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Abstract: It is well-established that cancer cells reprogram the pathways of nutrient acquisition and 
metabolic preferences to supply the accelerated bioenergetic, biosynthetic, and redox demand due to 
elevated growth and proliferation rate. The consequent production of metabolites, secretion of 
chemokines and cytokines, the reduction of pH, and depletion of oxygen availability due to cancer 
metabolic reprogramming all play a role in affect immune cell activities and contribute to the 
formation of an immunosuppressive microenvironment. Elucidation of metabolic profiles for both 
cancer cells and immune cells is a critical topic in understanding the overall metabolic network as 
well as recognize potential therapeutic targets for cancer therapy. This review provides a general 
picture of metabolic reprogramming of various immune cells from both innate and adaptive immune 
systems within TME, the essential pathways and regulators in contributing to the metabolic changes, 
as well as address the therapeutic potential of the targeting the key determinants for the development 
and improvement of anti-tumor therapies.  

1. Introduction 
The aberrantly accelerated growth and proliferation of cancer cells require metabolic 

reprogramming to bring up an increased nutrients uptake and processing. Cancer cells normally 
achieve metabolic alternation via manipulation of bioenergetic and biosynthetic pathways as well as 
modify the tumor microenvironment (TME). It is well-established that cancer cells preferentially 
switch the glucose metabolism toward aerobic glycolysis to produce lactate, regardless of the presence 
of oxygen, instead of mitochondrial oxidative phosphorylation (OXPHOS), known as the Warburg 
effect. Besides glucose, glutamine is another critical carbon source involving in cancer metabolic 
function via glutaminolysis to generate ATP and lactate, replenishing anaplerosis and macromolecule 
precursor biosynthesis [1]. The redirected pentose phosphate pathway (PPP) from glycolysis also 
generates building blocks, such as nucleotide synthesis, to sustain cancer cell growth. As a 
convergence of signals from both intra and extracellular environment, PI3K/Akt/mTOR signaling 
pathway is the master regulator of metabolic function and is commonly upregulated in various cancer 
types to promote the nutrient uptake and biosynthetic pathway [2]. 

The uncontrolled cell growth in TME with an increased oxygen demand, which often exceeds the 
oxygen availability from the preexisting blood vessels, creates a hypoxic condition. With the 
deficiency of oxygen, one important transcriptional factor, HIF is stabilized and induces a metabolic 
switch to adapt to the environment and better survival; and is also normally hyperactivated in cancer 
cells to facilitate the metabolic alterations [3]. As a consequence of the accelerated glycolytic pathway 
and the production of a large amount volume of lactate, TME becomes acidified. The resulted 
acidification is toxic for normal cells, while cancer cells could survive better in the same environment 
due to its highly adaptive ability and even with a promoted capacity of metastasis [4]. In addition, due 
to the limited availability of nutrients and oxygen availability within TME, there is a metabolic 
competition between cancer cells and normal cells, including immune cells. Not surprisingly, changes 
in the nutrient availability and environmental conditions reprogram the metabolic pathway, the normal 
function, differentiation, as well as proliferation of immune cells, which creates an anti-inflammatory 
condition and immunosuppressive environment [5], [6]. Thus, the pathway involved in the metabolic 
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alteration of cancer cells in the TME as well as the regulators associated with the immune cell 
metabolism are novel and promising therapeutic targets to maximize the anti-tumor potential of the 
immune systems as well as increase the efficacy of existing traditional therapies. Furthermore, even 
though it has been noticed that the significance of the altered immune cell metabolism in contributing 
to the formation of immunosuppressive environment and benefiting tumor progression, a clearer 
picture of the metabolic network of the immune system as well as more detailed mechanistic pathways 
behind are remained further explored. This review mainly focuses on understanding how cancer cells 
within the TME induce the metabolic remodeling of T cells, B cells, and macrophages, elucidating 
some of the most significant signaling pathways and critical regulators contributing to the metabolic 
changes, as well as the guidance of targeting metabolic pathway to improve immune responses and 
revert the immunosuppressive status.  

2. Targeting t cell metabolism 
2.1 Dysfunctional T cell metabolism within TME 

T cells undergo metabolic remodeling during activation resulting in the differentiation of distinct 
subsets with specific immunologic functions [7]. Metabolically quiescent T cells generally produce 
energy through OXPHOS using glucose, fatty acids, and amino acids as energy fuel. Upon stimulation 
of antigens as well as the ligation of antigen receptors and co-stimulatory molecules, T cells switch 
their metabolic preferences from fatty acid oxidation and pyruvate oxidation to glycolysis and 
glutaminolytic pathway to support the effector function and meet the biosynthetic demands of their 
growth and proliferation [8]. 

The activation of T cells triggers the activation of phosphoinositide 3-kinase (PI3K) signaling 
pathway as well as protein kinase B (Akt) and mammalian target of rapamycin (mTOR) signaling 
pathway, which results in the expression of HIF1α [9], [10]. A high level of Akt activation was shown 
to facilitating the trafficking of effector CD8 T cells, highly specialized lymphocytes mediating direct 
cytotoxic effects on tumor cells, to the inflammation site as well as inducing terminal differentiation 
[11], [12]. Metabolically, the activation of PI3K/Akt/mTOR activation also enhances the expression 
of glycolytic enzymes and several glucose transporters to promote glucose and amino acids influx and 
utilization [13], [14]. HIF-1α -induces the expression of glucose transporters and glycolytic enzymes 
which all promote the rate of glucose metabolism. Pyruvate dehydrogenase kinase 1(PDK1), one of 
the enzymes that are activated by HIF-1α, suppressed the conversion of pyruvate to acetyl-CoA by 
inactivating the function of pyruvate dehydrogenase (PDH). Together with all of the transcriptional 
regulations, HIF-1α initiates the metabolic switch that redirects glucose processing toward aerobic 
glycolysis and away from OXPHOS [15]. AMP-activated protein kinase (AMPK) is another critical 
metabolic regulator of T cells that responds to the changes of AMP/ATP ratio. Specifically, when 
triggered by low energy status, AMPK would promote the ATP-producing catabolic pathway and 
suppresses anabolic pathways to maintain cellular energy homeostasis [16]. It also inhibits mTOR 
activity as well as related anabolic pathways through phosphorylation of TSC2 and raptor protein [17]. 
Another important function of AMPK is to activate fatty acid oxidation (FAO) by inhibiting acetyl-
CoA carboxylase, which at least partially, supports T effector (Teff) to T memory cell transition [16]. 
In addition, Th1 and Th17 reply on glycolytic activity to support their functions while Treg 
preferentially use lipid oxidation as the metabolic program to support their growth [18].  

