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Abstract 8 

Dietary Restriction (DR) and rapamycin both increase lifespan across a number of taxa. Despite this positive 9 
effect on lifespan and other aspects of health, reductions in some physiological functions have been reported for 10 
DR and rapamycin has been used as an immunosuppressant. Perhaps surprisingly, both interventions have been 11 
suggested to improve immune function and delay immunosenescence. The immune system is complex and 12 
consists of many components. Therefore, arguably, the most holistic measurement of immune function is survival 13 
from an acute pathogenic infection. We reanalysed published post-infection short-term survival data of mice 14 
(n=1223 from 23 studies comprising 46 effect sizes involving DR (n=17) and rapamycin treatment (n=29) and 15 
analysed these results using meta-analysis. Rapamycin treatment significantly increased post infection survival 16 
rate (lnHR=-0.72; CI=-1.17, -0.28; p=0.0015). In contrast, DR reduced post-infection survival (lnHR=0.80; 17 
CI=0.08, 1.52; p=0.03). Importantly, the overall effect size of rapamycin treatment was significantly lower 18 
(P<0.001) than the estimate from DR studies, suggesting opposite effects on immune function. Our results show 19 
that immunomodulation caused by rapamycin treatment is beneficial to the survival from acute infection. For DR 20 
our results are based on a smaller number of studies, but do warrant caution as they indicate possible immune 21 
costs of DR. Our quantitative synthesis suggests that the geroprotective effects of rapamycin extend to the 22 
immune system and warrants further clinical trials of rapamycin to boost immunity in humans.  23 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted October 7, 2022. ; https://doi.org/10.1101/2022.10.06.511121doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.06.511121
http://creativecommons.org/licenses/by-nc-nd/4.0/


 2 

Introduction 24 

Ageing is the progressive decline of function and increased risk of death. Many phenotypes are 25 

associated with ageing (López-Otín et al., 2013), including declining immune function (Chung et al., 26 

2002; Gavazzi and Krause, 2002). Immunosenescence leads to the dysfunction of immune cells 27 

affecting both innate and adaptive immunity (Nikolich-Žugich and Messaoudi, 2005; Ritz and Gardner, 28 

2006; Shaw et al., 2013; Yousefzadeh et al., 2021) and to higher levels of inflammation (Baylis et al., 29 

2013). Ageing therefore reduces our ability to mount an effective immune response, leaving us more 30 

susceptible to infection (Aw et al., 2007; Gavazzi and Krause, 2002). More broadly immunosenescence 31 

is thought to underlie several pathologies that appear during ageing, including cancer (Foster et al., 32 

2011), autoimmune disease (Ritz and Gardner, 2006), as well as ineffective clearance and accumulation 33 

of senescent cells (Goronzy and Weyand, 2019; Yousefzadeh et al., 2021). Immunosenescence thus 34 

provides an attractive explanation and potential therapeutic avenue for ageing.  35 

Established treatments that extend lifespan in model organisms, most notably dietary restriction (DR) 36 

(Fontana et al., 2010; Katewa and Kapahi, 2010) and mTOR suppression (Garratt et al., 2016; Johnson 37 

et al., 2013), might do so because they mitigate immunosenescence. The pro-longevity mechanisms of 38 

DR have been hypothesised to include mTOR suppression (Cox and Mattison, 2009; Green et al., 39 

2022), but direct evidence for this hypothesis is scarce (Bjedov et al., 2010; Garratt et al., 2016; Miller 40 

et al., 2014; Unnikrishnan et al., 2020). Whether DR and mTOR suppression promote a healthier 41 

immune system and whether they do so through shared mechanisms is currently unclear. There are 42 

reports of beneficial effects of both of these pro-longevity interventions on immune function, yet there 43 

is also evidence to the contrary (Jolly, 2004; Mannick et al., 2014; Saunders et al., 2001). In addition, 44 

rapamycin (inhibiting mTOR) has been used as an immunosuppressant (Saunders et al., 2001) and a 45 

loss of immune defence is a hypothesised cost of DR (Speakman and Mitchell, 2011). 46 

When measurements of the composition of the immune system are taken as proxies for immune health, 47 

extrapolation to overall organismal health is difficult. An additional complication is that such proxies 48 

are often studied under controlled, pathogen free, conditions (Camell et al., 2021; Goldberg et al., 49 

2015). In comparison, acute survival to pathogens has received less attention, but provides a strong 50 

experimental and potentially translational paradigm to study the effects of DR and rapamycin. Pathogen 51 

infection is a pervasive problem that intensifies with age (Castle, 2000; Gavazzi and Krause, 2002). 52 

Treatments that enhance the effectiveness of the immune system to overcome infection are thus highly 53 

relevant. Conversely, should pro-longevity treatments simultaneously reduce the capacity to fight-off 54 

infection, the beneficial impact of DR and rapamycin on healthspan could be negated by reduced 55 

survival following naturally occurring infections (Johnson et al., 2013). We conducted a meta-analysis 56 

on studies in mice and found that survival after pathogen exposure was reduced by DR but improved 57 

with rapamycin. 58 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted October 7, 2022. ; https://doi.org/10.1101/2022.10.06.511121doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.06.511121
http://creativecommons.org/licenses/by-nc-nd/4.0/


 3 

Results  59 

DR had a significant negative effect on survival following pathogen exposure (Figure 1, lnHR=0.80; 60 

CI=0.08, 1.52; p=0.03). There was a large proportion of relative heterogeneity (I2=0.68; Q-test df=16, 61 

p<0.01). The small sample size of (seven) studies and variation in the recorded moderators were too 62 

small to perform any meaningful moderator analysis. This together with heterogeneity between studies 63 

and interdependency of effect sizes from the same study and using the same controls reduces the overall 64 

confidence in this result. It is unlikely however that variation between studies was due to mouse 65 

genotype or degree of DR, as all studies used the common inbred mouse strain, C57BL/6 and DR of 66 

40% (Table S1). However, the only study to find a significant positive effect of DR (Mejia et al., 2015) 67 

used a parasitic model of infection and was the only study to use females. No publication bias was 68 

detected using a rank correlation (Kendall’s τb=-0.25; p=0.18, Figure S3). 69 

Rapamycin treatment improved survival of mice exposed to pathogens (lnHR=-0.72; CI=-1.17, -0.28; 70 

p=0.0015). Strikingly, when both interventions were analysed together, with treatment type as 71 

moderator, rapamycin treated mice had significantly better survival than those treated with DR 72 

