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Abstract

In mammals, the most remarkable T cell variations with aging
are the shrinking of the naive T cell pool and the enlargement
of the memory T cell pool, which are partially caused by thymic
involution. However, the mechanism underlying the relationship
between T-cell changes and aging remains unclear. In this study,
we find that T-cell-specific Ripl KO mice show similar age-
related T cell changes and exhibit signs of accelerated aging-like
phenotypes, including inflammation, multiple age-related dis-
eases, and a shorter lifespan. Mechanistically, Rip1-deficient
T cells undergo excessive apoptosis and promote chronic inflam-
mation. Consistent with this, blocking apoptosis by co-deletion
of Fadd in Ripl-deficient T cells significantly rescues lympho-
penia, the imbalance between naive and memory T cells, and
aging-like phenotypes, and prolongs life span in T-cell-specific
Ripl KO mice. These results suggest that the reduction and
hyperactivation of T cells can have a significant impact on
organismal health and lifespan, underscoring the importance of
maintaining T cell homeostasis for healthy aging and prevention
or treatment of age-related diseases.
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Introduction

Aging is characterized by a gradual decline in the physiological and
functional capacities of tissues and organs, resulting in multimor-
bidity and mortality (Kubben & Misteli, 2017). Aging is a major risk
factor for the development of many chronic diseases, including can-
cer, cardiovascular disease, neurodegeneration, and infectious dis-
eases (Cai et al, 2022). Research has shown that aging disrupts
immune function over time, making individuals more susceptible
to various diseases (Goldberg & Dixit, 2015). Accumulating evi-
dence has shown that changes in the immune system contribute to
the onset of aging and accelerate the aging process (Mogilenko
et al, 2022). Thus, the relationship between aging and the immune
system is highly complex and intricate, and much is not fully
understood.

The role of the innate immune system in age-related health prob-
lems has been studied extensively (Mogilenko et al, 2022). Recent
studies have revealed the active involvement of the adaptive
immune system in such processes, focusing on T cells (Goronzy &
Weyand, 2019). Exhausted T cells have been found to produce high
levels of granzyme K, exacerbating inflammation, suggesting that
different subsets of age-related T cells may promote tissue damage
(Mogilenko et al, 2021). External factors such as chronic viral infec-
tions can accelerate the accumulation of age-related T cells (Covre
et al, 2020). Additionally, T cell-specific deletion of the mitochon-
drial transcription factor A (TFAM) not only causes immunometa-
bolic dysfunction that drives T cell senescence but also leads to a
general decline in overall health and the emergence of multiple
aging-related features (Desdin-Mico et al, 2020), highlighting the
crucial role of T cell aging in overall deterioration.
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It is now well recognized that multiple age-related biological
changes can lead to defective T cell responses, but the mechanisms
by which these changes affect T cells are not yet clear (Goronzy &
Weyand, 2019). One of the most striking features of aging is thymic
involution, in which the thymus degenerates over time and reduces
the replenishment of naive T cell pools necessary for
protective immunity (Palmer et al, 2018; Thomas et al, 2020; Elyahu
& Monsonego, 2021; Spadaro et al, 2022). Impaired naive T cell out-
put disrupts the composition of peripheral T cells, resulting in the
compensatory expansion of pre-existing T cell clones and hyperacti-
vation. These adaptations lead to decreased TCR diversity, impaired
TCR responses, and an altered distribution of T cell subsets (Zhang
et al, 2021). Such cellular changes and clonal expansion may con-
tribute to the loss of immune response to diverse antigens in
older adults. However, the mechanism underlying the relationship
between these T-cell changes and mammalian aging remains
unclear.

Receptor-interacting protein kinase 1 (RIPK1 or RIP1) plays a
crucial role in regulating cell survival, inflammation, apoptosis, and
necroptosis (Ofengeim & Yuan, 2013). Previous research has shown
that RipI-deficient mice die at birth because of systemic inflamma-
tion, which can be prevented by blocking both FADD/caspase-8-
dependent apoptosis and RIP3/MLKL-dependent necroptosis (Dillon
et al, 2014; Rickard et al, 2014). Patients with RIP1 deficiency expe-
rience recurrent infections, early-onset inflammatory bowel disease,
and progressive polyarthritis (Delphine et al, 2018; Li et al, 2018;
Uchiyama et al, 2019). More importantly, they exhibit T-
lymphopenia, which is consistent with the phenotype of mice with a
T cell-specific deletion of RipI, due to excessive apoptosis (Dowling
et al, 2016). However, it is still unknown whether pronounced T-
lymphopenia and hyperactivation in T-cell-specific Rip1-KO mice
can cause aging-related diseases or premature death.

In this study, we observed that mice lacking Ripl in T cells
(Rip1™"Cd4°™ mice, called Rip1"© hereafter) showed signs of accel-
erated aging-like phenotypes along with premature death. Mecha-
nistically, T cells with Ripl deficiency undergo excessive apoptosis,
leading to T-lymphopenia, and increased levels of inflammation,
eventually resulting in a shorter lifespan. Importantly, blocking
necroptosis had little effect on the T cell compartment, multimor-
bidity and premature aging observed in RipI™© mice. In contrast,
blocking apoptosis by deleting Fadd in RipI-deficient T cells signifi-
cantly reversed T-lymphopenia, restored the balance between naive
and memory T cells, rescued aging-like phenotypes, and prolonged

Figure 1. Disrupted peripheral T cell population homeostasis in Rip1™©°
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the lifespan. These results suggest that the apoptosis of RipI-
deficient T cells plays a critical role in driving aging. Therefore, inhi-
biting T-cell apoptosis could be a novel approach for treating aging
and age-related diseases.

