
Yao Anthony (Orcid ID: 0000-0003-3838-8795) 
van Wijngaarden Peter (Orcid ID: 0000-0002-8800-7834) 
 
 
Review 
 

Metabolic pathways in context: mTOR signalling in the retina 
and optic nerve 

 
Anthony Yao MBBS1 & Peter van Wijngaarden PhD FRANZCO1,2 

 
1. Centre for Eye Research Australia, Royal Victorian Eye and Ear Hospital, 32 

Gisborne St, East Melbourne, Victoria, Australia  
2. Ophthalmology, Department of Surgery, University of Melbourne, Melbourne, 

Australia 
 
Correspondence: Peter van Wijngaarden, Centre for Eye Research Australia, Royal 
Victorian Eye and Ear Hospital, Melbourne, Australia 
Email: peterv@unimelb.edu.au 
 
Short running title: Retinal and optic nerve mTOR signalling 
 

Received 22 April 2020; accepted 5 July 2020 
 
Funding sources / Financial disclosure: The Centre for Eye Research Australia 
receives Operational Infrastructure Support from the Victorian Government. 
 
Conflict of interest: None 
 
Ethic statement: None required. 
 

This article is protected by copyright. All rights reserved.

This is the author manuscript accepted for publication and has undergone full peer review but
has not been through the copyediting, typesetting, pagination and proofreading process, which
may lead to differences between this version and the Version of Record. Please cite this article
as doi: 10.1111/ceo.13819

http://orcid.org/0000-0003-3838-8795
http://orcid.org/0000-0002-8800-7834
http://dx.doi.org/10.1111/ceo.13819
http://dx.doi.org/10.1111/ceo.13819


 
 
  

This article is protected by copyright. All rights reserved.



ABSTRACT 
 
The mechanistic target of rapamycin (mTOR) signalling network plays a key role in 
growth and development, autophagy, metabolism, inflammation as well as ageing, 
and it is therefore important in ocular health and disease. mTOR dysregulation has 
been identified in a range of conditions, including age-related macular degeneration, 
diabetic retinopathy, retinitis pigmentosa, traumatic optic neuropathy and glaucoma. 
Experimental modulation of the pathway has contributed to the understanding of 
these diseases and offers the potential for new avenues of therapy. This review 
discusses the mTOR pathway and its role in health and in diseases of the retina and 

optic nerve. 
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1. BACKGROUND 
 

1.1. Dirty origins 
 
The mechanistic target of rapamycin (mTOR) is a highly conserved serine/threonine 
protein kinase that plays a central role in cellular growth, metabolism and 
autophagy. Accordingly, the mTOR pathway has wide-ranging implications for 
systemic as well as ocular health and disease. Understanding of the pathway 
blossomed following the discovery of a potent inhibitor compound isolated from a 
soil bacterium. The Streptomyces genus of bacteria has been an important tool for 

drug discovery for decades, being the source of a wide variety of  antimicrobial, 
immunosuppressant, anti-cancer and antihypertensive compounds1. Analysis of a 
sample of Streptomyces hygroscopicus, isolated from the soil of Easter Island (Rapa 
Nui) in the 1970s, identified a macrolide antibiotic named rapamycin in recognition 
of its site of origin. The compound was initially considered to be significant for its 
antifungal properties, however over the subsequent years the immunosuppressive 
properties of rapamycin gained attention and the drug was alternately named 
sirolimus, after the discovery of its structural similarities with the 
immunosuppressant tacrolimus2. Further research revealed that rapamycin acts by 
binding to immunophilin FK-506-binding protein 12 (FKBP12) and inhibits 
phosphorylation of a signalling complex named the mechanistic target of rapamycin 
(mTOR) complex 1, after the drug3.  
This review provides an introduction to the signalling pathway and its importance in 
eye health and in diseases. It does not intend to provide an exhaustive account of 
the intricacies of the pathway and its regulation. Readers interested in a more 
detailed interrogation of mTOR signalling are directed to a number of authoritative 
reviews that have been published on the subject4,5,6. 
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1.2.  An introduction to the mTOR pathway 
 
In mammals, mTOR forms the core component of two structurally and functionally 
distinct signalling complexes. mTOR complex 1 (mTORC1) is the metabolic “master 
regulator”, involved in both anabolism and catabolism as a mediator of protein 
synthesis, cell growth and autophagy. It consists of three core proteins including 
mTOR and regulatory protein associated with mTOR (Raptor), as well as protein 
regulators such as the proline-rich AKT substrate (PRAS40)5,7. In contrast, mTOR 
complex 2 (mTORC2) is less sensitive to rapamycin, and promotes cell survival via 
phosphorylation of the AGC protein kinase family (PKA/PKG/PKC) and regulates 

cytoskeleton dynamics7, as well as playing a role in neovascularisation8. It consists 
of three core components including mTOR and rapamycin-insensitive companion of 
mTOR (rictor)4,7. 
 

