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Turquoise killifish (Nothobranchius furzeri) are naturally short-lived
vertebrates that recapitulate key aspects of human aging. However, the

molecular and cellular causes of systemic aging in killifish are poorly
understood. Here we ask whether killifish undergo age-dependent changes
in the main hematopoietic organ (kidney marrow), which may contribute
to systemic aging. To characterize immune aging in killifish, we used
single-cell RNA sequencing, cytometry and functional in vitro assays on
kidney marrow cells from young-adult and old killifish, together with
proteomic profiling of both kidney marrow-derived cells and plasma. We
show that old killifish display increased markers of inflammation; while
immune progenitor-like cell clusters from adult killifish display markers of
active proliferation and replication-independent DNA repair, immune cell
progenitors from old killifish display increased markers of DNA damage.
Withinless than 10 weeks, killifish exhibit age-related transformations
within the immune system, underscoring the value of killifish for
developing immune-system-targeted antiaging interventions.

Aging of the immune system has dramatic consequences on host
physiology, reducing tissue regeneration and turnover’, lowering
the establishment and maintenance of lastingimmune memory?, and
increasing the risk for chronic infections® and autoimmune diseases*.
The causes of aging of theimmune system are complex and still poorly
understood. Both cell-intrinsic and cell-extrinsic factors have been
proposed as contributors to aging of the immune compartment’. In
mammals, aging of the immune compartment has been associated
with increased DNA damage, to a shift inimmune cell pools toward
more myeloid over lymphoid cells (myeloid shift) and to anincreased
secretion of inflammatory mediators®. At the systemic level, aging of
the immune system has been associated with a low-grade, chronic
inflammatory state called inflammaging’. Chronic inflammation, in
turn, exacerbates aging of the immune niche®.

To date, the extent to which markers of immune aging displayed
in mammals are shared in other vertebrates is poorly understood’,

10 and

with some evidence of immune senescence occurring in birds
some teleosts™"

By studying the cellular and molecular basis of immune aging
in nonmammalian vertebrates, such as teleosts, we aim to uncover
conserved mechanisms ofimmune aging and identify new targets for
interventions to enhance immune health during aging.

While studying immune aging in long-lived species could
in principle help us discover the basis for extended homeostasis
and immune health, naturally short-lived species offer the advan-
tage of helping reveal the mechanistic basis for age-dependent
homeostatic dysfunction.

Africankillifish of the genus Nothobranchius are characterized by
astrikingly shortlifespan for a vertebrate, with species living as short
as4 monthsbothin captivity and innature, after having reached sexual
maturity in only 3-4 weeks™"*. Despite being short-lived, these fish dis-
play awide range of age-dependent transformations after the onset of

'Max Planck Institute for Biology of Ageing, Cologne, Germany. 2Leibniz Institute on Aging, Fritz Lipmann Institute (FLI), Jena, Germany.

SCluster of Excellence Balance of the Microverse, Jena, Germany. “Friedrich Schiller University, Jena, Germany.

e-mail: dvalenzano@leibniz-fli.de

Nature Aging | Volume 6 | March 2026 | 665-681

665


http://www.nature.com/nataging
https://doi.org/10.1038/s43587-026-01086-2
http://orcid.org/0000-0002-9788-6535
http://orcid.org/0009-0009-8039-4524
http://orcid.org/0000-0002-8761-8289
http://crossmark.crossref.org/dialog/?doi=10.1038/s43587-026-01086-2&domain=pdf
mailto:dvalenzano@leibniz-fli.de

Resource https://doi.org/10.1038/s43587-026-01086-2
a 8 weeks b
N n=1,785 GRZ-AD turquoise killifish
3 R v i
AR RRTIRIL LS N 100 - v v
BN RN 4y
Rl AO(CIASE i
b A M ate A 8 weeks
IS AR A B Az
23 £iarls o 75 -
- - —_ 17 weeks
e\"/
£ 504
2
]
1%}
17 weeks 25
0 4
T T T T
o] 100 200 300
Age (days)
c .
Plasma proteomics Legend: ) )
Expression genes in significant GO categories (representative) Il Upregulated in 7-week-old (adult) fish
4 log,(fold change) (log,(fold change) = 1) [ Upregulated in 16-week-old (aged-adult) fish
2 I I2 I I I 4 Acute-phase proteins
o Jilnnnnnnnnnnnnnnnnnnns sesnnnnnnnnninRNRind 50 biotogieatprocesses
| HEH EEEENE N EE EEE D Regulation of response to external stimulus
[ ] [ ] H B B B mEm== Regulation of coagulation
| I | [ | HEEE EE E E R B ERm I Regulation of multicellular organismal process
[ Protein maturation
[ | [ [ ] [ [ | I Response to stimulus
| I | I | [ | Emmmm  Regulation of response to stimulus
[ ] [ ] I Cell-substrate adhesion
| I | [ | Emmmm  Regulation of anatomical structure size
| ] H B [ ] mEmmmm  Apoptotic signaling pathway
[ ] [ ] I Vesicle-mediated transport
[ | [ ] I Proteolysis
[ ] [ | [ ] Emm  Regulation of developmental process
[ ] | | HE Em  Defense response
[ ] I Leukocyte-mediated immunity
| ] | | HEE B H EEEE B ©B mmmm  Cell population proliferation
| | [ ] H B H EE R HEE HE B EEEE =  Establishment of localization
. . Genes and biological processes
Genes and biological processes upregulated in aged-adult
upregulated in adult
[ [ | | ] HE HE HE HE H H N HE EE B s Cellular protein metabolic process
Ha [ [ W [] HEEE ER [ ] [ ] [ ] [ Amide biosynthetic process
[ Protein peptidyl-prolyl isomerization
[ | H B I Chromatin organization
| R
g EN=0ecEnas 02828 0T GOS0R80R 8206 RES2ER00 0 | 2
8 BEmaZZOxe¥Ergol ZFH¥@R T2 L <0, (BEN HEOT ¥OL T GSEA
& < o - 2 x I 3 T T u T - T I enrichment
O] | ! @]
o o score
2 2
= =

Fig. 1| Plasma proteomics in young and old turquoise killifish show increased
inflammatory termsin aged killifish. a, Nonaged adult (8 weeks) and aged

(17 weeks) male turquoise killifish. Note that the fish in the figure are two different
individuals. b, Representative survival curve from 1,785 GRZ-AD turquoise
killifish raised in captivity since hatching. ¢, Heatmap showing significantly
enriched biological processes (GO categories) and all genes with a log, fold
change >1in the plasma of five young (7-week-old) and five aged (16-week-old)

killifish. We used a Wilcoxon signed-rank two-sided test and considered a
Benjamini-Yekutieli-corrected P < 0.05 as a threshold for significance. The blue
and red bars represent genes and GO categories, respectively, upregulated
inadult and aged fish. The GO categories highlighted in bold have arole in
inflammation. The dark pixels show the GO category membership of the genes.
Upward-pointing bold arrows indicate acute-phase proteins. GSEA, gene set
enrichment analysis.

sexual maturation, including telomere shortening'>'®, tumorigenesis'?,
neurodegeneration”®, decreased capacity of tissue regeneration’,
increased markers of cellular senescence in heart, brain and skin'”*%,
loss of microbial richness in the intestine?, decline in sperm quality*
and decline in the diversity of the B cell antibody repertoire?. Given
their wide range of conserved aging phenotypes, several killifish spe-
cies—especially turquoise killifish (Nothobranchius furzeri)—have been
rapidly adoptedin the pastyears as a powerful invivo vertebrate experi-
mental aging model system>”. Whether organ-wide aging is caused
by shared causes or whether different organs age independently from
one another remains an open question, whichis as relevant in killifish
biology asitisin other organisms, including humans?.

In this study, we explored the changes in aging-dependent
expression of canonical molecular markers ofimmune system aging
inturquoisekillifish, with a specific focus on the main hematopoietic

organ. Teleost fish harbor their main hematopoietic niche in the kid-
ney marrow (also called ‘head kidney’), whichis regarded as homolo-
gous in structure and function to the mammalian bone marrow?°,
To gain insights into molecular changes specific to different cell
types and to functionally test immune responses in young versus
old killifish, as well as male and female killifish, we used cytometry,
transcriptomics, proteomics and afunctionalin vitro assay inimmune
cells stimulated with endotoxin (lipopolysaccharide (LPS)). Further-
more, to characterize the age-dependent changes within the main
hematopoietic organ and in the plasma of turquoise killifish, we
generated ‘KIAMO’, an R Shiny app that combines different ‘omics’
data. Together, we generated a comprehensive reference dataset
forimmune agingin turquoise killifish and shed light on the mecha-
nistic bases of spontaneous aging-dependent functional decline in
anonmammalian vertebrate.
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Results

Plasma proteomics reveals increased markers of inflammation
in aged killifish

Turquoisekillifish evolved a shortlifespan, accompanied by organ-wide
accumulation of aging markers®. Recent work focused on the B cell
compartment has shown that turquoise killifish display age-dependent
declinein the antibody repertoire diversity, abona fide marker of aging
ofimmune effector cells?*. We asked whether turquoise killifish display
systemic markers of immune aging by performing tandem mass tag-mass
spectrometry (TMT-MS) in plasma from five adult (7 weeks old) and five
aged-adult (16 weeks old) male turquoise killifish (Fig. 1and Methods).
For this analysis, we chose male over femalekillifish for technical reasons,
because of their larger absolute size, which makes blood drawing more
convenient (Fig.1a). We found that plasmafromadultkillifish has adistinct
proteome from old killifish. To identify the functions associated with
the plasma proteins that differentiate the most young-adult from old
turquoise killifish, we performed Gene Ontology (GO) analysis, which
showed proteolysis, coagulation and apoptosis as some of the mainterms
that are enriched in old versus young-adult fish (Fig. 1).

We then asked whether aged killifish plasma shows enrichment
for terms associated with immune system activation and inflamma-
tory processes. None of the protein peptides identified using MS are
bona fide pro-inflammatory cytokines. However, we detected higher
expression levels for several acute-phase proteins among the core
enrichment genes of aged fish plasma, including complement proteins
and coagulation factors, which have been used as inflammatory mark-
ersinother teleost models®** and inmice** (Fig.1c). Inaddition to the
previous set of standard inflammatory markers, aged fish plasma also
showed other core enrichment genesreported to beinvolvedin aging
and inflammatory processes: carboxy-peptidase N1 (ref. 35), annexin
A4 (ref.36) and apolipoprotein D* (Fig. 1c). Noteworthy, plasma from
aged fish showed higher levels of insulin®® and IGF1 (ref. 39) compared
to young adults, supporting an age-dependent systemic metabolic
imbalance (Fig. 1c). A potent anti-inflammatory protein, annexin Al
(lipocortin-1)*° was decreased in plasma from aged fish compared to
young-adult fish (Fig. 1c).