Because both cancer and activated T cells rely on aerobic glycolysis, there is a competition for the 
available nutrients to support their biosynthetic needs[5]. Proliferating tumor cells utilize most of the 
glutamine, glucose, tryptophan, and other available nutrients creating a nutrient scarcity condition for 
T cells. The resulted high concentration of metabolites impairs T cell function, metabolism, and 
survival through the promotion of AMPK signaling and the suppression of PI3K/Akt/mTOR pathway 
[5], [9]. Moreover, since regulatory T cells (Treg) less rely on glucose metabolism but more on 
oxidative reaction instead, the altered TME restricts Teff metabolism but promotes Treg activity. Treg 
suppresses immunity by inhibiting Teff function and thus creates an immunosuppressive 
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microenvironment [19].  In addition to glucose, amino acid is another important source of mediating 
the activation of T cells as well as their functions. For example, tryptophan is thought to be a limiting 
amino acid in regulating T cell activation and effector function. It is locally depleted by indoleamine 
2,3-dioxygenase (IDO) and tryptophan-2,3-dioxygenase (TDO) and convert to kynurenine via 
kynurenine pathway to maintain immune homeostasis by reducing autoimmune responses [20]. The 
level of kynurenine is positively correlated to Treg activities while inhibits Teff activation [21].  
Therefore, they appear to be promising targets for the restoration or activation of anti-tumor immunity. 
TME also impairs infiltrating lymphocytes through reduction of nutrient availability and excretion of 
inhibitory signals. For instance, tumor-infiltrating T cells have a persistent loss of the mitochondrial 
mass and damage of the function within the TME with the gradual reduction of peroxisome 
proliferator-activated receptor γ (PPARγ) coactivator 1α (PGC1α), which mediates mitochondrial 
biogenesis and oxidative metabolism and induces tumor-infiltrating T cells metabolic exhaustion [22]. 

In response to the low level of oxygen within TME, HIF-α is activated to promote the glycolytic 
pathway, thus an accumulation of lactic acid formed. Studies have indicated lactic acidosis suppresses 
PI3K/Akt/mTOR pathway and glycolysis thus impair the proliferation and normal function of T cells 
[5], [23]. Suppression of glycolysis is highly detrimental for effector and cytotoxic T cells as it limits 
their ability to generate IFN-γ, a pleiotropic molecule that promotes anti-tumor activities, and 
maintaining intracellular calcium equilibrium [24], [25]. In addition, extracellular lactate and lactic 
acid could inhibit the migration ability of both CD4 and CD8 T cells through the engagement between 
CX3C chemokine receptor CXCR3 and CXCL10 [26].  

2.2 Targeting the metabolic pathway to enhance T cell function 
Since metabolic reprogramming is a critical step for T cell activation and differentiation, and it is 

commonly dysregulated in TME, different metabolism-regulating factors and metabolic intermediates 
have gained increasing attention in developing novel immunotherapies. PI3K/Akt/mTOR pathway is 
a quite promising target since it is commonly hyperactivated in cancer cells to support accelerated 
bioenergetic activities. A PI3K/Akt/mTOR inhibitor, gedatolisib, have shown encouraging result in 
treating lymphoblastic leukemia under clinical trials [27]. Interestingly, the development process of 
memory precursor effector cells is also being affected by the activity of mTOR. Specifically, inhibitors 
of mTOR facilitate the transition from Teff to memory T cell during T-cell contraction; moreover, the 
inhibition induced memory T cell even presents a memory recall and protective ability [28], [29]. 

Another attractive target is AMPK due to its regulation on both metabolic reprogramming and T 
cell differentiation. Clinical statistics have shown that metformin, a drug that positively regulates 
AMPK, along with neoadjuvant chemotherapy has increased the pathologic complete response up to 
3-fold compared to the patients not taking metformin [30]. One possible explanation for the increased 
therapy efficacy is that the inhibitory effect of AMPK resulted in dysregulation of downstream 
signaling pathways and/or impair cell development and proliferation; however, a more complete and 
detailed mechanism of metformin in cancer cells remained further explored [30], [31]. In addition, the 
treatment of metformin promotes the differentiation toward memory T cells for both peripheral and 
tumor-infiltrating T cells with an enhanced anti-apoptotic capacity [32]. However, other research 
indicates that with metformin-activated AMPK, there is a reduction of T cell proliferation and an 
increase in Treg cell differentiation and suppression of Th1 and Th17 differentiation [33]. Thus, 
elucidating the interrelationship between the AMPK pathway and various T cell subtypes and also 
other immune cells is the prerequisite of its application on anti-tumor therapy as well as avoiding 
potential side-effects.  