Results
Disrupted peripheral T cell population homeostasis in Rip1*<°
mice resembles that in aged mice

In accordance with the dynamic changes in T cells in aged humans
(Zheng et al, 2020; Huang et al, 2021; Luo et al, 2022), aged mice
(32 months old) experienced lymphopenia with a decrease in T
cells, particularly a 6% decrease in CD4" T cells and a 4% decrease
in CD8" T cells in the spleen, compared to young mice (3 months
old) (Fig 1A, and Appendix Fig S1A and B). This decrease was par-
ticularly notable for CD4" and CD8" naive T cells, whereas memory
T cells (CD44™8") were predominant in the aged group (Fig 1B and
Appendix Fig S1C). Additionally, aged CD4" T cells differentiated
into T helper 1 (TH1) and regulatory T (Treg) subtypes as the
expression of the master regulators T-bet and Foxp3 increased
(Fig 1C and D, and Appendix Fig S1D and E). Furthermore, there
was a significantly higher proportion of Gr1"CD11b" cells (Fig 1E
and Appendix Fig S1F) and noticeable thymic involution (Fig 1F) in
aged mice. Thus, the immune system, particularly T cells, seems to
play a vital role in healthy aging (Yousefzadeh et al, 2021; Han
et al, 2023). Under certain circumstances, T cells contribute to age-
related diseases through the secretion of proinflammatory cytokines
or the release of cytotoxic granules (Carrasco et al, 2021), which
suggests that T cell hyperactivation may accelerate the aging process
and age-related diseases by promoting inflammaging, the chronic
state of low-grade inflammation.

Given the key role of RIP1 in cell death and survival, a previous
study reported that the T cell-specific deletion of Rip1 in mice led to
a noticeable decrease in the peripheral T cell phenotype (Dowling
et al, 2016; Webb et al, 2019). This observation prompted us to
investigate whether mice lacking RIP1 in T cells could simulate simi-
lar changes in T cell reduction observed in aged mice, to study the
relationship between T cell changes and individual aging. To test
this hypothesis, we generated mice with a conditional knockout of
Ripl in T cells by crossing RipI™" mice with Cd4-Cre transgenic
mice expressing Cre recombinase under the control of the Cd4

mice resembles aged mice.

A-D Flow cytometric quantification of splenic CD4" and CD8" T cells (A), and Tpaive (CD44CD62L"), and TCM (CD44CD62L"), TEM (CD44'CD62L™) cells (B). Percentage
of splenic CD4™ T cells positive for Th1 cell transcription factor T-bet (C) and Treg cell transcription factor Foxp3 (D). Mice were 3- and 32-month-old (n = 7 biologi-
cal replicates, 3-month-old; n = 7 or 8 biological replicates, 32-month-old, all male, housed in the SPF condition).

O m m

different ages.

Percentage of Grl"CD11b" cells in the spleen (3-month-old, n = 7 biological replicates, 32-month-old, n = 8 biological replicates).
Thymus weights of 3- and 32-month-old mice (3-month-old, n = 7 biological replicates, 32-month-old, n = 8 biological replicates).
H Flow cytometric quantification of splenic CD4" and CD8" T cells (G, n = 4—7 biological replicates), Thaive, TCM, and TEM (H, n = 3-5 biological replicates) of mice at

Percentages of Foxp3—positive cells in total mouse splenic CD4" T cells at the ages indicated (n = 3-6 biological replicates).

J Representative photographs showing thymic sizes of Rip1™" and Rip1™© mice at 6- and 12-month age (left). The graph (right) shows the thymus weight of Rip1™""

and Rip1"©

mice at 3, 6 and 12 months of age (n = 3-6 biological replicates).

Data information: Data are represented as mean =+ SD. Dots in all graphs represent individual sample data. P values were calculated in (A-F) using a two-tailed unpaired

Student’s t-test, and in (G-J) using two-way ANOVA.
Source data are available online for this figure.
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promoter (Dowling et al, 2016). Since Cd4-Cre is expressed during
the double-positive period in the thymus, Ripl was deleted in all T
cells (Fig EV1A). Flow cytometric analysis revealed that RipI™*©
mice had significantly fewer mature T cells (both CD4" and CD8") in
the spleen than age-matched control mice, regardless of age
(Figs 1G and EV1B). Naive T cells in Rip1™° mice were notably
reduced at a young age and nearly disappeared by 12 months of
age, whereas the population of memory and effector T cells
increased (Figs 1H and EV1C). Similar to aged WT mice, the per-
centage of Treg cells was higher in RipI™° mice spleen than in age-
matched control mice (Figs 1I and EV1D). Upon further analysis at
different ages, we observed severe thymic involution (Figs 1J and
EV1E), which is closely associated with advanced age.

To confirm the changes in the T cell pool observed in Rip1°
mice, we crossed RipI1™° mice with Rosa26“A¢10xp-STOP-loxp-tdTomato
(R26'T°ma%)  mice to generate T cell tracing mice
(Rip1*OR26'4Tomato) “in which all Cd4-Cre-expressing cells and their
descendants were constitutively labeled with tomato fluorescence.
We also observed that the number of T cells dramatically decreased
in solid organs, including the Kkidney, liver, and heart of
Rip1¥OR26Tomato mice (Fig EV1F and Appendix Fig $2). These data
demonstrate that RIP1 is critical for maintaining peripheral T cell
homeostasis. The reduction in T cells and the overactivation state in
RipI’KO mice resemble the T cell status of aged individuals, which
prompted us to further investigate whether RipI-deficient T cells
could accelerate the aging process.