1.3.  Upstream regulators 
 
The mTOR complexes play central roles within cells in the integration of a diverse 
range of signals. The mTORC1 signalling network senses inputs from growth factors 
and cytokines, as well as levels of energy substrates, amino acids and oxygen5. In 
the context of adequate substrate and energy conditions, mTORC1 signalling 
mediates a wide range of anabolic processes. The tuberous sclerosis complex (TSC) 
is a key negative regulator of mTORC1. It inactivates the Ras homolog enriched in 
brain (Rheb) GTP-ase, suppressing mTORC1 activity6. The insulin/insulin-like growth 
factor 1 (IGF1) pathway activates mTORC1 via the phosphorylation and inactivation 
of TSC at multiple sites – through protein kinase B (AKT/PKB), extracellular-signal-
regulated kinase 1/2 (ERK1/2) and ribosomal S6 kinase (RSK1). By phosphorylating 
and dissociating the inhibitory PRAS40 from Raptor, AKT also affects mTOR in a 
TSC-independent fashion4,5. 
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Amino acids regulate mTORC1 via Ras-related GTPase (Rag) proteins, of which there 
are four (RagA to RagD). The presence of amino acids triggers the formation of an 
active state (RagA/B(GTP)-RagC/D(GDP)) which then binds to Raptor and 
translocates mTORC1 to the lysosomal surface, where Rheb is located, via the 
Ragulator complex9. Both Rag and Rheb are required for mTORC1 activation, 
meaning that growth factor and amino acid regulation of mTOR are inter-linked5. 
 
Several cellular stressors act through TSC signalling to also affect mTORC1, including 
low ATP levels, hypoxia and DNA damage5. Glucose deprivation activates adenosine 

monophosphate-activated protein kinase (AMPK), which in turn activates TSC2 to 
inhibit mTORC1, as well as directly phosphorylating Raptor5. Hypoxia leads to the 
activation of TSC2 by inducing expression of transcriptional regulation of the DNA 
damage response 1 (REDD1 or RTP80110). Finally, DNA damage negatively regulates 
mTORC1 through TSC2, AMPK, as well as phosphatase and tensin homolog deleted 
on chromosome 10 (PTEN)4. mTORC2, on the other hand, is insensitive to nutrients 
but responds to insulin/PI3K signalling, and is also affected by mTORC1 by way of a 
PI3K negative feedback loop5. 
 
Figure 1: Examples of mTOR signalling pathways and cellular effects 4,5,11,12 
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1.4.  mTOR in cellular growth and proliferation 

 
mTOR is the main nutrient-sensitive mediator of growth in animals12, sensing 
nutrient availability and promoting protein synthesis and cellular growth when 
energy and nutrient conditions are favourable. mTORC1 mediates protein synthesis 
by phosphorylating two regulators of mRNA translation: S6 kinase 1 (S6K1) and 

This article is protected by copyright. All rights reserved.



eukaryotic translation initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1)5, which 
activate multiple effectors of mRNA translation and contribute to ribosomal 
assembly, respectively4,5. 
In addition to protein synthesis, mTORC1 also mediates lipid synthesis through sterol 
regulatory element-binding protein (SREBP) transcription factor6. Furthermore, 
mTORC1 activates the translation of hypoxia inducible factor 1α (HIF-1α), which 

promotes glycolytic flux4,5 and is a key transcription factor for vascular endothelial 
growth factor (VEGF)13. Figure 1 summarises some of the main regulators and 
effectors of the mTOR signalling pathway. 
 

1.5.  mTOR and development 
 
mTOR signalling is critical for neurogenesis and is therefore pivotal for normal 
neurological development. It serves important roles in stem cell differentiation, 
neuronal structure, dendritic morphogenesis and axon outgrowth3,. The activity of 

RTP801, an endogenous negative regulator of mTOR, decreases as development 
progresses, and thus enhanced mTOR function promotes the maturation of neuronal 
progenitor and newborn neurons14. Dysfunction of the mTOR pathway may be 
associated with neurodevelopmental disorders, such as tuberous sclerosis15. 
 
The mTOR pathway regulates neurogenesis in the eye and precise spatiotemporal 
regulation of pathway activity is central to normal development of the retina and 
optic nerve16. mTOR pathway activity is temporally associated with retinal ganglion 
cell (RGC) differentiation in rat and human models17. Furthermore, studies of the 
Drosophila retina have shown that experimental mTOR pathway activation causes 
premature differentiation of photoreceptors, while mTOR inhibition delays 
differentiation16. Similarly, mouse models of mTORC1 hyperactivation have 
demonstrated precocious development of retinal cells that can be arrested by 
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rapamycin18. The loss of mTOR signalling induced by experimental deletion of Raptor 
or rictor in mouse models has been associated with abnormalities in cone outer and 
inner segment morphology19. Curiously, the loss of either mTORC1 or mTORC2 alone 
in knockout mice does not appear to affect cone function on electroretinography 
(ERG) at 1 year of age, however significant functional losses are evident upon 
combined loss of mTORC1 and mTORC219. mTOR also plays a role in vascular 
development via HIF-1α mediated VEGF expression, and disruption of this pathway 

through mTORC1 inhibition has been shown to delay, but not completely suppress 
models of retinal vascularisation20. 
 

