
 

 

Review 

Signaling pathways leading to mTOR activation downstream 

cytokine receptors in lymphocytes in health and disease. 

Lucie Fallone 1, Thierry Walzer 1 and Antoine Marçais 1, * 

1 CIRI, Centre International de Recherche en Infectiologie, (Team Lyacts), Univ Lyon, Inserm, U1111, Univer-

sité Claude Bernard Lyon 1, CNRS, UMR5308, ENS de Lyon, F-69007, Lyon, France.   

 

* Correspondence: antoine.marcais@inserm.fr 

Abstract: CD8 T cells and Natural Killer (NK) cells are cytotoxic lymphocytes important in the re-

sponse to intracellular pathogens and cancer. Their activity depends on the integration of a large set 

of intracellular and environmental cues, including antigenic signal, cytokine stimulation and nutri-

ents availability. This integration is achieved by signaling hubs such as the mechanistic target of 

Rapamycin (mTOR). mTOR is a conserved protein kinase, controlling cellular growth and metabo-

lism in eukaryotic cells and therefore is essential for lymphocyte development and maturation. 

However, our today understanding of mTOR signaling comes mostly from studies performed in 

transformed cell lines, which constitute a poor model to comprehend metabolic pathway regulation. 

Therefore, it is only quite recently that the regulation of mTOR in primary cells has been assessed. 

Here we review the signaling pathways leading to mTOR activation in CD8 T and NK cells, focusing 

on activation by cytokines. We also discussed how this knowledge can contribute to immunother-

apy development for intracellular pathogen and cancer treatment.   
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1. Introduction 

The Target of Rapamycin (TOR) pathway orchestrates metabolic regulation from 

yeast to plant and human. More specifically, activation of the TOR kinase, the effector of 

the TOR pathway, promotes anabolic pathways such as translation or synthesis of nucle-

otides and lipids while it represses catabolic activities such as autophagy. TOR kinase ac-

tivity is regulated by intracellular (eg ATP) and extracellular cues (eg amino acids), so that 

anabolic pathways are only activated when the building blocks they require are present 

while catabolic activities and a more economic behavior are switched-on in less prosper-

ous conditions. In multicellular organisms however, the organism homeostasis maintains 

nutrients availability [1], thus calling for a second control mechanism to prevent unre-

stricted growth, a hallmark of cancer [2]. During evolution, extracellular signals control-

ling cell activation and growth have thus been co-opted as inputs regulating TOR signal-

ing network. This explains why mechanistic TOR (mTOR), behaves as a coincidence de-

tector being active only when both nutrients and growth signals are present. Importantly, 

the surface receptors that detect such growth signals are different from one cell type to 

another to ensure independent regulation of different cell types. As a consequence, the 

classes of receptors involved in growth signal detection are varied, ranging from tyrosine 

kinase receptors to G-protein coupled receptors. This diversity suggests that the signaling 

pathways leading to mTOR activation can differ from one cell type to another and even 

inside a given cell type if two distinct receptors are triggered. Historically, the study of 

mTOR signaling has been conducted in vitro in transformed cell lines using the pathway 

triggered by insulin as a model. This pathway and its components are conserved in most 

cell types making it a good model system. However, it does not reveal the whole breadth 
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of the signaling network regulating mTOR activity. In addition, the complete rewiring of 

cellular metabolism in cultured transformed cell lines makes them a poor model for spe-

cific regulatory steps taking place in primary resting cells. Here we will review the signal-

ing pathways leading to mTOR activation in lymphocytes taking the example of CD8 T 

cells and Natural Killer (NK) cells. Indeed, various steps of these cells’ biology are regu-

lated by cytokines, a subgroup of growth factors, that stimulate the mTOR pathway. We 

also focused this review on mTORC1 activation, the complex primarily involved in meta-

bolic regulation, since we and others have demonstrated the importance of this complex 

in the regulation of lymphocyte functions and activity. 

2. CD8 T and NK cell development and functions: common themes and divergences 

CD8 T lymphocytes and Natural Killer (NK) cells are cytotoxic lymphocytes special-

ized in the response to intracellular pathogens and cancer. They are able to kill infected or 

tumor cells through directed exocytosis of granules containing perforin and granzyme 

and produce large quantities of pro-inflammatory cytokines such as IFN-γ [3]. These ca-

pacities place them both at the forefront of anti-tumoral and antiviral responses. They 

however diverge in the conditions that lead to the acquisition of these effector functions: 

while naïve CD8 T cells require clonal expansion and subsequent differentiation into cy-

totoxic T lymphocytes (CTL) to acquire these capacities, NK cells acquire them during 

their development. This translates into very different response kinetics during immune 

responses: while NK cells display their effector functions in a matter of hours, CD8 T cells 

require a differentiation step of several days. Moreover, the signals leading to this acqui-

sition also differ. Indeed, naïve T cells differentiation into CTL is triggered upon engage-

ment of the T cell receptor (TCR) and this first signal is complemented by the help of 

