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Chemotherapeutic agents are designed to inhibit and kill rapidly proliferating cancer cells. 

The downside of these drugs is that they are not specific in targeting only rapidly proliferating 

cancer cells, but that they can also affect other proliferating subsets in the body, including 

activated CD8+ T cells. Given that CD8+ T cells are actually essential in the fight against cancer, 

it is critical that the effects of chemotherapeutic drugs on CD8+ T cells are better understood1. 

Although it was shown that cell cycle arresting agents such as doxorubicin or cis-platin are 

detrimental to B cells, CD8+ T cells can survive this treatment2. However, how chemotherapy 

affects the phenotype of CD8+ T cells is still poorly understood. Better understanding of the 

effects of chemotherapeutics and other cell cycle inhibiting chemotherapeutics on CD8+ T 

cells, can directly result in improving immune-therapeutic treatments for cancer patients. In 

this thesis, we show, unexpectedly, that cell cycle inhibiting drugs can positively affect CD8+ 

T cell proliferation and effector cell differentiation via modulation of their metabolism. This 

puts forward that cell cycle inhibition might actually be used to directly improve CD8+ T cell-

based therapies. 

UNCOUPLING DIFFERENTIATION AND PROLIFERATION
Under normal physiological settings, naïve CD8+ T cells are activated upon encountering 

antigens in the context inflammatory conditions in which dendritic cells present antigens 

and simultaneously provide costimulation. After activation, naïve CD8+ T cells start processes 

for differentiation and proliferation at the same time. However, in this thesis we show that it is 

possible to uncouple these two processes by providing a temporal cell cycle arrest following 

CD8+ T cell priming (chapter 3). While these ‘uncoupled CD8+ T cells’ are still activated and 

already start their differentiation, they are arrested in their cell cycle and therefore cannot 

proliferate. We show that uncoupling differentiation and proliferation by cell cycle inhibition 

during priming directly affects differentiation, resulting in improved effector T cell formation 

and increased proliferation potential once these cells are released from the cell cycle 

inhibitor. We propose that this set up is an attractive approach to exploit and implement 

as an immune-modulating therapy for more effective treatments. To accomplish this, it is 

essential to improve our understanding of the effects of TCR signaling, costimulation and 

cytokine signaling on the cell cycle of T cells both in the context of inhibition and release of 

short-term cell cycle inhibition (Figure 1). 
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TCR signaling
It is known that, besides the antigen itself, also the duration and the strength of TCR 

stimulation determine the expansion potential and the magnitude of the CD8+ T cell response 

(chapter 2)3. Therefore, we hypothesize that uncoupling differentiation and proliferation of 

CD8+ T cells results in prolonged TCR triggering. Hyperactivation of TCRs results in massive 

proliferation and is often associated with autoimmunity4. In the context of cancer, it might 

actually be beneficial to induce massive CD8+ T cell expansion in order to establish a large 

tumor specific CD8+ T cell population that can fight the cancer cells. However, it is important 

to note that increasing TCR signal strength might not induce similar effects as prolonged 

TCR triggering, since high TCR signal strength can induce non-functional effector cells5. 

Further research should show whether CD8+ T cells that are arrested in their cell cycle right 

after priming indeed have a prolonged interaction with the cognate antigen and whether 

this at least partly explains the phenotype that we observe.

Costimulation and IL-2
Costimulation is essential in the formation of functional proliferating effector cells (chapter 

2). In our set up in chapter 3, we focused on use of CD28-mediated costimulation. We showed 

that arrested CD8+ T cells increased their autocrine IL-2 production after TCR triggering 

and CD28 costimulation. These increased IL-2 levels contributed to improved proliferation 

potential of cells that were released into a proliferation state after temporal cell cycle 

inhibition. Since CD28 is not the only costimulatory molecule on CD8+ T cells, it is also 

interesting to know how other costimulatory molecules, such as CD27 and 4-1BB, can be 

used in this set up. While both CD27 and 4-1BB costimulation can induce autocrine IL-2 

production, CD27 is expressed on naïve cells and 4-1BB expression is induced after TCR-

triggering6,7. This makes CD27 a more attractive target for our set up, in which we provide 

a cell cycle arrest right after priming of CD8+ T cells in combination with costimulation.  