1.6.  mTOR and autophagy  
 
The mTOR pathway plays an important role in regulation of autophagy, chiefly via 
mTORC1 mediated suppression of macroautophagy. Macroautophagy is a cellular 
recycling process in which proteins and organelles are degraded, yielding substrates 

for reuse and removing dysfunctional cellular constituents. This process begins with 
phagophore formation, mediated by proteins of the UNC51-like kinase (ULK) 
complex (including ULK1). The material to be phagocytosed is encompassed by a 
double membrane structure, known as an autophagosome, which then fuses with a 
lysosome, degrades the material and mobilises substrates for reuse in the cell. Thus, 
in response to a diverse array of stresses – including starvation, hypoxia and 
infection – macroautophagy recycles a wide array of resources including 
carbohydrates, lipids and minerals for redeployment in cells21. Impairment of 
autophagy, for instance through sustained mTORC1 activation, results in the loss of 
a quality control mechanism by which misfolded proteins and dysfunctional 
organelles can be removed. Autophagic dysfunction has been implicated in a number 
of neurodegenerative diseases, including Alzheimer’s disease and Parkinson’s 
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disease, in which protein aggregation is a key feature15. Accordingly, inhibitors of 
mTORC1, such as rapamycin, have therapeutic potential in these diseases15. 
 
Autophagy is essential for ocular health. For example, retinal pigment epithelium 
(RPE) cells are post-mitotic and have limited renewal capacity, but are protected 
from the toxic effects of accumulated proteins by a high basal rate of autophagy in 
healthy retinas22,23. In vitro studies of ethanol toxicity on a human RPE cell line 
(ARPE-19 cells) have demonstrated that inhibition of autophagic clearance leads to 
increased cell death, as autophagy plays a protective role by removing fragmented 
mitochondria24. 

By the same token, pro-survival autophagic processes are upregulated in retinal 
ganglion cells (RGCs) in response to stress, including in studies of optic nerve crush 
or experimental intraocular pressure (IOP) elevation22,23. 
Autophagy is thus of great interest in the understanding and treatment of several 
ophthalmic conditions including age-related macular degeneration (AMD), diabetic 
retinopathy (DR), glaucoma and retinal dystrophies22. Many of these insights were 
obtained in studies involving modulation of the mTOR pathway, particularly with 
rapamycin. Advances in our understanding of autophagy and the development of 
therapies to selectively modulate autophagic pathways could offer great therapeutic 
potential for a wide range of diseases22. 
 

1.7.  mTOR in immune function 
 
The mTOR pathway plays a complex role in the immune system and has a broad set 
of influences on lymphocyte function and metabolism. mTORC1 and mTORC2 
signalling impact helper T-cell (Th1, Th2, Th17 and Tfh) differentiation, and 
mTORC1 appears to be critical for regulatory T-cell (Treg) function5,25. Rapamycin 
(sirolimus) has immunosuppressant activity via the inhibition of mTORC1 and thus T-
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cell inactivation, and it was approved in 1999 by the US Food and Drug 
Administration as a drug for use in renal transplant recipients2,5. Furthermore, 
rapamycin has additional anti-inflammatory activities via the inhibition of 
cyclooxygenase-2 (COX-2) mRNA expression and prostaglandin E2 (PGE2) 
production26. Accordingly, there has been interest in the potential of rapamycin as 
an immunosuppressant in ophthalmic conditions, particularly in non-infectious 
uveitis, given the central role of helper T-cell activation and clonal expansion of Th 
cells in the disease27. A number of preclinical studies of the drug have highlighted 
the potential of intravitreal rapamycin in non-infectious uveitis and human clinical 
trials of the drug are underway2,27,28,. The immunological effects of mTOR inhibitors 

have also been of interest for a range of other diseases including AMD26 and DR29, 
as discussed below (see Table 1). 
 

1.8.  mTOR and ageing 
 
Rapamycin is one of a small number of therapies that have been demonstrated to 
extend the lifespan of organisms across a wide phylogenetic range – from yeast 
(Saccharomyces cerevisiae), to nematodes (Caenorhabditis elegans), flies 
(Drosophila melanogaster) and even mammals (Mus musculus) – and this effect is 
considered to be mediated via mTOR. Given the conservation of the pathway in 
these species, the influence of the mTOR on longevity is likely to extend to humans 
as well5. However, the mechanisms by which mTOR influences ageing are complex 
and not yet fully elucidated. Key candidate effects include those on the regulation of 
mRNA translation, the activation of autophagy and the downregulation of 
inflammation.  
 
Ageing is an important factor in a range of eye diseases and accordingly, mTOR 
signalling is likely to play a role in these diseases. For example, studies of aged RPE 
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cells have demonstrated increased mTORC1 activity and recruitment to the 
lysosomal surface, and this has been associated with a reduced capacity of the cells 
to phagocytose shed photoreceptor outer segments30. The phagocytic function of 
RPE cells is integral to retinal health and dysfunction of the process has been 
implicated in the pathogenesis of AMD31.  
 

