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1.  Aim of the thesis 

1.1 Summary 
Advances in the field of ageing over recent years have led to the discovery that 
pharmacological and dietary interventions can slow the ageing process. Genetic alterations to 
the insulin/insulin-like growth factor (IGF) signalling (IIS) and mechanistic target of rapamycin 
(mTOR) network in multiple organisms have provided promising targets for pharmacological 
interventions. mTOR inhibition by rapamycin robustly extends lifespan and is associated with 
marked health improvements in multiple model organisms. Similarly, pharmacological 
manipulation of Ras signalling by trametinib prolongs lifespan in flies, and treatment with a 
combination of trametinib, rapamycin and lithium induced an additive increase in fly lifespan. 
However, whether trametinib alone or in combination with rapamycin can also extend mouse 
lifespan is currently unknown. Although combinatorial drug treatments hold great promise to 
maximise longevity, and potentially to reduce drug dosage and hence side-effects, to date, 
the most effective environmental intervention known to extend healthy lifespan in various 
animal species is Dietary Restriction (DR). DR alleviates a plethora of age-related pathologies, 
including immune dysregulation with age. The adaptive immune system is highly sensitive to 
DR feeding and DR delays age-associated T-cell immune senescence. Nevertheless, the 
impact of DR on B-cell immune responses, and whether the improved health and lifespan of 
DR mice can be attributed to some extent to enhanced B-cell immunity under DR, remain 
largely unexplored. My PhD thesis first explores the potential of a novel pharmacological 
intervention to promote mouse healthy ageing. Second, the work elucidates the role of 
adaptive immunity as a contributor to the benefits of a robust dietary intervention on mouse 
health and longevity. Specifically the thesis work addresses the following: (I) Does trametinib 
administration extend lifespan in mice and is there an additive effect by combining trametinib 
and rapamycin on mouse health and/or longevity. (II) Does B-cell immunity change in 
response to DR and could these changes contribute to the increased health and lifespan under 
DR.  

Chapter 3 of the thesis encompasses a detailed characterization of the effects of trametinib, 
alone and in combination with rapamycin, on the lifespan and healthspan of female and male 
mice. For this purpose, I assessed the survival of mice treated with trametinib at two doses, 
with rapamycin alone, and with their combination, with untreated controls. Trametinib-only 
treated female and male mice were significantly longer lived compared to the controls and 
mice receiving the double combination of trametinib and rapamycin showed a lifespan 
extension that was greater compared to the single trametinib and rapamycin treatments. 
Rapamycin and trametinib combination induced a mild attenuation of the age-related decline 
in heart rate in males and improvement in exploratory capacity in old females. The combination 
of trametinib and rapamycin also reduced tumour formation in the spleen and liver of old 
animals, progression of spleen tumours between 12 and 24 months of age, and kidney 
inflammation in old female mice. Finally, by studying brain glucose metabolism and the 
activation of microglia and astrocytes, I showed that the double combination of trametinib and 
rapamycin attenuated the age-related increase in brain glucose uptake and significantly 
reduced the accumulation of striatal microglia and astrocytes in females, suggesting that 
trametinib and rapamycin might alleviate age-related brain inflammation. 



15 

In Chapter 4 of the thesis, I examined the effects of chronic and late-onset DR on the ageing 
B-cell receptor (BCR) repertoire in the mouse spleen and ileum. Given that the critical time 
period wherein DR can prolong lifespan lies between 16 and 20 months, I assessed the 
changes in the BCR repertoire in response to chronic DR and DR initiated at 16 and 20 months 
of age. Chronic DR attenuated the age-associated decline in spleen BCR repertoire diversity 
and the increased occupation by expanded clones. DR onset at 16 months of age, which has 
been found to extend lifespan to a similar extent as chronic DR, showed diversity and 
maintenance of the clonal population structure similar to chronic DR. In contrast, DR onset at 
20 months was associated with a profile that was more similar to ad libitum feeding. Further, 
by studying the ileum BCR changes upon the chronic and late-onset DR, I demonstrated that 
chronic DR is only accompanied by few changes in the ileum, which facilitate antigen-binding 
capacity. Despite the mild response of the ileum, the microbiome strongly responded to 
chronic DR and late-onset DR, with initiation of DR at both 16 and 20 months of age inducing 
microbiome diversification similar to chronic DR. Finally, I found a negative correlation 
between the increased within-individual diversity and decreased clonal expansions under 
chronic DR and DR onset at 16 months in the spleen and ileum with morbidity, suggesting that 
these adaptive immunity traits may contribute to the responsiveness in lifespan to DR feeding. 
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1.2 Zusammenfassung 
 
Fortschritte auf dem Gebiet der Altersforschung in den letzten Jahren haben gezeigt, dass 
pharmakologische und diätetische Eingriffe den Alterungsprozess positiv beeinflussen 
können. Durch genetische Veränderungen im Insulin/IGF (IIS) bzw. mTOR-Netzwerks wurden 
vielversprechende Angriffspunkte für pharmakologische Eingriffe in diese 
ernährungsabhängigen Signalwegen aufgedeckt. So führt die Hemmung des mTOR-
Signalweges durch das Medikament Rapamycin zu einer längeren Lebensspanne und 
verbesserten Gesundheit in verschiedensten Modellorganismen einschließlich der Taufliege 
Drosophila und bei Mäusen. Auch die pharmakologische Hemmung des Ras/MEK/ERK 
Signalweges durch das Medikament Trametinib verlängert die Lebenszeit von Fliegen. 
Interessanterweise führte eine Kombinationsbehandlung mit Trametinib und Rapamycin zu 
einer additiven Verlängerung der Lebensspanne von Fliegen. Ob Trametinib allein oder in 
Kombination mit Rapamycin auch die Lebensspanne von Mäusen verlängern kann, ist derzeit 
noch unbekannt. Kombinatorische Arzneimittelbehandlungen sind ein vielversprechender 
Ansatz, um die Langlebigkeit zu maximieren und möglicherweise die Arzneimitteldosierung 
und damit auch die Nebenwirkungen zu reduzieren. Allerdings ist der wirksamste zurzeit 
bekannte Eingriff um die gesunde Lebensspanne zu verlängern, eine reduzierte 
Nahrungsaufnahme (Fachbegriff: "Dietary Restriction", DR). Die DR-Behandlung lindert eine 
Vielzahl altersbedingter Pathologien, einschließlich der altersbedingten Abnahme der 
Funktion des Immunsystems. Dabei ist der Einfluß von DR auf die altersbedingte Abnahme 
der Funktion der T-Zellen bereits bekannt. Inwieweit DR auch die Funktion der B-Zellen 
beeinflußt und ob die verbesserte Gesundheit und Lebensdauer von DR-Mäusen auf einem 
verbessertem Immunsystem beruht, ist jedoch noch weitgehend unerforscht. In meiner 
Doktorarbeit habe ich die folgenden zwei Fragestellungen untersucht: (I) Verlängert die 
Verabreichung von Trametinib die Lebensspanne von Mäusen und gibt es einen zusätzlichen 
Effekt durch die Kombination von Trametinib und Rapamycin auf die Gesundheit und die 
Langlebigkeit von Mäusen? (II) Verändert sich die Zusammensetzung des B-Zell-
Rezeptorrepertoires wenn Mäuse mit DR behandelt werden, und tragen diese 
Veränderungen eventuell zu der erhöhten Gesundheit und Lebenserwartung der DR Tiere 
bei?  
 
Kapitel 3 der Dissertation beinhaltet eine detaillierte Untersuchung wie Trametinib, allein und 
in Kombination mit Rapamycin, die Lebenszeit und Gesundheit von Mäusen beeinflußt. Um 
dies zu untersuchen, wurden männliche und weibliche Tiere mit zwei verschiedenen 
Dosierungen von Trametinibbehandelt. Diese Mäuse lebten signifikant länger als die 
Kontrolltiere, was zeigt, dass eine Trametinibbehandlung  auch in Säugetieren die Lebenszeit 
verlängern kann. Interessanterweise führte die Kombination aus Trametinib und Rapamycin 
zu einer deutlichen verlängerten Lebenszeit, im Vergleich zu den Einzelbehandlungen. Die 
Kombination von Rapamycin und Trametinib bewirkte auch eine leichte Abschwächung des 
altersbedingten Rückgangs der Herzfrequenz bei männlichen Tieren und eine Verbesserung 
der Erkundungsfähigkeit bei alten weiblichen Tieren. Desweiteren war die Tumorbildung in 
Milz und Leber, und  Entzündungen in der Niere durch die doppelte Medikamentengabe 
reduziert.  Die Kombination von Trametinib und Rapamycin verringerte auch den 
altersbedingten Anstieg der Glukoseaufnahme im Gehirn und die Anhäufung von Mikroglia 
und Astrozyten, was darauf hindeutet, dass Trametinib und Rapamycin altersbedingte 
Gehirnentzündungen lindern könnten. 
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In Kapitel 4 der Dissertation beschreibe ich, wie DR das B-Zell-Rezeptor (BCR)-Repertoire der 
der Maus in Milz und Ileums während des Alterungsprozess beinflußt. Mittels BCR-
Sequenzierung konnte ich zeigen, dass eine kontinuierliche DR Behandlung den 
altersbedingten Rückgang der Vielfalt des BCR-Repertoires in der Milz verlangsamt und die 
Entstehung von  B Zellklonen reduziert. Mäuse verlieren im Alter zwischen 16 und 20 
Monaten die Eigenschaft auf die DR Behandlung mit einer Lebenszeitverlängerung zu 
reagieren, so daß Unterschiede in diesen zwei Zeitpunkten Hinweise auf Faktoren geben 
können, die ursächlich für die verlängerte Lebenszeit der DR Tiere sind. Wurde die DR 
Behandlung mit 16 Monaten begonnen, zeigten die Mäuse eine ähnliche Diversität und 
Aufrechterhaltung der klonalen Populationsstruktur im BCR-Repertoire der Milz wie unter der  
chronischen DR Behandlung. Im Gegensatz dazu zeigten Tiere bei denen die DR Behandlung 
erst mit  20 Monaten begonnen wurde, ein BCR-Repertoire, was den Ad-libitum Kontrolltieren 
ähnelte. Dieses Ergebnis deutet darauf hin, dass diese Veränderung im BCR-Repertoire 
eventuell eine Rolle für DR bedingte Lebenszeitverlängerung spielt. Im Gegensatz zur Milz, 
gab es im Ileum nur wenige Veränderungen im BCR-Repertoire  mit dem Alter oder unter der 
DR Diät. Dies war erstaunlich, da die DR Behandlung die Zusammensetzng des Darm-
Mikrobioms stark veränderte, was zeigt dass die Zusammensetzung des BCR Repertoire im 
Darm unabhängig von der Zusammensetzung des Darmmikrobioms ist. Weiterhin konnte ich 
zeigen, dass die Morbidität der Mäuse negativ mit bestimmten Parametern des BCR-
Repertoire  in der Milz korreliert war, was darauf hindeutet, dass diese Merkmale der 
adaptiven Immunität eine Rolle in der Lebensszeitverlängerung unter DR Bedingungen  haben 
könnten. 
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2. Methods 

2.1 Mouse work 
All mice were kept in the Comparative Biology facility of the Max Planck Institute for Biology 
of Ageing. Female and male F1 hybrid mice (C3B6F1) were generated in-house by crossing 
C3H/HeOuJ females with C57BL/6NCrl males (strain codes 626 and 027, respectively, 
Charles River Laboratories).   

2.1.1 Mouse Husbandry, DR and drug treatments  

2.1.1.1 Mouse Husbandry 
All protocols involving animals were carried out in accordance with the guidelines of the 
Federation of the European Laboratory Animal Science Association (FELASA) with all 
protocols approved by the Landesamt für Natur, Umwelt und Verbraucherschutz, Nordrhein-
Westfalen, Germany (reference no. 84-02.04.2017.A074 and 81-02.04.2019.A313, and AZ: 
84-02.04.2015.A437). All mice were housed in individually ventilated cages (GM500 Mouse 
IVC Green Line, Techniplast), in groups of five mice per cage, under specific-pathogen-free 
conditions, at 21°C, with 50-60% humidity and a 12h light/dark cycle. For environmental 
enrichment, mice had constant access to nesting material and chew sticks. Mice had ad libitum 
access to chow (Ssniff Spezialdiäten GmbH; Ssniff, R/MH low phytoestrogen content) and 
sterile-filtered water at all times, unless withdrawal or reduction of chow was necessary for 
specific experiments or feeding regimes.   

In the first study (Chapter 3), directly after birth, litters with more than 8 pups were reduced to 
a maximum of 8 pups, while litters with fewer than 4 pups were excluded to avoid lifespan-
modulating effects of mal- or overfeeding during the nursing period. After weaning at 3 weeks 
of age, females were randomly allocated to cages, while male mice were weaned litter-wise 
to avoid aggression and fighting. If males of different litters had to be combined, a ratio of 2:3 
was preferred over a 4:1 ratio. After randomization and cage allocation, cages were randomly 
assigned to treatment groups, to which researchers were blinded. To rule out that the drugs 
interfere with the water uptake of the mice, consumption of drinking water was measured 
weekly during the pretest experiment. For that purpose, water bottles were weighed when 
placed into the holding cage and when replaced. Average drinking water consumption per 
cage and day was determined from the weight difference. Additionally, body weight was 
measured weekly during the 4-weeks of the pretest experiment and every 8 weeks from 
animals of the lifespan cohort. Weighing of lifespan animals was started 4 weeks before the 
start of the drug treatment at 6 months of age. 

In the second study (Chapter 4), litter size was adjusted to a maximum of 8 pups, after removal 
of male pups within 3 days of birth. After weaning at 3-4 weeks of age, the pups were randomly 
allocated to cages and subsequently to groups, to which researchers were blinded.  
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2.1.1.2 DR treatment 

To elucidate the effects of DR on the adaptive immune system, C3B6F1 hybrid female mice 
were used. C3B6F1 hybrids have been successfully used by the LP lab and respond well to 
DR treatment (Hahn et al. 2019, 2017). The study consisted of four treatment groups: mice 
fed ad libitum (AL), mice under chronic DR feeding (DR), mice switched from AL to DR at 16 
(AL_DR16M) and 20 months (AL_DR20M) of age. Lifespan was assessed in the lifespan 
cohort (n = 220 mice), and spleen and ileum tissues were collected from a separate cohort of 
mice (Drews et al. 2021). To avoid developmental effects, the chronic DR treatment was 
initiated at the age of 12 weeks. Food consumption of the AL group was measured weekly, 
and DR animals received 60% of the food amount consumed by AL-fed animals, i.e. food 
intake was reduced by 40%. DR animals were fed once per day in the morning, while AL 
animals had constant access to food. All animals had constant access to water. The chow diet 
(Ssniff Spezialdiäten GmbH; Ssniff, R/MH low phytoestrogen content) was enriched with all 
essential vitamins and minerals, ensuring that DR animals were adequately supplied with all 
essential nutrients, despite their lower food intake. All animals were checked daily for their 
well-being and deaths were recorded. 

2.1.1.3 Drug treatments 

C3B6F1 females and males were used to study the effect of trametinib and rapamycin single 
and combined treatments on health- and lifespan in mice. 5 treatment groups were included 
in the study: (I) Control mice received a standard rodent diet (Rat/Mouse - Low phytoestrogen 
(R/M-phyto low), Ssniff Spezialdiäten Gmbh, Germany) supplemented with the corresponding 
amount of the encapsulation material Eudragit S100 (1-207-490-4242, Evonik CYRO LLC, 
480 mg/kg diet) and PEG-400 (3,2 ml/kg), (II) Rapamycin mice received R/M-phyto low food 
containing 42 mg/kg rapamycin (522 mg encapsulated rapamycin/kg diet) and PEG-400 (3,2 
ml/kg), (III+IV) Trametinib mice received R/M-phyto low food containing trametinib at 0.58 
mg/kg (low) or 1,44 mg/kg of diet (high), respectively, and Eudragit S100 (480 mg/kg diet) and 
PEG-400 (3,2 ml/kg), and (V) Rapamycin/Trametinib mice received food containing rapamycin 
at 42 mg/kg and trametinib at 1.44 mg/kg of diet and PEG-400 (3,2 ml/kg). Calculations on the 
amount of trametinib in the diet were based on the assumption of a mouse body weight of 30 
g with daily food consumption of 5 g per mouse. Rapamycin was obtained from LC 
Laboratories and encapsulated by Southwest Research Institute (SwRI). Trametinib was 
obtained from Biozol (1187431-43-1).  

Drug treatments for the lifespan, phenotyping and tissue collection experiments  were started 
at the age of 6 months. Before that, mice were fed the standard chow diet supplemented with 
Eudragit S100 (1-207-490-4242, Evonik CYRO LLC, 480 mg/kg diet). Trametinib was 
administered continuously. Rapamycin was administered intermittently, with the mice 
alternating between rapamycin and control food on a weekly basis. Double treatment with 
rapamycin and trametinib was also done intermittently, with weekly alternations of 
rapamycin/trametinib and trametinib food. The dose of 42 mg/kg of rapamycin was chosen 
based on the robust lifespan extension in genetically heterogeneous mice receiving this dose 
(Richard A. Miller et al. 2014). Trametinib doses were determined based on the results of a 
pretest experiment and were according to the assessment report of the European Medicines 
Agency (EMA/CHMP/258608/2014).  
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2.1.2 Mouse phenotyping 
Phenotyping was performed in a separate mouse cohort (phenotyping cohort) to evaluate 
healthspan, behaviour and fitness. A total of 75 C3B6F1 female and 75 male mice were bred 
and 15 mice per treatment group were tested. Experiments were performed in middle-aged 
animals at 12 months of age and at old age at 20-22 months age. All tests were carried out 
during the light phase of the light/dark cycle and experimenters were blinded to the treatment 
group. Experimental apparatus was cleaned with Bacilol AF between the various tests, as well 
as between cages of the same testing run. 

2.1.2.1 Electrocardiography  

Electrocardiography (ECG) was performed to examine heart rate and function. The electrical 
activity of the heart was recorded non-invasively via the paws of conscious mice using the 
ECGenie system (Mouse Specifics: https://mousespecifics.com/heart/ecgenie/). The 
ECGenie system is a raised platform enclosed in red Plexiglas. Mice were placed on the 
training platform (i.e. an additional platform on each side of the measurement platform) for 10 
minutes, which allows for acclimatisation prior to the test. Subsequently, each mouse was 
placed on the measurement platform on interchangeable electrodes that transmit the electrical 
signals to a computer for a maximum of 10 minutes. Signals with a heart rate variation that 
exceeded 35 bpm were excluded (Thireau et al. 2008) and the average heart rate per mouse 
was evaluated in the analysis.   

2.1.2.2 Rotarod  

Rotarod was performed to assess motor coordination and learning. Mice were placed onto the 
Rotarod (TSE Systems, type 3375-M5) as it was rotating at a low speed (5 rpm). After starting 
the measurement, the revolving rate was continuously increased from 5 rpm to 40 rpm over a 
total period of 300 seconds. The total time that each mouse spent on the rod, with a cut-off 
time of 300 seconds was measured. The test was performed on four consecutive days to 
assess learning capability. 

2.1.2.3 Treadmill 

To measure endurance, mice were placed onto the treadmill (TSE Systems, type 3033401-M-
04/C) and allowed to warm up and acclimatise to the experimental setup for 5 minutes under 
low speed (0.1m/sec). Subsequently, a progressively accelerating speed was applied from 0.1 
m/sec for another ten minutes to 1.3 m/s within 60 min. A mild electroshock (0.3 mA) was 
applied for 5 seconds, followed by 5 seconds of refractory period as soon as mice slowed 
down beyond a critical point and crossed the laser beam for more than 2 seconds to ensure 
that mice only stopped running upon exhaustion. Exhaustion was defined as the willingness 
of a mouse to withstand three consecutive shocks instead of continuing running.  

2.1.2.4 Open field 

The open field experiment was carried out to determine locomotion, exploratory drive and 
anxiety-like behaviour (ActiMot2, TSE Systems). Mice were placed in a box of approximately 
50 cm x 50 cm x 40 cm and were allowed to freely explore for 10 minutes. The test chamber 
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was illuminated to 20-30 lux. At 5 and 10 minutes, their total activity, speed and time spent in 
the centre was recorded via infrared sensors.  

2.1.3 Mouse tissue collection, macro-pathological and histopathological 
examination  

2.1.3.1 Tissue collection 

For tissue collection from drug treated mice (chapter 3) 24-month old female and male mice 
were sacrificed using cervical dislocation. Mice were decapitated and  the skull and body were 
dissected  in parallel to limit tissue deterioration. Liver, spleen, kidney, WAT and brain tissues 
were harvested, snap-frozen in liquid nitrogen and stored at -80°C for subsequent molecular 
analysis. Plasma-EDTA was isolated by adding 1μl of 500 mM EDTA per 100 μl of blood and 
subsequent centrifugation at 1,000g for at least 10 min at 4 °C, followed by aliquoting and 
storage at −80 °C. Liver, spleen, white adipose tissue (WAT), brown adipose tissue (BAT), 
heart, kidney, pancreas ovaries or testis, femur and brain samples were dissected and fixed 
in 10% neutral-buffered formalin (HT501320-9.5L, Sigma) for preparation of formalin-fixed 
paraffin embedded (FFPE) tissues or cryosections for subsequent histological analysis.  

For tissue collection of DR mice, (chapter 4), spleen and ileum tissues were harvested and 
snap-frozen using liquid nitrogen at 5, 16, 20, 24 and 28 months of age, followed by storage 
at -80°C until further use. Tissue collection was done by Lisa F. Drews. 

2.1.3.2 Post mortem macro-pathology analysis  

Post-mortem macroscopical examination of drug-treated mice (chapter 3) was performed by 
the care-takers. Mice that died naturally and those that had to be sacrificed due to bad health, 
were examined and pathologies were documented. Tumour load and location, organ 
enlargement and abnormalities, including organ discoloration or granulation were 
documented. The presence and severity of tumours was scored with 0 (absence), 1 (one 
tumour in one organ), 2 (multiple tumours or tumour diameter > 3 cm in one organ or 
metastasis in two organs), 3 (severe metastasis in 3 or more organs) (Ikeno et al. 2009). The 
presence of other lesions was scored with 1 or 0 (absence). The severity of pathology was 
adjusted upon combination of multiple pathological findings (i.e. if one organ was affected by 
both tumours and discoloration, the score was adjusted from 1 to 2) (Ikeno et al. 2009).  

2.1.3.3 Mouse histopathology  

Histopathological examination of liver, heart, pancreas, kidney, WAT, BAT, spleen, ovaries, 
testes and femur of 24 months old drug treated animals was carried out by Prof. Robert 
Klopfleisch (Institute of Veterinary Pathology, Freie Universitaet Berlin). Hematoxylin and 
eosin (H&E) stainings were performed and each organ was scored for the following 
pathological lesions: liver was examined for the presence of lymphomas, sarcomas, benign or 
malignant tumours, as well as for the presence of lipidosis (diffuse or focal) or necrosis. Liver 
tumour grade was determined as low (scored with 1), moderate (scored with 2), high (scored 
with 3) and very high (scored with 4). Heart was assessed for the presence of hypertrophy 
and fibrosis. In pancreas, the presence of inflammation, fat necrosis, lymphoma and exocrine 
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atrophy was evaluated. For both the heart and the pancreas, the presence of each of the 
pathologies was scored with 1 and the absence with 0. The presence of kidney lesions, 
lymphoma, oxalate crystals and hydronephrosis were documented and kidney inflammation 
and glomerulopathy were scored with 1 (mild), 2 (moderate) and 3 (severe). WAT and BAT 
were scored for the presence of lymphoma, sarcoma, necrosis or granuloma and inflammation 
with 1, whereas the absence of pathological findings was scored with 0. In spleen, the 
presence of extramedullary hematopoiesis, lymphomas, sarcomas, germinal centre and 
mantle zone hyperplasia was scored with 1 or 0 (absence). Testes were examined for atrophy 
or degeneration and ovaries for the presence of cysts, lymphoma and endometrial 
hyperplasia. Lastly, the femur was inspected for the presence of sarcoma.  

2.1.3.4 Generation of a ‘macro-morbidity’ index  
 
A macro-morbidity index, adapted from (Ikeno et al. 2009; Bokov et al. 2011; Treuting et al. 
2008) was generated for DR animals. This index encompasses the collected macro-pathology 
of these mice, previously described in detail by (Drews, 2021). For each mouse, the macro-
morbidity index was calculated as the sum of the non-neoplastic pathologies burden, and the 
neoplasia grade. A degree of 1 was assigned to each non-neoplastic pathological finding at 
dissection, while neoplasia was graded as 0 (absence of tumours), 1 (1 organ affected by 
tumours), or 2 (2 or more organs affected by tumours, representing metastatic cancer). The 
index was generated in a way that the presence of a non-neoplastic pathology was equally 
weighted to the presence of tumours in one organ affected by tumours, while the state of 
metastasis was double-weighted. In this context, a high macro-morbidity index was indicative 
of a high degree of sickness at time of death, while a lower index represented a healthy state 
at time of death. 

2.2 Molecular biology and biochemistry methods 

2.2.1 LC-MS/MS for trametinib plasma levels measurement  

For the analysis of trametinib levels in plasma, 20 uL of plasma from mice fed with either 0, 
0.29, 0.58, 1.44, 2.88 or 11.52 mg/kg of diet were extracted using a standard protocol from 
the mass-spectrometry facility of the Max Planck Institute for Biology of Ageing (Cologne, 
Germany). In brief, metabolites were extracted from 20 uL of plasma, which was carefully 
defrosted on ice. After that, 1 ml of a -20 °C methyl-tert-butyl-ether (MTBE):methanol:water 
(5:3:2 (v:v:v)) mixture, containing 10 ng/mL of Everolimus as an internal standard, was added 
to each plasma sample. The samples were immediately vortexed and subsequently incubated 
for 30 min at 4 °C on an orbital shaker. Protein pellets were then obtained by centrifugation at 
21.000 x g and 4°C for 10 min. The supernatant was transferred to a fresh 2 mL Eppendorf 
tube and separation of the polar and the lipid-containing phases was facilitated by addition of 
150 μl of MTBE and 100 µL of UPC/MS-grade water (Biosolve). The samples were vortexed 
briefly and subsequently mixed for 15 min at 15 °C on an orbital shaker. Phase separation was 
performed by a 5 min centrifugation at 16.000×g at 15°C. Finally, 600 μl of the upper MTBE 
phase, containing the hydrophobic compounds (including the Everolimus and trametinib), was 
sampled to a fresh 1.5 ml microcentrifuge tube, while the remaining polar phase was not used 
for further processing. The obtained metabolite extracts were dried down in a Speed Vacuum 
concentrator (Eppendorf) at 30°C, followed by resuspending in 80µl of 70:30 [v:v] 
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acetonitrile:isopropanol (Biosolve, Valkenswaard, Netherlands) containing 5% 
dimethylsulfoxid (Sigma-Aldrich). Samples were thoroughly vortexed and incubated for 5 min 
in a sonication bath and subsequently filtered through a 0.2µm filter (Merck). After that, the 
resuspended samples were transferred to autosampler vials (Chromatography Accessories 
Trott, Germany).  

Liquid chromatography–mass spectrometry (LC-MS) analysis was performed using a Xevo-
TQs triple quadrupole mass spectrometer (Waters) coupled to an Acquity iClass liquid 
chromatography system (Waters). The LC was equipped with a BEH C18 column (100 x 2.1 
mm, Waters). Mobile phase A was UPLC-grade water (Biosolve), containing 10 mM 
ammonium acetate and 0.1% acetic acid (Sigma Aldrich). Mobile phase B contained 
acetonitrile: isopropanol 70:30 [v:v] (Biosolve). LC-based separation was performed using a 6 
min gradient starting with 300 µL/min of 45% mobile phase B. This flow was held constant for 
0.5 min, before ramping to 100% mobile phase B within the next minute. After keeping this 
composition constant for the next 2 min, ramping down within 0.1 min to the starting conditions 
of 45% mobile phase B followed. In the last step, the column was equilibrated for 2.4 min (45% 
mobile phase B), before the next samples could be injected. The MS parameters were set to: 
Capillary voltage 1.5 kV, desolvation temperature 550°C, desolvation gas flow 800 l/h, cone 
gas flow 50 L/h and collision cell gas flow 9 L/h. Samples were analysed using a multiple 
reaction monitoring (MRM) method. For this purpose, quantitative and qualitative scans were 
used. For the quantitative scan, quadrupole 1 was set to m/z 616.01 and quadrupole 3 was 
set to m/z of 254.09. For the qualitative scan, quadrupole 1 was set to m/z 616.01 and 
quadrupole 3 was set to m/z 226.08. For the internal standard correction, Everolimus (LC labs) 
was spiked into the extraction buffer, thus enabling correction for pipetting and sample 
handling. The quantitative MRM transitions for Evereolimus were m/z 980.59 on quadrupole 
1, while quadrupole 3 was set to m/z 389.22. The qualitative transition was m/z 980.59 on 
quadrupoles 1 and m/z 908.5 on quadrupoles 3. For the absolute quantification of trametinib 
levels, authentic standards were diluted to concentrations of 0, 2, 4, 10, 40, 200, 600, 1200, 
2400 and 3600 ng/mL. The LC-MS data was analysed using the TargetLynx software (Version 
4.1, Waters). 

To assess the effects of the different trametinib doses on liver function, plasma measurements 
of AST, ALP and  y-GT levels were performed by Laboklin GmbH & Co. KG, Diagnostic 
Laboratory, Bad Kissingen, Germany. 

2.2.2 Protein extraction for Western blot 

5-10mg of mouse liver tissue was lysed with 400 μl of RIPA buffer (Pierce) containing 
Complete mini protease inhibitor without EDTA (Roche) and PhosStop phosphatase inhibitors 
(Roche) (1 tablet per 10 mL RIPA buffer) in precooled FastPrep™ Lysing Matrix D tubes (MP 
Biomedicals™, 116913100) using FastPrep®-24 (ThermoFisher Scientific, 4x25Hz, 30 sec). 
Protein extracts were incubated on ice for 10 min and subsequently placed in a sonicator water 
bath filled with ice for another 10 min. Centrifugation for 15 min at 13.000 rpm and 4°C 
followed. Protein quantification was performed using the BCA Protein Assay Kit (Pierce™, 
23225). Samples were boiled, Laemmli buffer at ¼ of the total volume and 5% β- 
mercaptoethanol were added and protein extracts were stored at -80°C. 
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2.2.3 Western Blotting 

20 μg of proteins were loaded and separated using 12% acrylamide gels (Criterion™ TGX 
Stain-Free™ Protein Gel (Biorad, 5678044) and blotted on PVDF membranes (AmershamTM 
Hybond®, GE10600023, Merck) at 80V, for 1 hour, on ice. Membranes were blocked using 
5% non-fat dry milk powder (PanReac AppliChem, A0830) in Tris-buffered saline (TBS) 0.1% 
Tween 20 (PanReac AppliChem, A4974.0500) (TBS-T) at room temperature for at least 1 
hour. Subsequently, membranes were incubated with primary antibodies for phosphorylated 
ERK1/2 (1:1000, anti-rabbit, Cell Signaling Technology, 4370) and total ERK1/2 (1:1000, anti-
rabbit, Cell Signaling Technology, 4695) in 5% fatty-acid free bovine serum albumin (BSA, 
ThermoFisher Scientific, BP9704-100) in TBS-T at 4°C overnight. Blots were then washed 
3x15 min in TBS-T and incubated with HRP-coupled secondary antibodies (ThermoFisher) 
diluted in 5% milk in TBS-T for 1h at room temperature, followed by 3x15 min washes in TBS-
T at room temperature. For signal development, ECL Select Western Blotting Detection 
Reagent (GE Healthcare) was applied and image acquisition was performed using the 
ChemiDoc™ XRS+ System (Bio-Rad, 1708265). Western Blot signals were quantified using 
the Image Lab™ Software (Bio-Rad) with alpha tubulin (1:1000, anti-rabbit, Cell Signaling 
Technology, 2125) as internal control and normalised against non-drug treated controls. 