Stimulatory and inhibitory signaling pathways also contribute to T cell metabolism reprogramming 
as well as regulation of its normal function. For example, PD-L1 and other immune checkpoint 
inhibitors revert the metabolic suppression on T cells through the upregulation of glycolysis-related 
gene expression and activation of PI3K/Akt/mTORC1 signaling pathway; and the promoted 
metabolism would facilitate T cells to compete for the limited nutrient sources with cancer cells and 
generates stronger immune responses and better immune protection [19].  
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3. Targeting macrhophage metabolism 
3.1 Metabolic reprogramming of M1 and M2 macrophages within TME 

Macrophages, scavenger cells from the innate immune system, have been thought to play a crucial 
role in mediating antitumor functions and regulating T cell immune functions [34]. Macrophages could 
be categorized into either M1 or M2 depends on the extracellular, and intracellular signaling, the 
resulted immune responses, and metabolic regulations. M1 macrophages preferentially use glycolysis 
to convert glucose into lactate to generate reactive oxygen species (ROS) and nitric oxide (NO) for the 
purpose of eliminating tumor cells; M2 macrophages primarily use FAO and citric acid cycle (TCA) 
cycle to support their growth and proliferation via the positive regulation of PPARγ, STAT6 and 
PGC1β [35]– [37]. It was known that interferon γ (INF-γ) and lipopolysaccharides (LPS) induce the 
activation of glycolysis of M1 macrophage through the stabilization of HIF1α as well as its 
transcriptional up-regulation of glycolysis-related gene expression [3]. Macrophages also synthesize 
glycogen through glycogenolysis under the stimulatory effect of INF-γ and LPS, then the metabolic 
intermediate glucose-6-phosphate (G6P) will undergo PPP to generate NADPH and ROS, which is 
essential in the inflammatory function as well as phagocytic activity of macrophages [35], [38]. The 
differentiation of macrophages is also regulated by multiple amino acids. For example, the metabolic 
fate of arginine was shown to be a critical factor in regulating macrophage metabolism and 
polarization. M1 preferentially metabolizes arginine to NO and citrulline using NO synthase; while 
M2 macrophages metabolize arginine to ornithine and urea feeding the arginase pathway to produce 
polyamine and proline, which are essential compounds in cell growth and proliferation and possibly 
contribute to the support cancer cell survival [39].   

M2 macrophages and a small portion of M1 macrophages are classified as tumor-associated 
macrophages (TAM) due to their contribution in creating an immunosuppressive microenvironment 
by expressing cytokines, chemokines, and growth factors that would suppress anti-tumor immunity 
[40], [41]. Endothelial cells in malignancies frequently upregulate the production of angiopoietin 2 
(ANGPT2), a proangiogenic cytokine. TEK tyrosine kinase (TIE2)-expressing macrophages are a 
subset of myeloid cells expressing its receptor and also characterized by angiogenic phenotype [42]. 
TIE2 expressing macrophages are frequently aligned along the surface of blood vessels due to the 
endothelial cells ligand-receptor activity [43]; and inhibition of the TIE2 population resulted in 
suppression in angiogenesis, implying its contribution in vessel formation [44].  Besides the 
formation of angiogenesis, a subset of TAM, specifically streaming TAMs co-migrate with tumor cells 
to the intravasation sites and pre-metastatic TAMs are recruited to facilitate the tumor extravasation 
and metastasis progress [45]. Colony-stimulating factor-1 (CSF1) secreted by tumor cells, is often 
correlated with poor prognosis [46]; while inhibition of CSF1 causes reduced progression and 
metastasis of cancers and also a reduced number of TAM [43], [47]. Macrophages within lung cancer 
upregulate C-C chemokine receptor 2 (CCR2) and CX3CR1 as well as the downstream signaling 
pathway, includes JAK-STAT and Akt/PI3K. The promotion of the chemokine receptor and their 
corresponding ligands in both macrophages and cancer cells induce M2 polarization and enhanced 
cancer cell survival [48]. In addition, TAMs also express cell surface receptors to inactivate immune 
effector cells through the binding of the death and inhibitory receptors. For instance, TAMs express 
PD-1 and CTLA-4 ligand receptors, which inhibit the cytotoxic effect of T cells, as well as the normal 
function of natural killer (NK) cells [49]. Other studies also have shown cytokines produced by tumor 
cells under hypoxic conditions, such as TGF- β and IL-6 drives the activation of M2 polarization [50].   

The lactic acid in the TME, together with the hypoxia, is known to drive macrophage transformation 
from M1 to pro-tumorigenic M2 phenotype via an HIF1-mediated route by up-regulating M2-like gene 
expression [5]. The accumulation of lactate and a low level of pH also suppresses pro-inflammatory 
or M2 activation by suppressing the NF-κB-related signaling pathway [51]. The two isoforms of HIF 
are also inherently linked to the macrophage polarization: HIF1α, which is induced by the activation 
of NF-κB, leads to the generation of pro-inflammatory cytokines and promote M1 differentiation; 
while HIF2α expression occurs without the involvement of NF-κB but does show a correlation with 
M2 phenotype. The underlying mechanism behind the fate regulation of HIF remains unexplored [52]. 
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3.2 Therapeutic target of macrophage metabolism 
It is well-established that macrophages, at least partially, drive tumorigenesis by creating an 

immunosuppressive environment and also correlated with poor prognosis. One of the strategies of 
targeting macrophages is to delete or limit macrophage recruitment as thus suppress its overall 
tumorigenic effect. For example, trabectedin, a recently approved chemotherapy drug that is applied 
in many cancer treatments, has been shown to exert a specific cytotoxic effect on mononuclear 
phagocytes, including macrophages while leaving neutrophiles and lymphocytes unaffected. In this 
way, the number of monocytes/macrophages is being significantly reduced in blood, spleen, and 
tumors, which resulted in a suppression of angiogenesis and enhancement of anti-tumor activity [54].  

