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Abstract

Turquoise killifish (Nothobranchius furzeri) are naturally short-lived vertebrates, recapitulating
several aspects of human aging, including protein aggregation, telomere shortening, cellular
senescence, and declined antibody diversity. The mechanistic causes of systemic aging in killifish are
still poorly understood. Here we ask whether killifish undergo significant age-dependent changes in
the main hematopoietic organ, which together could contribute to systemic aging. To characterize
immune aging in killifish, we employed single-cell RNA sequencing, proteomics, cytometry and a
functional in vitro assay. Our data indicate how old killifish display increased inflammatory markers,
and while immune cells from adult killifish display increased markers of proliferation and replication-
independent DNA repair in progenitor-like cell clusters, progenitors from old killifish display
extensive markers of DNA double-strand breaks. In less than 10 weeks, killifish undergo several
dramatic spontaneous aging-related changes in the immune niche, which could be functionally linked

with its extensive systemic aging and serve as targets for anti-aging interventions.
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Introduction

Aging of the immune system has dramatic consequences on host physiology, reducing tissue
regeneration and turnover', lowering the establishment and maintenance of lasting immune memory?,
increasing the risk for chronic infections® and autoimmune diseases®. The causes of aging of the
immune 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 in immune cell
pools towards more myeloid over lymphoid cells (myeloid shift), as well as to an increased secretion
of inflammatory mediators®. At the systemic level, aging of the immune system has been associated
by a low-grade, chronic inflammatory state, called inflammaging’. Chronic inflammation, in turn, has
been shown to exacerbate aging of the immune niche®.

The extent to which markers of immune aging displayed in mammals are shared in other vertebrates is
to-date poorly understood’, with some evidence of immune senescence occurring in birds'®.

By studying the cellular and molecular basis of immune aging in non-mammalian vertebrates, such as
teleosts, we aim to uncover conserved mechanisms of immune aging and identify novel 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 advantage of helping

reveal the mechanistic basis for age-dependent homeostatic dysfunction.

African killifish of the genus Nothobranchius are characterized by a strikingly short lifespan for a
vertebrate, with species living as short as 4 months both in captivity and in nature, after having
reached sexual maturity in only 3-4 weeks'"'2. Despite being short-lived, these fish display a wide
range of age-dependent transformations after the onset of sexual maturation, including telomere

1314 tumorigenesis'®, neurodegeneration'®'’, decreased capacity of tissue regeneration'®,

shortening
increased markers of cellular senescence in the heart'®, loss of microbial richness in the intestine®, as

well as decline in the diversity of the B cell antibody repertoire*". Given their wide range of conserved

aging phenotypes, several killifish species — and especially turquoise killifish (Nothobranchius
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furzeri) — have been rapidly adopted in the past years as a powerful in vivo vertebrate experimental

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, which is as relevant in killifish,

as well as in other organisms, including humans®*.

Here, we explored the changes in aging-dependent expression of canonical molecular markers of
immune system aging in turquoise killifish, with a specific focus on the main hematopoietic organ. To
gain insights into molecular changes specific to different cell types and functionally test immune
responses in young vs. old killifish, we employ cytometry and a functional in vitro assay in immune
cells stimulated with endotoxin (LPS). Furthermore, to characterize the age-dependent changes within
the main hematopoietic organ and in the plasma of turquoise killifish, we combine different “omics”
methods, generating a shared resource, including an R SHINY APP (KIAMO). Together, here we
generate the first comprehensive reference dataset for immune aging in turquoise killifish and shed
light on the mechanistic bases of spontaneous aging-dependent functional decline in a non-

mammalian vertebrate.
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Results

Plasma proteomics reveals increased markers of inflammation in aged killifish

Turquoise killifish evolved short lifespan, accompanied by organ-wide accumulation of aging
markers®. Recent work focused on the B cell repertoire has shown that turquoise killifish display age-
dependent decline in the antibody repertoire diversity, a bona-fide maker of aging of immune 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 (Figure 1 and Online Methods). We favored
males over females for technical reasons, due to their larger absolute size, which makes surgery more
feasible (Figure 1a). We found that plasma from adult killifish has a distinct proteome from old
killifish. To identify the functions associated with the plasma proteins that differentiate the most adult
from old turquoise killifish, we performed Gene Ontology analysis, which showed proteolysis,
coagulation, nucleosome structure and apoptosis as some of the main terms that increase with aging
(Figure 1).

We then asked whether the aged killifish plasma shows enrichment for terms associated with immune
system activation and inflammatory processes. None of the protein peptides identified by mass
spectrometry are bona fide pro-inflammatory cytokines. However, we detected higher expression
levels for several acute phase proteins (APPs) among the core enrichment genes of aged fish plasma,
including complement proteins and coagulation factors, which are used as inflammatory markers in

other teleost models?®?’

(Figure 1b). In addition to the previous set of standard inflammatory
markers, aged fish plasma shows also other core enrichment genes reported to be involved in aging
and inflammatory processes: Carboxy-peptidase N1%*, Annexin-A4?° and Apolipoprotein D*.

Noteworthy, plasma from old fish showed higher levels of insulin®' and IGF1*

compared to non-aged
adults, supporting an age-dependent systemic metabolic imbalance.