Interleukin (IL)-2, secreted by helper CD4+ T cells or to a lesser extent by CD8+ T cells 

themselves. In contrast, NK cell development and acquisition of effector potential is prin-

cipally driven by the cytokine IL-15. IL-2 and IL-15 bind to partially overlapping receptors 

comprised of IL2R and the  chain for the common part while the alpha chains: IL2R 

and IL15R, bring the specificity. Since the  chains are unable to signal, the signal arising 

from IL-2 or IL-15 receptors is almost undistinguishable [4]. Other cytokines such as cyto-

kines of the IL-1 family also take part in the activation of certain functions of CD8 and NK 

cells. Indeed, cytokines from the IL-1 family are important for terminal differentiation and 

acquisition of effector functions, such as IL-1 which increases CD8+ T cell cytotoxic ca-

pacity [5] or IL-18 which, in association with IL-12, is the main driver of IFN-γ production 

by both CD8 T cells and NK cells [6]. In addition, it becomes clear that additional factors 

such as the presence of metabolites in the extracellular milieu or the bioenergetic state of 

the cell strongly influence lymphocyte fate decisions. Therefore, lymphocyte activation 

depends on the integration of a large set of intracellular and environmental cues, includ-

ing antigenic signal, cytokine stimulation and nutrients availability. This integration is 

achieved by signaling hubs such as mTORC1.  

3. A brief overview of the mTOR pathway 

3.1. mTOR complexes and targets 

mTOR was identified thanks to its sensitivity to Rapamycin, a macrolide compound 

isolated from the bacteria Streptomyces hygroscopicus found in a soil sample of Easter Island 

(Rapa Nui being the native name of the island). It is the core kinase of two complexes, the 

mTOR complexes 1 (mTORC1) and 2 (mTORC2). mTORC1 is composed of the kinase 

mTOR associated with the protein mammalian lethal with SEC13 protein 8 (mLST8) and 

the scaffold protein Regulatory-associated protein of mTOR (RAPTOR). Two endogenous 

inhibitors also belong to the complex, the proline-rich AKT substrate of 40 kDa (PRAS40) 

and the DEP domain-containing mTOR-interacting protein (DEPTOR). mTORC2 is orga-

nized around mTOR, the protein mLST8 and the scaffold protein Rapamycin-insensitive 

companion of mammalian target of rapamycin (RICTOR) in lieu of RAPTOR, along with 

DEPTOR (as in mTORC1), mammalian stress-activated protein kinase interacting protein 
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1 (mSIN1) and protein observed with RICTOR 1 and 2 (PROTOR ½). The two complexes 

differ by their sensitivity to Rapamycin, mTORC1 being sensitive and mTORC2 not di-

rectly sensitive to it [7], but also by their substrates and functions. mTORC1 plays a well-

known role in the control of protein synthesis through the phosphorylation of 4E-BP and 

S6K, which are classical hallmarks of mTORC1 activation. In addition, mTORC1 also ac-

tivates glycolysis, lipids and nucleotides synthesis, and represses autophagy therefore 

supporting anabolism and energy synthesis. Altogether, this explains that mTORC1 acti-

vation is usually associated with cell growth and proliferation. The role of mTORC2 is less 

understood; it phosphorylates AKT on Ser473, thereby potentiating its kinase activity 

which represses transcription factors FOXO1/3 in lymphocytes [8]. Such factors regulate 

the expression of multiple genes associated with lymphocyte quiescence or trafficking. 

Moreover, in some systems mTORC2 regulates cytoskeleton dynamics. As stated above, 

this review will mainly discuss mTORC1 signaling and control.  

 

3.2. The importance of mTOR in lymphocytes 

The notion that mTORC1 activity is essential for lymphocyte activation and functions 

stems from early studies that discovered the immunosuppressive activity of Rapamycin 

[9]. mTORC1 inhibitors have thus been used in clinic, notably in context of lymphoprolif-

erative diseases [10–12] or organ transplantation [13,14]. Therefore, the essential role of 

mTOR for immune cell development and function is now widely recognized, especially 

in lymphocytes [15]. Immune signals delivered by the TCR and costimulatory molecules 

in T cells, NK activating receptors in NK cells, or cytokine receptors in both T and NK 

cells, trigger mTORC1 activation which switches-on the metabolic pathways required to 

support cellular activation. mTOR also has a crucial role during NK cell development by 

controlling their maturation and maintaining their reactivity [16,17]. Furthermore, 

memory CD8 T cell differentiation also relies on a tight regulation of mTOR activity [18–

20]. 

  

3.3. mTOR upstream regulation 

In eukaryotic cells, mTORC1 senses two broad categories of signals: growth factors 

and nutrients. The concomitance of these two signals is required for mTORC1 activation 

as it regulates both mTORC1 kinase activity and localisation (Figure 1). 

