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One Sentence Summary: Treatment of elderly subjects with a low dose mTOR 

inhibitor regimen that selectively inhibits TORC1 significantly decreased infection rates 

 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted December 11, 2017. ; https://doi.org/10.1101/230813doi: bioRxiv preprint 

https://doi.org/10.1101/230813


 

 

Abstract: mTOR inhibition extends lifespan and ameliorates aging-related pathologies 

including declining immune function in model organisms. The objective of this Phase 

2a clinical trial was to determine if low dose mTOR inhibitor therapy enhanced 

immune function and thereby decreased infection rates in elderly subjects. The results 

indicate that 6 weeks of treatment with a low dose combination of a catalytic (BEZ235) 

plus an allosteric (RAD001) mTOR inhibitor (that selectively inhibits TORC1 

downstream of mTOR) was safe, significantly decreased the rate of infections 

reported by elderly subjects for a year following study drug initiation, upregulated 

antiviral gene expression, and significantly improved influenza vaccination response. 

Thus selective TORC1 inhibition with a combination of BEZ235 and RAD001 may be 

efficacious as immunotherapy to reduce infections, a leading cause of death in the 

elderly.  

 

 

 

 

 

 

Main Text:  

 
Aging may be due, in part, to alterations of a discrete set of cell signaling pathways 

including the mTOR pathway (1). Inhibition of the mTOR pathway has extended 

lifespan in every species studied to date suggesting that mTOR is an evolutionarily 

conserved pathway that may regulate aging (2). One of the aging-related conditions 
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that improves in old mice treated with mTOR inhibitors is immunosenescence (the 

decline in immune function that occurs during aging) (3). Immunosenescence leads to 

increased rates of infections including respiratory tract infections that are the 4rth 

leading cause of death in people ≥ 85 years of age, and the 8th leading cause of death 

in people ≥ 65 years of age in the United States (4,5). Therefore, infection-related 

morbidity and mortality in the elderly may be substantially reduced if mTOR inhibition 

enhances the ability of the aging immune system to fight infectious pathogens.  

 

mTOR signals via two complexes: TORC1 and TORC2. Many of the beneficial effects 

of mTOR inhibition on aging may be mediated by inhibition of TORC1 (6,7). In 

contrast, TORC2 inhibition has been associated with adverse events including 

hyperglycemia and hypercholesterolemia, and with decreased lifespan in male mice 

(7,8). In addition, several long-lived animal models have increased rather than 

decreased TORC2 activity (9). Therefore, optimal mTOR inhibition for the treatment of 

aging-related conditions such as immunosenescence may be a regimen that inhibits 

TORC1 without inhibiting TORC2.  

 

Rapalogs such as RAD001 are a class of allosteric mTOR inhibitors that consistently 

inhibit only S6K downstream of TORC1 (10). BEZ235 is a dual PI3K/mTOR ATP-

competitive catalytic site inhibitor that at high concentrations inhibits TORC1, TORC2 

and PI3K, but at low concentrations (≤ 20 nM) mainly inhibits S6K phosphorylation 

and to a lesser extent 4EPB1 phosphorylation downstream of TORC1 (11, 12, 13). 

However, low doses of BEZ235 (and other catalytic mTOR inhibitors) in combination 
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with low doses of RAD001 synergistically inhibit multiple nodes downstream of 

TORC1 without inhibiting TORC2 activity (14,15). Thus the combination of a low dose 

rapalog plus a catalytic site mTOR inhibitor may be more efficacious than 

monotherapy with a rapalog or catalytic site mTOR inhibitor for the treatment of aging-

related conditions such as immunosenescence. In a previous study we demonstrated 

that treatment with the rapalog RAD001 improved immune function in elderly 

volunteers as assessed by response to influenza vaccination (16). In the current study 

we extended these findings and assessed whether 1) a low dose combination of a 

rapalog (RAD001) plus a catalytic site mTOR inhibitor (BEZ235) resulted in a greater 

improvement in immune function in elderly subjects than monotherapy with either 

RAD001 or BEZ235; and 2) whether low dose mTOR inhibitor treatment resulted in 

sufficient immune enhancement to not only improve influenza vaccination response, 

but also to decrease total infection rates in the elderly at doses that were safe.  