To further explore whether inflammation also affected cells residing in the main hematopoietic organ,
we investigated the presence of histological markers of inflammation in the main hematopoietic

organ, the teleost’s kidney marrow. We assessed the presence of tissue fibrosis, a marker of tissue

inflammation®*, performing a Fast green / Sirius red staining (Online Methods) in three 7-week-old
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(adult) and three 16-week-old (aged) killifish. We detected collagen deposition exclusively in the
aged killifish tissues (Extended Data Figure 1).

Together, plasma proteomics and histology revealed that killifish from the older age group display
increased markers of inflammation both systemically, as well as in the main hematopoietic cell niche,

in line 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 hematopoietic organ (kidney marrow),
we performed a single-cell RNA sequencing analysis using 10X technology. We sequenced cells from
6 adult male killifish. Five out of six samples showed high-quality reads and sufficient read numbers
(Online Methods and Extended Data Figure 2). Therefore, we excluded one sample for the
downstream analysis due to low read numbers. We performed reads clustering using the first 10 PCs
of shared nearest neighbor graph construction, assessing a 0.3 resolution which provides the last most
stable clustering (Extended Data Figure 3 and Online Methods). We annotated each cell cluster
using differentially expressed, and cluster-specific, genes across the dataset (Figure 2a and Online
Methods). The expression of cell-type specific markers confirmed that killifish have all the main

vertebrate immune cell types, characteristic of both innate and adaptive immunity (Figure 2b).

A cell cluster containing progenitors increases in relative cellularity within the kidney marrow
during killifish aging

We asked whether cell composition in the kidney marrow varies as a function of age. However, in
killifish there are no available antibodies that can be used as bona fide surface markers to distinguish
specific immune cells clusters. Therefore, we took advantage of the variation in the biophysical
properties among the cell populations extracted from the kidney marrow and used cytometry to
identify separate cells based on cellular complexity (side-scatter) and cell area (forward scatter)*>~.
Such cytometry-based approach allowed us to identify and count myelomonocytes-like, progenitors-

like and lymphocytes-like cells across our samples (Figure 3a and Figure 6a). We extracted cells

from the kidney marrow of 5 adults (8 week-old) and 4 aged-adults (17-week-old) killifish males and
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analyzed our samples using the Amnis ImageStreamX MKkII Imaging Flow Cytometer. A cell cluster
that typically contains progenitor cells within the fish kidney marrow appears to increase in relative
abundance in aged fish (Wilcoxon ranked sum test p-value = 0.016) (Figure 3b and Figure 6b).
However, the cell populations containing myelomonocytes-like, as well as lymphocytes, did not show
any significant age-dependent changes (Wilcoxon ranked sum test p-values = 0.90 and 0.29,
respectively). Together, our cytometric analysis broadly indicates that a cell cluster that typically
contains teleost progenitors within the kidney marrow undergoes age-dependent changes between

adult and aged-adult killifish.

Proteomics in immune cells from the kidney marrow shows decreased proliferation and DNA
repair during Killifish aging

To assess which biological processes in the immune 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 adult and old individuals used for plasma proteomics. Many more proteins were detected in
head kidney proteomics than in plasma proteomics and several of them resulted differentially
expressed during aging, showing a clear distinction between the two age groups (Extended Data
Figure 4). We asked which biological processes differ the most with age in our dataset and we found
a higher enrichment for proteins involved in cellular proliferation and “DNA repair” in adult
individuals, while “cellular detoxification from toxic substances” and “negative regulation of
chemotaxis” in aged-adult fish (Figure 4a and Extended Data Figure 4). Notably, in aged
individuals we observed an enrichment for proteins involved in immune cell activation, such as:
“interleukin-1b production” — a known pro-inflammatory cytokine®” —, “response to molecule of
bacterial origin”, or “response to external biotic stimulus” (Figure 4a-c and Extended Data Figure
4). Hence, while components of DNA repair machinery in immune cells from aged individuals

decrease compared to young-adult individuals, pro-inflammatory-related proteins are increased.

Expression of DNA repair terms in young-adult Killifish is specific to progenitors
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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 adult and aged-adult
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 (Figure 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 and T cells, as well as
clusters characterized as “hematopoietic stem cells” (HSCs). Together, our analysis suggests that

DNA repair was not uniquely associated with DNA replication.

DNA damage increases in cells from the Killifish kidney marrow during aging and doesn’t
correlate with cellular proliferation

Since immune cells extracted from young-adult individuals, based on proteomics data, showed
significant enrichment for cell cycle terms, 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 setup an independent experiment using immune cells isolated from five
8-week old (adult) and four 17-week old (aged-adult) turquoise killifish. Since most of the DNA
repair proteins over-expressed in young individuals participate in homologous recombination, a
process used by the cells to specifically repair DNA double-strand breaks (DSBs), we used an
antibody against y-H2AX, which marks DSBs and overall genomic instability (Online Methods)*®.
We used the Amnis ImageStreamX MKII Imaging Flow Cytometer as a platform for a high
throughput imaging of y-H2AX signal®’.

In each sample, to assess DSBs signal in 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 y-H2AX over the total number of DAPI positive-cells; and the median intensity of the
fluorescent signal for y-H2AX positive cells. Immune cells isolated from the kidney marrow of old
fish contain more y-H2AX positive cells and higher signal intensities compared to those derived from

young fish, suggesting higher DNA damage signal in cells from old fish (Extended Data Figure 8)
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and confirming that in killifish, similar to other organisms, DNA damage increases as a function of
age2,
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 provides us with a measure of the phase of
the cell cycle. Indeed, head kidneys from young fish had a higher fraction of cells in S/G2/M phase
compared to head kidneys from old fish, supporting the higher proliferation signal in immune cells
isolated from young fish.