Another strategy is to drive repolarization toward M1 and prevent TAM from adopting M2 
endotype. Studies have identified several key factors in regulating the signaling pathway associated 
with polarization at the genomic level. Myeloid-specific Src family kinase member hematopoietic cell 
kinase (HCK) is identified as one of the critical regulators of the gene expression associated with M2 
activation and polarization [55]. Hyperactivated HCK activity is correlated with poor prognosis in 
human colon cancers. Attempts have been made to suppress the hyperactivation of HCK, which 
resulted in a reduced M2 differentiation and also a reduction in the colon cancer xenograft [56]. 
STAT6, as we discussed earlier, is another factor that contributes to the fate decision of macrophages. 
Knockout of STAT6 in mice has shown resistance to metastatic carcinoma with the induction of M1 
macrophages as well as enhanced immunosurveillance [57]. Thus, the result suggests targeting HCK, 
STAT6, and also other key regulators involved in macrophage polarization fate are promising 
therapeutic targets to improve the performance of cancer therapy.  

4. Targeting B cell metabolism 
4.1 B cell metabolism in its activation and differentiation 

B cells also experience metabolic reprogramming to differentiate into either plasma cells or memory 
cells which are able to produce antibodies targeting cancer cells. The binding of B-cell receptor (BCR) 
with foreign antigens is the first step that simulates the activation of B cells. Alternatively, B cells 
could also be activated through the binding of antigen to BCR and present the antigenic peptides to T 
follicular helper cells (TFH) via the co-stimulatory CD40 and other cytokines produced by TFH. 
Following initial activation of T cells, germinal centers (GC) are transiently formed within the centers 
of B cell follicles and are characterized by dark zone and light zone. B cells proliferate extensively and 
undergo somatic mutations to generate different antigen affinities in the dark zone; next, with the 
positive selection of TFH and antigen-presenting cells (APC), B cells with the highest affinity for the 
specific antigen will eventually differentiate into plasma cell or memory B cells.  

mTOR-related signaling pathway is highly active during pro to pre-B cell development, which is 
similar to the T cell maturation process. In addition, upon cognation and selection of GC B cells, 
mTORC1 activity is also activated, which drives the anabolic growth phase and supports dark zone 
proliferation. Inhibition of mTORC1 has shown to negatively influence B cell accumulation after the 
positive selection [58]. Another newly identified regulator, protein kinase C β (PKCβ) promotes 
mTOR-dependent mitochondrial remodeling, germinal center formation and drives plasma cell 
differentiation [59]. PI3K/Akt signaling pathway has also been activated when BCR recognizes 
antigens; the activated Akt phosphorylates the transcriptional factor FOXO, which directs the program 
of blocking cell cycle progression and promote the expression of pro-apoptotic genes, and leads to the 
subsequent degradation in the cytoplasm [60]. PI3K is also involved in the immature B cell fate 
regulation: co-incubation with PI3K inhibitors resulted in a suppression of Rag2 expression, an 
essential enzyme for the maturation of pre-B cells, suggesting BCR as well as B cell development are 
relied on PI3K activation [61]. Akt is activated to induce the activity of HIF-1α [62], which elevates 
glucose influx via upregulation of glucose transporters expression. However, based on data from 
metabolite tracing, there is a high level of glucose import, but the glycolytic metabolites did not 
increase over time, indicating there might be an alternatively metabolic pathway in contributing the 
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activation of B cells [63]. HIF-1α also regulates B cell differentiation and proliferation: mouse 
embryos with HIF-1α-deficient have been shown to have abnormal peritoneal B-1 like lymphocytes, 
impair in B-2 lymphocyte distortion, and also autoimmunity problem [64]. Moreover, activated B cells 
also upregulate OXPHOS and TCA cycle, but relatively low glucose was used to feed the cycle, 
indicating an alternative carbon source, such as glutamine, is being used to support the metabolic 
activities [63]. Research also has shown that long-lived plasma cells have accelerated glutamine intake 
and used it for both mitochondrial respiration and anaplerotic reactions, the generated metabolites are 
essential for antibody synthesis [65].  

4.2 Dysfunctional metabolism in B-cell malignancies and potential therapeutic targets 
There is an intimate correlation between B cell malignancies and dysregulated B cell metabolism. 

B-cell-derived non-Hodgkin lymphoma (B-NHL) is often characterized by a hyperactivated mTOR 
signaling pathway which facilitates increased glycolysis and OXPHOS of cancer cells to support their 
proliferation and survival. This can be achieved by the hyperactivity between BCR and PI3K/Akt 
signaling pathway or through PI3K/Akt independent manner, such as the loss of function of PTEN, a 
PI3K/Akt inhibitor [66]. The effect of mTOR Inhibitors was evaluated in refractory/relapsed diffuse 
large B-cell lymphoma (DLBCL), follicular lymphoma (FL), and mantle cell lymphoma (MCL) [67]; 
but the clinical results is less encouraging than the preclinical studies potentially due to the 
heterogeneity of cancer cells as well as incomplete disruption of the signaling cascade. A combination 
of PI3K and mTOR inhibitors displayed a higher efficacy in treating BNHL in vitro and in vivo studies 
[68]. Other clinical trials combines mTOR inhibitors with anti-CD20 based chemotherapies, such as 
R-CHOP. CD20 is exclusively expressed on the surface of B cells and is widely expressed in FL, 
DLBCL, and MCL, which cooperate wither other factors to induce hyperactivation of mTOR. The 
overall response rate (ORR) and complete response (CR) in refractory/relapsed MCL is shown to be 
higher than the ORR and CR treated with either mTOR or anti-CD20 alone [67].   

