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Biomarkers for aging of blood — how transferable are
they between mice and humans?
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Aging significantly impacts the hematopoietic system, reducing its regenerative capacity and ability to
restore homeostasis after stress. Mouse models have been invaluable in studying this process due to their
shorter lifespan and the ability to explore genetic, treatment, and environmental influences on aging. How-
ever, not all aspects of aging are mirrored between species. This review compares three key aging bio-
markers in the hematopoietic systems of mice and humans: myeloid bias, telomere attrition, and epigenetic
clocks. Myeloid bias, marked by an increased fraction of myeloid cells and decreased lymphoid cells, is a
significant aging marker in mice but is scarcely observed in humans after childhood. Conversely, telomere
length is a robust aging biomarker in humans, whereas mice exhibit significantly different telomere dynam-
ics, making telomere length less reliable in the murine system. Epigenetic clocks, based on DNA methylation
changes at specific genomic regions, provide precise estimates of chronologic age in both mice and
humans. Notably, age-associated regions in mice and humans occur at homologous genomic locations.
Epigenetic clocks, depending on the epigenetic signatures used, also capture aspects of biological aging,
offering powerful tools to assess genetic and environmental impacts on aging. Taken together, not all blood
aging biomarkers are transferable between mice and humans. When using murine models to extrapolate
human aging, it may be advantageous to focus on aging phenomena observed in both species. In conclu-
sion, although mouse models offer significant insights, selecting appropriate biomarkers is crucial for trans-
lating findings to human aging. © 2024 International Society for Experimental Hematology. Published by
Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/
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HIGHLIGHTS

® The clear myeloid bias in the hematopoietic system during aging
of mice is hardly observed in humans.

e Telomere length is a better biomarker for aging in humans than in
mice.

e Epigenetic clocks can be used to track the aging process in mice
and human.

e Age-associated DNA methylation changes are enriched in homol-
ogous genomic regions of mice and human.

Mouse models have provided invaluable insights into the aging pro-
cess due to their genetic similarity to humans, sharing approximately
99% of genes and many comparable gene expression patterns [1,2].
Aging in mice mirrors many aspects of human aging, including loss of
regenerative potential, hair graying, cognitive and motor impairment,
and various age-associated diseases [11. This similarity extends to the
hematopoietic system, which in both species shows reduced capacity

for generation and homeostasis restoration after injury or stress [31.
Mice have a median life expectancy of only approximately 2 years
compared with approximately 80 years in humans, making them use-
ful for studying the impacts of genetics, treatments, or environmental
factors on aging. However, determining the physiologic aging process
in mice only by survival curves alone can be challenging and may not
reflect all aspects of the aging process. Therefore, reliable biomarkers,
often defined as hallmarks of aging, are urgently needed. Particularly
with regard to aging research, these biomarkers should not only
reflect the calendric age but also capture aspects of the individual
physiologic aging process [4]. Either way, it is crucial to consider that
the relevance and measurement of these aging biomarkers can differ
significantly between species.

In this review, we compared the most commonly used biomarkers
for aging in the hematopoietic systems of mice and humans: myeloid
bias, telomere attrition, and epigenetic clocks. It is also important to
acknowledge that there is a wide range of additional biomarkers for
aging in blood, including upregulation of candidate genes or proteins,
such as senescence-associated B-galactosidase [5], inflammatory
markers [6], oxidative stress markers, DNA double-strand breaks,
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proteomic and metabolomics profiles [7,8]. However, the three
above-mentioned markers are widely used to provide semiquantita-
tive measures for aging in blood (Figure 1) [9—16].

MYELOID BIAS OF HEMATOPOIETIC
DIFFERENTIATION

The composition of blood undergoes significant changes with age,
serving as a surrogate marker for the aging process [17]. Aging
hematopoietic stem cells (HSCs) exhibit altered homing/mobilization
efficiency, diminished lymphoid potential, and enhanced myeloid dif-
ferentiation potential [18]. To compensate for reduced regenerative
capacity, the fraction of hematopoietic stem and progenitor cells
increases with age [19,201.