Rip1™©° mice display aggravated premature aging phenotypes
and shortened lifespan

Consistent with a previous report (Dowling et al, 2016), Ripl*©
mice appeared healthy and were indistinguishable from Rip1Vht
mice until adulthood. However, we observed physical deterioration
in Ripl™© mice at approximately 6 months of age. Hindlimb
clasping was first observed when Rip1™®® mice reached 6 months of

Lingxia Wang et al

age and it became more severe over time, accompanied by other
macroscopic changes such as hypotrichosis and graying of the fur
(Fig 2A). Both male and female Rip1™® mice exhibited lower body
weights (Fig 2B and C). We observed a higher incidence of kyphosis
in Rip1™®° mice (Fig 2D), which is an important indicator of aging.

To assess the overall fitness of the animals, we evaluated their
voluntary movements, coordination, muscle strength, and motor
function. Notably, Rip1™® mice showed higher clasping scores,
poorer performance in the rotarod test, less movement in the open
field test, decreased grip strength, worse coordination in the hang-
wire test, and a shortened lifespan than age-matched control mice
(Figs 2E-J, and EV2A and B). Our observations suggest that Rip1<°
mice exhibit premature aging phenotypes.

To further evaluate the potential of Rip1™° mice as age-related
disorder models, we comprehensively examined their skeleton,
muscle function, and lipid metabolism. We performed microcom-
puted tomography (micro-CT) scans of the tibia and femur of 12-
month-old RipI1™© mice and age-matched control mice. Our analysis
of the three-dimensional structural data indicated that Rip1%©
developed osteoporosis, which was characterized by a loss of bone
value in both the tibia and femur, a decrease in the number (Th.N)
and thickness (Th.Th) of bone trabeculae, and an increase in the
trabecular space (Th.Sp) compared to control mice (Figs 2K, and
EV2C and D). Additionally, histological analyses revealed a reduc-
tion in the mean fiber area of muscle tissue in RipI1*“® mice com-
pared to that in the control mice (Fig 2L). Another age-related
pathology observed was the thinning of the epidermis. The loss of
subcutaneous fat in Rip1™® mice resulted in significantly reduced
skin thickness compared to that in control mice (Fig 2M). Rip1*©
mice also had smaller adipocytes, as shown by histological analyses
(Fig 2N) and loss of body fat mass, as measured by magnetic reso-
nance imaging (MRI) (Fig EV2E). In summary, our findings suggest
that RipI-deficient T cells cause osteoporosis, sarcopenia and lipoly-
sis, resulting in premature aging and the progression of age-
associated disorders.

mice

Figure 2. RipI®™ mice develop premature aging phenotypes and age-related multi disfunctions.

A Representative photograph of 12-month-old female Riplﬁ/ﬁ and Rip1*©

mice.

B Body weight evolution in male Rip1™" and Rip1*© mice (n = 10-15 biological replicates).
C  Body weight evolution in female RipZ™" and Rip1*° mice (n = 10-15 biological replicates).
D  Quantification of spine curvature by micro-computed tomography (CT) scans (left) and percentage of mice presenting lordokyphosis (right) in 12-month-old Rip1™f

ltKO

and Rip mice (n = 10-11 biological replicates).

E  Example of hindlimb clasping phenotype in 12-month-old Riplﬂ/ﬂ and Rip1™© mice (left) and hindlimb clasping score (right; n = 10-19 biological replicates) in 20-s
test at the indicated age. Boxplots depict the median and interquartile range, with whiskers extending to the maximum and minimum of the data. + denotes the

mean.

F Rotarod performance of 12-month-old Riplﬂ/ﬂ and Rip1™©° mice, expressed as the average time spent on the rotating rod in four combined trials (n = 4-5 biological

replicates).

G-I Total travel distance in the open field test (G), grip strength (H), and hanging endurance (1) of 12-month-old Rip2™ and Rip1™° mice (n = 4-9 biological replicates).
J

Kaplan—Meier survival curves for Rip1™" and Rip1%©

mice (n = 17-23 biological replicates, including males and females).

K Representative micro-CT 3D reconstructed images (left; scale bar, 1 mm) and quantification of the femur trabecular bone volume fraction (BV/TV) (right) in 12-

ltKO

month-old male Rip7™ and Rip1° mice (n = 6-8 biological replicates).

L Representative hematoxylin and eosin (H&E)-stained sections of the tibia anterior muscle (left; scale bar, 100 pm) and quantification of mean myofiber cross-

sectional area (right; n = 5-6 biological replicates; 10-month-old mice).

M Representative skin sections stained with Masson’s trichrome (left; scale bar, 100 um) and quantification of hypodermal fat thickness (right). Graph shows the

mean values of five mice at 12 months of age.

N Representative H&E-stained sections of gWAT (left; scale bar, 100 um) and quantification of mean estimated adipocyte surface area (right; n = 4 biological

replicates).

Data information: Data are represented as mean + SD. Dots in all graphs represent individual sample data. P values were calculated in (F), (G-I), and (K-N) using a two-
tailed unpaired Student’s t-test, in (B), (C), and (E) using two-way ANOVA, in () using the log-rank test.

