, like granzyme 

B and T-bet. Indeed, both molecules are highly expressed by hCMV-specific CD8+ T 

cells (Chapter 4). It is therefore tempting to state that the granzyme K cluster comprises 

a proteome expressed by EBV-specific CD8+ T cells, whereas the granzyme B cluster 

comprises a proteome expressed by hCMV-specific CD8+ T cells. This would mean that we 

now have a selection of other proteins, previously unexplored in the context of the EBV- or 

hCMV-specific CD8+ T cell response, to which we can now turn our scientific attention. 
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Extrapolating this line of thought to the context of the other CD8+ T cell responses, like 
those targeting influenza, RSV or BKV, this protein database also offers opportunities to 
explore new molecular pathways important to these responses. 

We also found evidence that all the CD45RA/CCR7/CD27/CD28-defined subsets found 
in the circulation are running specific metabolic programs. Indeed, T cell metabolism is 
a relatively hot research item in T cell biology as it was recently shown that during the acute 
phase of infection, inhibition of mTOR signalling, one of the main regulating proteins of T 
cell metabolism, led to the persistence of more memory T cells after pathogenic control 
(53, 54).  When we look at the metabolic distinctions between the naïve and different 
circulatory ‘memory’ subsets, then we find that from the naïve to the TEMRA subsets, 
expression levels of proteins involved in glycolysis decrease. Instead, a rate-limiting 
enzyme important to the tricarboxylic acid (TCA) cycle, isocitrate dehydrogenase, was 
found to be upregulated (Chapter 4). Since the TCA cycle generates NADH (energy) from 
acetyl-CoA, a molecule that in turn is produced by glycolysis, this may appear paradoxical 
when considering the decrease in proteins involved in glycolysis. However, molecules like 
ATP citrate lyase and acetyl-CoA acyltransferase 2, involved in the intracytosolic generation 
of acetyl-CoA from citrate, CoA and fatty acid oxidation (FAO), were also found to be 
upregulated (Chapter 4). Both molecules are also involved in fatty acid biosynthesis and 
recently, Pearce et al. reported that murine CD8+ memory T cells indeed rely on FAO and 
oxidative phosphorylation as their energy source. They also showed that the substrates for 
FAO in memory cells appear to derive from cell-intrinsic lipolysis occurring via an, as of 
yet, poorly understood mechanism (55, 56). As such, distinct metabolic programs appear 
to be run by different memory and naïve CD8+ T cell subsets and much remains to be 
learned about these processes. 

In conclusion, thanks to new insights in T cell immunobiology, amongst others by 
applying shotgun approaches to identify transcriptomics, proteomics and metabolomics, 
our knowledge on antiviral defence by T lymphocytes increases and appears to be even 
more complicated than was ever before imagined. In the near future, we expect to exploit 
this knowledge for the development of targeted T cell therapies / vaccines.



GENERAL DISCUSSION

229

REFERENCES
1. Miller DH, Khan OA, Sheremata WA, 

Blumhardt LD, Rice GP, Libonati MA, et al. 
A controlled trial of natalizumab for relapsing 
multiple sclerosis. The New England journal 
of medicine. 2003;348(1):15-23.

2. Polman CH, O’Connor PW, Havrdova E, 
Hutchinson M, Kappos L, Miller DH, et 
al. A randomized, placebo-controlled 
trial of natalizumab for relapsing multiple 
sclerosis. The New England journal of  
medicine. 2006;354(9):899-910.

3. Brahmer J, Reckamp KL, Baas P, Crino 
L, Eberhardt WE, Poddubskaya E, et al. 
Nivolumab versus Docetaxel in Advanced 
Squamous-Cell Non-Small-Cell Lung 
Cancer. The New England journal of 
medicine. 2015;373(2):123-35.

4. Borghaei H, Paz-Ares L, Horn L, Spigel DR, 
Steins M, Ready NE, et al. Nivolumab versus 
Docetaxel in Advanced Nonsquamous Non-
Small-Cell Lung Cancer. The New England 
journal of medicine. 2015;373(17):1627-39.

5. Porter DL, Levine BL, Kalos M, Bagg A, June CH. 
Chimeric antigen receptor-modified T cells in 
chronic lymphoid leukemia. The New England 
journal of medicine. 2011;365(8):725-33.

6. Porter DL, Hwang WT, Frey NV, Lacey 
SF, Shaw PA, Loren AW, et al. Chimeric 
antigen receptor T cells persist and induce 
sustained remissions in relapsed refractory 
chronic lymphocytic leukemia. Sci Transl 
Med. 2015;7(303):303ra139.