 

A total of 264 elderly volunteers ≥ 65 years of age, without unstable medical 

conditions, were enrolled in a randomized, double-blinded, placebo-controlled trial at 

12 clinical sites (Fig. 1). Subjects were assigned randomly to receive one of four oral 

mTOR inhibitor dosing regimens or a corresponding matching placebo: RAD001 0.5 

mg once daily, RAD001 0.1 mg once daily, BEZ235 10 mg once daily, or a 

combination of 0.1 mg RAD001 and 10 mg BEZ235 once daily. The placebo groups 

were pooled for analysis.  
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Subjects were treated for 6 weeks with study drug and after a 2 week drug-free 

interval, were given a seasonal influenza vaccine (Fluvax®, CSL Biotherapies). 

Antibody titers to the 3 strains of influenza in the vaccine (A/H1N1, A/H2N3 and B) 

were measured in serum collected at baseline (after 6 weeks of study drug 

administration but prior to vaccination) and 4 weeks after vaccination. The subjects 

were then followed for approximately 9 months off study drug (approximately one year 

following initiation of study drug treatment).  

 
Baseline demographics between the treatment arms were similar (Supplementary 

Table 1). Of the 264 subjects enrolled, 253 completed the study (Fig. 1). In general, 

the mTOR inhibitor regimens were well tolerated. No deaths occurred during the 

study. 26/264 participants experienced at least one serious adverse event (SAE) 

during the 12 months they were followed in the study. There were no significant 

differences in the percentage of subjects experiencing SAEs between treatment 

groups and placebo: 9.6 % in the 0.1 mg RAD001 daily cohort, 13% in the 0.5 mg 

RAD001 daily cohort, 9.4% in the BEZ235 10 mg daily cohort, 7.5% in the 0.1 mg 

RAD001 + 10 mg BEZ235 cohort, and 9.6% in the placebo cohort. Only one SAE 

(syncope in a subject in the placebo cohort) was deemed by an investigator to be 

related to study drug. A list of adverse events (AEs) that occurred in more than 5% of 

subjects in any treatment group in the safety population (defined as any subject who 

received at least one partial dose of study drug) is provided in Table 1. Diarrhea was 

the most frequently reported adverse event that occurred more often in all the mTOR 

inhibitor cohorts than in the placebo treatment group and was of mild severity in the 

majority of cases.  Of note, rates of hyperglycemia and hypercholesterolemia (adverse 
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events associated with TORC2 inhibition) were lower in the mTOR inhibitor treatment 

groups than the placebo treatment group suggesting that the mTOR inhibitor 

treatment regimens were not inhibiting TORC2.  

 

The ability of RAD001 and/or BEZ235 to improve immune function in elderly 

volunteers was evaluated by measuring the serologic response to the 2014 seasonal 

influenza vaccine. The primary endpoint of the study was a 1.2 fold increase relative to 

placebo in the hemagglutination inhibition (HI) geometric mean titer (GMT) ratio (GMT 4 

weeks post vaccination/GMT at baseline) for at least 2 out of 3 influenza vaccine strains. 

This endpoint was chosen because the approximately 1.2-fold increase in the influenza 

GMT ratio induced by the MF-59 vaccine adjuvant was associated with a decrease in 

influenza illness (17).  

 

In the modified intent-to-treat (ITT) population (those subjects who received at least one 

full dose of study drug), only the combination low dose RAD001 (0.1 mg daily) + BEZ235 

(10 mg daily) met the primary endpoint of the study and resulted in a statistically 

significant greater than 20% increase in the influenza GMT ratio for 3/3 influenza vaccine 

strains (Fig. 2). RAD001 monotherapy (0.1 mg or 0.5 mg daily) resulted in a statistically 

significant greater than 20% increase in influenza GMT ratio for 1/3 influenza vaccine 

strains. BEZ235 monotherapy did not result in an increase in influenza GMT ratios for any 

of the 3 influenza vaccine strains. These results suggest that a combination of a low dose 

allosteric mTOR inhibitor (RAD001) plus a catalytic mTOR inhibitor (BEZ235) resulted in 
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greater improvement in influenza vaccination response than RAD001 or BEZ235 

monotherapy.  