There are also pre-clinical attempts in reverting the therapeutic resistance via targeting the 
metabolic pathways. Ibrutinib is an oral inhibitor of Bruton’s tyrosine kinase (BTK), which is widely 
activated in B cell lymphomas. Transcriptomic profiling data indicate that metabolic reprogramming, 
specifically toward OXPHOS and glutaminolysis, is strongly correlated to ibrutinib resistance in MCL. 
A clinical inhibitor, IACS-010759, targeting the complex I of mitochondrial electron transport chain 
have has been applied in treating ibrutinib-resistant patient-derived cancer models. The results show 
that IACS-010759 reduced the ibrutinib-resistant MCL cell line as well as primary MCL clinical 
specimen isolated from patients via suppression of proliferation and promotion of apoptosis [69].  

BTK inhibitors and PI3K inhibitors combined with standard chemotherapy have also been used to 
treat chronic lymphocytic leukemia (CLL). Both strategies have shown encouraging efficacy in 
clinical trials, and the combination of PI3K inhibitor idelalisib with standard chemotherapy even 
showed improved overall survival compared to chemotherapy alone [70]. Despite the presence of 
oxygen in the bloodstream, CLL still constitutively expresses HIF-1α and produces lactate via 
glycolysis. Inhibition of HIF-1α using chetomin reduced glucose consumption but glutamine 
consumption was elevated. Therefore, the TCA cycle is facilitated by glutaminolysis as well as the 
production of metabolites, like glutamate, pyruvate, and lactate [71].  Studies also indicate CLL cells 
carry a relatively more mitochondrial mass than normal B lymphocytes. NO promotes mitochondrial 
biogenesis, which is regulated by PPARγ. NO supplementation elevated mitochondrial mass in B-
NHL cell lines while inhibition of NO results in the opposite, suggesting its role in facilitating tumor 
cell growth via accelerated mitochondrial biogenesis [66], [72].  

5. Discussion 
Due to the accumulation of metabolites derived from cancer cell metabolism as well as the changes 

in the environmental condition, immune cell metabolism is being greatly affected and also the 
consequent differentiation or polarization process. Manipulating the metabolic pathway of immune 
cells to either sustain the activation status of anti-tumor immunity or deplete immunosuppressive 
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immunity is one of the main strategies of therapy development. Moreover, targeting the metabolic 
pathway or inhibitory signaling, such as PI3K/Akt, mTOR, and PD-1 blockade displayed positive 
results in both pre-clinical and clinical trials via accelerating immune cell metabolism or activating T 
cell transcription factor to restore or enhance their effector function.  

It is worth highlighting that M1 macrophages, Teff, and cancer cells share some similarities in terms 
of metabolic programming. Since all of them are considered highly proliferating cells thus they are 
characterized by accelerated biosynthetic metabolism and anabolism with high rates of glycolysis and 
glutaminolysis to support their growth and expansion. In contrast, Treg, M2 macrophages, memory T 
cells, and quiescent cancer cells are primarily characterized by catabolic metabolism and FAO to 
generate ATP [73]. Novel targets of manipulating the metabolic pathway on immune cells should 
evaluate the consequent responses of cancer cells. In addition, the development of therapy targeting 
the essential metabolic pathway should take into account of the similarities in bioenergetic and 
biosynthetic processes between cancer cells and proliferating immune cells. Therefore, targeting the 
pathways that are not directly overlapped between cancer cell or immune cells or targeting with better 
selectivity is more promising in term of future drug or therapy development. In addition, the 
combination between the metabolic inhibitor with traditional therapy, like chemotherapy and immune 
checkpoint inhibitors, also demonstrated improved therapeutic efficacy in pre-clinical and clinical 
trials, thus it could be another direction of developing or improving anti-tumor therapies.  

References 
[1] L. Yang, S. Venneti, and D. Nagrath, “Glutaminolysis: A Hallmark of Cancer Metabolism,” 
Annual Review of Biomedical Engineering, vol. 19, 2017, doi: 10.1146/annurev-bioeng-071516-
044546. 
[2] K. Vermeersch and M. Styczynski, “Applications of metabolomics in cancer research,” Journal 
of Carcinogenesis, vol. 12, 2013, doi: 10.4103/1477-3163.113622. 
[3] T. Wang, H. Liu, G. Lian, S. Y. Zhang, X. Wang, and C. Jiang, “HIF1 α -Induced Glycolysis 
Metabolism Is Essential to the Activation of Inflammatory Macrophages,” Mediators of 
Inflammation, vol. 2017, 2017, doi: 10.1155/2017/9029327. 
[4] V. Estrella et al., “Acidity generated by the tumor microenvironment drives local invasion,” 
Cancer Research, vol. 73, no. 5, 2013, doi: 10.1158/0008-5472.CAN-12-2796. 
[5] S. Gupta, A. Roy, and B. S. Dwarakanath, “Metabolic cooperation and competition in the tumor 
microenvironment: Implications for therapy,” Frontiers in Oncology, vol. 7, no. APR, 2017, doi: 
10.3389/fonc.2017.00068. 
[6] K. E. Beckermann, S. O. Dudzinski, and J. C. Rathmell, “Dysfunctional T cell metabolism in the 
tumor microenvironment,” Cytokine and Growth Factor Reviews, vol. 35. 2017. doi: 
10.1016/j.cytogfr.2017.04.003. 
[7] N. J. Maciver, R. D. Michalek, and J. C. Rathmell, “Metabolic regulation of T lymphocytes,” 
Annual Review of Immunology, vol. 31. 2013. doi: 10.1146/annurev-immunol-032712-095956. 
[8] R. Wang et al., “The Transcription Factor Myc Controls Metabolic Reprogramming upon T 
Lymphocyte Activation,” Immunity, vol. 35, no. 6, 2011, doi: 10.1016/j.immuni.2011.09.021. 
[9] Z. Yin, L. Bai, W. Li, T. Zeng, H. Tian, and J. Cui, “Targeting T cell metabolism in the tumor 
microenvironment: an anti-cancer therapeutic strategy,” Journal of experimental & clinical cancer 
research : CR, vol. 38, no. 1. 2019. doi: 10.1186/s13046-019-1409-3. 
[10] H. Zeng and H. Chi, “mTOR signaling and transcriptional regulation in T lymphocytes,” 
Transcription, vol. 5, no. FEB, 2014, doi: 10.4161/trns.28263. 