In chapter 4, we show that blocking CD27 costimulation decreased the percentage of 

intratumoral CD8+ T cells after treatment with chemotherapy with cisplatin and topotecan. In 

this set up we did not inhibit CD27 costimulation during priming, but 5 days after CD8+ T cell 

activation, which might underestimate the effects and importance of CD27 costimulation on 

proliferation in combination with cell cycle arresting agents. Accordingly, we propose that it 

would be worthwhile to investigate how (a combination of) different costimulatory stimuli 

in combination with a temporal cell cycle arrest during priming will impact the proliferation 

potential of CD8+ T cells (Figure 1).  
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Figure 1. Different activation stimuli in combination with a short-term cell cycle arrest can impact 
proliferation. Different combinations of TCR-triggering, costimulation and cytokines could be combined 
with short cell cycle inhibition to optimize in vitro proliferation of CD8+ T cells. 

IL-12 and type I IFN
In concert with TCR-triggering and costimulation, IL-12 and type I IFN cytokine signaling 

amplifies the proliferating CD8+ T cell pool (chapter 2). These cytokines are produced by 

activated dendritic cells, and depending on the amount of inflammation are released during 

priming of the CD8+ T cells. In chapter 3, we did not supplement our culture system with 

these cytokines, but it would be interesting to determine whether IL-12 and type I IFN can 

further enhance the vigorous proliferation observed after temporal cell cycle arrest (Figure 

1). In addition, it is of great importance to understand the in vivo effects of chemotherapy 

and other cell cycle inhibiting agents on monocytes, dendritic cells and macrophages that 

produce IL-12 and type I IFN. It was shown that hydroxyurea, the same chemotherapeutic drug 

as we used in chapter 3, dampens the inflammatory responses of monocytes8. Additionally, 

small molecule inhibitors, which inhibit Cdk4/6, directly affected the number of circulating 

monocytes directly9. 

Extending our knowledge on the direct effects of TCR triggering, costimulation and IL-

12 and type I IFN cytokine signaling on CD8+ T cell proliferation in combination with cell 

cycle inhibition will help to optimize the immuno-modulating aspect of temporal cell cycle 

inhibition with the aim to implement this as immunotherapeutic intervention. 



125

Discussion

5

NAÏVE VERSUS EFFECTOR AND MEMORY 
POPULATIONS
To study the effect of temporal cell cycle inhibition in newly primed CD8+ T cells (chapter 

3), it is essential to consider that we made use of naïve CD8+ T cells. Naïve cells are resting 

in G0 and are not yet actively cycling. Although this set up provided valuable knowledge 

on the effects of cell cycle inhibition on newly primed CD8+ T cells, it is not reflecting 

the complex situation in the body of cancer patients. When a malignancy is present there 

is already an ongoing immune response consisting of both effector and memory CD8+ T 

cells. In particular, effector cells are rapidly proliferating and therefore cell cycle inhibition 

on this population might have other effects as compared to naïve or memory cells. Also, 

indirect effects on tissues and the tumor microenvironment of the various drugs are poorly 

understood. In chapter 4 we show that short term treatment with cisplatin and topotecan 

can be tolerated by effector CD8+ T cells. While these cells do not actively proliferate as long 

as the chemotherapeutic drugs are present, they regain their ability to do so after treatment 

has stopped. Similar to our observations, others have observed that effector CD8+ T cells 

can recover proliferation after 1 cycle of chemotherapy and that short term chemotherapy 

treatment can even improve cytotoxicity10. Another interesting finding is that there seems to 

be a shift from terminally differentiated effector memory T cells (TEMRA) towards effector 

memory T cells (TEM) after chemotherapy11. In a recent study it was shown that long term 

treatment with the chemotherapeutic cisplatin in combination with PD-1 blockade impaired 

proliferation and cytotoxicity of effector cells, whereas non-proliferating naïve and stem-like 

cells were not affected12. Showing that timing and dosing of chemotherapy is essential in 

establishing and maintaining a functional effector response.  