Source data are available online for this figure.
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Rip1™© mice exhibit enhanced inflammation and
senescence markers

Age-related disorders are characterized by chronic and progressive
low-grade inflammation (Bernal et al, 2014; Jurk et al, 2014; Lopez-
Otin et al, 2022). To investigate the mechanisms underlying multi-
morbidity and frailty in Rip1™© mice, we performed primary T-cell
transcriptomics. The results of gene-ontology (GO) analysis showed
that the upregulated differentially expressed genes in RipI-deficient
T cells were mainly enriched in inflammation and immune cell acti-
vation, such as activation of myeloid leukocytes and the interleukin-
18 signaling pathway (Fig EV3A). Additionally, RipI-deficient
T cells exhibited inflammatory, cytotoxic, and activation-related
transcriptomic features, including elevated expression levels of Iir1,
Il1b, Gzmb, and Klrgl (Fig EV3B). We also observed higher levels of
circulating chemokines and cytokines (Fig 3A), and an increased
proportion of Gr1*CD11b" cells in the spleens (Fig 3B) of 12-month-
old Rip1™® mice than in age-matched control mice, indicating the
presence of circulating inflammation. The Rip1® mice showed
comparable serum antinuclear antibodies (ANAs) (Fig EV3C). Addi-
tionally, Ripl-deficient T cells secreted higher levels of the inflam-
matory cytokines IL-17A and interferon-y (IFN-y) as well as the
transcription factors T-bet and RORyt (Fig 3C and D, and Appendix
Fig S3A and B) in CD4" subset and higher IFN-y in CD8" T cells
(Fig 3E and Appendix Fig S3A). These results demonstrate that
Rip1-deficient T cells lead to inflammation through vigorous inflam-
matory cytokine production.

Given that T cells may induce senescence through pro-
inflammatory cytokines (Braumuller et al, 2013; Carrasco
et al, 2021), we tested whether plasma pro-inflammatory cyto-
kines in Rip1™° mice could directly induce cellular senescence.
We cultured non-senescent primary mouse dermal fibroblasts
(MDFs) using medium mixed with 5% mouse plasma from 12-
month-old mice. Compared with plasma from age-matched control
mice, plasma from RipI®® mice stimulated MDFs showed
increased expression of the senescence marker P53 and p21Wa¥/cipl
(Fig 3F). Additionally, Rip1™© mice showed elevated protein levels
of senescence markers in the hearts, lungs, kidneys, livers, gonadal
white adipose tissue (GAT), and intestines (Figs 3G and EV3D).
We also detected an senescence-associated f-
galactosidase activity, a common biomarker for senescent cells in
tissues and in culture (Dimri et al, 1995), in the kidney, lung, and
liver of Rip1™®© mice (Fig EV3E). These results suggested that RipI-

increase in
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deficient T cells drive systemic senescence by promoting chronic
inflammation.

FADD-mediated apoptosis plays a crucial role in maintaining
T cell homeostasis in Rip1™° mice

Since RIP1 serves as a key upstream regulator of necroptosis, apo-
ptosis, and inflammation, and its death pattern is cell type-specific
(Dannappel et al, 2014; Roderick et al, 2014; Lin et al, 2016; Newton
et al, 2016; O’Donnell et al, 2018; Xu et al, 2018), we aimed to
uncover the downstream effectors responsible for the observed
lymphopenia and T cell hyperactivation in RipI1*® mice. Given that
RIP1 blocks both FADD/caspase-8-dependent apoptosis and RIP3/
MLKL-dependent necroptosis during development (Dillon et al,
2014; Rickard et al, 2014), we crossed RipI1*© mice with Rip3~/~
(He et al, 2009), Mikl™/~ (Sun et al, 2012), and Fadd /" Fadd:GFP"
(Chinnaiyan et al, 1995; Zhang et al, 2005) mice. The results
showed that the absence of either Rip3 or Mlkl had no impact on
the reduced ratio or heightened T cell activation in the spleen of
Rip]tKO mice (Fig EV4A and B). Furthermore, hind limb clasping,
thinning of the back skin (Fig EV4C), and shortened lifespan
(Fig EV4D) remained unchanged in these mice, indicating that
necroptosis is not involved in RIP1-regulated T cell homeostasis or
age-related disorders in Rip1*“° mice.

In contrast, eight-week-old Riplﬂ/ "Fadd =/~ Fadd:GFP"Cd4“™ mice
(hereafter referred to as Ripl™Fadd™®) showed a significantly
recovered percentage of T cells in the spleen compared to Rip1*©
mice (Figs EV4A and EV5A), indicating the dominant role of apopto-
sis in T cell homeostasis. Additionally, we conducted T cell tran-
scriptomics and observed that T cells sorted from RipI*© mice
showed significantly upregulated genes associated with apoptosis
(Fig 4A), confirmed by western blot analysis, which revealed an
increase in cleaved caspase-3 expression levels in both CD4" and
CD8" T cells from Rip1™© mice compared to those in control mice
(Fig 4B). The proportions of CD4" and CD8" T cells in the spleen
were significantly restored in Rip1™®°Fadd™° mice of different ages
(Fig 4C). Importantly, in RipI*°Fadd™® mice, the naive T cell pool
was nearly completely recovered, and the memory population
shrank to a level comparable to that in control mice (Fig 4D). Fur-
thermore, fewer Gr1*CD11b" cells, Th1/Th17 T cell skewing, and
Treg cell percentages were observed in the spleens of
RipI1"9Fadd™® mice (Figs 4E-G and EV5B) compared to those in
RipI1™© mice, implying alleviated inflammation in Rip1*CFadd™®

Figure 3. Rip1™° mice exhibit enhanced inflammation and senescence markers.

A Serum levels of inflammatory cytokines and chemokines detected using a multiplex assay in 12-month-old Rip7™ and Rip

1%C mice (n = 6 biological replicates).

B Percentage of Gr1"CD11b" cells in the spleen of Riplﬂ/ﬂ and Rip1™© mice at the indicated ages (n = 4-5 biological replicates).

C—E Flow cytometric quantification of splenic CD4" T cells staining positive for intracellular IL-17A and IFNy (C), Th1 cell transcription factor T-bet, Th17 cell transcrip-
tion factor RORyt, and Th2 cell transcription factor GATA3 (D), CD8" IFN-y" T cells (E) (n = 5-9 biological replicates).