If the signal for DSBs is uniquely associated with the cell cycle phase, we would expect cells under
proliferation to carry a higher signal for DSB. We therefore asked whether the higher signal of DNA
damage that we observed in immune cells from old killifish was associated with a higher fraction of
proliferating cells (cells in S/G2/M phase). We found that cells from aged killifish, while having a
smaller fraction of dividing cells compared to cells from young killifish, had a stronger signal for
DNA damage (y-H2AX) (Figure 6¢c-e). We then reasoned that an increased DNA damage signal in
cells from aged head kidneys could result as the consequence of a) fewer dividing cells presenting a
higher signal for DNA damage and/or b) non-dividing cells displaying markers of DNA damage.
Since the DNA damage signal in replicating cells does not significantly change during aging
(Extended Data Figure 8c), we consider unlikely that the increased age-dependent signal of DNA
damage might be attributable to the pool of dividing cells. Our findings indicate that cell proliferation
may not be the primary cause of DNA damage signals in cells from aged killifish (Figure 6f-g).

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 cell replication.

Aging-specific y-H2AX signal is specific to progenitors and does not co-localise with telomeres
Since we observed an age-dependent increase of DNA double-strand breaks, we asked which cell
populations were mostly affected by this signal. Using a cytometry-based approach, we found
that the cell cluster typically associated with progenitors showed most of the age-specific changes

in y-H2AX signal (Figure 6d-e and Extended Data Figure 5). To further explore whether the
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progenitor cells cluster carried the majority of the y-H2AX signal, we adopted a machine-
learning-based approach (Online Methods) to classify different cell types based on bright-field
acquisitions provided via ImageStream. First, to automatically classify each cell type, we
manually annotated all the main immune cell types based on their appearance as bright-field
images. Then, we ran the model on a total of approximately 90K cells. To measure the
concordance between manual classification and model prediction, we manually scored 19% of all
cells from each cluster identified by the model (Online Methods), which gave us an accuracy
value ranging from 75% (for Erythrocytes) to 96% (Polynucleated giant cells) (Extended Data
Figure 6). Combining y-H2AX antibody staining with our machine-learning based approach, we
could support our finding that among all cell types, the progenitors cell cluster has the strongest
signal for double-strand break within the killifish kidney marrow during aging. We further asked
whether in the cells that — based on cytometry — we scored as progenitors, the signal for DSBs
correlated with the ration of dividing cells. Supporting our previous finding, despite an increased
signal for DSB in both progenitor cell clusters in old vs. young killifish, we did not observe an
increased age-dependent ratio of dividing progenitors (Extended Data Figure 5 and Figure 6c¢).
Therefore, it appears that the accumulation of DNA damage during aging in the main
hematopoietic organ in killifish is not associated with cell proliferation.

In our machine learning model, the progenitor population identified as progenitors II, shows in
general less age-related differences in DSBs signal and dividing cells ratio compared to the
progenitors I population. We acknowledge that this could be explained by the lower specificity of
progenitors II classification in our model, which classifies around 50% of erythrocytes as
progenitors II (false positives), hence buffering the signal in this population.

Next, we asked whether the aging-related increase of y-H2AX signal is localized to telomeres, a
typical source of signal for genomic double-strand break*. We performed an
immunofluorescence assay on immune cells isolated from young and aged individuals using an
antibody for y-H2AX and a PNA probe for fluorescent in situ hybridization (FISH) against
telomeric repeats (Online Methods). Noteworthy, we did not observe any clear localization of y-

H2AX in the telomeres across age groups, suggesting that the signal of DNA double-strand break
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in old killifish kidney marrows might not be specifically linked to telomere attrition (Extended

Data Figure 7).

Immune cells from aged Kkillifish display an impaired functional response towards LPS
stimulation associated with cellular senescence and are rescued by fisetin treatment.

To test whether the molecular and cellular changes we see in killifish hematopoietic niche during
aging are associated with an impaired immune cells functional response, we adopted an in vitro
functional assay that measures immune cells activation in the presence of LPS, a potent immune
stimulator®® (Figure 7a). We measured the response to LPS in immune cells extracted from young
and old fish. LPS induced immune cell aggregates in a dose- and aging-dependent manner. At higher
LPS doses, cluster numbers were lower in cells from the old killifish group (Figure 7b).

Since our previous results showed that cells isolated from old fish showed higher markers of DNA
damage, we asked whether cells from old fish also presented typical markers of aging-dependent
senescence. We performed a beta-Galactosidase assay and measured the signal using the
ImageStream technology (Figure 7c-e). Similar to what already reported in mammals*’, we observed
an aging-dependent increase of senescence signal in cells from old killifish. Using our machine-
learning-based classification, we could largely assign the age-dependent increase in senescence signal
in the erythrocytes and progenitors clusters (Figure 7e). Next, we asked whether senescent signal in
cells from old killifish contributed to the outcome of the LPS-induced cell cluster. To this end, we
pre-treated for 24 hours immune cells isolated from young and old fish with the 15 pM of the
senolytic fisetin*’. Following fisetin treatment, we seeded the cells with 50 pg/ml of LPS.
Remarkably, immune cells derived from old individuals that were treated with fisetin showed a
number of clusters — upon induction with LPS — comparable to young cells; while immune cells from
young-adult individuals treated with fisetin showed no difference compared to the control, untreated
cells (Figure 7f). Together, these findings show that immune cells from old donors could return to a
young-like behavior, in a cellular-based assay of immune induction, after pre-treatment with a strong

senolytic.
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KIAMO: a platform to compare proteomics and single-cell RNA Seq data in turquoise
killifish

