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Abstract

Platelets are important players in hemostasis. Alterations in platelet number and/or function
lead to life-threatening conditions like thrombosis, myocardial infarction and stroke. During
aging, changes at the cellular, organ and systemic level occur that affect platelet counts,
platelet functionality, the expression of platelet surface receptors, clearance markers as well
as their interactions with immune cells. Understanding how these changes influence platelets
can help to prevent the alterations of hemostasis and thrombosis we observe in the elderly. In
this review, we highlight the respective changes at important sites of the platelet life cycle:
bone marrow, liver and spleen, but also show how alterations in immunity contribute. We
point out the necessity for further research on age-related systemic alterations in these systems
and their interplay with platelets to better understand the complex processes that cause
alterations in the platelet life cycle during aging.

Plain Language Summary

Platelets are small cells without a nucleus that play significant roles in hemostasis and
immunity. Alterations in platelet life span might contribute to cardiovascular diseases fre-
quently observed in the elderly that could lead to bleeding or thrombotic complications. In
this review, we introduce the checkpoints of platelet life cycle where the platelets might be
affected by changes in an aging organism. We describe alterations in platelet progenitors
called megakaryocytes and changes in the bone marrow microenvironment. We discuss the
chronic inflammation observed in elderly and how this “inflamm-aging” potentially influences
platelet function and count. Major organs responsible for platelet clearance are the spleen and
liver which both undergo changes in structure and function during aging. In this review, we
highlight how these affect clearance of platelets at the end of their lifespan. A better under-
standing of how aging affects platelet clearance and function might help to identify potential
targets for the development of novel therapeutic approaches for prevention of acquired
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hemostatic complications in aged individuals and improve their quality of life.

Introduction

Platelets are small anucleated cells responsible for maintenance of
vascular integrity, modulation of immune response and tissue
remodeling.' Platelets play a significant role in the progression
of cardiovascular diseases, especially atherothrombosis and, con-
sequently, ischemic heart disease (IHD) and ischemic stroke.”
Antiplatelet therapy (acetylsalicylic acid, P2Y receptors inhibi-
tors) is commonly used in elderly people for the prevention of
thrombosis. On the other hand, bleedings also occur frequently in
aged individuals, from petechiae and epistaxis to intracranial
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bleeding during hemorrhagic stroke.? During aging, alterations
in the coagulation cascade or platelet function and/or count may
lead to either bleeding or thrombosis.

The platelet lifecycle begins in the bone marrow where mature
megakaryocytes (MKs) produce platelets and release them into
circulation.* Platelets circulate in the bloodstream for 7—-10 days
in healthy humans to maintain hemostasis. Aging of platelets is
characterized by the loss of sialic acid moieties from the glycans
on membrane glycoproteins. This leads to the exposure of several
sugar residues that can be recognized by macrophages in the liver
and spleen.4 At least three different receptors on immune cells in
several organs take part in the elimination of platelets from the
bloodstream: CD11b (Mac-1),” macrophage galactose-type lectin
(MGL)®%7 and Ashwell-Morell rf:ceptor.6 In this review, we will
describe the age-related changes in all parts of the platelet circle
of life to understand the causes of altered platelet count and
function observed during aging (Figure 1).

Age-related changes in platelet function

Platelet function changes from neonatal to elderly age. In the first days
after birth, the blood cell counts fluctuate frequently due to the
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Figure 1. Alterations of the platelet life cycle in aging. (a). The platelet life cycle starts in the bone marrow (I) where platelets are produced by
megakaryocytes (MK). II. Newly generated platelets enter the blood stream where they circulate and age and become desialylated. III. Aged platelets
with exposed sugar residues are recognized by tissue macrophages (M) in liver and spleen. Hepatocytes produce thrombopoietin that stimulates
proliferation of bone marrow megakaryocytes. (b). Platelets in elderly individuals show an altered phenotype. The platelet count is increased in old
mice but decreased in older humans. Platelets of aged individuals show a pre-activated phenotype (increased expression of CD62p, CD63 in resting
state) and higher response to ADP due to increased expression of P2Y, receptor. On the other hand, PAR-driven activation is reduced. Also, platelets
of elderly individuals have reduced granule cargo. (c). Immune system of elderly individuals shows characteristics of chronic inflammation: levels of
pro-inflammatory cytokines are elevated, and spleen is infiltrated with neutrophils. Spleen and liver — the main organs for platelet clearance — have
disorganized architecture which leads to diminished clearance capacity. Atherothrombosis drives consumption of platelets by a thrombus forming on

a ruptured atherosclerotic plaque.