(estimate=-1.50; CI: -2.33, -0.68; p < 0.001). There was large relative heterogeneity (I2=0.67; Q=84, 73 

df=28, p<0.01). To perhaps explain some of this heterogeneity we tested a number of possible 74 

moderators. We found no significant contribution from mouse genotype (QM=2.78, df=4, p=0.60; or 75 

when testing BL6 against other: QM=0.63, df=1; p=0.43), inoculation method (QM=0.76, df=2; p=0.69), 76 

or pathogen type (QM=1.25, df=3, p=0.74). The effect of sex could not be evaluated as information was 77 

not provided or was female (see Table S2). There was a trend that secondary infection (QM=3.49, df=1, 78 

p=0.06) showed a stronger effect of rapamycin (-0.81; CI=-1.65, 0.04). A rank test of funnel plot 79 

asymmetry revealed no evidence for publication bias (Kendall’s τb=0.23; p=0.09; Figure S4).  80 
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 81 

Figure 1. Forest plot of hazard ratio estimates (circles) for DR and rapamycin post-infection survival curve 82 
pairings (n=46) from Cox proportional hazard models. Squares indicate overall effect sizes as determined using 83 
meta-analysis controlling interdependence of study and shared controls. Whiskers indicate 95% CIs. 84 

Discussion 85 

Through meta-analysis we found that rapamycin treatment but not DR significantly increased survival 86 

of mice exposed to pathogens. The pooled results of the limited number of studies suggest that DR does 87 

not improve immunity to infection and could even worsen the response. Studies on the impacts of 88 

rapamycin on infected mice have been inconclusive when comparing individual studies (Canivet et al., 89 

2015; Huang et al., 2017). Contrary to DR, however, our meta-analysis revealed that rapamycin 90 

protected against pathogenic infection. This disparity between DR and rapamycin supports previous 91 

suggestions, that these two anti-ageing treatments operate though largely distinct mechanisms 92 

(Birkisdóttir et al., 2021; Garratt et al., 2016; Miller et al., 2014; Unnikrishnan et al., 2020). 93 

A common interpretation is that DR benefits immune function by keeping it ‘younger for longer’ 94 

(Messaoudi et al., 2008; Pae et al., 2011). For instance, by protecting T-lymphocytes from oxidative 95 

damage (González et al., 2012), altering specific lymphocyte populations (Abe et al., 2001) and 96 

delaying thymic maturation (Chacón et al., 2002). However, our meta-analysis suggests that this 97 

‘youthful’ immune system does not translate into a more potent response to pathogens. Perhaps aspects 98 

of innate immunity are compromised under DR. A reduced level of IL-6 (Sun et al., 2001) and reduced 99 
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number and cytotoxicity of NK cells (Clinthorne et al., 2010) under DR were associated with reduced 100 

survival of mice upon infection. While DR decreases effectiveness of NK cell-based immunity, 101 

arguably regulated by leptin (Clinthorne et al., 2013, 2010; Naylor and Petri, 2016), this could also 102 

prevent a hyperimmune response enhancing survival. Similarly, a reduction in leptin production under 103 

DR was shown to be responsible for enhanced survival from cerebral malaria and these effects were 104 

mediated through reduced mTORC1 activity in T cells (Mejia et al., 2015). 105 

Several mechanisms could explain why rapamycin increases resilience against pathogen infection. 106 

Immunosuppressive properties of rapamycin could prevent the activation of an overzealous immune 107 

response (Canivet et al., 2015; Kalil and Thomas, 2019). A more effective immune response could stem 108 

from elevated numbers of T regulatory (Treg) cells seen after rapamycin treatment (Canivet et al., 2015; 109 

Goldberg et al., 2014). Treg cells cause immune suppression to maintain homeostasis, for example 110 

reducing cytokine production which in turn ameliorates tissue damage (Liu et al., 2016). Rapamycin 111 

may also improve immune memory (Chen et al., 2009; Keating et al., 2013; Liepkalns et al., 2016), 112 

possibly fitting with the trend that secondary infections showed a stronger response to treatment. 113 

Rapamycin's ability to reduce the debilitating effects of ageing on a systemic level could directly or 114 

indirectly benefit the immune system (Bischof et al., 2021). It remains to be determined to what degree 115 

the life-extending effects of rapamycin are due to its modulation of the immune system. Although 116 

lifespan extension by rapamycin in mice lacking T and B lymphocytes (RAG2-/-) without a rescue from 117 

an immune challenge (Hurez et al., 2015), suggests immunomodulation is not exclusively responsible 118 

for rapamycin's anti-ageing effects. Outside the protected lab environment, however, infection and 119 

repeated exposure to pathogens could be strongly determinative of healthy ageing and lifespan. In this 120 

context, rapamycin has a strong immediate potential to benefit humans (Bischof et al., 2021).  121 

For the studies included in our meta-analysis the duration and timing of treatment and age at pathogen 122 

exposure was so heterogeneous that we were unable to assess it (Table S2). Notably, in one study, short 123 

term rapamycin treatment was more successful in improving post-infection survival than long term 124 

treatment (Hinojosa et al., 2012). When comparing rapamycin to DR treatment we note that the 125 

majority of the DR studies initiated treatment well in advance of infection, whereas treatment with 126 

rapamycin was more brief. In fact, the one study that started DR on the day of infection was also the 127 

only study to find a significant benefit to survival (Mejia et al., 2015). Timing and scheduling of 128 

rapamycin treatment can have unpredictable effects and could depend on age. Transient rapamycin 129 

treatment (Juricic et al., 2022) and mTor knockdown (Simons et al., 2019) in early adult life extend 130 

lifespan in flies. Similarly, rapamycin during development (Shindyapina et al., 2022) and a short bout of 131 

treatment at middle-age (Bitto et al., 2016) extend lifespan in mice. Determining which rapamycin 132 

schedule is most beneficial to the ageing human will be key. It is encouraging however that short term 133 

rapamycin treatment in model organisms has benefits on both lifespan and on immune responses to 134 

pathogens, as we determined here through meta-analysis, paving the way for future human studies. 135 
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Methods 136 

Literature Research 137 

Scopus and Google scholar were the two primary databases used to collect results for search terms 138 

relating to both Dietary Restriction and Rapamycin. Additional sources were also found by searching 139 

the reference sections of salient papers [Denoted as ‘Other Sources’ in the PRISMA report – Figure S1]. 140 

As part of standard meta-analytic protocol (Shamseer et al., 2015) the PICO (Population, Intervention, 141 

Comparison, Outcome) framework was used to establish the specific research questions of the meta-142 

analysis for both Rapamycin (How rapamycin impacts the immune response of non-mutant mice 143 

compared to mice treated with Placebo Vehicle Injection) and DR treatment (How DR impacts the 144 

immune response of non-mutant mice compared to mice fed ad libitum). From our initial literature 145 

research, we established that post infection survival is a common and relevant metric used. Although 146 