2.2.4 Immunostaining of mouse brains 

Brains of 5 female 6-month old control mice and 24-month old control, rapamycin, trametinib 
(1.44 mg/kg) and rapamycin/trametinib (1.44 mg/kg) mice were dissected and cut in half to 
facilitate fixative penetration in 10% neutral-buffered formalin (HT501320-9.5L, Sigma) for 2-
4 hours at room temperature. Brains were fixed overnight at 4°C and then dehydrated in 30% 
sucrose (S7903-5KG, Sigma) in 1x phosphate-buffered saline (PBS) (P4417-50TAB, Sigma) 
for 2-4 hours at room temperature and subsequently overnight. All incubation steps were 
carried out in 50 ml falcon tubes (SKU 05-00001-01, pluriSelect) on a rocking shaker platform 
(88882018, ThermoFisher Scientific). Following dehydration, brains were frozen in Tissue-
Tek® OCT (Labtech) on dry ice and stored at −80 °C until further processing. Brains were cut 
using a cryostat (CM1850, Leica Biosystems, FACS and Imaging core facility of the Max 
Planck Institute for Biology of Ageing). 25-μm sections were mounted on Superfrost Plus 
microscope slides (ThermoFisher Scientific) and stored at −80 °C until used for 
immunostainings. For immunostainings, slides were washed with 1xPBS (P4417-50TAB, 
Sigma) for 10 min and subsequently permeabilized with PBS + 0.2% Triton X-100 (85111, 
ThermoFisher Scientific) (PBST) for 15 min. An additional washing step in PBST for 5 minutes 
was carried out and followed by one-hour blocking with 2% normal goat serum (PCN5000, 
Life Technologies) in PBST at room temperature. Slides were afterwards incubated with 
primary antibodies in 2% normal goat serum in PBST overnight at 4 °C. The following primary 
antibodies were used: Ionised calcium-binding adaptor molecule 1 (Iba-1, 1:500, 019-19741, 
Wako) and Glial fibrillary acidic protein (GFAP, 1:1000, G3893, Sigma). The next day, slides 
were washed 3x15 min in PBST and incubated for one hour with Alexa Fluor-conjugated 
secondary antibodies at 1:1000 in 2% normal goat serum at room temperature. The following 
secondary antibodies were used: Alexa Fluor 488-goat anti-rabbit IgG (A-11008, coupled with 
Iba-1) and Alexa Fluor 633-goat anti-mouse IgG (A-21126, coupled with GFAP). For 
immunostaining controls to test unspecific binding of the secondary antibodies, primary 
antibody incubation was omitted, and slides were incubated with Alexa Fluor-conjugated 
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secondary antibodies (Alexa Fluor 488 and 633). Slides were then washed 2x10 min in PBST 
and 1x10 min in PBS and incubated for 30 min with DAPI (1:10000 in PBS, D1306, 
ThermoFisher Scientific). Slides were then washed with PBS for 10 min and embedded using 
VectaShield Antifade Mounting Medium without DAPI (Vectorlabs).  

2.2.5 Confocal imaging and quantification of mouse brains 

Imaging was performed using a Leica SP8-Upright confocal microscope (Leica 
Microsystems). HyD detectors for Alexa Fluor 488 and 663 with 6% and 10% power 
respectively and the corresponding gating and the excitation wavelength settings to maximise 
fluorophore emission were used. 40-μm z-stack confocal images were acquired at 2-μm 
intervals, with 40×/1.3 oil objective at 1× zoom. The same settings were used for all treatment 
groups during image acquisition. Representative montages from z-stack confocal images 
were used and image processing was performed using Image J (Fiji) software v2.3.0/1.53q 
(Image J, Maryland, USA). For quantification of astrocytes and microglia density in the brain 
cerebellum, striatum, hippocampus and cortex, the cell counter tool was used to count GFAP+ 
or Iba-1+ cells that overlapped with DAPI+ nuclei, respectively. Average astrocyte and 
microglia density was determined in 10-15 images per brain region per mouse brain. 

2.2.6 RNA isolation 

4-10 mg of spleen and ileum samples were homogenised in 1 mL TRIzol (Life Technologies) 
using a FastPrep-24 (MP Biomedicals) with 6 times bead-beating at 4 m/s for 30 sec. 
Homogenised samples were incubated at RT for 5 min. 200 μl of chloroform (0.2ml of 
chloroform per 1 ml of TRIzol) was added and mixed by vortexing. Samples were incubated 
at RT for 10 min and subsequently centrifuged at 12000 g for 15 min at 4 °C. The aqueous 
upper phase was collected and transferred to a new RNAse-free tube. 500 μl of isopropanol, 
50 μl of 3.0 M NaOAc and 1.5 μl of glycogen (ThermoFisher Scientific) were added and tubes 
were shaken by hand. Samples were incubated at -80 °C for 30 to 45 min to precipitate RNA 
and then centrifuged at 12.000 g for 10 min at 4 °C. RNA pellets were washed twice with 1 ml 
of ice-cold 70% ethanol, air-dried for 5-10 min and then resuspended in 30 μl RNAse free 
water (ddH2O DMPC). As negative control, an extra RNA extraction with no RNA template 
(no template control) was performed. 

2.2.7 DNAse Treatment 

To remove possible DNA contaminations, RNA samples were treated with DNAse. Therefore, 
3 μl of 10x TURBO DNAse Buffer and 1 μl of DNAse (ThermoFisher Scientific) was added to 
30 μl RNA and samples were incubated for 30 min at 37 °C. Subsequently, another 1 μl of 
DNAse was added and samples were incubated for an additional 30 min. 3 μl of DNAse 
Inactivation buffer was added and samples were incubated at room temperature with 
occasional mixing. Samples were then centrifuged at 10000 g for 1.5 min and the supernatant 
including the DNA-free RNA was transferred to a new tube. 
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2.2.8 RNA quantification 

RNA quantity and quality were measured with the Qubit® RNA BR Assay kit (ThermoFisher 
Scientific) and Agilent TapeStation 4200 System (Agilent Technologies), respectively. For the 
Qubit® assay, a master mix containing 199 μl of Qubit® RNA BR buffer and 1μl of Qubit® 
RNA BR reagent was prepared. 199 μl of the master mix and 1 μl of RNA were added to 
Qubit™ Assay Tubes (ThermoFisher Scientific, Q32856). For the standards, 190 μl of master 
mix and 10 μl of each Qubit broad range standard were added. Quantification was done using 
a Qubit 4 Fluorometer (ThermoFisher Scientific). RNA quality was assessed in a random 
subset of 30 samples on a TapeStation 4200. Therefore, 1 μl of RNA was mixed with 5 μl of 
RNA Sample Buffer, denatured at 72 °C for 3 min and incubated on ice for 2 min. Samples 
were subsequently measured using a D5000 Screen Tape. All obtained RIN values were 
above 7, in accordance with the recommendations for BCR-Seq (Turchaninova et al. 2016). 

2.2.9 Reverse transcription and library preparation for BCR-Sequencing 

SMARTScribe Reverse Transcriptase (Clontech) was used to reverse-transcribe RNA 
according to Turchainova and colleagues (Turchaninova et al. 2016). Therefore, 600 ng of 
RNA were mixed with 2 μl 10 μM isotype-specific primer mix including: IgM, IgD, IgG, IgA and 
IgE (Appendix 5.1). Samples were incubated for 2 min at 70 °C to denature RNA, and 3 min 
at 42°C to anneal isotype-specific primers. The mixture was then combined with 12 μl of 
reverse-transcription master-mix: 4 μl 5x First-strand buffer (Clontech) + 2 μl 20 mM DTT + 2 
μl 10 μM 5’-Template switch adaptor (Appendix 5.2) + 2 μl 10 mM dNTP solution + 2 μl 
10xSMARTScribe Reverse Transcriptase (Clontech). The reaction was incubated at 42 °C for 
1 hour and then mixed with 1 μl of uracil DNA glycosylase (New England Biolabs), and 
incubated for 40 min at 37 °C to digest the template-switch adapter. Finally, the reaction 
product was purified using MinElute PCR Purification columns (Qiagen) and eluted in a total 
volume of 10 μl. Subsequently, a three-stage PCR amplification of the synthesised cDNA was 
performed. The amount of cDNA input was determined after testing various quantities of cDNA 
as input for the first PCR reaction. Sequencing depth per tissue was determined after 
performing deep sequencing of one spleen and one ileum sample and determining the rate of 
unique molecular identifier (UMI) duplicates. After that, the minimum amount of reads to obtain 
adequate coverage was calculated. 1 μl of Spleen cDNA with a target of 5 million reads and 5 
μl of Ileum cDNA with a target of 3 million reads were identified as the optimal conditions to 
obtain a minimum coverage of 5 reads per UMI. In the first PCR, a second strand is added to 
the reverse-transcribed cDNA using the following reaction mix: 1 μl of Spleen or 5 μl of Ileum 
cDNA + 12.5 μl of 2x Kapa HiFi HotStart polymerase (Roche) + 1 μl 10 μM 5’- template switch 
primer (Appendix 5.3) + 1 μl 10 μM 3’-nested immunoglobulin isotype primer mix (Appendix 
5.3) + nuclease-free water to 25μl. Samples were incubated for 90 s at 95 °C, followed by 18 
cycles of 95 °C for 10 s, 60 °C for 20 s and 72 °C for 40 s, and finally an extension at 72°C for 
4 min. PCR products were purified using 0.8x Agencourt AMPure XP beads (Beckman 
Coulter) and eluted with 30 μl water. During the second PCR, internal sample barcodes and 
Illumina sequencing adapters were added and the libraries were further amplified. 1 μl of 
purified PCR product was mixed with 2 μl 10 μM primer mix (5’ and 3’ primers with the 
respective sample barcodes) (Appendix 5.4), 12.5 μl of 2x Kapa HiFi HotStart polymerase 
(Roche) and 9.5 μl nuclease-free water. The following conditions were applied: 1 x 95 °C for 
1 min 30 s; 13 x: 95 °C for 10 s, 60 °C for 20 s, 72 °C for 40 s and 72 °C for 4 min. PCR 
products were purified using 0.8x Agencourt AMPure XP beads (Beckman Coulter) to remove 
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unspecific amplifications of a length below ~400 nt. Samples were eluted in 20 μl water and 
size distribution of amplified DNA fragments was determined using TapeStation 4200 (Agilent, 
D1000 tape). Samples tagged with different internal barcodes were then pooled in equal molar 
amounts in groups of 10 samples, resulting in a total of 10 libraries. An extra library, containing 
no DNA was generated and sequenced and served as a negative control. Libraries were 
purified using 0.8x Agencourt AMPure XP beads (Beckman Coulter) and sequenced at the 
sequencing core facility of the Max Planck Institute for Molecular Genetics (Berlin, Germany). 
Spleen and ileum BCR repertoire libraries of a total of 50 mice (5 mice per treatment group 
(i.e. 5-month AL and DR; 16 months AL; 20 months AL, DR and ALDR16M; and 24 months 
AL, DR, ALDR16M and ALDR20M) were subjected to Illumina adaptor ligation (i5 and i7 
indices), library pooling and asymmetric 400+100-nt paired-end sequencing on an Illumina 
NovaSeq 6000 platform. 

2.2.10 Faecal samples collection, DNA extraction and 16S-rRNA 
sequencing library preparation  

Faecal samples were provided by Dr Sebastian Grönke and Dr Lisa Drews. In brief, faecal 
pellets were directly collected from each mouse in 1.5 ml tubes (Eppendorf) by means of a 
forceps and subsequent collection of the excreted pellets. All samples were snap-frozen and 
stored at − 80 °C until they were weighed and cut to obtain 5 to 40 mg. Each faecal sample 
was homogenised by bead-beating on a TissueLyzer II (Qiagen, 85300) for 30 sec at 25 Herz/s 
in the presence of two 7 mm diameter stainless steel beads. 2 full spoons (43 mm) of zirconia 
beads (BioSpec) and 300 ul of DNA extraction buffer (27 ml 20% SDS (Sigma, 151-21-3) and 
540 mg lysozyme (Sigma, L2879-5G) shaked at 100 rpm for 20 min at 38ºC) were added and 
bead-beaten twice for 3 min at 30 Herz/s. Samples were centrifuged for 6 min at 4000 g (15ºC) 
and 80 μl of the homogenate was transferred to a 96 well plate. 2 μl RNAse A solution (Qiagen) 
was added, and plates were incubated for 30 min at 37ºC. Then, 10 μl of Proteinase K 
(ThermoFisher) and 10 μl 20% SDS (ThermoFisher) were added and samples were incubated 
for 1 hour at 56ºC. After that, 40 μl of IRS solution (Qiagen) was added, plates were mixed 
and subsequently incubated for 5 min at 4ºC. Plates were centrifuged for 5 minutes at 2000 g 
and subsequently 100 μl of the supernatant was transferred to a new 96 well plate. DNA was 
purified using CleanNGS beads (GC biotech BV) at 1x concentration. 
 
Purified DNA was quantified using a PicoGreen assay (Lumiprobe) and diluted to 5 ng/μl with 
nuclease-free water. In order to generate libraries for 16S sequencing, two successive rounds 
of PCR according to a standard Illumina protocol (“Website,” n.d.) were used. The V4 region 
was amplified using 515F-806R primers (Caporaso et al. 2011) in the following PCR reaction 
mix: 10 μl of DNA, 12 μl of 2x Kapa Hifi HotStart polymerase (Roche), 3 μl of 515F-806R 
primers in a 10 mM mixture and nuclease-free water to 25 μl. The resulting mix was incubated 
at: 98 °C for 3 min, followed by 7 cycles of: 98 °C for 30 s, 61 °C for 30 s and 72 °C for 30 s, 
finishing with a last extension at 72 °C for 5 min. Dual-index barcodes of the Nextera XT kit 
were added and the PCR products were purified using 0.8x CleanNGS beads (GC biotech 
BV) in order to remove contaminants and unspecific amplifications. DNA was eluted in 30 μl 
of water and DNA concentration was determined using PicoGreen (Lumiprobe) and Agilent 
TapeStation 4200 System (Agilent Technologies). The concentration of the libraries were 
adjusted to 1 ng/μl by adding nuclease-free water and libraries were pooled in equal molar 
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portions. 250x2 paired-end sequencing was performed on an Illumina HiSeq 2500 (Admera 
Health). 

2.3 Statistics 

2.3.1 Survival analysis  
Survival of animals treated with trametinib and rapamycin was assessed in a total of 492 
females and 605 males, which were bred in three generations from the same breeding pairs. 
256 female and 261 male mice belonged to a cohort designated only for lifespan analysis (51-
53 per treatment group). 75 females and 75 males were used for phenotyping experiments 
and the remaining 161 females and 269 males were used for the molecular and pathological 
analysis. Mice of the phenotyping and tissue collection cohorts that survived until 24 months 
of age were used for organ collection and the histopathological examination and were then 
censored for the lifespan analysis. 

Throughout the course of the study, the health status of all mice was monitored daily by the 
caretakers and early signs of tumour growth were documented along with natural deaths. Mice 
with poor health status were closely monitored and weighed daily. A scoring sheet was used 
to assess the health status of mice and animals were euthanized when they reached a 
predefined score. Mice were otherwise left undisturbed until they died naturally. Kaplan-Meier 
survival curves were generated using birth and death dates of the mice. Differences between 
groups were analysed using log-rank test in Prism (GraphPad) and Cox Proportional Hazard 
in R (R Core Team). 

2.3.2 Statistical analysis 

Experiments were performed in a randomised and blinded fashion whenever possible. 
Statistical analysis was performed using GraphPad Prism 9.0, except for Cox Proportional 
Hazard analysis which was performed in R (R Core Team). Number of animals for each 
treatment group, as well as individual statistical tests are mentioned in the figure legends. For 
multiple comparison testing, One-way and two-way Analysis of variance (ANOVA) were 
followed by Bonferroni post-hoc test. To test for differences in the proportion of mice affected 
by pathologies, Chi Square test and Poisson regressions were used. The counts of mice 
where the pathological finding was present or absent was set as the dependent variable and 
the absence of pathology (score 0) was set as the reference classification. Comparisons were 
performed against the control mice (reference level). All error bars correspond to standard 
deviation. Significance was determined according to the P-value as follows: *P < 0.05; **P < 
0.01; ***P < 0.001; ****P < 0.0001.      

2.3.3 Sequencing data analysis and processing 

2.3.3.1 BCR-Sequencing data processing 
The pRESTO tool from the Immcantantion framework was used for data processing (v0.5.13) 
(Heiden et al. 2014). In brief, quality filtering (minQ = 20), demultiplexing by internal barcodes, 
primer masking, UMI extraction, generation of consensus reads from common UMIs, 
assembly of read pairs and annotation of IgH isotypes were performed. A mean of 208089 
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UMI-consensus reads per sample were studied in the spleen, and 61724 in the ileum. There 
were no batch effects in the number of UMI-consensus reads evaluated per mouse due to age 
or diet. IgBLAST (v1.17) (J. Ye et al. 2013) was used for V(D)J gene annotation from reference 
mouse BCR sequences obtained from IMGT (v3.40) (Giudicelli 2004). A data-table in AIRR 
(v1.3) standard format (Vander Heiden et al. 2018) was built for analysis using the Change-O 
tool (v1.1) (Gupta et al. 2015). Un-productive sequences were filtered out and clones were 
defined using sample-specific thresholds calculated with the R (v4.0.3) package SHazaM 
(v1.1). Novel alleles were identified using TIgGER (v1.0) (Gadala-Maria et al. 2015), and 
germlines were defined and annotated with Change-O. Quantification of clonal diversity, 
expansion and CDR3 region analysis were performed using Alakazam (v1.1). The P20 metric, 
calculated as the sum of frequencies of all clones with rank above or equal to 20 was used to 
assess clonal expansion rates. SHM was quantified with SHazaM and RDI (v1.0) (Bolen et al. 
2017) was used to calculate the repertoire dissimilarity index for inter-individual dissimilarity. 
Isotype frequency was calculated as the percentage of the total reads corresponding to each 
isotype. CDR3 lengths were fitted on a normal distribution using Scipy (v1.4.2; (Virtanen et al. 
2020)), and Alakazam was used to calculate V-J gene usage. 

2.3.3.2 BCR-Sequencing data analysis 
Statistical analysis was performed in python (v3.7.3). Linear regressions were calculated to 
analyse increase or decrease in BCR metrics on AL and DR mice with age (Scipy, v1.4.2; 
(Virtanen et al. 2020)). 2-way-ANOVA (Statsmodels, v0.11; (Seabold and Perktold 2010)) was 
used to compare DR to AL. Mann-whitney U tests with Bonferroni multiple testing corrections 
were used to compare the treatments within each timepoint. The relationship between each 
BCR metric and morbidity index was calculated using linear regression and Spearman 
correlation (Scipy; (Virtanen et al. 2020)). Seaborn (v0.10.1) was used for the generation of 
all plots. 

2.3.3.3 16S-rRNA sequencing data processing and analysis  
Raw-sequencing data were processed using cutadapt (v3.4) (M. Martin 2011) for quality 
filtering (minQ = 20), removing reads with no primers, as well as full primer sequences. Dada2 
(v1.18) (Callahan et al. 2016) was used for error correction, chimaera removal, assembly of 
read pairs and taxa annotation with the Silva database (v132) (Yilmaz et al. 2014). Bacterial 
phylogenetic trees were calculated using phyloseq (v1.34) (McMurdie and Holmes 2013) for 
microbial within-individual diversity (Shannon and Simpson) and inter-individual dissimilarity 
(Bray Curtis). Statistical analyses were performed using vegan (v2.5.7) in R (v4.0.2), and were 
corrected for multiple testing using Benhamini Hochberg. 
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3. Double treatment with trametinib and rapamycin maximises 
longevity in mice 
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3.1. Introduction 
 

3.1.1 Ageing 
 
3.1.1.1 Definition of ageing and hallmarks of ageing 

Ageing is characterised by a declining organismal function, ultimately leading to increased 
vulnerability to death (López-Otín et al. 2013; Niccoli and Partridge 2012). This overall health 
deterioration is the major risk factor for a plethora of prevalent pathological conditions, 
including cancer and neurodegeneration, and metabolic disorders such as diabetes and 
cardiovascular disease (López-Otín et al. 2013; Niccoli and Partridge 2012). Therefore, ageing 
and age-associated diseases are subjected to scientific scrutiny, as they are emerging as 
among the greatest healthcare and financial threats on a global scale  (Longo et al. 2015; 
Atella et al. 2019; United Nations 2019; Sheridan, Mair, and Quiñones 2019). 

Thanks to extensive research and leading discoveries in the field of ageing over recent years, 
our current understanding of the fundamental processes that determine mammalian ageing at 
a molecular and cellular level has been expanded. Lopez-Otin and colleagues have proposed 
nine highly interconnected hallmarks of ageing, namely genomic instability, telomere attrition, 
stem cell exhaustion, cellular senescence, altered nutrient signalling, epigenetic alterations, 
loss of proteostasis, altered intracellular communication and mitochondrial dysfunction 
(López-Otín et al. 2013). Thus, ameliorating these hallmarks is an inviting prospect to 
modulate human ageing and extend lifespan. Indeed, several of these processes have been 
targeted pharmacologically. For example, administration of metformin attenuated the 
accumulation of senescence in human adipocytes and lung fibroblasts and in mouse 
osteoarthritis models (Le Pelletier et al. 2021; Feng et al. 2020; Moiseeva et al. 2013). Further, 
stem cell exhaustion was successfully targeted by rapamycin in the context of muscle tissue 
regeneration (Haller et al. 2017; García-Prat et al. 2016). It is, thus, becoming apparent that 
the hallmarks of ageing can be targeted pharmacologically and this might pave the way to 
successful interventions to combat the deteriorating organismal function at old age (Fontana 
and Partridge 2015).  
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3.1.1.2 Controlling the rate of ageing through genetic and pharmacological 
interventions  

The discovery that genetic and pharmacological interventions can slow ageing (Partridge 
2010; Fontana et al. 2014; Fontana and Partridge 2015) has opened novel therapeutic and 
preventive avenues for human ageing and ageing-associated diseases. 

3.1.1.2.1 Genetic interventions 

Genetic alterations in the two major and highly interconnected nutrient sensing pathways, 
namely the insulin/insulin-like growth factor (IGF) signalling (IIS) and mechanistic target of 
rapamycin (mTOR) in multiple organisms have revolutionised ageing research. The first to 
show that IIS signalling is implicated in the aetiology of ageing were Kenyon and colleagues, 
who discovered that nematode worms Caenorhabditis elegans (C. elegans) with a mutation in 
the insulin receptor homologue, daf-2, lived more than twice as long as their wild type 
counterparts (Kenyon et al. 1993). This increased longevity was shown to depend upon the 
worm Forkhead Box-O (FoxO) orthologue, DAF-16, a direct downstream target of IIS (K. Lin 
et al. 1997). Since then, research on insulin/IGF-1 signalling, FOXO and their roles in ageing 
has exploded. Especially with the discovery that reduced activity of IIS leads to increased 
lifespan in Drosophila, this pathway was proven to have an evolutionarily conserved role in 
ageing (Slack et al. 2011; Piper and Partridge 2018; Kenyon 2011; Yamamoto and Tatar 2011; 
Altintas, Park, and Lee 2016). Indeed, genetic down-regulation of IIS network activity can 
extend healthy lifespan in various organisms besides worms (Kenyon et al. 1993) and flies 
(Clancy et al. 2001; Grönke et al. 2010; Giannakou et al. 2004; Tatar et al. 2001), including 
mice (Blüher, Kahn, and Kahn 2003; Holzenberger et al. 2003; Selman et al. 2008; Fontana, 
Partridge, and Longo 2010) and potentially even humans, with the identification of FOXO3A 
as a longevity locus (Kuningas et al. 2007; Willcox et al. 2008; Pawlikowska et al. 2009).  
 
A second major signalling branch of the IIS pathway downstream of the receptors is the 
oncogenic Ras pathway. Ras proteins belong to the family of small guanosine triphosphatases 
(GTPases) and are instrumental in transmitting signals from receptor tyrosine kinases (RTKs) 
bound in the cell membrane in response to external stimuli, including hormones, cytokines 
and growth factors (McKay and Morrison 2007). The signal transduction cascade initiated by 
Ras activates numerous downstream cell signalling processes, including differentiation, 
proliferation, metabolism and apoptosis (Schlessinger 2000). Ras proteins display an 
oscillation between an active guanosine triphosphate (GTP)-bound and an inactive guanosine 
diphosphate (GDP)-bound state (Goitre et al. 2014; Rajalingam et al. 2007). The balance 
between these two states is maintained by the opposing actions of guanine nucleotide 
exchange factors (GEFs) and GTPase-activating proteins (GAPs), which control the 
replacement of GDP by GTP and GTP hydrolysis, respectively (Goitre et al. 2014; Rajalingam 
et al. 2007). In its activated GTP-bound state, structural conformation changes take place, 
facilitating high affinity and specificity of Ras for numerous downstream effectors of the RTK 
pathway, such as Raf (Wittinghofer and Nassar 1996). Activation of Raf leads to activation of 
the Mek1/2 kinases, which subsequently initiates the extracellular signal-regulated kinase 
(ERK)/mitogen-activated protein kinase (MAPK) signalling cascade (Mendoza, Er, and Blenis 
2011). Ras hyperactivation is highly oncogenic and, based on the finding that a third of human 
cancers present with a Ras mutation, Ras signalling has been established as central in cancer 
research (Stephen et al. 2014). However, Ras proteins are also important ageing modulators. 
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The role of Ras signalling in ageing was first demonstrated through the lifespan extension 
upon deletion of two Ras homologues, RAS1 and RAS2 in yeast (Fabrizio et al. 2003). Further 
investigation of the Ras signal transduction pathway in flies revealed that genetic inhibition of 
Ras, as well as ERK extends fly lifespan (Alic et al. 2014; Slack et al. 2015). The pro-longevity 
effects of Ras inhibition may therefore be conserved in higher organisms, such as mammals. 
Mice deficient for the tissue-specific GEF for Ras, which led to Ras inhibition, were longer-
lived and exhibited enhanced motor function compared to their control littermates in old age 
(Borrás et al. 2011). Since the contribution of other effectors besides Ras to the observed 
effects cannot be ruled out  (Mirisola and Longo 2011), further direct evidence for the role of 
Ras/Erk signalling in mammalian ageing is yet to come.   

Genetic down-regulation of TOR pathway activity also extends lifespan in an evolutionary 
conserved manner. Inhibition of SCH9, the yeast homolog of ribosomal protein S6 kinase 
(S6K), as well as TOR depletion by RNA interference was shown to lead to a lifespan 
extension in C. elegans (Urban et al. 2007; Vellai et al. 2003). Similarly, overexpression of the 
Drosophila homologs of tuberous sclerosis complex 1 and 2 (Tsc1, Tsc2), as well as dominant 
negative forms of S6K and TOR itself increase fly lifespan (Kapahi et al. 2004). In mice, S6K1 
deletion was also found to cause lifespan extension in females along with several health 
benefits in both sexes (Selman et al. 2009).  

Collectively, the remarkable evolutionary conservation of IIS and mTOR modulations in ageing 
indicates that these pathways are crucial for the development of pro-longevity interventions.   

3.1.1.2.2 Pharmacological interventions 
The IIS/mTOR signalling network is implicated in the aetiology of a plethora of age-related 
diseases, including cancer and neurodegenerative disorders (Partridge et al. 2011). Thereby, 
the development of pharmacological interventions targeting specific nodes within the 
IIS/mTOR network has spurred increasing interest in promoting longevity and enhancing 
health later in life. One such example is the pharmacological inhibition of mTOR by rapamycin, 
which is an FDA-approved drug, commonly administered in patients as an 
immunosuppressive agent after organ transplantation (Chueh and Kahan 2005; Baroja-Mazo 
et al. 2016). Rapamycin robustly extends lifespan in multiple model organisms, ranging from 
worms (Robida-Stubbs et al. 2012) and flies (Bjedov et al. 2010) to mice, where rapamycin 
administration later in life (i.e. at 600 days of age) increases median and maximal lifespan in 
both male and female mice (Harrison et al. 2009). Next to the lifespan benefits, rapamycin 
also ameliorates ageing-related comorbidities, including cardiac dysfunction (Dai et al. 2014; 
Flynn et al. 2013) and impaired immune responses (C. Chen et al. 2009). Intriguingly, 
rapamycin was shown to restore immune function after influenza infection in old mice (C. Chen 
et al. 2009) and administration of another mTOR inhibitor in a cohort of elderly subjects also 
led to enhanced immune response to influenza vaccine and reduced infection rate (Mannick 
et al. 2014, 2018). These findings suggest that some of the anti-ageing benefits upon 
rapamycin treatment may be, at least partly, conserved in humans, and thereby support the 
idea that rapamycin and related TOR complex 1 (TORC1) inhibitors, are appealing agents to 
delay human ageing.   

The IIS signalling network is highly complex and is characterised by extensive crosstalk 
between its branches. Reduced signalling through the phosphatidylinositol 3-kinase (PI3K) 
branch of the IIS signalling network can extend lifespan in C. elegans and Drosophila (Kenyon 
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et al. 1993; Slack et al. 2011), and has for long been viewed as the primary route by which the 
anti-ageing effects of reduced IIS upstream are effected. More recently, another important 
signalling intermediary of lifespan extension by lowered IIS was identified in flies, the Ras 
branch (Slack et al. 2015). The Ras signalling pathway is another target for pharmacological 
manipulation, as it can be directly targeted by many drugs including trametinib. Trametinib, a 
small molecule inhibitor of MEK, resulting in inhibition of Ras-Erk signalling, is an FDA-
approved drug for the treatment of melanoma (Yamaguchi et al. 2011). The prolongevity effect 
of trametinib in flies was established by Slack and colleagues, with the discovery that oral 
administration of trametinib increased Drosophila lifespan, even when administered later in 
life (Slack et al. 2015). Nonetheless, it is yet to be determined whether the lifespan extending 
effects of trametinib are evolutionarily conserved.   
 