A notable hallmark of aging in blood is the shift toward myeloid
leukocytes, such as granulocytes and monocytes, at the expense of
lymphoid cells (including B cells, T cells, and natural killer (NK) cells),
a phenomenon known as myeloid bias (My-bi). This shift underscores
the prioritization of innate immunity over adaptive immunity with
age [211. In mice, myeloid bias is well documented [22—25]1. An
increase in myeloid cells is associated with increased inflammation,
whereas a decrease in lymphoid cells compromises the adaptive
immune system, which plays a crucial role in defending against infec-
tions [23]. Although myeloid-biased HSCs are present in both young
and aged mice, changes in their ratio contribute to myeloid-biased
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hematopoiesis [26,27]. The accumulation of My-bi HSCs in older
mice is a consequence of their longer lifespan compared with lym-
phoid-biased HSCs, which allows them to persist and dominate the
aged HSC pool [28]. The fractions of myeloid/lymphoid cells in
peripheral blood may change from 25/75 at 2—3 months, 45/55 at
8—10 months, and 75/25 at 18—24 months [9]. Nonetheless, differ-
ences exist between mouse strains: aged DBA/2 mice show a more
pronounced shift toward My-bi and a decrease in T cells as compared
with aged C57BL/6 and BALB/c mouse strains [26]. Furthermore,
there are sex-specific alterations in the composition of the immune
system in the spleen [29], whereas this has often not been addressed
for peripheral blood. Despite variation in myeloid bias between
mouse strains, it became an important marker to track the state of
physiologic aging in mice.

However, myeloid bias is less pronounced in humans compared
with mice. Changes in leukocyte composition are prominent in early
childhood, with lymphocytes peaking after birth, and subsequently
declining in adulthood [26]. Unlike the myeloid bias observed in
aged mice, which is primarily due to an increase in granulocyte and
monocyte progenitors, aged human adults exhibit a decrease in lym-
phoid and monocyte progenitors accompanied by an increase in
megakaryocyte and erythroid progenitor cells [20,30,311. Interest-
ingly, the proportion of myeloid versus lymphoid cells remains rela-
tively stable in adulthood. We have recently analyzed peripheral
blood of 358 human blood donors, and the fractions of myeloid and
lymphoid leukocyte subsets overall hardly correlated with age
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Figure 1 Schematic comparison of blood aging biomarkers in mice and humans. (A) Peripheral blood of mice shows a prominent shift
from lymphoid cells to myeloid cells (values depicted here are just estimated from Kaschutnig et al. [9]). (B) In contrast, myeloid bias
is hardly observed in aging humans (values are further clarified in Figure 2 [10,11]); (C) Telomere length is not a good indicator for bio-
logical aging in mice (average values are extrapolated from Vera et al. [12]; Whittemore et al. [13]), whereas (D) it declines steadily with
aging in humans (average values are extrapolated from Rufer et al. [14]). (E) DNA methylation at three age-associated CG dinucleoti-
des (CpGs) was used to estimate chronological age in mice in a training set (red) and an independent validation set (blue). The data
were replotted from Han et al. [15]. (F) Exemplary presentation of epigenetic age predictions based on 101 CpGs in human blood
samples (data were replotted from Weidner et al. [16]; images are derived from Biorender).
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(Figure 2A—C) [10,111. Furthermore, we used epigenetic biomarkers
for the deconvolution of leukocyte subsets based on DNA methyla-
tion at specific CG dinucleotides (CpGs) [11,32]. This complemen-
tary analysis also did not reveal any pronounced differences in the
ratio of myeloid versus lymphoid cells throughout adulthood
(Figure 2D—F). Thus, both immunophenotypic and epigenetic char-
acterizations demonstrate that the myeloid bias is much less pro-
nounced in human than in mice. If humans hardly recapitulate this
myeloid-biased aging phenotype of mice, it may be questionable if
this phenomenon is an ideal biomarker to translate findings on the
aging process from mice to humans.

