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Abstract

Optimal regulation of immune networks is essential for generation of effective immune responses, 

and defects in such networks can lead to immunodeficiency, while uncontrolled responses can 

result in autoimmune disorders. mTOR and STAT signaling cascades are key regulators of 

differentiation and function of cells of the immune system. Both pathways act as sensors and 

transducers of environmental stimuli, and recent evidence has revealed points of crosstalk between 

these pathways, highlighting synergistic regulation of immune cell differentiation and function. 

Here we review the current understanding of mTOR and STAT interactions in T cells and innate 

immune cells, and discuss potential mechanisms underlying these events. We further outline 

models for the intersection of these pathways in the regulation of immunity, and highlight 

important areas for future research.
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The mammalian target of rapamycin (mTOR) and signal transducer and activator of 

transcription (STAT) signaling pathways have been identified as key regulators in the 

development, survival, and function of cells of the immune system, including CD8+ 

cytotoxic T (Tc) cells, CD4+ T helper (Th) cells, CD4+ T regulatory cells (Tregs), dendritic 

cells (DCs), and monocytes [1,2]. These pathways have been shown to play unique roles 

during innate and adaptive immunity, and deregulation of their activation has been 

associated with several diseases [1,2].

mTOR acts as a sensor of various environmental or cellular changes, such as nutrient 

availability, energy status, stress responses and signals generated by cytokine and hormone 

receptors [1,3]. This sensor capacity of mTOR integrates these signals in the immune 
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microenvironment, ultimately controlling the fate of diverse immune cell types [1,3]. Two 

distinct mTOR complexes exist: mTORC1 and mTORC2 (Box 1) [4,5]. Although these 

complexes share mTOR as their common catalytic subunit, they also include unique 

components and have different upstream and downstream effectors (Box 2 and 3, Fig. 1) 

[4,5]. The regulatory effects of these complexes in the generation of immune responses have 

been examined in elegant studies involving selective in vitro and/or in vivo targeting of their 

components in immune cells [6,7]. In the case of mTORC1, extensive work has been done 

using the specific mTORC1 inhibitor rapamycin, a Streptomyces hygroscopicus derivative 

[6,7]. The mechanism of action of this drug involves structural inhibition of mTORC1 

complexes via binding to the FK506 binding protein (FKBP12) [8]. The resulting 

rapamycin-FKBP12 complex binds the FRB (FKBP12/rapamycin-binding) domain of 

mTOR, resulting in selective inhibition of mTORC1 kinase activity [8]. As rapamycin 

works by direct binding to mTORC1 complexes, it was originally assumed that all mTORC1 

functions are rapamycin-sensitive. However, the existence of rapamycin-insensitive 

mTORC1 functions has been documented [9]. More recently, catalytic mTOR inhibitors 

(e.g., Torin1, PP242, OSI-027) have been developed to target both mTORC1 and mTORC2 

complexes [10,11]. These mTOR inhibitors, which act by binding to and inhibiting the 

catalytic site of mTOR, have shown more potent antineoplastic effects in vitro and in vivo 

against different types of malignant cells [11–13]. Surprisingly, catalytic mTOR inhibition 

has weaker effects on the growth and function of normal lymphocytes, and appears to be 

less immunosuppressive than rapamycin [14].

Box 1

mTOR complexes

mTOR is an evolutionary conserved serine/threonine kinase that plays key regulatory 

roles in several biological processes, such as proliferation and survival of normal and 

malignant cells, cell differentiation, metabolism, and autophagy [5]. So far, two distinct 

mTOR complexes have been identified, mTORC1 and mTORC2. The core components 

of mTORC1 are the mTOR kinase, the regulatory-associated protein of mTOR 

(RAPTOR), the 40 kDa proline-rich AKT substrate (PRAS40), the DEP domain-

containing mTOR-interacting protein (DEPTOR), and the mammalian lethal with SEC13 

protein 8 (mLST8) [5,65]. mTORC2 is structurally different from mTORC1. It shares 

with mTORC1 mLST8 and DEPTOR, but it does not include RAPTOR and PRAS40 [5]. 