To further explore whether inflammation also affected cells
residing in the killifish main hematopoietic organ (that is, the kid-
ney marrow), we investigated the presence of histological markers of
inflammation. We assessed the presence of tissue fibrosis, a marker
of tissue inflammation*, performing Sirius Red/Fast Green staining
(Methods) in three 7-week-old (young-adult) and three 16-week-old
(aged) killifish. We detected collagen deposition exclusively inthe aged
killifish tissues (Extended Data Fig. 1), supporting that aged killifish
also undergo organ-specific inflammation.

Together, plasma proteomics and histology revealed that killifish
fromthe older age group displayed increased markers of inflammation
bothsystemically and in the main hematopoietic cellniche, inline with
published results obtained in killifish livers, brains and intestine”*,

A single-cell atlas of the killifish main hematopoietic organ

To characterize the cellular composition of the killifish main hematopoi-
eticorgan (thekidney marrow), we performed asingle-cell RNA sequenc-
ing (scRNA-seq) analysis using 10X technology. We sequenced cells from
three nonaged adult and three aged male killifish. Five of six samples
showed high-quality reads and sufficient read numbers (Methods and
Extended DataFig.2a). We performed three sequencing runs; the first
onedetected around 4,000 cells per fish sample, while the second and
third ones detected around 6,000 cells per fish sample (Methods and
Extended Data Fig. 2a). We clustered the cells using shared nearest
neighbor graph construction and the first ten principal components,
yielding 16 clusters (Methods and Extended Data Fig. 2b). We annotated
each cell cluster using differentially expressed and cluster-specific
genes across the dataset (Fig. 2a and Methods). We observed a large
cell cluster containing neutrophils (for example, expressing ncf1, ncf2

and ncf4) and monocytes/macrophages (for example, expressing mrclb
and marco). We also observed several clusters containing red blood cells
(forexample, expressing blvrb, gatala and hbm) and red blood cell pro-
genitors (forexample, expressing pcnain additionto blvrb, gatalaand
hbm).Next, weidentified two yet undefined progenitor-like cell clusters
(expressing pcna and cdklI), which did not show any obvious cell-type
marker, a B cell cluster (for example, expressing swap70a, cd74b and
cd79a), anaturalkiller (NK) cell cluster and two smaller hematopoietic
stem cell (HSC) clusters. Together, killifish—like other teleosts**—appear
to haveall the mainvertebrateimmune cell types, characteristic of both
innate and adaptive immunity (Fig. 2b).

Cellularity changes within the kidney marrow between young
and old killifish

We asked whether cell composition in the kidney marrow varies as a
function of age. Because in killifish there are no validated antibodies
that can be used as bona fide surface markers to distinguish among
specificimmune cell clusters, we took advantage of the variation in
the biophysical properties in the cell populations extracted from the
kidney marrow and used cytometry toidentify separate cellsbased on
cellular complexity (side scatter (SSC)) and cell area (forward scatter
(FSC)).Such acytometry-based approach led us to identify three main
cellclusters (Fig. 3a), which resemble earlier results from zebrafish**,
We then asked which cell types populate each main cluster. We adopted
Giemsastaining (Methods and Extended DataFig. 3), which shows that
cluster Ais populated by small, rounded lymphocyte-like cells, cluster
B by stem cells and progenitor-like (dividing) cells and cluster C cells
appear as myelomonocytes.

To characterize whether cells from either cluster underwent
changes in cell number between young and aged fish, we extracted
cells from the kidney marrow of five young-adult (8-week-old) and four
aged (17-week-old) male killifish and analyzed them with the Amnis
ImageStreamX MkII Imaging Flow Cytometer. Cells from cluster B
showed asignificantincrease in relative abundance in aged fish com-
pared to adult fish (two-sided Wilcoxon signed-rank test P=0.016)
(Fig. 3b). However, the other two cell clusters did not show any sig-
nificant age-dependent change (two-sided Wilcoxon signed-rank test
P=0.90 and 0.29, respectively). Together, our cytometry analysis
broadly indicates that a cell cluster that putatively contains teleost
progenitor cells within the kidney marrow undergoes age-dependent
changes between adult and aged-adult killifish.

Immune cells from aged killifish have decreased proliferation
and DNA repair but increased inflammation

To assess which biological processes in theimmune cells of the kidney
marrow are affected the most during aging, we ran TMT-MS on proteins
extracted from kidney marrow immune cells isolated from the same
young-adult and old individuals used for plasma proteomics. Many
more proteins were detected in head kidney proteomics thanin plasma
proteomics; several of them were differentially expressed between
the two age groups (Extended Data Fig. 4). We asked which biological
processes differ most with age and found that aged individuals had
lower expression of proteins involved in cellular proliferation, ‘DNA
repair’, ‘cellular detoxification from toxic substances’ and ‘negative
regulation of chemotaxis’ (Fig. 4a and Extended Data Fig. 4). Aged
individuals had enrichment for proteins involved inimmune cell activa-
tion, suchas ‘interleukin-1b production’, a prominent pro-inflammatory
cytokine*, ‘response to molecule of bacterial origin” and ‘response to
external biotic stimulus’ (Fig. 4a-c and Extended Data Figs. 4 and 5).
Furthermore, several terms upregulated in old indicate active meta-
bolic detoxification processes (for example, ‘alcohol metabolic process’
and ‘cellular aldehyde metabolic process’), as well as oxidative stress
defense (for example, ‘glutathione metabolic process’) and remod-
eling of the extracellular matrix (for example, ‘uronic acid metabolic
process’, ‘extracellular matrix organization’ and ‘biological adhesion’).
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Fig. 2| Cell composition in the main hematopoietic organ (kidney marrow) of turquoise killifish. a, t-SNE plot of the cell clusters identified from scRNA-seq based
on differentially expressed genes in five adult killifish (two 8-week-old, three 21-week-old). b, Representative selection of immune-cell-population-specific markers

across cell clustersidentified in the scRNA-seq dataset.
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Fig. 3 | Imaging flow cytometry of killifish kidney marrow identifies three
hematopoietic cell clusters with age-dependent expansion of putative
progenitors. a, Dot plot of killifish kidney marrow single-cell suspension
obtained with an Amnis ImageStreamX MklIl Imaging Flow Cytometer and
analyzed in Amnis IDEAS v.6. SSC and Area MOl represent the scatter properties
and size of cells, respectively. b, Box plots obtained from the cytometry

analysis showing cell proportions within three main clusters, named cluster A
(putative lymphoid), cluster B (putative progenitors) and cluster C (putative
myelomonocytes) from five young-adult (8-week-old) and four aged-adult
(17-week-old) turquoise killifish. All the statistics were done using nonparametric
two-sided Wilcoxon signed-rank test. The box plots show the Q1-Q3 with the
median, the whiskers extending to 1.5 times the interquartile range (IQR) and the
exact Pvalues of the Wilcoxon signed-rank test.

Hence, while components of the DNA repair machinery inimmune cells
fromaged individuals decrease compared to young-adultindividuals,
pro-inflammatory proteins are increased.

Expression of DNA repair terms in young-adult killifish in
progenitor clusters

To investigate which immune cell types were characterized by the
expression of transcripts associated with the main GO categories
enriched in our proteomics analysis between young-adult and aged
killifish, we focused on our scRNA-seq data. We found that the GO
category ‘DNA repair’ was associated with transcripts specific to all five
progenitor cell clusters (Fig. 5). We further found that the term ‘DNA
replication’ was not exclusive to the cell clusters showing markers of
DNA repair. While progenitor clusters expressed both DNA replication
and DNA repair proteins, we found additional cell clusters expressing
DNA-replication-associated genes, such as B cells, as well as clusters
characterized as HSCs. Together, our analysis suggested that DNA
repair was not uniquely associated with DNA replication.

Higher signal of DNA damage in cells from the killifish kidney
marrow of aged-adult killifish

Proteomics datashowed enrichment for cell cycle and DNA repair terms
inimmune cells from young-adult individuals. We asked whether the

higher expression of proteins associated with DNA repair in young-adult
individuals was entirely explained by proliferation-dependent DNA
damage. We set up an independent experiment using immune cells
isolated from five 8-week-old (young-adult) and four 17-week-old
(aged-adult) turquoise killifish. Because several of the DNA repair pro-
teins overexpressed in young individuals participate in homologous
recombination (Extended Data Fig. 5), a pathway specifically used by
cellstorepair DNA double-strand breaks (DSBs), we assessed the pres-
ence of DSBs and genomic instability using an antibody against yH2AX,
awell-established marker of DSBs* (Methods). First, we tested whether
commercial antibodies for yYH2AX work in killifish to recognize DNA
damage. To thisend, weinduced DNA damage with ultraviolet (UV) irra-
diation and tested the signal for yH2AX inimmune cells extracted from
the kidney marrow (Methods). Indeed, UVirradiationinduced higher
signal for either used antibody (cat. no. 9718S, Cell Signaling Technol-
ogy, and cat. no. GTX127342, GeneTex) compared to nonirradiated con-
trol cells (Extended DataFig. 6). Then, we used the Amnis ImageStreamX
MkIl Imaging Flow Cytometer as a platform for a high-throughput
imaging of the YH2AX signal*® (Extended Data Fig. 7a).Ineachsample, to
assess the DSB signalin4’,6-diamidino-2-phenylindole (DAPI)“positive
cells, we used two different measures: the fraction of cells positive
for DSBs over the total number of cells, calculated as the number of
cells positive for yH2AX over the total number of DAPI" cells, and the
median intensity of the fluorescent signal for yH2AX" cells. Immune
cells isolated from the kidney marrow of aged fish contained more
YH2AX' cells and higher signal intensities compared to those derived
fromyoungfish, indicating a higher signal of DNA damage in cells from
aged fish (Extended Data Fig. 7b) and confirming that in killifish, as
in other organisms, somatic DNA damage increases as a function of
age*™' (Extended Data Fig. 1b,c).

Then, we asked whether cytometry confirmed the proteomics
signal of higher cell proliferation in immune cells from younger fish.
To this end, we used the DAPI signal of immune cells extracted from
the kidney marrows of our aging cohorts*?, which provided us with a
measure of the phase of the cell cycle. Indeed, in kidney marrows from
young-adult fish, the fraction of cells in the S/G2/M phase was higher
compared to aged fish, supporting the higher proliferation signal in
immune cellsisolated from young-adult fish (Extended Data Fig. 5).

If the signal for DSBs is uniquely associated with the cell cycle
phase, we would expect cellsunder proliferation to carry a higher signal
for DSB. Therefore, we asked whether the higher signal of DNA damage
that we observed inimmune cells from old killifish was associated with
a higher fraction of proliferating cells (cells in the S/G2/M phase). We
observed that cells fromaged killifish, while having asmaller fraction of
dividing cells compared to cells from youngkillifish, had astronger sig-
nal for DNA damage (yH2AX) (Extended DataFig. 7). We then reasoned
that anincreased DNA damage signal in cells from aged head kidneys
could result as the consequence of (1) fewer dividing cells presenting
a higher signal for DNA damage or (2) non-dividing cells displaying
markers of DNA damage. As the DNA damage signal in replicating cells
does not significantly change during aging (Extended Data Fig. 7c),
we considered unlikely that the increased age-dependent signal of
DNA damage might be attributable to the pool of dividing cells. Our
findings suggest that cell proliferation may not be the primary cause
of DNA damage signals in cells from aged killifish (Fig. 6). Additionally,
our results suggest that the heightened DNA damage signal and the
reduced DNA repair signal in cells from older fish may not be linked to
cellreplicationand might be consistent with a postmitotic state charac-
terized by impaired DNA repair and accumulation of genomic damage.