In our set up in chapter 3, we did not investigate how a short-term cell cycle arrest during 

priming of naïve CD8+ T cells impacts memory differentiation. To induce a long-lasting 

anti-tumor response, it is essential that also proper memory T cell formation is installed. 

Therefore, we propose that future research should not only focus on the effect of temporal 

cell cycle inhibition on proliferation during activation of naïve and memory cells, but also 

on the long-term effect on differentiation. It is known that memory CD8+ T cells can survive 

chemotherapy well by different mechanisms. Memory CD8+ T cells acquire mechanisms to 

keep DNA integrity by improving their response to coop with DNA damage and therefore 

these cells are less sensitive to cytotoxic drugs13. In addition, memory CD8+ T cells have 

developed a mechanism to enhance the capacity to efflux cytotoxic drugs, resulting in 

better survival14.  In line with these findings, we show in chapter 4 that after treatment 

with topotecan and cisplatin memory cells upregulate Bcl-2, an anti-apoptotic molecule 

that prevents cells from entering apoptosis. All these features make memory CD8+ T cells 
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an attractive subset to use in our experimental set up, in which we improve proliferation 

by short term inhibition of the cell cycle. However, there are some features that must be 

considered when using memory CD8+ T cells for this approach. In a recent study of Heinzel 

et al. it was shown that although TCR triggering induced similar proliferation of memory 

cells as compared to naïve cells, memory cells showed reduced proliferation after CD28 

costimulation and IL-2 signaling compared to naïve cells15. Furthermore, it appears that 

memory cells cannot immediately start proliferation upon re-activation. It takes 2 to 3 days 

before memory cells start to divide and proliferation is initiated, which is similar to naïve 

cells16. In addition, Whitmire et al. suggest that the exponential increase in the number of 

antigen specific CD8+ T cells is not because memory cells can divide more rapidly, but that 

there is a higher precursor frequency accommodating this. Although memory T cells might 

not show improved proliferation compared to naïve cells, it would still be interesting to 

investigate the effect on memory cells, because many cancer patients already have a memory 

response by the time the cancer is discovered. 

To conclude, we suggest that future research should focus on how to establish both a 

functional effector and memory response after chemotherapy treatment. We hypothesize 

that temporal cell cycle inhibition can serve as a tool to manipulate cells and create a more 

attractive phenotype. This approach might be of great interest in the field of adoptive cell 

therapy (ACT) in particular, in which cells can be manipulated ex vivo and transfused back 

into the patients once the optimal phenotype has been established. This will be discussed 

below.

METABOLISM
In this thesis, we also elaborate on how different metabolic pathways are generating energy 

to comply with the needs of CD8+ T cells and that activation of CD8+ T cells alters the 

metabolism of CD8+ T cells (chapter 1 & 2). In chapter 3 we show that short term cell cycle 

inhibition can positively impact CD8+ T cell proliferation by largely affecting the metabolism 

in these cells. Recently, the metabolism of CD8+ T cells has become a field of major interest 

and we and others suggest that understanding metabolic processes in CD8+ T cells are 

essential to further improve immunotherapy for cancer patients17. 

Stockpiling nutrients
In chapter 3, we postulate that despite a cell cycle arrest, newly activated CD8+ T cells can 

already start preparing themselves at the metabolic level. We show that these cells start to 

upregulate receptors to take up nutrients, including glucose and amino acids, resulting in a 
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nutrient influx and storage of these nutrients. We demonstrate an interesting phenomenon 

that although these cells are stalled in the cell cycle and cannot continue to proliferation, 

they already start modifying their metabolism. Specifically, we further noticed that these 

arrested T cells behave actually like effector cells and start taking up glucose after activation, 

to generate energy quickly by glycolysis. However, these arrested cells do not need the 

glucose yet and therefore store the glucose in the form of glycogen. In that way, these T 