295



  

 

 

[11] E. H. Kim et al., “Signal Integration by Akt Regulates CD8 T Cell Effector and Memory 
Differentiation,” The Journal of Immunology, vol. 188, no. 9, 2012, doi: 10.4049/jimmunol.1103568. 
[12] E. H. Kim and M. Suresh, “Role of PI3K/Akt signaling in memory CD8 T cell differentiation,” 
Frontiers in Immunology, vol. 4, no. FRB. 2013. doi: 10.3389/fimmu.2013.00020. 
[13] S. C. Cheng et al., “MTOR- and HIF-1α-mediated aerobic glycolysis as metabolic basis for 
trained immunity,” Science, vol. 345, no. 6204, 2014, doi: 10.1126/science.1250684. 
[14] J. L. Jewell, R. C. Russell, and K. L. Guan, “Amino acid signalling upstream of mTOR,” Nature 
Reviews Molecular Cell Biology, vol. 14, no. 3, 2013, doi: 10.1038/nrm3522. 
[15] J. W. Kim, I. Tchernyshyov, G. L. Semenza, and C. V. Dang, “HIF-1-mediated expression of 
pyruvate dehydrogenase kinase: A metabolic switch required for cellular adaptation to hypoxia,” Cell 
Metabolism, vol. 3, no. 3, 2006, doi: 10.1016/j.cmet.2006.02.002. 
[16] F. Andris and O. Leo, “AMPK in lymphocyte metabolism and function,” International Reviews 
of Immunology, vol. 34, no. 1. 2015. doi: 10.3109/08830185.2014.969422. 
[17] R. J. Shaw, “LKB1 and AMP-activated protein kinase control of mTOR signalling and growth,” 
in Acta Physiologica, 2009, vol. 196, no. 1. doi: 10.1111/j.1748-1716.2009.01972.x. 
[18] R. D. Michalek et al., “ Cutting Edge: Distinct Glycolytic and Lipid Oxidative Metabolic 
Programs Are Essential for Effector and Regulatory CD4 + T Cell Subsets ,” The Journal of 
Immunology, vol. 186, no. 6, 2011, doi: 10.4049/jimmunol.1003613. 
[19] P. J. Siska and J. C. Rathmell, “T cell metabolic fitness in antitumor immunity,” Trends in 
Immunology, vol. 36, no. 4. 2015. doi: 10.1016/j.it.2015.02.007. 
[20] N. van Baren and B. J. Van den Eynde, “Tryptophan-degrading enzymes in tumoral immune 
resistance,” Frontiers in Immunology, vol. 6, no. FEB. 2015. doi: 10.3389/fimmu.2015.00034. 
[21] G. Brandacher et al., “Prognostic value of indoleamine 2,3-dioxygenase expression in colorectal 
cancer: Effect on tumor-infiltrating T cells,” Clinical Cancer Research, vol. 12, no. 4, 2006, doi: 
10.1158/1078-0432.CCR-05-1966. 
[22] N. E. Scharping et al., “The Tumor Microenvironment Represses T Cell Mitochondrial 
Biogenesis to Drive Intratumoral T Cell Metabolic Insufficiency and Dysfunction,” Immunity, vol. 
45, no. 2, 2016, doi: 10.1016/j.immuni.2016.07.009. 
[23] A. Sugiura and J. C. Rathmell, “Metabolic Barriers to T Cell Function in Tumors,” The Journal 
of Immunology, vol. 200, no. 2, 2018, doi: 10.4049/jimmunol.1701041. 
[24] C. H. Chang et al., “XPosttranscriptional control of T cell effector function by aerobic 
glycolysis,” Cell, vol. 153, no. 6, 2013, doi: 10.1016/j.cell.2013.05.016. 
[25] C. H. Chang et al., “Metabolic Competition in the Tumor Microenvironment Is a Driver of 
Cancer Progression,” Cell, vol. 162, no. 6, 2015, doi: 10.1016/j.cell.2015.08.016. 
[26] R. Haas et al., “Lactate regulates metabolic and proinflammatory circuits in control of T cell 
migration and effector functions,” PLoS Biology, vol. 13, no. 7, 2015, doi: 
10.1371/journal.pbio.1002202. 
[27] M. Gazi, S. A. Moharram, A. Marhäll, and J. U. Kazi, “The dual specificity PI3K/mTOR 
inhibitor PKI-587 displays efficacy against T-cell acute lymphoblastic leukemia (T-ALL),” Cancer 
Letters, vol. 392, 2017, doi: 10.1016/j.canlet.2017.01.035. 
[28] K. Araki et al., “mTOR regulates memory CD8 T-cell differentiation,” Nature, vol. 460, no. 
7251, 2009, doi: 10.1038/nature08155. 