Although myeloid bias is hardly observed in adult humans, there
are still changes in the hematopoietic composition throughout aging.
In analogy to mice, it has been demonstrated that the frequency of
human HSCs in the bone marrow rather increases with age [22,33],
which might compensate some loss of regenerative potential and
maintain relatively high cellularity until higher ages [341. The percent-
age of T cells remains relatively stable until the age of 50 years, after
which it shows a significant decline. In contrast, B cell numbers rather
decrease until the third decade, then increase to a peak at the sixth
decade before declining [34]. NK cells decline in function and
undergo phenotypic changes, however, their total numbers may
hardly be affected [35]. Thus, there are changes in leukocyte counts
in aging humans, but it does not recapitulate the pronounced mye-
loid bias in mice. Hence, myeloid bias should not be considered as an
aging marker for humans.
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TELOMERE LENGTH IN LEUKOCYTE SUBSETS

Telomere length is a hallmark of aging and one of the most widely
used biomarkers for aging [4]. It is also frequently analyzed in hema-
tologic malignancies, including bone marrow failure syndromes, leu-
kemia and lymphomas [36,371. Telomeres are repetitive sequences of
“TTAGGG” nucleotides found at the ends of chromosomes, pro-
tected by a nucleoprotein complex called shelterin proteins. These
structures are crucial for maintaining genomic integrity during cell rep-
lication. Telomerase, a reverse transcriptase enzyme, regulates telo-
mere length by adding DNA repeats to chromosome ends,
counteracting the natural shortening that occurs with each cell divi-
sion [38,391. Loss of telomere protection leads to gradual erosion of
these caps, eventually triggering cellular senescence or apoptosis, con-
tributing to the aging process [40]. When telomeres reach a critical
length, cells undergo irreversible growth arrest, known as replicative
senescence. The rate of telomere shortening is widely regarded as a
contributor to organismal aging and is utilized as a biomarker for bio-
logical age prediction.

The method used to measure telomere length is crucial, as most
techniques only provide average or relative measurements and may
miss critical information about very short telomeres that are indicative
of telomere dysfunction [411. Flow-fluorescence in situ hybridization
is considered more reliable for measuring the telomere length com-
pared with polymerase chain reaction or luminescence-based meth-
ods, as it allows detailed analysis of telomere length distributions
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Figure 2 Analysis of myeloid bias in humans. We have replotted our data on blood counts of healthy donors (n = 348) of children [10]
and adults [11]. Depicted are the automated blood counts of (A) the myeloid compartment (granulocytes + monocytes) and (B) of
lymphocytes. (C) The fractions of myeloid/lymphoid cells hardly vary in human adults. For comparison, we have also depicted the
epigenetic blood counts based on DNAm at individual CG dinucleotides (CpGs) for (D) granulocytes, monocytes, and (E) lympho-
cytes. (F) Thus, also epigenetically a myeloid bias is hardly observed in human adults. Further details on the measurements and data

are provided in Hubens et al. [10,11].
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within individual cells rather than just providing an average for the
entire population [42,43]. Additionally, the functionality of telomeres,
particularly their capping by the shelterin complex, may be more cru-
cial than their overall length for cellular functionality [44].

In humans, telomere length in leukocytes typically decreases with
age, with a rapid decline in infancy followed by a slower, more consis-
tent decrease throughout adulthood (Figure 3A) [14,45]. However, in
elderly individuals above the age of 85 years, there is no clear associa-
tion between telomere length and survival or age-related diseases
[46]. Different cell types exhibit varying rates of telomere length
maintenance; for example, germ cells and certain adult stem cells
express telomerase and maintain longer telomeres, whereas most
somatic cells do not and thus have shorter telomeres [40]. HSCs
from umbilical cord blood tend to have longer telomeres compared
with those from adult bone marrow [47]. Lymphocytes experience a
more rapid decline in telomere length with age compared with granu-
locytes [48], with telomere length in lymphocytes decreasing from
approximately 11 kb at birth to an average of 5 kb in older individuals
[43]. Shorter telomere length in leukocytes has been associated with
a small increase in overall mortality risk, whereas specific diseases and
organ-specific mortality risks show stronger associations [49]. Telo-
mere length varies depending on the lymphocyte subtypes. Naive T
cells and B cells exhibit longer telomeres, whereas memory T cells
and NK cells exhibit shorter telomeres [14,50,511. These differences
are attributed to the replication and proliferative needs of the cell
types in response to antigenic stimulation and inflammatory cytokine
levels [52]. Taken together, telomere length serves as a biomarker for
aging in humans, particularly in blood cells, and this may even offer
hints at the individual biological aging process [431.