7. Lee DW, Kochenderfer JN, Stetler-Stevenson M, 
Cui YK, Delbrook C, Feldman SA, et al. T cells 
expressing CD19 chimeric antigen receptors for 
acute lymphoblastic leukaemia in children and 
young adults: a phase 1 dose-escalation trial. 
Lancet. 2015;385(9967):517-28.

8. Morgan RA, Dudley ME, Wunderlich JR, 
Hughes MS, Yang JC, Sherry RM, et al. 
Cancer regression in patients after transfer 
of genetically engineered lymphocytes. 
Science. 2006;314(5796):126-9.

9. Stuehler C, Stussi G, Halter J, Nowakowska 
J, Schibli A, Battegay M, et al. Combination 
therapy for multidrug-resistant cytomegalovirus 
disease. Transpl Infect Dis. 2015;17(5):751-5.

10. Blyth E, Clancy L, Simms R, Gaundar S, 
O’connell P, Micklethwaite K, et al. BK Virus-
Specific T Cells for Use in Cellular Therapy 
Show Specificity to Multiple Antigens 
and Polyfunctional Cytokine Responses. 
Transplantation. 2011;92(10):1077-84.

11. Holmes-Liew CL, Holmes M, Beagley L, Hopkins 
P, Chambers D, Smith C, et al. Adoptive T-cell 
immunotherapy for ganciclovir-resistant CMV 
disease after lung transplantation. Clin Transl 
Immunology. 2015;4(3):e35.

12. Macesic N, Langsford D, Nicholls K, Hughes 
P, Gottlieb DJ, Clancy L, et al. Adoptive 
T cell immunotherapy for treatment of 
ganciclovir-resistant cytomegalovirus 
disease in a renal transplant recipient. 
American journal of transplantation : 
official journal of the American Society of 
Transplantation and the American Society 
of Transplant Surgeons. 2015;15(3):827-32.

13. Meij P, Jedema I, Zandvliet ML, van der 
Heiden PL, van de Meent M, van Egmond 
HM, et al. Effective treatment of refractory 
CMV reactivation after allogeneic stem 
cell transplantation with in vitro-generated 
CMV pp65-specific CD8+ T-cell lines. J 
Immunother. 2012;35(8):621-8.

14. Feuchtinger T, Opherk K, Bethge WA, Topp MS, 
Schuster FR, Weissinger EM, et al. Adoptive 
transfer of pp65-specific T cells for the treatment 
of chemorefractory cytomegalovirus disease or 
reactivation after haploidentical and matched 
unrelated stem cell transplantation. Blood. 
2010;116(20):4360-7.

15. Remmerswaal EB, Havenith SH, Idu MM, 
van Leeuwen EM, van Donselaar KA, ten 
BA, et al. Human virus-specific effector-type 
T cells accumulate in blood but not in lymph 
nodes. Blood. 2012;119(7):1702-12.

16. Wallace DL, Masters JE, De Lara CM, 
Henson SM, Worth A, Zhang Y, et al. Human 
cytomegalovirus-specific CD8(+) T-cell 
expansions contain long-lived cells that retain 
functional capacity in both young and elderly 
subjects. Immunology. 2011;132(1):27-38.

17. Appay V, Dunbar PR, Callan M, Klenerman 
P, Gillespie GM, Papagno L, et al. Memory 



GENERAL DISCUSSION

230

CD8+ T cells vary in differentiation 
phenotype in different persistent virus 
infections. NatMed. 2002;8(4):379-85.

18. Jarvis MA, Nelson JA. Human 
cytomegalovirus tropism for endothelial 
cells: not all endothelial cells are created 
equal. JVirol. 2007;81(5):2095-101.

19. Hadinoto V, Shapiro M, Sun CC, Thorley-Lawson 
DA. The dynamics of EBV shedding implicate 
a central role for epithelial cells in amplifying 
viral output. PLoSPathog. 2009;5(7):e1000496.

20. Thorley-Lawson DA. EBV Persistence--Introducing 
the Virus. Current topics in microbiology and 
immunology. 2015;390(Pt 1):151-209.

21. Young LS, Arrand JR, Murray PG. EBV gene 
expression and regulation. In: Arvin A, 
Campadelli-Fiume G, Mocarski E, Moore 
PS, Roizman B, Whitley R, et al., editors. 
Human Herpesviruses: Biology, Therapy, 
and Immunoprophylaxis. Cambridge: 
Cambridge University Press

22. Copyright (c) Cambridge University  
Press 2007; 2007.

23. Schenkel JM, Masopust D. Tissue-resident 
memory T cells. Immunity. 2014;41(6):886-97.

24. Smolders J, Remmerswaal EB, Schuurman 
KG, Melief J, van Eden CG, van Lier RA, et al. 
Characteristics of differentiated CD8(+) and 
CD4 (+) T cells present in the human brain. 
Acta Neuropathol. 2013;126(4):525-35.