To allow multi-omics comparison of plasma proteomics, head kidney proteomics and single-cell
RNA Sequencing in the head kidney, we generated KIAMO (Killifish Immune Aging
MultiOmics) https://genome.leibniz-fli.de/shiny/kiamo/

KIAMO is a user-friendly shiny app that allows direct visualization across datasets in immune

organs.
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Discussion

The immune system provides systemic surveillance, protecting organisms from a range of insults that
come from the environment, e.g. tissue lesions, parasites and pathogens — as well as from internal
processes, e.g. neoplastic transformations. Together, an effective immune system preserves
homeostasis, while immune system malfunction is associated with a plethora of diseases, from
chronic infections to cancer, neurodegenerative diseases, metabolic diseases, systemic inflammation,
etc. During the aging process, the immune system becomes compromised as it is no longer able to
effectively fight off pathogens and promote successful repair in damaged tissues. However, aging of
the immune system is not solely associated with “lowered” immune effector function. Aging in the
immune system is often characterized by hyperreactive immune responses* and autoimmune
dysfunctions, where the immune system is no longer able to properly discriminate self from non-self,
resulting in increased auto-reactivity, ultimately leading to organ failure. Aging in the immune system
is further characterized by a generalized, systemic, and chronic low-grade inflammatory state that has
been named “inflammaging’”’.

It has been recognized that aging of the immune system might be one of the main drivers of systemic
aging-related functional decline at the organismal level across organisms**.

Cell-intrinsic mechanisms have been found to underlie aging-dependent failure in the hematopoietic
stem cell niche®, including reduced regenerative capacity and age-dependent increase in genes
involved in the myeloid vs. lymphoid lineage fate. Immune effector cells can also be impacted during

3132 as well as cells from the myeloid lineage®**. However, the main

aging, including lymphocytes
molecular and cellular drivers of systemic aging of the immune system remain to date still largely
unclear.

Our work aims to characterise the molecular and cellular signatures of vertebrate immune system
aging. To this end, we adopt as a model system the African turquoise killifish (Nothobranchius

11,23,25’ and

furzeri), a naturally short-lived vertebrate with a lifespan ranging from four to eight months
a plethora of spontaneous age-dependent transformations, including neoplasias®®, neurodegeneration®

and intestinal dysbiosis”’. Recent studies have shown that aged killifish display markers of intestinal
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inflammation®® and undergo expansion of large B cell clones systemically, and a decrease in naive B
cells in mucosal organs®'.

Here we explore whether systemic and immune aging in killifish is associated with molecular and
cellular changes occurring systemically, as well as in the main immune niche. We found that killifish
plasma shows age-dependent spontaneous increased abundance of insulin and IGF1, i.e. two major
markers of aging-related metabolic and hormonal imbalance®’. Furthermore, plasma from aged
killifish is enriched with several markers of inflammation, including acute phase proteins. Strikingly,
within a few weeks of life, turquoise killifish recapitulate conserved hallmarks of systemic aging
associated with the onset of age-related diseases.

We further asked whether the kidney marrow in killifish undergoes significant age-dependent
transformations. To this end, we first sought to chart the cell diversity within the main killifish
hematopoietic organ, i.e., the kidney marrow, using single-cell RNA Sequencing. We found that
killifish are characterized by the presence of all the main immune cell types found across vertebrates,
including stem cells, several progenitor clusters, as well as differentiated cells from the erythroid,
myeloid, and lymphoid lineages. Our cytometric analysis suggests an increased presence of progenitor
cells during aging, coupled with decreased overall proliferation, supported by both cytometry and
proteomics. Together, our results suggest the presence of an aging-dependent increased pool of
progenitor cells, which could be compatible with impaired differentiation into effector cells.
However, given the current lack of reliable surface markers in killifish that might help distinguish
among the various progenitor cell populations, we cannot yet address whether specific subclasses of
progenitor cells (e.g. myeloid, erythroid or lymphoid) increase during aging more than others.

Our results further indicate that cells from the killifish kidney marrow present increased markers for
double-strand DNA breaks and replication stress in aged vs. non-aged adults, while proteomics
markers of active cell cycle and DNA repair are increased in cells from the non-aged adult killifish.
Markers of DNA damage can occur in association with active cell replication. However, our results
support that the increased signal for DNA damage in immune cells from aged individuals is overall

independent from cell replication. Noteworthy, we found that the signal of DNA double strand break
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was not localized at telomeric regions. Furthermore, we could find cytometric support towards a
specific increased DNA damage signal in progenitors from aged killifish.

Together, our results in killifish support that progenitors undergo DNA damage and possibly
replication stress upon aging, while they might be protected by active DNA repair mechanisms in
non-aged, young adults. Hence, contrary to the expectations that hematopoietic progenitors would be
geno-protected, we found that HPCs from old killifish carry higher levels of DNA damage compared
to all other cell type in the hematopoietic organ, consistently with what recently shown in aged
mammalian hematopoietic stem cells®®.