It contains other unique elements; the scaffolding protein RAPTOR-independent 

companion of TOR (RICTOR), the protein observed with RICTOR (PROTOR), and the 

mammalian stress-activated map kinase-interacting protein 1 (mSIN1) [5].

Box 2

Upstream regulation of mTOR

In response to increased amino acid levels, activated Rag GTPases promote the 

translocation of mTORC1 into the lysosomal surface, where its activator, RHEB, is 

located [66,67]. Recently, it was reported that GAP activity toward Rags (GATOR) 

complex controls Rag A and B [68], whereas folliculin and folliculin interacting protein 
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1/2 control Rag C and D function [69]. Amino acid levels can also control mTORC1 

activation through VPS34, a class III PI3K [5]. Similarly, increased levels of glucose 

recruit mTORC1 to the lysosomal surface through Rag GTPases [70]. Growth factors, 

cytokines, and immunological accessory molecules stimulate mTORC1 signaling via 

engagement of the PI3K pathway, which induces phosphorylation of AKT at threonine 

(Thr) 308. Active AKT decreases interaction between PRAS40 and mTORC1 and 

deactivates the tuberous sclerosis complex (TSC) formed by TSC1, TSC2 and TBC1D7 

[71]. Inactive TSC promotes the conversion of GDP-bound RHEB to its GTP-bound 

state, which directly interacts and activates mTORC1 [72]. The activity of TSC can also 

be inhibited through the Ras and Wnt pathways, and it is activated by AMPK and 

REDD1 [3]. In contrast, mTORC2 activation is positively regulated by TSC [73], 

phosphatidylinositol 3,4,5-trisphosphate (PIP3) [74], and by association with the 

ribosome [75]. Additionally, the activation of both mTOR complexes can be mediated by 

phospholipase D, phosphatidic acid [76], and Rac1 [77].

Box 3

Effectors of mTOR pathways

mTORC1 activation initiates mRNA translation by activating S6 kinase 1 (S6K1) and 

inhibiting 4E-binding protein 1 (4E-BP1) activities. S6K1 phosphorylates both S6 

ribosomal protein (rpS6), which enhances the translation efficiency, and eukaryotic 

initiation factor 4B (eIF4B), which associates with eIF3 complex to form the translation-

initiation complex. As part of this complex, eIF4-E dissociates from 4E-BP1, triggering 

the initiation of protein synthesis [5,65,78]. In contrast, active mTORC2 phosphorylates 

AGC kinases: serum and glucocorticoid-regulated kinase 1 (SGK1), protein kinase C 

(PKC), and AKT. mTORC2 activity is often evaluated by assessing the levels of AKT 

phosphorylation at serine (Ser) 473, as RICTOR, mSIN1, and mLST8 knockout cells 

present defective phosphorylation of AKT at this site in response to several stimuli [79]. 

Phosphorylation of AKT by mTORC2 primes it for further phosphorylation by 3-

phosphoinositide-dependent protein kinase 1 (PDK1) at the Thr308 site, which in turn 

can induce mTORC1 signaling in the presence of several stimuli. Once activated by 

mTORC2, AKT inhibits the function of the transcription factors Forkhead box protein 

O1 (FOXO1) and FOXO3, as well as Kruppel-like factor 2 (KLF2). Similarly, SGK1 

also inhibits the transcriptional activity of FOXO family members [3].