Aging-specific YH2AX signal is specific to the progenitor cell
cluster and does not colocalize with telomeres

As we observed an age-dependent increase of DNA DSBs, we asked
which cell populations were most affected by this signal. Using a
cytometry-based approach, we found that cells from cluster B (probably
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Fig.4|Aging-dependent changes in the proteome of the turquoise killifish
hematopoietic niche. a, Bar plot of the enriched biological processes in the
immune cellsisolated from the kidney marrow of five young (7-week-old) and
five aged (16-week-old) turquoise killifish. All the statistics were done using
nonparametric two-sided Wilcoxon signed-rank test and we defined significance

using Benjamini-Yekutieli-corrected P < 0.05 as a threshold. Young adults are
shown in blue and aged adults are shown in red. b, Principal component analysis
plot of the GO processes represented by ‘DNA repair’, ‘response to UV’ and
‘double strand break repair via homologous recombination’ categories found
enriched inyoungkillifish. ¢, Correlation plot between all categories.

attributable to progenitors) showed most of the age-specific changes
in yH2AX signal (Extended Data Fig. 7). To better explore the cell
identity of the cells carrying most of the yH2AX signal, we adopted a
machine-learning-based approach (Methods), consisting in classify-
ing different cell types based on brightfield images acquired using
ImageStream (Fig. 6a). First, to automatically classify each cell type,
we manually annotated all the mainimmune cell types based on their
appearance as brightfield images. Then, we ran the model on a total
of approximately 90,000 cells. To measure the concordance between
manual classification and model prediction, we manually scored 19%
ofall cellsfromeach cluster identified by the model (Methods), which

gave usanaccuracy value ranging from 75% for erythrocytes to 96% for
polynucleated giant cells (Extended Data Fig. 8). Combining yH2AX
antibody staining with our machine-learning-based approach, we could
supportour finding thatamongall cell types, the cell classified as pro-
genitors had the strongest signal for DSB within the killifish kidney
marrow during aging (Fig. 6d).

We further asked whether inthe cellsthat, based on cytometry, we
scored as putative progenitors, thatis, cluster B, the signal for DSBs cor-
related with the proportion of dividing cells. Despite anincreased signal
for DSBs in both progenitor cell clusters in old versus young killifish,
we did not observe anincreased age-dependent proportion of dividing
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These four categories were chosen based on the results of the proteomics dataset
from the kidney marrow. Odds ratios (ORs) were calculated by dividing the
number of genes expressed in each category by the number expected by chance
(Methods).

progenitors (Fig. 6c-e and Extended Data Fig. 9), supporting our pre-
vious finding. Therefore, the accumulation of signal for DNA damage
inaged killifish progenitors is not associated with cell proliferation.

In our machine learning model, the progenitor population iden-
tified as progenitor-2 showed in general less age-related differences
in DSB signal and dividing cell ratio compared to the progenitor-1
population. However, we acknowledge that this could be explained by
the lower specificity of progenitor-2 classification in our model, which
classifies around 50% of erythrocytes as progenitor-2 (false positives),
hence buffering the signalin this population.

To independently validate at the molecular level our machine
learning classifier, we designed probes using the scRNA-seq data,
which provides information about genes with high cell-type-specific
expression (for example, Fig. 2b). We used pcna as a marker for pro-
genitors, and mrcl, ncfl and swap70 as additional control markers,
which—based on our scRNA-seq data—showed higher expression in
macrophages, neutrophils and B cells, respectively. To label each cell
type, we designed fluorescent probes against each marker and per-
formed fluorescence in situ hybridization (FISH) on whole immune
cells isolated from kidney marrows in ten nonaged adult (five male,
five female) and ten aged (five male, five female) killifish (Methods).
To acquire information about cell morphology, FSC and SSC, we ran
the samples on the ImageStream cytometer (Extended Data Fig. 9b).
Indeed, cells that our machine learning classifier scored as progenitors,
showed the highest signal for pcna. To note, cells from male and female
fish showed higher levels of pcna in two distinct progenitor clusters
(progenitor-1for male and progenitor-2 for female killifish). Moreo-
ver, cells classified as progenitors did not show high signal for mrcl,
ncfland swap70a. Conversely, cells that our machine-learning-based
classifier scored as myeloid or lymphoid, showed lower pcna signal
compared to cells scored as progenitors. Unsurprisingly, mrcl, ncfl
and swap70a did not fully agree with our machine-learning-based clas-
sifier for myelomonocytes and lymphocytes, possibly because more

markers should be integrated to capture cell type diversity within the
mainkillifishimmune organ.

Next, we asked whether the aging-related increase of yH2AX signal
is localized to telomeres, a typical source of signal for genomic DSB>>.
We performed animmunofluorescence assay onimmune cells isolated
from young and aged individuals using an antibody for yH2AX and a
peptide nucleic acid (PNA) probe for FISH against telomeric repeats
(Methods). Noteworthy, we did not observe any clear localization of
YH2AX in the telomeres across age groups, suggesting that the signal
of DNA DSB in old killifish kidney marrows might not be specifically
linked to telomeric regions (Extended Data Fig. 10a).

Immune cells from aged versus nonaged adult killifish display
different functional responses to LPS stimulation and have
increased markers of senescence
Totest whether the molecular and cellular changes we observedin the
killifish kidney marrow during aging are associated with an impaired
immune cells response in vitro, we adopted an assay that measures
immune cell activationinthe presence of LPS, apotentimmune stimu-
lator** (Fig. 7a,b). Upon LPS-induced activation, differentimmune cell
types, including peripheral blood mononuclear cells, form cellular
aggregates™°. LPS induces potent immune activation in several cell
types, including T cells, NK cells”, dendritic cells*® and macrophages™.
We asked whether LPS induced observable response in freshly
extracted immune cells from young and aged fish. We found that LPS
induced immune cell aggregate formation in a dose-dependent and
age-dependent manner. Higher LPS doses resulted in fewer cell aggre-
gates in cells from aged killifish, compared to younger fish (Fig. 7c).
As our previous results showed that cells isolated from aged fish
have higher markers of DNA damage, we asked whether cells from aged
fishalso presented typical markers of aging-dependent senescence. We
performed a 3-galactosidase (-gal) assay and measured the signal with
theImageStream cytometer (Fig. 7d-f). Compared to nonaged adults,
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Fig. 6 | Machine learning analysis of bona fide immune cell populations
collected with ImageStream. a, Top: representative images from each manually
classified cell type. Bottom: SSC and FSC analysis for allannotated immune cell
populations from young-adult and aged-adult fish. b, Cellularity changes in the
hematopoietic niche of five adult and four aged-adult individuals. ¢, Proliferation
rate (ratio of cellsin the S/G2/M phase) across classified immune cell populations
inthe two age cohorts (five adult and four aged-adultindividuals). The box plots
show the Q1-Q3 with the median; the whiskers extend to 1.5 times the IQR.

d, yH2AX signal intensities across classified immune cell populationsin the two
aging cohorts (five adult and four aged-adultindividuals). The box plots show
the Q1-Q3 with the median; the whisker extend to 1.5 times the IQR (*P < 0.05).
e, YH2Ax" cell ratios across classified immune cell populations in the two aging
cohorts (five adult and four aged-adult individuals). The box plots show the
Q1-Q3 with the median; the whiskers extend to 1.5 times the IQR (*P < 0.05).

f,g, Correlation of yH2AX signal (f) and yH2AX" cells (g) with DAPI signal across
classified immune cell populations in the two aging cohorts.

we observed a higher senescence signal in immune cells from aged
killifish, similar to mammals® (Fig. 7d). Strikingly, immune cells from
aged killifish also showed a higher proportion of large-size senescence
cells, which were nearly absent in nonaged adult fish (Fig. 7e,f). The
presence of large senescent cellsin the kidney marrow of aged killifish
recapitulates a conserved senescence-specific feature previously
identified in budding yeast and mammalian cells®"“*,

Following our machine-learning-based classification, we identified
that the age-dependentincrease in senescence signal was the highest
inthe two progenitor clusters (Fig. 7g).

We further asked whether sex affects senescence across cell types;
indeed, we found that sex differentially affects baseline senescence
levels in erythrocytes and in both progenitor cell types (Fig. 7h).

Furthermore, we found that immune cells classified as progenitor-1
and progenitor-2 had different levels of pcna signal—a marker of
proliferation—depending on sex. Specifically, cells classified as
progenitor-1had a higher pcna signal in male killifish, while cells clas-
sified as progenitor-2 had a higher proliferation signal in female kil-
lifish (Extended Data Fig. 9a). In either sex, the pcna signal was lower
in aged compared to nonaged adult fish, which is consistent with the
age-dependent reduction in proliferation markers observed in the
proteomics data.

Next, we asked whether the senescence signal in cells from aged
killifish contributed to the outcome of the LPS-induced cell cluster. To
thisend, we pretreated for 24 himmune cellsisolated from young and
aged fishwith15 pM of the senolytic fisetin®. After fisetin treatment, we
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Fig. 7 |Invitro cell aggregate formation and senescence inimmune cells
extracted from young-adult and aged-adultKkillifish. a, Cell aggregates
formed by immune cellsisolated from the hematopoietic niche of young and
aged fishincubated in the presence of different doses of LPS. b, Magnification
of LPS-induced cell aggregates. ¢, Box plot showing the effects of different LPS
doses on the number ofimmune cell aggregates formed (three young-adult
versus three aged-adultkillifish). The normalized cell aggregate number was
calculated by subtracting the number of clusters obtained in the negative
control from the number of clusters obtained after LPS stimulation. The box
plot shows the Q1-Q3 with the median; the whiskers extend to 1.5 times the IQR.

d, Immunofluorescence showing the B-gal signalinimmune cells isolated

from the hematopoietic niche of four young-adult and four aged-adult fish
(Amnis ImageStreamX MKkl). e,f, Scatterplot for 3-gal activity and cell size (e),
indicating the presence of ‘large senescent cells’ in aged-adult (f) killifish. g h,
Age-specific (g) and sex-specific (h) signal for B-gal in cells from four young-adult
and four aged-adult killifish (each dot corresponds to abiological replicate).

The scatterplots to the left indicate the observed percentage of classified cell
types positive for 3-gal; the models to the right indicate the Bayesian parameter
estimates for input variable interactions, using 3-gal” cell counts as the outcome
variable (Methods).
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seeded the cells with 50 pg mI™ LPS. Immune cells derived from aged
individuals treated with fisetin showed a number of cell aggregates
uponinductionwith LPS comparable to young cells;immune cells from
young-adultindividuals treated with fisetin showed no obvious differ-
ences compared to control, untreated cells (Extended Data Fig.10a). In
nonaged controls, carrying alimited number of senescent cells, fisetin
slightly affected the number of senescence-associated 3-gal” cellsina
dose-dependent manner, witha high dose of fisetin leading to genome
instability (Extended DataFig.10). While the role of cellular senescence
in the outcome of LPS-induced immune activation still remains to be
fully characterized, these findings show that in a cell-based assay of
immuneinduction, after pretreatment with asenolytic,immune cells
extracted from aged donors could respond toimmune activationina
young:-like fashion.

