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Mammalian target of rapamycin

(mTOR) kinases are emerging as master

regulators of cellular metabolism [1].

During an infection, pathogens seek nu-

trition to survive and often exploit host

machinery that controls cellular metabolic

processes. Moreover, pathogens can sub-

vert host metabolism by targeting mTOR

complexes to gain a replicative advantage.

Conversely, host cells regulate the mTOR

axis to facilitate pathogen clearance.

Intriguingly, in addition to their role in

the regulation of metabolism, mTOR

complexes regulate both the quality and

quantity of innate and adaptive immune

responses. Here we propose that drugs

strategically targeting mTOR, perhaps in

opposing ways in distinct cell types, could

influence the immunological outcome of

host–pathogen interactions and also act as

effective antibiotics by limiting pathogen

replication.

Targeting Immune Cell
Metabolism in the Complex
Host Pathogen Struggle

During infections, proinflammatory and

anti-inflammatory immune responses are

cross regulated to achieve host protection

while limiting pathologic insult [2]. This

synchronized and swift mounting of an

immune response is metabolically altering

and demanding [1]. Innate and adaptive

stimulation trigger not only activation of

the immune system and proliferation of

effector cells but also induce the uptake

and utilization of extracellular nutrients

(e.g. free fatty acids, glucose, and gluta-

mine) and growth factors (e.g. GM-CSF,

IL-2) and the release of lactic acid and

other cellular waste products [3–5]. Im-

mune cells sense nutritional cues from the

microenvironment to switch between met-

abolically inactive and active stages [6].

Inflammatory mediators (TNF) and cyto-

kines (IL-4, IL-6) can alter a cell’s insulin

responsiveness and may impact the gen-

eral host glucose metabolism [7]. Con-

versely, extracellular nutrients may direct-

ly modulate immune response [8].

Pathogens often exploit host metabolic

pathways and survival machineries as an

adaptive strategy for their persistence and

proliferation [2]. However, to date effec-

tive antibiotics targeting mTOR activity

have not been developed. We opine that

recent advances in both gene therapy and

nanotechnology [9,10] will enable investi-

gators to alter mTOR activity distinctly in

specific cell types, and these will become

potent antibiotics by limiting pathogen

replication and augmenting protective

immune responses.

mTOR Evolution…from Cell
Metabolism to Host Defense?

mTOR is a serine/threonine kinase that

performs fundamental roles in integrating cell

growth and metabolism [1]. In the mamma-

lian host, there are two related signaling

complexes known as mTORc1 and

mTORc2. The mTORc1 complex induces

phosphorylation of the ribosomal protein S6

and the translation-initiation inhibitor 4E-

BP1. mTORc2 regulates phosphorylation of

serine 473 of Akt as well as the organization

of the actin cytoskeleton [11]. In the immune

cells, mTOR complexes regulate key meta-

bolic processes of cell survival including

protein synthesis, glucose and lipid metabo-

lism, autophagy, and apoptosis [12]. Inter-

estingly, mTOR itself is highly conserved but

the signaling pathways altered by mTOR

activity have evolved considerably [13]. That

is, whereas amino acid sequences of the core

mTOR signaling proteins are well conserved,

the signaling nodes that make use of the

mTOR complexes have evolved consider-

ably as eukaryotes have transitioned from

single-cell organisms to humans. For instance,

signaling pathways initiated by insulin and

TNFa binding, which evolutionarily devel-

oped after mTOR, have co-opted parts of

mTOR signaling machinery to deliver their

biological effect. Thus, the mTOR core

assumed more responsibilities without adding

more functional domains. In addition to

evolutionary pressures, it is tempting to

speculate that pathogens also played a role

in the evolution of mTOR signaling. Since

initially the main role of mTOR was to

regulate cellular metabolism, it was well

positioned to sense invading microbes that

hijacked cellular metabolism to feed their

own replication. Thus as immune systems

developed, the signaling pathways that regu-

lated immunity also took advantage of the

mTOR pathway as a means to detect and

control pathogen replication, and as such

pathogens have targeted this pathway as a

means to ensure their survival and replica-

tion. Table 1 provides a list of pathogens and

their targets in the mTOR signaling cascade.

For instance, initial interactions between

invading pathogens and dendritic cells

(DCs) initiate a sequence of events leading

to DC maturation and migration to the

draining lymph nodes [14]. However, many

invading pathogens have devised strategies to

induce DC paralysis by targeting key signal

transduction pathways such as PI3 kinase-

Akt-mTOR pathways. HIV-1 activates

mTOR through HIV-1ENV-mediated signal

transduction, which impedes autophagy in

mucosal DCs, resulting in reduced autopha-

gosome degradation, less processing and

presentation of HIV-1 antigens, and en-

hanced viral transfer from DC to CD4+ T

cells [15]. Likewise, herpes simplex virus 1

uses viral kinase Us3, a functional surrogate
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of Akt, to phosphorylate tuberous sclerosis