296



  

 

 

[29] K. Araki, B. Youngblood, and R. Ahmed, “The role of mTOR in memory CD8+ T-cell 
differentiation,” Immunological Reviews, vol. 235, no. 1. 2010. doi: 10.1111/j.0105-
2896.2010.00898.x. 
[30] S. Jiralerspong et al., “Metformin and pathologic complete responses to neoadjuvant 
chemotherapy in diabetic patients with breast cancer,” Journal of Clinical Oncology, vol. 27, no. 20, 
2009, doi: 10.1200/JCO.2009.19.6410. 
[31] M. Cargnello, J. Tcherkezian, and P. P. Roux, “The expanding role of mTOR in cancer cell 
growth and proliferation,” Mutagenesis, vol. 30, no. 2. 2015. doi: 10.1093/mutage/geu045. 
[32] Z. Zhang et al., “ Metformin Enhances the Antitumor Activity of CD8 + T Lymphocytes via the 
AMPK–miR-107–Eomes–PD-1 Pathway ,” The Journal of Immunology, vol. 204, no. 9, 2020, doi: 
10.4049/jimmunol.1901213. 
[33] W. Duan et al., “Metformin mitigates autoimmune insulitis by inhibiting Th1 and Th17 
responses while promoting Treg production.,” American journal of translational research, vol. 11, 
no. 4, 2019. 
[34] B. Thapa and K. Lee, “Metabolic influence on macrophage polarization and pathogenesis,” BMB 
Reports, vol. 52, no. 6. 2019. doi: 10.5483/BMBRep.2019.52.6.140. 
[35] K. Mehla and P. K. Singh, “Metabolic Regulation of Macrophage Polarization in Cancer,” 
Trends in Cancer, vol. 5, no. 12. 2019. doi: 10.1016/j.trecan.2019.10.007. 
[36] Z. Niu et al., “Caspase-1 cleaves PPARγ for potentiating the pro-tumor action of TAMs,” Nature 
Communications, vol. 8, no. 1, 2017, doi: 10.1038/s41467-017-00523-6. 
[37] D. Vats et al., “Oxidative metabolism and PGC-1β attenuate macrophage-mediated 
inflammation,” Cell Metabolism, vol. 4, no. 1, 2006, doi: 10.1016/j.cmet.2006.05.011. 
[38] J. Ma et al., “Glycogen metabolism regulates macrophage-mediated acute inflammatory 
responses,” Nature Communications, vol. 11, no. 1, 2020, doi: 10.1038/s41467-020-15636-8. 
[39] M. Rath, I. Müller, P. Kropf, E. I. Closs, and M. Munder, “Metabolism via arginase or nitric 
oxide synthase: Two competing arginine pathways in macrophages,” Frontiers in Immunology, vol. 
5, no. OCT. 2014. doi: 10.3389/fimmu.2014.00532. 
[40] Y. Lin, J. Xu, and H. Lan, “Tumor-associated macrophages in tumor metastasis: Biological roles 
and clinical therapeutic applications,” Journal of Hematology and Oncology, vol. 12, no. 1. 2019. 
doi: 10.1186/s13045-019-0760-3. 
[41] J. Zhou, Z. Tang, S. Gao, C. Li, Y. Feng, and X. Zhou, “Tumor-Associated Macrophages: Recent 
Insights and Therapies,” Frontiers in Oncology, vol. 10. 2020. doi: 10.3389/fonc.2020.00188. 
[42] X. Yin et al., “Essential Contribution of Macrophage Tie2 Signalling in a Murine Model of 
Laser-Induced Choroidal Neovascularization,” Scientific reports, vol. 10, no. 1, 2020, doi: 
10.1038/s41598-020-66580-y. 
[43] R. Pollard and J. W., “Tumor-associated macrophages : from mechanisms to therapy,” 
Immunity., vol. 41, no. 1, 2015, doi: 10.1016/j.immuni.2014.06.010.Tumor-associated. 
[44] M. De Palma et al., “Tie2 identifies a hematopoietic lineage of proangiogenic monocytes 
required for tumor vessel formation and a mesenchymal population of pericyte progenitors,” Cancer 
Cell, vol. 8, no. 3, 2005, doi: 10.1016/j.ccr.2005.08.002. 
[45] L. R. Sanchez, L. Borriello, D. Entenberg, J. S. Condeelis, M. H. Oktay, and G. S. Karagiannis, 
“The emerging roles of macrophages in cancer metastasis and response to chemotherapy,” Journal 
of Leukocyte Biology, vol. 106, no. 2. 2019. doi: 10.1002/JLB.MR0218-056RR. 

297



  

 

 