Remarkably, in about two months-time, i.e., from non-aged adults to aged-adult killifish, we observe
the rapid onset of extensive cellular markers of immune aging, suggesting that the main killifish
hematopoietic organ undergoes rapid and dramatic age-dependent changes. Finally, our findings show
that targeting senescent cells extracted from old killifish restores immune responses to LPS, a
powerful immune stimulant. While our preliminary in vitro results show a putative role for
senescence in immune cell functional changes during killifish aging, whether the molecular and
cellular changes occurring in the killifish kidney marrow during aging lead to systemic functional
consequences remains still to be assessed.

The main hematopoietic organ of aged killifish presents markers of inflammation, reduced
proliferation, reduced DNA repair, as well as increased non-telomeric DNA damage. Our work
provides an extensive resource for aging omics in killifish, and we developed an R Shiny app
(KIAMO) to access and visualize proteomics and single-cell transcriptomic data in in young and old
killifish immune organs.

Given their experimental accessibility — e.g., via genome editing — and a rapidly expanding scientific
community, killifish represent a powerful naturally short-lived vertebrate for in vivo studies of aging

of the immune niche.
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Figure captions

Figure 1. Plasma proteomics in young and old turquoise killifish show increased inflammatory terms
in aged killifish. (A) Adult (8 weeks) and aged-adult (17 weeks) male turquoise killifish. B) Heat-map
showing significantly enriched biological processes (GO categories) and all genes with [log2 fold
change| > 1 in the plasma of 5 young (7-week-old) and 5 aged (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 in adult and aged fish. GO categories highlighted in bold

play a role in inflammation. Dark pixels show GO category membership of the genes.

Figure 2. Cell composition in the main hematopoietic organ (kidney marrow) of turquoise killifish. a)
tSNE plot of the cell clusters identified from single cell RNA Sequencing based on differentially
expressed genes in 5 adult killifish (two 8-week-old, three 21-week-old). b) Selection of immune cell

population-specific markers across cell clusters identified in the single cell RNA sequencing dataset.

Figure 3. a) Dot plot of killifish kidney marrow single cell suspension obtained with Amnis
ImageStreamX MKII Imaging Flow Cytometer and analysed in Amnis IDEAS v.6. SSC and Area
MOT1 represent scatter properties and size of cells respectively. b) Boxplots obtained from the
cytometric analysis showing cells proportions of myeloid, progenitors and lymphoid lineages across 5
adult (8-week-old) and 4 aged-adult (17-week-old) samples. All the statistics were done using non-

parametric Wilcoxon ranked sum test.

Figure 4. Aging-dependent changes in the proteome of the turquoise killifish hematopoietic niche. a)
Barplot of the enriched biological processes in the immune cells isolated from the kidney marrow of 5
young (7-week-old) and 5 aged (16-week-old) turquoise killifish. We defined significance using BY-
corrected p-value < 0.05 as a threshold. Adults are in blue and aged-adults are in red. b) PCA plot of
the GO processes represented by “DNA repair”, “response to UV” and “double strand breaks repair
via homologous recombination” categories found enriched in young killifish and c¢) Correlation plot

between all categories.
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Figure 5. Cell-type specific expression profile of the enriched GO categories DNA repair and
replication from proteomics data. a) tSNE plots showing enrichment of the genes belonging to
‘cellular detox’, dna repair, dna replication, and immune cell activation categories across cell-types.
These four categories were chosen based on the results of proteomics dataset from the kidney marrow.
Odds ratio (OR) is calculated by dividing the number of genes expressed in each category to the

number expected by chance (see Online Methods).

Figure 6. Machine learning analysis of bona-fide immune cells populations collected with
ImageStream. a) Position of different bona-fide annotated immune cells populations in size scatter
plots of adult and aged-adult fish. b) Cellularity changes in the hematopoietic niche of 5 adult and 4
aged-adult individuals. ¢) Dividing cells ratios across classified immune cells populations in the two
aging cohorts d) y-H2AX signal intensities across classified immune cells populations in the two
aging cohorts. ) y-H2Ax positive cells ratios across classified immune cells populations in the two
aging cohorts. f-g) Correlation of y-H2AX measures with DAPI signal across classified immune cells

populations in the two aging cohorts.

Figure 7. Machine learning-based analysis of bona-fide immune cell populations collected with
ImageStream. a) Clusters formed by immune cells isolated from the hematopoietic niche of young
and old fish incubated in the presence of different doses of LPS. b) Boxplot showing the effects of
different LPS doses on the number of immune cells clusters formed. Normalized clusters number was
calculated by subtracting the number of clusters obtained in the negative control from the number of
clusters obtained after LPS stimulation c-e) IF showing B-Galactosidase signal in immune cells
isolated from the hematopoietic niche of young and old fish. f-Galactosidase positive cells ratios and
signal intensities are shown by boxplots across classified immune cells populations in the two aging

cohorts. f) Boxplot showing fisetin treatment effects on the number of immune cells clusters formed.
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Extended Data Figure 1. Kidney marrow displays aging-dependent fibrosis signatures. a) Fast green
/ Sirius red staining of 3 adult and 3 aged-adult killifish kidney marrows. All the images show in red

collagen (firbrotic area) and in green the rest.

Extended Data Figure 2. Analysis of reads quality across single cell RNA sequencing samples.