DR and rapamycin experiments have been conducted on species from a range of taxa, the most 147 

extensively studied and well controlled subject group were laboratory mice. Given this, we focussed the 148 

meta-analysis on studies on mice that measured short-term survival following pathogen exposure. 149 

Inclusion Criteria 150 

General inclusion criteria: (i) The experiment contained a control group and a group under DR or 151 

treated with rapamycin. (ii) The study included survival data in the form of a Kaplan-Meier plot, or 152 

provided original/raw survival data. (iii) Studies that used mouse strains that were selected or 153 

genetically modified in a way that would prompt an abnormal response were excluded. For instance, 154 

p53 deficient mice were excluded as they exhibit accelerated immune ageing (Ohkusu-Tsukada et al., 155 

1999). (iv) There were no restrictions on the age or sex, but this information was collected for potential 156 

use in moderator analysis. (v) Survival data from the experiment could be in response to primary 157 

pathogen exposure or secondary exposure to the same or similar pathogen. For instance, in a study by 158 

Keating and colleagues (2013). (vi) The studies chosen were restricted to those which used 159 

microparasites as the pathogen for their immune challenge. (vii) There were no restrictions on the date 160 

papers were published. (viii) Studies with insufficient or unclear data were excluded (e.g., studies that 161 

did not include sample size, or only survival data as an overall percentage rather than a Kaplan-Meier 162 

plot. One study such, by Huang and colleagues (2017), was due to a culmination of insufficient detail 163 

(rapamycin dose and mouse sex were not stated), a lack of independent controls and small sample size. 164 

Treatment specific inclusion criteria: For DR experiments: (i) Restrict overall food intake as opposed to 165 

restricting a specific macro or micronutrient. (ii) There was no limit on duration of DR prior to 166 

infection. (iii) Studies with DR conditions of 40-60% ad libitum to represent moderate restriction. For 167 

rapamycin experiments: (i) The experiment could use rapamycin at any dosage but not in conjunction 168 

with another drug. (ii) There was also no restriction on duration of rapamycin treatment, but this 169 

information was also recorded. 170 
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Search Methodology 171 

The following key terms were entered into the chosen databases, the searches were modified to fit the 172 

format of an advanced search in each database. Scopus: 1. ("Dietary Restriction" OR "Undernutrition") 173 

AND ((infection OR influenza)) AND (mice) AND NOT (review) returned 64 hits. 2. “Rapamycin” 174 

AND (infection OR influenza) AND (mice) AND NOT (review) returned 853 hits. Google Scholar: 1. 175 

(Dietary Restriction OR DR) AND (immune challenge OR infection) AND (mice OR Mouse) returned 176 

~68,100 hits. 2. [Dietary Restriction] AND (infection OR immune response) AND [mice] AND 177 

“research paper” returned ~162,000 hits. 3. "Dietary Restriction" AND (infection OR influenza) AND 178 

[mice] AND -review returned ~603 hits. Note, alternative names for/forms of rapamycin also queried 179 

but these did not return any additional studies. Papers were assessed and selected manually following 180 

our inclusion and exclusion criteria and subsequently using the PRISMA guide (Figure S1). All 181 

literature searches were conducted by EP. A secondary non-structured search was conducted by MJPS 182 

as this can yield additional suitable literature. Later cross-referencing with the structured search yielded 183 

five additional suitable studies for the meta-analysis (Figure S1). 184 

Data Extraction and Re-Analysis 185 

Raw survival times were extracted using image analysis of published Kaplan-Meier survival curves. 186 

These analyses were performed using the WebPlotDigitizer analysis software. This software uses 187 

labelled axes from the published survival curve to then measure the location of points on each survival 188 

curve (Garratt et al., 2016; Swindell, 2017). The extracted data was re-analysed using Cox Proportional 189 

Hazards to assess the relationship between post infection survival probability and DR or rapamycin 190 

treatment (R package: survival; function: coxph (Therneau et al., 2000)). Individuals still alive at follow 191 

up were right-hand censored. No individuals were censored in these studies during the experiment. The 192 

effect size estimates and Kaplan-Meier survival curves generated from this analysis were compared to 193 

those in the original publications to confirm that data had been extracted accurately and the direction of 194 

the effect corresponded to those reported in the original published work. We extracted pathogen type, 195 

infection method, sex and mouse genotype to be used in possible moderator analysis (Table S2). To 196 

include as many pertinent studies as possible, a range of pathogens were included, and pathogen type 197 

was extracted as a moderator. Longevity induced by rapamycin treatment has been shown to be 198 

differentially affected by sex, with greater lifespan increase in female mice than male mice at a verity of 199 

doses (Miller et al., 2014). Genotype has also been shown to impact lifespan of mice treated with both 200 

DR (Swindell, 2012) and rapamycin (Swindell, 2017). Additionally, there is evidence that the most 201 

common mouse models used in relevant studies, BALB/c and C57BL/6, exhibit distinctive immune 202 

responses when exposed to bacterial infection (Fornefett et al., 2018).   203 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted October 7, 2022. ; https://doi.org/10.1101/2022.10.06.511121doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.06.511121
http://creativecommons.org/licenses/by-nc-nd/4.0/


 8 

Meta-Analysis 204 

Effect sizes, expressed as log hazard ratios from each study were then analysed using a random effects 205 

multilevel meta-analysis model (R package: metafor; function: rma.mv (Viechtbauer, 2010). Standard 206 

errors from the Cox proportional hazard models provided the weighting of each effect size in the 207 

analysis (the inverse of s.e. squared). As several effect sizes estimated used the same control group, we 208 

accounted for this shared variance by including a covariance matrix (Garratt et al., 2016) calculated 209 

using ‘vcalc’ in metafor, using a correlation of 0.5 between effect sizes of shared controls. Multilevel 210 

meta-analysis allows the inclusion of random effects and we included study as a random intercept for 211 

the multiple experiments from the same study. Where possible, post hoc subgroup analysis was 212 

performed to assess potential variables that may have contributed to heterogeneity. We only performed 213 

moderator analysis if the moderator could be objectively coded as a continuous variable or a factor with 214 

enough replication within levels to be tested. We indicate in the text where this was not possible due to 215 

heterogeneity in reporting or low number of replications. Relative heterogeneity was assessed using a 216 

multilevel version of I2 (Nakagawa and Santos, 2012) and we also report Q tests. Publication bias 217 

within the meta-analysis was assessed visually using funnel plots (Figures S3 and S4) and statistically 218 

using a rank correlation test for funnel asymmetry using Kendall rank correlations.  219 

Acknowledgements 220 

Funding from Sir Henry Dale Fellowship (Wellcome and Royal Society; 216405/Z/19/Z) and an 221 

Academy of Medical Sciences Springboard Award (the Wellcome Trust, the Government Department 222 

of Business, Energy and Industrial Strategy (BEIS), the British Heart Foundation and Diabetes UK; 223 