 

3.3.1. Linking growth factors to mTOR activation: the exemple of the insulin signaling 

Growth factors, which we will refer here to molecules capable of stimulating cell pro-

liferation and survival, are a first set of signals that trigger mTORC1 activation. In 1998, 

insulin was found to activate mTOR [21] and became since the best documented example 

of mTOR activation by a growth factor. The insulin receptor is a receptor tyrosine kinase 

expressed by virtually all cells. Insulin binding to its receptor triggers receptor autophos-

phorylation on several cytoplasmic tyrosines, driving the recruitment and phosphoryla-

tion of the adaptor protein Insulin Receptor Substrate (IRS). Mammals express 4 IRS 

isoforms, the main ones being IRS1 and IRS2 [22]. Phosphorylated IRS then serve as bind-

ing site to recruit proteins with SH2 domains such as phosphatidylinositol 3-kinases 

(PI3K). Class I PI3K are formed by a 110-kDa catalytic subunit (p110) among the isoforms 

α, β, γ, δ, associated with a regulatory subunit among p85α, p85β or p55γ. The 4 p110 

catalytic subunits can act upstream of mTOR, however, they are recruited downstream 

different receptors, p110γ being only recruited downstream G-protein coupled receptors. 

In mature lymphocytes, the most expressed subunit is p110δ; it associates with p85α or 

p85β [23]. Class I PI3K catalyze the phosphorylation of phosphatidylinositol (4,5) biphos-

phate (PI(4,5)P2) into PI(3,4,5)P3, which acts as a docking site for proteins containing 

pleckstrin homology (PH) domains such as the Protein kinase B (PKB also named AKT) 

and 3-phosphoinositide-dependent protein kinase-1 (PDK1). This allows PDK1 to phos-

phorylate the activation loop of AKT at Thr-308, an essential event for AKT activation. In 

addition, AKT is also phosphorylated on Ser-473 primarily by mTORC2 even though this 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 June 2023                   doi:10.20944/preprints202306.0952.v1

https://doi.org/10.20944/preprints202306.0952.v1


 

 

modification can be added by other kinases such as TBK1 [24–26]. This second phosphor-

ylation event stabilizes the Thr308 phosphorylation and increases AKT kinase activity. 

IRS also recruits the adaptor GRB2, which binds SOS, a guanine nucleotide exchange fac-

tor for RAS. Stimulation of RAS constitute the starting point of the activation of the ERK 

Mitogen-activated protein kinases (MAPK) cascade. 

Regarding the mTOR pathway, a major convergence point of AKT and ERK path-

ways is the inhibition of the tuberous sclerosis complex (TSC), a key inhibitor of mTORC1. 

TSC is composed of three proteins, TSC1, TSC2 and TBC1D7 [27] and acts as a GTPase-

activating protein (GAP) for the small GTPase RHEB [28,29], an essential mTORC1 acti-

vator. By inhibiting TSC, growth factors such as insulin allow thus mTOR to be fully acti-

vated by RHEB. Structural studies show that RHEB loaded with GTP binds to mTOR dis-

tally from the kinase site and causes a global conformational change of the complex [30]. 

This molecular mechanism explains that GTP-loaded RHEB behaves as an allosteric acti-

vator increasing mTORC1 activity by several orders of magnitude. Of note, RHEB has 

unusually slow intrinsic GTPase activity. As a results, TSC, that stimulates RHEB GTPase 

activity and therefore inhibits this small GTPase, behaves as a gatekeeper of mTORC1 

activity. In addition to this well described canonical pathway, some studies also suggest 

that the mTORC1 complex itself can be post-translationally modified following growth 

factor stimulation [31,32]. The relevance of such modifications is unclear. 

The activity of TSC is tightly regulated by multiple proteins. AKT phosphorylates 

TSC2 at different sites, thus suppressing its control of RHEB and mTOR [33]. TSC is also 

inhibited by phosphorylation from ERK [34] and the p90 ribosomal S6 kinase (RSK) [35], 

another downstream kinase of the Ras-ERK pathway. Other studies described regulation 

of TSC by growth factors through the control of its recruitment to the lysosome [36–39]. 

Regulation of TSC through the disruption of the complex itself or through its degradation 

are still debated (reviewed in[40]). Overall, these results define TSC as a major hub col-

lecting inputs negatively regulating mTORC1. 

 

3.3.2 mTOR control by nutrients and cellular stress  

In addition to growth factors, nutrients are essential for mTORC1 activation. In par-

ticular, the role of amino acids has long been recognized and involves a set of 4 GTPases, 

the RAG GTPase A,B,C and D that act as heterodimers combining RAG A or B and RAG 

C or D [41,42]. In conditions of amino acids sufficiency, the RAG GTPases are locked in 

an “on-state”, with RAG A/B bound to GTP and RAG C/D bound to GDP, and vice-versa 

in case of amino acid scarcity. In their “on-state”, RAG GTPases mediate mTORC1 attach-

ment to the lysosome surface via a multi-proteic complex called the Ragulator [43,44], 

bringing mTORC1 in close vicinity to its activator RHEB that also lies on the external 

membrane of the lysosome. Thus, when nutrients are abundant, mTORC1 is tethered to 

the lysosome surface where it can be fully activated by mitogen signals such as insulin or 

other growth factors. In the contrary, when nutrients are limiting, mTORC1 is released 

from the lysosome surface and thus inactivated. This two-step mechanism explains the 

importance of the coincidence of both nutrients and growth signals for mTORC1 activa-

tion and support its role as a signal integrator. Several proteins are involved in amino-

acid sensing both inside the lysosome and the cytoplasm, and constitute today a topic of 

active research (review in [45]). On note, not all amino acids seem to have the same po-

tency. Arginine, Leucine and Methionine have been described as direct regulators of 

mTORC1, each one possessing its dedicated sensor [46]. Other nutrients such as glucose 