In summary, ageing can be ameliorated through genetic and pharmacological interventions, 
with the latter being at the centre of attention in human ageing research and for translation to 
human health during ageing. The IIS/mTOR and Ras signalling network provides multiple drug 
targets and their individual manipulation is associated with lifespan benefits (Slack 2017). 
Interestingly, recent efforts driven by the extensive feedback present in these networks have 
been channelled into combinatorial drug treatments in order to maximise prolongevity effects, 
potentially with reduced side-effects. Indeed, simultaneous targeting of mTOR, MEK, and 
glycogen synthase kinase-3 (GSK-3) by rapamycin, trametinib and lithium, respectively, 
showed an additive effect in Drosophila lifespan, yielding a median lifespan extension by 48% 
in the flies receiving this triple drug regimen (Castillo-Quan et al. 2019). However, it is currently 
unknown whether such a combination would exert similar benefits in mammalian ageing.  
 
In this study, we addressed whether the administration of trametinib alone or in combination 
with rapamycin can extend mouse lifespan, and we characterised the effects of trametinib 
single and combined treatment with rapamycin on mouse health. To this end, we orally treated 
male and female mice with trametinib at two different doses, or intermittently with rapamycin, 
as well as with both trametinib and rapamycin combined and we assessed their survival, 
fitness, brain metabolism and organismal health. Here, we showed that the single 
administration of trametinib significantly increased male and female mouse lifespan and that 
trametinib and rapamycin combination produced a greater lifespan prolongation compared to 
the single treatments in both males and females. We demonstrated mild beneficial effects of 
the combined trametinib and rapamycin treatment in the male mouse cardiac function and 
female mouse exploratory drive at old age. Additionally, the double combination of trametinib 
and rapamycin reduced tumour formation in the spleen and liver at old age, spleen tumour 
progression from middle to old age, and alleviated the increased glucose uptake and activation 
of microglia and astrocytes in the ageing brain. Finally, we elucidated on the beneficial effects 
of trametinib and rapamycin on systemic inflammation, by providing evidence of reduced brain 
and kidney inflammation under co-administration of trametinib and rapamycin. 
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3.2. Results 

3.2.1. Trametinib effects on mouse lifespan and healthspan 

3.2.1.1. Lifespan assessment under trametinib administration 

3.2.1.1.1. Trametinib administration extends mouse lifespan 

Trametinib, a small molecule inhibitor of MEK, resulting in inhibition of Ras-Erk signalling, is 
an FDA-approved drug for the treatment of melanoma (Yamaguchi et al. 2011). In Drosophila, 
oral administration of trametinib increased lifespan, even when administered later in life (Slack 
et al. 2015). To examine whether the lifespan-extending effect of trametinib is evolutionarily 
conserved between flies and mammals, we dosed female and male mice with trametinib in 
their food, and measured their survival.  
 
To determine the dose range that efficiently inhibited the Ras-Mek-Erk pathway in vivo, and 
was not associated with any adverse effects on organismal health, we performed a pre-
experiment (Figure 3.1 A). Three-month old male and female mice were fed for 4 weeks with 
5 different doses of trametinib: 0.29, 0.58, 1.44, 2.88 and 11.52 mg/kg of diet, and the effects 
on pathway activity, body growth and pathology were measured. The dose range of trametinib 
was chosen based on a previous report (Wright and McCormack 2013; Research and Case 
Medical Research 2019). To test whether the drug was efficiently taken up by the mice, levels 
of trametinib in plasma were measured by mass spectrometry (Figure 3.1 B-C). Trametinib 
levels in plasma increased in a dose-dependent manner in both male and female mice (Figure 
3.1 B-C), indicating efficient uptake of the drug. While at low drug concentrations plasma levels 
were comparable between male and female mice, females showed higher plasma levels of 
trametinib at drug concentrations of 1.44 mg/kg and above (Figure 3.1 B-C). 
 
We next addressed the effect of trametinib on Ras-Mek-Erk pathway activity by performing a 
Western blot analysis on liver samples using phosphorylation of Erk as read-out. A trend for 
decreased Erk1/2 phosphorylation levels was observed for trametinib concentrations of 1.44 
mg/kg and above in both females and males (Figure 3.1 D-E), with the reduction in Erk1/2 
phosphorylation being significant only for trametinib at 11.52 mg/kg (Figure 3.1 D-E). 
Macropathological and histopathological inspection showed that trametinib doses of 0.29-2.88 
mg/kg caused no adverse effects on body weight, water consumption or spleen weight 
(Supplementary Figure 3.1). Furthermore, no detrimental effects on liver function were 
observed, based on histopathological inspection of the liver for inflammation, lipidosis and 
necrosis and plasma levels of known markers for liver injury and dysfunction, including 
aspartate transaminase (AST), alkaline phosphatase (ALP) and γ-Glutamyl transferase (γ-GT) 
(Giannini, Testa, and Savarino 2005) (Supplementary Figure 3.1). In contrast, male and 
female animals that were fed with 11.52 mg/kg trametinib failed to gain body weight in the 4 
weeks measurement period and showed increased spleen weight (Supplementary Figure 3.1 
A-G), indicating detrimental side effects. Thus, for subsequent experiments we chose to feed 
animals with 0.58 and 1.44 mg/kg trametinib, based on the absence of any detectable 
pathology in the pre-test but indications of down-regulation of Ras-Mek-Erk pathway activity. 
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Figure 3.1. Trametinib at various doses shows efficient plasma uptake and inhibition of Ras-
Mek-Erk pathway activity. (A) Outline of the pretest experiment to determine an effective dose of 
trametinib in mice. (B-C) Plasma concentration of trametinib in (B) female (n=5) and (C) male mice 
(n=5) fed with 0, 0.29, 0.58, 1.44, 2.88 or 11.52 mg/kg of trametinib. Data are presented as mean ± SD. 
Statistical analyses were performed using One-Way ANOVA. Females: p-value=0.024; Males: p-
value<0.0001. (D-E) Western blot analysis of Erk phosphorylation and quantification of Western blot 
results in mouse livers of (D) female and (E) male mice. Statistical analyses were performed using One-
Way ANOVA. Females: p-value=0.0317; Males: p-value=0.0915. 
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To determine whether trametinib treatment extended lifespan, male and female mice were fed 
with 0.58 and 1.44 mg/kg of trametinib starting from 6 months of age and their survival was 
measured (Figure 3.2 A-B, Supplementary Figure 3.2). Interestingly, trametinib treatment 
significantly extended lifespan in both male and female mice (Figure 3.2 A-B). However, while 
in females both the low and the high drug dose caused a similar extension in median lifespan 
by 6.7% and 7.2% (Figure 3.2 A), respectively, in males only the high drug dose significantly 
extended median lifespan by 10.2% (Figure 3.2 B). Thus, while trametinib treatment can 
extend lifespan in both males and females, we observed a dose-dependent effect only in 
males. 
 
 A       B 

  

Figure 3.2. Trametinib extends mouse lifespan. (A-B) Trametinib extends lifespan in female (A) and 
male (B) mice. Survival curves and associated pairwise log-rank tests of control mice (grey, ♂ n=119, 
♀ n=97), and mice treated with trametinib at 0.58 mg/kg (pink, ♂ n=120, ♀ n=97), and trametinib at 1.44 
mg/kg (green, ♂ n=121, ♀ n=97). Data are expressed as *P < 0.05; **P < 0.01; ****P < 0.0001. 
 

3.2.1.2. Healthspan assessment under trametinib administration 

Given that trametinib extends lifespan in both male and female mice, we investigated whether 
the drug also ameliorated other phenotypic features of ageing. Therefore, we measured 
several health parameters that change with age in mice including heart rate, motor 
coordination, endurance, anxiety behaviour and memory.  

3.2.1.2.1. Trametinib maintains heart rate with age 

Cardiac ageing in mice is commonly manifested by an age-related decline in heart rate 
(Comelli et al. 2020; Piantoni et al. 2021; Larson et al. 2013; Mangoni and Nargeot 2008). To 
address whether trametinib administration attenuated the decline in heart rate with age, we 
performed non-invasive electrocardiography on 12 and 20-22-month old male and female 
mice. Consistent with previous data, heart rate significantly declined with age in control mice 
(c) (Figure 3.3 A, B). Female mice treated with the lower dose of trametinib (i.e. 0.58 mg/kg, 
t-low) also showed a decline in heart rate with age comparable to controls (Figure 3.3 A), while 
female mice receiving trametinib at 1.44 mg/kg (t-high) exhibited higher heart rate levels 
compared to controls at 22 months of age (Figure 3.3 A). However, trametinib at 1.44 mg/kg 
did not ameliorate the age-related decline in heart rate observed in control mice (slope of 
change not significantly different) (Figure 3.3 A). In the males, the age-related decline in heart 
rate observed in control mice was significantly attenuated in mice under trametinib at 1.44 
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mg/kg (significant slope of change compared to controls) and these mice (trametinib-treated) 
maintained their heart levels with age (Figure 3.3 B). Previous reports in melanoma patients 
and preclinical safety data in mice have been indicative of cardiotoxic effects and a lower heart 
rate after trametinib administration at levels corresponding to 1.44 mg/kg (M. Banks et al. 
2017; Research and Case Medical Research 2019). Nonetheless, our results suggest that 
trametinib-treated females show increased heart rate levels at old age and do not undergo a 
decline in heart rate with age at this dose. Similar findings have been observed in DR animals, 
representing a model of healthy ageing characterised by higher heart rate compared to AL 
controls (Drews, 2021). Further, studies on centenarians demonstrate that they are able to 
maintain an increased heart rate compared to old individuals, suggesting that attenuating the 
age-related decline in heart rate might be important for longevity (Piccirillo et al. 1998; Paolisso 
et al. 1999; Hernández-Vicente et al. 2020). Therefore, our results indicate a mild effect of 
trametinib in maintaining heart rate at old age. 

A      B 

 
Figure 3.3. Trametinib, rapamycin and their combination maintain heart rate at old age. (A-B) 
Heart rate (HR) measured by electrocardiography in (A) female and (B) male control mice (c, grey, ♂ 
n=7-8, ♀ n=9-15), mice treated with single rapamycin at 42 mg/kg (r, red, ♂ n=8, ♀ n=10-15), mice 
treated with single trametinib at 0.58 mg/kg (t-low, dark green, ♂ n=8, ♀ n=8-10), and trametinib at 1.44 
mg/kg of diet (t-high, green, ♂ n=9, ♀ n=8-10), as well as double combinations of rapamycin and 
trametinib at 1.44 mg/kg (rt, yellow, ♂ n=8, ♀ n=7-8) at 12 and 20-22 months of age. Female t-high 
mice showed higher heart rate compared to c at 22 months and a stable heart rate with age. Male mice 
receiving rapamycin alone or in combination with trametinib showed higher heart rate compared to 
single trametinib-treated mice at 20 months of age. Data are presented as mean ± SD. Statistical 
analyses were performed using Two-Way ANOVA with post hoc Bonferroni test and simple linear 
regression. Females: t-high vs c at 22 months p-value= 0.0398; r at 22 months vs c at 22 months p-
value= 0.0570; c at 12 months vs c at 22 months p-value=0.0161; t-low at 12 months vs t-low at 22 
months p-value=0.0361. Slope of t-high vs c at 12-22 months p-value=0.2884; Slope of rt vs c at 12-22 
months p-value=0.9872; Slope of r vs c at 12-22 months p-value=0.4325. Males: c at 12 months vs c 
at 20 months p-value=0.0038; r at 20 months vs c at 20 months p-value<0.0001; rt at 20 months vs c 
at 20 months p-value<0.0001; rt at 12 months vs r at 12 months p-value=0.0162; rt at 12 months vs t-
low at 12 months p-value=0.0011; rt at 20 months vs t-low at 20 months p-value<0.0001; r at 20 months 
vs t-low at 20 months p-value<0.0001; rt at 12 months vs t-high at 12 months p-value=0.0001; rt at 20 
months vs t-high at 20 months p-value=0.0013; r at 20 months vs t-high at 20 months p-value=0.0023; 
Slope of r vs c at 12-22 months p-value=0.0002; Slope of t-high vs c at 12-22 months p-value=0.0282; 
Slope of rt vs c at 12-22 months p-value=0.0120. Data are expressed as *P < 0.05; **P < 0.01; ***P < 
0.001; ****P < 0.0001. 
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3.2.1.2.2. Trametinib administration induces mild improvement in motor coordination at middle 
and old age 

To assess the motor-coordination and motor learning of the mice under trametinib 
administration we used the rotarod test. Consistent with previous work (Baquer et al. 2009; 
Barreto, Huang, and Giffard 2010), we observed a decline in motor performance with age in 
female control mice as indicated by the significant decline in latency to fall at 22 compared to 
12 months of age (Supplementary Figure 3.3 A). Although the same trend was observed in 
male mice, we did not detect significant differences in rotarod performance at 20 compared to 
12 months of age (Supplementary Figure 3.3 B). At 12 months of age, all male and female 
mice showed motor learning, as indicated by the significantly increased latency to fall from the 
rotarod at the end of the training (day four) compared to the start of the training (day 1) (Figure 
3.4 A,C), suggesting that none of the groups showed any deficits in motor learning. The total 
time spent on the rod was indistinguishable among the three groups at day four of the rotarod 
test at 12 months of age (Figure 3.4 A,C), indicating that motor performance is not improved 
under trametinib treatment at middle age. Similar to our findings at 12 months, at 20 months 
all female mice showed improved performance over consecutive trials and there were no 
differences in performance among the control and trametinib treated mice (Figure 3.4 B). In 
contrast, 20 month-old male mice dosed with 1.44 mg/kg of trametinib showed no motor 
performance improvement with training, as opposed to controls and mice dosed with 0.58 
mg/kg of trametinib that had significantly increased latency to fall at day 4 versus day 1 of the 
rotarod (Figure 3.4 D). Although these findings are indicative of absence of motor learning in 
mice receiving the higher trametinib dose, the significantly higher latency to fall compared to 
control mice during the first two days of the test might account for the lack of improvement 
with further training (Figure 3.4 D). Our results are corroborated by previous reports on young 
mice that demonstrate a motor coordination profile that is similar to the trametinib-treated 
mice; young animals start from a better baseline compared to older mice, but by the end of 
the training both young and old mice improve to a similar extent (Barreto, Huang, and Giffard 
2010). Collectively, our findings indicate that trametinib administration was not associated with 
an overall improved motor performance or motor learning, but might lead to a slight 
improvement in baseline motor performance at old age. 

 

 

 

 

 

 

 

 

 



42 

A      B 

C      D 

Figure 3.4. Trametinib does not affect overall motor performance at old age but rapamycin 
improves motor coordination in middle-aged and old mice. (A-D) Total time spent on the rod in 
rotarod test for (A-B) female and (C-D) male control mice (c, grey, ♂ n=10-14, ♀ n=13-15), mice treated 
with trametinib at 0.58 mg/kg (t-low, pink, ♂ n=11-15, ♀ n=15), and trametinib at 1.44 mg/kg (t-high, 
green, ♂ n=13-15, ♀ n=10-15), as well as double combinations of rapamycin and trametinib at 1.44 
mg/kg (rt, yellow, ♂ n=15, ♀ n=15) at (A,C) 12 and (B,D) 20-22 months of age. Female and male mice 
under t-low and t-high showed higher latency to fall compared to c mice at 12 months of age (males 
and strong trend in females) and at 20-22 months of age (only males). Male mice under r administration 
showed higher latency to fall compared to c mice at 12 and 20 months of age. Data are presented as 
mean ± SD. Statistical analyses were performed using Two-Way ANOVA with post hoc Bonferroni test. 
Females: 12 month old c at day 1 vs day 4 of rotarod p-value= 0.0044; 12 month old r at day 1 vs day 
4 of rotarod p-value= 0.0028; 12 month old rt at day 1 vs day 4 of rotarod p-value= 0.0005; 12 month 
old t-low at day 1 vs day 4 of rotarod p-value= 0.0121; 12 month old t-high at day 1 vs day 4 of rotarod 
p-value= 0.0002; 22 month old c at day 1 vs day 4 of rotarod p-value= 0.0094; 22 month old r at day 1 
vs day 4 of rotarod p-value= 0.0003; 22 month old rt at day 1 vs day 4 of rotarod p-value= 0.0408; 22 
month old t-low at day 1 vs day 4 of rotarod p-value= 0.0299; 22 month old t-high at day 1 vs day 4 of 
rotarod p-value= 0.0141; 12 month old t-low vs c at day 2 of rotarod p-value= 0.0624. Males: 12 month 
old cs at day 1 vs day 4 of rotarod p-value= 0.0414; 12 month old r at day 1 vs day 4 of rotarod p-
value<0.0001; 12 month old rt at day 1 vs day 4 of rotarod p-value= 0.0388; 12 month old t-low at day 
1 vs day 4 of rotarod p-value= 0.0010; 12 month old t-high at day 1 vs day 4 of rotarod p-value= 0.0018; 
20 month old c at day 1 vs day 4 of rotarod p-value= 0.0319; 20 month old r at day 1 vs day 3 of rotarod 
p-value= 0.0342; 20 month old t-low at day 1 vs day 4 of rotarod p-value= 0.0352; 12 month old r vs c 
at day 3 of rotarod p-value= 0.0442; 12 month old t-low vs c at day 3 of rotarod p-value= 0.0360; 20 
month old r vs c at day 1 of rotarod p-value= 0.0112; 20 month old t-high vs c at day 1 of rotarod p-
value= 0.0417; 20 month old t-high vs c at day 2 of rotarod p-value= 0.0385; 20 month old r vs c at day 
3 of rotarod p-value= 0.0443; 20 month old r vs 20 month old t-low at day 1 of rotarod p-value= 0.0324; 
20 month old r vs 20 month old rt at day 3 of rotarod p-value= 0.0280. Data are expressed as *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001. 
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3.2.1.2.3. Trametinib has no effect on mouse exploratory drive, anxiety or endurance at old 
age 

To address whether trametinib affects the general spontaneous locomotor activity, anxiety and 
exploratory behaviour of old mice we used the open field test. We detected no significant 
differences in locomotion speed, exploration or anxiety in trametinib-treated mice compared 
to the controls in either sex (Figure 3.5 A-D, Supplementary Figure 3.4 A-F). Based on the 
rotarod results (Figure 3.4), it is unlikely that the trametinib-treated animals undergo a decline 
in muscular strength that is stronger than the controls and would not allow them to show 
enhanced exploration in the open field test. However, as there were no differences in anxiety-
like behaviour, the increased emotional response is not likely to explain the lack of 
improvement in exploration by trametinib. To rule out that muscle weakness might account for 
the lack of differences in exploration between control and trametinib-treated mice, we also 
performed treadmill. We did not detect any significant differences in the endurance capacity 
between trametinib-treated and control male or female mice at 20 months of age 
(Supplementary Figure 3.4 G-H), suggesting that no deficits in endurance and muscle strength 
could be the drivers of the lack of improvement in exploration under trametinib administration. 
Collectively, our results suggest that there is no improvement in the capacity and motivation 
of old trametinib mice to explore and that old trametinib mice show anxiety and endurance 
levels that are comparable to control mice.   

Taken together, trametinib administration was able to extend lifespan in female and male mice, 
but was not associated with marked improvements in the health of the mice. More specifically, 
trametinib administration might be beneficial to cardiac function at old age, but did not improve 
motor coordination, exploration or endurance capacity in old mice.  
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C      D 

 
Figure 3.5. Trametinib does not affect exploration or anxiety behaviour in old mice, but its 
combination with rapamycin improves female mouse exploration. (A-C) Locomotion speed and 
(B-D) total distance travelled on the open field test at 5 min for (A-B) female and (C-D) male control 
mice (c, grey, ♂ n=11, ♀ n=13), mice treated with single rapamycin at 42 mg/kg (r, red, ♂ n=13, ♀ 
n=14), mice treated with trametinib at 0.58 mg/kg (t-low, pink, ♂ n=15, ♀ n=15), and trametinib at 1.44 
mg/kg (t-high, green, ♂ n=13, ♀ n=12), as well as double combinations of rapamycin and trametinib at 
1.44 mg/kg (rt, yellow, ♂ n=15, ♀ n=15) at (A-B) 22 and (C-D) 20 months of age. Old female rt mice 
showed increased locomotion speed and total distance travelled compared to 20-month old c mice. 
Data are presented as mean ± SD. Statistical analyses were performed using One-Way ANOVA with 
post hoc Bonferroni test. Females: speed of 22 months old rt mice at 5 min vs speed of 22 months old 
c mice at 5 min p-value= 0.0368; total distance of 22 months old rt mice at 5 min vs total distance of 22 
m months old c mice at 5 min p-value= 0.0347. Data are expressed as *P < 0.05. 
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3.2.2. Effects of combined trametinib and rapamycin treatment on 
mouse lifespan and healthspan 

3.2.2.1. Lifespan assessment under joint treatment with trametinib and 
rapamycin 

3.2.2.1.1. Joint treatment with trametinib and rapamycin increases lifespan more than does 
treatment with either drug singly 

Treatment of Drosophila with a combination of rapamycin and trametinib at the dose of each 
that maximised lifespan, produced an additive increase in lifespan in Drosophila (Castillo-
Quan et al. 2019). In order to test whether these two drugs also have additive effects on 
mammalian lifespan, we fed mice with a diet containing both rapamycin and trametinib and 
compared their survival to mice fed with only rapamycin or only trametinib. In order to 
maximise the effect, we used the high dose of trametinib (1.44 mg/kg), which caused a robust 
lifespan extension in both male and female mice (Figure 3.2 A-B). Rapamycin was 
administered at a dose of 42 mg/kg, the maximum dose that has previously been shown to 
extend lifespan in genetically heterogeneous mice (Richard A. Miller et al. 2014). Intermittent 
rapamycin treatment improves health and increases lifespan in mice and in parallel 
ameliorates some of the side effects of chronic rapamycin treatment (C. Chen et al. 2009; Bitto 
et al. 2016). Thus, mice were treated with rapamycin intermittently, alternating between the 
rapamycin and control diets on a weekly basis. Trametinib treatment was continuous. Drug 
treatments were initiated at 6 months of age and survival of male and female mice was 
measured (Figure 3.6, Supplementary Figure 3.2). Treating mice with the rapamycin diet 
intermittently resulted in a robust extension in median lifespan in both female (17.4%, Figure 
3.6 A) and male (16.6% Figure 3.6 A) C3B6F1 mice. Double treatment with rapamycin and 
trametinib caused a greater lifespan extension compared to the single drug treatments in both 
sexes, extending male median lifespan by 27.4% (Figure 3.6 A-B, the median lifespan for the 
rt group is yet to be reached in females). Similarly, cox proportional hazard analysis 
demonstrated a significantly reduced risk of dying in mice under rapamycin versus controls, 
trametinib at 1.44 mg/kg versus controls and joint treatment with trametinib and rapamycin 
versus controls in males and females (Supplementary Figure 3.5). Compared to control 
treatment, rapamycin reduced the risk of dying by 0.809 in females and 0.666 in males and 
trametinib at 1.44 mg/kg by 0.418 in females and 0.584 in males, while the combined 
rapamycin and trametinib treatment reduced the risk of dying as much as the two single 
treatments combined, by 1.229 in females and 1.122 in males (Supplementary Figure 3.5). 
Thus, as in flies, trametinib and rapamycin act additively to extend mouse lifespan, indicating 
that simultaneous downregulation of the Ras-Mek-Erk and mTOR pathways is needed to 
achieve maximum effects on survival. 

 

 

 

 



46 

A       B 

 
Figure. 3.6. Double treatment with trametinib and rapamycin increases mouse longevity more 
than does treatment with either drug alone. Survival curves and associated pairwise log-rank tests 
of female (A) and (B) male control mice (c, grey, ♂ n=119, ♀ n=97), mice treated with single, weekly 
intermediate rapamycin at 42 mg/kg (r, red, ♂ n=119, ♀ n=97), single trametinib at 0.58 mg/kg (t-low, 
pink, ♂ n=120, ♀ n=97), and trametinib at 1.44 mg/kg (t-high, green, ♂ n=121, ♀ n=97), or with double 
combinations of rapamycin and trametinib at 1.44 mg/kg (rt, yellow, ♂ n=120, ♀ n=97). Female median 
lifespan: c: 815 days; r: 957 days; t-low: 870 days; t-high: 874 days; rt: nd. Males median and maximum 
lifespan: c: 716 days (median); r: 835 days (median) and 1044 days (maximum); t-low: 752 days 
(median) and 1015 days (maximum); t-high: 789 days (median); rt: 912 (median). Log rank test: 
Females: r vs c p-value<0.0001; rt vs c p-value<0.0001; t-low vs c p-value= 0.0255; t-high vs c p-value= 
0.0430. Males: r vs cl p-value<0.0001; rt vs c p-value<0.0001; t-high vs c p-value<0.0001. Data are 
expressed as *P < 0.05 and ****P < 0.0001.  
 

3.2.2.2. Healthspan assessment under joint treatment with trametinib and rapamycin 

Given the additive effect of the combined administration of trametinib and rapamycin on mouse 
lifespan, we next assessed whether there are any combinatorial effects of these drugs on the 
health of mice.  

3.2.2.2.1. Rapamycin alone and in combination with trametinib maintains cardiac function with 
age and rapamycin mildly improves motor function at old age 

Heart rate evaluation revealed that rapamycin alone and in combination with trametinib 
ameliorated the decline in heart rate levels with age in male mice (Figure 3.3 B). In females, 
only mice receiving trametinib at 1.44 mg/kg showed significantly increased heart rate 
compared to controls at 22 months and rapamycin-treated mice showed the same very strong 
trend (Figure 3.3 A). These findings are in line with previous work indicating that transient 
rapamycin treatment ameliorates age-related heart dysfunction (Dai et al. 2014; Flynn et al. 
2013). At 12 months of age, male mice treated with rapamycin and trametinib showed 
significantly increased heart rate compared to all single drug treatments, suggesting a 
beneficial effect on cardiac function in middle-aged male mice from combinatorial treatment 
(Figure 3.3 B). At 20 months of age, males receiving rapamycin singly or in combination with 
trametinib showed a significantly higher heart rate compared to controls and trametinib-only 
treated mice, indicating no further benefit of the combination of rapamycin and trametinib over 
the rapamycin-only treatment (Figure 3.3 B). Therefore, at old age there is no additional benefit 



47 

to cardiac function of the combined trametinib and rapamycin treatment compared to 
rapamycin administration alone in male mice, suggesting that the improvement in heart 
function under the double drug treatment is most likely attributed to rapamycin. 

We also assessed motor coordination. 20-month old male mice treated with rapamycin alone 
showed increased baseline motor performance compared to the controls (Figure 3.4 D), while 
mice receiving the combined trametinib and rapamycin treatment exhibited motor performance 
levels comparable to controls (Figure 3.4 D). Similar to the significant improvement in motor 
learning under rapamycin treatment at day 3 of the training at 12 months, mice receiving 
rapamycin exhibited a sharp increase in motor learning at day 3 of the rotarod test compared 
to day 1 at 20 months (Figure 3.4 D). Further, rapamycin-treated mice maintained increased 
motor function both at the start and towards the end of the training period compared to controls 
(day 1 and 3), t-low (day 1) and rt mice (day 3) (Figure 3.4 D). In sharp contrast to the males, 
no differences were observed in females (Figure 3.4 B). Although the effects of trametinib on 
motor coordination are largely unexplored, previous work has implicated mTOR signalling and 
rapamycin in motor learning capacity in mice (Qi et al. 2010; Bergeron et al. 2014). Studies on 
rapamycin-treated male and female mice at young age (Bai et al. 2015), as well as on 20-
month old mice under a lifespan extending transient rapamycin treatment (Bitto et al. 2016) 
support our findings of increased latency to fall and motor learning in males. Overall, these 
results suggest that, while trametinib administration did not improve motor function, rapamycin 
administration is associated with mild improvements in motor performance at the start of the 
training (i.e. baseline) and motor learning (later stages of the training) in old males. No additive 
effect of the combination of rapamycin and trametinib on motor function or learning was 
observed.   

3.2.2.2.2. Trametinib and rapamycin combination enhances exploratory behaviour in old 
females 

Rapamycin ameliorates anxiety-like behaviour and enhances exploratory capacity in mice (J. 
Halloran et al. 2012; Zhai et al. 2018). Although trametinib single treatment was not associated 
with any increases in mouse exploration or reductions in anxiety, the combination of trametinib 
with rapamycin may exert a beneficial effect on these behaviours. To address this hypothesis, 
we included the r and the rt mice in the open field test. We detected significantly increased 
locomotor speed and total distance travelled at 5 min of the open field test in female rt mice 
compared to control mice at 22 months of age (Figure 3.5 A-B). Given the absence of an 
anxiety-like phenotype (Supplementary Figure 3.4 E-F), the increased speed in combination 
with the increased distance that these mice travelled are indicative of an elevated exploratory 
capacity under rt treatment (Langford-Smith et al. 2011). No differences were detected in 
males (Figure 3.5 C-D) or in any of the sexes at 10 min of the open field test (Supplementary 
Figure 3.4 A-D). Consistent with the increased exploration of female rt mice, we observed a 
trend of increased endurance only in female mice at 22 months of age (Supplementary Figure 
3.4 G-H). Collectively, our results suggest that, while the single administration of rapamycin 
or trametinib is not able to exert a beneficial effect on mouse exploratory capacity, their 
combination leads to increased exploration in old female mice.    

Taken together, our findings suggest that trametinib single administration did not have an 
effect on motor coordination and exploratory or endurance capacity, but its combination with 
rapamycin significantly enhanced exploration in female mice at old age. Nonetheless, similar 
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to the single administration of trametinib and rapamycin, their combination only elicited very 
mild improvements in the behavioural parameters we checked, and these were not consistent 
between the sexes. Therefore, trametinib, rapamycin or their combination do not induce 
marked improvements in these aspects of mouse health.  

3.2.2.3. Pathology assessment under joint treatment with trametinib and 
rapamycin 

Given that trametinib and rapamycin treatments did not seem to generally improve the health 
status of the mice, we next examined whether these drugs extended lifespan by protecting 
against organ pathologies typically observed in ageing mice. For that purpose, we performed 
histopathological examination of several organs, including liver, heart, kidney, spleen, WAT, 
ovaries and testes in 24-month-old mice.  

3.2.2.3.1. Trametinib and rapamycin combination reduces non-neoplastic and neoplastic 
pathologies in old mice 

First, we analysed the total number of organs affected by neoplastic and non-neoplastic 
pathologies at time of death (Figure 3.7). Rapamycin and trametinib combination significantly 
decreased the number of organs with pathological findings compared to controls (Figure 3.7 
A-B). In females, none of the single treatments showed a difference in pathological burden 
compared to controls, whereas rt mice showed reduced number of organs with pathologies 
compared to t-low and t-high mice (Figure 3.7 A). Similarly, there was a strong trend for 
reduced pathological burden of rt compared to r females (Figure 3.7 A), suggesting that, while 
single administration of trametinib or rapamycin cannot alleviate pathological burden, there 
was a beneficial effect of their combination. Consistent with the findings in females, in males, 
single trametinib-treated mice did not exhibit reduced pathological burden compared to 
controls and rt mice showed a significant reduction in organ pathology compared to t-low mice 
(Figure 3.7 B). However, rapamycin only treated male mice showed a reduction in the number 
of organs affected by pathologies compared to controls to a similar extent as rt mice (Figure 
3.7 B). Therefore, we can speculate that the beneficial effects of the combination of trametinib 
and rapamycin on male organ pathology are most likely attributed to rapamycin treatment 
alone. This was not the case for female mice, where the combined trametinib and rapamycin 
treatment seemed to improve pathological burden compared to trametinib and rapamycin 
single treatments, indicative of a potentiation effect (i.e. trametinib enhances the effect of 
rapamycin without exerting any effect on its own). The beneficial effect of rt treatment on organ 
pathology compared both to the control and trametinib-only treated female mice was robust, 
as it was corroborated in an independent, albeit smaller, mouse cohort (Supplementary Figure 
3.6 A). This effect seems to be stronger in females than males, given that no differences could 
be detected on the independent male mouse cohort, probably due to limited statistical power 
(Supplementary Figure 3.6 B). Therefore, these results point towards a more efficient 
alleviation of total organ pathology by combining trametinib and rapamycin, as compared to 
administering each drug alone, in females and a comparable alleviation of organ pathology 
under administration of rapamycin alone or together with trametinib in male mice. 