complex 2 (TSC2), constitutively activating

mTORc1 and circumventing S6K-mediated

feedback inhibition to enhance production of

viral proteins [16]. In EBV triggered lym-

phomas, rapamycin is able to serve a dual

role as protector against GVHD and as an

antitumor agent by limiting an IL-10 auto-

crine growth pathway, resulting in less tumor

growth [17]. Along the same lines, bacterial

infections (Staphylococcus aureus, Listeria monocy-

togenes) are known to activate the mTOR

complexes in DCs, triggering the production

of the anti-inflammatory cytokine IL-10 and

thereby promoting their survival in the host

[18]. Conversely, inhibition of mTOR in

APCs was found to induce IL-12 production

and robust T helper 1 (Th1) and Th17

polarization, thus facilitating pathogen clear-

ance [19]. Blocking mTORc1 in macro-

phages increases IL-12 production and

decreases IL-10 production during infections

with Leishmania donovani and Leishmania major.

Toxoplasma gondii targeting of mTORc2

may limit the mobility of the host cell and

may prevent the spreading of the infection

[20]. Hence, based on the timing, cell type,

and pathogen, alterations to mTOR signal-

ing can have beneficial or harmful conse-

quences for the host.

Studies of Leishmania infection in mac-

rophages have shown that virulence fac-

tors directly modulate mTOR stability

[21]. The leishmanial metallo-glycoprotei-

nase Gp63 cleaves the mTOR complex to

downregulate the host translational ma-

chinery by activating the transcriptional

repressor 4-EBP1. This results in substan-

tially reduced production of the host

protective type I interferon (IFNa/IFN-b)

and iNOS (induced nitric oxide synthase).

Nevertheless, mTOR inhibition could

possibly enhance the host protective IL-

12 production and impede pathogen-

supportive IL-10 production, which would

give rise to Th1 and Th2/Treg responses,

respectively [22]. Thus, pathogens seek

survival within the host cells while host

cells link mTOR signaling to a pathogen-

clearance mechanism (Figure 1). Togeth-

er, these observations indicate that path-

ogens have evolved to target mTOR, the

key metabolic spigot of the APCs. How-

ever, mTOR inhibition is wired to a host

protective ‘‘proinflammatory program’’ in

the host APCs, which reverses signals to

amplify antimicrobial adaptive immune

response.

Paradigms and Perils of the
Therapeutic Targeting of mTOR

We speculate that many potential path-

ogen targets exist which could be influ-

enced for the benefit of the host by

modulating mTOR signaling. Robust gen-

eration of the type I interferons (IFN-a and

IFN-b) from DCs is one of the crucial early

innate antiviral immune responses. It has

been demonstrated that blocking mTOR

or its downstream signaling molecules

impairs the production of type I interferon

from plasmacytoid DCs; thus, preemptive

activation of mTOR signaling in DCs

could stop many infections before they get

a chance to establish a foothold. However,

blocking mTOR signaling could be bene-

ficial for the replication of therapeutic

oncolytic viruses, which are sensitive to

type I interferon [23]. Additionally since

mTORc1 activation enhances lipid biosyn-

thesis [24] (which is associated with host

resistance to Leishmania infection [25]), it is

reasonable to speculate that activation of

PPAR-c and SREBP (which link mTOR to

fatty acid metabolism) could be an effective

strategy for increasing fatty acid production

during infection, as this increase in lipid

biosynthesis would in turn impair parasite

survival. Thus, selective and rational tar-

geting of mTOR or its downstream signal-

ing pathways linking to specific metabolic

pathways in DCs can enhance the overall

efficacy of this approach.

mTOR complexes are also implicated

in the generation of durable and function-

al antimicrobial memory T cell responses.

Rapamycin administration leads to an

enhancement of the quality and quantity

of memory T cell responses in the

lymphocytic choriomeningitis virus

(LCMV) model [26]. A recent study that

examined the distinct downstream tran-

scriptional programs of mTOR in a tumor

model has pinpointed mTOR as a deter-

minant in effector versus memory CD8+ T

cell fate [27]. Clarifying whether memory

T cell generation is synergistically or

reciprocally regulated through mTORc1

and mTORc2 will help to further fine-

tune the ideal target for therapeutic

intervention. To better understand the

immunological and metabolic conundrum

of mTOR, an integrated view of the

mTOR-regulated lymphokine expression

and surface molecular expression on APCs

and T cells during an infection would

produce insight into the right target and

timing of the therapeutic intervention. It

remains to be seen mechanistically, im-

munologically, and biochemically whether

targeting the mTORc1 and mTORc2

complexes with pathogen-derived factors

such as glycoproteins will shift the balance

between proinflammatory and anti-in-

flammatory T cell responses in favor of

pathogen survival.

Table 1. DNA viruses that target mTOR signaling pathways.