1.9.  mTOR and cancer 
 
The mTOR signalling network is implicated in the deregulation of many oncogenic 
pathways, chiefly via mTOR hyperactivation due to pathway activating mutations or 

the loss of inhibitory regulators32. In some cancers mTOR is constitutively activated 
and independent of environmental stimuli and this favours tumour growth7. Indeed 
the PI3K/AKT/mTOR pathway is one of the most frequently activated pathways in 
cancer and is considered to play a central role in some 30-50% of tumours33. 
Accordingly, two rapamycin derivatives (everolimus and temsirolimus) are FDA 
approved therapies for cancer, and several second-generation ATP-competitive 
mTOR inhibitors and a number of dual PI3K/mTOR inhibitors are in development34. 
 
Interestingly, the mammalian retina shares a special metabolic phenomenon of 
aerobic glycolysis with neoplastic cells. This is known as the Warburg effect, and is 
partially mediated by HIF-1α, which is itself regulated by mTORC111. Aerobic 

glycolysis promotes a “metabolic budget system” that sustains the energy demands 
of proliferating tumour cells. Similarly, in the retina, the Warburg effect is thought to 
sustain the biosynthetic demands of constant photoreceptor outer segment 
turnover35. The ramifications of mTOR inhibition on this effect have not yet been 
elucidated. 
 

2. MTOR IN RETINAL DISEASES  
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The centrality of the mTOR pathway to cell growth, metabolism, autophagy and 
immune function means that dysregulation of the pathway is important in a range of 
retinal diseases including, but not limited to AMD, DR and retinitis pigmentosa (RP). 
 
Table 1: Summary of clinical trials of mTOR inhibitors in retinal disease 

Drug Condition Evidence 
Sirolimus 
(rapamycin) 

Non-infectious 
Uveitis 

Phase III trials of 440μg intravitreal 
injection – trials ongoing27 

AMD (GA) Phase II trial of 3-monthly 440μg 
subconjunctival injection (n=8), vs 
untreated fellow eye – no benefit36 

Phase II trial of monthly 440μg intravitreal 
injection (n=27), vs sham – no benefit37 

AMD (CNV) Phase II trial of second-daily 2mg oral 
tablet (n=3), vs daclizumab, vs infliximab, 
vs no immunosuppression – no benefit38 

Phase II trial of 2-monthly 440μg 
intravitreal injection plus aflibercept 
(n=10), vs aflibercept alone – awaiting 
results39 

Phase II trial of 2-monthly intravitreal 
injection (n=18), vs anti-VEGF therapy – 
awaiting results40 

DMO Phase I/II trial of 440μg subconjunctival 
injection (n=5), vs fellow eye – appears 
safe, efficacy studies required41 

RES-529 
(Palomid 
529) 

AMD (CNV) Phase I trial of monthly 1.9mg 
subconjunctival injection (n=5) – appears 
safe, efficacy studies required42 
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2.1. Non-exudative AMD and mTOR 

 
AMD is a complex disease with multiple pathogenic mechanisms, many of which 
intersect with the mTOR pathway – namely factors such as ageing, autophagy and 
immune function. Indeed, robust mTOR pathway activation can be detected in 
multiple models of AMD, and treatment with rapamycin has a protective effect and 
ameliorates AMD-like pathology43,44,45. In AMD, RPE dysfunction and degeneration 
are hallmarks of AMD which precede geographic atrophy (GA) and choroidal 
neovascularisation (CNV)46. RPE forms part of the protective blood-retinal-barrier, 

which contributes to retinal immune privilege and allows nutritional support to be 
transported to photoreceptors31. The RPE is also responsible for phagocytosis and 
degradation of shed photoreceptor outer segments and recycling of molecules that 
support the visual cycle. Ageing is associated with the progressive accumulation of 
lipofuscin in the cytoplasm of RPE cells which inhibits lysosomal activity and 
autophagy47. In vitro studies have shown that a major component of lipofuscin, N-
retinyl-N-retinylidene ethanolamine (A2E), has a detrimental effect on RPE and 
upregulates inflammatory factors as well as VEGF-A43.  
Inflammation, another factor that can be modulated by mTOR pathways, may also 
play an important role in AMD pathogenesis. Chronic inflammation can contribute to 
the formation of drusen, extracellular subretinal deposits, which are themselves 
likely pro-inflammatory48. RPE degeneration is thought to foster a pro-inflammatory 
microenvironment, characterised by inflammatory cell infiltration and a dysregulated 
parainflammatory response26,49. The effects of the mTOR pathway therefore overlap 
with several pathogenic processes in AMD. Accordingly, the pro-autophagic and 
immunosuppressive actions of mTOR inhibitors make them attractive candidates for 
the treatment of AMD. 
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2.2.  Non-exudative AMD – clinical trials of mTOR modulators 
 