cells stockpile themselves with fuel and become energized. In addition, these T cells not only 

have a buildup of nutrients, but also have activated metabolic signaling cascades, including 

mTOR and c-Myc signaling. This stockpiling of nutrients in combination with an activated 

metabolism leads to kickstarting proliferation once their cell cycle arrest is released for 

proliferation. We hypothesize that manipulation of the metabolism of CD8+ T cells is an 

attractive approach to influence their proliferation and should be explored further in the 

clinic such as in the context of adoptive cell transfers (Figure 2), in which large CD8+ T cell 

numbers are required to obtain successful results. 

Altered glucose metabolism
In addition to stockpiling nutrients, we observed that cells that are released from a short-term 

cell cycle arrest are even more glycolytic than normal activated effector cells (chapter 3). While 

this results in quick energy production, contributing to vigorous proliferation, one might argue 

that this is also a concern for in vivo situations in the context of tumors and chemotherapy 

because CD8+ T cells not only proliferate in lymphoid organs, but also intratumorally18. In 

the tumor microenvironment there can be substantial nutrient competition, and tumor 

cells are mainly using glucose as their source of energy, also known as the Warburg effect19. 

However, it appears that CD8+ T cells are not deprived in their glucose uptake by the tumor 

cells20. If indeed CD8+ T cells can use glucose from the tumor microenvironment it would be 

intriguing to examine this in a clinical situation where short-term chemotherapy is provided 

and extensive CD8+ T cell proliferation occurs after the chemotherapy. Based on our findings 

in chapter 4, we do not anticipate that glucose competition in the tumor microenvironment 

will occur after chemotherapy as we observed beneficial effects of temporal chemotherapy. 

Basically, we show that CD8+ T cells are still proliferating in the tumor microenvironment 

after treatment with chemotherapy. Although we did not check the glucose metabolism in 

great detail in vivo (chapter 4), we can assume here that effector cells are using glucose to 

fuel proliferation. 

Another big concern arises on how this switch towards increased glucose metabolism after 

short term cell cycle inhibition will impact memory formation. It has been shown that high 

glycolytic activity negatively impacts differentiation of CD8+ T cells into memory cells21. Since 
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memory cells are essential in long term protection, it is essential to understand how a short-

term cell cycle arrest will impact memory differentiation. We do have indications (chapter 

3) that, at least a subpopulation of, these cells still take up and process fatty acids, which is 

essential for memory cell differentiation 22. This suggest that not all cells in this set up will 

become short lived effector T cells that rely on glycolysis, but that a fraction of cells switch 

toward oxidative phosphorylation and memory cell differentiation can still occur. However, 

future studies are needed to confirm this.   

mTOR: the master regulator of glucose metabolism
The mTOR pathway, consisting of mTORC1 and mTORC2, is important and critical for the 

activation of glucose metabolism (chapter 2)23. Research focusses mainly on mTORC1, and 

how mTORC1 regulates glucose metabolism. We showed that during a short-term cell cycle 

arrest, CD8+ T cells activate mTORC1, however it seemed not to be crucial to install glycolysis 

in these cells. We showed that while CD8+ T cells have improved glucose metabolism after a 

short-term cell cycle arrest, this is partly mTORC1 independent (chapter 3). There are multiple 

explanations of how this short term arrested CD8+ T cells overcome the necessity of mTORC1 

activity to induce glycolysis and proliferation. First, recent research has shown that besides 

mTORC1, mTORC2 can induce glycolysis24. mTORC2 can be activated by TCR-triggering and 

CD28 costimulation as well, which makes it possible in our set up that mTORC2 complements 

the role of mTORC125. However, literature shows that mTORC2 deficient cells produce higher 

levels of IL-2, which is in sharp contrast with what we observed in our experiments in 

chapter 326. We observed that short term arrested CD8+ T cells produce high levels of IL-2, 

which makes regulation of glycolysis via mTORC2 a less plausible explanation. Interestingly, 

research has shown that IL-2 can install glycolysis independently of mTORC1 (chapter 2). 