SBF004\1085).  224 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted October 7, 2022. ; https://doi.org/10.1101/2022.10.06.511121doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.06.511121
http://creativecommons.org/licenses/by-nc-nd/4.0/


 9 

References  225 

Abe T, Nakajima A, Satoh N, Ohkoshi M, Sakuragi S, Koizumi A. 2001. Suppression of Experimental 226 
Autoimmune Uveoretinitis by Dietary Calorie Restriction. Jpn J Ophthalmol 45:46–52. 227 
doi:10.1016/S0021-5155(00)00303-8 228 

Aw D, Silva AB, Palmer DB. 2007. Immunosenescence: emerging challenges for an ageing population. 229 
Immunology 120:435–446. doi:10.1111/j.1365-2567.2007.02555.x 230 

Baylis D, Bartlett DB, Patel HP, Roberts HC. 2013. Understanding how we age: insights into 231 
inflammaging. Longev Heal 2:8. doi:10.1186/2046-2395-2-8 232 

Birkisdóttir MB, Jaarsma D, Brandt RMC, Barnhoorn S, van Vliet N, Imholz S, van Oostrom CT, 233 
Nagarajah B, Portilla Fernández E, Roks AJM, Elgersma Y, van Steeg H, Ferreira JA, Pennings 234 
JLA, Hoeijmakers JHJ, Vermeij WP, Dollé MET. 2021. Unlike dietary restriction, rapamycin 235 
fails to extend lifespan and reduce transcription stress in progeroid DNA repair-deficient mice. 236 
Aging Cell 20:e13302. doi:10.1111/acel.13302 237 

Bischof E, Siow RC, Zhavoronkov A, Kaeberlein M. 2021. The potential of rapalogs to enhance 238 
resilience against SARS-CoV-2 infection and reduce the severity of COVID-19. Lancet 239 
Healthy Longev 2:e105–e111. doi:10.1016/S2666-7568(20)30068-4 240 

Bitto A, Ito TK, Pineda VV, LeTexier NJ, Huang HZ, Sutlief E, Tung H, Vizzini N, Chen B, Smith K, 241 
Meza D, Yajima M, Beyer RP, Kerr KF, Davis DJ, Gillespie CH, Snyder JM, Treuting PM, 242 
Kaeberlein M. 2016. Transient rapamycin treatment can increase lifespan and healthspan in 243 
middle-aged mice. eLife 5:e16351. doi:10.7554/eLife.16351 244 

Bjedov I, Toivonen JM, Kerr F, Slack C, Jacobson J, Foley A, Partridge L. 2010. Mechanisms of Life 245 
Span Extension by Rapamycin in the Fruit Fly Drosophila melanogaster. Cell Metab 11:35–46. 246 
doi:10.1016/j.cmet.2009.11.010 247 

Camell CD, Yousefzadeh MJ, Zhu Y, Prata LGPL, Huggins MA, Pierson M, Zhang L, O’Kelly RD, 248 
Pirtskhalava T, Xun P, Ejima K, Xue A, Tripathi U, Espindola-Netto JM, Giorgadze N, 249 
Atkinson EJ, Inman CL, Johnson KO, Cholensky SH, Carlson TW, LeBrasseur NK, Khosla S, 250 
O’Sullivan MG, Allison DB, Jameson SC, Meves A, Li M, Prakash YS, Chiarella SE, Hamilton 251 
SE, Tchkonia T, Niedernhofer LJ, Kirkland JL, Robbins PD. 2021. Senolytics reduce 252 
coronavirus-related mortality in old mice. Science 373:eabe4832. doi:10.1126/science.abe4832 253 

Canivet C, Menasria R, Rhéaume C, Piret J, Boivin G. 2015. Valacyclovir combined with artesunate or 254 
rapamycin improves the outcome of herpes simplex virus encephalitis in mice compared to 255 
antiviral therapy alone. Antiviral Res 123:105–113. doi:10.1016/j.antiviral.2015.09.007 256 

Castle SC. 2000. Clinical Relevance of Age-Related Immune Dysfunction. Clin Infect Dis 31:578–585. 257 
doi:10.1086/313947 258 

Chacón F, Cano P, Lopez-Varela S, Jiménez V, Marcos A, Esquifino AI. 2002. Chronobiological 259 
features of the immune system. Effect of calorie restriction. Eur J Clin Nutr 56:S69–S72. 260 
doi:10.1038/sj.ejcn.1601491 261 

Chen C, Liu Yu, Liu Yang, Zheng P. 2009. mTOR Regulation and Therapeutic Rejuvenation of Aging 262 
Hematopoietic Stem Cells. Sci Signal 2. doi:10.1126/scisignal.2000559 263 

Chung HY, Kim HJ, Kim KW, Choi JS, Yu BP. 2002. Molecular inflammation hypothesis of aging 264 
based on the anti-aging mechanism of calorie restriction. Microsc Res Tech 59:264–272. 265 
doi:10.1002/jemt.10203 266 

Clinthorne JF, Adams DJ, Fenton JI, Ritz BW, Gardner EM. 2010. Short-Term Re-Feeding of 267 
Previously Energy-Restricted C57BL/6 Male Mice Restores Body Weight and Body Fat and 268 
Attenuates the Decline in Natural Killer Cell Function after Primary Influenza Infection. J Nutr 269 
140:1495–1501. doi:10.3945/jn.110.122408 270 

Clinthorne JF, Beli E, Duriancik DM, Gardner EM. 2013. NK Cell Maturation and Function in 271 
C57BL/6 Mice Are Altered by Caloric Restriction. J Immunol 190:712–722. 272 
doi:10.4049/jimmunol.1201837 273 

Cox LS, Mattison JA. 2009. Increasing longevity through caloric restriction or rapamycin feeding in 274 
mammals: common mechanisms for common outcomes? Aging Cell 8:607–613. 275 
doi:10.1111/j.1474-9726.2009.00509.x 276 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted October 7, 2022. ; https://doi.org/10.1101/2022.10.06.511121doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.06.511121
http://creativecommons.org/licenses/by-nc-nd/4.0/


 10 

Davies WL, Smith SC, Pond WL, Rasmussen AF, Clark PF. 1949. Effect of Dietary Restriction on 277 
Susceptibility of Mice to Infection with Theiler’s GDVII Virus. Proc Soc Exp Biol Med 278 
72:528–531. doi:10.3181/00379727-72-17488 279 

Fontana L, Partridge L, Longo VD. 2010. Extending Healthy Life Span—From Yeast to Humans. 280 
Science 328:321–326. doi:10.1126/science.1172539 281 