In contrast, mice have longer telomeres, ranging from 30 to 150 kb
in different tissues [531. Thus, they are 2—15 times longer than in
humans. Despite this, the lifespan of mice is approximately 30 times
shorter than that of humans. However, their telomeres shorten at a
rate of approximately 7 kb per year, which is 100 times faster than in
humans [12]. Notably, there are significant differences in telomere
dynamics between different laboratory mouse strains, which usually
possess longer telomeres than mice in the wild [54]. Mice and
humans have differences in the subtelomeric regions in the organiza-
tion of repeat elements [55] and in the shelterin complex [56l.
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Furthermore, telomeres exhibit considerable heterogeneity among
chromosomes in mice [57]. Studies on telomerase-deficient mice
have shown signs of accelerated aging. However, this was not
observed in the first generation upon telomerase knockout, but rather
from the fifth generation onward with infertility and defective
hematopoietic progenitor function [58]. Therefore, in mice telomere
attrition is not such a strong marker for aging as it is in humans.

EPIGENETIC CLOCKS

DNA methylation (DNAm) is an epigenetic modification crucial in
development, where methyl groups are added to cytosine’s 5" posi-
tion, especially when adjacent to a guanine nucleotide (forming CpG
dinucleotides). Since 2011, research has demonstrated that certain
CpG sites undergo continuous DNAm changes with age and can be
used to estimate donor age [59,601. These modifications have been
incorporated into predictive models known as epigenetic clocks,
which are used widely to estimate chronologic age in various applica-
tions, including forensics and in understanding biological aging [611.

Epigenetic clocks, initially developed for human samples using lllu-
mina BeadChip technology, have evolved with increasing data sets,
newer technologies for DNAm profiling, and improved algorithms
for integrating age-related DNAm changes. Notable examples include
the Hannum clock for leukocytes [62] and the multitissue clock by
Horvath [63]. Furthermore, our group described age predictors based
on multiple CpGs, as well as optimized targeted assays for site-specific
DNAm analysis (Figure 3B). Notably, both approaches facilitate age
predictions with high precision [16,641. Although all of these epige-
netic clocks are usually based on the assumption that DNAm follows
a linear or logarithmic trajectory, we have recently proposed aproba-
bilistic approach to determine epigenetic age based on 2D Kernel
Density Estimates [65].

The first generation of epigenetic clocks were developed to predict
chronologic age as close as possible, but even for these models it has
been demonstrated that the deviation of predicted and chronologic
age (delta age) was associated with all-cause mortality [66]. However,
as mentioned above, the composition of leukocytes changes with age
[67], and there are marked differences in the DNAm pattern of
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Figure 3 Age-association of telomere length and epigenetic clocks. (A) This figure exemplarily depicts how telomere length declines
in human granulocytes with age (n = 128); measured with flow-fluorescence in situ hybridization; we have replotted data from Vieri et
al. [45]. (B) Alternatively, we determined epigenetic age from the same samples with an epigenetic age predictor based on three CG
dinucleotides (CpGs; measured with amplicon bisulfite sequencing; data replotted from Vieri et al. [45]. (C) Epigenetic age predictions
in two different mouse strains (DBA/2 and C57BL/6) with a three CpG age predictor (data replotted from Han et al. [15]).
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different leukocyte subsets [10,68]. Notably, activated cells were pre-
dicted to be older than their naive counterparts due to different
methylation patterns [69], and it has been suggested that accelerated
epigenetic age (increased delta age) is primarily driven by an age-
related shift in the proportion of naive and memory immune cell
composition [701. The impact of blood counts on epigenetic age pre-
dictions is particularly observed if an epigenetic signature that has
genomic regions with pronounced DNAm differences between cell
types is used [69,71]. To better reflect the individual aspects of biolog-
ical aging, alternative second-generation epigenetic signatures were
developed, which were also trained for other clinical parameters,
such as blood counts, glucose levels, or blood pressure [721. Last but
not least, third-generation clocks were generated on large cohort stud-
ies and implement additional aging parameters to better quantify indi-
vidual pace of aging [73]. Thus, epigenetic clocks do capture aspects
of the biological aging process.