In agreement with these data, we showed in chapter 3 that IL-2 can increase expression of 

ALDOA in CD8+ T cells, which is a glycolysis-related enzyme. We hypothesize that IL-2 induces 

transcription of c-MYC, which in turn can induce transcription of many genes including these 

encoding glycolysis-related enzymes27,28. Taken together, we propose that the metabolic 

programming of CD8+ T cells during a temporal cell cycle arrest is unique, and that cells 

not only rely on mTORC1 to install glycolysis, but also on IL-2 and c-MYC. It is important 

that the underlying mechanism of altered metabolism after short term cell cycle arrest will 

be clarified, because it might help to target and steer the metabolism of CD8+ T cells to 

alter proliferation. Recent research is already exploring methods to target the metabolism. It 

was shown that inhibiting glucose uptake by the small molecule inhibitor WZB117 directly 

impairs CD8+ T cell proliferation29. While this might be beneficial for certain auto-immune 

disorders, this will not help cancer patients that need proliferating effector cells to kill the 
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tumor cells. Most studies design drugs that can inhibit glycolysis, since it is more difficult to 

find strategies to promote glycolysis. Therefor we propose that future research should focus 

on ways to target the metabolism specifically in order to generate a rapid proliferating CD8+ 

T cell phenotype by promoting glucose uptake and processing. 

CLINICAL APPROACH
Our ultimate goal is that we can use and exploit our acquired fundamental knowledge 

regarding CD8+ T cell cycle regulation and proliferation to improve immunotherapeutic 

modalities for cancer patients. We showed that CD8+ T cells can survive short term treatment 

with cell cycle inhibiting agents and that it can even improve T cell-based therapies (chapter 

3). In chapter 4, we examine direct effects of cell cycle inhibition on CD8+ T cells, but we also 

assess how cell cycle inhibitors impact the tumor microenvironment, which is important 

since CD8+ T cell functionality is impacted by other immune cells as well, including CD4+ T 

cells and antigen presenting cells. Therefore, it is important to discriminate between the in 

vivo effects of cell cycle inhibiting agents during systemic treatment with chemotherapy and 

the ex vivo optimization of CD8+ T cells that are used for adoptive cell transfers (ACT). 

Systemic effect
To eliminate rapidly proliferation cancer cells, 30% of cancer patients are treated with 

chemotherapy systemically. This not only induces tumor cell killing, which can in turn lead to 

activation of the immune system and tumor specific killing by immune cells. This immediately 

raises the question how the immune system is impacted by this systemic treatment with cell 

cycle inhibiting agents. In chapter 4, we show that systemic treatment with chemotherapeutic 

agents can positively impact the immune system by changing the tumor microenvironment. 

In other studies, it has been established that chemotherapy can have both positive and 

negative effects on the tumor microenvironment30. Chemotherapy can induce immunogenic 

cell death and thereby facilitates direct activation of the immune system. In addition, 

regulatory T cells can be depleted specifically by some chemotherapeutic drugs, which can 

result in an increased tumor killing responses by CD8+ T cells31. However,  macrophages and 

fibroblasts can produce cytokines and chemokines that provide pro-survival signals for tumor 

cells32. The complexity here is that the net anti-tumor immune effect is depending on several 

factors including the tumor type, the type of drugs that are used, and the patient’s immune 

system itself. Understanding the effects on tumor microenvironment by chemotherapy will 

help to improve immunomodulatory therapies to induce a better anti-tumor response.  
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Adoptive cell transfer
Besides systemic treatment with chemotherapy to modulate the immune system, new 

techniques have developed to modulate immune cells ex vivo. A well-known example that 

is widely being applied in the clinic now, is the use of CAR T cells33. In chapter 3, we showed 

that short term chemotherapy treatment can directly positively impact CD8+ T cell effector 

cell formation and proliferation ex vivo. We hypothesize that this is an attractive approach 

to apply in the field of CAR T cells. It might be possible to establish large numbers of rapidly 

proliferating effector CD8+ T cells. On the other hand, we suggest that it is important to 

investigate how other cell cycle modulating drugs and therapies can be used to tweak CD8+ 