 

Combinations of low doses of catalytic and allosteric mTOR inhibitors have been reported 

to inhibit synergistically multiple nodes downstream of TORC1 without inhibiting TORC2 

(14). Although currently available assays are not sufficiently sensitive to measure TORC1 

activity in human peripheral blood samples, concentrations of RAD001 and BEZ235 

achieved in the blood of elderly subjects treated with 0.1 mg RAD001 (approximately 0.8 

nM Cmax) and 10 mg BEZ235 (approximately 14 nM Cmax) in the current trial have been 

shown to synergistically inhibit the phosphorylation of both S6K and 4EBP1 downstream 

of TORC1 ex vivo (15). To confirm that the combination of low dose RAD001 + BEZ235 is 

associated with more complete TORC1 inhibition than low dose RAD001 or BEZ235 

monotherapy, phosphorylation of the TORC1 substrates S6 kinase, S6 and 4EBP1 was 

measured in the livers of rats treated for 7 days with the dose equivalent of 0.1 mg 

RAD001, 0.5 mg RAD001, 10 mg BEZ235 or a combination of 0.1 mg RAD001 and 10 

mg BEZ235 (Fig. 3). All mTOR inhibitor dosing regimens except the dose equivalent of 

0.1 mg RAD001 significantly inhibited the phosphorylation of S6K and/or S6. (Fig. 3). 

However only BEZ235 alone or in combination with RAD001 inhibited the 

phosphorylation of 4EBP1 (Fig. 3B). Moreover, the only mTOR inhibitor dosing regimen 

that significantly inhibited all 3 nodes downstream of TORC1 was the combination of 

RAD001 and BEZ235 (Fig 3B). These data suggest that treatment of elderly subjects with 

a combination of low dose RAD001 + BEZ235 may result in greater improvement in 
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influenza vaccination response than treatment with RAD001 or BEZ235 monotherapy 

due to more complete TORC1 inhibition achieved with the combination.  

 

As an additional assessment of immune function, the overall infection rate in each 

treatment group was assessed by having subjects record any infections they experienced 

during the year following the initiation of study drug treatment in a diary that was reviewed 

by study investigators at each study visit. In addition, infections were captured through 

phone calls between site staff and subjects that that occurred weekly during the 6 

weeks subjects were on study drug, and then monthly for the remainder of the trial. 

The largest and most statistically significant decrease (p=0.001 vs placebo) in the 

fitted annualized rate of infections reported by subjects was in the RAD001 + BEZ235 

combination treatment group (1.49 infections/per person per year (py), 

95% confidence interval 1.19-1.86) as compared to placebo (2.41 infections/py, 95% 

confidence interval 2.00-2.90). The BEZ235 monotherapy treatment group also had a 

statistically significant (p = 0.008 vs placebo) reduction in the annualized rate of 

infections reported by subjects (1.61 infections/py, 95% confidence interval 1.28-2.03) 

(Fig. 4A). There was a trend toward a reduction in infection rates in both RAD001 

monotherapy treatment groups but the reductions were not statistically significant.  

 

The majority of infections reported during the trial were respiratory tract infections. To 

determine if a reduction in respiratory tract infections contributed to the significant 

reduction in total infections reported in the BEZ235 and RAD001+BEZ235 treatment 

groups, the annualized rate of respiratory tract infections reported in these 2 treatment 
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groups relative to placebo was assessed as a post-hoc analysis. Both BEZ235 

monotherapy and BEZ235+RAD001 combination therapy were associated with a 

significant reduction as compared to placebo in the annualized rate of respiratory tract 

infections reported by subjects (Figure 4B). 

  

Since the combination of low dose RAD001+BEZ235 was the only mTOR inhibitor 

dosing regimen associated both with a significant decrease in infections and a 

significant improvement in the response to 3/3 influenza vaccine strains, subsequent 

mechanistic studies focused on this treatment group. To explore whether the 

combination of low dose RAD001+BEZ235 enhanced immune function by decreasing 

systemic inflammation, several inflammatory cytokines were measured in serum 

obtained from subjects at baseline and after 6 weeks of either placebo or 

RAD001+BEZ235 treatment. There were no significant differences in serum levels of 

interleukin 6 (IL6), interferon gamma (IFNg), tumor necrosis factor alpha (TNFa) or 

interleukin 18 (IL18) in the RAD001+BEZ235 as compared to the placebo treatment 

groups (Fig. S1). 

 

To assess other possible molecular mechanisms underlying the enhanced immune 

function of the RAD001+BEZ235 combination, we conducted mRNA sequencing 

analysis of whole blood from subjects at baseline and after 6 weeks of either placebo 

or RAD001+BEZ235 treatment. Whole-blood gene expression data revealed a highly 

statistically significant, low level up-regulation of pathways related to interferon 

signaling (Table 2 and Fig. S2). Some of the genes whose expression was most highly 
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upregulated in the enriched pathways were a subset of Type 1 interferon-induced 

genes that play a critical role in the immune response to viruses (Table 2) (18). A 

complete list of significantly enriched pathways after RAD001+BEZ235 treatment is 

provided in Table S2. These findings raise the possibility that upregulation of a subset 

of type 1 interferon-induced genes by a low dose combination of RAD001+BEZ235 

may contribute to enhanced immune function and reduced infection rates in the 

elderly. In particular, the upregulation of antiviral gene expression is likely to underlie 

the significant reduction in respiratory tract infections seen in the RAD001+BEZ235 

treatment cohort since most respiratory tract infections, particularly upper respiratory 

tract infections, are viral in origin.  