Fornefett J, Krause J, Klose K, Fingas F, Hassert R, Eisenberg T, Schrödl W, Grunwald T, Müller U, 282 
Baums CG. 2018. Comparative analysis of clinics, pathologies and immune responses in 283 
BALB/c and C57BL/6 mice infected with Streptobacillus moniliformis. Microbes Infect 284 
20:101–110. doi:10.1016/j.micinf.2017.10.001 285 

Foster AD, Sivarapatna A, Gress RE. 2011. The aging immune system and its relationship with cancer. 286 
Aging Health 7:707–718. doi:10.2217/ahe.11.56 287 

Garratt M, Nakagawa S, Simons MJP. 2016. Comparative idiosyncrasies in life extension by reduced 288 
mTOR signalling and its distinctiveness from dietary restriction. Aging Cell 15:737–743. 289 
doi:10.1111/acel.12489 290 

Gavazzi G, Krause K-H. 2002. Ageing and infection. Lancet Infect Dis 2:659–666. doi:10.1016/S1473-291 
3099(02)00437-1 292 

Goldberg EL, Romero-Aleshire MJ, Renkema KR, Ventevogel MS, Chew WM, Uhrlaub JL, Smithey 293 
MJ, Limesand KH, Sempowski GD, Brooks HL, Nikolich-Žugich J. 2015. Lifespan-extending 294 
caloric restriction or mTOR inhibition impair adaptive immunity of old mice by distinct 295 
mechanisms. Aging Cell 14:130–138. doi:10.1111/acel.12280 296 

Goldberg EL, Smithey MJ, Lutes LK, Uhrlaub JL, Nikolich-Žugich J. 2014. Immune Memory–297 
Boosting Dose of Rapamycin Impairs Macrophage Vesicle Acidification and Curtails 298 
Glycolysis in Effector CD8 Cells, Impairing Defense against Acute Infections. J Immunol 299 
193:757–763. doi:10.4049/jimmunol.1400188 300 

González O, Tobia C, Ebersole J, Novak M. 2012. Caloric restriction and chronic inflammatory 301 
diseases. Oral Dis 18:16–31. doi:10.1111/j.1601-0825.2011.01830.x 302 

Goronzy JJ, Weyand CM. 2019. Mechanisms underlying T cell ageing. Nat Rev Immunol 19:573–583. 303 
doi:10.1038/s41577-019-0180-1 304 

Green CL, Lamming DW, Fontana L. 2022. Molecular mechanisms of dietary restriction promoting 305 
health and longevity. Nat Rev Mol Cell Biol 23:56–73. doi:10.1038/s41580-021-00411-4 306 

Hinojosa CA, Mgbemena V, Van Roekel S, Austad SN, Miller RA, Bose S, Orihuela CJ. 2012. Enteric-307 
delivered rapamycin enhances resistance of aged mice to pneumococcal pneumonia through 308 
reduced cellular senescence. Exp Gerontol 47:958–965. doi:10.1016/j.exger.2012.08.013 309 

Huang C-T, Hung C-Y, Chen T-C, Lin C-Y, Lin Y-C, Chang C-S, He Y-C, Huang Y-L, Dutta A. 2017. 310 
Rapamycin adjuvant and exacerbation of severe influenza in an experimental mouse model. Sci 311 
Rep 7:4136. doi:10.1038/s41598-017-04365-6 312 

Hurez V, Dao V, Liu A, Pandeswara S, Gelfond J, Sun L, Bergman M, Orihuela CJ, Galvan V, Padrón 313 
Á, Drerup J, Liu Y, Hasty P, Sharp ZD, Curiel TJ. 2015. Chronic mTOR inhibition in mice 314 
with rapamycin alters T, B, myeloid, and innate lymphoid cells and gut flora and prolongs life 315 
of immune-deficient mice. Aging Cell 14:945–956. doi:10.1111/acel.12380 316 

Johnson SC, Rabinovitch PS, Kaeberlein M. 2013. mTOR is a key modulator of ageing and age-related 317 
disease. Nature 493:338–345. doi:10.1038/nature11861 318 

Jolly CA. 2004. Dietary Restriction and Immune Function. J Nutr 134:1853–1856. 319 
doi:10.1093/jn/134.8.1853 320 

Juricic P, Lu Y-X, Leech T, Drews LF, Paulitz J, Lu J, Nespital T, Azami S, Regan JC, Funk E, 321 
Fröhlich J, Grönke S, Partridge L. 2022. Long-lasting geroprotection from brief rapamycin 322 
treatment in early adulthood by persistently increased intestinal autophagy. Nat Aging 1–13. 323 
doi:10.1038/s43587-022-00278-w 324 

Kalil AC, Thomas PG. 2019. Influenza virus-related critical illness: pathophysiology and epidemiology. 325 
Crit Care 23:258. doi:10.1186/s13054-019-2539-x 326 

Katewa SD, Kapahi P. 2010. Dietary restriction and aging, 2009. Aging Cell 9:105–112. 327 
doi:10.1111/j.1474-9726.2010.00552.x 328 

Keating R, Hertz T, Wehenkel M, Harris TL, Edwards BA, McClaren JL, Brown SA, Surman S, 329 
Wilson ZS, Bradley P, Hurwitz J, Chi H, Doherty PC, Thomas PG, McGargill MA. 2013. The 330 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted October 7, 2022. ; https://doi.org/10.1101/2022.10.06.511121doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.06.511121
http://creativecommons.org/licenses/by-nc-nd/4.0/


 11 

kinase mTOR modulates the antibody response to provide cross-protective immunity to lethal 331 
infection with influenza virus. Nat Immunol 14:1266–1276. doi:10.1038/ni.2741 332 

Liepkalns JS, Pandey A, Hofstetter AR, Kumar A, Jones EN, Cao W, Liu F, Levine MZ, Sambhara S, 333 
Gangappa S. 2016. Rapamycin Does Not Impede Survival or Induction of Antibody Responses 334 
to Primary and Heterosubtypic Influenza Infections in Mice. Viral Immunol 29:487–493. 335 

Liu Q, Zhou Y, Yang Z. 2016. The cytokine storm of severe influenza and development of 336 
immunomodulatory therapy. Cell Mol Immunol 13:3–10. doi:10.1038/cmi.2015.74 337 

López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. 2013. The Hallmarks of Aging. Cell 338 
153:1194–1217. doi:10.1016/j.cell.2013.05.039 339 

Mannick JB, Del Giudice G, Lattanzi M, Valiante NM, Praestgaard J, Huang B, Lonetto MA, Maecker 340 
HT, Kovarik J, Carson S, Glass DJ, Klickstein LB. 2014. mTOR inhibition improves immune 341 
function in the elderly. Sci Transl Med 6:268ra179-268ra179. 342 
doi:10.1126/scitranslmed.3009892 343 