[47] or cholesterol [48–50] have also been shown to impinge directly onto mTORC1 path-

way in a manner partially overlapping the amino acid pathway. 

In addition to this direct control, the lack of nutrients can also be sensed via the de-

crease of ATP content resulting from it. Indeed, energy drop or cellular stress also nega-

tively regulate mTOR activity. Glucose depletion activates the AMP-activated protein ki-

nase (AMPK), which senses the decrease in ATP/ADP ratio and inhibits mTORC1 either 

directly through phosphorylation of Raptor on inhibitory sites [51] or indirectly through 
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activating phosphorylation of TSC2 [52]. Independently of AMPK, hypoxia also nega-

tively regulates mTORC1 through TSC activation [53,54]. Several mTORC1 negative reg-

ulators, including TSC or AMPK, are targets of  p53 which plays a central role in DNA 

damage sensing. [55]. Finally, endoplasmic reticulum stress or oxidative stress also nega-

tively regulate mTORC1 function (review in [56]). 

 

 

Figure 1. Overview of mTORC1 upstream regulation. mTORC1 activation is control by both 

growth factor and nutrients. Growth factor such as insulin activates both the PI3K-AKT signaling 

and the MAPK ERK pathway, which converge on TSC inhibition. TSC acts as a GAP for RHEB, 

which boost mTORC1 kinase activity. Among nutrients, amino acids are essential for mTORC1 ac-

tivation as they control mTORC1 translocation to the lysosome through the activation of the RAG 

GTPase A/B and C/D. At the lysosome, mTORC1 is in close vicinity to its activator RHEB. This two-

step mechanism allows mTORC1 to integrate both growth factor and nutrients presence. Other pa-

rameters such as energy level or hypoxia further regulates mTORC1.  

4. mTOR activation downstream γc cytokines receptor in lymphocytes 

Cytokines are soluble proteins with signaling functions in the immune system and 

for some of them, a growth factor activity. Physiologically, γ chain cytokines, such as IL-

2 and IL-15 are potent mitogens for T and NK cells. IL-1 family cytokines increase cyto-

toxic functions and cytokine production of lymphocytes, two processes that require en-

ergy. Therefore, it is no surprise that these cytokines activate the mTORC1 pathway. The 

next two sections discuss our current knowledge on mTORC1 regulation in T and NK 

cells, focusing on γ chain and IL-1 type cytokines.     
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4.1. Overview of the γc cytokines family 

The γ chain (γc) family regroups cytokines that signal through the common receptor 

γ chain namely IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21. γc was first discovered as a compo-

nent of the IL-2 receptor, making IL-2 the archetypal member of this family [57,58]. IL-2 

receptor is composed of three proteins; CD25: the  chain of the IL2R (IL-2R), CD122: the 

 chain of the IL2R (IL-2R), and the γ chain CD132. As mentioned before, IL-15 signals 

through two of the three IL-2 receptor chains, the γc and IL-2R while its unique IL-15R 

chain serves to present IL-15 in trans from neighbouring cells [59,60]. In terms of signal-

ling, most of our knowledge comes from studies on IL-2 receptor. Contrary to insulin re-

ceptor, IL-2 receptor lacks intrinsic kinase activity. IL-2R and γc are associated with the 

kinases JAK1 and JAK3 respectively, and the binding of IL-2 results in JAK1/3 activation 

and phosphorylation of tyrosine residues on IL-2R [61–63]. These residues serve as dock-

ing sites for proteins containing SH2 domain. Phosphorylated IL-2R binds the p85 sub-

unit of PI3K [64], which triggers the activation of the PI3K-AKT pathway. Phosphorylated 

IL-2R also serves as a docking site for the GRB2-SOS complex through the adaptor SHC, 

which constitutes the starting point of the Ras-ERK MAPK cascade. The transcription fac-

tors STAT5 is also recruited to the activated IL-2R and is of particularly importance for IL-

2 signaling [65]. 