 
In conclusion, the current study demonstrated that a combination of low dose 

RAD001+ BEZ235 led to a significant improvement in immune function as assessed 

by both the annualized rate of infections reported by subjects and the humoral 

response to influenza vaccination. Thus our findings suggest that synergistic inhibition 

of multiple nodes downstream of TORC1 with a combination of low dose RAD001 and 

BEZ235 results in more significant enhancement in immune function in elderly 

subjects than low dose RAD001 or BEZ235 monotherapy that lead to less complete 

inhibition of TORC1.  

 

The results of the current study suggest that the pharmacodynamics effects of mTOR 

inhibitors are dose-dependent. The doses of RAD001 used in this study are 5-100 fold 

lower than the doses of RAD001 approved for use in organ transplant and oncology 

patients. Similarly the dose of BEZ235 used in the current study is 120-fold lower than 
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the maximum tolerated dose established in oncology patients. At higher doses, mTOR 

inhibitors suppress T cell proliferation and have been associated with increased rates 

of infection. In contrast, results of this study suggest that very low doses of mTOR 

inhibitors enhance immune function and decrease infection rates.  

 

The mechanism underlying the improvement in immune function in elderly subjects 

treated with low doses of mTOR inhibitors is likely to be multifactorial. In a previous 

study in elderly subjects, we demonstrated that mTOR inhibition with RAD001 

monotherapy decreased the percentage of exhausted PD1+ T cells that have 

defective response to antigens (16). Here we demonstrate that the combination of 

RAD001+BEZ235 also upregulated a subset of interferon-stimulated genes (ISGs) 

that play a critical role in the innate immune response to pathogens, particularly 

viruses. There was no change in IFNg levels in serum after RAD001+BEZ235 therapy 

(Fig. S1) suggesting that RAD001+BEZ235 may be upregulating signaling pathways 

downstream of interferons. One possibility is that TORC1 inhibition by low dose 

RAD001+BEZ235 decreases lipid and cholesterol synthesis within cells due to 

decreased activation of SREBP2 (6). Decreased cholesterol biosynthesis after 

SREBP2 knockdown has been shown previously to increase expression of a subset of 

antiviral ISGs (similar to the ISGs upregulated after RAD001+BEZ235 treatment) and 

protect against viral infection (19). The magnitude of ISG upregulation in whole blood 

after RAD001+BEZ235 treatment was small (an average increase of 17.8% for genes 

defined as up-regulated in Table 2). A low level increase in ISG expression may be 

sufficient to enhance immune function in the elderly while avoiding the undesirable 
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adverse events that occur in patients treated with recombinant interferon, in whom 

much higher levels of ISG induction are observed (20).  

 

Surprisingly, both BEZ235 and the combination of RAD001+BEZ235 led to a 

significant reduction in infections for a year despite the fact that study drug was 

discontinued after 6 weeks of treatment. These results suggest that mTOR inhibitor 

therapy may lead to persistent improvements in immune function after drug 

discontinuation. Persistent beneficial effects of short courses of mTOR inhibitor 

therapy also have been demonstrated in mice. Specifically, 6-12 weeks of the mTOR 

inhibitor rapamycin have been shown to extend lifespan in elderly mice (3,21).  

 

The decrease in infection rates seen in this study are of clinical relevance since 

infections, particularly respiratory tract infections, are one of the leading causes of 

death in the elderly (5,6,22). Since hundreds of different viral serotypes cause 

respiratory tract infections, immunotherapy such as TORC1 inhibition that harnesses 

the ability of the immune system to fight multiple viral pathogens may be more 

effective than therapies targeting each individual pathogen. Moreover, the immune 

system is necessary not only to fight infectious pathogens but also for cancer 

immunosurveillance and to clear senescent cells that may cause organ damage 

during aging. Therefore therapies such as BEZ235+RAD001 that enhance immune 

function may have pleiotropic health benefits in the elderly.  

 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted December 11, 2017. ; https://doi.org/10.1101/230813doi: bioRxiv preprint 

https://doi.org/10.1101/230813


References and Notes: 

 

1. C. López-Otín, M.A. Blasco, L. Partridge, M. Serrano, G. Kroemer. The 

hallmarks of aging. Cell. 153,1194-1217 (2013). 