Like mTOR, STAT proteins also act as environmental sensors, reporting on the presence of 

diverse cytokines, including interferons (IFNs) and interleukins (ILs) [15,16]. In mammals, 

there are seven STATs (STAT1, 2, 3, 4, 5A, 5B, and 6), which are linked to signaling 

downstream of over 30 receptors of the cytokine receptor superfamily [15]. STAT proteins 

are phosphorylated and activated by members of the Janus family of kinases, also known as 

JAK kinases [15,16]. There are 4 different known JAK kinases, JAK1, JAK2, JAK3, and 

TYK2, which associate to distinct cytokine receptor subunits in different receptor complexes 

[16]. The binding of cytokines to the respective receptors induces their oligomerization, 

bringing JAKs closer and priming them for auto- and/or trans-phosphorylation. Activated 
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JAKs then phosphorylate intracellular tyrosine residues present in the receptor, creating 

docking sites for STAT proteins. Upon binding to cytokine receptors, STATs undergo JAK-

dependent tyrosine phosphorylation and form homodimers and/or heterodimers that 

translocate to the nucleus where they recognize and bind to specific promoter regions of 

target genes to initiate transcription [16,17]. Thus, engagement of cytokine receptors in 

distinct immune cell types results in activation of different combinations of STAT proteins, 

establishing specificity of responses and ultimately determining the subsequent 

immunophenotype [15].

Although mTOR and STAT pathways exert unique roles during innate and adaptive 

immunity, recent studies have demonstrated that these pathways interact to control and 

optimize immune responses [18–21]. Here we review emerging evidence for cross-

regulation between these pathways, and discuss how this cross-regulation suggests an 

orchestrated dynamic regulation of immune responses by various stimuli with important 

implications for the development of future therapies against immune disorders.

Coordinated functions of mTOR and STAT pathways in T cells

In past years, strong evidence has associated mTOR signaling with T cell activation and 

lineage specification, and with the development of T cell memory [22,23]. STAT proteins 

have been associated with T cell development, differentiation, and survival [24–26]. Recent 

evidence suggests that STAT transcription factors transduce environmental stimuli in part by 

controlling activation of lineage-specific enhancers and, at the same time, suppressing 

enhancers associated with alternative cell fates [27]. As both STAT and mTOR pathways 

are involved in key processes of T cell development and maintenance, cross-talk between 

these two pathways is likely to play a role in signal integration and interpretation within the 

cell, and to be important in the determination of T cell fate and function. Indeed, although 

many of the specific biochemical events accounting for mTOR-STAT cross-regulation in T 

cells remain to be precisely determined, such coordination appears to be essential and 

critically important.

Cooperation between mTOR and STAT signals in the determination of effector versus 
memory Tc cell fate

Rao and colleagues [19] reported that IL-12 drives type I effector maturation by enhancing 

and sustaining mTOR phosphorylation in naïve Tc (OT-1) cells stimulated with antigen and 

the co-stimulatory molecule B7 (Ag+B7.1). The functions of both phosphoinositide 3-kinase 

(PI3K) and STAT4 were required for the effects of IL-12 on mTOR activity, indicating 

synergistic co-regulation of PI3K- and STAT4-dependent cellular events in this process. 

Notably, inhibition of PI3K blocked IL-12 enhanced, mTOR-mediated, S6K 

phosphorylation at early and late time points. The absence of STAT4 did not affect the 

IL-12-induced phosphorylation of S6K at early time points, but resulted in failure of IL-12 

to sustain S6K phosphorylation at 48 hours. Thus, coordinated engagement of both PI3K- 

and STAT4-dependent pathways is necessary for optimal induction of mTOR activity by 

IL-12 in Tc cells (Fig. 2). Notably, inhibition of mTOR activity with rapamycin during 

IL-12 stimulation blocked the expression of T-bet, a transcription factor critical for type I 

effector differentiation. In contrast, rapamycin treatment enhanced eomesodermin (Eomes) 
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expression, favoring differentiation into memory T cells. These findings are intriguing, as 

they establish a requirement for STAT4 for mTOR activity in this system, and provide the 

basis for future work to define the mechanisms by which STAT4 impacts mTOR activity, 

and the CD8+ T cell maturation and memory formation. One possibility is that STAT4 

regulates transcriptional activation of the mTOR gene [19] (Fig. 2). An alternative scenario 

would involve transcriptional activation of another upstream effector of the mTOR pathway 

that is required for mTOR/S6K activity (Fig. 2). The requirement of STAT4 in the process 

also raises the possibility of involvement of other STATs that may form heterodimers with 

STAT4; studies in that direction may be warranted.