25. van de Berg PJ, Yong SL, Remmerswaal EB, van 
Lier RA, ten Berge IJ. Cytomegalovirus-induced 
effector T cells cause endothelial cell damage. 
ClinVaccine Immunol. 2012;19(5):772-9.

26. Tracy RP, Doyle MF, Olson NC, Huber SA, 
Jenny NS, Sallam R, et al. T-helper type 1 
bias in healthy people is associated with 
cytomegalovirus serology and atherosclerosis: 
the Multi-Ethnic Study of Atherosclerosis. J 
Am Heart Assoc. 2013;2(3):e000117.

27. Kaech SM, Hemby S, Kersh E, Ahmed 
R. Molecular and functional profiling 
of memory CD8 T cell differentiation.  
Cell. 2002;111(6):837-51.

28. Romero P, Zippelius A, Kurth I, Pittet MJ, 
Touvrey C, Iancu EM, et al. Four functionally 
distinct populations of human effector-memory 

CD8+ T lymphocytes. Journal of immunology 
(Baltimore, Md : 1950). 2007;178(7):4112-9.

29. Szabo SJ, Kim ST, Costa GL, Zhang X, 
Fathman CG, Glimcher LH. A novel 
transcription factor, T-bet, directs Th1 lineage 
commitment. Cell. 2000;100(6):655-69.

30. Szabo SJ, Sullivan BM, Stemmann C, Satoskar 
AR, Sleckman BP, Glimcher LH. Distinct 
effects of T-bet in TH1 lineage commitment 
and IFN-gamma production in CD4 and CD8 
T cells. Science. 2002;295(5553):338-42.

31. Pearce EL, Mullen AC, Martins GA, 
Krawczyk CM, Hutchins AS, Zediak VP, et 
al. Control of effector CD8+ T cell function 
by the transcription factor Eomesodermin. 
Science. 2003;302(5647):1041-3.

32. Intlekofer AM, Takemoto N, Wherry EJ, 
Longworth SA, Northrup JT, Palanivel VR, 
et al. Effector and memory CD8+ T cell 
fate coupled by T-bet and eomesodermin. 
NatImmunol. 2005;6(12):1236-44.

33. Takemoto N, Intlekofer AM, Northrup JT, 
Wherry EJ, Reiner SL. Cutting Edge: IL-12 
inversely regulates T-bet and eomesodermin 
expression during pathogen-induced CD8+ 
T cell differentiation. Journal of immunology 
(Baltimore, Md : 1950). 2006;177(11):7515-9.

34. Kaech SM, Cui W. Transcriptional 
control of effector and memory CD8+ 
T cell differentiation. Nature reviews  
Immunology. 2012;12(11):749-61.

35. Hertoghs KM, Moerland PD, van Stijn 
A, Remmerswaal EB, Yong SL, van de 
Berg PJ, et al. Molecular profiling of 
cytomegalovirus-induced human CD8+ T 
cell differentiation. The Journal of clinical 
investigation. 2010;120(11):4077-90.

36. van Gisbergen KP, Kragten NA, Hertoghs 
KM, Wensveen FM, Jonjic S, Hamann 
J, et al. Mouse Hobit is a homolog of 
the transcriptional repressor Blimp-1 that 
regulates NKT cell effector differentiation. 
Nature immunology. 2012;13(9):864-71.

37. Mackay LK, Minnich M, Kragten NA, 
Liao Y, Nota B, Seillet C, et al. Hobit and 
Blimp1 instruct a universal transcriptional 
program of tissue residency in lymphocytes.  
Science. 2016;352(6284):459-63.



GENERAL DISCUSSION

231

38. Kurachi M, Barnitz RA, Yosef N, Odorizzi PM, 
DiIorio MA, Lemieux ME, et al. The transcription 
factor BATF operates as an essential 
differentiation checkpoint in early effector CD8+ 
T cells. Nature immunology. 2014;15(4):373-83.

39. Intlekofer AM, Banerjee A, Takemoto N, Gordon 
SM, Dejong CS, Shin H, et al. Anomalous type 
17 response to viral infection by CD8+ T cells 
lacking T-bet and eomesodermin. Science. 
2008;321(5887):408-11.

40. Lazarevic V, Chen X, Shim JH, Hwang ES, 
Jang E, Bolm AN, et al. T-bet represses T(H)17 
differentiation by preventing Runx1-mediated 
activation of the gene encoding RORgammat. 
NatImmunol. 2011;12(1):96-104.