F Representative immunoblot (left) and densitometric analysis (right; n = 7-9 biological replicates) of P53 and P21 expression in primary WT mouse dermal
fibroblasts (MDFs) cultured for 3 and 7 days in the presence of 12-month-old RipZ™ or Rip1*° mice serum. GAPDH was used as a loading control. Each lane repre-

sents the serum of independent mice used in the experiment.

G Representative immunoblot and quantification of P53, P21, and P16 protein expression in the lung (n = 6-8 biological replicates), kidney (n = 8 biological

replicates), and liver (n = 8 biological replicates) from 12-month-old Riplﬂ/ﬂ and Rip

resent individual sample data.

1%9 mice. Loading controls were B-actin and GAPDH. The dots in all panels rep-

Data information: Data are represented as mean =+ SD. Dots in all graphs represent individual sample data. P values were calculated in (A) and (C-C) using a two-tailed

unpaired Student’s t-test, and in (B) using two-way ANOVA.
Source data are available online for this figure.
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Figure 4. Blocking apoptosis in great part rescues peripheral T cell homeostasis in Rip1*° mice.

A Heatmap depicting the apoptosis-related genes upregulated in Rip1l-deficient CD4* and CD8" T cells (n = 2 biological replicates).
B Representative immunoblot of apoptosis marker in CD4* and CD8" T cells sorted from 2-month-old mice (+/+ represents T cells isolated from Rip1™" mice and —/—

from Rip1™©. Cl-caspase-3: cleaved-caspase-3).

C, D Flow cytometry quantification of splenic CD4" and CD8" T cells (C, n = 3—7 biological replicates), Tnaives TCM, and TEM (D, n = 3-7 biological replicates) of Rip1™",

Rip1™©, and Rip1*“Fadd™° mice at the indicated age.

E Percentage of Gr1*CD11b" cells in the spleen of mice at the indicated age (n = 3-5 biological replicates).
F,G Percentage of splenic CD4" T cells positive for T-bet (F) and Foxp3 (G) (n = 6-8 biological replicates).

Data information: Data are represented as mean + SD. Dots in all graphs represent individual sample data. P values were calculated in (C-E) using two-way ANOVA, and

in (F, G) using one-way ANOVA.
Source data are available online for this figure.

mice. These results suggest that Ripl-deficient T cells died in an
autonomous manner of apoptosis, which formed feedback loops,
leading to T cell overactivation, which was restored by Fadd dele-
tion in T cells. Thus, maintaining T-cell homeostasis may be a criti-
cal element sustaining healthy physical conditions.

Blocking T cell apoptosis rescues premature aging and
multimorbidity in Rip1™° mice

Next, we examined the impact of deficiency of Fadd in T cells on
premature aging and multimorbidity in RipI™© mice. Our results
showed that RipI"®°Fadd™® mice had a longer lifespan (Fig 5A)
with normal body weight gain (Fig EV5C) and ameliorated thymic
involution (Fig 5B) than Rip]tKO mice. Additionally, age-related
disorders such as hindlimb clasping (Fig 5C), sarcopenia
(Fig SD), skin thinning (Fig SE), osteoporosis (Figs SF, and EVSD
and E), and excessive lipolysis (Fig 5G), which were present in
Rip1™© mice, were fully prevented in Ripl*Fadd™® mice. Fur-
thermore, blocking FADD-mediated apoptosis in T cells improved
the physical quality of RipI mice, as assessed by hanging
endurance (Fig SH), rotarod performance (Figs 51 and EVSF),
and movement in an open field test (Fig EV5G). Finally, blocking
T-cell apoptosis prevented multiple instances of tissue senescence
in RipI1"™© mice (Figs 5J, and EVSH and I). These findings suggest
that maintaining T cell homeostasis by blocking apoptosis in
Rip1™© mice can prevent premature aging and multimorbidity
syndromes.

Discussion

In this report, we demonstrate that T-cell-specific Ripl deficiency
mice experience age-related multimorbidity, including hair loss,
hindlimb clasping, kyphosis, reduced motor coordination, osteopo-
rosis, sarcopenia, abnormal fat metabolism, and ultimately prema-
ture death. Blocking necroptosis by crossing Rip3~/~ or Mikl~/~
with RipI1™© mice had no effect on the aging phenotypes, whereas
blocking apoptosis by deleting Fadd in T cells restored the balance
between naive and memory T cells and rescued aging-related phe-
notypes, ultimately extending the lifespan of Ripl™®° mice. Our
results suggest that T-cell apoptosis of is a driving factor in the aging
process, and we propose that inhibiting T-cell apoptosis has the
potential to offer new therapies for aging and age-related diseases.
In recent years, there has been an explosion of research explor-
ing the mechanisms underlying aging. In this study, we showed that
T cell pool shrinkage and overactivation can induce premature aging
and age-related multimorbidity, which is mediated by inflammation
in Rip1™®© mice. Moreover, Ripl-deficient T cells had a higher pro-
portion of cells undergoing the cell cycle and acquiring a highly dif-
ferentiated and cytotoxic phenotype (Fig EV3B). Consistent with
this, HIV-infected patients suffer owing to the death of CD4" T cells
(Doitsh et al, 2014) and subsequent chronic diseases, which resem-
ble some aspects of immune senescence and premature aging (Gross
et al, 2016; Esteban-Cantos et al, 2021; Breen et al, 2022). Our find-
ings emphasize the crucial role of maintaining a normal T cell bal-
ance in preventing premature aging and provide a potential

Figure 5. RipI1™°Fadd™® mice show lower rates of age-related disorders and counteract accelerated aging process.

A Kaplan—Meier survival curves for Rip1™*° and Rip1"*°Fadd®™*® mice (n = 22-29 biological replicates, including males and females).