 

4.2. mTOR regulation by γc cytokines in T cells 

The first evidences of mTOR activation by γc cytokines comes from studies using IL-

2 [66,67]. In T cells, IL-2 treatment triggers ribosomal protein S6 phosphorylation, a marker 

of S6K activity downstream mTORC1. IL-2 treatment is also associated with an increase 

in cell size and metabolism, other indirect hallmarks of mTORC1 activation [68–71]. Sev-

eral studies show an increase in AKT phosphorylation few minutes after IL-2 treatment, 

confirming that IL-2 activates this pathway in T cells [69,70,72]. However, the importance 

of PI3K-AKT in mTORC1 activation in T cells is debated. Studies from the Cantrell’s group 

show that the inhibition of AKT or PI3Kδ does not decrease mTORC1 activity following 

IL-2 treatment in CTL [69]. The same group however showed that PDK1 is required for 

mTORC1 activity, since CTL deleted for this protein display decreased S6 phosphoryla-

tion, glucose uptake and cell proliferation [68]. Conversely, deletion of PTEN, a negative 

regulator of PI3K signaling that can drive the activation of AKT, is not sufficient to activate 

mTORC1 and mTORC1-dependent glucose metabolism [73]. These evidences suggest that 

PI3K-AKT pathway is activated by IL-2 but dispensable for mTORC1 activation. How 

PDK1 controls mTORC1 independently of the PI3K-AKT pathway remains to be deci-

phered. One hypothesis would be that its activity is not required extemporaneously but 

more upstream to phosphorylate and license the neosynthetized S6K [74]. 

How can IL-2 activate mTORC1 if not through the well described PI3K-AKT axis? 

One possibility could be through the JAK-STAT pathway. CD4+ T cells deficient for 

STAT5 treated with IL-2 show decreased mTORC1 activity, as measured by S6 phosphor-

ylation, associated with a reduction in cell size, proliferation and metabolism compared 

to their WT counterpart. However, STAT5 deficient T cells have also decreased levels of 

AKT phosphorylation at Thr308, suggesting that STAT5 may act upstream AKT. To di-

rectly test the relationship between STAT5 and AKT, T cells deleted for STAT5 were com-

plemented with either constitutively activated STAT5 or constitutively activated AKT. 

Only STAT5 transduction rescued mTORC1 activation whereas transduction of AKT did 

not, suggesting a mechanism whereby mTOR activation relies on STAT5 while it is inde-

pendent of AKT [70]. To explain the activation of AKT, Ross and Cantrell proposed a 

mechanism involving pathways depending on the SRC family kinases LCK and FYN. This 

signaling, independent of STAT5, would participate in the context of “preorganized” sig-

nal transduction pathways which integrates with IL-2-STAT5 signaling [72]. Of note, 

STAT5 is a transcription factor and activates the transcription of several key proteins 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 June 2023                   doi:10.20944/preprints202306.0952.v1

https://doi.org/10.20944/preprints202306.0952.v1


 

 

relevant for mTORC1 signaling such as IL-2R chains, AKT, RHEB or amino acid trans-

porters and sensors, which participate in longer term activation of mTORC1 [70,71]. 

In T cells, the γc cytokine IL-7 is also known to activate mTORC1, although the mo-

lecular details are less documented than for IL-2. Indeed, IL-7 treatment enhances S6 phos-

phorylation [75] as well as cell size and survival [76] and glucose uptake [77]. This last 

metabolic change seems to require AKT and STAT5 activation [77], although no clear ev-

idence has demonstrated a molecular link between these pathways and mTORC1 in IL-7 

treated lymphocytes.  

4.3. mTOR regulation by γc cytokines in NK cells 

NK cell maturation and survival is governed by the γc cytokine IL-15. IL-15 treatment 

activates mTORC1 which increases cellular metabolism [16]. IL-15 also activates STAT5, 

AKT [16], ERK [78] and its downstream target RSK [79]. Several studies have investigated 

the role of these different proteins in the activation of mTORC1. Using pharmacological 

inhibitors, Nandagopal and col. showed that PI3K or STAT5 inhibition following IL-15 

treatment decreased NK cell production of IFN- and granzyme B as well as their prolif-

erative capacity to the same extent that rapamycin. However, the status of mTORC1 acti-

vation itself was not measured in this study [80]. NK cells deficient for PTEN, an antago-

nist of PI3K, display increased AKT and S6 phosphorylation [81] while NK cells deficient 

for the catalytic subunits of PI3K p110 and p110 display a defective maturation and 

function [82]. Interestingly, the defect observed included a strong decrease in circulating 

NK cells and a near complete disappearance of the most mature CD11b+ subset, pheno-

copies of mTOR or Raptor deficiencies [16,83,84]. In addition, IL-15 activates the ERK 

pathway. The use of a MEK inhibitor suggests that ERK could participate in mTORC1 

activation in NK cells as ERK inhibition leads to decreased S6 phosphorylation following 

IL-15 treatment [78]. Overall, these data are indicative of a role of both the PI3K-AKT, and 

ERK pathways in the control of mTORC1 in NK cells. On the contrary, a study conducted 

in IL-2/-12 in vitro activated NK cells reached the opposite conclusion that the PI3K-AKT 

pathway is not involved in mTORC1 activation. Indeed, in this last study, NK cells treated 

with AKT inhibitors show no decrease in cell size, IFN-γ production, granzyme expres-

sion or S6 phosphorylation [85]. This suggest that mTORC1 regulation differs when com-

paring CD8 T cells and resting or activated NK cells and that its regulation can be adapted 

to the cellular activation status. The reason for these differences is unknown at this point 