2. S.C. Johnson, P.S. Rabinovich, M. Kaeberlein. mTOR is a key modulator of 

ageing and age-related disease. Nature. 493, 338-345 (2013). 

3. C. Chen, Y. Liu, Y. Liu, P. Zheng. mTOR regulation and therapeutic 

rejuvenation of aging hematopoietic stem cells, Sci. Signal. 2, ra75 (2009). 

4. S.L. Murphy, X. Jiaquan, K.D. Kochnanek. “Deaths: Final Data for 2010” 

(National Vital Statistics Report, 2013). 

5. National Center for Health Statistics. “Health, United States, 2015: With Special 

Feature on Racial and Ethnic Health Disparities” (2016).  

6. M. Laplante & D.M. Sabatini. mTOR signaling in growth control and disease. 

Cell. 149, 274-293 (2012).  

7. D.W. Lamming, L. Ye, P. Katajisto, M.D. Goncalves, M. Saitoh, D.M. Stevens, 

J.G. Davis, A.B. Salmon, A. Richardson, R.S. Ahima, D.A. Guertin, D.M. 

Sabatini, J.A. Baur. Rapamycin-induced insulin resistance is mediated by 

mTORC2 loss and uncoupled from longevity. Science. 335, 1638-1643 (2012).  

8. D.W. Lamming, M.M. Mihaylova, P. Katajisto, E.L. Baar, O.H. Yilmaz, A. 

Hutchins, Y. Gultekin, R. Gaither, D.M. Sabatini. Depletion of Rictor, an 

essential protein component of mTORC2, decreases male lifespan. Aging Cell. 

13, 911-917 (2014).  

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted December 11, 2017. ; https://doi.org/10.1101/230813doi: bioRxiv preprint 

https://doi.org/10.1101/230813


9. G. Dominick, D.E. Berryman, E.O. List, J.J. Kopchick, X. Li, R.A. Miller, G.G. 

Garcia. Regulation of mTOR activity in Snell dwarf and GH receptor gene-

disrupted mice. Endocrinology 156, 565-575 (2015). 

10. M.E. Feldman, B. Apsel, A. Uotila, R. Loewith, Z. A. Knight, D. Ruggero, K.M. 

Shokat. Active-site inhibitors of mTOR target rapamycin-resistant outputs of 

mTORC1 and mTORC2. PLoS Biol. 7, e1000038 (2009). 

11. S.M. Maira, F. Stauffer, J. Brueggen, P. Furet, C. Schnell, C. Fritsch, S. 

Brachmann , P. Chène , A. De Pover, K. Schoemaker, D. Fabbro, D. Gabriel, 

M. Simonen, L. Murphy, P. Finan, W. Sellers, C. García-Echeverría. 

Identification and characterization of NVP-BEZ235, a new orally available dual 

phosphatidylinositol 3-kinase/mammalian target of rapamycin inhibitor with 

potent in vivo antitumor activity. Mol Cancer Ther. 7, 1851-1863 (2008). 

12. V. Serra, B. Markman, M. Scaltriti, P.J. Eichhorn, V. Valero, M. Guzman, M.L. 

Botero, E. Llonch, F. Atzori, S. Di Cosimo, M. Maira, C. Garcia-Echeverria, J.L. 

Parra, J. Arribas, J. Baselga. NVP-BEZ235, a dual PI3K/mTOR inhibitor, 

prevents PI3K signaling and inhibits the growth of cancer cells with activating 

PI3K mutations. Cancer Res. 68, 8022-8030 (2008). 

13. P. Baumann, S. Mandl-Weber, F. Oduncu, R. Schmidmaier. The novel orally 

bioavailable inhibitor of phosphoinositol-3-kinase and mammalian target of 

rapamycin, NVP-BEZ235, inhibits growth and proliferation in multiple myeloma. 

Exp Cell Res. 315, 485-97 (2009).  

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted December 11, 2017. ; https://doi.org/10.1101/230813doi: bioRxiv preprint 

https://doi.org/10.1101/230813


14. B. Nyfeler, P. Bergman, E. Triantafellow, C.J. Wilson, Y. Zhu, B. Radetich, P.M. 

Finan, D.J. Klionsky, L.O. Murphy. Relieving autophagy and 4EBP1 from 

rapamycin resistance. Mol Cell Biol. 31, 2867-2876 (2011).  