A platform to compare proteomics and scRNA-seq datain
turquoise killifish (KIAMO)

To allow multi-omics comparison of plasma proteomics, head kidney
proteomics and scRNA-seq in the kidney marrow, we developed KIAMO
(Killifish Immune Aging MultiOmics; https://github.com/mdonertas/
KIAMO/wiki).

KIAMO is aweb-based tool designed to explore gene expressionin
agingKkillifish (GRZ-AD strain) at the proteomics and scRNA-seq levels.
To facilitate direct visualization and comparison across these data-
sets withinimmune organs, we designed KIAMO using a user-friendly
Shiny interface (https://genome.leibniz-fli.de/shiny/kiamo/). KIAMO
provides comparisons across multi-omics data, including plasma pro-
teomics, kidney marrow proteomics and scRNA-seq from kidney mar-
row, enabling researchers to conduct comparative analyses ofimmune
aginginkillifish. Furthermore, KIAMO provides intuitive visualization
tools, suchas scRNA-seq ¢-distributed stochastic neighbor embedding
(t-SNE) highlighted per gene, heatmaps showing cell type specificity of
gene expression and box plots for proteomics data, including statistical
tests, which help identify differences in protein levels between young
and aged samples. KIAMO serves as a resource for the wider research
community, offering initial exploration of gene and protein expression
patterns, either focusing on certain age-related changes or specific
genes across immune organs and cell types. To identify biomarkers
of immune aging, KIAMO allows to query proteins, for example, with
increased abundance in older plasma and head kidney tissues, and to
correlate these findings with scRNA-seq data from the same tissues.

Discussion

Theimmune system provides systemic surveillance, protecting organ-
isms from a range of insults that come from the environment, for
example, tissue lesions, parasites and pathogens, and from inter-
nal processes, for example, neoplastic transformations. Together,
an effective immune system preserves homeostasis, while immune
system malfunction is associated with a plethora of diseases, from
chronicinfections to cancer, neurodegenerative diseases, metabolic
diseases and systemic inflammation. During the aging process, the
immune system becomes compromised because it is no longer able
to effectively fight off pathogens and promote successful repair in
damaged tissues. However, immune system aging is not solely asso-
ciated with ‘lowered’ immune effector function. Immune system
aging is often characterized by hyperreactive immune responses®*
and autoimmune inflammation, where the immune system is no
longer able to properly discriminate self from non-self, resulting in
increased autoreactivity®.

Immune system aging might be one of the main drivers of sys-
temic aging-related functional decline at the organismal level across
organisms**®®’, Cell-intrinsic mechanisms underlie aging-dependent
failure in the HSC niche®, including reduced regenerative capacity and
anage-dependentincreasein genesinvolved in the myeloid versus lym-
phoid lineage fate. Immune effector cells can also be affected during

aging, including lymphocytes®°, as well as cells from the myeloid

lineage”’>. However, to date, the main molecular and cellular drivers
of systemic aging of the immune system are still largely unclear.

Ourworkaimed to characterize the molecular and cellular signa-
tures of vertebrateimmune system aging. To this end, we adopted as a
model system the turquoisekillifish (V. furzeri), anaturally short-lived
vertebrate with a lifespan ranging from 4 to 8 months>***', and a
plethora of spontaneous age-dependent transformations, including
neoplasias’, neurodegeneration™ and intestinal dysbiosis®. Recent
studies showed that aged killifish display markers of intestinal inflam-
mation”and undergo expansion of large B cell clones systemically, and
adecrease in naive B cell diversity in mucosal organs®.

Inthis study, we exploredimmune agingin turquoisekillifish both
systemically and in the main immune organ, that is, the kidney mar-
row. Furthermore, to allow easy access and visualization of single-cell
transcriptomic data, and proteomic data in plasma, in the head kid-
ney of young and aged killifish, we developed an R Shiny app that we
named KIAMO.

Killifish plasma shows age-dependent, spontaneous increased
abundance of insulin and insulin-like growth factor 1, two major
markers of aging-related metabolic and hormonal imbalance”.
Plasma from aged killifish is enriched with peptides associated with
inflammatory processes, including acute-phase proteins, and has
declined levels of anti-inflammatory markers, such as annexin Al. We
further asked whether the kidney marrow in killifish undergoes sig-
nificant age-dependent transformations. Charting cell diversity using
scRNA-seq, we found that killifish are characterized by the presence
of all the mainimmune cell types found across vertebrates, including
stem cells, clusters of progenitors and differentiated cells from the
erythroid, myeloid and lymphoid lineages. Our cytometry analysis
suggests anincreased presence of progenitor cells during aging, cou-
pled with decreased overall proliferation, supported by both cytom-
etry and proteomics. Together, our results suggest the presence of an
aging-dependent increased pool of progenitor cells, which could be
compatible with impaired differentiationinto effector cells.

Ourresults furtherindicate aspontaneousincreaseininterleukin-1
betaproductionin cells from the kidney marrows of aged individuals.
Asinterleukin-1betais the key mediator of inflammasome responses,
our findings in killifish directly link inflammasome activation in the
primary immune organ with aging. Proteomics in the kidney mar-
row between young-adult and aged killifish showed age-dependent
enhanced oxidative stress buffering, including increased glutathione
metabolism and upregulation of peptides involved in detoxification
processes, which may help clear accumulated metabolic byproducts,
suchasalcohols, hydroxy compounds and aldehydes. Peptides associ-
ated with tissue remodeling and cytoskeletal reorganization in aged
killifish suggest loss of niche integrity; aged-killifish-specificincreased
secretory activity suggests a senescence-associated secretory pheno-
type orinflammatory signaling. Cells from the killifish kidney marrow
present higher levels of markers of DNADSBs and replication stressin
aged versus nonaged adults, while proteomics markers of active cell
cycleand DNArepair are lower in aged adultkillifish compared toyoung
adults. Markers of DNA damage can occur in association with active cell
replication. However, our results support the notion that, overall, the
higher signal for DNA damage inimmune cells from aged individualsis
independent from cell replication. A possible explanation for a higher
DNA DSB signal in progenitors of aged fish, despite a lower cell cycle,
isthatthe cell cycle, while being adirect source of DNA damage, isalso
strictly connected with active DNA repair’. It is conceivable that the
epigenetic shift occurring during aging might explain why immune
cells from aged killifish kidney marrows might have asuppressed DNA
repair machinery. Exploring further the chromosomal and cellular
localization of DNA DSBsin cells from aged kidney marrows, we found
no specific localization to telomeric regions, as well as enrichment in
progenitor-like cells.
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Together, progenitors undergo DNA damage and possibly replica-
tion stress upon aging, while they might be protected by active DNA
repair mechanisms in nonaged, younger adults.

Hence, contrary to the expectation that hematopoietic progeni-
tors would be geno-protected throughout life, we found that pro-
genitor cells from aged killifish carry higher levels of DNA damage
comparedto all other cell types in the hematopoietic organ, as recently
showninaged mammalian HSCs”"’%, and to some extent, inaged-adult
humans”. To note, adopting a machine-learning-based classification
approach, we found that different classes of progenitor cells express
markers of active proliferation in male versus female killifish hemat-
opoietic organs across age groups, which might in principle lead to
functional shifts in effector cell abundance and function in either
sex. Alongside decreased age-dependent proliferation and increased
DNA damage in immune cells from the kidney marrow, we found an
age-dependent spontaneousincreasein signal for cellular senescence
inthe same compartment. To gain further insights into cell function, we
tested cellular responses to cell activation using LPS stimulation. Cells
from old and youngkillifish showed different classes of responses (cell
aggregate size and numbers). To test whether increased senescencein
immune cells from the kidney marrow contributed to the cellular acti-
vation in young versus aged killifish, we treated cells from young and
agedkillifish with asenolytic (fisetin) before immune cell stimulation
using LPS. In cells from older donors, this treatment partly restored
cellular responses to ayounger level. While our in vitro results showa
putative role for senescence inimmune cell functional changes during
killifish aging, whether the molecular and cellular changes occurring
intheKkillifish kidney marrow during aging lead to systemic functional
consequences remains to be assessed in more detail.

Remarkably, in about 2 months, that is, from nonaged adults to
aged-adultkillifish, we observed the rapid onset of extensive markers
of immune aging in the main killifish hematopoietic organ. The deep
evolutionary conservation of molecular and cellular attributes that
change during aging between killifish and mammals makes killifish a
highly suitable experimental system to test concrete manipulations
that can directly affect aging in the immune compartment and that
might have practical applications alsoin mammals, including humans.

Methods

Fish husbandry and samples collection

AlltheKkillifish usedin this study are from the GRZ strain. We housed fish
inplastictanksinarecirculating aquaculture system. The fishfrom the
FritzLipmann Institute (FLI) facility are under §11 license no.J-0003798
and §4 license O_DV_21_24.For the fishraised at the Max Planck Institute
for Biology of Ageing (MPI-AGE), the holding license (§11TSchG) was
576.1.36.6.G12/18; for the preparation of tissues (§4 TSchG) the license
number was MPla_Anzeige§4_RB.16.005.

To collect the fish plasma, all the fish received lethal anesthesia
with1.5 g I Tricaine mesylate solution; then, an incision with a scalpel
at the level of the caudal peduncle was made. After amputation, the
amputated portion was immersed into a 50-pl drop of plasma collec-
tion buffer (dPBS1X +1:500 diluted solution containing gentamicin
5mg ml™and amphotericin B125 ug ml™) inside a Petri dish. After this
procedure, we collected blood using a pipetteintoal.5-ml Eppendorf
tube. The collected blood samples were centrifuged at 1,500gand 4 °C
for20 min. The supernatant was collected into anew 1.5-ml Eppendorf
tube. Next, the sample was immediately stored at —-80 °C.

The sequencing dataassociated with this study are available under
the project name ‘Antibody Repertoire Sequencing Reveals Systemic
and MucosalImmunosenescence in the Short-lived Turquoise Killifish’.