Mejia P, Treviño-Villarreal JH, Hine C, Harputlugil E, Lang S, Calay E, Rogers R, Wirth D, Duraisingh 344 
MT, Mitchell JR. 2015. Dietary restriction protects against experimental cerebral malaria via 345 
leptin modulation and T-cell mTORC1 suppression. Nat Commun 6:6050. 346 
doi:10.1038/ncomms7050 347 

Messaoudi I, Fischer M, Warner J, Park B, Mattison J, Ingram DK, Totonchy T, Mori M, Nikolich-348 
Žugich J. 2008. Optimal window of caloric restriction onset limits its beneficial impact on T-349 
cell senescence in primates. Aging Cell 7:908–919. doi:10.1111/j.1474-9726.2008.00440.x 350 

Miller RA, Harrison DE, Astle CM, Fernandez E, Flurkey K, Han M, Javors MA, Li X, Nadon NL, 351 
Nelson JF, Pletcher S, Salmon AB, Sharp ZD, Van Roekel S, Winkleman L, Strong R. 2014. 352 
Rapamycin-mediated lifespan increase in mice is dose and sex dependent and metabolically 353 
distinct from dietary restriction. Aging Cell 13:468–477. doi:10.1111/acel.12194 354 

Nakagawa S, Santos ESA. 2012. Methodological issues and advances in biological meta-analysis. Evol 355 
Ecol 26:1253–1274. doi:10.1007/s10682-012-9555-5 356 

Naylor C, Petri WA. 2016. Leptin Regulation of Immune Responses. Trends Mol Med 22:88–98. 357 
doi:10.1016/j.molmed.2015.12.001 358 

Nikolich-Žugich J, Messaoudi I. 2005. Mice and flies and monkeys too: Caloric restriction rejuvenates 359 
the aging immune system of non-human primates. Exp Gerontol, Metabolism, Aging and 360 
Longevity 40:884–893. doi:10.1016/j.exger.2005.06.007 361 

Ohkusu-Tsukada K, Tsukada T, Isobe K. 1999. Accelerated development and aging of the immune 362 
system in p53-deficient mice. J Immunol Baltim Md 1950 163:1966–1972. 363 

Pae M, Meydani SN, Wu D. 2011. The Role of Nutrition in Enhancing Immunity in Aging. Aging Dis 364 
3:91–129. 365 

Ritz BW, Gardner EM. 2006. Malnutrition and Energy Restriction Differentially Affect Viral 366 
Immunity. J Nutr 136:1141–1144. doi:10.1093/jn/136.5.1141 367 

Saunders RN, Metcalfe MS, Nicholson ML. 2001. Rapamycin in transplantation: A review of the 368 
evidence. Kidney Int 59:3–16. doi:10.1046/j.1523-1755.2001.00460.x 369 

Shamseer L, Moher D, Clarke M, Ghersi D, Liberati A, Petticrew M, Shekelle P, Stewart LA. 2015. 370 
Preferred reporting items for systematic review and meta-analysis protocols (PRISMA-P) 2015: 371 
elaboration and explanation. BMJ 349:g7647. doi:10.1136/bmj.g7647 372 

Shaw AC, Goldstein DR, Montgomery RR. 2013. Age-dependent dysregulation of innate immunity. 373 
Nat Rev Immunol 13:875–887. doi:10.1038/nri3547 374 

Shindyapina AV, Cho Y, Kaya A, Tyshkovskiy A, Castro JP, Gordevicius J, Poganik JR, Horvath S, 375 
Peshkin L, Gladyshev VN. 2022. Preprint bioRxiv. Rapamycin treatment during development 376 
extends lifespan and healthspan. doi:10.1101/2022.02.18.481092 377 

Simons MJP, Hartshorne L, Trooster S, Thomson J, Tatar M. 2019. Age-dependent effects of reduced 378 
mTor signalling on life expectancy through distinct physiology. preprint bioRxiv. 379 
doi:10.1101/719096 380 

Speakman JR, Mitchell SE. 2011. Caloric restriction. Mol Aspects Med, Caloric Restriction 32:159–381 
221. doi:10.1016/j.mam.2011.07.001 382 

Sun D, Muthukumar AR, Lawrence RA, Fernandes G. 2001. Effects of Calorie Restriction on 383 
Polymicrobial Peritonitis Induced by Cecum Ligation and Puncture in Young C57BL/6 Mice. 384 
8:1003-11. Clin Diagn Lab Immunol. doi:10.1128/CDLI.8.5.1003-1011.2001 385 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted October 7, 2022. ; https://doi.org/10.1101/2022.10.06.511121doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.06.511121
http://creativecommons.org/licenses/by-nc-nd/4.0/


 12 

Swindell WR. 2017. Meta-Analysis of 29 Experiments Evaluating the Effects of Rapamycin on Life 386 
Span in the Laboratory Mouse. J Gerontol Ser A 72:1024–1032. doi:10.1093/gerona/glw153 387 

Swindell WR. 2012. Dietary restriction in rats and mice: A meta-analysis and review of the evidence 388 
for genotype-dependent effects on lifespan. Ageing Res Rev 11:254–270. 389 
doi:10.1016/j.arr.2011.12.006 390 

Therneau T, Crowson C, Atkinson E. n.d. Using Time Dependent Covariates and Time Dependent 391 
Coefficients in the Cox Model 31. 392 

Unnikrishnan A, Kurup K, Salmon AB, Richardson A. 2020. Is Rapamycin a Dietary Restriction 393 
Mimetic? J Gerontol Ser A 75:4–13. doi:10.1093/gerona/glz060 394 

Viechtbauer W. 2010. Conducting Meta-Analyses in R with the metafor Package. J Stat Softw 36:1–48. 395 
doi:10.18637/jss.v036.i03 396 

Yousefzadeh MJ, Flores RR, Zhu Y, Schmiechen ZC, Brooks RW, Trussoni CE, Cui Y, Angelini L, 397 
Lee K-A, McGowan SJ, Burrack AL, Wang D, Dong Q, Lu A, Sano T, O’Kelly RD, 398 
McGuckian CA, Kato JI, Bank MP, Wade EA, Pillai SPS, Klug J, Ladiges WC, Burd CE, 399 
Lewis SE, LaRusso NF, Vo NV, Wang Y, Kelley EE, Huard J, Stromnes IM, Robbins PD, 400 
Niedernhofer LJ. 2021. An aged immune system drives senescence and ageing of solid organs. 401 
Nature 594:100–105. doi:10.1038/s41586-021-03547-7 402 

 403 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted October 7, 2022. ; https://doi.org/10.1101/2022.10.06.511121doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.06.511121
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

Supplementary material; Rapamycin not Dietary Restriction improves resilience against pathogens: a meta-analysis 

Figure S1: PRISMA flow chart describing search strategy for appropriate Dietary Restriction studies to be used in the 
present meta-analysis. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted October 7, 2022. ; https://doi.org/10.1101/2022.10.06.511121doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.06.511121
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

 Figure S2:  PRISMA flow chart describing search strategy for appropriate rapamycin studies to be used in the present 
meta-analysis. 
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Table S1: Additional details of Dietary Restriction studies used in the meta-analysis, including effect sizes and details of DR treatments, 
infections and mouse populations used in each experiment. 