We next evaluated the effects of trametinib and rapamycin on non-neoplastic and neoplastic 
pathologies separately in different organs. With respect to non-neoplastic pathologies, we did 
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not detect any differences in the occurrence of kidney and heart pathologies under single 
trametinib administration or its combination with rapamycin in either sex (Supplementary 
Figure 3.6 C-F). Postmortem macro-pathological inspection in an independent mouse cohort 
showed a significant decline in liver pathologies in males and a similar trend in females under 
the combined trametinib and rapamycin treatment (Supplementary Figure 3.6 I-J). However, 
these results were not consistent with the liver histopathological assessment (Supplementary 
Figure 3.6 G-H). Interestingly, histopathological analysis of spleens in c, r, t-low, t-high and rt 
male and female mice, after scoring for extramedullary hematopoiesis and hyperplasia 
revealed that the combined trametinib and rapamycin treatment significantly reduced the 
occurrence of spleen pathologies in male and female mice (Figure 3.7 C-D). Rapamycin alone 
could alleviate spleen pathologies compared to controls in males and there was no significant 
interaction with the combined treatment, suggesting that there is no additive effect of the 
combination with trametinib (Figure 3.7 D). In females, r, t-low and t-high treatments did not 
show a significant reduction in spleen pathologies (Figure 3.7 C). We also detected a strong 
trend towards reduction in spleen pathological appearance in female rt mice after postmortem 
macro-pathological inspection in an independent mouse cohort (Supplementary Figure 3.7 E). 
Previous work has demonstrated that rapamycin strongly ameliorates splenomegaly and 
associated spleen pathologies in rats (Y. Chen et al. 2016), thereby corroborating our results. 
Similarly, trametinib has been shown to enhance myeloid cell abundance in the spleen, which 
might have implications for spleen pathologies (Kerstjens et al. 2018). In contrast, while no 
differences in reproductive organ pathologies were detected in females (Figure 3.7 E), the 
rapamycin containing treatments, r and rt, showed significantly higher percentages of 
testicular degeneration and atrophy compared to control male mice (Figure 3.7 F). This is a 
well-documented side effect of rapamycin administration (Neff et al. 2013; Wilkinson et al. 
2012) and it was not observed under the single trametinib administration, which exhibited 
comparable levels of these pathologies to controls (Figure 3.7 F). Thus, these results suggest 
that the trametinib and rapamycin co-administration could not alleviate the rapamycin-induced 
testicular pathologies. Taken together, trametinib single and combined administration with 
rapamycin could not alleviate kidney, liver (inconsistent results) or heart non-neoplastic 
pathologies or limit the rapamycin-induced testicular pathologies in males. Nonetheless, 
trametinib and rapamycin showed a potentiation effect in alleviating spleen pathologies. 

Regarding neoplastic pathologies, which are amongst the predominant causes of death in 
mice (Ettlin, Stirnimann, and Prentice 1994; Brayton, Treuting, and Ward 2012), we detected 
tumours in the kidney, liver and spleen of female and male mice at old age. The formation of 
kidney tumours was not affected by the trametinib or rapamycin treatments in female or male 
mice (Supplementary Figure 3.7 A-B). On the contrary, histological and macro-pathological 
post-mortem examination of livers in male and female mice from two independent cohorts 
showed that the combination of trametinib with rapamycin significantly reduced the percentage 
of mice with liver tumours and liver tumour severity (Figure 3.7 G-H, Supplementary Figure 
3.7 C-D). Similarly, histopathological analysis in the spleen revealed that the co-administration 
of trametinib and rapamycin significantly reduced the percentage of male mice with spleen 
tumours compared to controls (Figure 3.7 J) and the same trend was observed in female mice 
(Figure 3.7 I). Ras-Erk signalling has been largely implicated in cancer and previous work 
demonstrates that trametinib can slow, amongst others, non-small lung, colorectal and liver 
tumour growth and leukaemia progression in mice (Fujishita et al. 2015; Kerstjens et al. 2018; 
Wabitsch et al. 2021; C. Kim and Giaccone 2018). Overall, these results implicate trametinib 
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as a promising drug to reduce spleen tumour formation and corroborate the anti-tumour effects 
of trametinib on the mouse liver. 
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Figure 3.7. Trametinib and rapamycin double treatment reduces organ pathologies in old female 
and male mice. (A-B) Examination of organs with non-neoplastic and neoplastic pathologies in (A) 
female and (B) male mice at time of death. The following treatments were included: control (c, grey, ♂ 
n=25, ♀ n=26), rapamycin at 42 mg/kg (r, red, ♂ n=35, ♀ n=30), trametinib at 0.58 mg/kg (t-low, dark 
green, ♂ n=36, ♀ n=34), and trametinib at 1.44 mg/kg (t-high, green, ♂ n=39, ♀ n=31), as well as 
rapamycin and trametinib at 1.44 mg/kg (rt, yellow, ♂ n=51, ♀ n=38). Rapamycin combination with 
trametinib reduced the number of organs affected by pathologies compared to controls in female and 
male mice, but only in females none of the drugs could reduce pathological burden when administered 
alone. Data are presented as mean ± SD. Statistical analyses were performed using One-Way ANOVA 
with post hoc Bonferroni test. Females: rt vs c p-value= 0.0138; rt vs r p-value= 0.0868; rt vs t-low p-
value= 0.0003; rt vs t-high p-value= 0.0042. Males: r vs c p-value= 0.0492; rt vs c p-value= 0.0071; rt 
vs t-low p-value= 0.0026. (C-F) Histopathological analysis in the (C-D) spleen and (E-F) reproductive 
organs of (C, E) female and (D, F) male mice. The following treatments were included: control (c, ♂ 
n=33, ♀ n=24), rapamycin at 42 mg/kg (r, ♂ n=33, ♀ n=30), rapamycin and trametinib at 1.44 mg/kg (rt, 
♂ n=51, ♀ n=33), trametinib at 0.58 mg/kg (t-low, ♂ n=29, ♀ n=29), and trametinib at 1.44 mg/kg (t-
high, ♂ n=32, ♀ n=27). The presence or absence of extramedullary hematopoiesis and hyperplasia 
(spleen) and testicular atrophy and ovarian cysts (reproductive organs) was scored with 1 or 0, 
respectively. Rt mice showed a significant reduction in spleen pathologies and r and rt mice showed a 
significant increase in testicular pathologies. Data are presented as percentage over total and analysis 
was performed by Chi-square test and Poisson regressions. Females: spleen rt vs c p-value=0.0101;  
spleen rt * r interaction p-value=0.1270; spleen rt * t-low interaction p-value=0.0394; spleen rt * t-high 
interaction p-value=0.0051. Males: spleen r vs c p-value=0.0016; spleen rt vs c p-value=0.0154; spleen 
rt * r interaction p-value=0.4065; spleen rt * t-low interaction p-value=0.0092; spleen rt * t-high 
interaction p-value=0.2087; gonads r vs c p-value=0.0382; gonads rt vs c p-value=0.0068;  gonads rt * 
r interaction p-value=0.2997. (G-J) Histopathological analysis in the (G-H) liver and (I-J) spleen of (G, 
I) female and (H, J) male mice. The following treatments were included: control (c, ♂ n=25, ♀ n=26), 
rapamycin at 42 mg/kg (r, ♂ n=35, ♀ n=32), rapamycin and trametinib at 1.44 mg/kg (rt, ♂ n=51, ♀ 
n=38), trametinib at 0.58 mg/kg (t-low, ♂ n=36, ♀ n=34), and trametinib at 1.44 mg/kg (t-high, ♂ n=38, 
♀ n=31). The absence of liver tumours was scored with 0 and the presence of low, moderate, high and 
very high severity tumours was scored with 1, 2, 3 and 4, respectively and the absence or presence of 
spleen lymphomas or sarcomas was scored with 0 or 1, respectively. Data are presented as percentage 
over total and analysis was performed by Chi-square test and Poisson regressions. Females: liver rt vs 
c p-value=0.0444; liver rt * r interaction p-value=0.2751; liver rt * t-low interaction p-value=0.0126; liver 
rt * t-high interaction p-value<0.0001; spleen rt vs c p-value=0.0644; spleen rt * r interaction p-
value=0.8542; spleen rt * t-low interaction p-value=0.0778; spleen rt * t-high interaction p-value=0.1721. 
Males: liver rt vs c p-value=0.0023; liver rt * r interaction p-value=0.0357; liver rt * t-low interaction p-
value=0.0012; liver rt * t-high interaction p-value=0.0027; spleen rt vs c p-value=0.0047; spleen rt * r 
interaction p-value=0.7985; spleen rt * t-low interaction p-value=0.0361; spleen rt * t-high interaction p-
value=0.8444. Data are expressed as *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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3.2.2.3.2. Trametinib and rapamycin combination slows spleen tumour progression 

To address whether rapamycin and trametinib can slow tumour progression over time, we 
performed Positron emission tomography (PET) with 2-deoxy-2-[fluorine-18] fluoro-D-glucose 
(18F-FDG) (Rahman et al. 2019) in female mice, where we observed consistent effects on 
macro- and histo-pathology alleviation by rt (Figure 3.7, Supplementary Figure 3.6, 3.7). As 
only a limited number of animals could be used for this test, we performed 18F-FDG PET/CT 
in control, trametinib at 1.44 mg/kg and rapamycin and trametinib at 1.44 mg/kg treated mice, 
based on the robust lifespan extension and consistent effects on organ pathology alleviation 
that these treatments showed. To follow-up tumour progression over time, we repeated 18F-
FDG PET/CT at 12, 18 and 24 months of age. All mice were sacrificed after the 18F-FDG 
PET/CT measurements at 24 months and their organs were macroscopically inspected. 
Although in several organs identification of tumours as hypermetabolic regions was 
confounded by the inherent glucose uptake of the organs themselves (e.g. kidney, bladder), 
CT and PET data from the same imaging session in the spleen allowed for accurate 
localization of tumours at 24 months of age, that could be traced back to 18 and 12 months of 
age (Figure 3.8 A-I). Even though 18F-FDG PET/CT identified tumours in other organs, 
including the liver and uterus, due to the very low number of control animals for which we could 
reliably retrieve tumour progression data over time, we were only able to quantify tumours in 
the spleen (Figure 3.8 J). Control mice showed a tendency towards more advanced spleen 
tumours already at 18 months of age (Figure 3.8 D, J) and further tumour progression at 24 
months (Figure 3.8 G, J) compared to 12 months (Figure 3.8 A, J), whereas the tumours only 
started to appear at 24 months in the mice under t-high and rt treatments (Figure 3.8 H-I, J). 
Although there was no difference in the presence of spleen tumours at 12 months of age 
between the treatments, t-high and rt treatments displayed a strong tendency in alleviating the 
age-relating increase in tumour development between 12 and 18 months of age and there was 
a very strong trend of reduction in spleen tumours in rt compared to c mice at 24 months 
(Figure 3.8 J). Therefore, these findings indicate that the combined administration of trametinib 
with rapamycin, and potentially trametinib alone, slowed tumour progression in the spleen of 
female mice.  
 
After combining the 18F-FDG PET/CT data with macro-pathological inspection of the organs 
in the same mice at 24 months, we found a significant reduction in spleen tumours by 
trametinib alone, as well as by its combination with rapamycin to a similar extent (Figure 3.8 
K), consistent with the histopathological analysis of spleen tumours (Figure 3.7 I). Further, and 
in line with the protective effect of rapamycin against endometrial cancer in old mice (Bajwa 
et al. 2017), rt mice did not develop uterine tumours until 24 months of age, as opposed to 
control and t-high mice that were affected by uterus tumour formation at 24 months to a similar 
degree (Supplementary Figure 3.8 A). Lastly, in contrast to reports suggesting that trametinib 
can slow liver tumour progression (Wabitsch et al. 2021), no differences in the presence of 
liver tumours were detected in t-high or rt mice compared to control mice at 24 months of age 
(Supplementary Figure 3.8 B). On the whole, our findings suggest that the combination of 
trametinib and rapamycin slowed tumour progression between 12 and 24 months of age in 
the spleen and significantly reduced spleen and uterine tumours at 24 months of age. 
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Figure 3.8. Rapamycin and trametinib combination slows tumours in the spleen of female mice. 
(A-I) Representative 18-FDG CT (left panels) and PET (right panels) images showing hypermetabolic 
activity in the spleen (coronal) at (A-C) 12 months of age, (D-F) 18 months of age and (G-I) 24 months 
of age in (A, D, G) control, (B, E, H) trametinib at 1.44 mg/kg and (C, F, I) rapamycin and trametinib at 
1.44 mg/kg animals. Heatmap keys indicate a range of no 18-FDG uptake (dark blue) to very intense 
18-FDG uptake (dark red). (J) Quantification of spleen tumour progression data from (A-I). Data are 
presented as mean ± SD. Statistical analyses were performed using Two-Way ANOVA with post hoc 
Bonferroni test and simple linear regression. rt treatment slowed spleen tumour progression between 
12 and 24 months of age. Slope of change in 18-FDG uptake between 12 and 18 months between t-
high and rt vs c p-value= 0.0854; 18-FDG uptake of rt versus c at 24 months p-value= 0.08; rt * t 
interaction p-value=0.2475. (K) Hypermetabolic regions in the spleen were identified as tumours and 
scored for their presence (1) or absence (0) in control female mice (c, n=20), female mice treated with 
trametinib at 1.44 mg/kg (t-high, n=14), and with rapamycin and trametinib at 1.44 mg/kg (rt, n=16) after 
cross-reference with macro-pathological inspection at 24 months of age. t-high and rt mice showed a 
significant reduction in spleen tumour formation compared to c at 24 months. Data are presented as 
percentage over total and analysis was performed by Chi-square test. t-high vs c p-value= 0.0006; rt vs 
c p-value= 0.0339; rt * t interaction p-value=0.1288. Data are expressed as *P < 0.05; ***P < 0.001. 
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3.2.2.3.3. Combined treatment with rapamycin and trametinib attenuates the age-related 
increase in glucose uptake in the brain 

In mice, ageing is accompanied by an increased glucose uptake in the brain (J. Zhao et al. 
2021) and this uptake has been linked to impaired cognitive function (Rosenzweig and Barnes 
2003). Given the beneficial effects of combined trametinib and rapamycin treatment on 
exploratory drive in female mice (Figure 3.5 A-B), we next addressed whether trametinib and 
rapamycin can attenuate the age-related increase in glucose uptake in the mouse brain. 
Therefore, we performed a longitudinal analysis and measured the uptake of 18F-FDG in the 
brain of the same female mice via PET/CT scans at 12, 18 and 24 months of age. As the focus 
of this analysis was to measure the effect of trametinib and only a limited number of mice could 
be measured, we restricted the analysis to control mice and mice treated with trametinib at 
1.44 mg/kg, and rapamycin and trametinib at 1.44 mg/kg. All measurements and initial 
analyses were performed by our collaboration partner Dr. Heiko Backes from the Max-Planck 
Institute for Metabolism, Cologne. Consistent with a previous study (J. Zhao et al. 2021), we 
detected a very strong trend of an increase in whole brain 18F-FDG uptake with age in control 
animals, when comparing 18F-FDG uptake between 12 and 24 months of age (Figure 3.9 A). 
There was no significant difference in 18F-FDG uptake between 12- and 18-months old control 
animals, suggesting that this phenotype only manifests late in life between 18 and 24 months 
of age (Figure 3.9 A). Although we found a significant increase in 18F-FDG uptake in the 
brains of trametinib-treated animals between 12 and 18 months of age, there was no 
difference in 18F-FDG uptake between 18 and 24 months of age (Figure 3.9 A). Interestingly, 
and in contrast to control animals, there was no significant age-related increase in 18F-FDG 
uptake in brains of animals treated with both trametinib and rapamycin (Figure 3.9 A). Further, 
quantification of the increase in 18F-FDG uptake between 12 and 24 months and comparison 
between treatments showed a significant difference in 18F-FDG uptake change of trametinib 
and the double drug treatment compared to the increase in 18F-FDG uptake in controls with 
age (Figure 3.9). Similarly, measurements of glucose utilisation using the cerebral metabolic 
rate of glucose (CMRglc) (Hutchinson et al. 2009; Jalloh et al. 2015) showed a lower glucose 
utilisation in 12- compared to 24-months old control and trametinib treated mice, primarily in 
the cortex and striatum (Supplementary Figure 3.9 A-B), while mice treated with trametinib 
and rapamycin displayed no changes between 12 and 24 months in the same brain areas 
(Supplementary Figure 3.9 C). We next investigated whether age and drug-related changes 
in 18F-FDG were specific to certain brain regions. Similar to the findings in the whole brain, 
control mice showed a significant increase in 18F-FDG uptake between 12 and 24 months of 
age in the striatum and cerebellum (Figure 3.9 B, D), whereas in the cortex no age-related 
change in 18F-FDG uptake was detected (Figure 3.9 C). We also found a significant increase 
in 18F-FDG uptake in trametinib-treated animals between 12 and 18 months of age in the 
striatum, cortex and cerebellum, but no difference in 18F-FDG uptake between 18 and 24 
months of age (Figure 3.9 B-D). Conversely, no differences in 18F-FDG uptake were found in 
animals treated with trametinib and rapamycin in 24 months compared to 12 months of age in 
the striatum, cortex or cerebellum (Figure 3.9 B-D). Further, the 18F-FDG uptake increase in 
the cerebellum, cortex and striatum of control animals between 12 and 24 months was 
significantly different compared to mice receiving the combined trametinib and rapamycin 
treatment (Figure 3.9). Although, we found no differences in 18F-FDG uptake between the 
treatments at 24 months of age globally or in any of the brain regions (Figure 3.9 A-D), by 
measuring CMRglc levels, we found a strikingly elevated glucose utilisation in control animals 
compared to animals treated with trametinib and rapamycin at 24 months of age, manifesting 
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in most brain areas, including the striatum and cortex (Figure 3.9 F). In contrast, there was no 
difference in glucose utilisation between trametinib-treated and control animals at 24 months 
of age (Figure 3.9 E). Taken together, our findings suggest that trametinib combination with 
rapamycin attenuates the age-related increase of glucose uptake globally in the mouse brain 
and in specific brain areas, including the striatum and cerebellum and reduces glucose 
utilisation at old age.    
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Figure 3.9. Trametinib and rapamycin combination slows the increase of glucose uptake with 
age in the brain of female mice. (A-D) Glucose uptake quantification by Ce/Cp ratio in the (A) whole 
brains of (B) striatum, (C) cortex and (D) cerebellum of control female mice (c, grey, n=8), female mice 
treated with trametinib at 1.44 mg/kg (t, green, n=10), and rapamycin and trametinib at 1.44 mg/kg (rt, 
yellow, n=12) at 12, 18 and 24 months of age. The combination of trametinib and rapamycin showed 
stable brain glucose uptake with age. Data are presented as median (line), max and min (whiskers) in 
a box plot and statistical analyses were performed using Two-Way ANOVA with post hoc Bonferroni 

c vs rt  c vs t  



56 

test. Whole brain: c at 24 months vs c at 12 months p-value= 0.0545; t at 18 months vs t at 12 months 
p-value= 0.0060; Age*Treatment Interaction p-value= 0.0283; c at 12-24 months vs t at 12-24 months 
p-value= 0.0506; c at 12-24 months vs rt at 12-24 months p-value= 0.0028. Striatum: c at 24 months vs 
c at 12 months p-value= 0.0134. t at 18 months vs t at 12 months p-value= 0.0023; Age*Treatment 
Interaction p-value= 0.0143; c at 12-24 months vs t at 12-24 months p-value= 0.0511; c at 12-24 months 
vs rt at 12-24 months p-value= 0.0024. Cortex: t at 18 months vs t at 12 months p-value= 0.0086; 
Age*Treatment Interaction p-value= 0.1070 c at 12-24 months vs t at 12-24 months p-value= 0.1372; c 
at 12-24 months vs rt at 12-24 months p-value= 0.0281. Cerebellum: c at 24 months vs c at 12 months 
p-value= 0.0234; t at 18 months vs t at 12 months p-value= 0.0146; Age*Treatment Interaction p-value= 
0.0375 c at 12-24 months vs t at 12-24 months p-value= 0.0328; c at 12-24 months vs rt at 12-24 
months p-value= 0.0018. (E-F) Representative coronal images of differential 18-FDG uptake based on 
CMRglc statistics in the brains of (E) c versus t and (F) c versus rt female mice at 24 months. Arrows 
indicate the cortex (green) and striatum (white) regions. Heatmap keys are based on p-value<0.05 and 
the red and blue scales indicate increased or decreased 18-FDG uptake in controls compared to the 
drug treatments, respectively. Data are expressed as *P < 0.05 and **P < 0.01. 
 

3.2.2.3.4. Combined trametinib and rapamycin treatment reduces age-related brain 
inflammation 

Age-related increase in glucose uptake in the brain might be caused by changes in neuronal 
metabolism or the presence of inflammation, which increases the requirements for glucose 
and results in greater 18F-FDG uptake (Safaie, Matthews, and Bergamaschi 2015). Systemic 
inflammation in the brain is characterised by a state of activated microglia and increased 
microglia density and has been associated with synapse loss and late-onset 
neurodegeneration (Ayata et al. 2018; Motori et al. 2013). Interestingly, Ras signalling has 
been implicated in microglia activation (Ayata et al. 2018). Thus, we hypothesised that 
trametinib, as a potent inhibitor of Ras-Erk signalling, might reduce inflammation in the brain. 
To address this hypothesis and investigate whether the attenuation of the age-related glucose 
uptake in the brain by trametinib and its combination with rapamycin can be attributed to 
reduced brain inflammation, we performed immunohistological stainings using antibodies 
against GFAP and Iba-1 for astrocytes and activated microglia, respectively (Figure 3.10). As 
the strongest changes in 18F-FDG uptake upon drug treatment were at old age, we performed 
the immunohistological analysis on brains of 24-months old control, rapamycin, trametinib at 
1.44 mg/kg and rapamycin and trametinib at 1.44 mg/kg mice. To document age-related 
changes, we also stained brains of 6-months old control mice, which serve as a reference for 
a healthy young brain. We observed an age-related increase in activated microglial and 
astrocyte density in the striatum, hippocampus and cortex of 24-months old mice compared 
to 6-months old mice, (Figure 3.10 A-B & F, H, Supplementary Figure 3.10 A-B, I-J), consistent 
with increased age-related brain inflammation. Noteworthy, we did not observe age-related 
changes in activated microglial and astrocyte density in the cerebellum (Supplementary Figure 
3.10 E-F), suggesting that these effects are brain region specific. We next investigated the 
effects of the drugs on age-related brain inflammation. Interestingly, double treatment with 
rapamycin and trametinib significantly reduced the density of activated microglia and 
astrocytes in the striatum of 24-months old mice (Figure 3.10 E, G, I). There was also a trend 
for the single drug-treatments to reduce the activated microglia density (Figure 3.10 G), albeit 
not significant. Further, there was more variance between individual drug treated brains when 
compared to the double treatment, suggesting an additive beneficial effect of rapamycin and 
trametinib on age-related inflammation in the striatum. In the other brain regions this effect 
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was not as prominent. There was a trend for the double drug treatment to attenuate age-
related microglial accumulation in the cortex, while there was no clear effect of the drugs on 
microglial or astrocyte accumulation in the hippocampus (Supplementary Figure 3.10 L, C-D). 
In summary, the immunohistological analysis indicated that double treatment with rapamycin 
and trametinib reduced brain inflammation in a brain-region-specific manner. Consistent with 
the 18F-FDG uptake data (Figure 3.9), trametinib administration as a single treatment showed 
no attenuation in microglial and astrocyte accumulation with age in any of the brain regions 
we examined (Figure 3.10 and Supplementary Figure 3.10). In contrast to the 
immunohistological results, 18F-FDG uptake was increased in multiple brain regions (striatum 
and cerebellum), suggesting that other mechanisms apart from changes in the brain 
inflammation state might also contribute to the observed changes in 18F-FDG uptake.  
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Figure 3.10. Combined trametinib and rapamycin administration attenuates inflammation in the 
striatum.  Representative confocal composite images in grey scale of (A) control 6-month old, (B) 24-
month old, (C) rapamycin-treated, (D) trametinib-treated (1.44 mg/kg) and (E) combined rapamycin and 
trametinib at 1.44 mg/kg treated female mice. Nuclei were stained with DAPI (left, upper panel, blue), 
astrocytes with GFAP (right upper panel, green) and activated microglia by Iba-1 (left lower panel, red). 
The right lower panel shows the merged image in RGB. (F-I) Quantification of the average number of 
double DAPI-Iba-1 positive cells (microglia density) and double DAPI-GFAP positive cells (astrocytes 
density) of 10-15 confocal images per mouse striatum of control (c, grey: 24 month old, y, purple: 6 
month old, n=5), rapamycin-treated (r, red, n=5), trametinib-treated (1.44 mg/kg) (t-high, green, n=5), 
and rapamycin and trametinib at 1.44 mg/kg (rt, yellow, n=5) treated female mice. Rt mice showed a 
significant reduction in the accumulation of microglia and astrocytes in the ageing brain striatum. Data 
are presented as median (line), max and min (whiskers) in a box plot and statistical analyses were 
performed using (F, H) Mann-Whitney U test or (G, I) One-Way ANOVA with post hoc Bonferroni test. 

3.2.2.3.5. Combined rapamycin and trametinib treatment reduces inflammation in the kidney 

Ageing is characterised by increased levels of inflammation in multiple organs, that manifest 
in a low-level systemic pro-inflammatory phenotype, termed ‘inflammaging’ (Salminen, 
Kaarniranta, and Kauppinen 2012). Additionally, previous work has shown that inflammation 
activates both mTOR and Erk signalling (Laplante and Sabatini 2009; Collins et al. 2019; Jager 
et al. 2010). Based on the finding that rapamycin and trametinib double treatment reduced 
brain inflammation, we next asked whether this effect also extended to peripheral tissues. To 
address whether tissue inflammation can be ameliorated by trametinib and/or rapamycin, we 
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performed a histopathological analysis of the kidney and the WAT, two tissues known to be 
affected by age-related tissue inflammation, in 24-months old female and male mice. The 
ageing kidney is characterised by a functional decline associated with chronic inflammation 
(Lefèvre et al. 2021). There was no obvious effect of trametinib on kidney inflammation in male 
or female mice and rapamycin treatment induced only a non-significant decline (Figure 3.11 
A-B). Interestingly, the combination of both drugs significantly reduced kidney inflammation 
compared to controls and the single trametinib treatments in female and male mice (Figure 
3.11 A-B). Our findings were further supported by the results obtained from macro-pathological 
inspection of kidneys collected from a separate cohort of mice after their death 
(Supplementary Figure 3.11). While no differences in kidney pathologies were found in 
females under any of the treatments (Supplementary Figure 3.11 A), in males rt treatment 
significantly reduced the collective pathologies present in the kidney, including pathologies 
related to inflammation, such as enlargement and discoloration (Supplementary Figure 3.11 
B). Additionally, and consistent with the kidney inflammation data, there was a strong trend 
towards reduction of kidney pathology in male rapamycin-treated mice (Supplementary Figure 
3.11 B). Therefore, these results in combination with the absence of significant differences or 
interaction between the rt and r treatments suggest that the reduction in kidney pathology 
under the combination of the drugs is most likely attributed to rapamycin effects on kidney 
health (Liu 2006; Lieberthal and Levine 2009).    

The WAT is another organ that is known to undergo an age-associated increase in 
inflammation. In mice, WAT inflammaging manifests with marked changes in the distribution 
and function of WAT, which lead to an increased inflammatory gene expression (Schaum et 
al. 2020; Mancuso and Bouchard 2019). This, in turn, triggers infiltration of the tissue by 
macrophages that further exacerbate the pro-inflammatory state (Mancuso and Bouchard 
2019). Therefore, to address whether the age-related inflammation in the WAT can be 
attenuated by the combined trametinib and rapamycin treatment at old age, the presence of 
inflammation was assessed histopathologically in the WAT of 24-months old female and male 
mice (Figure 3.11 C-D). While we observed no significant differences in the percentage of 
mice with WAT inflammation among treatment groups, there was a trend for reduced WAT 
inflammation for most drug treatments except for t-low in female mice (Figure 3.11 C-D). Thus, 
further experiments including imaging of macrophage infiltration or measurements of 
inflammatory gene expression would be necessary to confirm whether treatment with 
rapamycin and trametinib can also reduce inflammation in the WAT.  