To isolate immune cells from the kidney marrow, both kidneys
were collected in a 1.5-ml Eppendorf tube with 900 pl of dPBS1X. To
obtain a single cell suspension, the tissue was dissociated by gently
pipetting inside the Eppendorf tube until the solution was homoge-
neous. Then, the sample solution was filtered through a 35-um nylon

membranein the cap of a5-mlfluorescence-activated cell sorting tube
and immediately transferred into a new 1.5-ml Eppendorf tube. The
sample was centrifuged at 400g and room temperature for 4-5 min.
Next, the supernatant was discarded and the pellet was resuspended
in100 pl dPBS1X. Then, 900 pl of milliQ water were added to the blood
sample. The sample was manually inverted for 20 s, then 100 pl PBS10X
were added to the sample, which was centrifuged at 400g and room
temperature for 4-5 min. Finally, the supernatant was discarded and
the cell pellet was resuspended once in dPBS1X (the cell number was
quantified before the washing passage). Forimmune cells committed
toscRNA-seq, we further separated immune cells from cell debris using
aBDFACSArialll Cell Sorter. After resuspension in dPBS1X, cells were
centrifuged at 500gat 4 °C for 10 min, the supernatant was completely
discarded and the remaining pellet inside the 1.5-ml Eppendorf tube
was stored in liquid nitrogen (and afterward at —80 °C). We used the
same set of adult and aged-adult male individuals to perform all the
proteomics analyses.

scRNA-seq library preparation

To prepare the libraries for 10X scRNA-seq, we used the 10X Genom-
ics Chromium Single Cell 3’ Library (PN-120234) & Gel Bead Kit v2
(PN-120235) according to the manufacturer’s instructions. We iso-
lated immune cells from the kidney marrows of three young-adult
(8-week-old) and three geriatric (21-week-old) fish. Then, for each
sample, single-cell suspensions were encapsulated into gel beads in
emulsion (GEMs) using the Chromium Controller. Barcoded reverse
transcription primers were used to capture the polyadenylated mRNA;
complementary DNA (cDNA) synthesis was performed within the GEMs.
After GEMincubation, GEMs were broken and cDNA was purified. The
cDNA underwent amplification and library construction through end
repair, A-tailing, adapter ligation and sampleindex PCR.cDNAyield and
size distribution was measured using an Agilent Bioanalyzer. Sequenc-
ing of the single-cell libraries was performed by the Cologne Centre on
Genomics, Cologne, Germany.

Proteinisolation and TMT labeling

Proteins from immune cells isolated from frozen kidney marrows
were extracted witha guanidine chloride protocol; 20 pl of lysis buffer
(6 M guanidinium chloride, 2.5 mM Tris(2-carboxyethyl) phosphine,
10 mM chloroacetamide, 100 mM Tris-HCI) were added to the pellet.
The samples were heated for 10 min at 95 °C and then lysed with a
Bioruptor fortencycles of 30-s sonication and 30-s break on high per-
formance. The samples were then centrifuged at20,000g for 20 min.
The supernatantwas transferred into anew tube and the protein con-
centration was measured using NanoDrop. To prepare peptides from
both serum and immune cell protein samples, 300 pug of protein per
sample was digested with1:200 trypsin (w/w) at 37 °C overnight. The
digest was then acidified with formic acid (FA) to a final concentra-
tion of 1% to stop tryptic digest. The samples were then centrifuged
at 20,000g for 10 min to pellet any remaining debris. The peptides
were then cleaned with a StageTip protocol (C18-SD tips), including a
series of wetting, equilibrating, washing and eluting steps. The C18-SD
tips were first washed with 200 pl methanol using centrifugation for
1min, followed by a wash with 200 pl 40% acetonitrile/0.1% FA using
centrifugation for 1 min. The tips were then equilibrated with 200 pl
0.1% FA using centrifugation for 1 min. The digests were then loaded
onto the tips and centrifuged for 2 min to ensure proper loading.
The tips were washed twice with 200 pl 0.1% FA, followed by elution
of the peptides with 100 pl 40% acetonitrile/0.1% FA by centrifuging
for 4 minat1,500g. The eluates were dried in aSpeed-Vac at 45 °C for
45 min, then resuspended in 0.1% FA and quantified with NanoDrop;
4 pg of the eluted peptides were dried and reconstituted in 9 pl of
0.1 Mtetraethylammoniumbromide. Labeling with TMTs (TMTproTM
16plex, Thermo Fisher Scientific) was carried out according to the
manufacturer’s instructions.
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Proteomics data preprocessing

Proteomics data were analyzed using MaxQuant v.1.6.10.43 (ref. 80).
Peptide fragmentation spectra were searched against the canonical
sequences of the N. furzeri proteome (downloaded September 2019
from UniProt). Protein names and primary gene names, corresponding
to the UniProt IDs were downloaded from UniProt and used to annotate
the data. Methionine oxidation and protein N-terminal acetylation
were set as variable modifications; cysteine carbamidomethylation
was set as a fixed modification. The digestion parameters were set to
‘specific’and ‘Trypsin/P’. Quantification was set to ‘Reporter ion MS3'.
Theisotope purity correction factors, provided by the manufacturer,
wereimported and included in the analysis. The minimum number of
peptides and razor peptides for protein identification was one; the
minimum number of unique peptides was zero. Proteinidentification
was performed at peptide spectrum matches and a protein false dis-
coveryrate of 0.01. The ‘second peptide’ option was on. TMT reporter
intensities were normalized using vsn® and log,-transformed in R
v.3.4.3 (ref. 82). We calculated the differences between log, median
proteinabundance levels of adult and aged-adult samples to determine
differential expression. Statistical significance was assigned based on
Wilcoxon signed-rank test using the ‘wilcox.test’ functioninR.

GSEA on proteomics data

GSEA was performed using the ‘gseGO’ functionin the ‘clusterProfiler’
package (v.4.2.2)**, using human gene symbols and the ‘org.Hs.eg.
db’ annotation package in R. The Ensembl database and R ‘biomaRt’
package (v.2.50.2) were used to map ortholog genes between human
and N. furzerigenes (date of access: 17 February 2022). We analyzed the
GO Biological Processes categories with a minimum of ten and maxi-
mum of 500 annotated genes. We used Benjamini-Yekutieli correction
for multiple testing and considered a Benjamini-Yekutieli-corrected
P < 0.05assignificant. Details of human-*N, furzeri* orthology mapping
are explained under ‘Helper functions/data -> Gene ID & Orthology
mapping’. Two outputs from the ‘gseGO’ function were used: core
enrichment genes (that is, genes that contribute most to the enrich-
mentresult) and normalized enrichment score. As the GO enrichment
results gave many significant GO categories but most of them showed
overlaps, we used an in-house method to choose representative GO
categories for visualization and summarization purposes. To choose
representative GO categories, we calculated the Jaccard similarity
between GO categories based on core enrichment genes. We then
performed hierarchical clustering of the similarity matrix, cutting
the tree at differentlevels (20-70 clusters). We calculated the median
Jaccard index within each cluster. We took the minimum number of
clusters, k, where atleast half of the clusters had amedianJaccard index
of 0.5 or higher. This resulted in 20 clusters (that is, representatives)
for plasma proteomics and 50 clusters (that is, representatives) for
kidney marrow proteomics.

scRNA-seq dataset analysis

N. furzeri primary genome assembly and genome annotations were
downloaded from Ensembl (v.105). Genome annotations were filtered
to include only the protein-coding immunoglobin or T cell receptor
genes using the ‘cellranger mkgtf’ command. A custom reference for
N. furzeri was built using the ‘cellranger mkref’ command. A count
matrix was generated for each sample in each run separately using
the ‘cellranger count’ function. Only cells with a minimum of 200 and
amaximum of 2,500 features were kept. First, all samples in each run
were log-normalized independently using the ‘NormalizeData’ function
in Seurat. Next, 2,000 variable features were selected using the ‘vst’
methodimplementedinthe ‘FindVariableFeatures’ functionin Seurat.
For clustering, we used shared nearest neighbor graph construction
witharesolution of 0.3, which provided the last most stable clustering
based on the clustering tree. Then, differentially expressed markers
for each cluster were identified. All genes expressed in at least 25% of

cellsin a cluster were tested. Based on the resulting marker list, cell
types were hand-annotated using CellMarker 2.0 (http://bio-bigdata.
hrbmu.edu.cn/CellMarker/) as the reference database. As four clusters
suggested contamination from gonads, we excluded those cells from
the analysis. The same steps were repeated except we used the first 20
principal components for clustering, uniform manifold approximation
and projection, and t-SNE plots. The previous steps for cell clustering
and cell type annotation were repeated, yielding 16 clusters. To further
refine these annotations, we reanalyzed our dataset using a recent
scRNA-seq dataset™. First, to assess the accuracy of reference-based
annotation, we subsampled 20% of kidney cells from male fish (436
cells) from the Teefy et al.’® dataset and reannotated these cells using
Seurat (v.3.2.2) inR, with the remaining cells from their dataset as the
reference. Thisapproach achieved approximately 80% accuracy across
clusters, although progenitor cells showed lower annotation perfor-
mance, with accuracy around 50-60%. Subsequently, we applied the
Teefy et al.>° dataset as a reference to reannotate our own data. Most
clusters aligned well with our manual annotations, with over 60%
of cells in each cluster annotated consistently. Exceptions included
clusters 4 and 13, which corresponded closely to multiple cell types
withoutaclear, distinct annotation. We decided to maintain the labe-
ling of clusters 4 and 13 as B cellsand NK cells, respectively; a different
labeling was suggested using the Teefy et al.** annotation. In particular,
cluster 4 was suggested to containboth B cellsand erythrocytes using
the Teefy et al.’* annotation; however, it shows cluster-specific expres-
sion of B cell markers like CD74b and CD79a, not usually expressed by
erythrocytes®®, Cluster 13 was suggested to contain macrophages
and erythrocytes by the Teefy et al.>* annotation. However, we decided
to maintain NK cell labeling for this cluster because it is very close
to other lymphocyte clusters and expresses both macrophages and
lymphoid markers.

Proteomics GO category representation in sCRNA-seq clusters
Four GOrepresentative categories—Cellular detoxification, DNArepair,
DNA replication and Immune cell activation—were chosen for further
investigationinthe scRNA-seq databased onthe results of the proteom-
ics dataset fromthe kidney marrow. These GO categories represent 35,
14, 55and 15 GO categories, respectively. Allhuman genes associated
with these categories were obtained by propagating gene membership
in the GO hierarchical tree using the ‘GO.db’ (v.3.14), ‘AnnotationDbi’
(v.1.56.2) and ‘org.Hs.eg.db’ (v.3.14.0) packages in R (date of access:
7 April 2022). We then mapped this information to the orthologs in
N. furzeri, intersecting with the scRNA-seq dataset, getting the genes
with an absolute value of log,(fold change) of 1in the kidney marrow
proteomics dataand only using the genes presentin only one of the four
categories. For each cell in the dataset, we calculated the percentage
of the expressed genes in each representative category and divided
this number by the percentage of expressed genes among all genes
detected using the scRNA-seq. Thus, we aimed to normalize the overall
transcriptional profile of cells and obtained an OR showing the enrich-
ment of genes specific tothe GO categories of interest. We colored cells
on t-SNE with this OR.

Induction of DNA damage via UV irradiation

To induce DNA damage, primary kidney marrow cells from a
young-adult male fish were exposed to 100 ) m? using a standard
UV crosslinker (cat. no. BLX312 UV, Vilber Lourmat). UV-irradiated
cells were stained for immunofluorescence with two different
yH2AX antibodies.