Studies examining the mechanisms underlying homeostatic proliferation (HP) [28] of naïve 

T cells under conditions of lymphopenia have also revealed important roles for mTOR in Tc 

cell memory formation. Li et al. [29] examined HP of OVA-specific Tc cells (OT-1) 

transferred into intact or irradiated syngeneic recipient mice, and found a requirement for 

mTOR activation downstream of IL-7 (Fig. 2). Similar to the findings of Rao et al. [19], the 

authors found that rapamycin treatment inhibited T-bet expression downstream of mTOR, 

which in turn enhanced the transition to a memory phenotype by relieving T-bet-mediated 

repression of Eomes expression. In this system, mTOR induced T-bet expression was 

required for Tc cell memory formation in response to IL-15, which in turn induces 

phosphorylation of STAT5. These findings suggest an indirect interaction between mTOR 

and STAT5 activation in CD8+ cells during HP (Fig. 2), and together with Rao et al [19], 

highlight the relevance of cross-talk by TCR and cytokine signals transduced by the mTOR 

and STAT pathways in memory formation. STAT5 activation is also critical for sustaining 

effector Tc cell responses [30,31]. Whether mTOR-induced T-bet expression downstream of 

TCR and IL-12 stimulation [19] indirectly promotes STAT5 activity in effector Tc cells 

remains to be determined.

STAT5 and mTOR signaling events differentially regulate effector and memory Tc cell 

survival, and a balance between the functions of these pathways may be required for optimal 

immune responses [20]. During viral infection, the majority of Tc cells differentiate into 

short-lived effectors, but a minority contract to produce memory cells that are sustained by 

IL-7 and IL-15 [32]. AKT is activated in memory cells in response to both cytokine and 

TCR stimulation, [20,33–35], suggesting that downstream survival pathways account for the 

longer life span of memory cells (see Box 3, and Fig. 1). However, following viral infection, 

constitutive activation of AKT (at Ser473 and Thr308) does not increase effector Tc cell 

survival or memory cell generation [20]. Instead, it elicits a negative feedback mechanism 

that results in the inhibition of expression of the IL-7 and IL-15 receptors, and impaired 

STAT5 signaling. It is important to note that mTORC2 activation induces phosphorylation 

of AKT at Ser473, whereas mTORC1 signaling is activated downstream of AKT 

phosphorylation on Thr308. Since mTORC1 inhibition correlates with enhanced memory Tc 

cell formation [19, 22, 29], it is plausible that mTORC1 activation induces a negative 

feedback regulatory loop that represses IL-7 and IL-15 receptor-signals (Fig. 2). On the 

other hand, constitutive activation of STAT5 in T cells enhances baseline phosphorylation of 

AKT at Ser473 in response to IL-15, and increases survival of effector Tc cells and 

formation of more memory Tc cells [20]. Thus, it is possible that following viral infection, 
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IL-7- or IL-15-induced STAT5-dependent targets activate mTORC2 complexes, resulting in 

enhanced effector and memory Tc cell growth and survival, while downstream mTORC1 

engagement prevents uncontrolled IL-7- or IL-15-induced STAT5 activity (Fig. 2). Thus, 

complex coordination of mTOR- and STAT5-mediated signals may be required for effector 

and memory Tc-cell longevity. It is likely that in effector T cells, mTORC1 indirectly 

controls STAT5 signaling through regulation of expression of T-bet [29] and IL-7 and IL-15 

receptors [20], while STAT5 activation promotes transcription of activators of mTORC2, 

enhancing effector T cell survival and memory T cell formation [20] (Fig. 2).

Other work also supports cross-talk between STAT5 and mTOR/AKT activation in T cells. 