Interventional studies targeting the mTOR pathway in non-exudative AMD have 
largely focussed on the use of rapamycin in late stage disease. Wong et al. studied 
subconjunctival rapamycin (sirolimus) in delaying the progression of GA in a small 
open-label phase II trial. Although the treatment was well tolerated, no significant 
differences were observed in the progression of GA between 8 treated and fellow 8 
untreated control eyes, however visual acuity loss was greater in treated eyes36. A 
follow-up study of intravitreal rapamycin by the same centre was suspended due to 
ocular adverse events, including increased paralesional fundus autofluorescence 

abnormalities and central retinal thinning50. A multicentre, randomised controlled 
trial of intravitreal rapamycin in GA was conducted as an ancillary study to the Age 
Related Eye Disease Study 2 (AREDS2). 52 participants were randomised to receive 
either rapamycin or sham injection on a monthly basis. The trial was suspended due 
to ocular adverse effects, after 3 participants in the rapamycin arm developed sterile 
endophthalmitis. No significant differences were found for changes in GA area, 
central subfoveal thickness or visual acuity loss between the two groups37. 
The lack of benefit of rapamycin for GA may have several explanations. For one, 
although inflammation is implicated in the pathogenesis of AMD, the effects of 
immunosuppressive and anti-inflammatory therapies may be insufficient alone to 
halt progression of the disease in its late stages36,37. Likewise, although the 
upregulation of autophagy may have protective effects in early AMD, in advanced 
disease increased autophagy could be detrimental due to the loss of vulnerable 
cells46. Finally, as is true for other complex signalling pathways, the effects of 
therapeutic modulation are often unpredictable. For example, whilst mTORC2 is 
relatively insensitive to rapamycin, long term use of the drug may inhibit the 
complex and lead to unintended effects51. Furthermore, the mTOR pathway may 
have cell-type and context-specific effects, such that modulation of the pathway may 
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result in seemingly paradoxical outcomes. In the lung, for instance, rapamycin has 
been shown to be anti-inflammatory in some contexts and pro-inflammatory in 
others52. In the eye rapamycin has been observed to suppresses uveitic 
inflammation in some pre-clinical models and exacerbate it in others2. Much is still 
unknown about the pathway, particularly as it pertains to the early stages of AMD 
and, more broadly, about the full range of consequences of mTOR inhibition. 
Nevertheless, clinical trials of mTOR modulation in CNV have generated more 
encouraging results. 
 

2.3.  Exudative AMD and mTOR 

 
The formation of CNV, a process central to neovascular AMD, is thought to be driven 
in part by RPE stress and the release of pro-inflammatory and pro-angiogenic factors 
such as VEGF-A46. VEGF-A is key effector of ocular angiogenic disorders, 
underpinning the choroidal neovascularisation that occurs in AMD and other 
disorders, as well as the retinal neovascularisation in proliferative DR and retinal vein 
occlusion (RVO)53. VEGF-A orchestrates an angiogenic cascade characterised by 
increased vascular permeability, endothelial cell activation, degradation of basement 
membranes and the proliferation and migration of endothelial cells. 
The mTOR pathway plays a role in this process via the activation of HIF-1α, which 

then induces the transcription of VEGF-A. This activates VEGFR-1 and VEGFR-2 to 
increase vascular permeability and endothelial cell sprouting from existing blood 
vessels4,53,54. VEGFR-2 signalling activates PI3K which, in turn, exerts a downstream 
activating effect on mTOR. mTOR thus serves as a fulcrum for a self-amplifying 
autocrine loop of VEGF signalling8,54,55,56 (See Fig 2). 
 
Figure 2: Autocrine loop of mTOR-VEGF signalling4,55,57 
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mTOR inhibition not only blocks HIF-1α, thus inhibiting an upstream regulator of 

VEGF, but it also inhibits the endothelial response to VEGF13, and reduces VEGF-
mediated endothelial cell proliferation and migration58. Accordingly, there has been 
considerable interest in mTOR inhibitors as potential therapies for retinal and 
choroidal neovascularisation. 
 
The laser trauma model is a classic experimental model for CNV that uses laser 
energy to rupture Bruch’s membrane and allow the invasion of choroidal vessels into 
the subretinal space59. In mouse models of laser induced CNV, HIF-1α and VEGF 

upregulation are accompanied by increases in mTORC1 and mTORC2 activity. 
Interestingly, mTORC1 activity appears to be most prominent in inflammatory cells 
whereas mTORC2 is most active in vascular endothelial cells and pericytes59. 
Rapamycin has been demonstrated to inhibit experimental CNV in this model59. 
In another study, the intravitreal injection of recombinant adeno-associated virus 
(rAAV) expressing short hairpin RNA (shRNA) targeting mTORC1 and mTORC2 
reduced CNV area and inflammatory cell infiltration as well as increasing 
autophagy60. 
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The current standard of care for CNV and many ocular angiogenic disorders is anti-
VEGF therapy53. Accordingly, mTOR inhibition has been compared with anti-VEGF 
monotherapy in a number of preclinical studies61,62. In one study rapamycin was 
shown to be more effective at suppressing in vitro sprouting of human umbilical vein 
endothelial cells (HUVEC), when co-cultured with RPE cells, than the VEGF inhibitors 
bevacizumab and ranibizumab61. 
 