T cells in a different way. This is also a limitation of our studies, since we did not test how 

all different types of cell cycle inhibitors that are used in the clinic impact proliferation and 

differentiation. However, in the last decade, other research has focused on the effects of 

Cdk4/6 inhibition on CD8+ T cell proliferation and differentiation (chapter 2). It appears that 

inhibition of Cdk4/6 in CD8+ T cells promotes memory T cell formation, instead of effector 

T cell formation34. Therefore, we would like to suggest exploring and thereby utilize the 

possibilities to change the (metabolic) phenotype of CD8+ T cells by using different types 

of cell cycle inhibitors and eventually combine different strategies to establish the desired 

immune phenotype for effective cancer therapy (Figure 2).

Figure 2. Adoptive cell transfer can be combined with cell cycle inhibitors. After collection of CD8+ T cells 
from a cancer patient, the tumor specific CD8+ T cells are cultured in the lab. To enhance proliferation, 
short term treatment with cell cycle inhibitors can be used. After culturing, these large number of tumor 
specific CD8+ T cells can be transfused back into the patient. To optimize therapy further, adoptive 
cell therapy can be combined with other immunotherapeutic modalities, such as immune checkpoint 
blocking antibodies. 
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CONCLUDING REMARKS
CD8+ T cell proliferation is essential to establish a large enough anti-tumor immune 

response for efficient cancer therapy responses. In this thesis, we explored how the cell cycle 

of CD8+ T cells is arranged and how external cues, such as TCR-triggering, costimulation and 

cytokines influence the continuation of the cell cycle. The sum of these signals determines 

the proliferation of CD8+ T cells. We identified that a short-term cell cycle arrest during 

priming of newly activated CD8+ T cells positively impacts the proliferation outcome, by 

changing the metabolism and cytokine production. We suggest that it is attractive to explore 

this intervention further to improve CD8+ T cell numbers ex vivo for adoptive T cell transfers. 

In addition, understanding the in vivo effects of cell cycle inhibition on CD8+ T cells and the 

tumor microenvironment will help to improve or combine chemotherapy with other types of 

immunotherapies, such as immune checkpoint blockade and vaccination. Understanding the 

cell cycle of CD8+ T cells is essential to exploit the proliferation capacity of CD8+ T cells to 

ultimately improve T cell-based therapies for cancer patients.



132

Chapter 5

LITERATURE 
1	 Chen, D. S. & Mellman, I. Oncology meets 

immunology: the cancer-immunity cycle. 
Immunity 39, 1-10 (2013). https://doi.
org:10.1016/j.immuni.2013.07.012

2	 Waidhauser, J., Schuh, A., Trepel, M., Schmälter, 
A.-K. & Rank, A. Chemotherapy markedly 
reduces B cells but not T cells and NK cells 
in patients with cancer. Cancer Immunology, 
Immunotherapy 69, 147-157 (2020). https://
doi.org:10.1007/s00262-019-02449-y

3	 Prlic, M., Hernandez-Hoyos, G. & Bevan, 
M. J. Duration of the initial TCR stimulus 
controls the magnitude but not functionality 
of the CD8+ T cell response. J Exp Med 203, 
2135-2143 (2006). https://doi.org:10.1084/
jem.20060928

4	 Hwang, J. R., Byeon, Y., Kim, D. & Park, S. G. 
Recent insights of T cell receptor-mediated 
signaling pathways for T cell activation and 
development. Exp Mol Med 52, 750-761 
(2020). https://doi.org:10.1038/s12276-020-
0435-8

5	 Shakiba, M. et al. TCR signal strength defines 
distinct mechanisms of T cell dysfunction 
and cancer evasion. J Exp Med 219 (2022). 
https://doi.org:10.1084/jem.20201966