IL-7 was shown to stimulate Glut1, the primary glucose transporter in immune cells, 

trafficking and glucose uptake in a STAT5-dependent manner, leading to sustained mTOR 

and AKT activation [36]. Remarkably, IL-7-stimulated phosphorylation of AKT and 

translocation of Glut1 to the cell surface were blocked by STAT5A/B RNAi in early 

lymphoid cells. Expression of a DNA-binding mutant form of STAT5A in these cells 

impaired the sustained phosphorylation of mTOR and AKT (Ser 473 and Thr 308). 

Altogether, these results suggest that activation of mTOR/AKT by IL-7 involves a 

mechanism dependent on the transcriptional activity of STAT5, further supporting the 

notion that STAT5 may induce or repress transcription of genes encoding proteins that 

regulate mTORC2/AKT activity in response to IL-7. It will be important to discern whether 

this putative role for STAT5 is specific to T cells, or it is also observed in other immune cell 

types, and whether other cytokines utilize similar STAT5-dependent mechanisms to regulate 

mTOR activation.

mTOR-dependent regulation of STATs during naïve CD4+ T cell differentiation

Naïve CD4+ T cells become activated upon TCR engagement and differentiate into specific 

effector lineages depending on the function and activity of cytokines present within the 

inflammatory microenvironment. Different cytokines activate specific STAT proteins, 

which subsequently upregulate lineage-specific transcription factors. For instance, IL-12 

promotes differentiation of Th1 cells through activation of STAT4 and T-bet, while IL-4 

induces development of Th2 cells through activation of STAT6 and GATA3. IL-6 and TGF-

β elicit Th17 cell differentiation via activation of STAT3 and RORγt, while IL-2 and TGFβ 

promote generation of Tregs through activation of STAT5 and Foxp3. Various lines of 

evidence have shown a role for mTOR in CD4+ effector lineage differentiation (reviewed in 

[23]), and recent studies have revealed cross-talk between the STAT and mTOR pathways in 

these processes. Using in vitro and in vivo models, Delgoffe et al. [37] demonstrated that 

mTOR deficiency in T cells correlates with diminished cytokine-dependent activation of 

STAT4, STAT3, and STAT6. Consequently, mTOR-deficient naïve CD4+ T cells were 

unable to differentiate into Th1, Th17, or Th2 effector cells under specific stimulatory 

conditions, and skewed towards T regulatory (Treg) cell differentiation. In this process, the 

activities of both mTORC1 and mTORC2 are required for suppression of generation of Treg 

cells [37]. Thus, it appears that the mTOR pathway integrates diverse environmental signals 

in T cells and controls T cell lineage commitment via modulating activation of specific 

STATs. However, questions remain regarding the mechanisms by which mTOR complexes 

regulate STAT activation. One potential mechanism may involve direct or indirect mTOR-
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dependent phosphorylation of STAT-proteins. In such scenario, mTOR complexes may 

phosphorylate STATs in residues required for their activation or may engage downstream 

effector kinases that phosphorylate STATs. Alternatively, mTOR-dependent signals may 

control activation of STAT-proteins by phosphorylation-independent mechanisms. 

Consistent with the latter hypothesis, a recent study demonstrated that in RHEB-deficient T 

cells activation of STAT4 and STAT3 in response to IL-12 and IL-6 is decreased, resulting 

in inability to differentiate into Th1 and Th17 cells [38]. Such reduced STAT4 and STAT6 

activation was associated with increased expression levels of suppressor of cytokine 

signaling 3 (SOCS3). On the other hand, RICTOR-deficient T cells showed reduced IL-4-

induced activation of STAT6 and failed to differentiate into Th2 cells [38]. In this case, 

RICTOR deficiency was associated with increased expression levels of SOCS5. The 

expression of SOCS proteins is cytokine-dependent and interferes with signaling from the 

inducing cytokine, either by competing with STAT proteins for binding to phosphorylated 

tyrosine residues within the receptor cytoplasmic domains or by inducing ubiquitination of 

SH2 and N-terminal bound substrates, resulting in their proteasomal degradation [39]. Thus, 

it is possible that during its engagement by the IL-12 receptor, mTORC1 negatively 

regulates SOCS3 expression and indirectly promotes differentiation of Th1 cells through 

STAT4 activation (Fig. 3). As the major role of SOCS3 is suppression of signaling by the 

IL-6 family of cytokines via inhibition of STAT3 activation [40], a proposed model for the 

regulatory effects of mTOR in IL-6 and TGFβ stimulation, involves mTORC1 repression of 

SOCS3 expression, indirectly inducing differentiation of Th17 cells via STAT3 activation 

(Fig. 3). On the other hand, under IL-4 stimulation, mTORC2 represses SOCS5 expression, 

indirectly controlling STAT6-induced differentiation of Th2 cells (Fig. 3).