Epigenetic clocks seem to tick rather cell intrinsically, because after
allogeneic transplantation the environment of the recipient hardly
impacts the epigenetic age of the transplant [74,75]. In cancer, epige-
netic clocks are often accelerated, potentially because the epigenetic
pattern is captured from the tumor-initiating cell [45]. Notably, in
many types of cancer, accelerated epigenetic aging is also associated
with a worse prognosis [76] and such biomarkers can provide insights
into disease progression and the impact of different treatment inter-
ventions [77—791. Furthermore, inflammation and a wide range of
other diseases may also impact epigenetic age [80].

Because Illumina BeadChip microarrays for DNAm analysis were
initially only available for humans, the first epigenetic clocks for mice
were either generated on reduced representation bisulfite sequencing
(RRBS) or whole-genome bisulfite sequencing (WGBS) data [8I
—831. Although these approaches can theoretically address all CpGs
in the genome, they are often hampered by higher sequencing costs
and lower coverage, which might explain why the first epigenetic
clocks for mice were described 6 years after those in humans [841.
Meanwhile, lllumina BeadChip arrays are also available for mice and
have been used to derive epigenetic age predictors [85]. In fact, this
technology has recently even been applied for a wide range of mam-
mals [86]. Epigenetic clocks in mice tick faster than in humans but
considering the much shorter lifespan of mice, these clocks achieve a
similar precision (Figure 3C). However, it also needs to be considered
that inbreed mouse strains resemble genetically almost identical indi-
viduals — epigenetic age predictors that are trained for one specific
mouse strain can therefore reveal significant offsets of age predictions
in other mouse strains [15]. Notably, the age-associated genomic
regions in mice often correspond the homologous regions that are
also age associated in humans [85]. This observation suggests a high
degree of conservation in age-related DNAm sites across different
species and tissues, implying the existence of a shared mammalian
aging program [86].

So far, it is largely unknown how these epigenetic changes are reg-
ulated. Recent reports indicated that large parts of the predictive
accuracy of epigenetic clocks can be explained by stochastic pro-
cesses, which may somehow be favored at specific sites in the
genome [87,88]. However, findings by our group indicated that mod-
ifications in the age-associated DNAm regions can influence epige-
netic age by coherently modifying other age-associated regions across
the genome, potentially regulated within a network [89]. How such a
network would be governed is yet unclear. It even remains unknown
if age-associated DNAm actively contributes to the aging process, or
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if it rather reflects other modifications, e.g., by the histone code or
chromatin conformation. However, as a biomarker, epigenetic clocks
provide unprecedented precision to estimate donor age and they can
clearly capture relevant aspects of biological aging — in mice and
humans.

CONCLUSION

Although similarities exist in the hematopoietic aging processes of
mice and humans, significant differences also prevail. Mice, with their
notably shorter lifespans and controlled environments, may experi-
ence hematopoietic aging differently than humans. Although numer-
ous robust markers for aging exist in blood, as indicated above, this
review focuses specifically on myeloid bias, telomere length, and epi-
genetic clocks. In mice, myeloid bias serves as a reliable indicator of
aging, whereas its applicability to humans is limited. Conversely, telo-
mere attrition proves to be a more accurate marker of aging in
humans than in mice. Epigenetic clocks demonstrate a stronger corre-
lation with chronologic age compared with other biomarkers across
both species. Furthermore, epigenetic clocks can better reflect the
impact on the individual biological aging process, particularly if specif-
ically trained for this purpose [901. It will be interesting in the future
to derive also targeted epigenetic clocks for individual CpGs that can
better capture aspects of biological rather than calendric age. In fact,
such CpGs have already been identified and should be further vali-
dated in the future [65,91]. Epigenetic aging has also been demon-
strated to be associated with several other hallmarks of aging,
including metabolic and inflammation-associated markers [80]. How-
ever, in humans, the correlation between epigenetic age-acceleration
and age-adjusted telomere attrition remains relatively modest
[45,92,93]. In replicative senescence, telomere length declines,
whereas not all age-associated CpGs reveal epigenetic modifications
[94,95]. There have even been attempts to estimate telomere length
based on epigenetic profiles, which should be further validated [96].
Conclusively, aging biomarkers can capture distinct facets of the aging
process and thus should be utilized in combination. Because the
murine model system is often used to gain insight into human aging,
it may be advantageous to use biomarkers that are equally affected in
both species.
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