(Figure 2). 
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Figure 2: Signaling downstream IL-2 and IL-15 receptor toward mTORC1 in CD8+ T cell and NK 

cells. IL-2 and IL-15 receptors share both their IL-2R and γ chain (γc) associated with a unique IL-

2R or IL-15R chain depending on the receptor. IL-2R and γc are associated with the kinase JAK1 

and JAK3 respectively. The binding of the cytokine results in JAK1/3 activation and phosphoryla-

tion of tyrosine residues on IL-2R, which serves as activating platform for STAT5, PI3K and GRB2-

SOS. Even though the PI3K-AKT pathway is engaged by the IL-2 receptor (in orange), its importance 

in mTORC1 activation remained under debate.  

4.4. The role of the TSC axis in lymphocytes 

As described above, TSC constitutes a hub controlling mTORC1 activation thanks to 

its capacity to integrate both negative and positive inputs. As a result, TSC null cell lines 

show maximal mTORC1 activity, to the same extent than insulin treated ones [86,87] 

whereas TSC overexpression results in drastic decreases of mTORC1 activity [33,52,88,89]. 

A similar derepression of mTORC1 is observed in vivo in primary muscle cells [90] or in 

hepatocytes [91] upon TSC inactivation. For these reasons, different groups looked at the 

importance of the TSC hub in T and NK cells.  

Four distinct studies have investigated the role of TSC in T cells and concluded that 

TSC is required to maintain cell quiescence in the absence of antigen stimulation [20,92–

94]. TSC1 specific deletion in immature T cells, using the T cell specific CD4-Cre deleter, 

leads to a decrease in CD4+ and CD8+ T cell number  [92–94]. The remaining T cells show 

an increase in cell proliferation and display activation of the intrinsic apoptotic pathway 

[93,94], characterized by a decrease in the anti-apoptotic protein Bcl-2 [93]. They also dis-

play elevated cellular ROS which could be reversed by antioxidant treatments which re-

store T cell numbers [93,94]. This phenotype is associated with an increase in mTORC1 

activity and a decreased activity of mTORC2 [93,94]. Such a decrease in mTORC2 activity 

is supposed to arise from the negative feedback loop leading from S6K to targets lying 

upstream of mTORC2 [45]. Focusing on CD8+ T cell, Pollizzi et al show that TSC2 deficient 

T cells display characteristics of terminally differentiated effector T cell and are unable to 

transition to the memory state. Confirming these results, T cells deficient for the GTPase 

RHEB fail to differentiate into effector cells but retained memory characteristics [20].  

In NK cell, TSC1 deletion at an early stage produces a similar phenotype than TSC1 

deletion in immature T cells, with a decrease in NK cell number, associated with an in-

crease in cell proliferation and apoptosis and a constitutive mTORC1 activation [95]. How-

ever, deletion of TSC1 in mature cells does not have any effect on NK cell phenotype, 

function or response to cytokines [95]. In the same line, inducible inhibition of TSC1 at 

latter stage in T cell using ER-Tamoxifen construct has only a mild effect on T cell popu-

lation [93]. Of note, TSC is mainly express by progenitors and its expression decreases 

during the maturation process, both in NK and T cells [95], which could account for the 

more important phenotype of TSC deletion in immature cells compared to mature ones. 

These results also echo with those from the Cantrell’s group, suggesting that PI3K-AKT 

signaling is not mandatory for mTOR regulation by γc chain cytokines. In fact, T and NK 

cell homeostasis mainly depends on the γc cytokine IL-2 and IL-15 respectively, which as 

discussed earlier, may not depend on the classical pathway involving AKT and therefore 

TSC, one of the main target of AKT, for their signaling in lymphocyte. Of note, even if 

these studies show the importance of TSC in the maintenance of cell quiescence, TSC1 

mutations in lymphocytes results in mild phenotype compared to other cell types. For 

instance, mice bearing liver specific TSC1 ablation developed hepatocellular carcinoma 

[91]. This suggests other mechanisms of regulation involving TSC-independent control of 

mTOR in mature lymphocytes.  

5. mTOR activation downstream IL-1 family receptor in lymphocytes 

5.1. Overview of the IL-1 cytokines family 

The IL-1 family is a large group of cytokines composed of agonist molecules such as 

IL-1, IL-1, IL-18, IL-33, IL-36, IL-36, IL-36, IL-37 and antagonist ones like IL-1R. 

They all signal through receptors composed of two different chains, which are all 
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characterized by the presence of a conserved cytosolic region containing a signalling do-

main called the Toll/IL-1 Receptor (TIR) domain. The binding of the cytokine to the first 

receptor chain triggers the recruitment of the second one and the juxtaposition of their 

TIR domains. This induces the recruitment of the protein MyD88 and the kinase IRAK4. 