It should be also noted that conditional deletion of RICTOR in T cells results in a substantial 

decrease in Th2 cell differentiation, and impaired generation of Th1 cells [41]. Transduction 

of RICTOR-deficient T cells with constitutively activated AKT plasmid rescues T-bet 

expression and generation of Th1 cells, whereas transduction of RICTOR-deficient T cells 

with constitutively active PKC-θ plasmid restores GATA-3 expression and differentiation of 

Th2 cells [41]. These results suggest that mTORC2 is critical both for generation of Th1 

cells via AKT phosphorylation at Ser473 and for development of Th2 cells via PKC-θ 

signaling (Fig. 3). However, it should be noted that in the study of Delgoffe et al. [38], 

RICTOR-deficient T cells exhibited increased phosphorylation of AKT at Thr308 and S6K1 

activation and, consequently, differentiated into Th1 cells under IL-12 stimulation. In 

contrast, in the study of Lee et al. [41], RICTOR-deficient T cells exhibited reduced AKT 

activity and defective differentiation into Th1 cells. The discrepancy between the two 

studies can be explained, at least in part, by some differences in the experimental designs. 

Delgoffe et. al. [38] bred mice with loxP-flanked Rictor alleles with mice expressing Cre 

recombinase from the Cd4 promoter and enhancer regions, while Lee et. al. [41] used mice 

expressing Cre from the distal promoter of the gene encoding the kinase Lck. Independently 

of the experimental differences, the different outcomes of these two studies could reflect 

different levels of AKT activation and raise the possibility that mTORC1 is selectively 

involved in differentiation of Th1 cells (Fig. 3).
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Prior evidence suggests that mTOR activity controls the maintenance and function of the 

CD4+ Treg cell population, which is crucial for the development of immune tolerance [42, 

43]. There is also evidence for STAT5 involvement, as RNAi of STAT5B in human CD4+ T 

cells results in decreased Treg cell numbers upon stimulation under Treg skewing 

conditions, and diminished suppressive function [44]. These findings suggest interactions 

and coordinated actions between STAT and mTOR pathways in Treg differentiation, and 

potentially function and maintenance in the periphery. Consistent with this, a recent study 

showed that T-cell-specific TSC1-deficient mice and RICTOR-deficient mice have 

increased numbers of Treg cells, which correlated with higher STAT5 activation and 

proliferation rates in response to IL-2 [45]. Rapamycin treatment was found to further 

enhance the number of Treg cells in these mice. Thus, generation of Treg cells in response 

to IL-2 stimulation appears to be controlled by TSC via rapamycin-insensitive (RI) 

mTORC1 signals and/or mTORC2-mediated signals, while STAT5 activity is required for 

their proliferation [45]. As mTORC1 inhibits expression of SOCS3 [38], which in turn 

inhibits IL-2 induced STAT5 activation [46], it is possible that rapamycin-resistant 

mTORC1 integrates IL-2 signals to suppress SOCS3 expression and enhance STAT5 

phosphorylation. In contrast, mTORC2 integrates IL-2 signals to induce SOCS3 

transcription, suppressing STAT5 activation. Thus, a balance between RI-mTORC1 and 

mTORC2 pathways and their effects on STAT-pathways appears to be required for optimal 

differentiation of Treg cells.