Molecular Targets Viruses or Viral Proteins References

PI3 kinase* PyV (Py-middle tumor antigen), HPV (HP-virus-like particles) [30,31]

PP2A (inhibits Akt activation) polyomavirus small T-antigen, simian virus small tumor antigen, human papillomavirus E7 [32–34]

Akt (PKB)* myxoma virus ankyrin repeat, host range factor M-T5, herpes simplex virus-1 uses viral kinase Us3 [16,35,36]

mTORc2* HCMV [37]

AMPK (inhibits TSC)* HCMV [38]

TSC (inhibits Rheb-GTP) human papillomavirus E6 oncoprotein (HPV-E6) [34,39]

mTORc1* HIV-1 Env, HCMV [15,40]

PP2A (which activates 4E-BP) simian virus small tumor antigen (SVST), adenovirus E4-ORF4 [41,42]

4E-BP (inhibits the eLF4F complex) HSV, VV [43,44]

eIF4F complex* HCMV, simplex virus protein ICP0, VV [43,45,46]

*Virus activates the target. Unmarked, virus inhibits the target. PKB, Protein Kinase B; AMPK, AMP-activated kinase; TSC, tuberous sclerosis complex; PP2A, Protein
Phosphatase 2A; 4E-BP, eIF4E binding protein; elF4F, eukaryotic elongation factor complex consisting of elF4E, elF4G, elF4A, and MnK1; PyV, polyomavirus; HPV,
human papillomavirus; HCMV, human cytomegalovirus; HSV, herpes simplex virus; VV, vaccinia virus.
doi:10.1371/journal.ppat.1002894.t001
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Figure 1. Reciprocal consequences of mTOR activation in APCs and T cells may be host protective or disease promotive. Innate (e.g.
TLRs) or adaptive signals (e.g. CD40) trigger the PI3 kinase-Akt-mTOR signaling cascade in the APCs. Activation of mTORc1 leads to the
phosphorylation of 4E-BP1/2 and initiation of protein translation. Pathogenic virulence factors such as Gp63 and antibiotic rapamycin (RAPA) inhibit
mTOR activation and hence downregulate translation of type I interferons and iNOS (inducible nitric oxide synthase). Inhibition of 4E-BP1/2 can
selectively upregulate translation and hence may be an attractive drug target. mTOR activation can also upregulate anti-inflammatory molecule IL-10
and inhibits the proinflammatory molecules, such as IL-12. IL-10 may skew Th0 cells to the disease-promoting Th2/Treg cells, whereas IL-12 and other
proinflammatory cytokines can enhance the Th1/Th17 axis. Activation of mTOR signaling by inhibition of TSC1/TSC2 (tuberous sclerosis complex) or
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In the context of the apparently contrast-

ing immunological outcomes of mTOR’s

function in T cells and APCs [28], designing

drugs capable of modulating the mTOR

signaling axis to fight against infectious

diseases becomes especially challenging.

For instance, in leishmaniasis the primary

effect of mTOR blockade in APCs by the

metalloprotease Gp63 is to reduce transla-

tion by activating the translational repressor

4E-BP1. However, mTOR inhibition within

T cells could force them to differentiate into

Treg/Th2 cells, which would likely perpet-

uate the infection. Therefore, we envision a

targeting regime that involves the simulta-

neous inhibition of 4E-BP1 in APCs and the

activation of mTOR in CD4 T cells to

enhance the host protective Th1 response in

the early stages of infection. Since the

hallmark of a durable anti-leishmanial im-

mune response is an augmentation of the

quality and quantity of memory T cells, we

propose that the pathogen-specific recall

responses can be enhanced by targeting

mTOR inhibitors to the memory cells in

vivo to enhance their differentiation. Treg-

specific activation of mTOR by inhibiting

upstream inhibitors of mTOR signaling

such as TSC1/TSC2 or PTEN can reduce

the Foxp3 expression and may break

tolerance. Targeting memory cells and Treg

cells can be especially beneficial during the

later stages of infection. By extension, use of

metalloprotease Gp63, either alone or in

combination with other drugs, may offer

scope for rational therapeutic interventions

against autoimmune diseases such as multi-

ple sclerosis, wherein type I interferons

aggravate the disease [29].

Conclusions and Perspectives

Pathogens are armed with virulence

factors that target mTOR to manipulate

the host towards a unique metabolic state

with immunological outcomes that favor

pathogen survival. In contrast, there are few

effective antibiotics that alter the host

metabolism to favor pathogen clearance.

One reason for this is that systematic

delivery of metabolism-altering agents such

as rapamycin often has opposing actions:

they limit pathogen replication but also alter

the immune response to limit pathogen

clearance. We propose the design of drugs

that promote distinct and likely contradic-

tory immunological changes in the APC and

T cells. For instance, the optimal therapy to

combat Leishmania would activate mTOR in

macrophages and effector T cells while

suppressing mTOR in T cells destined to

become memory cells. This would limit

pathogen replication, promote immunity,

and generate protective memory. This

therapeutic modality of reversion of pro-

pathogenic metabolic phenotype may lead

to host protection that could rightly be called

‘‘immuno-metabolic therapy.’’ Thus, the

differential host and pathogen, immune cell

type-specific and disease phase–specific

functions of mTOR represent a conundrum

that must be carefully considered.
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