Dataset 

Effect Size  
(ln HR)  Details of Infection Details of Mouse Populations 

Estimate SE 

Degree of 
Restriction 
(%) 

Age at 
infection 

Strength of 
Infection Pathogen Type 

Infection 
Method 

Sample 
Size Sex Genotype 

Clinthorne et al., 
2010 

1.92 1.08 40 6 months 100 hgu Viral (Influenza, H1N1 PR8) Intranasal 24 Male C57BL/6 

Gardner et al., 
2005 (1) 

1.68 0.81 40 23 months 0.1 hgu Viral (Influenza, H1N1 PR8) Intranasal 21 Male C57BL/6 

Gardner et al., 
2005 (2) 

0.70 0.52 40 23 months 1 hgu Viral (Influenza, H1N1 PR8) Intranasal 21 Male C57BL/6 

Gardner et al., 
2005 (3) 

1.12 0.51 40 23 months 10 hgu Viral (Influenza, H1N1 PR8) Intranasal 21 Male C57BL/6 

Gardner et al., 
2005 (4) 

2.45 0.81 40 23 months 100 hgu Viral (Influenza, H1N1 PR8) Intranasal 22 Male C57BL/6 

Goldberg et al., 
2015  

0.79 0.31 40 25 weeks 1000 pfu Viral (Flavivirus, West Nile 
Virus) 

Injection 60 Male C57BL/6 

Goldberg et al., 
2015 

0.64 0.39 40 25 weeks 1000 pfu Viral (Flavivirus, West Nile 
Virus) 

Injection 38 Male C57BL/6 

Mejia et al., 2015 
(1) * 

-1.63 0.83 40 8-10 weeks 0.5 million 
RBCs 

Parasitic (Plasmodium. berghei) Injection 52 Female C57BL/6J 

Mejia et al., 2015 
(2) 

-1.13 0.71 40 8-10 weeks 0.5 million 
RBCs 

Parasitic (Plasmodium. berghei) Injection 39 Female C57BL/6J 

Mejia et al., 2015 
(3) 

-0.75 0.65 40 8-10 weeks 0.5 million 
RBCs 

Parasitic (Plasmodium. berghei) Injection 16 Female C57BL/6J 

Mejia et al., 2015 
(4) 

-2.43 1.10 40 8-10 weeks 0.5 million 
RBCs 

Parasitic (Plasmodium. berghei) Injection 16 Female C57BL/6J 

Mejia et al., 2015 
(5) 

0.25 0.56 40 8-10 weeks 0.5 million 
RBCs 

Parasitic (Plasmodium. berghei) Injection 16 Female C57BL/6J 

Mejia et al., 2015 
(6) 

-3.08 1.03 40 8-10 weeks 0.5 million 
RBCs 

Parasitic (Plasmodium. berghei) Injection 16 Female C57BL/6J 

Mejia et al., 2015 
(7) 

-0.77 0.73 50 8-10 weeks 0.5 million 
RBCs 

Parasitic (Plasmodium. berghei) Injection 16 Female C57BL/6J 

Rao et al., 2017 1.51 0.53 40 6-8 weeks 150 cfu Bacterial (Salmonella 
Typhimurium) 

Injection 29 Male C57BL/6 
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Ritz et al., 2008 1.01 0.51 40 6 months 100 hgu Viral (Influenza, H1N1 PR8) Intranasal 30 Male C57BL/6 
Trujillo-Ferrara et 
al., 2011 

-0.30 0.43 40 6 months 10000 cfu Bacterial (Salmonella 
Typhimurium) 

Injection 50 NS C57BL/6 

Rows highlighted in red indicate experiments where DR had a significantly negative effect on post infection survival. 
Rows highlighted in green indicate experiments where DR had a significantly positive effect on post infection survival.  
NS = Not Stated 
* Mejia and colleagues conducted the only DR study to test multiple start points for restriction at 7 days (1, 6, 7), 4 days (2) and 2 days (3) before infection, on the 
day of infection (4) and 2 days post infection (5). Only data from fig. d and fig. i were included.  

 

 

Table S2: Additional details of rapamycin studies used in the meta-analysis, including effect sizes and details of DR treatments, infections and mouse 
populations used in each experiment. 

Dataset 

Effect Size  
(ln HR) Details of Rapamycin Treatment   Details of Infection Details of Mouse Population 

Estimate SE 
Rapamycin 
Dose* Frequency of Treatment 

Age at 
Infection 

Priming 
Infection Pathogen Type 

Infection 
Strength 

Infection 
Method 

Sample 
Size Sex Genotype 

Bell et al., 
2017 

-1.91 1.10 10 mg/kg daily 1 hour before infection to 10 
days post infection 

6-8 weeks No Viral (Rift Valley Fever 
Virus) 

150 pfu Injection 20 Female BALB/c 

Bell et al., 
2017 

-0.80 0.63 10 mg/kg daily 1 hour before infection to 14 
days post infection 

6-8 weeks No Viral (Rift Valley Fever 
Virus) 

1500 pfu Injection 20 Female BALB/c 

Canivet et al., 
2015 

-1.96 0.75 10 mg/kg daily Days 4 to 13 post infection 4-5 weeks No Viral (Herpes Simplex 
Virus) 

1.5 × 103 pfu Intranasal 28 Female BALB/c 

Canivet et al., 
2015 

-1.94 0.45 10 mg/kg daily Days 4 to 13 post infection 4-5 weeks No Viral (Herpes Simplex 
Virus) 

1.5 × 103 pfu Intranasal 45 Female BALB/c 

Chen et al., 
2009 

-2.59 1.07 4mg/kg every 2 
days 

8 weeks before infection 22-24 
months 

Yes Viral (Influenza H1N1 
PR8) 

400 hau Intranasal 24 NS C57BL/6 

Goldberg et 
al., 2014 

0.91 0.50 75μg/kg daily 2 days before infection to 7 
days post infection 

16-18 
months 

No Viral (Flavivirus, West 
Nile Virus) 

103 pfu Injection 42 NS C57BL/6 

Goldberg et 
al., 2015 

0.52 0.32 75μg/kg daily 2 months before infection 16-18 
months 

No Viral (Flavivirus, West 
Nile Virus) 