15. B. Nyfeler, Y. Chen, X. Li, M. Pinzon-Ortiz, Z. Wang, A. Reddy, E. Pradhan, R. 

Das, J. Lehár, R. Schlegel, P.M. Finan, Z.A. Cao, L.O. Murphy, A. Huang. 

RAD001 enhances the potency of BEZ235 to inhibit mTOR signaling and tumor 

growth. PLoS One 7, e48548 (2012). 

16. J.B. Mannick, G. Del Giudice, M. Lattanzi, N.M. Valiante, J. Praestgaard, B. 

Huang, M.A. Lonetto, H.T. Maecker, J. Kovarik, S. Carson, D.J. Glass, L.B. 

Klickstein. mTOR inhibition improves immune function in the elderly. Sci Transl 

Med. 6, 268ra179 (2014). 

17. A. Iob, G. Brianti, E. Zamparo, T. Gallo, Evidence of increased clinical 

protection of an MF59-adjuvant influenza vaccine compared to a non-adjuvant 

vaccine amongelderly residents of long-term care facilities in Italy. Epidemiol 

Infect. 133, 687–693 (2005). 

18. F. McNab, K. Mayer-Barber, A. Sher, A. Wack, A. O'Garra. Type I interferons in 

infectious disease. Nat Rev Immunol. 15, 87-103 (2015). 

19. A.G. York, K.J. Williams, J.P. Argus, Q.D. Zhou, G. Brar, L. Vergnes, E.E. Gray, A. 

Zhen, N.C. Wu, D.H. Yamada, C.R. Cunningham, E.J. Tarling, M.Q. Wilks, D. Casero, 

D.H. Gray, A.K. Yu, E.S. Wang, D.G. Brooks, R. Sun, S.G. Kitchen, T.T. Wu, K. Reue, 

D.B. Stetson, S.J. Bensinger. Limiting Cholesterol Biosynthetic Flux Spontaneously 

Engages Type I IFN Signaling. Cell. 163, 1716-29 (2015). 

20. D. Harari, I. Orr, R. Rotkopf, S.E. Baranzini, G. Schreiber. A robust type I 

interferon gene signature from blood RNA defines quantitative but not 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted December 11, 2017. ; https://doi.org/10.1101/230813doi: bioRxiv preprint 

https://doi.org/10.1101/230813


qualitative differences between three major IFNβ drugs in the treatment of 

multiple sclerosis. Hum Mol Genet. 24, 3192-205 (2015).  

21. A. Bitto, T.K. Ito, V.V. Pineda, N.J. LeTexier, H.Z. Huang, E. Sutlief, H. Tung, N. Vizzini, 

B. Chen, K. Smith, D. Meza, M. Yajima, R.P. Beyer, K.F. Kerr, D.J. Davis, C.H. Gillespie, 

J.M. Snyder, P.M. Treuting, M. Kaeberlein Transient rapamycin treatment can 

increase lifespan and healthspan in middle-aged mice. Elife 5, pii: e16351 

(2016).  

22. Centers for Disease Control, “Leading causes of death and numbers of deaths, 

by age:United States, 1980 and 2007” (2010).  

23. J.M. Graat, E.G. Schouten, F.J. Kok. Effect of daily vitamin E and multivitamin-

mineral supplementation on acute respiratory tract infections in elderly persons: 

a randomized controlled trial. JAMA. 288, 715-721 (2002). 

24. S. Schuierer, G. Roma, The exon quantification pipeline (EQP): a 

comprehensive approach to the quantification of gene, exon and junction 

expression from RNA-seq data. Nucleic acids research 44, e132 (2016). 

25. C.W. Law, Y. Chen, W.  Shi, G.K. Smyth.  Voom: precision weights unlock 

linear model analysis tools for RNA-seq read counts. Genome Biology 15, R29 

(2014). 

26. A. Subramanian, P. Tamayo, V.K. Mootha, S. Mukherjee, B.L. Ebert, M.A. 

Gillette, A. Paulovich, S.L. Pomeroy, T.R. Golub, E.S. Lander, J.P. Mesirov. 

Gene set enrichment analysis: A knowledge-based approach for interpreting 

genome-wide expression profiles. Proc. Nat. Acad. Sci. 102, 15545-15550 

(2005). 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted December 11, 2017. ; https://doi.org/10.1101/230813doi: bioRxiv preprint 

https://doi.org/10.1101/230813


 

Acknowledgments: We thank the volunteers, investigators and site staff who participated in 

this study including Simon Carson, Paul Noonan, Dean Millar-Coote, Edward Watson, Phillipa 

Murray, Jane Kerr, Jason Prycke, Russell Scott, Paul Dawkins, and Barney Mongomery. We 

would also like to thank the staff of Pharmaceutical Solutions, particularly Elaine Gent. We 

thank Walter Carbone and Judith Knehr for the technical performance of the RNA-sequencing 

experiment and Sharon Wang for performing immunoblotting. Funding: Supported by 

Novartis Institutes of Biomedical Research.  