On the whole, our findings demonstrate that the combined trametinib and rapamycin treatment 
reduced kidney inflammation and future work should investigate whether trametinib and 
rapamycin can exert an anti-inflammatory effect in other peripheral tissues. 
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Figure 3.11. Combined trametinib and rapamycin treatment reduces kidney inflammation. (A-B) 
Histopathological analysis of kidney samples of (A) female and (B) male mice. The following  treatments 
were included: control (c, ♂ n=25, ♀ n=25), rapamycin at 42 mg/kg (r, ♂ n=35, ♀ n=32), rapamycin and 
trametinib at 1.44 mg/kg (rt, ♂ n=51, ♀ n=38), trametinib at 0.58 mg/kg (t-low, ♂ n=37, ♀ n=34), and 
trametinib at 1.44 mg/kg (t-high, ♂ n=38, ♀ n=31). The presence of mild, moderate and severe 
inflammation was scored with 1, 2 and 3, respectively, whereas the absence of inflammation was scored 
with 0. Rt treatment showed a significant decline in the percentage of mice affected by inflammation 
and in the severity of inflammation in males and females. (C-D) Histopathological analysis in the WAT 
of (C) female and (D) male control mice (c, ♂ n=24, ♀ n=26), mice treated with rapamycin at 42 mg/kg 
(r, ♂ n=34, ♀ n=32), rapamycin and trametinib at 1.44 mg/kg (rt, ♂ n=50, ♀ n=38), trametinib at 0.58 
mg/kg (t-low, ♂ n=35, ♀ n=34), and trametinib at 1.44 mg/kg (t-high, ♂ n=39, ♀ n=31). The presence 
or absence of inflammation was scored with 1 and 0, respectively. Rt treatment showed a tendency 
towards reduced inflammation in the WAT of male mice. Data are presented as percentage over total 
and analysis was performed by Chi-square test and Poisson regressions. Females kidney: rt vs c p-
value=0.0095; rt vs t-low p-value=0.0649; rt vs t-high p-value=0.0350; rt vs r p-value= 0.2002; rt * r 
interaction p-value=0.1151; rt * t-low interaction p-value=0.0967; rt * t-high interaction p-value=0.0567. 
Males kidney: rt vs c p-value=0.0035; rt vs t-low p-value=0.0360; rt vs t-high p-value=0.0154; rt vs r p-
value= 0.7306; rt * r interaction p-value=0.6151; rt * t-low interaction p-value=0.0170; rt * t-high 
interaction p-value=0.0392. WAT: rt vs c p-value=0.0885. Data are expressed as **P < 0.01. 
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3.3. Discussion 
 
Living in a world of increasingly aged humans poses substantial socio-economic threats and 
an enormous challenge to develop effective strategies to improve lifelong human health 
(Nikolich-Žugich et al. 2016). One promising approach to improve health at old age is to target 
pathways that directly affect the ageing process. The evolutionarily conserved IIS/mTOR 
network is a prime candidate for this approach, because downregulation of IIS/mTOR network 
activity increases life- and health span in diverse organisms ranging from worms and flies to 
mammals (Castillo-Quan, Kinghorn, and Bjedov 2015; Slack 2017; Campisi et al. 2019). 
Importantly, the IIS/mTOR/Ras signalling network includes multiple drug targets for 
pharmacological interventions to increase healthy lifespan. One such example is the drug 
rapamycin, which directly inhibits the TORC1 node of the network, and extends lifespan in 
flies and mice (Bjedov et al. 2010; Harrison et al. 2009). Another is the MEK inhibitor 
trametinib, which can cause lifespan extension in flies (Slack et al. 2015). Here, we showed 
that administration of trametinib also significantly increased lifespan in female and male mice, 
establishing it as a gero-protective drug in mammals. Furthermore, we showed that trametinib 
and rapamycin exert a combinatorial effect on lifespan, by providing a greater lifespan 
prolongation compared to the single treatments in both male and female mice. Although we 
only found mild effects of rapamycin and its combination with trametinib on age-related health 
parameters, we demonstrated that the double drug treatment reduced tumour formation in the 
spleen and liver and spleen tumour progression. Additionally, we found evidence for reduced 
brain inflammation and inflammation of peripheral organs, such as the kidney, upon the 
combined trametinib and rapamycin treatment, suggesting that reduced systemic 
inflammation might contribute to the extended lifespan of these animals. 
 
Treating mice with trametinib produced a median lifespan extension of approximately 7-10% 
in female and male mice, which is comparable with the lifespan extension under trametinib 
administration in female flies (Castillo-Quan et al. 2019; Slack et al. 2015). Consistent with the 
results in flies (Slack et al. 2015), both trametinib doses significantly extended lifespan to a 
similar extent in female mice, whereas in males we found a dose-dependent response of 
lifespan. Sex-specific effects have been also reported under rapamycin administration. 
Typically, at a given dose, rapamycin leads to greater lifespan prolongation in female mice 
compared to males (Harrison et al. 2021; Richard A. Miller et al. 2014), which is also what we 
observed in the current work for rapamycin treatment (sex*rapamycin treatment p-
value<0.0001). Conversely, male mice showed a relatively greater lifespan prolongation than 
females under trametinib administration at 1.44 mg/kg (sex*trametinib treatment p-
value<0.0001). The sex-specificity of rapamycin-mediated lifespan extension seems to be at 
least in part attributable to drug bioavailability differences between males and females, 
because blood levels of rapamycin were higher in females than in males receiving equal 
amounts of rapamycin in the food (Richard A. Miller et al. 2014). Here, we only observed 
increased plasma levels of trametinib in females compared to males at concentrations of 1.44 
mg/kg and above. Therefore, we can speculate that these plasma level differences might be 
indicative of an increased metabolism and/or elimination of rapamycin and trametinib only at 
high doses in males. Alternatively, sexual dimorphism of immune responses and sex 
hormones might play a role (Richard A. Miller et al. 2014; Waxman and Holloway 2009). These 
gender-specific effects suggest that sex differences need to be carefully considered and 
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evaluated by future studies examining the effects of known and novel pharmacological 
treatments on healthspan. 
 
Repurposing already existing therapeutics as gero-protectors can play a key role in developing 
effective strategies to combat human ageing. Trametinib is currently used in the clinic for the 
treatment of metastatic melanomas (Hoffner and Benchich 2018) and in a phase I clinical trial 
for the treatment of patients with advanced solid tumours, including non-small-cell lung, 
colorectal and pancreatic cancer (Infante et al. 2012). Trametinib has been typically 
administered at doses of 2 mg daily and although it was shown to be generally well tolerated, 
the most common adverse effects and toxicities reported were skin rash, diarrhoea, fatigue 
and retinopathy (Infante et al. 2012). In the current work, the plasma levels in both female and 
male mice under the various trametinib doses were found to be between 40- to 150-fold lower 
than plasma levels of cancer patients daily treated with trametinib in the clinic (Research and 
Case Medical Research 2019). Additionally, no adverse effects on body weight or organ 
toxicity were observed for trametinib doses ! 2.88 mg/kg of diet. Therefore, trametinib 
administration at 2.88 mg/kg or higher is likely to produce an even greater lifespan extension 
than the one we observed under 1.44 mg/kg. Overall, trametinib can be used as a gero-
protective drug in mice and could possibly be a viable option to promote healthy ageing in 
humans. In mice, future work on optimising dosing of trametinib regimes to produce maximum 
effects on lifespan should investigate the impact of higher trametinib doses on lifespan in both 
females and males. Additionally, it would be interesting to determine whether short-term 
trametinib administration (such as late-onset or intermittent feeding) recapitulates the effects 
of continuous trametinib on mouse lifespan, as this would be key to enhance adherence and 
feasibility of trametinib treatment in humans. Importantly, evidence from trials in companion 
dogs and human clinical trials on the effects of trametinib on ageing or age-related chronic 
diseases would contribute to establishing trametinib as an anti-ageing intervention in humans.   
 
The current study also showed that the combination of trametinib with rapamycin produced an 
even greater lifespan extension compared to each drug alone, in both sexes. In Drosophila, 
double treatment with trametinib and rapamycin also extended lifespan more than the single 
treatments, as did the combinations of each compound with lithium (Castillo-Quan et al. 2019). 
However, lithium was not included in this work, since it was recently shown that the lithium-
mediated lifespan extension in flies was not conserved in mice (Nespital et al. 2021). Previous 
work on combinatorial drug treatments in mice showed that a combination of rapamycin at the 
same dose used in this study with metformin increased mouse lifespan by 26% and 23% in 
females and males, respectively (Bitto et al. 2016; Strong et al. 2016). However, this lifespan 
extension was comparable to the one under rapamycin single administration reported in 
previous work (Richard A. Miller et al. 2014), which represents the greatest median lifespan 
extension observed under single rapamycin treatment (26%). More recently, coadministration 
of rapamycin and acarbose in 9-months old female and male mice led to a 28% and 34% 
increase in median lifespan in females and males, respectively (Strong et al. 2022). 
Importantly however, this study was lacking a rapamycin single treatment control and 
therefore, it is not clear whether the lifespan extension was further promoted by the 
combination of rapamycin and acarbose as compared to rapamycin administration alone. The 
lifespan extension under rapamycin and acarbose combination was greater than the one 
reported earlier by Miller and colleagues under single rapamycin administration at the same 
dose (Richard A. Miller et al. 2014) in males, but not in females, where no additive effect of 
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the drugs was seen (Strong et al. 2022). Here, we demonstrated that trametinib could further 
improve the prolonged lifespan under rapamycin single treatment in females and males, 
extending median lifespan by approximately 29% and 27%, respectively. This magnitude of 
lifespan extension is comparable to the one observed under rapamycin and acarbose 
coadministration (Strong et al. 2022), as well as to the lifespan extension typically observed 
under DR (Green, Lamming, and Fontana 2022). Nevertheless, it is worth noting that 
comparison of quantitative effects between studies is complicated due to the differences in 
experimental design, genetic background and/or housing conditions. Yet, we have identified 
for the first time a drug treatment combination that elicits additive effects on lifespan in both 
sexes, paving the way to further research on combinatorial drug effects to design effective 
prolongevity interventions. Genetic and dietary prolongevity interventions are often dependent 
on genetic background and gender, and thus, future studies on multiple mouse strains and 
both sexes with consistent feeding regimes and housing conditions will shed more light on the 
interpretation of the sex- and strain-specificity of lifespan responses to single and combined 
drug treatments.     

In the ageing field, it is becoming apparent that prolonged lifespan is not the sole aspect that 
needs to be considered in the context of anti-ageing interventions. To evaluate whether a 
pharmacological intervention extends lifespan by protecting against pathologies associated 
with mouse morbidity (e.g. tumours) or by generally improving organismal health, it is 
important to investigate its effects on multiple tissues. We hypothesised that the improved 
lifespan under trametinib alone and its combination with rapamycin would be, at least partly, 
attributable to improvements in phenotypes that are known to decline with age, and partly to 
inhibition of carcinogenesis. Regarding the ageing phenotypes, we examined the effects of 
trametinib and rapamycin on locomotor activity, exploration and cardiac function, all typically 
undergoing an age-associated decline (Kennard and Woodruff-Pak 2011; Murphy, Rahnama, 
and Silva 2006; Barreto, Huang, and Giffard 2010; Shoji et al. 2016; Piantoni et al. 2021). 
Here, we report only mild effects of trametinib and rapamycin combination in cardiac and motor 
function and exploration, that were not consistent between males and females and did not 
reflect the additive effect of the drugs in extending lifespan. Although previous work is 
indicative of improved locomotion and exploration across C57BL/6J and UM-HET3 mouse 
strains and genders under rapamycin treatment at old age (Bai et al. 2015; Neff et al. 2013; 
Richard A. Miller et al. 2011), we only observed mild improvements in motor function and no 
changes in exploration under rapamycin administration, possibly due to differences in genetic 
background. Interestingly, previous studies documented these improvements also in young 
mice (Neff et al. 2013). Therefore, these studies might be quantifying ageing-independent 
effects of rapamycin rather than attenuation of motor function decline with age. Similarly, since 
we did not include measurements of these phenotypes at young age, we cannot rule out the 
possibility of non-ageing-modulating effects in the current work. Thus, to disentangle the 
ageing-independent drug effects from the ageing-modulating effects and confirm the validity 
of existing findings, healthspan assessment of young mice from various genetic backgrounds 
should be included. 

Several factors might account for the discrepancies between the striking effects of the drugs 
on mouse lifespan and their very limited healthspan improvements. A plausible explanation 
could be that other processes that we have not identified are likely to contribute to the lifespan 
effects. Here, we did not address metabolic regulation under the trametinib and rapamycin 
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treatments, even though previous work in flies and mice suggests that insulin sensitivity is 
normalised after combining rapamycin with lithium (Castillo-Quan et al. 2019) or with 
metformin (Reifsnyder et al. 2022). Interestingly, Ras-Mek-Erk signalling has been previously 
linked to insulin resistance in flies (W. Zhang et al. 2011) and administration of MEK inhibitors, 
including trametinib has been shown to reduce insulin resistance in obese wild type and 
genetically obese mice (A. S. Banks et al. 2015; Ozaki et al. 2016). Furthermore, elevated 
basal Erk activity has been reported in human type 2 diabetes (Carlson et al. 2003), suggesting 
that it would be worth investigating whether a combination of trametinib and rapamycin is 
beneficial for metabolic regulation and if it could explain the prolonged lifespan of the mice 
receiving the double treatment as compared to the single trametinib and rapamycin 
treatments. Similarly, major determinants of ageing, such as genomic instability and 
compromised stem cell function (López-Otín et al. 2013), have been associated with aberrant 
activation of Ras-Mek-Erk pathway (Aliper et al. 2015; Ying et al. 2008) and thereby justify 
further investigation in the context of trametinib-mediated lifespan extension. Additionally, we 
did not examine the effects of trametinib and rapamycin on the bones and the skeletal system, 
which are known to undergo marked changes with age (Flynn et al. 2013; B. P. Halloran et al. 
2002). Ras-MAPK signalling has been extensively linked to osteogenesis (Ge et al. 2007) and 
Ras-Mek-Erk inhibition was shown to enhance osteogenic differentiation in in-vitro models 
(Nakayama et al. 2003; Higuchi et al. 2002; Hu et al. 2003). On the other hand, rapamycin 
treatment could attenuate some of the age-related changes in the tendons of old mice 
(Wilkinson et al. 2012). Thus, studies examining the direct effects of trametinib administration 
alone and in combination with rapamycin on bone and skeletal health are required. 
Alternatively, the lack of marked health improvements under the trametinib and rapamycin 
treatments despite their robust lifespan benefits, might be attributed to the fact that lifespan 
and healthspan are correlated but can be uncoupled. This has been previously shown for 
various long-lived IIS pathway mutants in C. elegans (Bansal et al. 2015) and dietary 
interventions in mice (R. T. Wu et al. 2017; Mitchell et al. 2018). As healthspan assessment is 
highly complex and the most relevant healthspan parameters to assess ageing in each 
organism are yet to be identified (Kaeberlein 2018), future studies are required to 
comprehensively assess the effects of trametinib and rapamycin on various healthspan 
parameters. Obvious candidates would be processes that have been shown to be modulated 
by trametinib and rapamycin, such as glucose metabolism, stem cell and skeletal health or 
others that represent known side-effects of the drugs, such as insulin resistance and 
dyslipidemia.    

We also explored the possibility of trametinib single and combined treatment with rapamycin 
prolonging lifespan by eliciting specific effects on the tissue level rather than on the whole 
organism level. We hypothesised that the lifespan-extension benefits of trametinib and 
rapamycin combination would be partly attributed to inhibition of life-limiting pathologies, such 
as carcinogenesis. This is a plausible scenario given the anti-tumour effects of trametinib and 
rapamycin, both in slowing cancer progression and de novo tumour formation (Wabitsch et al. 
2021; C. Kim and Giaccone 2018; Kauffman et al. 2005; Kopelovich et al. 2007). Additionally, 
cancer represents a major cause of death in mice (Ettlin, Stirnimann, and Prentice 1994; 
Brayton, Treuting, and Ward 2012). Indeed, we showed that the combination of trametinib and 
rapamycin reduced tumour formation and progression. More specifically, we found that liver 
tumours, which are typically present in the mouse strain used in this study as a result of ageing 
(Drews, 2021), and spleen tumours, were significantly reduced upon co-administration of 
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trametinib and rapamycin. Based on analysis of interaction between treatments, there was no 
interaction between the reduction of liver tumours under rapamycin single treatment and the 
double drug treatment. On the contrary, there was a significant interaction between the 
combined and single trametinib treatments in female mice and liver tumours were not reduced 
upon administering trametinib singly. Therefore, we speculate that the reduction in liver 
tumours under the combined trametinib and rapamycin treatment is most likely explained by 
rapamycin in females. On the contrary, in male mice, the double drug treatment showed a 
combinatorial effect in reducing liver tumours compared to the single treatments (significant 
interactions between the treatments). In the spleen, although only the combined trametinib 
and rapamycin administration showed a significant reduction of tumour formation, the same 
trend was observed under the single drug treatments and no significant interactions were 
detected. Therefore, we can conclude that there is no additive effect upon the combination of 
trametinib and rapamycin in reducing spleen tumours and the absence of effects under the 
single trametinib and rapamycin treatments might be attributed to the limited statistical power. 
Nonetheless, we identified a reduction in spleen tumour formation at 24-months in old females 
under the double drug treatment also by using 18F-FDG PET/CT. Therefore, this observation 
is robust, as it was confirmed by two independent techniques (histopathology and PET/CT) in 
different sets of mice. Consistent with the histopathological analysis that indicated the same 
trend for the single trametinib treatment, 18F-FDG PET/CT showed that trametinib alone also 
reduced spleen tumours at 24 months of age. Additionally, by making use of 18F-FDG PET/CT 
as an invaluable tool to examine tumour progression, we found that the combined treatment 
with trametinib and rapamycin and potentially trametinib treatment alone (no significant 
interaction between the two treatments) slowed tumour progression in the spleen in old 
females. Thus, we speculate that the reduction of tumours in the spleen and possibly in the 
liver might contribute to the lifespan extension elicited by trametinib and rapamycin treatments. 
However, other aspects besides carcinogenesis are likely to be involved, as the effect of the 
trametinib and rapamycin single treatments was not clear.  

The total burden of organ pathologies, including both neoplastic and non-neoplastic 
pathologies, was also reduced under trametinib combination with rapamycin in both sexes. 
However, only in females the combined trametinib and rapamycin treatment reduced this 
burden more efficiently compared to the single treatments. Nonetheless, these results were 
largely influenced by the presence of tumours, since the assessment of various organs for 
non-neoplastic pathologies showed beneficial effects of trametinib and rapamycin combination 
only in the spleen. Consistent with previous work showing no beneficial effects of rapamycin 
in kidney glomerulopathy and heart hypertrophy (Neff et al. 2013), we did not find any effects 
of the single or combined rapamycin and trametinib treatments in these tissues. However, the 
collective kidney pathologies seemed to be reduced under rapamycin single and combined 
administration with trametinib in males. The fact that there was no significant interaction 
between the two treatments indicates that the reduction in kidney pathologies upon co-
administration of rapamycin with trametinib is likely attributed to rapamycin. This speculation 
is supported by previous work demonstrating that rapamycin inhibits kidney inflammation and 
attenuates renal fibrosis (Liu 2006; Lieberthal and Levine 2009). Nonetheless, trametinib-
treated male mice have been shown to exhibit an attenuation in kidney fibrosis, partly due to 
a reduction in mTORC1 activity, as revealed by studying the effects of trametinib in mouse 
models of renal fibrosis and human renal fibroblasts (Andrikopoulos et al. 2019). Therefore, a 
more detailed histopathological examination in the kidney tubule epithelial cells for 
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hyperplasia, fibrosis and other pathologies is needed to grasp the effects of trametinib and 
rapamycin in renal function. Our findings on testicular pathologies also confirmed previous 
findings demonstrating a rapamycin-induced testicular degeneration and atrophy (Wilkinson 
et al. 2012; Neff et al. 2013), that was not counteracted by coadministration with trametinib. 
As opposed to previous work indicating that liver lipidosis is reduced under rapamycin 
treatment in males (Wilkinson et al. 2012), we detected increased lipidosis in the livers of our 
rapamycin only-treated male mice, which could be due to mouse strain differences. 
Nonetheless, male mice receiving rapamycin and trametinib treatments showed decreased 
liver pathologies including visible fatty liver, thereby complicating the interpretation of these 
findings.  

Collectively, our findings on neoplastic and non-neoplastic pathologies indicated an 
amelioration in liver and spleen carcinogenesis, as well as spleen and kidney pathologies 
under the single rapamycin and combined administration with trametinib. However, there was 
no robust evidence of combinatorial effects of the drugs or clear effects of the trametinib 
treatment alone. Therefore, taking into account the trametinib- and rapamycin-mediated 
lifespan extension data and their clear additive effect on longevity, we can speculate that 
neoplastic and non-neoplastic pathologies do not directly contribute to the effects of trametinib 
and rapamycin on lifespan. One likely explanation would be that tumours and pathologies in 
organs other than the ones investigated in the current work could explain the additive effect of 
these drugs on lifespan. Assessment of major tumours, including lymphomas and 
hematopoietic tumours (Lipman et al. 2004) and histological analysis of the thyroid gland, 
where rapamycin has been shown to exert protective effects (Neff et al. 2013) should be 
included in future studies. Although a general score for lymphomas and hematopoiesis 
abnormalities was not included in this study, we histologically examined extramedullary 
hematopoiesis, lymphomas, sarcomas and hyperplasia in the spleen of the female and male 
mice. Here, we found that rapamycin alone and in combination with trametinib ameliorated 
these spleen pathologies (no significant interaction between the single and combined 
rapamycin treatments). Trametinib alone had no effect in females (significant interaction 
between both trametinib doses and the combined treatment), but showed effects comparable 
to rapamycin and the combined treatment in males (no significant interaction between the 
higher trametinib dose and the double drug treatment). Overall, the effects of the drug 
treatments in spleen pathologies in males were clearer, possibly due to greater statistical 
power compared to females. Yet, as these findings cannot be directly linked to lymphomas, it 
is imperative that future studies explore the effects of trametinib and its combination with 
rapamycin in lymphomas and other hematopoietic tumours. Further, histological analysis of 
more tissues is necessary to pinpoint which organs are likely to account for the lifespan 
extension under trametinib single administration and the additive effect upon its combination 
with rapamycin. 

In the female mouse, we found that joint treatment with trametinib and rapamycin attenuated 
the age-related increase in glucose uptake globally in the brain and in the striatum and 
cerebellum regions. Further, trametinib and rapamycin double treatment reduced the 
activation of microglia and astrocytes in the striatum of old females. Our findings are supported 
by studies highlighting the importance of both Ras-Mek-Erk and mTOR signalling in microglia 
activation in neurodegeneration and ageing. Previous work in Alzheimer’s disease (AD) 
models, where microglia is among the main players in the pro-inflammatory mechanisms of 
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AD pathogenesis (Hickman et al. 2018; Lambert et al. 2013), has revealed a crucial role for 
Ras-Mek-Erk signalling. Transcriptomic profiling of primary microglia cultures from AD mice 
has shown that Erk phosphorylation is a critical enactor of pro-inflammatory activation of 
microglia by regulating interferon-γ- (INF-γ) mediated microglia activation (M. J. Chen et al. 
2021). Interestingly, in-vitro studies have demonstrated that Erk inhibition is able to counteract 
this INF-γ-mediated pro-inflammatory microglia activation (Wood et al. 2015; Zheng, Zhou, 
and Wang 2016). Similar to the importance of Ras-Mek-Erk signalling in microglia-driven 
neurodegeneration, mTOR activation has been implicated in aged mouse microglial activation. 
Microglia from 23-months old mice showed increased mTOR activation that correlated with 
increased levels of pro-inflammatory cytokines, such as tumour necrosis factor (TNF), 
interleukin-1β (IL-1β) and interleukin-6 (IL-6) (Keane et al. 2021). Importantly, genetic 
inhibition of mTOR signalling reduced microglia activation and cytokine levels (Keane et al. 
2021). Therefore, we would expect that, upon co-administration of trametinib and rapamycin, 
which reduce the activity of these crucial pathways in microglia activation, we would observe 
stronger effects compared to the single treatments. Additionally, the fact that trametinib has 
been shown to poorly cross the blood-brain barrier in mice (Vaidhyanathan et al. 2014; de 
Gooijer et al. 2018), as opposed to rapamycin (S. Banerjee et al. 2011; A.-L. Lin et al. 2013; 
Kaeberlein and Galvan 2019) might also account for the combinatorial effect of the two drugs. 
Even though we just detected a trend for reduced microglia activation under the single 
rapamycin and trametinib administration, this is likely attributed to the limited statistical power, 
high variability in the response to the single drug treatments and the absence of effects of 
trametinib and rapamycin alone. Thus, it would be crucial for future experiments to ensure that 
enough animals and measurements of brain levels of trametinib and rapamycin are included 
to detect the effects of these drugs in microglia activation and validate our findings of a strong 
effect upon double drug treatment. Importantly, the factors influencing the brain distribution of 
trametinib, including co-administration with rapamycin should be identified. Further, it would 
be interesting to examine whether the effects of trametinib singly and combined with 
rapamycin administrations in microglia activation can impact animal behaviour. Given the 
crucial role of striatum in the regulation of social learning and motor control (Báez-Mendoza 
and Schultz 2013), it would seem plausible that the alleviation of microglia and astrocytes 
accumulation we observed under combined treatment with trametinib and rapamycin in this 
region might be linked to the enhanced exploration under the double drug treatment. More 
elegant experiments, with microglia accumulation and exploratory capacity measured in the 
same mice before and after receiving the trametinib and rapamycin double treatments are 
required to establish this link. Importantly, mouse models with impaired exploratory drive, such 
as 3xTg-AD (Roda et al. 2020) should be used to test the response to the combined trametinib 
and rapamycin treatment in a state of severe microglia accumulation. 

The fact that we did not detect solid evidence of reduced microglial accumulation in the 
trametinib-only treated mice compared to the mice receiving the combined trametinib and 
rapamycin treatment was puzzling. As indicated by the glucose uptake results, there was an 
age-related increase in the global uptake of glucose, which was very prominent in the striatum 
and cerebellum, but not in the cortex, and trametinib seemed to attenuate this increase 
between 18 and 24 months of age globally and in the striatum and cerebellum. However, in 
the cerebellum we could not detect a corresponding age-related increase in microglial or 
astrocyte accumulation, whereas in the cortex there was a significant accumulation of both 
astrocytes and microglia with age. Yet, in the cortex, the single trametinib treatment only 
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showed a minor trend in reduction of astrocytes accumulation and not of microglia. Although 
microglia have been considered the main driver of 18F-FDG uptake alterations in the brain 
(Xiang et al. 2021), based on our findings, it is possible that there might be another contributor 
to the increase in global, striatal and cortex glucose uptake of control animals with age. 
Neuronal activity is known to account for glucose metabolism uptake changes in the mouse 
brain (Acarin, González, and Castellano 2000; Chu et al. 2016). Neurons require high glucose 
utilisation to ensure proper brain function (Dienel 2019) and there is a decline in neuronal 
glucose uptake with age (Yin et al. 2016), suggesting that the age-related increase in glucose 
uptake we observed in controls cannot be attributed to alterations in neuronal activity. Other 
major players in glucose uptake changes in the brain include immune cells. Among immune 
cells, macrophages have been shown to exhibit increased 18F-FDG uptake in states of brain 
inflammation (Treglia 2019; Jamar et al. 2013). Ageing is characterised by increased 
inflammation levels in multiple organs, including the brain (Sparkman and Johnson 2008), and 
brain inflammation in the aged mouse manifests with increased nuclear factor 'kappa-light-
chain-enhancer' of activated B-cells (NF-kb) signalling and IL-6 production (S. M. Ye and 
Johnson 2001). Activation of Erk signalling has been shown to coordinate synthesis of pro-
inflammatory cytokines and a growing body of evidence indicates that Erk and NF-kb signalling 
act in concert to promote inflammation (Collins et al. 2019; Guma et al. 2011; Lu and Malemud 
2019). Therefore, it would be important to examine whether accumulation of macrophages 
and increased production of pro-inflammatory cytokines are contributors to the increased 
glucose uptake in the ageing mouse brain. Importantly, additional studies should address 
whether Ras-Merk-Erk signalling inhibition via trametinib can alleviate the age-related 
changes in macrophage accumulation and cytokine production in the brain. For this purpose, 
future work should include macrophage markers, such as TomL next to microglia and 
astrocytes markers in brain immunostainings and transcriptionally examine cytokine levels to 
pinpoint which brain cell subsets are the primary contributors to the attenuated glucose uptake 
increase under trametinib and rapamycin treatments. 

Although macrophage accumulation alterations might at least partly explain the discrepancy 
between the changes in glucose uptake and microglia activation with age and under the single 
and combined drug treatments, it remains unclear whether trametinib and rapamycin have an 
impact on astrocytes, microglia or macrophages in other brain areas. Hypothalamus could be 
interesting to explore further based on the CMRglc 18-FDG data, indicating that this region 
showed a prominent glucose uptake increase with age. Further, hypothalamus is a key 
regulator of metabolism (Schwartz et al. 2013) and increased mTOR signalling in 
hypothalamic neurons has been previously linked to age-associated obesity (S.-B. Yang et al. 
2012). Similarly, microglia NF-kb-dependent inflammatory activation was shown to regulate a 
hypothalamic response that increased susceptibility to obesity in mice (Valdearcos et al. 
2017). Further studies should investigate the role of the hypothalamic microglia in the 
response to trametinib and rapamycin treatments during ageing. 

Brain inflammation typically manifests with activation of microglia and astrocytes (Ayata et al. 
2018; Gӧbel et al. 2020; Khakh and Sofroniew 2015; Motori et al. 2013). Under 
neuroinflammation, microglial activation is caused through NF-kb-, MAPK- (including Erk) and 
toll-like receptors- (TLRs) mediated signalling (Kreutzberg 1996; E.-A. Kim et al. 2014) and 
activated microglia can further exacerbate the pro-inflammatory state in the brain by increased 
production of cytokines, such as IL-6, TNF-α and prostaglandin E2 (PGE2) (Amor et al. 2010). 
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Thus, inhibiting the aberrant microglia activation through Erk activation suppression may 
alleviate neuroinflammation (Lim et al. 2018). Indeed, based on our finding that the combined 
trametinib and rapamycin treatment reduced the activation of microglia and astrocytes in the 
striatum of old females, we speculate that this double drug treatment might reduce 
inflammation in the ageing mouse brain. To further confirm the link between microglia 
activation and brain inflammation, protein levels or immunostainings for IL-6, TNF-α and PGE2 
expression in the brains of mice treated with trametinib and rapamycin are required. Although 
we did not perform such experiments due to unavailability of brain tissue, we examined 
whether trametinib and rapamycin can ameliorate inflammation in peripheral organs. By 
performing histopathological and macro-pathological examinations in the kidney, we found 
that trametinib and rapamycin co-administration reduced kidney inflammation at old age and 
this effect is likely explained by rapamycin (no significant interaction between the rapamycin 
containing treatments, whereas there was an interaction between the trametinib treatments). 
Similarly, by studying the WAT, we found a trend towards reduced inflammation upon 
trametinib and rapamycin co-administration and a less clear trend for their single 
administration, and thus, further studies are needed to confirm whether the joint treatment with 
trametinib and rapamycin can elicit anti-inflammatory effects in the WAT. Our findings provide 
preliminary evidence of beneficial effects of trametinib and rapamycin combination on 
systemic inflammation that would be interesting to explore further. Future work should confirm 
our indications of a reduction of age-related inflammation in the brain, kidney and WAT of mice 
treated with trametinib and rapamycin combination and extend this evidence by studying other 
tissues undergoing inflammaging. Importantly, in-depth analysis of the molecular regulators of 
the anti-inflammatory effects of mTOR and Ras-Mek-Erk signalling inhibition can provide 
crucial insights on the mechanisms by which trametinib and rapamycin affect tissue 
inflammation. A growing body of literature has implicated Erk activation in various 
inflammatory diseases, such as rheumatoid arthritis, osteoarthritis and alcoholic liver disease 
(Malemud 2015; Mandrekar and Szabo 2009). The main players in Erk-mediated inflammation 
identified include innate immunity dysregulation manifesting with TLR activation (Lang, 
Hammer, and Mages 2006) and aberrant pro-inflammatory cytokine production via increased 
NF-kb, activator protein-1 (AP-1) (Mandrekar and Szabo 2009) and tumour progression locus 
2 (TPL2) signalling (D. Xu et al. 2018). Next to local inflammation, systemic inflammatory 
responses can be triggered through members of the dual-specificity phosphatase (DUSP) 
gene family (Lang, Hammer, and Mages 2006), that are known to selectively bind to Erk1/2, 
controlling inflammatory and immune responses (Lang and Raffi 2019). On the other hand, 
rapamycin has been shown to exert anti-inflammatory responses via suppression of TNF-α 
and IL-6 (Weichhart, Hengstschläger, and Linke 2015). Therefore, measurements of NF-kb, 
AP-1, TPL2 and DUSP1, DUSP2, IL-1β, IL-6 and TNF-α at the transcriptome or proteome 
level in multiple tissues, including the liver, muscle and bones under trametinib and rapamycin 
administrations should be included in future studies. Although reduced inflammation in multiple 
tissues could be indicative of a systemic anti-inflammatory effect of these drugs, 
measurements of cytokine levels in the mouse plasma would be required to support this 
conclusion and confirm that targeting Ras-Mek-Erk and mTOR networks modulates local and 
systemic inflammatory responses.    