The latter is activated by autophosphorylation leading to the subsequent recruitment and 

phosphorylation of IRAK1 and 2, two adaptors and kinase proteins. MyD88 and its IRAK 

partners then form a protein platform that recruits the E3 ubiquitin ligase TRAF6, which 

triggers the activation of different pathways such as the MAPK and NF-κB pathways [96].  

IL-1 family cytokines typically engage the MAPK p38. There are 4 isoforms of p38 

(p38α, β, γ, δ), the most expressed in mammalians being p38α. As for other MAPKs, p38 

activation results from phosphorylation cascades involving different MAP3Ks, such as 

TAK1 which is classically engaged by IL-1. Furthermore, as described for other MAPK, 

p38 has the potential to phosphorylate a multitude of targets including other kinases such 

as the MAPK activated protein kinase (MAPKAPK) MK2, MK3 and MK5/PRAK [97]. Sev-

eral studies report a control of mTORC1 by p38 in different cell lines, mentioning both 

activator [98–101] or inhibitor [102] role for p38 depending on the stimulus involved. In 

addition to the p38 MAPK pathway, IL-1 family cytokines also engage the NF-κB path-

way. NF-κB activation requires activation of the IKK complex through its binding to 

polyubiquitin chains on several molecules downstream IL-1 receptor such as IRAK1 or 

TAK1. Activated IKK phosphorylates IκBα which promotes its degradation and the re-

lease and nuclear translocation of the NF-κB, promoting the pathway activation. IKK has 

also been involved in mTORC1 activation. Indeed, in one study, cancer cell lines treated 

with TNFα activate IKKβ, a component of the IKK complex, that interacts and phosphor-

ylate TSC1, resulting in TSC1 inhibition and mTORC1 activation [103].    
 

5.2. mTOR regulation by IL-1 cytokines family in T and NK cells 

In T and NK cells, different cytokines of the IL-1 family have been shown to activate 

mTORC1, although the molecular pathway involved are not fully understood yet. 

mTORC1 has been shown to be activated by IL-18 [16,104] or by IL-33 [105] in NK cells, 

by IL-1 in Th17 [106,107] and IL-36b in CD8+ T cells [108,109]. The most complete mecha-

nistic study comes from Gulen et al. [107]. Working on Th17, the authors showed that IL-

1 induces the activation of mTORC1, measured by S6 and 4EBP1 phosphorylation. The 

authors also demonstrate that IL-1 signals through the IRAK1 and IRAK4 proteins to in-

duce TSC disruption. The precise mechanism of TSC inactivation still awaits to be de-

scribed. The authors propose that inactivation of this complex is the event leading to 

mTORC1 activation. In the same study, IL-1 treatment is also shown to induce p38, JNK 

and IκBα phosphorylation, although the implication of these pathways in TSC disruption 

was not clearly addressed [107] (Figure 3). Another study demonstrates that T cells defi-

cient for p38α/β or MK2/3 show decreased mTORC1 activity as measured by S6 phos-

phorylation upon TCR stimulation [110]. This defect correlates with increased regulatory 

T cell (Treg) numbers in vivo, which is reminiscent of the phenotype of mTOR deficient T 

cells [111]. This suggests that p38 could control mTORC1 activation in lymphocytes how-

ever the significance of this pathway for cytokine signaling remains to be determined. As 

mentioned earlier, mTORC1 activity is also controlled by nutrients availability. In this 

context, Almutairi et al showed that IL-18 treatment leads to enhanced surface expression 

of the leucine transporter CD98/LAT-1 on NK cells. This resulted in increased leucine im-

port thus probably participating in mTORC1 activation [104]. It should however be noted 

that CD98 induction by IL-18 takes place after an overnight stimulation, it is thus unlikely 

that this mechanism is at play in short-term (<4h) activation of mTORC1 upon IL-18 stim-

ulation. 
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Figure 3: Signaling downstream IL-1 receptor toward mTORC1 in T cell. IL-1 binding to its recep-

tors induces the recruitment of the adaptors MyD88 and IRAKs. This activates the ubiquitin E3 lig-

ase TRAF6 which triggers the activation of MAPK such as p38 and the NFκB pathways. In Th17 T 

cell, Gulen et al show that IL-1 treatment drive the disruption of TSC and the activation of mTORC1. 

The role of the MAPK p38 or NFκB in this process in lymphocyte still remains to be determine as 

p38 and IKK have been shown to activates mTOR in other cell types.  