Omipalisib, a dual PI3K/mTOR inhibitor currently undergoing trials for the systemic 
treatment of cancer and idiopathic pulmonary fibrosis, has also been evaluated for 
CNV34. In laser-induced CNV mouse models, intravitreal omipalisib (GSK2126458) 

has been demonstrated to outperform the VEGF inhibitor aflibercept. Oral omipalisib 
has also been shown to inhibit CNV in the same model but is associated with a 
systemic diabetogenic effect, probably through blockade of insulin signalling62. 
 

2.4.  Exudative AMD – clinical trials of mTOR modulators 
 
Human serum biomarker studies have implicated the mTOR pathway in CNV.  A 
study of circulating microRNA (cmiRNA), small noncoding RNAs involved in post-
transcriptional gene expression regulation63, found differences in the expression of 
three cmiRNAs between people with CNV and healthy volunteers. Pathway 
enrichment analysis of genes likely to be regulated by these cmiRNAs identified the 
mTOR and Transforming Growth Factor-β (TGF-β) pathways64. 

 
A range of early phase human clinical trials have tested mTOR modulators for CNV 
both as monotherapies and in combination with anti-VEGF agents. One pilot study of 
oral rapamycin (sirolimus) in 3 patients with active CNV receiving intravitreal anti-
VEGF therapy sought to identify whether rapamycin reduced the need for anti-VEGF 
injections38.  No significant differences were found between the groups for injection 
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frequency, BCVA or OCT parameters after 6 months of treatment38. A recent 
conference proceeding indicated that intravitreal rapamycin in combination with 
aflibercept was more effective than aflibercept alone for intraretinal and subretinal 
fluid reduction in patients with active CNV39,65. A phase 2 randomised head-to-head 
comparison of intravitreal rapamycin monotherapy and anti-VEGF therapy was 
conducted by the same group and results are awaited40,66. 
A phase 1 trial of a dual inhibitor of mTORC1 and mTORC2, RES-529 (Palomid 529), 
in patients with persistent CNV on anti-VEGF therapy was recently reported42. The 
treatment was well tolerated in this pilot study. Whilst no beneficial effects were 
found for secondary outcome measures, the study was not adequately powered for 

these42. Given evidence from preclinical models of the roles of mTORC1 and 
mTORC2 in neovascularisation8, there is a robust rationale for dual inhibition to treat 
CNV.   
Nevertheless, several mTOR inhibitor trials for CNV have been terminated by the trial 
sponsors. These include: intravitreal sirolimus versus subconjunctival sirolimus 
(NCT00712491); subconjunctival sirolimus and ranibizumab versus placebo and 
ranibizumab (NCT00766337); oral everolimus versus ranibizumab versus 
combination therapy (NCT00857259)67. 
 
In contrast to therapies that inhibit mTOR, some experimental CNV treatments may 
lead to off-target activation of the pathway. RTP801 is a stress-related protein which 
is upregulated by hypoxia and which, amongst other things, inhibits mTOR activity 
via TSC210,52. Therefore, inhibitors of RTP801 activate mTOR52,68. One example is PF-
655, a small interfering RNA (siRNA) that blocks the gene encoding RTP801 and it 
has been studied in CNV69 and diabetic macular oedema (DMO)70. In the MONET 
trial, 151 participants with active CNV were randomised to one of three treatments: 
PF-655 monotherapy, versus monthly intravitreal PF-665 plus ranibizumab, or 
monthly ranibizumab monotherapy69. PF-655 monotherapy was inferior to 

This article is protected by copyright. All rights reserved.



ranibizumab monotherapy and outcomes for those on combined treatment were 
comparable to those receiving ranibizumab monotherapy69. It is not known whether 
off-target mTOR activation contributed to the negative results of the trial.  
 

2.5.  Diabetic retinopathy and mTOR 
 
The pathogenesis of diabetic retinopathy (DR) is complex and multifactorial. Chronic 
hyperglycaemia induces dysregulation of multiple biochemical pathways, leading to 
oxidative stress that feeds into a cycle of further dysfunction and reactive oxygen 
species (ROS) production. This leads to a significant rise in inflammatory cytokines 

and hypoxia-driven VEGF secretion. Together with mitochondrial dysfunction, 
vascular and neural cell apoptosis and aberrant function of the neurovascular unit, 
the clinical disease progressively manifests as pericyte loss, microaneurysms, 
haemorrhages, capillary non-perfusion, leakage and neovascularisation29,53. 
 
mTOR signalling plays a diverse array of roles in the pathogenesis of diabetes and its 
complications, including retinopathy. Sustained hyperactivation of mTORC1 drives 
pancreatic β-cell failure and peripheral insulin resistance, promoting the progression 

of Type 2 diabetes (T2DM) pathology4. Hyperglycaemia leads to the activation of 
mTORC1 via the inhibition of AMPK as well as PI3K activation54. A state of nutrient 
excess may also promote mTORC1 activation, compounding the cycle4. Rats fed a 
pro-diabetogenic diet demonstrate altered responses on ERG, and analysis of retinal 
RNA expression shows significant perturbation of the mTOR pathway71. The 
contribution of mTOR to DR pathological processes is likely multifactorial and 
probably encompasses its roles in immune function, endothelial cell proliferation, 
VEGF-signalling and autophagy regulation. 
The transcription factor nuclear factor kappa-B (NF-κB) is activated by 