B Thymus photograph of Rip1™, Rip1*©, and Rip1*°Fadd™° mice at the age of 12-month (left) and weights at 3, 6, and 12 months of age (n = 3-7 biological replicates).

C Hindlimb clasping phenotype in 12-month-old mice (left) and hindlimb clasping scores (right; n = 10-29 biological replicates) in 20-s test at the indicated age.
Boxplots depict the median and interquartile range, with whiskers extending to the maximum and minimum of the data. + denotes the mean.

D Representative images of H&E-stained tibia anterior muscle from 12-month-old mice (left; scale bar, 100 pm) and quantification of mean myofiber cross-sectional

area (right; n = 3-6 biological replicates).

E Representative H&E-stained skin sections (left; scale bar, 100 um) and quantification of hypodermal fat thickness (right) (n = 3 biological replicates; 12-month—old

mice).

=

(n = 5-6 biological replicates).

Representative micro-CT 3D reconstructed images (left; scale bar, 1 mm) and quantification of the femur trabecular index BV/TV (right) in 12-month-old males

Percentage of adipose tissue determined by quantitative magnetic resonance imaging in mice at 30 and 50-week-old age (n = 6-8 biological replicates).

Rotarod performance by 12-month-old mice (n = 6-10 biological replicates).

G
H Hanging endurance of 12-month-old female mice (n = 7-10 biological replicates).
|
J

Immunoblot of P53, P21, and P16 protein expression in the kidney, lungs, and liver of 12-month-old mice. Each lane represents individual sample data.

Data information: Data are represented as mean =+ SD. Dots in all graphs represent individual sample data. P values were calculated in (A) using the log-rank test, in (C)

and (G) using two-way ANOVA, and in (D-F) and (H, I) using one-way ANOVA.
Source data are available online for this figure.
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explanation for the many premature aging phenotypes observed in
diseases such as AIDS, which are characterized by a decrease in
T lymphocytes.

A previous study (Gupta et al, 2018) and our data, as shown
in Appendix Fig S4A and B, indicate that the expression of RIP1 in
T cells is significantly lower in aged individuals than in young indi-
viduals, whereas RIP1 downstream molecules associated with apo-
ptosis, cleaved caspase-3 for instance, are increased. T-cells are
constantly exposed to diverse antigens and undergo continuous
cycles of clonal expansion, death, and memory subtypes survival
(Goronzy & Weyand, 2019). However, the exact roles of RIPI-
regulated pathways in these processes remain unclear. We hypothe-
sized that RIP1 plays a pro-survival role at certain stages of the
T cell journey, while cell death serves as a checkpoint to control
clonal expansion and to terminate uncontrolled responses. This may
explain why the loss of RIP1 expression in T cells contributes to
accelerated aging. Additionally, IL-7/IL-7R signaling is crucial for
the homeostatic proliferation and survival of naive T cells (Maras-
kovsky et al, 1996; Tan et al, 2001), and the expression of IL-7R is
impaired in peripheral T cells in RipI*© mice (Webb et al, 2019).
Whether IL-7R expression would be restored in Rip1*°Fadd™® mice
remains exclusive. We thus measured IL-7R in Rip1*CFadd™®° mice.
Our data showed that IL-7R expression was partially restored in
CD4" T cells of Rip1**°Fadd™® mice but not CD8" T cells compared
to Rip1"™© mice (Appendix Fig S5A). These findings further support
the hypothesis that RIP1 expression is necessary for the survival of
peripheral T cells. Therefore, it is necessary to clarify the dynamic
nature of RIP1 in T cells during aging, which will help guide the
maintenance of individual health by regulating T cell survival.

Deletion of Fadd has a significant effect on the restoration of the
T cell compartment in RipI™° mice. Interestingly, Rip1*CFadd™®
double knock-out mice appeared healthier than control mice,
suggesting that there may be a minimum number of T cells required
to maintain physiological and functional fitness. Our experiments
revealed that RIP3/MLKL-mediated pathways are not involved in
Ripl knock-out T cells, demonstrating that the primary function of
RIP1 in T cells is to protect against apoptosis. However, the specific
molecular triggers that activate this cell death pathway remain
unknown. Deletion of RipI substantially increases the sensitivity of
thymocytes to TNF-induced death (Dowling et al, 2016), so we
crossed Tnfrl knock-out mice with RipI*®® mice to test whether
disrupting TNFR1-mediated signaling could rescue the peripheral T-
cell defect. However, our results showed that TNFR1-KO had little
recovery effect on T cell quantity (Appendix Fig S6A), suggesting
that either the TNFR2 pathway was still active or that signaling mol-
ecules other than TNFRs were involved.

Our study revealed that Rip1™© mice exhibit signs of accelerated
aging and premature death. By deleting the Fadd gene in Ripl-
deficient T cells, we observed the rescue of aging-related phenotypes
and an extended lifespan. In a parallel investigation, Imanishi
et al (2023) found that Ripl knock-out CD4" T cells showed higher
activation levels of Akt, mTORC1, and ERK, leading to T cell senes-
cence, and these phenotypes of T cell senescence can be restored by
a combined deficiency of Rip3 and Caspase-8. These researchers
concluded that the absence of Ripl triggers the activation of RIP3/
caspase-8 and mTORCI1, contributing to T cell senescence, age-
related diseases, and premature death (Imanishi et al, 2023). How-
ever, our genetic results showed that blocking necroptosis by

© 2023 The Authors
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deleting Rip3 or Mlkl did not improve premature aging or the
multiple diseases observed in Rip1™° mice. In contrast, blocking
apoptosis through deletion of Fadd in T cells was sufficient to
completely rescue aging-related phenotypes and shortened lifespan
of Rip1"© mice. Owing to the pronounced distinctions at the cellular
level that are not directly equivalent to the individual level, a more
comprehensive assessment of the discrepancies between the two
studies and the potential reasons would help guide the field.
Further studies should involve the construction and simultaneous
analysis of various genotypes in muse models, including RIPI™O,
Rip1™©Caspase8™®, Rip1™ORip3™°, and Rip1*°Caspase8 CRip3C.
Analysis of both cellular and individual aging phenotypes, along
with the underlying mechanisms at both the cellular and organismal
levels, is needed. This approach could elucidate why Rip1 deficiency
promotes T cell aging and individual aging, unraveling the mecha-
nistic roles of different death pathways in T cell aging.