Samples preparation for FISH

Immune cells freshly isolated from kidney marrow were fixed 30 min
in 4% paraformaldehyde (PFA) and washed once in dPBSIX. Then,
cells were resuspended in 300 pl hybridization mixture (formamide
70%, blocking reagent 1x, Tris-HCI, pH 7.4,10 mM, locked nucleic acid
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probe 0.5 mM). Samples were kept for 5 min at 80 °C and left at room
temperature for 2 h. Forimaging, samples were washed twice in dPBS1X
and acquired with an Amnis ImageStreamX MklIl Imaging Flow Cytom-
eter using x60 magnification and ex/em wavelength of 642/690 nmto
detect the locked nucleic acid signal.

ImageStream sample preparation and processing

Immune cells freshly isolated from the kidney marrow were fixed for
30 minin4%PFA, then centrifuged at 400gfor 10 minand washed once
in dPBS1X. Next, the pellet was resuspended in 500 pl permeabiliza-
tion buffer (dPBS1X + 0.1% Triton X-100) and incubated for 15 min.
Samples were centrifuged at 400g for 10 min; then, the cell pellet was
resuspended in 500 pl of blocking buffer (permeabilization buffer +2%
BSA) and incubated 60 min at room temperature. The samples were
centrifuged at 400g for 10 min, the cell pellet was resuspended in
90 pl of primary antibody solution (blocking buffer +1:200 Rabbit
anti-yH2AX antibody (Ser139) (20E3) Rabbit monoclonal antibody,
cat.no. 9718S, Cell Signaling Technology) and samples were incubated
overnight at 4 °C. Then cells were washed once in dPBS1X, the pel-
let was resuspended in 90 pl secondary antibody solution (blocking
buffer +1:500 Goat anti-rabbit IgG Alexa Fluor 647 antibody cat. no.
A27040, Invitrogen) and the samples were incubated at room tempera-
ture for 45 min in the dark. Finally, cells were washed twice in dPBS1X
and the cell pellet was resuspended in 40 pl of DAPI staining solution
(dPBS1X + DAPI1 pug ml™). Immune cells not treated with primary anti-
body solution and DAPI staining solution were used as the negative
control. All the images were acquired with an Amnis ImageStreamX
MKkII Imaging Flow Cytometer using x60 magnification and an ex/em
wavelength of 405/468 nm to detect the DAPI signal and 642/690 nm
todetect the yH2AX signal.

Giemsa staining of immune cells

Immune cells freshly isolated from kidney marrow were sorted into
myelomonocyte, progenitor and lymphocyte populations based on
their FSCand SSC properties usingaBD FACS Arialll cell sorter. Immune
cells from each sorted population were fixed for 30 min in 4% PFA,
washed once in dPBS1X and seeded on a glass slide using Cytospin 4
centrifuge. Afterwards, slides were immersed in Giemsa stain solu-
tion for 40 s at room temperature. After staining, cells were washed
gently three times with distilled water to remove excess stain; then,
each sample was imaged at x40 magnification with an EVOS XL Core
Imaging System.

Classification of cell type using ImageStream and machine
learning

We analyzed all the raw data (.rif files) using Amnis IDEAS v.6. First,
to train the machine learning algorithm (linear discriminant analysis
machine learning algorithm), we created a merged.rif file containing
the raw data of all the adult and aged-adult samples; then, we manu-
ally labeled all cell types based on specific cytometry features®®. The
training was performed by using 316 cells manually annotated as ‘eryth-
rocytes’, 291 cellsmanually annotated as ‘progenitor-1,137 cells manu-
ally annotated as ‘myelomonocytes’, 235 cells manually annotated as
‘lymphocytes’, 261 cells manually annotated as ‘polynucleated cells’
and 116 cells manually annotated as ‘progenitor-2’. To differentiate
between the two classes of progenitors, based on the available fish
literature, we used the following approach: progenitor-1cells have an
irregular cell shape, noblack dotsin the cytoplasm and low cell bright-
nessinthe brightfield. Instead, progenitor-2 cells have around shape,
noblack dotsinthe cytoplasm and adarker color under brightfield. In
addition, both cell types are smaller than myeloid cells and are larger
than lymphoid cells. To test the accuracy of the model, we manually
labeled randomly for each training class additional cells as “TRUE’
representatives of the class (corresponding to19% of the training class
cell number). These additional ‘TRUE’ classes do not overlap with the

cells used in classes for the training algorithm. Then, for each ‘TRUFE’
class, we checked the ratio of predicted classes. A classification index
of zero was used as a threshold to determine the predicted classes.
The percentages of the true cell populations in predicted classes are
provided as a measure of accuracy. Then, we used the initial training
set to classify different clusters predicted in each single.rif data file
for adult and aged-adult samples and in the two merged.rif files we
generated for both adult and aged-adult conditions.

YH2AX/telomere costaining and microscopy

Immune cells freshly isolated from kidney marrow were fixed for 30 min
in 4% PFA and processed as explained in the previous section (‘lmag-
eStream sample preparation and processing’). After sample incubation
with secondary antibody, immune cells were refixed in 4% PFA + 0.1%
Triton X-100 at room temperature for 10 min. Then, the sample was
centrifuged at 400g for 10 min; the pellet was resuspended in 100 pl
of 10 mMglycine diluted in double-distilled H,0, followed by a30-min
incubation at room temperature. Cells were washed once in dPBS1X
and resuspended in 300 pl hybridization mixture (formamide 70%,
blocking reagent 1%, Tris-HCI, pH7.4, 10 mM, telomeric PNA probe
0.5 mM). Then, the samples were kept for 5 min at 80 °C and left at
room temperature for 2 h. For imaging, the samples were washed
twiceindPBS1X and dropped on aslide (adding DAPI). Allimages were
acquired using PALM laser-capture microdissection and an optical
tweezer microscope TCS SP8 STED-3x using a magnification of x100
and an ex/em wavelength of 405/468 nmto detect the DAPI signal and
642/690 nmto detect the yH2AX signal.

CFU immune cells cluster assay

Immune cells freshly isolated from the kidney marrow of young-adult
(8-week-old) and aged (17-week-old) fish were resuspended in
Roswell Park Memorial Institute (RPMI) 10% medium (RPMI + HEPES
1:40 + heat-inactivated FCS 10% + 1:500 diluted solution containing
gentamicin 5 mg ml™ and amphotericin B125 pg ml™) and seeded ata
concentration of 200,000 cells per well in the wells of a 96-well plate.
These cells were then treated or not treated with different concentra-
tions of LPS (cat. no. L6529, Sigma-Aldrich) and incubated at 28 °C
for 24 h. Then, each well of the plate was imaged using an EVOS XL
Core Imaging System (AMEX1000, Thermo Fisher Scientific) at x40
magnification. To check the fisetin effect on killifish immune cells,
cells seeded once on the 96-well plate were preincubated in the pres-
ence of 15 uM fisetin at 28 °C for 24 h before medium change and LPS
treatment, as explained above. Quantification of the clusters in each
well was made blindly using Fiji; the number of the clusters in the
wells stimulated with LPS was calculated by subtracting the number
of clusters obtained in the negative control fromthose presentineach
experimental condition.

B-Gal staining

Immune cells freshly isolated from the kidney marrow of young-adult
(8-week-old) and aged (17-week-old) fish were fixed for 30 min in 2%
PFA, then centrifuged at 400g for 10 min and washed once in dPBS1X.
Afterwards, samples were stained according to the manufacturer’s
instructions for the CellEvent Senescence Green Flow Cytometry Assay
Kit. All images were then acquired using the Amnis ImageStreamX
MkII Imaging Flow Cytometer using x60 magnification and an ex/em
wavelength of 488/530 nm to detect the 3-gal signal.

Bayesian hierarchical model of B-gal inimmune cells from
young and aged killifish

To assess the changesin 3-gal staining between aged and nonaged adult
killifish, we used a hierarchical Bayesian model, using the rstan package
inthe R programming environment. The model was designed to assess
the effects of age and cell type on the expression of B-gal (bgal_cl) across
differentimmune cell types.
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Data preparation

The dataset included measurements of 3-gal levels (bgal_cl) in five dis-
tinctimmune celltypes—erythrocytes (E), lymphocytes (L), monocytes
(M), progenitor-1(P1) and progenitors-2 (P2)—collected from killifish
at two different ages (8 weeks and 17 weeks). The variable week was
transformed into a binary variable (age_binary), where 0 indicated
young killifish (8 weeks) and 1indicated aged killifish (17 weeks). The
cell_type variable was converted into a numeric factor to facilitate its
use in the hierarchical model.

Model specification

Given the nature of the -gal measurements, which are constrained
between 0and1,aBetadistribution was chosenas the likelihood func-
tion for this hierarchical Bayesian model. The Beta distribution is par-
ticularly suited for modeling proportions and rates, makingitabetter
fit than the Gaussian distribution for these data.

Parameters.

« alpha: Overall intercept representing the baseline level of 3-gal
expression across all cell types and ages.

 beta_age: Coefficient representing the main effect of age on 3-gal
expression.

« alpha_cell: A vector of cell-type-specific intercepts, capturing
the baseline level of expression for each cell type.

- beta_age_cell: A vector of coefficients representing the interac-
tion effect between age and each cell type, allowing the effect of
age to vary according to cell type.

« phi: Precision parameter of the Beta distribution, which controls
the variance independently of the mean.

Priors.

« Non-informative normal priors were placed on the intercept
(alpha), the main effect of age (beta_age), the cell-type-specific
intercepts (alpha_cell) and the interaction effects (beta_age_
cell), with a mean of 0 and an s.d. of 10.

» Aweakly informative Gamma prior was used for the precision
parameter (phi), ensuring that the model can accommodate a
wide range of variances in 3-gal expression levels.

Likelihood. The likelihood function assumed that the observed 3-gal
levels (bgal_cl) followed a Beta distribution, witha mean parameterized
asalinear combination of the overallintercept, the main effect of age,
the cell-type-specific intercept and the interaction between age and
celltype, as follows:

bgal_cl[i] ~ Beta(mul[i] * phi, (1- mu[i]) * phi)

where mu[i] = logit"(-1)(alpha + beta_age * age_binary[i] + alpha_
cell[cell_typelil] + beta_age_cell[cell_type[il] * age_binary[il).

Model fitting and diagnostics

The model was fitted using the stan() function, with 2,000 iterations
across four Markov Chain Monte Carlo chains. Convergence was
assessed using trace plots and the Gelman-Rubin diagnostic, with no
indication of non-convergence. We further compared the performance
of the likelihood function based on a Beta distribution to one using
anormal distribution. We performed model cross-validation using
leave-one-outin rstan. The analysis is available on our GitHub page at
https://github.com/valenzano-lab/public/tree/main/GM.

Statistics and reproducibility

Allexperiments used turquoise killifish (V. furzeri, GRZ strain) raised
under standardized husbandry conditionsinrecirculatingaquaculture
systems at MPI-AGE and FLI. Age groups and sample sizes were chosen
based on prior experience with this model, feasibility of tissue and cell
yields for each assay, and established practice for comparable omics
and cytometry experimentsinKkillifish. No statistical method was used

to predetermine sample size. Biological replicates (individual fish)
arestated inthe figure legends, and include (non-exhaustive): plasma
TMT proteomics (n = 5adult versus n = 5aged-adult male fish); kidney
marrow TMT proteomics (n =5 adult versus n =5 aged-adult male
fish, same individuals as for the plasma proteomics); ImageStream
cytometry for cellularity, proliferation and yH2AX (n = 5Sadult versus
n =4 aged-adult male fish); histology (Sirius Red/Fast Green, n=3
adult versus n =3 aged-adult); and LPS aggregate formation assays
(typically n=3adult versus n = 3 aged-adult). Technical replication was
used where appropriate (for example, repeated antibody validation
for yH2AX after UVirradiation; repeated FISH validation experiments;
multiple images and fields quantified per individual for histological
readouts as described).