41. Djuretic IM, Levanon D, Negreanu V, Groner 
Y, Rao A, Ansel KM. Transcription factors 
T-bet and Runx3 cooperate to activate 
Ifng and silence Il4 in T helper type 1 cells. 
Nature immunology. 2007;8(2):145-53.

42. Cruz-Guilloty F, Pipkin ME, Djuretic IM, 
Levanon D, Lotem J, Lichtenheld MG, et 
al. Runx3 and T-box proteins cooperate 
to establish the transcriptional program of 
effector CTLs. The Journal of experimental 
medicine. 2009;206(1):51-9.

43. Rao RR, Li Q, Gubbels Bupp MR, Shrikant PA. 
Transcription factor Foxo1 represses T-bet-
mediated effector functions and promotes 
memory CD8(+) T cell differentiation. 
Immunity. 2012;36(3):374-87.

44. Michelini RH, Doedens AL, Goldrath 
AW, Hedrick SM. Differentiation of CD8 
memory T cells depends on Foxo1.  
JExpMed. 2013;210(6):1189-200.

45. Vieira Braga FA, Hertoghs KM, Kragten NA, 
Doody GM, Barnes NA, Remmerswaal EB, et 
al. Blimp-1 homolog Hobit identifies effector-
type lymphocytes in humans. European 
journal of immunology. 2015;45(10):2945-58.

46. Kersh EN, Fitzpatrick DR, Murali-Krishna 
K, Shires J, Speck SH, Boss JM, et al. 
Rapid demethylation of the IFN-gamma 
gene occurs in memory but not naive 
CD8 T cells. Journal of immunology  
(Baltimore, Md : 1950). 2006;176(7):4083-93.

47. Youngblood B, Oestreich KJ, Ha SJ, 
Duraiswamy J, Akondy RS, West EE, 

et al. Chronic virus infection enforces 
demethylation of the locus that encodes 
PD-1 in antigen-specific CD8(+) T cells. 
Immunity. 2011;35(3):400-12.

48. Sharpe AH, Wherry EJ, Ahmed R, Freeman GJ. 
The function of programmed cell death 1 and its 
ligands in regulating autoimmunity and infection. 
Nature immunology. 2007;8(3):239-45.

49. Smith C, Elhassen D, Gras S, Wynn KK, 
Dasari V, Tellam J, et al. Endogenous antigen 
presentation impacts on T-box transcription 
factor expression and functional maturation of 
CD8+ T cells. Blood. 2012;120(16):3237-45.

50. McLane LM, Banerjee PP, Cosma GL, Makedonas 
G, Wherry EJ, Orange JS, et al. Differential 
localization of T-bet and Eomes in CD8 T cell 
memory populations. Journal of immunology 
(Baltimore, Md : 1950). 2013;190(7):3207-15.

51. Trifari S, Pipkin ME, Bandukwala HS, Aijo 
T, Bassein J, Chen R, et al. MicroRNA-
directed program of cytotoxic CD8+ T-cell 
differentiation. Proceedings of the National 
Academy of Sciences of the United States of 
America. 2013;110(46):18608-13.

52. Pang KC, Dinger ME, Mercer TR, Malquori 
L, Grimmond SM, Chen W, et al. Genome-
wide identification of long noncoding RNAs 
in CD8+ T cells. Journal of immunology 
(Baltimore, Md : 1950). 2009;182(12):7738-48.

53. Wang Y, Zhong H, Xie X, Chen CY, Huang D, 
Shen L, et al. Long noncoding RNA derived 
from CD244 signaling epigenetically controls 
CD8+ T-cell immune responses in tuberculosis 
infection. Proceedings of the National 
Academy of Sciences of the United States of 
America. 2015;112(29):E3883-92.

54. Araki K, Turner AP, Shaffer VO, Gangappa 
S, Keller SA, Bachmann MF, et al. mTOR 
regulates memory CD8 T-cell differentiation. 
Nature. 2009;460(7251):108-12.

55. Pearce EL, Walsh MC, Cejas PJ, Harms GM, 
Shen H, Wang LS, et al. Enhancing CD8 
T-cell memory by modulating fatty acid 
metabolism. Nature. 2009;460(7251):103-7.

56. van der Windt GJ, Everts B, Chang CH, 
Curtis JD, Freitas TC, Amiel E, et al. 
Mitochondrial respiratory capacity is 



GENERAL DISCUSSION

232

a critical regulator of CD8+ T cell memory 
development. Immunity. 2012;36(1):68-78.

57. O’Sullivan D, van der Windt GJ, Huang 
SC, Curtis JD, Chang CH, Buck MD, 

et al. Memory CD8(+) T cells use cell-

intrinsic lipolysis to support the metabolic 

programming necessary for development. 

Immunity. 2014;41(1):75-88.