Apart from inflammation, other processes may be involved in the response to trametinib and 
rapamycin treatments. Previous work on transcriptomic changes under rapamycin 
administration has provided insights on altered regulation of mitochondrial function, protein 
ubiquitination and stress response in the mouse liver and kidney (Fok et al. 2014; Shindyapina 
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et al. 2022). Further, functional assays have revealed a role for rapamycin in attenuating the 
functional decline observed in old hematopoietic stem cells and in reversing geriatric satellite 
cell senescence, ultimately leading to an enhanced tissue regenerative capacity (García-Prat 
et al. 2016; C. Chen et al. 2009). Similarly, trametinib treatment has been shown to reduce 
cell senescence in in-vitro models (Latorre et al. 2017). Age-associated immune senescence 
was also shown to be attenuated under rapamycin treatment, which counteracted the age-
related increase in plasma immunoglobulin concentrations and frequency of activated T cells 
(Neff et al. 2013). Therefore, future studies utilising comprehensive transcriptome analyses or 
histological and functional assays in a vast array of tissues are required to explore the 
involvement of mitochondrial function, protein ubiquitination, stress responses and cellular and 
immune senescence in the lifespan-extending effects of trametinib and rapamycin. 
 
In conclusion, our study provides robust evidence that trametinib single administration 
increases lifespan in female and male mice and that its combination with rapamycin produces 
a greater lifespan prolongation compared to the single treatments in both sexes. Our 
comprehensive, large-scale assessment of a wide range of functional and histological ageing 
phenotypes across 9 different tissues reveals mild effects of trametinib and its combination 
with rapamycin in the mouse health, but substantial anti-carcinogenic effects liver and spleen. 
The combination of trametinib with rapamycin attenuates the increase in glucose uptake 
increase and activation of microglia and astrocytes in the brain of old female mice, indicative 
of a reduced brain inflammation. We speculate that these drugs might elicit a systemic anti-
inflammatory response after finding preliminary evidence of a reduced inflammation in the 
kidney and possibly WAT. Yet, the contributors to the trametinib-mediated lifespan extension 
and the maximised longevity upon its coadministration with rapamycin remain unclear. Future 
investigation on the causal involvement of various cellular processes in the trametinib and 
rapamycin-induced longevity using functional assays in multiple tissues can greatly expand 
our understanding of the mechanisms of lifespan extension upon modulation of Ras/Erk and 
mTOR networks.   
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3.4. Supplementary figures 
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Supplementary Figure 3.1. Trametinib dose levels of 0.05-0.5 mg/kg of diet did not adversely 
affect mouse organismal health. (A-B) Body weight changes of (A) female and (B) male mice fed 
with 0, 0.29, 0.58, 1.44, 2.88 or 11.52 mg/kg of trametinib for 4 weeks. Trametinib at 11.52 mg/kg 
reduced weight gain in females (p-value= 0.0002) and males (p-value= 0.0023). Data are presented as 
mean ± SD. Statistical analyses were performed using One-Way ANOVA with post hoc Bonferroni test. 
(C-D) Water consumption of (C) female and (D) male mice fed with 0, 0.29, 0.58, 1.44, 2.88 or 11.52 
mg/kg of trametinib for 4 weeks. Trametinib did not affect water consumption in females, whereas 
trametinib at 1.44 and 2.88 mg/kg reduced water consumption in males (p-value= 0.0423 and p-value= 
0.0302, respectively). Data are presented as mean ± SD. Statistical analyses were performed using 
One-Way ANOVA with post hoc Bonferroni test. (E-H) Spleen (E,G) weight and spleen (F,H) as a 
percentage of mouse body weight in (E-F) female and (G-H) male mice fed with 0, 0.29, 0.58, 1.44, 
2.88 or 11.52 mg/kg of trametinib for 4 weeks. Trametinib at 11.52 mg/kg increased spleen weight and 
percentage of mouse body weight in females (p-value= 0.0017and p-value<0.0001) and males (p-
value=0.0342 and p-value=0.0026). Data are presented as mean ± SD. Statistical analyses were 
performed using One-Way ANOVA with post hoc Bonferroni test. (I-M) Plasma levels of (I,K) AST, (J,L) 
ALP in (I,K) female and (J,L) male mice fed with 0, 0.29, 0.58, 1.44, 2.88 or 11.52 mg/kg of trametinib 
for 4 weeks. (M) Liver lipidosis score of male mice fed with 0, 0.29, 0.58, 1.44, 2.88 or 11.52 mg/kg of 
trametinib for 4 weeks as determined by histopathological inspection of mouse livers. Scores range 
from 0 (no lipidosis) to 1 (mild), 2 (moderate) and 3 (marked), whereas none of the female mice showed 
liver lipidosis. Trametinib had no impact on AST, ALP or liver lipidosis at any of the doses. Data are 
presented as mean ± SD. Statistical analyses were performed using (I-L) One-Way ANOVA with post 
hoc Bonferroni test and (M) Chi-square test and Poisson Regressions. Data are expressed as *P < 
0.05; **P < 0.01; ***P < 0.001 and ****P < 0.0001. 
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Supplementary Figure 3.2. Combined trametinib and rapamycin study design. 6-month old male 
and female mice were orally dosed with rapamycin weekly intermittently at 42 mg/kg, trametinib at 0.58 
mg/kg, trametinib at 1.44 mg/kg, as well as with double combinations of rapamycin and trametinib at 
1.44 mg/kg. Survival assessment (n=50/treatment group), phenotyping assessment 
(electrocardiogram, rotarod, open maze, treadmill, n=7-15/treatment group) and organ glucose uptake 
(PET/CT, n=14-16/treatment group) at middle and old age, as well as organ collection for 
histopathological examination (n=26-90/treatment group) at old age were performed.  
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Supplementary Figure 3.3. Motor performance declines with age irrespective of drug treatment. 
(A-B) Total spent on the rod at day 4 of the rotarod test for (A) female and (B) male control mice (c, 
grey, ♂ n=10-14, ♀ n=13-15), mice treated with single rapamycin at 42 mg/kg (r, red, ♂ n=12-15, ♀ 
n=13-15), mice treated with trametinib at 0.58 mg/kg (t-low, pink, ♂ n=11-15, ♀ n=15), and trametinib 
at 1.44 mg/kg (t-high, green, ♂ n=13-15, ♀ n=10-15), as well as mice receiving double combinations of 
rapamycin and trametinib at 1.44 mg/kg (rt, yellow, ♂ n=15, ♀ n=15) at 12 and 20-22 months of age. 
Latency to fall was reduced in 20-22 month old compared to 12 month-old male and female mice. Data 
are presented as mean ± SD. Statistical analyses were performed using Two-Way ANOVA with post 
hoc Bonferroni test. Females: c at 12 vs c at 22 months p-value= 0.0008; r at 12 vs r at 22 months p-
value= 0.0103; rt at 12 vs rt at 22 months p-value= 0.0210; t-low at 12 vs t-low at 22 months p-value= 
0.0051; t-high at 12 vs t-high at 22 months p-value= 0.0037; Males: r at 12 vs r at 22 months p-value= 
0.0135; rt at 12 vs rt at 22 months p-value= 0.0040. Data are expressed as *P < 0.05; **P < 0.01; ***P 
< 0.001. 
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Supplementary Figure 3.4. Trametinib and rapamycin double treatment has no effect on male 
mouse exploration or endurance. (A-C) Locomotion speed, (B-D) total distance travelled, (E-F) 
percentage of time spent on the centre normalised to total time spent on the open field test at 10 min 
and (G-H) distance run on treadmill for  (A-B, E-F, G) female and (C-D, H) male control mice (grey, ♂ 
n=10-11, ♀ n=12-13), mice treated with single rapamycin at 42 mg/kg (r, red, ♂ n=12-13, ♀ n=13-14), 
mice treated with trametinib at 0.58 mg/kg (t-low, pink, ♂ n=11-15, ♀ n=15), and trametinib at 1.44 
mg/kg (t-high, green, ♂ n=13, ♀ n=10-12), as well as double combinations of rapamycin and trametinib 
at 1.44 mg/kg (rt, yellow, ♂ n=15, ♀ n=15) at (A-B, E, G) 22 and (C-D, F, H) 20 months of age. No 
significant differences were detected in locomotion speed, total distance travelled in open field or 
treadmill or centre occupancy between trametinib-treated and control 20-22 month old mice. Data are 
presented as mean ± SD. Statistical analyses were performed using One-Way ANOVA with post hoc 
Bonferroni test.  
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Supplementary Figure 3.5. Cox Proportional Hazard analysis of trametinib and rapamycin single 
and combined treatments on mouse longevity. Hazard ratio presented as mean ± SE (upper panel) 
and cox proportional hazard analysis output (lowe panel) of female (A) and (B) male mice treated with 
single, weekly intermediate rapamycin at 42 mg/kg (Rapamycin_intermittent, red, ♂ n=119, ♀ n=97), 
single trametinib at 0.58 mg/kg (Trametinib_low, pink, ♂ n=120, ♀ n=97), and trametinib at 1.44 mg/kg 
(Trametinib_high, green, ♂ n=121, ♀ n=97), or with double combinations of rapamycin and trametinib 
at 1.44 mg/kg (Rapa/Tram_high, yellow, ♂ n=120, ♀ n=97) compared to control mice. Cox proportional 



79 

hazard showed a significant Sex*Treatment effect for Rapa/Tram_high vs control (p-value= 2.144566e-
08), Trametinib_high vs control (p-value= 0.000004), Trametinib_low vs control (p-value= 1.433227e-
09) and Rapamycin_intermittent vs control (p-value= 6.748339e-08).   
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Supplementary Figure 3.6. Effects of trametinib and rapamycin on total pathological burden and 
non-neoplastic pathologies in various organs. (A-B) Examination of organs with non-neoplastic and 
neoplastic pathologies in (A) female and (B) male control mice (c, grey, ♂ n=90, ♀ n=64), mice treated 
with rapamycin at 42 mg/kg (r, red, ♂ n=72, ♀ n=49), mice treated with trametinib at 0.58 mg/kg (t-low, 
dark green, ♂ n=80, ♀ n=61), and trametinib at 1.44 mg/kg (t-high, green, ♂ n=79, ♀ n=55), and 
rapamycin and trametinib at 1.44 mg/kg (rt, yellow, ♂ n=55, ♀ n=26) at time of death. Rapamycin 
combination with trametinib reduced the number of organs affected by pathologies compared to controls 
in female mice, whereas no differences were detected in males. Data are presented as mean ± SD. 
Statistical analyses were performed using One-Way ANOVA with post hoc Bonferroni test. Females: r 
vs c p-value= 0.0137; rt vs c p-value>0.0001; rt vs t-low p-value= 0.0006; rt vs t-high p-value= 0.0007. 
(C-H) Histopathological analysis in the (C-D) kidney, (E-F) heart and (G-H) liver of (C, E, G) female and 
(D, F, H) male control mice (c, ♂ n=33, ♀ n=25), mice treated with rapamycin at 42 mg/kg (r, ♂ n=40, 
♀ n=32), rapamycin and trametinib at 1.44 mg/kg (rt, ♂ n=58, ♀ n=38), trametinib at 0.58 mg/kg (t-low, 
♂ n=42, ♀ n=30), and trametinib at 1.44 mg/kg (t-high, ♂ n=45, ♀ n=29). The presence or absence of 
glomerulopathy (kidney), hypertrophy (heart) and lipidosis (liver) was scored with 1 or 0, respectively. 
Trametinib alone or in combination with rapamycin did not affect kidney, heart and liver pathologies. 
Data are presented as percentage over total and analysis was performed by Chi-square test and 
Poisson regressions. Males: liver r vs c p-value=0.0203. (I-J) Macro-pathological analysis in the liver of 
(I) female and (J) male control mice (c, ♂ n=90, ♀ n=64), mice treated with rapamycin at 42 mg/kg (r, 
♂ n=73, ♀ n=55), rapamycin and trametinib at 1.44 mg/kg (rt, ♂ n=60, ♀ n=31), trametinib at 0.58 mg/kg 
(t-low, ♂ n=79, ♀ n=61), and trametinib at 1.44 mg/kg (t-high, ♂ n=80, ♀ n=55). The presence or 
absence of enlarged or discoloured liver was scored with 1 or 0, respectively. Rt treatment significantly 
reduced liver pathologies in male mice, but no differences were observed in the females. Data are 
presented as percentage over total and analysis was performed by Chi-square test and Poisson 
regressions. Males: rt vs c p-value=0.0150. Data are expressed as *P < 0.05. 
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Supplementary Figure 3.7. Effects of trametinib and rapamycin on neoplastic pathologies in 
various organs. (A-B) Histopathological analysis in the kidney of (A) female and (B) male control mice 
(c, ♂ n=33, ♀ n=24), mice treated with rapamycin at 42 mg/kg (r, ♂ n=33, ♀ n=30), rapamycin and 
trametinib at 1.44 mg/kg (rt, ♂ n=51, ♀ n=33), trametinib at 0.58 mg/kg (t-low, ♂ n=29, ♀ n=30), and 
trametinib at 1.44 mg/kg (t-high, ♂ n=45, ♀ n=33). The presence or absence of kidney lymphomas was 
scored with 1 or 0, respectively. None of the trametinib and rapamycin treatments affected kidney 
tumour occurence. Data are presented as percentage over total and analysis was performed by Chi-
square test and Poisson regressions. (C-D) Macro-pathological analysis in the liver of (C) female and 
(D) male control mice (c, ♂ n=90, ♀ n=64), mice treated with rapamycin at 42 mg/kg (r, ♂ n=73, ♀ 
n=55), rapamycin and trametinib at 1.44 mg/kg (rt, ♂ n=60, ♀ n=31), trametinib at 0.58 mg/kg (t-low, ♂ 
n=79, ♀ n=61), and trametinib at 1.44 mg/kg (t-high, ♂ n=80, ♀ n=55). The presence or absence and 
severity of tumours was scored with 0 (absence), 1 (one tumour), 2 (multiple tumours or metastasis in 
two organs), 3 (metastasis in 3 or more organs). Rt treatment showed a significant decline in the 
percentage of male and female mice with liver tumours. Data are presented as percentage over total 
and analysis was performed by Chi-square test and Poisson regressions. Females: rt vs c p-
value=0.0009; Males: rt vs c p-value=0.0150. (E-F) Macro-pathological analysis in the spleen of (E) 
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female and (F) male control mice (c, ♂ n=89, ♀ n=64), mice treated with rapamycin at 42 mg/kg (r, ♂ 
n=71, ♀ n=49), rapamycin and trametinib at 1.44 mg/kg (rt, ♂ n=56, ♀ n=26), trametinib at 0.58 mg/kg 
(t-low, ♂ n=81, ♀ n=61), and trametinib at 1.44 mg/kg (t-high, ♂ n=80, ♀ n=54). The presence or 
absence and degree of pathologies, such as enlargement, discoloration and tumours were scored with 
0 (absence), 1 (only enlargement or discoloration), 2 (multiple tumours or metastasis and enlargement 
or discoloration) and 3 (severe metastasis in three or more organs). Rt female mice showed a strong 
tendency of reduction in spleen pathologies. Data are presented as percentage over total and analysis 
was performed by Chi-square test and Poisson regressions. Females: rt vs c p-value=0.0704. Data are 
expressed as *P < 0.05 and ***P < 0.001. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



84 

A       B    

    

Supplementary Figure 3.8.  Rapamycin and trametinib combination effects on uterine and liver 
tumours at old age. (A-B) Hypermetabolic regions in the (A) uterus and (B) liver were identified as 
tumours and scored for their presence (1) or absence (0) in control female mice (c, n=20), female mice 
treated with trametinib at 1.44 mg/kg (t-high, n=14), and with rapamycin and trametinib at 1.44 mg/kg 
(rt, n=16) after cross-reference with macro-pathological inspection at 24 months of age. Rt mice showed 
a significant reduction in uterine tumour presence at 24 months of age. Data are presented as 
percentage over total and analysis was performed by Chi-square test and Poisson regressions. Uterus: 
rt vs c p-value=0.0068; rt * t-high interaction p-value=0.9982. Liver: rt vs c p-value=0.2675; rt * t-high 
interaction p-value=0.6544. Data are expressed as **P < 0.01. 
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Supplementary Figure 3.9. Rapamycin and trametinib effects on differential glucose uptake in 
the brain. (A-C) Representative coronal image of differential 18-FDG uptake based on CMRglc 
statistics in the brains of (A) control mice at 12 versus 24 months of age (n=8), (B) trametinib at 1.44 
mg/kg treated mice at 12 versus 24 months of age (n=10) and (C) rapamycin and trametinib at 1.44 
mg/kg treated mice at 12 versus 24 months of age (n=12). Arrows indicate the cortex (green) and 
striatum (white) regions. Heatmap keys are based on p-value<0.05 and the red and blue scales indicate 
increased or decreased 18-FDG uptake in 12 compared to 24 months of age, respectively.  
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Supplementary Figure 3.10. Microglial and astrocyte density are not affected by trametinib 
and/or rapamycin treatments in the cerebellum, hippocampus or cortex of female 24-month old 
mice. (A-L) Quantification of the average number of double DAPI-Iba-1 positive cells (microglia density) 
and double DAPI-GFAP positive cells (astrocytes density) of 10-15 confocal images per female mouse 
brain region. The following treatments were included: young control (y, purple: 6 month old, n=2-5), old 
control (c, grey: 24 month old, n=5), trametinib at 1.44 mg/kg (t-high, green, n=5), and rapamycin and 
trametinib at 1.44 mg/kg (rt, yellow, n=5) in (A-D) hippocampus, (E-H) cerebellum, and (I-L) cortex of 
female mice. Data are presented as median (line), max and min (whiskers) in a box plot and statistical 
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analyses were performed using (A-B, E-F, I-J) Mann-Whitney U test or (C-D, G-H, K-L) One-Way 
ANOVA with post hoc Bonferroni test.  
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Supplementary Figure 3.11. Combined trametinib and rapamycin treatment reduces kidney 
pathologies in male mice. Macro-pathological analysis in the kidney of (A) female and (B) male control 
mice (c, ♂ n=88, ♀ n=64), mice treated with rapamycin at 42 mg/kg (r, ♂ n=71, ♀ n=50), mice receiving 
rapamycin and trametinib at 1.44 mg/kg (rt, ♂ n=52, ♀ n=35), mice treated with trametinib at 0.58 mg/kg 
(t-low, ♂ n=72, ♀ n=55), and trametinib at 1.44 mg/kg (t-high, ♂ n=87, ♀ n=59). The presence or 
absence and degree of pathologies, such as enlargement, discoloration and tumours were scored with 
0 (absence), 1 (enlargement or discoloration) and 2 (tumours in one or both kidneys). Rt male mice 
showed a reduction in kidney pathologies and r males showed a strong tendency of reduction in 
pathologies in the kidney. Data are presented as percentage over total and analysis was performed by 
Chi-square test and Poisson regressions. Males: rt vs c p-value=0.0026; r vs c p-value=0.0702. rt * r 
interaction p-value=0.8287; rt * t-low interaction p-value=0.0081; rt * t-high interaction p-value=0.2682. 
Data are expressed as **P < 0.01. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



90 

4. Dietary restriction attenuates the age-related decline in 
mouse B cell receptor repertoire diversity  
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4.1. Introduction 

4.1.1 Dietary interventions to delay ageing 
Dietary restriction (DR) is the most effective environmental intervention to increase lifespan 
and late-life health in diverse animal species. DR ameliorates the effects of ageing in the 
nematode Caenorhabditis elegans (C.elegans), the fruitfly Drosophila melanogaster, as well 
as rodents and non-human primates (Mattison et al. 2012; Colman et al. 2014; Fontana, 
Partridge, and Longo 2010; E. D. Smith et al. 2008; Chapman and Partridge 1996). DR is 
implemented as reduced nutrient intake without malnutrition and its benefits are not only 
limited to prolonged lifespan, but rather translate to an overall enhanced health status. In most 
organisms. DR delays the onset or slows progression of age-related pathologies, such as 
cardiovascular disease and dementia (Omodei and Fontana 2011; Colman et al. 2014; 
Mattison et al. 2012), neoplastic diseases (Ikeno et al. 2006) and dysregulated immune 
function (R. A. Miller 1996; Messaoudi et al. 2006; Shushimita et al. 2014). In humans, long-
term DR can also exert substantial benefits, including prevention of diabetes and obesity and 
lower risk of developing cancer and cardiovascular disease (Fontana, Partridge, and Longo 
2010; Fontana et al. 2004; Fontana and Klein 2007).  

Despite the numerous benefits reported in model organisms and humans, extended periods 
of DR feeding have been accompanied by poor adherence in humans (Flatt and Partridge 
2018; Redman et al. 2018; Tang et al. 2021). Therefore, less drastic dietary manipulations 
that recapitulate the full potential of DR but are not as hard to maintain are needed. The 
identification of DR effectors, which represent processes that contribute to the health benefits 
of DR, can be instrumental in designing effective dietary interventions to ameliorate ageing.   

Extensive work in Drosophila and the mouse has revealed that specific macronutrients, rather 
than reduced calorie intake, are primarily responsible for the healthspan and lifespan benefits 
of DR (Solon-Biet et al. 2014; Grandison, Piper, and Partridge 2009). Accumulating evidence 
points towards a crucial role of the protein component of the diet in mediating these effects. In 
Drosophila, protein restriction extended lifespan, as opposed to carbohydrate or energy 



93 

restriction (Mair, Piper, and Partridge 2005), and a progressive reduction of protein-to-
carbohydrate ratio in the mouse was associated with a corresponding increase in lifespan 
(Solon-Biet et al. 2014). Further, restriction of specific amino acids, such as methionine and 
tryptophan led to extended lifespan in flies and mice (Ables et al. 2014).   
 
Besides dietary composition, the timing of food intake has been put forward as an important 
effector of DR (Fontana and Partridge 2015). Intermittent fasting (IF) has been shown to 
extend lifespan in C. elegans (Honjoh et al. 2009) and rodents  (Mattson et al. 2014). Previous 
work has also indicated that IF has a protective effect against obesity and diabetes, the 
progression of neurodegenerative diseases and cancer  (Mattson et al. 2014; Lee et al. 2012) 
and stem-cell exhaustion and impaired regeneration capacity (Cheng et al. 2014). Intriguingly, 
by controlling both the caloric intake and the timing of feeding, it was recently revealed that 
caloric restriction elicited a greater extension of mouse lifespan when feeding was restricted 
for at least 12 hours during the active phase of the mouse circadian cycle (Acosta-Rodríguez 
et al. 2022). In humans, a number of clinical trials have been investigating IF effects on 
metabolism, with promising findings against risk factors for obesity and cardiovascular disease 
(Harvie et al. 2011; Kroeger, Hoddy, and Varady 2014; Jakubowicz et al. 2013). Therefore, IF 
may be a powerful intervention to promote human health, and possibly longevity. 
 
Overall, although DR is the most robust dietary intervention to extend healthy lifespan, its 
translational application in the context of human ageing is hindered by limited adherence. A 
thorough understanding of the complex interplay among DR, specific nutrient modifications, 
timing of food intake and other effectors involved in the benefits of DR in healthspan and 
lifespan is crucial. Therein lies the opportunity to develop efficient and sustainable 
interventions to promote healthy ageing.  

4.1.2 The immune system as an effector of DR  
One important effector, that needs to be carefully considered in the context of dietary anti-
ageing interventions is the immune system. Disruptions in the capacity of the immune system 
to effectively clear pathogens and the reciprocal relationship of immunity with chronic 
inflammation and stem cell exhaustion contribute to the ageing process by altering intercellular 
communication and cellular senescence, two of the ageing hallmarks (López-Otín et al. 2013). 
In fact, targeting the ageing hallmarks can lead to alleviation of defective immune responses. 
One such example is restoring altered proteostasis via activation of autophagy, which was 
shown to enhance vaccination response in older individuals (Alsaleh et al. 2020). On the other 
hand, restoring defective immune responses themselves can be accompanied with 
healthspan and lifespan benefits. Of special interest is the modulation of the microbiome, 
which holds great promise to extend healthy lifespan (P. Smith et al. 2017; Bárcena et al. 
2019; Parker et al. 2022) and is tightly linked to immunity. The microbiome controls the 
development, adaptation and maturation of the immune system and produces metabolites that 
elicit systemic effects, thereby interacting with the host (Sommer and Bäckhed 2013a; Schuijt 
et al. 2016; Kamada et al. 2013). In turn, the immune system reciprocates by controlling 
microbiome composition via a complex network of innate and adaptive immune responses 
(Sommer and Bäckhed 2013b). The indisputable links between immunity, senescence and 
inflammation, which are directly (inflammation) or indirectly (senescence) tied to the ageing 
hallmarks (Schmauck-Medina et al. 2022; López-Otín et al. 2013), further highlight the 
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importance of a thorough understanding of the effects of DR, a major anti-ageing intervention, 
on the immune system. 

The adaptive immune system, which responds to antigen exposure by generating variable 
antibodies capable of identifying novel and known antigens, undergoes ageing-associated 
immune senescence. Immune senescence results in impaired protection against pathogens, 
and decreased vaccination efficiency, ultimately placing infectious diseases among the 
leading causes of morbidity and mortality in aged individuals (Wick et al. 2000a; Nikolich-
Zugich 2005a; Ademokun, Wu, and Dunn-Walters 2010a). Next to age, the immune system is 
highly sensitive to diet-induced changes, including DR feeding. DR can partially attenuate or 
reverse some of the manifestations of age-associated immune senescence, exerting 
substantial improvements in T-cell-mediated responses and hematopoietic stem cell function 
(Messaoudi et al. 2006; White et al. 2016; Yan et al. 2021; Shushimita et al. 2014). However, 
whether DR has an impact on B-cell-mediated immune responses is currently unexplored.   

Within the adaptive immune system, B-cell immune senescence with age does not manifest 
itself with a decline in B-cell abundance, but rather with a displacement of naïve B-cells by 
antigen-experienced (memory) B-cells, resulting in loss of B-cell receptor (BCR) repertoire 
diversity, and antigen-specificity (Oh, Lee, and Shin 2019a; Dunn-Walters 2016; Weiskopf, 
Weinberger, and Grubeck-Loebenstein 2009a; Dunn-Walters, Banerjee, and Mehr 2003; 
Wang et al. 2014; Hoehn et al. 2019). BCRs consist of two heavy chains (IgH), and two light 
chains (IgL). The heavy chains, which are sufficient to identify B cell clonal relationships (Zhou 
and Kleinstein 2019), have a variable domain encompassed by a combination of IghV, IghD, 
and IghJ genes, and a constant domain (IghC). After antigen identification by the variable 
domain, IghC regions undergo class-switch recombination, where IghC isotypes μ (IgM) and 
δ (IgD) are substituted by either γ, ε, or α heavy chains, giving rise to IgG, IgE and IgA isotypes 
with different effector functions, including opsonization and neutralisation of antigens 
(Schroeder and Cavacini 2010; Z. Xu et al. 2012). BCR sequencing can inform on the 
characteristics of the hypervariable loci responsible for antigen-identification and shed light on 
the different effector functions, by analysing the constant domains coding for immunoglobulin 
isotypes (Stavnezer, Guikema, and Schrader 2008; Turchaninova et al. 2016; Cook 2000). In 
fact, in humans, mice, and other model organisms, the age-dependent decline in BCR 
diversity, increased clonal expansions, impaired negative selection of autoreactive B cells and 
positive selection of high affinity B cells has been associated with poor health and frailty (V. 
Martin et al. 2015; Gibson et al. 2009; Booth and Toapanta 2021). 

BCR diversity changes do not occur to the same extent in the major reservoirs of B cells. While 
a decline in the production of precursor B-cells mainly occurs in the mouse bone marrow, the 
mature B-cell population is maintained in the spleen (Frasca and Blomberg 2009). 
Nonetheless, exposure to an increasing amount of antigens with age leads to a compromised 
antigenic stimulation capacity and response to blood-borne antigens and pathogens in mice 
(Turner and Mabbott 2017; Ma et al. 2021). Similarly, ageing dramatically impairs the role of 
Peyer’s patches; the well-defined lymphoid follicles in the small intestine that act as crucial 
portals through which antigens are sampled and tackled via specific mucosal immune 
responses (Donaldson, Shih, and Mabbott 2021). Although a comparable number of naïve B 
cells reach both the spleen and intestine (M. Banerjee et al. 2002b), profound tissue-specific 
differences in the BCRs are to be expected. These differences lie in the age-associated 
decline of B-cell selection processes, which occurs exclusively in the intestine (Dunn-Walters 
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2016) and on the rate of somatic hypermutation (SHM) (i.e. the process of diversification of B 
cell receptors by a high rate of point mutations on the immunoglobulin genes (McKean et al. 
2008)). Regarding the latter, mucosal B-cells display a higher rate of mutations compared to 
those in the spleen, due to the much higher level of antigenic stimulation in the intestine (M. 
Banerjee et al. 2002b; Meng et al. 2017). Moreover, mouse SHM declines in splenic germinal 
centres with age (C. Miller and Kelsoe 1995; X. Yang, Stedra, and Cerny 1996), but increases 
in Peyer’s patches germinal centres (Rogerson 2003; Lindner et al. 2012). Collectively, such 
intrinsic differences in immune responses require separate consideration of these tissues to 
grasp a complete picture of changes in BCR repertoire, and ultimately enhance immune 
function at old age. 
 
DR initiation at older age is an attractive and viable option to enhance organismal function at 
old age, mainly due to the potential side effects of long-term DR feeding and limited adherence 
(Flatt and Partridge 2018; Redman et al. 2018; Tang et al. 2021). It has been previously shown 
that DR onset at 16 months of age was sufficient to recapitulate the lifespan extension seen 
with chronic DR in mice (Drews, 2021). However, initiating DR at 20-month-old mice did not 
extend lifespan (Drews, 2021). Several pathological parameters were improved in both 
groups, and it remains unclear what factors might explain the refractoriness of lifespan to DR 
initiated at 20 months.  
 