Extended Data Figure 3. Clusters identified at different resolutions in single-cell RNA sequencing.

Extended Data Figure 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| > 1 in the
kidney marrow of 5 adult (7 week old) and 5 aged (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 in adult and aged fish. GO categories highlighted in bold are
significant. C) Heat-map showing significantly enriched biological processes (GO categories) and all
genes with |log2 fold change| > 1 in the kidney marrow of 5 adult (7 week old) and 5 aged (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 in adult and aged fish. GO
categories highlighted in bold are significant. Dark pixels show GO category membership of the

genes.

Extended Data Figure 5. Cytometry measure of YH2AX signal in different immune cells clusters a)
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 yYH2AX positive and negative cells frequencies pattern within across the samples analysed. b-
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c) Boxplots obtained from the cytometric analysis showing YH2AX signal deconvolution in myeloid,
progenitors and lymphoid lineages across 5 adult (8 week old) and 4 aged-adult (17 week old)

samples. All the statistics were done using non-parametric Wilcoxon ranked sum test.

Extended Data Figure 6. Accuracy matrix of the predicted immune cells clusters fit within true

classified immune cells population.

Extended Data Figure 7. Co-staining of YH2AX and telomeric probes. a) [F/FISH showing
localization of YH2AX and Telomeres within immune cells isolated from young-adult (8 week old)

and aged-adult (17 week old) individuals.

Extended Data Figure 8. 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 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 MKII Imaging Flow Cytometer and analysed in
Amnis IDEAS v.6. b) Boxplots showing fraction of y-H2AX positive cell and their median signal
intensities among them for immune cells isolated from the kidney marrow of 5 adult and 4 aged-adult
fish. c¢) 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 ranked sum test.
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Online Methods

Fish husbandry and samples collection

All the killifish used in this study are from the GRZ strain. We housed fish in plastic tanks in a
recirculating aquaculture system. 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 (§11TSchQG)
was 576.1.36.6.G12/18, while for the preparation of tissues (§4 TSchG) the license number was:
MPIa_Anzeige§4 RB.16.005.

To harvest fish plasma, all the fish received after lethal anesthesia with 1.5 g/L Tricaine solution, the
fish underwent an incision with a scalpel at the level of the caudal peduncle. After amputation, the
amputated portion was immersed into a 50 pl drop of Plasma collection buffer (APBS1X + 1:500
diluted solution containing Gentamicin 5 mg/ml and Amphotericin B 125 pg/ml) inside a Petri dish.
Following this procedure, we collected blood using a pipette into a 1,5 ml Eppendorf tube. The
collected blood samples were centrifuged at 1500g and 4°C for 20 min. The supernatant was collected
into a new 1,5 ml Eppendorf tube. Next, the sample was immediately stored at -80°C.

To isolate immune cells from the kidney marrow, both the kidneys were collected in a 1,5 ml
Eppendorf tube with 900 pul of dPBS1X. To obtain a single cells suspension, the tissue was
dissociated by gently pipetting inside the Eppendorf tube until the solution was homogeneous. Then,
the sample solution was filtered through a 35 pm nylon membrane in the cap of a 5 ml FACS tube and
immediately transferred into a new 1,5 ml Eppendorf tube. The sample was centrifuged at 400 g and
room temperature for 4-5 min. Next, the supernatant was discarded and the pellet was resuspended in
100 pl of dPBS1X. Then, 900 pl of milliQ water were added to the blood sample. The sample was
manually inverted for 20 seconds, then 100 pul of PBS10X were added to the sample, which was
centrifuged at 400 g and room temperature for 4-5 min. Finally, the supernatant was discarded, and
the cell pellet was resuspended once in dPBS1X (the cells number was quantified before the washing
passage). After the resuspension in dPBS1X, cells were centrifuged at 500 g at 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.
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Protein isolation and TMT-labelling

Proteins from immune cells isolated from frozen kidney marrows were extracted with a guanidine
chloride protocol. Twenty pl of lysis buffer (6M Guanidinium chloride, 2.5 mM Tris(2-carboxyethyl)
phosphin, 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 for 10 cycles of 30 s sonication and 30 s
break on high performance. The samples were then centrifuged at 20.000 g for 20 minutes. The
supernatant was transferred into a new tube and the protein concentration was measured via
Nanodrop. To prepare peptides from both serum and immune cells protein samples, 300 pg of protein
per sample was digested with 1:200 Trypsin (w/w) at 37°C overnight. The digest was then acidified
with formic acid (FA) to a final concentration of 1% to stop tryptic digest. The samples were then
centrifuged at 20.000 x g for 10 minutes 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 by centrifugation for 1
minute, followed by a wash with 200 ul 40% acetonitrile (ACN)/0.1% FA by centrifugation for 1
minute. The tips were then equilibrated with 200 pl 0.1% FA by centrifuging for 1 minute. The
digests were then loaded onto the tips and centrifuged for 2 minutes to ensure proper loading. The tips
were washed twice with 200 ul 0.1% FA, followed by elution of the peptides with 100 ul 40%
ACN/0.1% FA by centrifuging for 4 minutes at 1500 x g. The eluates were dried in a Speed-Vac at
45°C for 45 minutes, then resuspended in 0.1% FA and quantified with NanoDrop. Four micro grams
of the eluted peptides were dried and reconstituted in 9 uL of 0.1 M TEAB. Labeling with Tandem
Mass Tags (TMTproTM 16plex, Thermo Fisher Scientific) was carried out according to

manufacturer’s instructions.