hyperglycaemia and causes pericyte apoptosis, a hallmark of DR, and also induces a 
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pro-inflammatory response that is linked with mTOR activity54. Proliferating 
endothelial cells also show mTOR activation in mouse models of retinal 
angiogenesis, which is blocked by both rapamycin and everolimus56. VEGF-mediated 
proliferation and migration of RPE cells and vascular endothelial cells in culture is 
likewise inhibited by temsirolimus58. 
As previously mentioned, the mTOR pathway plays an important role in the hypoxic 
induction of VEGF expression and this is a key pathogenic event in DR54. In mouse 
models of induced hyperglycaemia, increased expression of HIF-1α, VEGF-A and 

downstream effects of  mTOR signalling are attenuated by intravitreal rapamycin72. 
Hyperglycaemia-induced dysfunction of Müller cells is associated with the expression 
of VEGF and inflammatory cytokines73. Laboratory studies also demonstrate that 
high glucose triggers dysfunctional autophagy in Müller cells that can further 
exacerbate VEGF release and cause cell death74. mTOR inhibition with rapamycin 
protects Müller cells through restoration of autophagy, reducing VEGF release and 
downregulating apoptosis74. Conversely, experimental ablation of Müller cells in a 

transgenic mouse model showed localised suppression of mTOR in photoreceptor 
inner and outer segments, possibly as a consequence of photoreceptor degeneration 
in areas of Müller cell loss75. 
 

2.6.  Diabetic macular oedema – clinical trials of mTOR modulators 
 
Given promising findings in pre-clinical studies, mTOR modulators have been studied 
in phase 1/2 human clinical trials for diabetic macular oedema with disappointing 
results. A small prospective trial of 8-weekly subconjunctival rapamycin (sirolimus) 
for 12 months, provided limited evidence of a treatment response relative to 
untreated fellow eyes41. The authors also reported that a larger randomised trial at 
another centre had been stopped due to lack of efficacy. Phase 1 study data suggest 
that locally administered sirolimus is safe76; this is particularly important in this 
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population as oral treatment can be associated with hyperlipidaemia15. Furthermore, 
although systemic mTORC1 activation can increase hyperglycaemia, prolonged 
rapamycin treatment can inhibit mTORC2, and lead to insulin resistance5. 
 
Intravitreal PF-655, the same inhibitor of RTP801 as was used in the MONET study 
for AMD, was studied as a candidate therapy for DMO in the DEGAS trial. 184 
participants with DMO were randomised to receive one PF-655 or macular 
(focal/grid) photocoagulation. The study was terminated prematurely due to lack of 
efficacy and adverse effects70. As was the case for the MONET trial, it is unclear 
whether the off-target activation of mTOR was contributory to this failure. 

 
2.7.  Retinitis pigmentosa 

 
RP is a collection of inherited retinal dystrophies that leads to the progressive loss of 
photoreceptors and RPE. Mutations in more than 80 genes have been implicated in 
the pathogenesis of RP, making it a clinically and pathologically heterogenous 
condition77. RP mutations primarily cause the degeneration and cell death of rod 
photoreceptors; until the loss of rods is extensive, cone function may remain 
relatively intact. Thereafter the progressive death of cone photoreceptors causes the 
loss of visual acuity. Multiple pathogenic mechanisms have been proposed for 
various subtypes of the disease, but it appears that metabolic dysfunction linked to 
mTOR may contribute to cone death78. 
 
Punzo et al. studied four RP mouse models at multiple time points during rod and 
cone degeneration and found that a decline in phosphorylated mTOR coincided with 
cone degeneration79. More recently, PTEN, a negative regulator of mTOR, was found 
to be upregulated at a critical stage of photoreceptor loss80. Constitutive activation 
of mTORC1 in cones via disruption of PTEN or TSC led to improved cell metabolism 
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and survival in two models of RP for up to 8 months81. Furthermore, TSC1 knockout 
in rods, and thus upregulation of mTOR, resulted in improved survival and function 
of rods as well as cones82. 
 
These studies suggest that mTOR modulation could have potential as a mutation-
independent therapeutic avenue for RP, but this is not without its challenges. TSC 
ablation carries the risk of cancer, although no tumours were detected at 16 months 
in TSC1 knockout mice82. Secondly, there was a loss of pro-survival effect over time 
due to impaired autophagy. Ironically, rapamycin treatment was protective in these 
mice via the restoration of autophagy83. Another treatment strategy has been to 

target AKT, which negatively regulates the suppressive TSC2 and thus activates 
mTORC1. Specifically, AKT3 has been targeted due to its apparent 
neurodevelopmental importance and potent stimulation of retinal mTORC1. 
Subretinal injection of rAAV-AKT3 showed an initial protective effect for 
photoreceptors in RP-model mice however functional gains were shortlived84. 
Targeting the downstream mTORC1 effector S6K1 is another potential treatment 
option. Subretinal injection of a viral vector (rAAV-S6K1) to overexpress S6K1 in the 
cones of a RP mouse model led to improved photoreceptor survival compared to 
control injection. Furthermore, functional improvement on ERG remained statistically 
significant at post-natal day 40, as did improvement visual behaviour at post-natal 
day 2680. Further study is needed before this and other strategies targeting mTOR 
are translated to the clinic for people with RP. 
 