6	 Peperzak, V., Xiao, Y., Veraar, E. A. & Borst, 
J. CD27 sustains survival of CTLs in virus-
infected nonlymphoid tissue in mice by 
inducing autocrine IL-2 production. J Clin 
Invest 120, 168-178 (2010). https://doi.
org:10.1172/JCI40178

7	 Oh, H. S. et al. 4-1BB Signaling Enhances 
Primary and Secondary Population Expansion 
of CD8+ T Cells by Maximizing Autocrine 
IL-2/IL-2 Receptor Signaling. PLoS One 10, 
e0126765 (2015). https://doi.org:10.1371/
journal.pone.0126765

8	 Guarda, C. C. et al. Hydroxyurea alters 
circulating monocyte subsets and dampens 
its inflammatory potential in sickle cell 
anemia patients. Sci Rep 9, 14829 (2019). 
https: //doi .org:10.1038/s41598-019-
51339-x

9	 Moukas, S. I. et al. Ratios of monocytes and 
neutrophils to lymphocytes in the blood  

	 predict benefit of CDK4/6 inhibitor treatment 
in metastatic breast cancer. Sci Rep 13, 21262 
(2023). https://doi.org:10.1038/s41598-023-
47874-3

10	 Truong, N. T. H., Gargett, T., Brown, M. P. & 
Ebert, L. M. Effects of Chemotherapy Agents on 
Circulating Leukocyte Populations: Potential 
Implications for the Success of CAR-T Cell 
Therapies. Cancers (Basel) 13 (2021). https://
doi.org:10.3390/cancers13092225

11	 Fadul, C. E. et al. Immune modulation effects 
of concomitant temozolomide and radiation 
therapy on peripheral blood mononuclear 
cells in patients with glioblastoma 
multiforme. Neuro Oncol 13, 393-400 (2011). 
https://doi.org:10.1093/neuonc/noq204

12	 Mariniello, A. et al. Platinum-Based 
Chemotherapy Attenuates the Effector 
Response of CD8 T Cells to Concomitant 
PD-1 Blockade. Clin Cancer Res 30, 1833-
1845 (2024). https://doi.org:10.1158/1078-
0432.CCR-23-1316

13	 Johnnidis, J. B. et al. Inhibitory signaling 
sustains a distinct early memory CD8(+) T cell 
precursor that is resistant to DNA damage. Sci 
Immunol 6 (2021). https://doi.org:10.1126/
sciimmunol.abe3702

14	 Turtle, C. J., Swanson, H. M., Fujii, N., Estey, 
E. H. & Riddell, S. R. A distinct subset of 
self-renewing human memory CD8+ T cells 
survives cytotoxic chemotherapy. Immunity 
31, 834-844 (2009). https://doi.org:10.1016/j.
immuni.2009.09.015

15	 Heinzel, S., Cheon, H., Belz, G. T. & Hodgkin, 
P. D. Survival and division fate programs are 
preserved but retuned during the naive to 
memory CD8(+) T-cell transition. Immunol 
Cell Biol 102, 46-57 (2024). https://doi.
org:10.1111/imcb.12699

16	 Whitmire, J. K., Eam, B. & Whitton, J. L. 
Tentative T cells: memory cells are quick to 
respond, but slow to divide. PLoS Pathog 4, 
e1000041 (2008). https://doi.org:10.1371/
journal.ppat.1000041

17	 Amitrano, A. M. & Kim, M. Metabolic 
Challenges in Anticancer CD8 T Cell 



133

Discussion

5

Functions. Immune Netw 23, e9 (2023). 
https://doi.org:10.4110/in.2023.23.e9

18	 Stevens, A. D. & Bullock, T. N. J. Therapeutic 
vaccination targeting CD40 and TLR3 
controls melanoma growth through existing 
intratumoral CD8 T cells without new T cell 
infiltration. Cancer Immunol Immunother 70, 
2139-2150 (2021). https://doi.org:10.1007/
s00262-020-02841-z

19	 Liberti, M. V. & Locasale, J. W. The Warburg 
Effect: How Does it Benefit Cancer Cells? 
Trends Biochem Sci 41, 211-218 (2016). 
https://doi.org:10.1016/j.tibs.2015.12.001