mTOR-dependent regulation of STAT activation in dendritic cells and 

macrophages

Monocytes and macrophages are important effectors and regulators of innate immunity, 

whereas dendritic cells (DCs) initiate and control adaptive immune responses [47]. There is 

accumulating evidence that mTOR and STAT3 signaling are required for proper 

development and function of DCs [48–51], suggesting potential cross-talk between these 

pathways. Two independent studies [52,53] demonstrated that selective mTORC1 inhibition 

using rapamycin inhibits IL-10 expression and STAT3 phosphorylation in LPS-stimulated 

DCs. Additionally, STAT3 activation is also blocked by rapamycin in LPS-stimulated 

monocytes and macrophages [54]. More recently, it was shown that treatment with an anti–

IL-10 antibody strongly reduced phosphorylation of STAT3 in LPS-stimulated monocytes, 

and that mTORC1 activity was not essential for IL-10 mediated STAT3 phosphorylation, as 

rapamycin did not affect the IL-10/IL-10 receptor-mediated activation of STAT3 [55]. Thus, 

mTORC1 activity seems to indirectly control STAT3 activation by regulating IL-10 

production [55].

Other work has shown that treatment with rapamycin decreases the expression of B7-

homolog 1 (B7-H1) in LPS-stimulated DCs, while extended exposure to catalytic mTOR 

inhibitors enhanced it [56]. Unexpectedly, LPS-stimulated RICTOR - deficient DCs 

presented reduced B7-H1 expression. These observations support the notion that a 

rapamycin-resistant and mTORC2-independent mTOR mechanism negatively regulates B7-

H1 expression. DCs conditioned with the catalytic mTOR inhibitor Torin 1 were found to 

express lower levels of SOCS3, resulting in increased activation of STAT3, increased B7-
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H1 expression, and enhanced Tregs induction. On the other hand, there was decreased 

STAT3 phosphorylation in LPS-stimulated RICTOR - deficient DCs, and no change in 

SOCS3 expression [56]. Thus, rapamycin-resistant mTORC1 appears to integrate Toll like 

receptor 4 (TLR4) signals to control SOCS3 expression and STAT3 activation, whereas 

mTORC2-depedent effector(s) seem to be required for STAT3 phosphorylation in response 

to LPS stimulation.

Regulation of STAT activation by mTORC2 complexes during engagement 

of the Type I IFN receptor

There has been extensive evidence that STAT signaling pathways play key and essential 

roles in the generation of Type I IFN responses [57–59]. Recent studies have also provided 

evidence that mTORC2 activity is required for transcriptional regulation of IFN-stimulated 

genes (ISGs) [18,60]. In addition, mTORC1-mediated signaling events are essential for 

mRNA translation of ISGs [61,62], suggesting cooperation between mTOR and STAT 

pathways for optimal expression of IFN-inducible proteins. Recent findings suggest a 

mechanism by which mTORC2-generated signals may regulate transcriptional activation of 

ISGs, via regulation of STAT1 and STAT2 activities [18]. Specifically, RICTOR and SIN1 

were found to be required for Type I IFN-induced phosphorylation of STAT1 on serine 727, 

and of STAT2 on tyrosine 689 [18]. Consequently, formation of specific STAT-DNA-

binding complexes required for expression of IFN-inducible genes is impaired in the 

absence of RICTOR or SIN. These findings can be brought together in a model for cross-

regulation of STAT-pathways by either control of mRNA translation by mTORC1 

complexes and indirect regulation of STAT-phosphorylation and transcriptional activation 

of ISGs by mTORC2 complexes (Fig. 4). An implication of this model is that competition 

for specific use of mTOR pathways between IFNs and oncogenic signals/growth factors 

may impact signaling specificity and differential biological outcomes [59] (Fig. 4).