In this study, we investigated whether DR delays age-related changes in the BCR that have 
been reported in mice, and whether it can do so when initiated later in life. We generated a 
BCR sequence dataset from ad libitum fed (AL) and DR mice, and from mice switched from 
AL to DR diet at 16 and 20 months of age. To assess systemic immune responses, we 
analysed the spleen, as the major secondary lymphoid organ. To evaluate the relationship 
between the host and the microbiome directly at mucosal organs, we analysed the ileum. We 
found that DR attenuated the age-associated decline of BCR repertoire diversity in the spleen. 
Further, the BCR profile of DR mice inversely correlated with morbidity, suggesting that BCR 
repertoire is associated with increased systemic health. The ileum BCR repertoire underwent 
only limited changes with age and DR treatment, mainly displaying a higher capacity for 
antigen binding under chronic DR. Mice subjected to DR at 16 months had spleen BCR 
diversity and clonal expansion rates indistinguishable from those under chronic DR, while mice 
switched to DR at 20 months of age showed BCR diversity and clonal expansion levels that 
remained in between the chronic AL and DR. These results suggested that these 
immunological traits may contribute to the response of lifespan to DR. 
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4.2. Results 
 
To investigate how ageing and DR affect BCR repertoire, we sequenced the variable (IghV, 
IghD, IghJ) region of the BCR (Figure 4.1 A) of wild type, female C3B6F1 hybrid mice fed AL 
or DR (Figure 4.1 B). DR feeding was implemented by supplying 40% of the ad libitum (AL) 
food intake (Drews, 2021). To address whether any protection of the BCR repertoire can be 
achieved by DR implemented later in life, we included mice where DR was initiated at 16 
(AL_DR16M) or 20 months of age (AL_DR20M) (Figure 4.1 B). Total RNA was isolated from 
the spleen and ileum to capture the systemic or gut-specific profiles, respectively, of five mice 
per treatment at 5, 20 and 24 months of age (Figure 4.1 B). Since sequencing protocols do 
not preserve Heavy:Light chain pairing, we limited our analysis to BCR-heavy chains, as they 
are sufficient to identify clonal relationships with high confidence (Zhou and Kleinstein 2019). 
BCR clones from the same naïve B cell ancestor were defined by sequences sharing the same 
IghV and IghJ gene, and having the same CDR3 length (Khan et al. 2016; Greiff et al. 2017; 
Koohy et al. 2018). BCR isotypes were identified by a template-switch adapter in the 5’ of the 
IghV variable domain, and isotype-specific primers binding to the IghC effector domain (Figure 
4.1 A) (Turchaninova et al. 2016). 
 

Figure 4.1: Study design. (A) Schematic of IgH heavy chain gene arrangement of B-cell receptors and 
location of BCR isotype-specific primers. Asterisks indicate the region modified by somatic 
hypermutations. (B) Scheme for DR switch and measurement of lifespans, adapted from (Drews, 2021). 
Black circles indicate time points when spleen and ileum samples were taken (n= 5 mice per treatment). 
 

4.2.1 DR slows the age-associated decline of BCR repertoire diversity in 
the spleen 
 
We first analysed data from the spleen. Abundances of BCR isotypes were quantified, and the 
majority of BCRs corresponded to IgM (~61%), a few to IgG (~23%), fewer to IgA (~13%), and 
yet fewer to IgD and IgE (~3%) (Figure 4.2 A) (Le Gallou et al. 2018). No age-dependent 
differences in relative abundances of IgM, IgA and IgE were detected in AL mice, but there 
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was a significant decline in IgD abundance with age (Figure 4.2 A), in line with previous studies 
in elderly humans (Colonna-Romano et al. 2006). Although the function of IgD is largely 
unknown, it may be involved in immune self-tolerance (Gutzeit, Chen, and Cerutti 2018; 
Nguyen 2022), and its decline with age may be associated with increased auto-reactivity.  IgD 
abundance was higher in DR than in AL mice at 5 months and also declined with age, although 
it remained higher than in AL mice and declined at a slower rate (Figure 4.2 A). Therefore, DR 
not only ameliorated the age-related decline in IgD abundance, but also maintained higher 
levels of IgD throughout life compared to AL animals, indicating a tighter regulation of immune 
tolerance under DR.  
 
High BCR within-individual diversity is associated with improved antigen recognition capacity 
and vaccination response (Dunn-Walters 2016; Ademokun et al. 2011a; de Bourcy et al. 
2017). Thus, we hypothesised that DR mice would have higher BCR diversity. To measure 
this, we calculated Hill diversity spectra (Miho et al. 2018; Hill 1973). Clonal richness, i.e. the 
total number of different BCR clones, was stable in AL mice up to the age of 20 months, and 
then rapidly declined by 24 months of age (Figure 4.2 B). Unexpectedly, DR mice underwent 
a progressive decline in clonal richness with age (Figure 4.2 B), displaying significantly lower 
richness of B cell clones than AL mice at 20 months of age (Figure 4.2 B). However, analysis 
of the clonal richness of each isotype identified a significantly higher richness of IgE in DR 
mice at 24 months of age (Supplementary Figure 4.1 A). Therefore, contrary to our hypothesis, 
DR mice were generally characterised by lower within-mouse richness BCR diversity. 
 
The diversity of the BCR repertoire is not only defined by the number (richness) of clones, but 
also the relative frequency of the subdivisions of the clonal population. We therefore 
determined whether DR mice had higher antigen-recognition capacity at old age as reflected 
by evenness in the size of each B cell clone (i.e. the subdivisions of the clonal population are 
evenly sized). To assess both clonal richness and population structure, we evaluated Shannon 
and Simpson diversity metrics. Shannon diversity is a measure of both clonal richness and 
population structure, mostly affected by rare clones, while Simpson diversity measures the 
distribution of the clonal population structure, mostly affected by large clones. AL mice 
displayed an age-related decline in both Shannon and Simpson indices (Figure 4.2 C and 4.2 
D), mainly due to a decline in IgM, IgG and IgE isotypes (Supplementary Figure 4.1 B-C). The 
rare B cell clones of AL mice thus became less abundant with age, and the clonal population 
structure less uniform. DR mice also experienced an age-dependent decline in Shannon 
diversity, but to a lesser extent than AL mice (Figure 4.2 C). Thus, at 24 months of age, DR 
mice had higher Shannon diversity than AL mice (Figure 4.2 C), suggesting that DR slows the 
age-related change in the clonal population structure. In contrast to AL mice, Simpson diversity 
in DR mice was maintained until 20 months of age, with a rapid decline only at 24 months 
(Figure 4.2 D). Therefore, the strongest changes in clonal population structure of DR mice 
occurred between 20 and 24 months. Similarly, the most striking differences in diversity 
between AL and DR mice also appeared between 20 and 24 months of age, with DR retaining 
a more uniform clonal population structure, as indicated by the Shannon diversity. DR mice 
exhibited a significantly reduced Shannon and Simpson diversity with age in IgM 
(Supplementary Figure 4.1 B-C),  and a less profound loss of IgG Shannon and Simpson 
diversity with age (Supplementary Figure 4.1 B-C). The ageing BCR repertoire thus showed 
loss of rare clones, and DR attenuated this change by maintaining a more uniform distribution 
of large clones. Thus, by maintaining a uniform B cell clonal population structure, DR mice 
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might exhibit a higher antigen-recognition capacity and possibly an enhanced vaccination 
response at old age (Okawa, Nagai, and Hase 2020). 
 
 

 
Figure 4.2. DR slows the age-associated decline of BCR repertoire in the spleen. (A) Relative 
abundance of antibody isotypes in the spleen. Significant differences at 5 months of age (Mann-Whitney 
U test): IgD (p-value AL vs DR = 0.036). Significant differences at 24 months of age (Mann-Whitney U 
test): IgD (p-value AL_DR16M vs AL = 0.036). (B) Richness within-individual diversity. Significant 
differences at 20 months of age (Mann-Whithey U test): DR vs AL p-value = 0.001. Significant 
differences at 24 months of age (Mann-Whitney U test): AL_DR16M vs AL p-value = 0.0003. (C) 
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Shannon within-individual diversity. Significant differences at 24 months of age (Mann-Whitney U test): 
DR vs AL p-value = 0.004; AL_DR16M vs AL p-value = 0.008. (D) Simpson within-individual diversity. 
Significant differences between 20 and 24 months of age (Mann-Whitney U test): DR p-value = 0.036. 
(E) Clonal expansion. Significant differences at 24 months of age (Mann-Whitney U test): AL_DR16M 
vs AL p-value = 0.002. Significant differences between 20 and 24 months of age (Mann-Whitney U test): 
DR p-value = 0.036. (F) Inter-individual dissimilarity. Significant differences at 24 months of age (Mann-
Whitney U test): DR vs AL p-value = 0.002, AL vs AL_DR16M p-value = 2.0x10-4, DR vs AL_DR20M p-
value =  0.033, and AL_DR16M vs AL_DR20M p-value = 0.005. (G) Frequency of synonymous SHM. 
(H) Frequency of non-synonymous SHM. (I) Gaussian-fitted CDR3 length distribution per mouse in 
study. Significant differences in proportion of different CDR3 length distributions at 24 months of age 
(Fisher’s test): DR vs AL p-value = 0.048; AL_DR16M vs AL p-value = 0.011. (B-H) Lines correspond 
to mean, and shaded areas to 95% confidence intervals. (J) Relative amounts of clones according to 
their class-switch status. Significant p-values for linear regression of AL age in blue and of DR age in 
red. Significant p-values for 2-way ANOVA of AL and DR throughout age in purple.  
 

4.2.2 DR attenuates clonal expansions with age in the spleen 
 
To determine whether the age-dependent decrease in within-individual antibody diversity was 
due to a B cell population skewed towards clonally expanded cells, we calculated clonal 
expansion as the percentage of the BCR repertoire taken up by the 20 most common clones 
(P20) (Figure 4.2 E). In line with previous work (Gibson et al. 2009; Oh, Lee, and Shin 2019a), 
clonal expansions increased progressively with age in AL mice (Figure 4.2 E). This expansion 
was most evident in the primary and long-term antigen response isotypes IgM and IgG 
(Supplementary Figure 4.1 D), suggesting a possible attenuation of memory immune response 
(Schroeder and Cavacini 2010). Clonal expansions also increased with age in DR mice (Figure 
4.2 E), but to a significantly lesser extent than in AL animals (Figure 4.2 E). At 24 months of 
age, only ~60% of the total clonal population was occupied by expanded clones in DR mice, 
while in AL mice it reached ~80% (Figure 4.2 E). Further, DR mice maintained a stable rate of 
clonal expansions in IgM and IgG, only increasing at 24 months of age in IgM (Supplementary 
Figure 4.1 D). The age-dependent decrease in within-individual diversity was thus associated 
with a B cell population skewed towards clonally expanded B cells, an effect that was 
attenuated by DR. 
 
Differences in clonal composition of B cells between individuals are accentuated by the 
proliferation of different clones in different individuals (Gibson et al. 2009; Weksler and Szabo 
2000; Oh, Lee, and Shin 2019b; de Bourcy et al. 2017). We therefore hypothesised that there 
would be higher inter-individual dissimilarity at old than at young age. To quantify dissimilarity, 
we used the repertoire dissimilarity index (RDI) (Bolen et al. 2017), which calculates 
differences in IghV, IghD and IghJ gene usage and performs pairwise comparisons between 
BCR repertoires. Consistent with previous reports in mice and humans (de Bourcy et al. 2017; 
Gibson et al. 2009; Oh, Lee, and Shin 2019b), there was a progressive increase in RDI with 
age in AL mice (Figure 4.2 F). A lesser ageing-associated increase in inter-individual 
dissimilarity also occurred in DR mice (Figure 4.2 F). Isotype-specific analysis revealed that 
RDI increased with age in all isotypes in AL mice (Supplementary Figure 4.1 E) and in DR 
mice except for IgA (Figure 4.1 E). However, the slope of increasing RDI was significantly 
reduced under DR in all isotypes except IgE (Supplementary Figure 4.1 E).  
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IghV and IghJ gene usage are largely implicated in the ability of the BCR to bind to antigens, 
thereby affecting susceptibility to various diseases (Raposo et al. 2014). To determine whether 
the enhanced antigen recognition capacity of DR mice is further facilitated by selection of 
different IghV or IghJ genes than AL, we evaluated IghV and IghJ usage.. In concordance with 
previous studies (Muggen et al. 2019; Y.-C. Wu et al. 2010; V. Martin et al. 2015), the most 
commonly used IghV gene in AL mice was IghV1 (Supplementary Figure 4.2 A). In humans, 
use of the IghV1 gene family is reduced with age (Ghraichy et al. 2021), and AL mice also 
showed an age-related decline in the usage of IghV1, IghV3, IghV4, IghV7, and IghV11 
(Supplementary Figure 4.2 A).(Ghraichy et al. 2021) IghV1 was the most commonly used IghV 
gene in DR mice, which showed a decline in usage of IghV4, IghV6, IghV7 and IghV11 with 
age (Supplementary Figure 4.2 A). However, DR treatment led to a significant increase in the 
usage of IghV3, and IghV15 compared to AL (Supplementary Figure 4.2 A). There were no 
differences between AL and DR mice in IghJ gene usage (Supplementary Figure 4.2 B). DR 
thus led to changes in IghV gene usage that may have contributed to the age-related 
differences in clonal diversity between AL and DR spleen B cells. 
 

4.2.3 DR maintains the somatic hypermutation rate and CDR3 length 
distribution at old age in the spleen 
 
Clonal diversity is important for efficient antigen recognition (Dunn-Walters 2015), and we next 
determined whether antigen recognition capacity is affected by ageing and DR. We evaluated 
the somatic hypermutation (SMH) rate, which is the mechanism for affinity maturation of the 
BCR repertoire in response to antigen exposure, leading to clonal diversity (Dunn-Walters 
2016; Schroeder and Cavacini 2010). The rate of synonymous substitutions indicates neutral 
evolution, providing a baseline for the nucleotide alteration capacity of the BCR sequence. 
Non-synonymous substitutions, on the other hand, accumulate during affinity maturation and 
become fixed under positive selection (Nielsen and Yang 1998). We quantified the frequency 
of synonymous and non-synonymous mutations in the BCR repertoire. Consistent with 
previous work (Dunn-Walters 2015), we did not detect any differences in synonymous or non-
synonymous SHM rate with age in AL mice (Figure 4.2 G-H). Similarly, as previously reported 
(Hoehn et al. 2019), we did not find age-associated differences for the relative rate of amino 
acid changing substitutions versus synonymous substitutions or dN/dS ratio (Nielsen and 
Yang 1998) (Supplementary Figure 4.2 C). We found large dN/dS ratio values (>1), indicating 
strong positive selection, across all time points in the splenic BCR repertoire of all groups 
(Supplementary Figure 4.2 C). In contrast, after examining synonymous and non-synonymous 
SHM rates for each individual isotype, we uncovered an age-associated reduction in IgM 
synonymous SHM frequency in AL mice (Supplementary Figure 4.1 F), an age-associated 
increase in IgG synonymous SHM frequency in both AL and DR mice (Supplementary Figure 
4.1 F), and an age-associated increase in IgA synonymous and non-synonymous SHMs in 
DR mice (Supplementary Figure 4.1 F-G). Only the synonymous and non-synonymous SHM 
rate in IgA was significantly different between AL and DR through age (Supplementary Figure 
4.1 F-G), indicating that DR increases the affinity maturation of the IgA repertoire. Taken 
together, our results point towards a more stable and efficient SHM mechanism under DR 
treatment, indicating maintained antigen-recognition capacity; where IgM, IgG and IgA 
isotypes associated with primary and secondary B cell response are predominantly affected.  
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Class-switch recombination is the mechanism of diversification by which variable regions of 
heavy chains are juxtaposed to different constant chains, in order to generate different 
isotypes and confer different effector functions (Schroeder and Cavacini 2010; Booth and 
Toapanta 2021). To evaluate the effect of DR on class-switch recombination, clones with only 
IgM+IgD+SHM- segments were classified as naïve, IgM+IgD+SHM+ as antigen-stimulated, 
and those with IgM-IgD- where all isotypes had been class-switched, as post-antigenic (Wang 
et al. 2014). Very few post-antigenic BCR clones were found throughout age (Figure 4.2 J), 
which is not surprising given that the spleen is a secondary lymphoid organ, and the mice are 
not expected to have substantial encounters with potentially challenging/pathogenic antigens 
based on their housing conditions. The majority of the B cell population consisted of naïve and 
antigen-stimulated BCR clones (Figure 4.2 J). There was a significant loss in the post-
antigenic BCR pool in AL mice with age (Figure 4.2 J). Conversely, DR mice displayed no 
differences in naïve, antigen-exposed or post-antigenic clones with age or compared to AL 
(Figure 4.2 J). Thus, these results suggest that ageing might impair the class-switch 
recombination capacity, while DR did not influence this process. 

4.2.4 Midlife onset of DR has more positive effects on the BCR repertoire 
of the spleen than late-life onset DR 
 
Previous work has shown that DR onset at 16 months of age (AL_DR16M) leads to a lifespan 
extension similar to the one observed under a chronic DR diet (Drews, 2021, Figure 4.1 B). In 
contrast, initiating DR at 20 months of age (AL_DR20M) did not lead to lifespan extension, 
indicating that the critical period of responsiveness to DR treatment lies between 16 and 20 
months of age in mice (Drews, 2021, Figure 4.1 B). To address whether switching to DR later 
in life is sufficient to “rejuvenate” the BCR repertoire and recapitulate the immunological 
characteristics we observed under chronic DR, the midlife (AL_DR16M) and late-onset 
(AL_DR20M) DR groups were evaluated (Figure 4.1 B). To explore whether there are potential 
functionality alterations between BCR isotypes in AL_DR16M and AL_DR20M groups in 
comparison to chronic AL and DR groups, we evaluated relative abundances of antibody 
isotypes. IgD abundance in AL_DR16M was significantly higher compared to AL at 24 months 
of age, recapitulating the DR-specific levels of IgD abundance (Figure 4.2 A). In contrast, 
AL_DR20M mice remained unresponsive to the introduction of the new diet (Figure 4.2 A). 
Therefore, switching to DR as late as 16 months recapitulates the DR-specific igD abundance 
and the associated improved regulation of self-tolerance (Gutzeit, Chen, and Cerutti 2018; 
Nguyen 2022). 
 
Next, we investigated whether DR onset at 16 or 20 months of age affected the BCR within-
individual diversity. We computed Hill diversity spectra and identified a significantly higher 
richness and Shannon diversity in AL_DR16M compared to AL in 24-month-old mice (Figure 
4.2 B-C). In other words, the AL_DR16M group had comparable diversity levels to DR, 
exhibiting a less dramatic loss in repertoire diversity in old age compared to AL (Figure 4.2 C). 
Conversely, the diversity of the AL_DR20M group remained in-between AL and DR; not 
mimicking the DR diversity profile with age (Figure 4.2 C). We then asked whether isotype-
specific analysis might underpin the contributors to the effects on diversity in diet-switched 
mice. IgM and IgE isotypes displayed a profound increase in richness in AL_DR16M when 
compared to DR at 20 months of age, after the start of the new diet (Supplementary Figure 
4.1 A). Similarly, IgD Shannon diversity was significantly higher in AL_DR16M compared to 
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DR in 20-month-old mice (Supplementary Figure 4.1 B). In addition, at 24 months of age, IgM 
and IgE Shannon and Simpson diversity, and only Simpson diversity in IgA, were elevated in 
AL_DR16M when compared to AL, pointing towards an acute primary response 
(Supplementary Figure 4.1 B-C). At 24 months, AL_DR20M mice also displayed a spike in IgE 
Shannon diversity in response to the diet change, leading to significantly higher IgE Shannon 
diversity levels compared to AL mice (Supplementary Figure 4.1 B). In contrast, IgG Shannon 
and Simpson diversity were significantly lower in AL_DR20M compared to DR mice, which 
was consistent with IgG diversity under AL (Supplementary Figure 4.1 B-C). Therefore, DR 
onset at 16 and 20 months of age affects the BCR within-individual diversity. Although starting 
DR at 20 months of age did not fully recapitulate the “younger-like” DR diversity, AL_DR16M 
mice recapitulated the DR diversity of primary (IgM) and hypersensibility (IgE) isotypes. 
 
The relative frequency of expanded clones within the antibody repertoire increases with age 
(Gibson et al. 2009; Oh, Lee, and Shin 2019a). Our findings support this result and revealed 
that DR reduced the age-dependent clonal expansion rate compared to AL mice (Figure 4.2 
E). Therefore, we next examined whether DR onset at 16 or 20 months of age can reduce the 
BCR repertoire clonal expansions in old age. Consistent with the findings in DR, there was 
lower clonal expansion in AL_DR16M compared to AL at 24 months of age (Figure 4.2 E). 
However, AL_DR20M mice remained in-between the AL and DR levels (Figure 4.2 E). Thus, 
DR onset at 16 months of age can reduce the portion of the BCR population occupied by 
expanded clones.  
 
RDI increased with age at a slower rate in DR compared to AL (Figure 4.2 F). Thus, we 
evaluated whether AL_DR16M mice or AL_DR20M have lower RDI compared to AL. There 
was a clear separation in two groups: AL and AL_DR20M mice had significantly higher inter-
individual dissimilarity than DR and AL_DR16M (Figure 4.2 F). This recapitulation of the lower 
repertoire divergence in DR by AL_DR16M, was already present 4 months after the start of 
DR, at 20 months of age (Figure 4.2 F). Moreover, AL_DR16M mice experienced a reduction 
in IgE RDI when compared to AL and DR at 20 months of age (Supplementary Figure 4.1 E), 
which stabilised to comparable levels with AL and DR 4 months later. At 24 months, RDI of 
IgA and IgM was lower in AL_DR16M than in AL and DR (Supplementary Figure 4.1 E). 
Similarly, 24-month-old AL_DR20M mice had reduced IgA and IgM RDI compared to AL 
(Supplementary Figure 4.1 E). Therefore, the effects of DR onset on the repertoire RDI 
highlighted an initial loss in inter-individual dissimilarity, mainly affecting AL_DR16M mice, 
consistent with the spike in diversity of IgE, IgA and IgM.  
 
DR affected the different diversification and affinity maturation steps of the BCR development 
(Figure 4.2 E-F, Figure 4.2 I, Supplementary Figure 4.2 A). Thus, we evaluated repertoire 
characteristics of AL_DR16M and AL_DR20M mice. IghV and IghJ gene usage in AL_DR16M 
mice was comparable to DR (Supplementary Figure 4.2 A and 4.2 B). In line with the findings 
in DR mice, there were no changes in SHM or class-switch recombination in AL_DR16M or 
AL_DR20M mice (Figure 4.2 G, 4.2 H and 4.2 J). At 24 months of age, AL_DR16M but not 
AL_DR20M mice underwent a DR-like reduction in the proportion of different CDR3-length-
distributions, which was significantly different from AL (Figure 4.2 I). However, the age-
dependent skewing of IgA CDR3-length-distribution observed in AL mice was reduced in 
AL_DR20M mice (Supplementary Figure 4.1 H). On the whole, starting DR as late as 16 
months of age reverted the general shift in the CDR3-length-distribution observed during 
ageing. 
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In summary, similar to the lifespan reports (Drews, 2021) (Figure 4.1 B), DR initiation as late 
as 16 months of age recapitulated the main effects of chronic DR on the BCR dynamics: within-
individual diversity, inter-individual dissimilarity, and clonal expansion rate. More specifically, 
AL_DR16M displayed a profound acute response to DR initiation, generating a spike in IgM 
and IgE richness, and IgD Shannon diversity at 20-months. While AL_DR16M recapitulated 
DR-like levels by 24-months of age, the AL_DR20M group exhibited only a partial response, 
increasing IgE Shannon diversity and reducing the age-dependent skewing of the IgA CDR3-
length-distribution. 
 

4.2.5 Effects of DR and ageing on the intestinal BCR repertoire 
 
DR modulates the composition of the gut microbiome in mice and humans (von 
Schwartzenberg et al. 2021; C. Zhang et al. 2013). As mucosal B-cells in the gut are in direct 
contact with the gut microbiome (Belkaid and Hand 2014a; Lindner et al. 2015a, 2012; 
Macpherson et al. 2018a), we asked whether DR-induced changes in the microbiome also 
affect the gut mucosal BCR repertoire. Within the small intestine, the highest accumulation of 
B-cells is found in the Peyer’s patches in the ileum (Donaldson, Shih, and Mabbott 2021). 
Thus, we measured BCR repertoire dynamics in the ileum dependent on age and DR. 
Consistent with previous studies (Macpherson et al. 2018b; Lindner et al. 2012, [b] 2015), IgA 
was the predominant isotype in the ileum, accounting for up to 98% of all Ig isotypes in young 
animals (Figure 4.3 A). IgM, IgG, IgD, and IgE only accounted for 0.39, 0.33, 0.16 and 0.17% 
in young mice, respectively (Figure 4.3 A). In 20-month-old AL mice, the relative frequencies 
of IgM and IgG were significantly increased compared to 5-month-old mice, while there was a 
reduction in IgA (Figure 4.3 A). Therefore, in line with previous reports (Macpherson et al. 
2018b), we observed an increase in IgM and IgG isotypes at the expense of IgA in old age, 
which could be important for maintaining homeostasis with the intestinal microbiome.  
 
Next, we investigated whether ageing or DR affected the BCR within-individual diversity. Hill 
diversity spectra analysis of the BCR repertoire revealed an increased richness in DR mice 
compared to AL at 20 months of age, which was significantly lower than AL in 24-month-old 
mice (Figure 4.3 B). In addition, we detected a significantly higher richness of IgG in DR 
compared to AL in 24-month-old mice (Supplementary Figure 4.3 A). However, Shannon or 
Simpson diversity were not affected (Figure 4.3 C-D, Sup Figure 4.3 B-C). Similarly, the 
degree of clonal expansion was not significantly changed by age or DR diet (Figure 4.3 E, 
Supplementary Figure 4.3 D). Thus, although we did not observe strong ageing-associated 
effects on BCR within-individual diversity in the ileum (Figure 4.3 B-D), DR mildly increased 
the diversity of IgG small rare clones (Figure 4.3 B). Even in an IgA-dominated organ, IgG has 
been indirectly implicated in mucosal inflammation and commensal regulation (Castro-Dopico 
and Clatworthy 2019). Therefore, an increased IgG diversity could have implications for 
enhanced protection against enteropathogens and intestinal inflammation under DR.   
 
To study the effect of age and evaluate whether DR generates a less dissimilar BCR repertoire 
between individuals, we studied differences in the ileum clonal composition using the RDI. 
RDI was rather stable with age in both AL and DR mice (Figure 4.3 F). However, in IgM, RDI 
showed a significant age-associated decline in AL, that was ameliorated in DR 
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(Supplementary Figure 4.3 E). In addition, RDI of IgD and IgG increased with age in AL mice 
but decreased in DR mice (Supplementary Figure 4.3 E). DR ameliorated the ageing-
associated increase in inter-individual dissimilarity of the IgD and IgG repertoires with age 
(Supplementary Figure 4.3 E). Therefore, DR generates a more diverse and less dissimilar 
BCR repertoire between individuals, with higher chance to bind to known and novel antigens.  
 
Previous studies have shown an age-associated decline in B cell selection processes in the 
gut, paired with declining SHM rate (McKean et al. 2008; Dunn-Walters 2015). We evaluated 
whether DR has an effect on class-switch recombination and SHM. As previously reported in 
humans (M. Banerjee et al. 2002a), 2002), the young gut BCR consisted primarily of post-
antigenic clones (~73%), some antigen-stimulated clones (~25%) and very few naïve ones 
(~2%) (Figure 4.3 J). There were no differences in the proportions of BCR clones in each 
class-switch recombination stage with age or under DR (Figure 4.3 J). Consistent with 
previous work (Lindner et al. 2015a), the ratio between dN/dS was positive (>1) at all time 
points indicating positive selection through age (Supplementary Figure 4.4 C). In contrast, DR 
mice had significantly higher non-synonymous SHM compared to AL at 24 months of age 
(Figure 4.3 H). Further, we found an age-associated decline in synonymous and non-
synonymous SHM in IgM (Supplementary Figure 4.3 F-G). In addition, IgA non-synonymous 
SHM declined with age in AL (Supplementary Figure 4.3 G), and synonymous IgA SHM 
increased with age in DR mice (Supplementary Figure 4.3 F). Finally, CDR3 length and 
variability were also not affected by age or DR (Figure 4.3 I, Supplementary Figure 4.3 H). 
Taken together, DR diversifies the ileal BCR repertoire and increases its affinity maturation by 
means of SHM of IgM and IgA isotypes.  
 
In summary, age and DR have only minor effects on BCR composition in the ileum. However, 
SHM rates declined with age in AL mice, and this decline was mitigated by DR. As a peripheral 
organ, the ileum has more direct exposure to microbial antigens, which induce antibody 
maturation via SHM and class-switch recombination (Q. Zhao and Elson 2018). Our data imply 
that DR improves antibody maturation in the ileum through an increased SHM at old age. 
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Figure 4.3: DR and ageing have only small effects on the intestinal BCR repertoire. (A) Relative 
abundance of antibody isotypes in the ileum. Significant differences between 5 and 20 months of age 
(Mann-Whitney U test): IgM (p-value AL = 0.036), IgG (p-value AL = 0.036), IgA (p-value AL = 0.024). 
(B) Richness within-individual diversity. Significant differences at 20 months of age (Mann-Whitney U 
test): DR vs AL p-value = 0.002; AL_DR16M vs DR p-value = 7.3x10-5. Significant differences at 24 
months of age (Mann-Whitney U test): DR vs AL p-value = 0.01; AL_DR16M vs DR p-value = 0.008. 
(C) Shannon within-individual diversity. (D) Simpson within-individual diversity. (E) Clonal expansion. 
(F) Inter-individual dissimilarity. Significant differences at 20 months of age (Mann-Whitney U test): 
AL_DR16M vs AL p-value = 0.04; AL_DR16M vs DR p-value = 0.009. (G) Frequency of synonymous 
SHM. (H) Frequency of non-synonymous SHM. Significant differences at 24 months of age (Mann-
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Whitney U test): DR vs AL p-value = 0.043; AL_DR16M vs DR p-value = 0.043; AL_DR20M vs DR p-
value = 0.043. (I) Gaussian-fitted CDR3 length distribution per mouse in study. (B-H) Lines correspond 
to mean, and shaded areas to 95% confidence intervals. (J) Relative amounts of clones according to 
their class-switch status. Significant p-values for linear regression of AL age in blue and significant p-
values for 2-way ANOVA of AL and DR throughout age in purple. 
 

4.2.6 Late-onset DR has no effect on the intestinal BCR repertoire 
 
To address whether the ileum BCR repertoire in the AL_DR16M and AL_DR20M groups 
recapitulates the slightly improved BCR diversification under chronic DR, we first evaluated 
the relative abundances of immunoglobulin isotypes. No differences in isotype abundances 
were detected in AL_DR16M or AL_DR20M (Figure 4.3 A). By calculating Hill diversity 
spectra, we found a significantly lower richness in AL_DR16M and AL compared to DR in 20-
month-old mice (Figure 4.3 B). However, at 24 months of age, AL_DR16M and AL mice 
exhibited a significantly higher richness than DR (Figure 4.3 B), suggesting that the presence 
of rare clones remained unaffected in AL_DR16M mice. On the other hand, AL_DR20M mice 
represented an in-between state, with no distinction from either AL or DR (Figure 4.3 B). Thus, 
we did not observe a recapitulation of the DR-like diversification in mice switched to DR late 
in life. However, we detected an acute response to DR initiation in AL_DR16M through an 
elevated total number of distinct BCR clones. 
 