20	 Niu, Y., Mayr, T. & Muders, M. H. Competition 
for nutrients or cell intrinsic programming? 
- Metabolic mechanisms behind the tumor 
promoting immune microenvironment in 
cancer. Signal Transduct Target Ther 6, 279 
(2021). https://doi.org:10.1038/s41392-021-
00693-2

21	 Cao, J. et al. Effects of altered glycolysis levels 
on CD8(+) T cell activation and function. 
Cell Death Dis 14, 407 (2023). https://doi.
org:10.1038/s41419-023-05937-3

22	 Howie, D., Ten Bokum, A., Necula, A. S., 
Cobbold, S. P. & Waldmann, H. The Role of Lipid 
Metabolism in T Lymphocyte Differentiation 
and Survival. Front Immunol 8, 1949 (2017). 
https://doi.org:10.3389/fimmu.2017.01949

23	 Salmond, R. J. mTOR Regulation of Glycolytic 
Metabolism in T Cells. Front Cell Dev Biol 
6, 122 (2018). https://doi.org:10.3389/
fcell.2018.00122

24	 Li, M. et al. mTORC2-AKT signaling to PFKFB2 
activates glycolysis that enhances stemness 
and tumorigenicity of intestinal epithelial 
cells. FASEB J 38, e23532 (2024). https://doi.
org:10.1096/fj.202301833RR

25	 Chen, Y. et al. Regulation of CD8(+) T memory 
and exhaustion by the mTOR signals. Cell Mol 
Immunol 20, 1023-1039 (2023). https://doi.
org:10.1038/s41423-023-01064-3

26	 Zhang, L. et al. Mammalian Target of 
Rapamycin Complex 2 Controls CD8 T 
Cell Memory Differentiation in a Foxo1-
Dependent Manner. Cell Rep 14, 1206-
1217 (2016). https://doi.org:10.1016/j.
celrep.2015.12.095

27	 Grigorieva, I., Grigoriev, V. G., Rowney, M. K. & 
Hoover, R. G. Regulation of c-myc transcription 
by interleukin-2 (IL-2). Identification of a 
novel IL-2 response element interacting with 
STAT-4. J Biol Chem 275, 7343-7350 (2000). 
https://doi.org:10.1074/jbc.275.10.7343

28	 Widjaja, C. E. et al. Proteasome activity 
regulates CD8+ T lymphocyte metabolism 
and fate specification. J Clin Invest 127, 
3609-3623 (2017). https://doi.org:10.1172/
JCI90895

29	 Di Dedda, C., Vignali, D., Piemonti, L. & Monti, 
P. Pharmacological Targeting of GLUT1 to 
Control Autoreactive T Cell Responses. Int. J. 
Mol. Sci. 20 (2019). https://doi.org:10.3390/
ijms20194962

30	 Merlano, M. C. et al. How Chemotherapy Affects 
the Tumor Immune Microenvironment: 
A Narrative Review. Biomedicines 
10 (2022). https://doi.org:10.3390/
biomedicines10081822

31	 Li, J. Y. et al. Selective depletion of regulatory 
T cell subsets by docetaxel treatment in 
patients with nonsmall cell lung cancer. J 
Immunol Res 2014, 286170 (2014). https://
doi.org:10.1155/2014/286170

32	 Hirata, E. & Sahai, E. Tumor Microenvironment 
and Differential Responses to Therapy. Cold 
Spring Harb Perspect Med 7 (2017). https://
doi.org:10.1101/cshperspect.a026781

33	 Dabas, P. & Danda, A. Revolutionizing 
cancer treatment: a comprehensive review 
of CAR-T cell therapy. Med Oncol 40, 275 
(2023). https://doi.org:10.1007/s12032-023-
02146-y

34	 Heckler, M. et al. Inhibition of CDK4/6 
Promotes CD8 T-cell Memory Formation. 
Cancer Discov 11, 2564-2581 (2021). https://
doi.org:10.1158/2159-8290.CD-20-1540