Proteomics data pre-processing
Proteomics data was analyzed using MaxQuant, version 1.6.10.43"". Peptide fragmentation spectra
were searched against the canonical sequences of the Nothobranchius furzeri proteome (downloaded

September 2019 from UniProt). Protein names and primary gene names, corresponding to the Uniprot
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IDs were downloaded from Uniprot and used for annotation of the data. Methionine oxidation and
protein N-terminal acetylation were set as variable modifications; cysteine carbamidomethylation was
set as fixed modification. The digestion parameters were set to "specific" and "Trypsin/P".
Quantification was set to "Reporter ion MS3". The isotope purity correction factors, provided by the
manufacturer, were imported and included in the analysis. The minimum number of peptides and
razor peptides for protein identification was 1; the minimum number of unique peptides was 0.
Protein identification was performed at a peptide spectrum matches and protein false discovery rate of
0.01. The "second peptide" option was on. TMT reporter intensities were normalized using vsn>® and
log2 transformed in R, version 3.4.3%’. We calculated differences between log2 median protein
abundance levels of adult and aged-adult samples to determine differential expression. Statistical

significance was assigned based on Wilcoxon rank sum test using ‘wilcox.test’ function in R.

Gene set enrichment analysis on proteomics data

Gene set enrichment analysis was performed using 'gseGO" function in “clusterProfiler’ package
(v4.2.2)%, using human gene symbols and “org.Hs.eg.db* annotation package in R. We analysed the
GO Biological Processes categories with a minimum of 10 and maximum of 500 annotated genes. We
used BY correction for multiple testing and considered BY-corrected p-value\<0.05 as significant.
Details of Human - *N. furzeri* orthology mapping are explained under ‘Helper functions/data ->
Gene ID & Orthology mapping’. Two outputs from "gseGO" function are used: core enrichment genes
(i.e. genes that contribute most to the enrichment result.) and NES (i.e. normalized enrichment score).
Since 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 visualisation and
summarisation purposes. GO enrichment results include the whole list of GO categories, together with
their representatives. To choose the 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 different levels (20 to 70 clusters). We calculated the median

Jaccard index within each cluster. We take the minimum number of clusters, k, where at least half of
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the clusters have median Jaccard index of 0.5 or higher. This resulted in 20 clusters (=representatives)

for plasma proteomics and 50 clusters (=representatives) for kidney marrow proteomics.

Single cell RNA sequencing dataset analysis

N. furzeri primary genome assembly and genome annotations were downloaded from Ensembl
website (version 105). Genome annotations were filtered to include only the protein coding, IG or TR
genes using cellranger mkgtf” command. A custom reference for V. furzeri was built using
“cellranger mkref” command. Count matrix was generated for each sample in each run separately
using the “cellranger count’ function. Only the cells with a minimum number of 200 and a maximum
of 2500 features were kept. First all samples in each run were log normalised independently using the
"NormalizeData' function in Seurat package. Next, 2000 variable features were selected using the
‘vst’ method implemented in the 'FindVariableFeatures® function in the Seurat package. Next all data
were integrated using canonical correlation analysis to find anchors and first 20 dimensions for the
anchor weighting process. Data then was scaled and the first 10 PCs were used to generate the tSNE,
UMAP, and clustering of the cells. Then, differentially expressed markers for each cluster were
identified. All genes that are expressed in at least 25% of the cells in a cluster were tested. Based on
the resulting marker list, cell types are hand-annotated using http://bio-

bigdata.hrbmu.edu.cn/CellMarker/ as reference database. Since there were four clusters suggesting

contamination from gonads, we excluded those cells from analysis and repeated the previous steps for
better clustering and marker annotation. The same steps as before were repeated except we used the

first 20 PCs for clustering and UMAP and tSNE plots.

Proteomics GO categories representation in sScCRNA sequencing clusters

Four GO representative categories, Cellular detoxification, DNA repair, DNA replication, and
Immune cell activation, were chosen for further investigation in scRNAseq data based on the results
of proteomics dataset from the kidney marrow. These GO categories represent 35, 14, 55, and 15 GO
categories respectively. All human genes associated with these categories were obtained as explained

under "Helper functions/data -> Gene Ontology data’. We then get the orthologs in *N. furzeri*,
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intersect with the scRNAseq dataset, get the genes with an absolute value of log2 fold change of 1 in
kidney marrow proteomics data, and only use the non-overlapping genes. For each cell in the dataset,
we calculated the percentage of the expressed genes in each representative category and divided this

number to the percent of expressed genes among all genes detected in the scRNAseq. In this way, we
aimed to normalize for the overall transcriptional profile of cells and obtained an odd's ratio showing
the enrichment of genes specific to the GO categories of interest. We coloured the cells on tSNE with