 

5.3. Signal Integration toward mTOR control 

Multiple signaling pathways modulate mTORC1 activity, as reviewed here. The out-

come of costimulation with multiple cytokines will have to be deciphered. Indeed, we 

mostly focused our review of the literature on data reporting the effect of cytokines taken 

in isolation. However, cells generally encounter cytokines simultaneously. For instance, 

generation of the so-called CIML (cytokine induced memory like cells) for therapeutic 

purposes implies the stimulation of NK cells with IL-15 and IL-18, both having the poten-

tial to activate mTORC1 with parallel pathways. Moreover, coincident stimulation with 

different cytokines can arguably lead to contradictory effects. For instance, T cell and NK 

cell proliferation and cytoxicity induced in vitro with IL-2 can be inhibited by TGF-β treat-

ment [112,113]. Interestingly, TGF-β antagonizes IL-15 activation of mTOR in NK cells, 

resulting in a reduction in NK cell bioenergetic metabolism. This inhibition is detectable 

in the minutes following TGF- β treatment and is specific to mTOR since it does not impact 

STAT5 activation [114]. More recently, TGF-β has been shown to decrease mTOR activity 

in T cells [115]. In this study, early inhibition of mTOR in precursors of exhausted CD8+ T 

cells preserved their metabolic capacity and sustains the T cell response during chronic 

infection. In both studies, the molecular mechanism at play remains elusive but could well 

involve some of the molecular players described above. Indeed, TGF-β has been shown to 

potentially activate a large set of pathways in a variety of cell types. This includes TAK1 

[116], ERK [117], p38 [118] and PI3K [119]. Another possible mechanism to explain the 

inhibition of mTORC1 by TGF-β is the phosphatases PP2A. PP2A has been shown to 
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inhibits mTORC1 in Tregs and the ablation of PP2A in Treg leads to severe autoimmunity 

[120]. The direct link between PP2A and the TGF-β signaling still remains to be deter-

mined. Whether activation of these pathways enters in competition with their involve-

ment in mTOR signalling remains to be tested.  

Some studies also highlight that several transduction pathways can be engaged for a 

given stimulus. For instance, in NK cells a low dose of IL-15 only trigger STAT5 activation 

and cell survival whereas higher doses engage mTORC1 and cell proliferation [16]. Simi-

larly, in another model studying stress granule formation upon arsenite treatment, 

Heberle et al. addressed the respective importance of PI3K-AKT and p38 pathways in the 

control of mTORC1 activation in multiple cell lines. Using both in silico and in vitro ap-

proaches, the authors showed that PI3K-AKT and p38 pathways act in a hierarchical man-

ner toward mTORC1 activation. Inhibition of PI3K results in residual mTORC1 activation, 

measured by p70-S6K phosphorylation, which is inhibited by an additional treatment 

with a p38 inhibitor. Based on these findings, the authors further show that the effect of 

p38 inhibition on mTORC1 activity are significant when PI3K activity is decreased to 40% 

or lower. From these results, it appears that a moderate stress activates mTORC1 through 

p38 whereas increasing the stress signal also engages the PI3K-AKT pathway leading to 

stronger mTORC1 activation [121]. Even though this study has not been performed on 

lymphocytes, we can hypothesize that similar mechanisms may take place in T and NK 

cells in response to different cytokines concentrations.  

6. Targeting mTOR activation in lymphocytes for immunotherapy development 

Controlling mTOR signaling constitute a promising strategy to modulate lympho-

cytes activity. The mTOR inhibitor rapamycin and its analogs were first approved as im-

munosuppressants in the context of transplantation and then autoimmunity. In parallel, 

mTOR is hyperactivated in up to 80% of cancers [45], founding the use of mTOR inhibitors 

as antiproliferative drugs in chemotherapies. This is not without side effects. Indeed, stud-

ies from our group have shown that patients with metastatic breast cancer treated with 

the mTOR inhibitor everolimus, display lower level of mTORC1 activation in NK cells as 

well as a decrease in NK cell number and maturation [122]. As NK cells have crucial anti-

metastatic activity [123], this side effect of mTOR inhibitors should be considered for the 

development of next generation therapies. At the same time, mTOR inhibition may also 

benefit certain types of responses and promote certain differentiation pathways. Indeed, 

as discussed above, mTORC1 inhibition favors memory CD8+ T cell generation [18,20] 

and have protective effect against T CD8+ exhaustion in chronic infection [115]. For these 

reasons, mTORC1 activation level in immune cell has to be well balanced to insure a fa-

vorable anti-tumoral effect.  

In this context, a large set of therapies are now aiming at boosting lymphocyte func-

tions in particular for adoptive cell transfer therapies in cancer. Chimeric Antigen Recep-

tor (CAR) T and NK cell-based immunotherapies have revolutionized the treatment of 

certain cancers [124]. The use of such therapies to treat viral infections (EBV and others) is 

also under assessment [125]. A better understanding of cytokines signaling toward mTOR 

could lead to improved T and NK cell expansion in vitro. Study of cytokine signaling has 

also the potential to benefit to tailoring better cytokine cocktails in order to prime lym-

phocyte in vitro. In the same line of idea, a better understanding of the signal transduction 

pathways involved downstream cytokine receptors could inform the design of engineered 

receptors to improve CAR cells effector functions (review in [126]). Therefore, mTORC1 

tight regulation is required to ensures a proper response to pathogen and cancer, which 

will benefit from a better understanding of its specific regulation in immune cell. 
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