Data exclusion. For scRNA-seq, one of six sequenced samples did
not meet the quality and read-depth criteria and was excluded before
downstream analysis; the remaining five samples were retained. Inthe
scRNA-seq analysis, cells mapping to clusters indicative of gonadal
contamination were excluded before final clustering and annotation;
downstream analyses were repeated on thefiltered dataset. Apart from
these predefined quality control and contamination-filtering steps, no
datawere excluded from the analyses.

Randomization and blinding. Allocation of animals to age groups was
determined according to chronological age; therefore, it was not ran-
domized. The experiments were not randomized. Investigators were
generally aware of age group allocation during the experiments and
outcome assessment; however, for the colony-forming unit/aggregate
quantification, cluster counts were performed blinded in Fiji. Overall,
theinvestigators were not blinded to allocation during the experiments
and outcome assessment.

Statistical analyses. Statistical analyses were performed in R v.3.6.1
unless otherwise indicated. For two-group comparisons of continu-
ous outcomes with small sample sizes and non-normal distributions,
two-sided nonparametric Wilcoxon signed-rank tests were used (for
example, cytometry-derived proportions and intensities; proteomics
differential abundance testing via wilcox.test). For the proteomics
GSEAs, multiple-testing correction was performed using Benjamini-
Yekutieli adjustment, with a Benjamini-Yekutieli-adjusted P < 0.05
considered significant; reporterionintensities were variance-stabilized
(vsn) and log,-transformed before testing. Where Bayesian modeling
was used (3-gal), a hierarchical Beta regression model was imple-
mented in R using rstan, with four Markov Chain Monte Carlo chains
and 2,000 iterations per chain; model convergence was assessed using
trace plots and Gelman-Rubin diagnostics; model comparison and
cross-validation was performed using leave-one-out procedures as
described. Exact statistical tests, sidedness, multiple-testing proce-
dures, thresholds for significance and the definition of box plot ele-
ments (median, IQR, whiskers) are reported in the figure legends. The
codeused for the omics analyses and the KIAMO Shiny app is publicly
available (the GitHub links have been provided in the paper), and the
primary datasets are deposited in public repositories as stated under
‘Data availability’.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The scRNA-seq data are available at www.ebi.ac.uk/biostudies/
studies/S-BSST2265. The proteomics data have been deposited
in the PRIDE repository under the accession no. PXD029992. Any
additional data are available from the corresponding author upon
reasonable request.
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Code availability

For the Shiny app and the omics analysis, the code is available at https://
github.com/mdonertas/TK_ImmuneAging MultiOmics and https://
github.com/mdonertas/KIAMO.
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Extended Data Fig. 1| See next page for caption.
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Extended DataFig. 1| Kidney marrow displays aging-dependent fibrosis ofthe previous image between the two age groups (on the left) and between
signatures. a) Sirius Red/Fast Green staining of an adult and an aged-adult samples (on the right). To assess the difference between the young and the aged
killifish kidney marrow. All the images show in red collagen (fibrotic area) and group (p <0.001), we used two-sided Wilcoxon rank sum test. The number of
ingreen the rest. The experiment was repeated on 3 adult and 3 aged-adult samples quantified per individual is 10. Boxplots show Q1-Q3 with median,

individuals. b) yH2AX stained tissue sections of the kidney marrow from 3 young- whiskers extend to 1.5xIQR.
adult (7 weeks) and 3 aged (24 weeks) fish. ¢) Boxplot showing the quantifications
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Extended DataFig. 2 | Single-cell RNA sequencing quality metrics and
clustering resolution analysis of killifish kidney marrow immune cells.
a) Analysis of reads quality across single cell RNA sequencing samples. Immune

b)

|

.
I

=¢—0 o o o o

1]

in_prop

® [ ] ® 0.00
~> 025
-> 050
-> 075
> 1.00
s ® ® ® o6 6
count
- -8
S5 6000
» @ © ® o9 0 e
= 2000
[
-
integrated_snn_res.
5 ® O ® @ @ : :;
* 025
* 03
* 05
8 @ c
. s
size
2000
® * { ]
. 4000
. 6000
weass mapspl wNUy @ED DAV 7) B ’ w0

cells from the kidney marrow of 3 young-adult (8 weeks old) and 3 aged (21 weeks
old) were used. b) Clusters identified at different resolutions in single-cell RNA

sequencing.

Nature Aging


http://www.nature.com/nataging

Resource https://doi.org/10.1038/s43587-026-01086-2

Cluster A
@ Cluster C

10° 3
< 7
O -
B 4]
107 3
103+ 22,1 ‘& gn

50K 100K 150K 200K
FSC-A

Extended Data Fig. 3 | Giemsa staining on immune cells isolated from the killifish kidney marrow and sorted based on their side and forward scatter properties.
Representative cells from each of the three main cell clusters are shown.

Nature Aging


http://www.nature.com/nataging

Resource

https://doi.org/10.1038/s43587-026-01086-2

1
100- A |
|
1
! . .
! Kidney Marrow Proteomics
da ! b  GenesinDNA Repair—related
I GO categories (ILog2FCl >= 1)
1
= 50- : g Normalized
B ! Groups 1 Enrichment
) ! Score
= | I i 0 DUSP1
T ! A Young ANP32B
= i A EEF1E1
o ® ! GAR1
I UG GE SRS S WONSUR A RAB11A
| PRMT7
eo® I SPATA18
[ ! PADI2
| ﬂ Nfu_g_1_020323
! 2AF'
| PARK7
1 CENPP
| Cdkn2d
50- ® ' SMC2
. | J | glnsa
o irt1
40 0 . 40 80 - S Ps
Dim1 (41.9%) ] LDB1A
PBK
RNF219
. ) [ BTR31
C Kidney Marrow Proteomics u POLA1
Core Enrichment Genes (ILog2FCl >= 1.5) ] DDX21
= NSL1
MCM7
o DNMT3AA
NCAPD2
nlre rﬁ ﬁ [T rh il -
] cDC45
> jpoonOoonmn II ] ool 0 Normalized = REMT
Enrichment
IIIIII II II I III S | SFR1
core ] UHRF1
= ] TET1
3 | INS
11 1] = | GeeTs [ ] ZNF462
u [ = | DCN ] MIS18A
« fun HJEy S | s
2| COL1A1B =I SH2
= | POSTNA o PRC1B
[ ] MYLZ3 o KIF4A
[ || @ | DUSP1 ] TOP2A
[ | | = | ARL6IP5B 1 GINS2
0 | RAB7A CDK1
u | (WLS = WDHD1
| | [ | | = RSL24D1 ] MCM10
| | 3 | SHARPIN ] HELLS
B3 | RAB20 ] CDCA8
3 | TRIM23
I | = [TFRI1A [ | POLA2
L] - - Nfu_g 1018818 [ Elsjgoz
P6
3 | AGPAT4 |1 | ZRANB3
= | oxsm ] KIF22
= | HAO2 ] CHAF1A
@3 | THAP4 [ 1] EME1
3 | YKT6 RAD18
= | T™MOD1 = GMNN
3 | ANP32B CCNA2
I | UBE2J2 = KIFC1
= ] KIF23
= | = THain
] [=] CCNE2 RACGAP1
@ [ CCNA2 | | KIAA0101
[ ] | = | KIAA0101 [ ] CCNE2
EEE| = UB1 Nfu_g_1_018818
= | GTSE1 o GTSE1
= |KIF23 BUB1
= RA%GAP1 > = c
KIFC1 5®BEO ~
= | TPX2 2 8% |
= = pepepTpr T T o 0g2FC
= H 58553554858 ZEEE5ERSS 52 § vaon e<s
[y o ki3 D @ @ Q I3 20 Z £
583 352588 SSE 8% OB FETEYRES 58 g M1 §8 g
goll 28x2o8codes SN Sg2582809 So N | 0g2FC 228
—8g £c98ac5a83g a5 $ESOE5EGS = c Log 2 2
BES S2Epo0EexE £5 S 288! 52 ) s 5
885G SvLpg580a 2 35 82538=£5g5¢a °8 S 3
% o8805538800E<s2 S= 28c,885°8 £8 ° g
A R R £s SolgoE2Rl 58 5 8
ZREEEEES  2ESSE &% 23 5288 555 oE 2 °
S 5o328® 33782 s¢ a7 gd2g §¢ e g £
= GO =a 98 2= £3 8558 SE; 89 S 2
£ gBese B 5% o ge 5 3F §f of 5 =
° g5s8%y v o 38 5§ g g 9% £2 5 2
gses 5 £ & £< $ % § ré 5 g
558 3 § 2% 53 ° g g 2 g
s 3¢ S 8 5O fofa) a S = -
El 8 ¢ £ Bt g ] E
3 o ~ ks og © <] o
8 % g B3
S S I
- 3
K3
3 E
S

Extended Data Fig. 4 | Significant biological processes and DNA repair
proteins characterizing aging in the primary immune niche in turquoise
killifish. a) PCA plot, using all kidney marrow proteins in VSN-normalized,

log2 transformed and scaled expression data, showing clustering of adult

and aged-adult samples. b) Heat-map showing kidney marrow proteomics
enriched DNA repair associated GO categories (“DNA repair”, “response to UV”
and “double strand break repair via homologous recombination”) and their
representative genes with a[log2 fold change | >1in the kidney marrow of five
young-adult (7 week old) and 5 aged-adult (16 week old) killifish. We considered
BY corrected p-value < 0.05 as a threshold for significance. Blue and red bars

represent genes and GO categories respectively up-regulated inadult and aged
fish. GO categories highlighted in bold are significant. ¢) Heat-map showing
significantly enriched biological processes (GO categories) and all genes with
[log2 fold change | >1in the kidney marrow of five young-adult (7 week old) and
5aged-adult (16 week old) killifish. We considered BY corrected p-value < 0.05 as
athreshold for significance. Blue and red bars represent genes and GO categories
respectively up-regulated in adult and aged fish. GO categories highlighted in
bold are significant. Dark pixels show GO category membership of the genes.

All statistics were done using non-parametric two-sided Wilcoxon rank sum test.
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Extended Data Fig. 5| Differentially expressed proteins in young and aged
killifish kidney marrow reveal opposing enrichment of DNA repair and pro-
inflammatory signatures. Proteins differentially expressed between 5 young-
adult and 5 aged-adult killifish in the GO categories “interleukin-1b production”,
“response to molecule of bacterial origin” and “response to external biotic

stimulus” (red bars, higher in age-adults). Proteins found differentially expressed
between young-adult and aged-adultkillifish in the GO categories “response

to UV”, “double-strand break repair via homologous recombination” and “DNA
repair” (blue bars, higher in young-adults). All the statistical analyses are done
witha non-parametric Wilcoxon rank sum test (*’=p < 0.05).