  

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted December 11, 2017. ; https://doi.org/10.1101/230813doi: bioRxiv preprint 

https://doi.org/10.1101/230813


 

 

Fig. 1. Study Diagram.  
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Fig. 2. Increase in antibody titers to influenza vaccine strains in mTOR inhibitor 

treatment groups relative to the placebo treatment group. A) Shown is the increase in the 

ratio (4 weeks after vaccination/baseline) in geometric mean titers (GMT) to each of the 3 

influenza vaccine strains (A/H1N1 [A/California/7/2009], A/H3N2 [A/Texas/50/2012], or B 

[B/Massachusetts/2/2012]) in RAD001 and/or BEZ235-treated cohorts relative to the placebo 

cohort.  The green line indicates the 20% increase in GMT ratios relative to placebo that is 

required in 2 out of 3 influenza vaccine strains in order to meet the primary endpoint of the 

study. Asterisks indicate that the  probability that the increase in GMT ratio relative to placebo 

exceeds 1.0  is 100%. B) Forest plots of the data presented in (A) including 90% confidence 

intervals and probability that the GMT ratio as compared to placebo is >1 or > 1.2.   
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Fig 3. TORC1 inhibition associated with low dose mTOR inhibitor regimens. Phosphorylated (p-) and total (t-

) protein amounts for S6K1, S6 and 4EBP1 in the livers of rats treated daily for 7 days with RAD001 at the dose 

equivalent of 0.1 mg in humans (0.03 mg/kg) or 0.5 mg in humans (0.15 mg/kg) (A); or BEZ235 given at the dose 

equivalent of 10 mg in humans (1.7 mg/kg) alone or in combination with the dose equivalent of RAD001 0.1 mg 

(0.03 mg/kg) (B). Tissues were collected 4 hours following the last dose. Each lane in the immunoblots on the left 

represents a single rat. GAPDH is shown as a loading control. On the right, p-S6K1(T389) and p-S6(Ser240/244) 

amounts on the immunoblot were quantified relative to their respective total protein amounts by densitometry. 

Levels of p-4EBP1 (T37/46) were quantified relative to GAPDH protein amounts because we were unable to 

validate the antibody to total 4EBP1 for rat tissue.  Y-axes represent arbitrary units. For each group n = 4-6 rats. 

Data are mean ± SD. Data were analyzed with a one way ANOVA followed by Dunnett’s multiple comparison 

tests, where means from all groups were compared to the vehicle treated group. * P<0.05; *** P < 0.001. In each 

figure, “RAD” represents RAD001 and “BEZ” represents BEZ235.  The numbers 0.03, 0.15 and 1.7 represent the 

dose of the corresponding compound in mg/kg/day. 
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Fig. 4. TORC1 inhibition decreases infection rates in the elderly. (A). Fitted annual rates of infections reported 

per person per year in each treatment group are shown. * p=0.008; ** p=0.001 vs placebo. (B). Fitted annual rates 

of respiratory tract infections (RTIs) reported per person per year in the placebo, BEZ235 monotherapy and 

BEZ235+RAD001 combination treatment groups are shown. * p=0.01, ** p=0.008 vs placebo. In both figures, 

error bars indicate 95% confidence intervals.  
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Table	1.	Incidence	of	AEs	by	preferred	term	>	5%	incidence	in	any	group	during	the	1	year	study	 		

 RAD001 
0.1 mg 
 
 

 

 

N=52 
n (%) 

RAD001 
0.5 mg 
 
 

 

 

N=54 
n (%) 

BEZ235 
10 mg 
 

 

 

 
N=53 

n (%) 

RAD001 0.1 

mg and  

BEZ235  
10 mg 

 
 
N=53 
n (%) 

Placebo, 
pooled 
 

 

 

 
N=52 

n (%) 

Total 
 
 
 

 

 

N=264 
n (%) 

Total AE(s) 320 406 346 319 401 1792 

Patients with AE(s) 50 (96.2) 52 (96.3) 52 (98.1) 51 (96.2) 51 (98.1) 256 (97.0) 