The mechanisms underlying the decline in T cells with aging and
their impacts on various organs are not yet fully understood. T cells
are essential for the immune system as they protect the body against
pathogens and malignant cells. However, as the body ages, the
quantity and effectiveness of T cells decrease, resulting in a weak-
ened immune response and increased susceptibility to infections
and diseases (Han et al, 2023). Moreover, studies have indicated
that T cells play a role in regulating oxidative stress, a process by
which harmful byproducts of cellular metabolism can damage cells
and tissues (Carrasco et al, 2021). However, the exact mechanisms
underlying how T cell aging-related changes trigger aging in various
organs and eventually lead to individual death remain unclear.
To gain a better understanding of the complex interactions between
T cells and aging in different organs, the RipI° mouse model,
which is induced by a specific factor that causes T cell decline, can
be used as a valuable tool.

Our findings have established that the decline of T cells in
Rip1™© mice, resembling that of aged wild-type mice, is one of the
reasons for organ and individual aging and premature death. Resto-
ration of the decrease in T cells can restore organ and individual
aging in Rip1"™®° mice. These results suggest that it may be clinically
possible to delay aging or treat age-related diseases by blocking
excessive apoptosis of T cells or by externally supplementing
T cells.

Materials and Methods
Mice

All mice used in this project were maintained in a specific pathogen-
free (SPF) facility. Ripl™" mice were generated by homologous
recombination strategy (Shanghai Model Organisms Center, Inc.). In
Brief, hybrid mouse ES cells were electroporated with a targeting
vector containing floxed exon 3. The ES cells were selected by G418
and ganciclovir and screened for homologous recombination by
PCR. Positive clones were then injected into C57BL/6 blastocysts,
which were implanted into the uterus of pseudopregnant females to
generate chimeras. These chimeras were then backcrossed with
C57BL/6J mice for at least 10 generations to generate Rip1™" mice.
Cd4-Cre transgene mice were kindly provided by Professor Zichun
Hua (Nanjing University). Rosq26CA¢10xpSTOPloxp-tdTomato mice were
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obtained from Shanghai Model Organisms Center, Inc. Rip3~/~,
Mikl~'~ and Fadd~/~Fadd:GFP" and Tnfr1~/~ mice lines have been
previously described (Fan et al, 2016; Zhang et al, 2016, 2019). All
animal experiments were conducted in accordance with the guide-
lines of the Institutional Animal Care and Use Committee of the
Institute of Nutrition and Health, Shanghai Institutes for Biological
Sciences, University of Chinese Academy of Sciences.

Reagents and antibodies

Antibodies used for western blotting listed as following: RIP1 (Cell
Signaling Technology, 3493P), Cleaved caspase-3 (Cell Signaling
Technology, 9661), FADD (Abcam, 124812), P53 (Cell Signaling
Technology, 2524T), P21Wal/CIPl (BD Biosciences, 556431), P16K4?
(Abcam, 211542), GAPDH (Sigma, G9545), B-actin (Sigma, A3854),
Caspase-8 (ENZO, ALX-804-447-C100), RIP3 (ProSci, 2283).

Flow cytometry

Flow cytometric analysis was performed on Beckman CytoFlex S
and data were analyzed with CytoExpert. After obtaining single cell
suspensions, red blood cells were removed by incubation with a
lysis buffer. For intracellular staining, Foxp3/Transcription Factor
Staining Buffer Set (eBioscience, 00-5523-00) was used. For cytokine
analysis, T cells were stimulated with PMA (Sigma, P1585) and
ionomycin (Sigma, 13909) for 4 h followed brefeldin A stimulation
for another 2 h. All the samples in the same experiments and com-
parisons were gated under the same parameters.

Sorting of T cells were performed on the Beckman Moflo Astrios
sorter. Mouse total primary T cells were isolated from the spleen and
peripheral lymph nodes of mice by EasySep Mouse T Cell Isolation
(Stemcell, 19851) and then were further sorted by flow cytometric
cell sorting based on CD3°CD4" and CD3CD8" surface markers. The
purified cells were used according to experimental design.

The following antibodies were used: against mouse CD45 (BD,
553080), CD3e (eBioscience, 25-0031-82; BD, 553061), CD4
(eBioscience, 47-0042-82), CD8e (Biolegend, 100732 and 100738),
B220 (eBioscience, 17-0452-83), Gr-1 (eBioscience, 12-5931-83),
CD11b (eBioscience, 17-0112-83), CD62L (eBioscience, 25-0621-81),
CD44 (eBioscience, 17-0441-81), T-bet (Invitrogen, 25-5825-80),
RORyt (Invitrogen, 12-6988-80), GATA3 (Biolegend, 653805), Foxp3
(eBioscience, 17-0441-81), IFNy (Biolegend, 505825), IL-17A (Biole-
gend, 506919), LIVE/DEAD (Biolegend, 423101), IL-7R (BD, 560733).