this odds ratio

ImageStream sample preparation and processing

Immune cells freshly isolated from kidney marrow were fixed for 30 min in 4%PFA, then
centrifugated at 400g for 10 min and washed once in dPBS1X. Next, the pellet was resuspended in
500 pl of Permeabilization buffer (dPBS1X + 0,1% TRITONX-100) and incubated for 15 min.
Samples were centrifugated at 400g for 10 min, then cells pellet was resuspended in 500 pl of
Blocking buffer (Permeabilization buffer + 2% BSA) and incubated 60 min at room temperature. The
samples were centrifugated at 400g for 10 min, cells pellet was resuspended in 90 pl of Primary
antibody solution (Blocking buffer + 1:200 Rabbit anti- yYH2AX antibody [(Ser139) (20E3) Rabbit
mADb #9718S, Cell signaling]) and samples were incubated overnight at 4°C. Then cells were washed
once in dPBS1X, the pellet was resuspended in 90 pl of Secondary antibody solution (Blocking buffer
+ 1:500 Goat anti-rabbit IgG AlexaFluor 647 antibody [#A27040, Invitrogen]) and the samples
were incubated at room temperature for 45 min in the dark. Finally, cells were washed twice in
dPBS1X and cells pellet was resuspended in 40 pl of DAPI staining solution (APBS1X + DAPI
1pg/ml). Immune cells not treated with Primary antibody solution and DAPI staining solution were
used as negative control. All the images were acquired at Amnis ImageStreamX MKII Imaging Flow
Cytometer using 60X magnification and ex/em wavelength of 405/468 nm to detect DAPI signal and

642/690 nm to detect YH2AX signal.

Classification of cell-types using ImageStream and Machine Learning
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We analyzed all the raw data (.rif files) using Amnis IDEAS v.6. First, to train the machine learning
algorithm (Linear Discriminant Analysis ML algorithm), we created a merged .rif file containing the
raw data of all the adult and aged-adult samples, then we manually labelled all cell-types based on
specific cytometric features (Stachura and Traver, 2016; Ma et al., 2011). The training was performed
by using 316 cells manually annotated as “Eritocytes”, 291 cells manually annotated as ‘“Progenitors-
17, 137 cells manually annotated as “Myelomonocytes”, 235 cells manually annotated as
“Lymphocytes”, 261 cells manually annotated as “Polynucleated cells” and 116 cells manually
annotated as ‘“Progenitors-2”. To test the accuracy of the model, we manually labelled randomly for
each training class additional cells as “TRUE” representatives of the class (corresponding to 19% of the
training class cell number). These additional “TRUE” classes don’t overlap with the cells used in classes
for the algorithm training. Then for each “TRUE” class, we checked the ratio of predicted classes. A
classification index of 0 was used as a threshold to determine predicted classes. 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 as well as in the two merged .rif file we generated for both adult and aged-adult conditions.

v-H2AX/telomere co-staining and microscopy

Immune cells freshly isolated from kidney marrow were fixed 30 minutes in 4%PFA, and processed
as explained in the previous section (ImageStream sample preparation and processing). After sample
incubation with the secondary antibody, immune cells were re-fixed in 4% PFA+0.1% TritonX100 at
RT for 10 min. Then, the sample was centrifuged at 400g for 10 min and the pellet was resuspended
in 100 pl of 10mM glycine diluted in ddH,O, followed by a 30 min incubation at RT. Cells were
washed once in dPBS1X and resuspended in 300 pl of hybridization mixture (Formamide 70%,
Blocking reagent 1X, Tris HCl pH7.4 10mM, Telomeric PNA probe 0.5mM). Then the sample were
kept for 5 min at 80C and left at RT for 2h. For imaging, the samples were washed twice in dPBS1X
and dropped on a slide (adding DAPI). All the images were acquired at PALM laser-capture

microdissection and optical tweezer microscope TCS SP8 STED-3X using a magnification of 100X
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and ex/em wavelength of 405/468 nm to detect DAPI signal and 642/690 nm to detect y-H2AX

signal.

CFU immune cells cluster assay

Immune cells freshly isolated from kidney marrow of young-adult (8 week old) and aged (17 week old)
fish were resuspended in RPMI 10% medium (RPMI + Hepes 1:40 + heat-inactivated FBS 10% + 1:500
diluted solution containing Gentamicin 5 mg/ml and Amphotericin B 125 pg/ml) and seeded at a
concentration of 200.000 cells/well in the wells of a 96 well plate. These cells were then treated or not
with different concentrations of LPS (Sigma, ref: L6529) and incubated at 28C for 24h. Then each well
of the plate was imaged using EVOS™ XL Core Imaging System (Thermo Scientific™, ref:
AMEX1000) at 40X magnification. To check fisetin effect on killifish immune cells, these cells once
seeded on the 96 well plate were pre-incubated in the presence of 15uM fisetin at 28C for 24h prior the
medium change and the LPS treatment as explained above. The quantifications of the clusters in each
well were 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.

B -Gal staining

Immune cells freshly isolated from kidney marrow of young-adult (8 week old) and aged (17 week old)
fish were fixed 30 min. in 2%PFA, then centrifugated at 400g for 10 min. and washed once in dPBS1X.
Afterwards the samples were stained accordingly to the CellEvent Senescent Green Flow Cytometry
assay kit manufacturer instructions. All the images were then acquired at Amnis ImageStreamX MKII
Imaging Flow Cytometer using 60X magnification and ex/em wavelength of 488/530 nm to detect J3 -

Gal signal.

Statistical analysis
All statistical analyses were conducted in R (v 3.6.1). Statistical significance was defined for p-value

< 0.05 in all comparisons and calculated using non-parametric tests as explained in the manuscript
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and/or figure legends. All the scripts used for the analyses were provided and accessible as
supplements on the journal website.

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/KIA

MO
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