3. MTOR IN DISEASES OF THE OPTIC NERVE 
 
The mTOR signalling network is important for neurogenesis and neuronal health and 
thus the health of the optic nerve. Optic nerve trauma is well-studied as a classic 
experimental model of CNS injury, as the limited innate regenerative ability of retinal 
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ganglion cells is typical of neurons elsewhere in the CNS57. Through these models, 
insights about the mTOR pathway in conditions such as traumatic optic neuropathy 
and glaucoma can be ascertained. 
 

3.1 Traumatic optic neuropathy 
 
Animal models of traumatic optic neuropathy show rapid and sustained degeneration 
of RGCs following injury. The rat model of intraorbital optic nerve axotomy is 
accompanied by approximately 50% RGC degeneration at 4 days, 70% after one 
week and 95% after 2 weeks85. Likewise, the severe crush injury model shows 

approximately 50% degeneration after 1 week, 70% after 2 weeks and 90% after 8 
weeks85. Following axon injury, analysis of the mTOR pathway shows a rapid 
downregulation in activity in RGCs that precedes cell loss86. The αRGC subtype 

survives preferentially and has high endogenous mTOR activity87. Modulation of the 
mTOR pathway thus holds promise for the neuroprotection and regeneration of 

injured RGCs57. The upregulation of mTOR by TSC2-shRNA, for instance, 
significantly improves regeneration after axotomy compared to control, an effect 
that is blocked by rapamycin17. Furthermore, inhibitory RTP801 is upregulated after 
axotomy and likely contributes to the injury-related suppression of mTOR activity. 
Intravitreal RTP801-siRNA restores mTOR activity and improves RGC survival after 
optic nerve crush to 82% at 24 days, compared with 45% for controls at the same 
time point (p<0.001)68,86. Another strategy is PTEN deletion which, especially when 
combined with SOCS3 deletion, improves axon regeneration in part through its effect 
on mTOR88. mTOR activation also likely contributes to the axon regenerating effect 
of post-injury inflammation89. 
However, the ubiquity of the mTOR pathways makes its role in traumatic optic 
neuropathy highly complex. For one, autophagy appears to be cytoprotective in 
acute optic nerve injury22. In axotomised mice additionally stressed with paraquat to 
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induce reactive oxygen species, rapamycin plays a protective role rather than being 
detrimental90. At present there are no published reports of the use of mTOR-
modulating treatments for traumatic optic neuropathy in humans. 
 

3.2.  Glaucoma 
 
The animal models of optic nerve trauma have been extrapolated to glaucoma 
research90. mTOR has also been investigated in models of elevated intraocular 
pressure, but studies have produced varying results depending on the mechanism of 
injury, as well as the cell type and time course studied91,92. A recent rat study of 

experimental glaucoma induced by laser of the trabecular meshwork (TM) and 
episcleral veins found activation of mTOR as well as S6K1 and 4E-BP1, in addition to 
elevated HIF-1α and VEGF in retinal tissue91. However, a separate rat study of 

episcleral vein cautery found that retinal mTOR was downregulated after 1 week 
post-injury92. 

 
Interestingly, although rapamycin treatment does not appear to exert a significant 
effect on IOP91,93,94,  it does appear to offer a measure of neuroprotection against 
axonal degeneration in TM laser models93. Enhanced RGC survival has been 
demonstrated with rapamycin treatment following episcleral vein cautery and this 
has been associated with reduced microglial activation and reactive oxygen species 
levels94. The beneficial effects of increased autophagy in experimental glaucoma are 
less clear as there are reports that this may be detrimental in the acute setting92,95. 
Downstream mTOR signalling has been shown to be disrupted in human 
glaucomatous TM compared to non-glaucomatous TM in vitro96, and there is 
evidence that rapamycin is protective against rotenone-induced TM oxidative 
stress97. However, a case series of human volunteers with ocular hypertension, 
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normotensive glaucoma and healthy controls found no significant differences in 
mTOR signalling in the bloodstream98. 
The role of mTOR and its modulation in glaucoma thus appears to be complex, likely 
in part due to the multifactorial nature of the condition and in part to the multiple 
and complex actions of the pathway. 
 

4. CONCLUSION 
 
Major advances in our understanding of the mTOR pathway have been made in the 
50 years since its discovery. These advances have underscored both the ubiquity 

and complexity of the pathway and it is apparent that it regulates many aspects of 
systemic and ocular health and disease. The central role of the pathway in many 
diseases makes it both an appealing and a challenging therapeutic target, as 
although drugs modulating the pathway may have great potential, they are also 
highly likely to have a wide range of adverse effects.  The development of newer 
modulators of mTOR signalling are likely to reveal further insights into the pathway 
that will inform our understanding of diseases of the retina and optic nerve and 
ultimately new treatments for them. 
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