Nature Aging


http://www.nature.com/nataging

Resource https://doi.org/10.1038/s43587-026-01086-2

DAPI H2AX Merge
UV treated Antibody 1
10 ym (#9718S)
Negative control Antibody 1

10 ym

10 um (#97185)

UV treated Antibody 2

Iy (127342)

Antibody 2
oy (127342)

Extended Data Fig. 6 | yYH2AX staining ofimmune cells isolated from the kidney marrow of a young-adult individual and irradiated with 100 J UV light. To stain
YH2AX, we used two different antibodies against different epitopes of the same antigen: Antibody 1 (#9718S, Cell Signaling) and Antibody 2 (ref.127342, GeneTex).
Twoindependent experiments were performed.
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Extended DataFig. 7 | Proliferation impact on genomic stability within the
turquoise killifish hematopoietic niche during aging. a) Immuno-fluorescence
staining on single cell suspension isolated from the kidney marrows of young-
adult (8-week-old) and aged-adult (17-week-old) killifish. Nuclei were stained
with DAPI and anti- y-H2AX antibody was used to mark double-strand breaks
sites. All the data were recorded using Amnis ImageStreamX MkIl Imaging Flow
Cytometer and analyzed in Amnis IDEAS v.6. b) Boxplots showing fraction of
y-H2AX positive cell and their median signal intensities among them forimmune
cellsisolated from the kidney marrow of 5adult and 4 aged-adult fish. ¢) Boxplots
showing fraction of proliferating cells in S/G2/M phase measured based on their
DAPI content and y-H2AX signal intensities among these cells in 5 adult and

4 aged-adult fish. All the statistics were done using non-parametric Wilcoxon
rank sum test (two sided). Cytometry measure of yH2AX signal in different
immune cells clusters d) Above is shown the dot plot showing the overlap of
whole single cells suspension (blue) and yH2AX positive cells (red) within
killifish kidney marrow immune cells. Below is shown the histogram of typical
YH2AX positive and negative cells frequencies pattern within across the samples
analysed. e-f) Boxplots obtained from the cytometric analysis showing yH2AX
signal deconvolution across Cluster A, B, and Cin 5 young-adult (8 week old) and
4 aged-adult (17 week old) samples. All the statistics are done using two-sided
non-parametric Wilcoxon rank sum test. Boxplots show Q1-Q3 with median,
whiskers extend to 1.5xIQR.
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Extended Data Fig. 8| Accuracy of machine-learning-based immune cell
classification. Confusion matrix comparing manually annotated immune

cell types (True Class) against model-derived predictions (Predicted Class).
Validation was performed by manually scoring a representative subset (19%) of
approximately 90,000 cells. Heatmap colors and numerical values represent

the percentage of cells correctly or incorrectly assigned to each cluster,
withindividual accuracies ranging from 75.0% for erythrocytes to 96.0% for
polynucleated giant cells. Data confirms the robust identification of primary
lineages, including progenitors-1, progenitors-2, myelomonocytes, lymphocytes
and erythrocytes.
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Extended Data Fig. 9| See next page for caption.
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Extended DataFig. 9 | Validation of ML-classification via FISH. Immune cells immune populations positive for the marker used to stain: monocytes/
isolated from the kindey marrow of young-adult (8 weeks) and aged-adult macrophages (mrcl), neutrophils (ncfl), progenitors (pcna) and B-cells

(15 weeks) killifish were hybridized with probes corresponding to cell-type (Swap70a). b) ImageStream pictures ofimmune cells stained with each FISH
specific markers identified via scRNA sequencing. a) Percentages of classified probe used. Two independent experiments were performed.
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Extended Data Fig. 10 | yH2AX signal does not co-localize with telomeres in
kidney marrow immune cells, and senolytic fisetin treatment restores age-
impaired immune activation. a) Co-staining of yH2AX and telomeric probes.
IF/FISH showing localization of yH2AX and Telomeres within immune cells
isolated from young-adult (8 week old) and aged-adult (17 week old) individuals.
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Two independent experiments were performed. b) Effect of fisetin onimmune
responses in cellsisolated from the kidney marrow. Fisetin treatment affects the
number of immune cell aggregates formed after LPS induction (3 young-adult vs.
3aged-adult fish). c-d) B-Galactosidase activity in cells from the killifish kidney
marrow after 24 h treatment with different concentrations of fisetin.

Nature Aging


http://www.nature.com/nataging

nature portfolio

Corresponding author(s):  Dario Riccardo Valenzano

Last updated by author(s): Sep 18, 2023

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX [0 0 XX [OOOS

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  proteomics, single-cell transcriptomics

Data analysis https://genome.leibniz-fli.de/shiny/kiamo/

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data are deposited and will be fully available upon publication.




Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in
study design; whether sex and/or gender was determined based on self-reporting or assigned and methods used.

Provide in the source data disaggregated sex and gender data, where this information has been collected, and if consent has
been obtained for sharing of individual-level data, provide overall numbers in this Reporting Summary. Please state if this
information has not been collected.

Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based analysis.

Reporting on race, ethnicity, or | Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why
other socially relevant they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables
; (for example, race or ethnicity should not be used as a proxy for socioeconomic status).
groupings ) . ) )
Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the
researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or
administrative data, social media data, etc.)
Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study

design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was determined based on availability of biological samples, provided the carrying capacity of the fish facility.
Data exclusions  No data were excluded from the analysis.

Replication Whenever multiple biological and technical replicates were conducted, we reported it in the methods part.
Randomization  Animals were randomly assigned to either group (young or old)

Blinding Blinding was used in the Al-based approach, where cell-type identify was automatically assessed after training.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

-
Q
C
=
()

o
o)
=
o
=
-
D)

S,
o)
=
)

Q@
wm
C
3
=
Q
S

<




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study

™ Antibodies X[ ] chip-seq
Eukaryotic cell lines |:| |Z Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

XXX X0 s
O00XOKXD

>
Q
Y
(e
)
1®)
o
=
o
S
_
(D
1®)
o
=
5
(@}
wm
[
=
3
Q
<

Plants
Antibodies
Antibodies used all information about antibodies used is available in the Online Methods part.
Validation all information about antibodies used is available in the Online Methods part.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) primary killifish cells from the killifish main hematopoietic organ.
Authentication n.a.
Mycoplasma contamination n.a.

Commonly misidentified lines  .a.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals turquoise killifisn (Nothobranchius furzeri)
Wild animals n.a.
Reporting on sex All used organisms were males, due to their larger size than females, which allow for more convenient surgery/tissue dissection.

Field-collected samples  n.a.

Ethics oversight The fish from the FLI facility are under §11 license no. J-0003798 and §4 license O_DV_21_24. For the fish raised at the MPI-AGE, the
holding license (§11TSchG) was 576.1.36.6.G12/18, while for the preparation of tissues (§4 TSchG) the license number was:
MPla_Anzeige§4_RB.16.005.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:
|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|Z| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation All available information is available in the Online Methods.




Instrument AMNIS ImageStream
Software KIAMO

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy provided in Online Methods.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

>
Q
]
(e
D
1®)
O
=
o
<
-
(D
1®)
O
=
5
(@]
wn
(e
3
=
Q
A




	Spontaneous aging-associated inflammation and genome instability in the immune system of turquoise killifish

	Results

	Plasma proteomics reveals increased markers of inflammation in aged killifish

	A single-cell atlas of the killifish main hematopoietic organ

	Cellularity changes within the kidney marrow between young and old killifish

	Immune cells from aged killifish have decreased proliferation and DNA repair but increased inflammation

	Expression of DNA repair terms in young-adult killifish in progenitor clusters

	Higher signal of DNA damage in cells from the killifish kidney marrow of aged-adult killifish

	Aging-specific γH2AX signal is specific to the progenitor cell cluster and does not colocalize with telomeres

	Immune cells from aged versus nonaged adult killifish display different functional responses to LPS stimulation and have in ...
	A platform to compare proteomics and scRNA-seq data in turquoise killifish (KIAMO)


	Discussion

	Methods

	Fish husbandry and samples collection

	scRNA-seq library preparation

	Protein isolation and TMT labeling

	Proteomics data preprocessing

	GSEA on proteomics data

	scRNA-seq dataset analysis

	Proteomics GO category representation in scRNA-seq clusters

	Induction of DNA damage via UV irradiation

	Samples preparation for FISH

	ImageStream sample preparation and processing

	Giemsa staining of immune cells

	Classification of cell type using ImageStream and machine learning

	γH2AX/telomere costaining and microscopy

	CFU immune cells cluster assay

	β-Gal staining

	Bayesian hierarchical model of β-gal in immune cells from young and aged killifish

	Data preparation

	Model specification

	Parameters
	Priors
	Likelihood

	Model fitting and diagnostics

	Statistics and reproducibility

	Data exclusion
	Randomization and blinding
	Statistical analyses

	Reporting summary


	Acknowledgements

	Fig. 1 Plasma proteomics in young and old turquoise killifish show increased inflammatory terms in aged killifish.
	Fig. 2 Cell composition in the main hematopoietic organ (kidney marrow) of turquoise killifish.
	Fig. 3 Imaging flow cytometry of killifish kidney marrow identifies three hematopoietic cell clusters with age-dependent expansion of putative progenitors.
	Fig. 4 Aging-dependent changes in the proteome of the turquoise killifish hematopoietic niche.
	Fig. 5 Cell-type-specific expression profile of the enriched GO categories DNA repair and replication from the proteomics data.
	Fig. 6 Machine learning analysis of bona fide immune cell populations collected with ImageStream.
	Fig. 7 In vitro cell aggregate formation and senescence in immune cells extracted from young-adult and aged-adult killifish.
	Extended Data Fig. 1 Kidney marrow displays aging-dependent fibrosis signatures.
	Extended Data Fig. 2 Single-cell RNA sequencing quality metrics and clustering resolution analysis of killifish kidney marrow immune cells.
	Extended Data Fig. 3 Giemsa staining on immune cells isolated from the killifish kidney marrow and sorted based on their side and forward scatter properties.
	Extended Data Fig. 4 Significant biological processes and DNA repair proteins characterizing aging in the primary immune niche in turquoise killifish.
	Extended Data Fig. 5 Differentially expressed proteins in young and aged killifish kidney marrow reveal opposing enrichment of DNA repair and pro-inflammatory signatures.
	Extended Data Fig. 6 γH2AX staining of immune cells isolated from the kidney marrow of a young-adult individual and irradiated with 100 J UV light.
	Extended Data Fig. 7 Proliferation impact on genomic stability within the turquoise killifish hematopoietic niche during aging.
	Extended Data Fig. 8 Accuracy of machine-learning-based immune cell classification.
	Extended Data Fig. 9 Validation of ML-classification via FISH.
	Extended Data Fig. 10 γH2AX signal does not co-localize with telomeres in kidney marrow immune cells, and senolytic fisetin treatment restores age-impaired immune activation.