400 hau Intranasal 57 NS C57BL/6 

Gordon et al., 
2015 

-3.34 1.08 1mg/kg daily 1 day post infection (until 
experiment end) 

7-10 weeks No Parasitic (Plasmodium 
berghei) 

1 × 106 RBCs Injection 19 Female C57BL/6 

Gordon et al., 
2015 

-2.95 1.08 1mg/kg daily 4 days post infection (until 
experiment end) 

7-10 weeks No Parasitic (Plasmodium 
berghei) 

1 × 106 RBCs Injection 18 Female C57BL/6 

Gordon et al., 
2015 

-0.59 0.52 1mg/kg daily 5 days post infection (until 
experiment end) 

7-10 weeks No Parasitic (Plasmodium 
berghei) 

1 × 106 RBCs Injection 18 Female C57BL/6 
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Gust et al., 
2011 

-1.94 1.10 75μg/kg daily 1 day before priming 
infection until secondary 
infection (28 days) 

NS Yes Viral (Influenza H5N1) 1 × 108 EID50 Injection 20 Female C57BL/6 

Harrison et al., 
2014 

0.04 0.33 NS 6 weeks prior to infection 
and withdrawn before 
infection 

24.5 
months 

No Bacterial 
(Mycobacterium 
tuberculosis (GP)) 

NS Inhalation 50 Female HET3 

Heydarabadi 
et al., 2020 

0.04 0.45 40μg/μl daily NS NS No Viral (Rhabdoviridae, 
RABV) 

NS Injection 20 NS NMRI 

High and 
Washburn, 
1996 

0.10 0.40 10mg/kg 1 day before infection to 14 
days post infection 

NS No Fungal (Aspergillus 
fumigatus) 

7.5 × 106 conidia Injection 40 NS CD-1 

Hinojosa et 
al., 2012 

-1.09 0.47 2.2mg/kg daily 17 weeks before infection 24 months No Bacterial 
(Streptococcus. 
pneumoniae (GP)) 

1 × 103 cfu Inhalation 25 Both C57BL/6 

Hinojosa et 
al., 2012 

-0.77 0.49 2.2mg/kg daily 86 weeks before infection 24 months No Bacterial 
(Streptococcus. 
pneumoniae (GP)) 

1 × 103 cfu Inhalation 29 Both C57BL/6 

Jai et al., 2018 0.05 0.64 600μg/kg on day 
1 then 300μg/kg 
daily 

2 hours post infection (until 
experiment end 

6-8 weeks No Viral (Influenza H1N1 
pdm09) 

102 TCID50 Intranasal 16 Female BALB/c 

Jai et al., 2018 -0.38 0.49 600μg/kg on day 
1 then 300μg/kg 
daily 

2 days post infection (until 
experiment end) 

6-8 weeks No Viral (Influenza H1N1 
pdm09) 

102 TCID50 Intranasal 32 Female BALB/c 

Junkins et al., 
2013 

-0.72 1.22 10mg/kg daily 3 days before infection (until 
experiment end) 

8-10 weeks No Bacterial (Pseudomonas 
aeruginosa (GN)) 

109 cfu Intranasal 30 NS C57BL/6 

Keating et al., 
2013 

-2.31 1.09 75μg/kg daily 1 day before primer infection 8-10 weeks No Viral (Influenza 
A/HK/x31) 

1 × 108 EID50 Injection 18 Female C57BL/6J 

Keating et al., 
2013 

-1.39 0.48 75μg/kg daily 1 day before priming 
infection to 28 days post 
priming infection 

12-14 
weeks 

Yes Viral (Influenza H5N1) 4.5 × 105 EID50 Intranasal 32 Female C57BL/6J 

Keating et al., 
2013 

-1.03 0.42 75μg/kg daily 1 day before priming 
infection to 28 days post 
priming infection 

12-14 
weeks 

Yes Viral (Influenza PR8) 4.5 × 105 EID50 Intranasal 36 Female C57BL/6J 

Kim et al., 
2020 

-1.58 0.44 150 μg 3 and 5 hours after priming 
and 18 hours after secondary 
infection 

10 weeks Yes Fungal (Candida 
albicans) 

2 × 104 cfu Injection 28 Female C57BL/6 

Kim et al., 
2020 

-1.44 0.43 150 μg 3 and 5 hours after priming 
and 18 hours after secondary 
infection 

10 weeks Yes Fungal (Candida 
albicans) 

2 × 104 cfu Injection 28 Female C57BL/6 

Liepkalns et 
al., 2016 

-0.47 0.52 1.5 μg daily 3 days before infection (until 
experiment end) 

6 weeks No Viral (Influenza H1N1 
PR8) 

1.5 LD50 Intranasal 26 NS C57BL/6 

Liepkalns et 
al., 2016 

-0.73 1.22 12 μg daily 3 days before infection (until 
experiment end) 

6 weeks Yes Viral (Influenza H1N1 
PR8) 

1.5 LD50 Intranasal 20 NS C57BL/7 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted October 7, 2022. ; https://doi.org/10.1101/2022.10.06.511121doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.06.511121
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

Mejia et al., 
2015 

-2.81 1.08 1 mg/kg Days 1 to 3 post infection 8-10 weeks No Parasitic (Plasmodium 
berghei) 

0.5 million 
RBCs 

Injection 20 Female C57BL/6 

Mejia et al., 
2015 

-2.19 0.81 5 mg/kg Days 1 to 3 post infection 8-10 weeks No Parasitic (Plasmodium 
berghei) 

0.5 million 
RBCs 

Injection 20 Female C57BL/6 

Moraschi et 
al., 2021 

-1.79 1.13 0.075 mg/kg 
daily 

34 days starting at priming 
infection 

8 weeks Yes Parasitic (Trypanosoma 
cruzi) 

150 blood 
trypomastigotes 

Injection 14 Both C57BL/6 

Rows highlighted in green indicate experiments where rapamycin had a significantly positive effect on post infection survival.  
No experiment showed rapamycin to have a significantly negative effect on survival. 
NS = Not Stated  
*Refers to body weight per mouse. 
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Figure S3: Funnel plot of the hazard ratio estimates of survival curve pairs taken from DR studies. 
The white triangle represents the 95% confidence interval that all experimental hazard ratio estimates 
would be expected to fall within if no publication bias is present (Kendall’s τb rank correlation test, 
p=0.18). 

DR 
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Figure S4: Funnel plot of the hazard ratio estimates of survival curve pairs taken from 
rapamycin studies. The white triangle represents the 95% confidence interval that all 
experimental hazard ratio estimates would be expected to fall within if no publication bias 
is present (Kendall’s τb rank correlation test, p=0.09) 

Rapamyc
in 
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