Concluding remarks

In recent years, there has been accumulating evidence that mTOR and STAT pathways are 

critical for the control and generation of immune responses. Although the effectors of each 

pathway are required for expression of gene products that modulate key immune functions, 

there is also evidence that these pathways cross-regulate each other (Box 4). The evidence 

for a crosstalk between mTOR and JAK/STAT pathways lends support for the targeting of 

these two pathways as new treatment strategies for several disorders [63,64]. Notably, there 

is already evidence that treatment of myeloproliferative neoplastic cells with JAK2 

inhibitors (AZD1480 and ruxolitinib) in combination with mTOR inhibitors (RAD001 and 

PP242) results in synergistic anti-proliferative effects when compared to each drug used 

alone [64]. The continuation of this work, including studies to precisely define elements 

accounting for cross-regulation between the two pathways, may ultimately lead to the 

development of more selective and potent therapies for the treatment of autoimmune 

disorders and/or certain malignancies.
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Box 4

Proposed mechanisms underlying the interaction between mTOR and 
STAT pathways in immune cells

There is evidence that mTOR and STAT pathways cross-regulate each other by either 

inducing or suppressing their activation in several immune cell types. However, several 

of the proposed mechanisms remain to be confirmed and the sequence of events precisely 

defined. Below is a list of suggested mechanisms/hypotheses regarding potential mTOR 

and STAT interactions in immune cells:

1. mTOR complexes regulate expression of SOCS genes and/or proteins and other 

mTOR-dependent targets, which directly interfere with cytokine-induced STAT 

phosphorylation [18, 29, 38, 45, 55, 56, 80–82].

2. mTOR phosphorylates serine residues within the STATs transactivation domain, 

promoting STAT-induced gene transcription [83].

3. mTORC2 complexes control activation of other kinases that activate/

phosphorylate STATs and modulate their activities [18].

4. STAT-dependent gene products are required for cytokine-induced activation of 

mTOR [19, 20, 36].

5. STAT3 controls mTOR activity in response to different cytokines. Cytokines 

activate TYK2 and JAK1, which phosphorylate intracellular receptor domains 

creating a binding site for PI3K. STAT3 can act as an adapter protein linking 

PI3K to cytokine receptors, resulting in activation of AKT/mTOR pathways 

downstream of PI3K [reviewed in 84].
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Highlights

• Critical roles for mTOR and STAT signaling pathways in the control of immune 

cell fate

• Emerging evidence for crosstalk between mTOR and STAT pathways in 

immune regulation

• Cooperation between these pathways enables optimal induction of immune 

responses

Saleiro and Platanias Page 15

Trends Immunol. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1. 
mTOR complexes. mTORC1 and mTORC2 share mTOR as their common catalytic subunit, 

however, they also include unique elements in their structures. These two complexes have 

different upstream positive (represented in yellow) and negative (represented in blue) 

regulators and exert distinct biological functions.
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Figure 2. 
Cross-regulation of effector/memory Tc cell fate by mTOR- and STAT-pathways. Proposed 

model for cross-talk of mTOR and STAT signals in response to TCR-engagement or 

treatment with different interleukins. Dashed lines represent possible intermediate pathways 

accounting for regulation between mTOR complexes and STATs. Abbreviations: SDGP, 

STAT-dependent gene product; TA, transcriptional activation; Eomes, Eomesodermin.
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Figure 3. 
Proposed models for cross-regulation between mTOR and STAT pathways in CD4+ T cells. 

Naïve CD4+ T cells become activated upon TCR engagement and differentiate into specific 

effector lineages depending on the function and activity of cytokines present within the 

inflammatory microenvironment. Dashed lines represent possible intermediates accounting 

for regulation between mTOR complexes and STATs.

Saleiro and Platanias Page 18

Trends Immunol. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. 
Proposed model for potential competition for the use of the mTOR pathway between 

interferons (IFNs) and oncogenic signals/growth factors (OS/GFs) for transcription of genes 

and mRNA translation/protein expression of products that account for distinct and opposing 

biological responses. In the case of the Type I IFN receptor there is also documented cross-

regulation of STAT-pathways by mTORC2-dependent phosphorylation of STAT1 and 

STAT2, although the intermediate kinases and specific pathways involved remain to be 

identified. Abbreviations: ISG, IFN-stimulated genes; MG, mitogenic genes; TF, 

transcription factors.
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