We next questioned whether this acute increase in the AL_DR16M diversity translated into 
other characteristics of the ileal BCR repertoire. No changes in clonal expansion were 
observed as a response to late DR onset (Figure 4.3 E). However, RDI was significantly higher 
in AL_DR16M 20-month-old mice when compared to AL (Figure 4.3 F). Yet, at 24 months of 
age, AL_DR16M mice had significantly lower dissimilarity than DR mice (Figure 4.3 F), 
indicating a strong loss of inter-individual dissimilarity in AL_DR16M mice. We found an acute 
spike in inter-individual dissimilarity of AL_DR16M at 20 months of age in IgA, IgD and IgG, 
when compared to AL and DR (Supplementary Figure 4.3 E). We further detected a 
significantly lower IgA, IgM and IgE RDI in AL_DR16M at 24 months compared to AL and DR 
(Supplementary Figure 4.3 E). These changes in AL_DR16M suggest that the gut BCR 
repertoire is somewhat responsive to DR initiation at 16 months of age. On the other hand, 
the IgM RDI of AL_DR20M mice was lower than AL (Supplementary Figure 4.3 E). RDI of 
AL_DR20M was lower in IgA, and higher in IgG than both AL and DR (Supplementary Figure 
4.3 E). Thus, the isotype inter-individual dissimilarity as a response to the introduction of DR 
diet was highly dependent on the age of DR onset. 
 
To examine whether DR initiation at 16 and 20 months of age recaptured the SHM rate 
preservation under chronic DR treatment, we evaluated SHM rates in AL_DR16M and 
AL_DR20M mice. Surprisingly, non-synonymous SHM in 24-month-old mice was significantly 
lower in AL_DR16M, AL_DR20M and AL compared to DR (Figure 4.3 G and 4.3 H). This was 
consistent with SHM findings in IgA (Supplementary Figure 4.3 G), indicating that late-onset 
of DR did not impact affinity maturation. Finally, CDR3-length-distribution variability of IgD at 
20 months was higher in AL_DR16M and AL compared to DR (Supplementary Figure 4.3 H), 
and significantly decreased in AL_DR16M when compared to both AL and DR at 24 months 
in IgM (Supplementary Figure 4.3 H).  
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Taken together, AL_DR16M and AL_DR20M did not recapitulate the DR-like BCR 
dissimilarity, or SHM rate in the ileum. This refractoriness of response to DR initiation was in 
line with previous studies in mice and killifish, where diet changes or antibiotics exposure had 
a minor impact on the gut BCR repertoire (Lindner et al. 2015c; Bradshaw et al. 2022). 
AL_DR16M and AL_DR20M mice manifested little to no effect on the ileum BCR repertoire; 
they maintained a repertoire similar to chronic AL, even after dietary switch. 
 

4.2.7 The ageing microbiome responds to late-onset DR 
 
Previous work has shown that the gut microbiome undergoes significant changes with age 
(Badal et al. 2020) (Monzó, 2022), primarily reflected in a marked age-dependent decline in 
within-individual diversity. This decline is accompanied by loss of beneficial bacteria and 
extensive occupation by commensal and pathogenic bacteria (Nagpal et al. 2018; van der 
Lugt et al. 2018). Caloric restriction maintains a high abundance of bacteria considered to be 
beneficial for colonic health (Kok et al. 2018). Having observed mild differences between AL 
and DR in the ageing ileum BCR repertoire, we questioned whether the microbiome 
composition was as stable as the ileum BCR repertoire, given the direct contact between ileum 
and microbiome (Belkaid and Hand 2014b; Lindner et al. 2015b, 2012; Macpherson et al. 
2018a). To address this question, we performed V4-16S rRNA amplicon sequencing of caecal 
contents. Consistent with our findings in the ileum BCR repertoire (Figure 4.3 B-D), we found 
no difference in microbial within-individual diversity with age or between AL and DR. In 
contrast, inter-individual dissimilarity in the microbiome, measured using the Unweighted 
UniFraq diversity index, was significantly higher in AL when compared to DR at 20 and 24 
months of age (Figure 4.4). 
 
Given that the microbiome inter-individual dissimilarity increased with age to a larger extent in 
AL than in DR mice, we next asked whether the caecal microbiome would respond to DR 
switch at 16 and 20 months of age by converging towards a DR-like microbiome. As opposed 
to the mild response of the gut BCR repertoire in AL_DR16M and AL_DR20M (Figure 4.3), 
the gut microbiome of AL_DR16M diverged from the microbiome of AL mice already at 20 
months of age (Figure 4.4). These differences persisted up to 24 months, where the inter-
individual variability of AL_DR16M and AL_DR20M mice was significantly different from AL 
(Figure 4.4). Therefore, contrary to the ileum BCR repertoire, the caecal microbiome rapidly 
responded to the switch from AL to DR, even when initiated at 20 months of age. 
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Figure 4.4. The ageing microbiome responds to late-onset DR. Bray Curtis Principal coordinates 
analysis; inter-individual dissimilarity. Significant differences at 20 months of age (Mann-Whitney U-
test) AL vs DR p-value = 0.009; AL_DR16M vs DR p-value = 0.01. Significant changes at 24 months of 
age (Mann-Whitney U-test) AL vs DR p-value = 0.01; AL_DR16M vs AL p-value = 0.009; AL_DR20M 
vs AL p-value = 0.01. 
 

4.2.8 DR-related BCR metrics are associated with healthier phenotypes  
 
Finally, to characterise the observed BCR repertoire dynamics patterns, and understand how 
they are reflected in host health, we tested the correlation between morbidity and BCR metrics, 
in both the spleen and ileum (Figure 4.5 A-B). The ‘macromorbidity index’ developed in the 
present work was adapted from (Ikeno et al. 2009; Bokov et al. 2011; Treuting et al. 2008) to 
encompass the collected macro-pathology of these mice, previously described in detail by 
(Drews, 2021). For each mouse, the morbidity index was calculated as the sum of non-
neoplastic pathology burden and neoplasia grade. A degree of 1 was assigned to each non-
neoplastic pathological finding at dissection, while neoplasia were graded as 0 (absence of 
tumours), 1 (1 organ affected by tumours), or 2 (2 or more organs affected by tumours, 
representing metastatic cancer). Different models of morbidity index calculation were tested, 
yielding similar associations to BCR metrics in all cases (Supplementary Figure 4.5 A-B). 
 
Of all the metrics obtained from the spleen BCR repertoire, clonal expansion (P20), inter-
individual dissimilarity (RDI_uniqueness) and mean CDR3 length (cdr3_mu) were positively 
associated with the macromorbidity index. Shannon and Simpson diversity displayed a 
negative association (Figure 4.5 A), indicating that higher within-individual diversity is 
associated with healthier mice. Further, we asked which isotypes showed strongest correlation 
with morbidity, and found that IgM and IgG underpin the strongest association between 
morbidity and BCR characteristics (Figure 4.5 C). With respect to the ileal BCR repertoire 
metrics, only Simpson diversity was negatively associated with morbidity; high Simpson values 
were found in healthier mice (Figure 4.5 B, Supplementary Figure 4.5 C).  
 
Having found lower clonal expansion and RDI in DR mice, paired with increased Shannon and 
Simpson diversity (Figure 4.2 C-F), our findings suggest that DR might delay the systemic 
functional decline of the BCR repertoire with age, and be associated with younger and 
healthier BCR repertoire. Similarly, decreased clonal expansion and RDI, and increased 
Shannon diversity in AL_DR16M mice, might suggest that initiating DR as late as 16 months 
could rejuvenate the BCR repertoire and be associated with lower morbidity. 



109 

Figure 4.5: DR-associated BCR metrics are associated with healthier phenotypes. Percentage of 
variance explained in ‘macromorbidity index’ by (A) general BCR spleen metrics, (B) general BCR ileum 
metrics, (C) isotype-specific BCR spleen metrics. Coloured bars are spearman p-value < 0.05. 
Significant p-values are included and red metrics represent Bonferroni corrected p-values < 0.05. 
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4.3. Discussion 
 

Establishing and maintaining a tight and life-long regulation of immune responses is vital for 
host homeostasis. The profound impairment of immune function with ageing is well 
documented (Wick et al. 2000b; Nikolich-Zugich 2005b; Ademokun, Wu, and Dunn-Walters 
2010b; Weiskopf, Weinberger, and Grubeck-Loebenstein 2009b), and thereby strategies that 
can ameliorate the age-associated immune dysregulation may be holding a great promise to 
delay ageing. We asked whether the most robust anti-ageing intervention known to date 
(dietary restriction, or DR) has an impact on immune homeostasis, or whether it exerts its 
function independently from the immune system. Furthermore, DR can beneficially impact host 
health- and lifespan when started as late as 16 months of age (Drews, 2021). To investigate 
how the B cell receptor (BCR) repertoire changes with age, under chronic DR, and under 
midlife- and late-life onset of DR diet in the mouse spleen and ileum, we performed BCR 
sequencing. In addition, we test whether the critical temporal window within which DR 
beneficially impacts host health- and lifespan is consistent with a remodelling of the BCR 
repertoire dependent on age of DR onset. To our knowledge, this is the first study to use BCR 
sequencing to explore the mouse B cell clonal population dynamics with age in response to 
anti-ageing interventions. Our dataset allowed us to not only investigate the general 
characteristics of the BCR repertoire in the spleen and ileum, but also the corresponding 
changes on BCR isotypes. Here, we show for the first time that DR mitigates the ageing of the 
BCR repertoire in both spleen and ileum. Further, we find a recapitulation of the splenic DR-
like BCR repertoire in mice where DR was started at 16 months of age, but not at 20 months. 
In the current work, we also provide associations of BCR repertoire characteristics to a novel 
macromorbidity index. We report an association of AL-like BCR repertoire characteristics with 
high morbidity, and DR-like characteristics with improved health. 

The ageing BCR repertoire in the spleen of AL-fed mice followed the classically described 
pattern in both mice and humans: decreased within-individual diversity, coupled with increased 
clonal expansion rate and inter-individual dissimilarity (de Bourcy et al. 2017; Gibson et al. 
2009; Weksler and Szabo 2000; Nagpal et al. 2018; Booth and Toapanta 2021). On the other 
hand, although ageing in chronic DR mice was also accompanied by a decline in within-
individual BCR variability, increased clonal expansions and inter-individual dissimilarity, these 
effects were mitigated compared to AL. Importantly, low within-individual diversity, high clonal 
expansions and high inter-individual dissimilarity correlated with high macromorbidity index. 
Thereby, the DR-mediated mitigation of the age-associated BCR repertoire dysregulation 
might, at least partly, contribute to the beneficial effects of DR on mouse health. Furthermore, 
there is growing evidence that maintenance of a high BCR diversity translates to enhanced 
ability to generate robust antibody responses to novel antigens and possibly an enhanced 
vaccination response at old age (Dunn-Walters 2015; Okawa, Nagai, and Hase 2020). In fact, 
loss of BCR repertoire diversity in older individuals has been associated with poor vaccination 
response against pneumococcus and influenza (Ademokun et al. 2011b; Tas et al. 2016; de 
Bourcy et al. 2017). Thus, the observed age-associated decline in within-individual diversity 
and post-antigenic BCR clones in AL mice, suggests a decrease in high-affinity class-switched 
isotypes, and might also contribute to the impaired vaccination response in old age (Oh, Lee, 
and Shin 2019b). The amelioration of the ageing splenic BCR dysregulation by DR indicates 
that DR maintains a healthier, younger-like BCR repertoire. However, a limitation of the current 
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study is the lack of information on the B cell subsets (i.e. marginal, follicular, B-1, etc) 
encompassing the sequenced cell pool. Future studies performing fluorescence-activated cell 
sorting should not only investigate the B cell types involved in the DR response, but also 
causally address whether DR improves vaccination outcomes due to “enrichment” of the BCR 
repertoire. 
 
Genome variation in the BCR loci is instrumental for mounting adequate immune responses 
and IghV and IghJ gene usage have been shown to be largely implicated, thereby affecting 
susceptibility to various diseases (Raposo et al. 2014). Results from a study in splenocytes 
showed an age-related increase in IghV2, IghV11, IghJ1, as well as reduction in IghJ2 gene 
usage (Holodick et al. 2016). Here, we found a more pronounced decline in IghV-gene usage 
with age in AL compared to DR, especially in IghV4. Although very little is known about the 
functional relevance of these changes in ageing, differential IghV gene usage has been 
implicated in age-related diseases, such as rheumatoid arthritis and multiple sclerosis, in both 
mice and humans (Vencovský et al. 2002; Raposo et al. 2014; Walter et al. 1991). Further, 
previous work is indicative of a role of IghV gene usage in polyreactivity, especially in HIV and 
influenza virus antibody responses; polyreactivity is defined as the ability of an antibody 
molecule or of a BCR to bind to multiple distinct antigenic targets (Dimitrov et al. 2013). While 
polyreactivity is thought to dramatically increase with age in mice (Gunti and Notkins 2015), 
the decline in usage of some IghV genes, including the IghV4 observed in this study, would 
be indicative of a reduced polyreactivity in our AL mice with age that was attenuated by DR. 
Increased polyreactivity has beneficial effects, including the diversification of immune 
repertoires and clearance of defective apoptotic cells, preventing inflammatory responses 
(Dimitrov et al. 2013). Therefore, we speculate that compared to AL, DR treatment might help 
retain some levels of polyreactivity and its corresponding benefits for longer periods of time. 
 
During B cell development in the bone marrow, there is preferential removal of B cells 
expressing BCRs with long CDR3s (Wardemann et al. 2003). Studies in human peripheral 
blood have associated long CDR3 length with old age and increased autoreactivity, suggesting 
that there is a selection against BCRs with long CDR3s in the aged immune system (Wang et 
al. 2014). Similarly, in this study long CDR3s correlated with high macromorbidity index. 
Although the mean CDR3 length was not different between AL and DR, there was increased 
skewing of CDR3 length production in AL mice, generating BCRs of a smaller length range 
than both DR and AL_DR16M mice. Even though long CDR3s were found in mice with high 
macromorbidity, we did not observe a significant reduction under DR anti-ageing intervention. 
Future studies including higher numbers of mice should evaluate CDR3 lengths and determine 
whether DR maintains selection against BCRs with long CDR3s, to protect from the ageing-
associated increased autoreactivity. 
 
Our results highlight the importance of global splenic BCR repertoire dynamic metrics, such 
as within-individual variability, inter-individual dissimilarity, clonal expansions and CDR3 
length distribution in enhanced health under DR. Moreover, we also uncover intriguing ageing- 
and DR-associated changes in immunoglobulin isotypes, which have been thus far unexplored 
in the context of anti-ageing interventions. With respect to ageing-associated changes, we 
found that IgM, known for their role in the primary immune response as poly-reactive 
antibodies involved in opsonization of antigens (Schroeder and Cavacini 2010), underwent a 
decline in within-individual diversity with age in both AL and DR. Similarly, IgG, which is 
involved in long-term protection and neutralisation of toxins and viruses (Schroeder and 
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Cavacini 2010), showed a decline in within-individual diversity with age in AL. In line with these 
results, previous studies have shown an association between age-related decline in IgM and 
IgG levels and BCR repertoire diversity, with impaired vaccination response (Ademokun et al. 
2011b; Jiang et al. 2013; Shi et al. 2005). In addition, we found that the low within-individual 
diversity of both IgM and IgG isotypes was inversely associated with morbidity, suggesting 
that preservation of IgM and IgG diversity is one of the features of a ‘younger’, healthier BCR 
repertoire. Further, regarding DR-associated changes, we observed an amelioration of the 
ageing-associated increase in IgM clonal expansion rate. Although the implications of this 
change are unknown, we speculate that DR might offer a tighter regulation of the primary 
immune response, and thereby the maintenance of IgM clonal expansion rate might be a 
contributor to DR-mediated beneficial effects. This is corroborated by the fact that high IgM 
clonal expansion was associated with morbidity. Collectively, although the repertoire 
trajectories described in this work strictly reflect non-pathogen exposure conditions, as any 
type of infection is highly unlikely in the current cohort of mice, our results highlight the potential 
involvement of IgM and IgG in DR-associated healthspan and lifespan benefits. Nevertheless, 
in light of the macromorbidity-associated isotype-specific observations, future studies where 
isotypes are evaluated in the context of healthy ageing are necessary to more 
comprehensively reveal the implications of these changes on adaptive immune function and 
DR-associated beneficial effects. 
 
Here, we demonstrate that DR and AL_DR16M mice have “healthier” repertoires than AL and 
AL_DR20M, especially affecting the splenic within-individual variability, and clonal expansion. 
The improvement of the immune health in DR and AL_DR16M mice, is the first reported 
molecular phenotype consistent with the recapitulation of the lifespan extension under DR by 
AL_DR16M mice (Drews, 2021). These findings indicate that the enhanced splenic B cell 
adaptive immune system of DR mice can be recapitulated in an age-dependent manner, by 
switching to a DR feeding regime as late as 16 months of age. More specifically, AL_DR16M 
displayed an increased IgM, IgE and IgA Shannon and Simpson within-individual diversity, 
recapitulating DR levels. IgM spike under AL_DR16M could be indicative of a greater 
hematopoietic stem cells (HSC) capacity. A previous study on HSCs on chronic and midlife-
onset DR mice, showed that chronic DR feeding reduced the loss of repopulating capacity of 
HSCs observed with age in AL. Furthermore, the onset of DR at 15 months of age improved 
the hematopoietic regeneration of ageing HSCs (Tao et al. 2020). Thus, an improved 
regeneration of HSCs would be likely to facilitate the AL_DR16M BCR repertoire 
responsiveness under dietary switch. Future studies on bone marrow HSCs on midlife- and 
late-onset DR are necessary to evaluate a possible causal association of an age-of-onset-
dependent start of DR with BCR repertoire responsiveness. 

Noteworthy, we found that AL_DR16M responded to DR initiation through an increase in IgE 
diversity in spleen. Although elevated IgE levels are primarily implicated in allergic reactions 
(Gould and Sutton 2008; Saunders et al. 2019; Schroeder and Cavacini 2010), it is highly 
unlikely that food or other allergens are contributing to the increased IgE diversity levels after 
DR onset at 16 months, given the housing conditions and the unchanged chow food 
composition of our mice. Interestingly, high IgE levels have been previously documented in 
germ-free or antibiotic-treated mice that are typically characterised by low microbiome 
diversity, suggesting a regulatory role of the microbiome in controlling systemic IgE levels 
(Cahenzli et al. 2013). Similarly, a previous study evaluating the longitudinal microbiome 
characteristics of 50 AL, DR, AL_DR16M and AL_DR20M mice, reported an initial decline in 
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within-individual microbial diversity of AL_DR16M mice before recapitulating diversity levels 
similar to DR by 18 months of age (Monzó, 2022). Therefore, the spike in IgE in the 
AL_DR16M mice might reflect this acute loss of microbial within-individual diversity after DR 
onset. Nonetheless, future studies are necessary to confirm and comprehensively assess the 
changes and potential contributors in IgE responses in the context of dietary switches. 

Despite the importance of the gut B cells, and the increasing number of studies examining 
mucosal antibodies and their interaction with the microbiome (Lindner et al. 2015c, 2012; 
Macpherson et al. 2018b; Belkaid and Hand 2014a), to the best of our knowledge, the effect 
of anti-ageing interventions on the gut BCR repertoire are yet to be reported. Here, we show 
that the ileum BCR repertoire undergoes very few changes with age and under chronic or late 
onset DR. On the contrary, the microbiome was found to rapidly respond to the switch to DR, 
even when DR was initiated at 20 months of age. In line with other studies where short-term 
antibiotics, microbiome transfers, or introduction of new diets did not result in changes in the 
ileum B cell compartment (Bradshaw et al. 2022; Lindner et al. 2015c), the switch to DR diet, 
independently of age-of-onset, did not strongly affect the gut BCR repertoire. Nonetheless, 
the SHM mechanism was found to be highly influenced by both age and diet in the ileum, 
which is not surprising given the constant microbial antigenic exposure in this organ (Q. Zhao 
and Elson 2018). More specifically, a declining ageing SHM capacity was observed in AL mice, 
affecting predominantly the IgA isotype. Previous analysis of IgA repertoire in human colon 
and mouse small intestine revealed that neither antibiotic treatment nor diet modulate the IgA 
clonal composition (Lindner et al. 2015c). It was postulated that, to maintain homeostasis 
through the interaction of the host and its microbiome, the IgA repertoire undergoes 
diversification of existing memory B cells, instead of generating new B cell clones (Lindner et 
al. 2015c). Elevated SHM in Peyer patches is critical for the generation of a diverse repertoire 
that can undergo affinity maturation and selection at a later phase (Macpherson et al. 2018b). 
Therefore, the decline in IgA SHM with age we observed under AL feeding may be associated 
with impaired diversification and affinity maturation capacity, which might ultimately lead to 
disruption of host-microbiome symbiosis and compromised mucosal defence (Wei et al. 2011; 
Lindner et al. 2015c). On the contrary, DR buffered the age-associated SHM decline observed 
in the AL mice ileum, indicating that DR feeding might offer an advantage in preserving diverse 
mucosal immune responses and gut homeostasis for extended periods. 

In conclusion, in this study we not only show mitigation of the age-associated decline in within-
individual diversity of the BCR repertoire in the spleen and ileum of mice under DR, correlating 
with improved mouse health, but also provide the first evidence that the splenic BCR repertoire 
responds to a mid/late-life start of DR in an age-dependent manner. Our findings highlight the 
immune responsiveness of the mice where DR was initiated at 16 months of age as one of 
the contributing factors to extended lifespan. 
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4.4. Supplementary figures 
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Supplementary figure 4.1. Spleen isotype-specific BCR repertoire metrics. (A) Richness within-
individual diversity. Significant differences at 20 months of age (Mann-Whitney U test): IgM (AL_DR16M 
vs DR p-value = 0.04), IgE (AL_DR16M vs DR p-value = 0.04). Significant differences at 24 months of 
age (Mann-Whitney U test): IgE (DR vs AL p-value = 0.005). (B) Shannon within-individual diversity. 
Significant differences at 20 months of age (Mann-Whitney U test): IgD (AL_DR16M vs DR p-value = 
0.02). Significant differences at 24 months of age (Mann-Whitney U test): IgM (AL_DR16M vs DR p-
value = 0.04), IgG (AL_DR20M vs DR p-value = 0.01), IgE (AL_DR16M vs DR p-value = 0.002; 
AL_DR20M vs AL p-value = 0.02). (C) Simpson within-individual diversity. Significant differences at 24 
months of age (Mann-Whitney U test): IgM (AL_DR16M vs AL p-value = 0.02), IgG (AL_DR20M vs DR 
p-value = 0.02), IgA (AL_DR16M vs AL p-value = 0.03), IgE (AL_DR16M vs AL p-value = 0.04). (D) 
Clonal expansion. (E) Inter-individual dissimilarity. Significant differences at 20 months of age (Mann-
Whitney U test): IgE (AL_DR16M vs AL p-value = 0.011; AL_DR16M vs DR p-value = 0.00005). 
Significant differences at 24 months of age (Mann-Whitney U test): IgM (AL_DR16M vs AL p-value = 
1.0x10-6; AL_DR16M vs DR p-value = 0.005; AL_DR20M vs AL p-value = 0.035), IgA (AL_DR16M vs 
AL p-value = 1.0x10-6; AL_DR16M vs DR p-value = 0.0005; AL_DR20M vs AL p-value = 0.049). (F) 
Frequency of synonymous SHM. (G) Frequency of non-synonymous SHM. (H) CDR3-length distribution 
Significant differences in CDR3-length distribution variability at 24 months of age (Kolmogorov-
Smirnov): IgG (AL vs DR p-value = 0.0061), IgA (AL vs DR p-value = 0.015; AL_DR20M vs AL p-value 
= 0.024). (A-G) Blue represents AL, red DR, green AL_DR16M, and yellow AL_DR20M. Lines 
correspond to mean, and shaded area to 95% confidence intervals.  
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Supplementary figure 4.2. Spleen IGHV and IGHJ gene usage and CDR3 length. (A) Mean relative 
IGHV gene usage in the spleen BCR. Age-related decline in the usage of IghV1, IghV3, IghV4, IghV7, 
and IghV11 in AL-fed mice (linear regression, p-value = 0.03, 8.2x10-5, 0.001, 0.02, and 0.049). Age-
related decline in usage of IghV4, IghV6, IghV7, and IghV11 in DR mice (linear regression, p-value = 
0.001, 0.02, 0.02 and 0.03). Significantly higher usage of  IghV3 and IghV15 in DR compared to AL 
mice (2-way ANOVA, p-value = 0.01 and 0.02). (B) Mean relative IGHJ gene usage in the spleen BCR. 
(A-B) Darker blue corresponds to higher gene usage, and white to lower. (C) Ratio of non-synonymous 
to synonymous mutations in spleen. (D) CDR3 length gaussian distribution in the spleen. 
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Supplementary figure 4.3. Ileum isotype-specific BCR repertoire metrics. (A) Richness within-
individual diversity. Significant differences at 24 months of age (Mann-Whitney U test): IgG (p-value DR 
vs AL = 0.01). (B) Shannon within-individual diversity. C) Simpson within-individual diversity. (D) Clonal 
expansion (E) Inter-individual dissimilarity. Significant differences through age (linear regression): IgM 
(AL p-value = 1.5x10-9), IgG (AL p-value = 4.6x10-11; DR p-value = 2.9x10-6), IgD (AL p-value = 0.0003; 
DR p-value = 0.003). Significant differences through age and diet (2-way ANOVA): IgM (DR vs AL p-
value = 0.00045), IgG (DR vs AL p-value = 9.4x10-19), IgD (DR vs AL p-value = 0.000006). Significant 
differences at 20 months of age (Mann-Whitney U test): IgA (AL_DR16M vs AL p-value = 2.0x10-5; 
AL_DR16M vs DR p-value = 5.1x10-17), IgD (AL_DR16M vs AL p-value = 6.7x10-4; AL_DR16M vs DR 
p-value = 0.007), IgG (AL_DR16M vs AL p-value = 0.01; AL_DR16M vs DR p-value = 0.00002). 
Significant differences at 24 months of age (Mann-Whitney U test): IgA (AL_DR16M vs AL p-value = 
4.1x10-6; AL_DR16M vs DR p-value = 2.4x10-8; AL_DR20M vs AL p-value = 3.12x10-8; AL_DR20M vs 
DR p-value = 2.2x10-5), IgM (AL_DR16M vs AL p-value = 0.00018; AL_DR16M vs DR p-value = 6.6x10-
7; AL_DR20M vs AL p-value = 0.00015), IgE (AL_DR16M vs AL p-value = 7.7x10-5; AL_DR16M vs DR 
p-value = 0.00013; AL_DR20M vs AL p-value = 0.015), IgG (AL_DR20M vs AL p-value = 0.003; 
AL_DR20M vs DR p-value = 4.3x10-7). (F) Frequency of synonymous SHM. Significant differences 
through age (linear regression): IgM (AL p-value = 0.0006), IgA (AL p-value = 0.04). (G) Frequency of 
non-synonymous SHM. Significant differences through age (linear regression): IgM (AL p-value = 0.02), 
IgA (AL p-value = 0.04). Significant differences at 24 months of age (Mann-Whitney U test): IgA (DR vs 
AL p-value = 0.024; AL_DR16M vs DR p-value = 0.024; AL_DR20M vs DR p-value = 0.024). H) CDR3-
length distribution. Significant differences at 20 months of age (Kolmogorov-Smirnov): IgD (DR vs AL 
p-value = 0.036; AL_DR16M vs DR p-value = 0.036). Significant differences at 24 months of age 
(Kolmogorov-Smirnov): IgM (DR vs AL p-value = 0.015; AL_DR16M vs DR p-value = 0.015). (A-G) Blue 
represents AL, red DR, green AL_DR16M, and yellow AL_DR20M. Lines correspond to mean, and 
shaded area to 95% confidence intervals.  
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Supplementary figure 4.4. Ileal IGHV and IGHJ gene usage and CDR3 length. (A) Mean relative 
IghV gene usage in the ileum BCR. (B) Mean relative IghJ gene usage in the ileum BCR. (A-B) Darker 
blue corresponds to higher gene usage, and white to lower. (C) Ratio of non-synonymous to 
synonymous mutations in ileum. (D) CDR3 length gaussian distribution in the ileum. 
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Supplementary figure 4.5. Association of BCR characteristics with morbidity. (A-B) Percentage 
of variance explained by variation of ‘macromorbidity index’ where the total number of pathologies 
detected per individual was divided by 3, thus making the accumulation of pathologies equal to the 
value of presence of cancer for (A) general BCR spleen metrics, and (B) general BCR ileum metrics. 
(C) Percentage of variance explained by standard ‘macromorbidity index’ for isotype-specific BCR ileum 
metrics. Coloured bars are spearman p-value < 0.05. 
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5. Appendix: Primers used for BCR Sequencing  

5.1. Isotype-specific primers 
 

Sequence Target isotype Source 

CCAGGTCACATTCATCGTG 
 

mIGA_r1 
 

(Turchaninova et al. 2016) 

GCCATTTCTCATTTCAGAGG 
 

mIGD_r1 
 

(Turchaninova et al. 2016) 

GTTCACAGTGCTCATGTTC 
 

mIGE_r1 
 

(Turchaninova et al. 2016) 

GTACAGTCACCAAGCTGCT 
 

mIGG3_r1 
 

(Turchaninova et al. 2016) 

KKACAGTCACTGAGCTGCT 
 

mIGG12_r1 
 

(Turchaninova et al. 2016) 

CTGGATGACTTCAGTGTTGT mIGM_r1 
 

(Turchaninova et al. 2016) 

 

5.2. Template switch adaptor oligo 
 

Sequence Oligo Source 

AAGCAGUGGTAUCAACGCAGAGUNNNNUNNNNUNNN
NUCTTrGrGrGrG 

 

SmartNNNa 
 
(Turchaninova et al. 2016) 

 

5.3. First PCR primers 
 
 

Sequence Target isotype Source 

AAGCAGTGGTATCAACGCA 
 

M1SS (mix) 
 
 

(Turchaninova et al. 2016) 

ATTGGGCAGCCCTGATTTCAGTGGG
TAGATGGTG 
 

mIGA_r2 
 

(Turchaninova et al. 2016) 
 
 

ATTGGGCAGCCCTGATTCTCTGAGA
GGAGGAAC 
 

mIGD_r2 (Turchaninova et al. 2016) 
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ATTGGGCAGCCCTGATTAAGGGGTA
GAGCTGAG 
 

mIGE_r2 
 
 

(Turchaninova et al. 2016) 
 

ATTGGGCAGCCCTGATTAAGGGATA
GACAGATG 
 

mIGG3_r2 
 

(Turchaninova et al. 2016) 

ATTGGGCAGCCCTGATTAGTGGATA
GACMGATG 
 

mIGG12_r2 
 

(Turchaninova et al. 2016) 
 

ATTGGGCAGCCCTGATTGGGGGAAG
ACATTTGG 
 

mIGM_r2 
 
 

(Turchaninova et al. 2016) 

 

5.4. Second PCR primers 
 

Sequence Primer name Source 

(N)4–6(XXXXX)CAGTGGTATCAACGCAGAG 

 

 
M1S 
 
 
 

 
(Turchaninova et al. 2016) 

(N)4-6(XXXXX)ATTGGGCAGCCCTGATT 

 

 
Z 
 

 
(Turchaninova et al. 2016) 
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