[46] B. Z. Qian and J. W. Pollard, “Macrophage Diversity Enhances Tumor Progression and 
Metastasis,” Cell, vol. 141, no. 1. 2010. doi: 10.1016/j.cell.2010.03.014. 
[47] D. Abraham et al., “Stromal cell-derived CSF-1 blockade prolongs xenograft survival of CSF-
1-negative neuroblastoma,” International Journal of Cancer, vol. 126, no. 6, 2010, doi: 
10.1002/ijc.24859. 
[48] A. Schmall et al., “Macrophage and cancer cell cross-talk via CCR2 and CX3CR1 is a 
fundamental mechanism driving lung cancer,” American Journal of Respiratory and Critical Care 
Medicine, vol. 191, no. 4, 2015, doi: 10.1164/rccm.201406-1137OC. 
[49] R. Noy and J. W. Pollard, “Tumor-Associated Macrophages: From Mechanisms to Therapy,” 
Immunity, vol. 41, no. 1. 2014. doi: 10.1016/j.immuni.2014.06.010. 
[50] N. Dehne, J. Mora, D. Namgaladze, A. Weigert, and B. Brüne, “Cancer cell and macrophage 
cross-talk in the tumor microenvironment,” Current Opinion in Pharmacology, vol. 35. 2017. doi: 
10.1016/j.coph.2017.04.007. 
[51] J. A. Kellum, M. Song, and J. Li, “Lactic and hydrochloric acids induce different patterns of 
inflammatory response in LPS-stimulated RAW 264.7 cells,” American Journal of Physiology - 
Regulatory Integrative and Comparative Physiology, vol. 286, no. 4 55-4, 2004, doi: 
10.1152/ajpregu.00564.2003. 
[52] S. Galván-Peña and L. A. J. O’Neill, “Metabolic reprogramming in macrophage polarization,” 
Frontiers in Immunology, vol. 5, no. AUG, 2014, doi: 10.3389/fimmu.2014.00420. 
[53] T. A. Wynn and K. M. Vannella, “Macrophages in Tissue Repair, Regeneration, and Fibrosis,” 
Immunity, vol. 44, no. 3. 2016. doi: 10.1016/j.immuni.2016.02.015. 
[54] G. Germano et al., “Role of Macrophage Targeting in the Antitumor Activity of Trabectedin,” 
Cancer Cell, vol. 23, no. 2, 2013, doi: 10.1016/j.ccr.2013.01.008. 
[55] A. Bhattacharjee, S. Pal, G. M. Feldman, and M. K. Cathcart, “Hck is a key regulator of gene 
expression in alternatively activated human monocytes,” Journal of Biological Chemistry, vol. 286, 
no. 42, 2011, doi: 10.1074/jbc.M111.291492. 
[56] A. R. Poh et al., “Inhibition of Hematopoietic Cell Kinase Activity Suppresses Myeloid Cell-
Mediated Colon Cancer Progression,” Cancer Cell, vol. 31, no. 4, 2017, doi: 
10.1016/j.ccell.2017.03.006. 
[57] P. Sinha, V. K. Clements, and S. Ostrand-Rosenberg, “Reduction of Myeloid-Derived 
Suppressor Cells and Induction of M1 Macrophages Facilitate the Rejection of Established Metastatic 
Disease,” The Journal of Immunology, vol. 174, no. 2, 2005, doi: 10.4049/jimmunol.174.2.636. 
[58] J. Ersching et al., “Germinal Center Selection and Affinity Maturation Require Dynamic 
Regulation of mTORC1 Kinase,” Immunity, vol. 46, no. 6, 2017, doi: 10.1016/j.immuni.2017.06.005. 
[59] C. Tsui et al., “Protein Kinase C-β Dictates B Cell Fate by Regulating Mitochondrial 
Remodeling, Metabolic Reprogramming, and Heme Biosynthesis,” Immunity, vol. 48, no. 6, 2018, 
doi: 10.1016/j.immuni.2018.04.031. 
[60] J. J. Limon and D. A. Fruman, “Akt and mTOR in B cell activation and differentiation,” 
Frontiers in Immunology, vol. 3, no. AUG, 2012, doi: 10.3389/fimmu.2012.00228. 
[61] L. E. Tze et al., “Basal immunoglobulin signaling actively maintains developmental stage in 
immature B cells,” in PLoS Biology, 2005, vol. 3, no. 3. doi: 10.1371/journal.pbio.0030082. 
[62] D. G. Franchina, M. Grusdat, and D. Brenner, “B-Cell Metabolic Remodeling and Cancer,” 
Trends in Cancer, vol. 4, no. 2. 2018. doi: 10.1016/j.trecan.2017.12.006. 

298



  

 

 

[63] L. R. Waters, F. M. Ahsan, D. M. Wolf, O. Shirihai, and M. A. Teitell, “Initial B Cell Activation 
Induces Metabolic Reprogramming and Mitochondrial Remodeling,” iScience, vol. 5, 2018, doi: 
10.1016/j.isci.2018.07.005. 
[64] H. Kojima, M. v Sitkovsky, and M. Cascalho, “HIF-1 alpha deficiency perturbs T and B cell 
functions,” Curr Pharm Des, vol. 9, no. 23, 2003. 
[65] W. Y. Lam et al., “Metabolic and Transcriptional Modules Independently Diversify Plasma Cell 
Lifespan and Function,” Cell Reports, vol. 24, no. 9, 2018, doi: 10.1016/j.celrep.2018.07.084. 
[66] M. Böttcher, R. Baur, A. Stoll, A. Mackensen, and D. Mougiakakos, “Linking Immunoevasion 
and Metabolic Reprogramming in B-Cell–Derived Lymphomas,” Frontiers in Oncology, vol. 10. 
2020. doi: 10.3389/fonc.2020.594782. 
[67] J. E. Ricci and J. Chiche, “Metabolic reprogramming of non-Hodgkin’s B-cell lymphomas and 
potential therapeutic strategies,” Frontiers in Oncology, vol. 8, no. DEC. 2018. doi: 
10.3389/fonc.2018.00556. 
[68] C. Bi et al., “Inhibition of 4EBP phosphorylation mediates the cytotoxic effect of mechanistic 
target of rapamycin kinase inhibitors in aggressive B-cell lymphomas,” Haematologica, vol. 102, no. 
4, 2017, doi: 10.3324/haematol.2016.159160. 
[69] L. Zhang et al., “Metabolic reprogramming toward oxidative phosphorylation identifies a 
therapeutic target for mantle cell lymphoma,” Science Translational Medicine, vol. 11, no. 491, 2019, 
doi: 10.1126/scitranslmed.aau1167. 
[70] J. E. Arnason and J. R. Brown, “Targeting B Cell Signaling in Chronic Lymphocytic Leukemia,” 
Current Oncology Reports, vol. 19, no. 9. 2017. doi: 10.1007/s11912-017-0620-7. 
[71] K. M. Koczula et al., “Metabolic plasticity in CLL: Adaptation to the hypoxic niche,” Leukemia, 
vol. 30, no. 1, 2016, doi: 10.1038/leu.2015.187. 
[72] E. Nisoli et al., “Mitochondrial biogenesis in mammals: The role of endogenous nitric oxide,” 
Science, vol. 299, no. 5608, 2003, doi: 10.1126/science.1079368. 
[73] G. Andrejeva and J. C. Rathmell, “Similarities and Distinctions of Cancer and Immune 
Metabolism in Inflammation and Tumors,” Cell Metabolism, vol. 26, no. 1. 2017. doi: 
10.1016/j.cmet.2017.06.004 

299


	1. Introduction
	2. Targeting t cell metabolism
	3. Targeting macrhophage metabolism
	4. Targeting B cell metabolism
	5. Discussion
	References