Western blot

Cell pellet or tissue were lysed in RIPA lysis buffer containing 1x
proteinase inhibitor cocktail (Roche, 5056489001), 2 mM PMSF and
1 mM DTT. After centrifugation, the protein concentration in the
collected supernatants was determined using a BCA protein assay
kit (Thermo Scientific, 23225). The normalized lysates were subse-
quently denatured in reducing 5x SDS loading sample buffer at
100°C for 5 min.

Micro-CT scanning and magnetic resonance imaging (MRI)

Micro-CT scanning was used for kyphosis and osteoporosis determi-
nation. Angles below 15% of the average controls were classified as
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kyphosis (Desdin-Mico et al, 2020). Mice were deeply sedated using
isoflurane (RWD, R510-22-8) during image acquisition. Regions of
interest (ROI) were drawn for tibia and femur. Body fat content
measurement was assessed by MRI (EchoMRI).

Hindlimb clasping score

For this test, mice were suspended gently by the tail and videotaped
for 10-15 s. Three separate trials were taken for each mouse.
Hindlimb clasping severity was rated from 0 to 4:

0 = hindlimbs splayed outward and away from the abdomen,

1 = one hindlimb retracted inwards towards the abdomen
intermittently,

2 = both hindlimbs partially retracted inwards towards the abdo-
men intermittently,

3 = both hindlimbs continuously retracted inwards towards the
abdomen,

4 =one or both hindlimbs continuously retracted inwards
towards the abdomen plus foot weakness while walking across a
wire cage top.

Scores of 0.5 were utilized when appropriate.

Physical function assessments

For hanging test, mice were placed onto the metal cage top, which
was then inverted and suspended above the home cage, the latency
to when the animal falls is recorded. Practice was performed before
official test for 3 days. This test is performed 3 days per week with
three trials per session. The average performance for each session is
presented as the average of the three trials.

For open field test, mice were placed in the box for 20 min and
total travel distance, the time, and track in center zone or edge zone
were recorded using Cleversys software.

For rotarod test, mice were trained on the rotarod first. On the
test day, mice were placed onto the rotarod, which was started at 4
r/m and accelerated from 4 to 40 r/m during a 5-min test. The
latency to when the animal falls from rotarod is recorded. Results
averaged from four trails over a 30-min interval.

For grip strength (g) test, a Grip Strength Meter (Columbus
Instruments) was used, with results averaged over 15 trials. To mea-
sure grip strength, the mouse is swung gently by the tail so that its
forelimbs contact the bar. The mouse instinctively grips the bar and
is pulled horizontally backwards, exerting tension. When the ten-
sion becomes too great, the mouse releases the bar.

SA-B-galactosidase assay

SA-B-gal staining was performed using kits from Beyotime (C0602)
and Cell Signaling Technology (9860S), according to the manufac-
turer’s instructions. Briefly, OCT-embedded tissue sections on glass
coverslips were washed in PBS, fixed and washed, then incubated
with SA-B-Gal staining solution overnight at 37°C following the
manufacturer’s instructions. After completion of SA-B-Gal staining,
sections were stained with nuclear fast red (Servicebio, G1035) for
5-10 min at room temperature, rinsed under running water
for 1 min. Sections were dehydrated in increasing concentrations of
alcohol (70-80-95-100-100%) and cleared in xylene twice. After
drying, samples were examined under a bright-field microscope.
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MDF culture

Primary mouse dermal fibroblasts (MDFs) were separated from the
skin of newborn mice. For senescence induction by mouse serum,
MDFs were cultured in Opti-MEM medium (Gibco, 31985070) with
5% serum from 12-month-old RipI™" and Rip1*© mice, 1% penicil-
lin, and 100 pg/ml streptomycin for 3 or 7 days, then cell lysis was
collected for further analysis.

ELISA and Luminex detection of proinflammatory cytokines and
chemokines

Serum cytokines and chemokines were detected with Bio-Plex Pro
Mouse Cytokine Grp I Panel 23-plex (#M60009RDPD) using the Bio-
Plex 200 system (Luminex Corporation, Austin, TX, USA). TNF-a
(eBioscience, 88-7324-88), IL-1B (eBioscience, 88-7013-88), IL-6
(eBioscience, 88-7064-88), IFN-B (Biolegend, 439407) and ELISA
kits were used as well.

RNASeq

Total RNA was extracted from CD4 and CD8 T cells sorted from 8-
week-old mice and was measured using the NanoDrop2000
(Thermo Fisher Scientific), agarose gel electrophoresis, and
Agilent2100. RNA samples displaying a 260/280 ratio of around 2.0
were used. The cDNA libraries were constructed and sequenced by
Majorbio Biotech. In brief, 1 pg RNA for each sample was used for
cDNA libraries construction by Illumina TruseqTM RNA sample
prep Kit. The constructed DNA was enriched by PCR amplification
for 15 cycles and then purified by 2% gel electrophoresis. Clone
clusters were generated on the Illumina cBot and high-throughput
sequencing was performed on Illumina Novaseq 6000 sequencer
using NovaSeq Reagent Kits v1.5 and 2 x 150 bp paired-end reads
were generated. The data were analyzed on the online tool of
Majorbio Cloud Platform (https://cloud.majorbio.com/page/tools/).

Statistical analysis

Image-Pro Plus 6 and ImageJ were used in image and immunoblot
quantification. Data in figures are presented as mean + SD, and sta-
tistical P value was determined by unpaired two tailed Student’s t-
test (comparing two groups), one-way ANOVA or two-way ANOVA
(comparing more than two groups), the log-rank test with GraphPad
Prism 9 primed.

Data availability

RNA-seq raw data have been deposited to NCBI Sequence Read
Archive (SRA) as PRINA942498: https://www.ncbi.nlm.nih.gov/
sra/2term = PRINA942498.

Expanded View for this article is available online.
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