Upper respiratory  

tract infection 

11 (21.2) 12 (22.2) 11 (20.8) 14 (26.4) 16 (30.8) 64 (24.2) 

Headache 7 (13.5) 16 (29.6) 13 (24.5) 11 (20.8) 9 (17.3) 56 (21.2) 

Nasopharyngitis 14 (26.9) 13 (24.1) 6 (11.3) 7 (13.2) 10 (19.2) 50 (18.9) 

Diarrhoea 10 (19.2) 12 (22.2) 10 (18.9) 9 (17.0) 4 (7.7) 45 (17.0) 

Cough 7 (13.5) 7 (13.0) 6 (11.3) 5 (9.4) 10 (19.2) 35 (13.3) 

Fatigue 6 (11.5) 4 (7.4) 8 (15.1) 4 (7.5) 6 (11.5) 28 (10.6) 

Oropharyngeal pain 8 (15.4) 2 (3.7) 8 (15.1) 1 (1.9) 7 (13.5) 26 (9.8) 

Arthralgia 4 (7.7) 7 (13.0) 6 (11.3) 3 (5.7) 5 (9.6) 25 (9.5) 

Fall 4 (7.7) 3 (5.6) 6 (11.3) 7 (13.2) 5 (9.6) 25 (9.5) 

Nausea 4 (7.7) 6 (11.1) 4 (7.5) 7 (13.2) 4 (7.7) 25 (9.5) 

Rhinitis 3 (5.8) 4 (7.4) 3 (5.7) 9 (17.0) 6 (11.5) 25 (9.5) 

Dizziness 5 (9.6) 5 (9.3) 6 (11.3) 3 (5.7) 4 (7.7) 23 (8.7) 

Back pain 5 (9.6) 0 8 (15.1) 2 (3.8) 5 (9.6) 20 (7.6) 

Contusion 5 (9.6) 2 (3.7) 2 (3.8) 7 (13.2) 4 (7.7) 20 (7.6) 

Oral herpes 5 (9.6) 2 (3.7) 7 (13.2) 3 (5.7) 3 (5.8) 20 (7.6) 

Urinary tract infection 5 (9.6) 5 (9.3) 2 (3.8) 0 7 (13.5) 19 (7.2) 

Lower respiratory  

tract infection 

3 (5.8) 3 (5.6) 1 (1.9) 5 (9.4) 6 (11.5) 18 (6.8) 

Gastroenteritis 3 (5.8) 4 (7.4) 3 (5.7) 5 (9.4) 2 (3.8) 17 (6.4) 

Mouth ulceration 5 (9.6) 2 (3.7) 2 (3.8) 6 (11.3) 2 (3.8) 17 (6.4) 

Muscle strain 3 (5.8) 4 (7.4) 2 (3.8) 3 (5.7) 5 (9.6) 17 (6.4) 

Constipation 3 (5.8) 6 (11.1) 4 (7.5) 1 (1.9) 2 (3.8) 16 (6.1) 

Bronchitis 3 (5.8) 3 (5.6) 2 (3.8) 3 (5.7) 3 (5.8) 14 (5.3) 

Laceration 4 (7.7) 2 (3.7) 2 (3.8) 3 (5.7) 3 (5.8) 14 (5.3) 

Musculoskeletal pain 1 (1.9) 8 (14.8) 1 (1.9) 4 (7.5) 0 14 (5.3) 

Pain in extremity 1 (1.9) 3 (5.6) 3 (5.7) 2 (3.8) 5 (9.6) 14 (5.3) 

Ordered by total frequency 

Under one treatment, a participant with multiple occurrences of an adverse event is counted 

only once in the AE category 
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Table 2. Pathways and genes upregulated after RAD001+BEZ235 treatment as  
determined by whole blood gene expression analysis  

Pathway 
Mean FC 
Genes In 
Pathway 

p-value 
Up-regulated 

Genes* 

INTERFERON_ALPHA_BETA_SIGNALING 0.08 1e-21.8 

IFI27; IFIT2; IFIT1; 
IFIT3; MX1; 

OAS3; 
ISG15 

INTERFERON_SIGNALING 0.04 1e-36.7 

IFI27;I FIT2; IFIT1; 
IFIT3; MX1; 

OAS3; 
HERC5; ISG15 

CYTOKINE_SIGNALING_IN_IMMUNE_SYSTEM 0.02 1e-43.5 

IFI27; IFIT2; IFIT1; 
IFIT3; MX1; 

OAS3; 
HERC5; ISG15 

* Listed up-regulated genes are those determined to be outliers by the Tukey method of outlier 

detection.	
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