replacement of fetal red blood cells with normocytes and start of
active development of the immune system.8 The counts differ from
the mean platelet count typically observed in adults but remain in
ranges of healthy adults. However, the platelet count decreases with
age in humans, especially in males.”'® On the other hand, mice, which
are an important tool for basic research show an increase in platelet
counts with age which suggests aging might have a different impact on
mice compared to humans."! One can argue that humans age differ-
ently from mice gaining plethora of pathologies, including hyperten-
sion, diabetes and other conditions leading to excessive inflammation
and consequent recruitment of platelets. However, it was shown that
aged mice also show a similar phenotype of aging including renal
dysfunction, neoplasm formation and chronic inflammation.'?
Neonatal platelets show reduced responses to stimulation via all
major platelet receptors, but the responsiveness increases with adoles-
cence. Compared to healthy adults, platelets of neonates upon activa-
tion show less integrin activation, decreased extent of degranulation
and higher sensitivity to natural activators such as epinephrine, throm-
bin, ADP, collagen but reduced expression of major receptors (P2Y 5,
GPVI, PAR-1, PAR-4)."*!* In the elderly, platelets become hyperre-
sponsive to ADP stimulation but not to PAR-1 and PAR-4 activation
with agonists SFLLRN and AYPGKEF, respectively (measured by
aggregometry, flow cytometry of o- and dense granules release and
integrin activation).'>'® This was explained by increased expression
of the P2Y, receptor on platelets in elderly individuals and more
active cleavage of PARs by thrombin. Interestingly, platelets of elderly
individuals showed a significant increase in the number of unstable
interactions with von Willebrand factor. In females, these changes
were even more pronounced suggesting that alterations in the adhesive
properties of platelets during aging is also sex-dependent.'” D’Aurelio

et al. also described decreased mitochondrial function of platelets of
aged individuals.'® Altogether, these studies show that not only plate-
let count but also platelet signaling is affected by aging, starting from
reduced responses to physiological stimuli in neonates and changing
toward hypersensitivity upon aging. Further confirmation comes from
a proteomic assay that showed significant enrichment of proteins
related to platelet activation, confirming the tendency for hyperreac-
tivity of platelets in the elderly.lg’20 One explanation for platelet
hyperreactivity and reduced platelet counts in elderly might be the
interaction of platelets with ruptured atherosclerotic plaques.
Atherosclerotic lesions form in the vessel wall because of endothelial
dysfunction occurring with aging.*'** Circulating monocytes are
recruited to the lesion and become so-called foam cells that store
oxidized lipids. Later, these lesions can rupture and expose their
content to the bloodstream. This leads to thrombus formation via
activation of platelets and the coagulation system.*® Circulating plate-
lets that pass a forming thrombus become pre-activated — expose
increased P-selectin levels on the outer membrane'® - and more
responsive to further stimuli.

Alterations in the immune system during aging

The immune system is highly affected by the age of an individual.
The term “inflamm-aging” (low-grade chronic inflammation)
describes the changes taking place during aging. This state is
characterized by increased levels of inflammatory cytokines,
like TNFa, IL-6 and decreased responses from B- and
T-cells.*** Thus, the adaptive immune response is altered.
Besides adaptive immunity, macrophages as members of the
innate immune system are also affected. Macrophages are phago-
cytic cells responsible for consumption of apoptotic bodies and
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pathogens.26 They are roughly divided into two subtypes: M1 that
are pro-inflammatory and M2 macrophages with an anti-
inflammatory and pro-angiogenic phenotype.”> Each subtype
has its own markers that are indicative of their respective func-
tions. Certain stimuli promote monocytes to become M1 or M2
macrophages. Macrophages are found in almost all tissues,
including bone marrow, liver and spleen. Tissue macrophages
interact with cells via ligand-receptor contact to eliminate patho-
gens, senescent cells and apoptotic bodies.! How aging affects
macrophages and monocytes has been reviewed elsewhere.***>~
Here, we focus on the changes in macrophage phenotype that
could affect platelet lifecycle.

Macrophages/monocytes can interact with platelets through
several receptors.”® CD11b (also known as Mac-1 and integrin
owmps) is abundant on all subtypes of macrophages.” The recog-
nition site for CD11b is N-acetylglucosamine which is exposed
upon platelet desialylation — removal of sialic acid from platelet
glycans during aging of platelets.5 It was demonstrated that
expression of CDI11b on monocytes is elevated in aged
individuals®® which could facilitate more frequent interactions
between them and platelets.

CD206 (mannose receptor) belongs to the C-type lectin
(CLEC) family of receptors and is exclusively expressed by M2
macrophages.31 Members of the CLEC receptor family are able to
recognize different carbohydrate residues, e.g. CD206 recognizes
mannose, N-acetylglucosamine and fucose.’® Jackaman et al.
described an elevated number of M2 macrophages in aged organ-
isms under naive conditions in vivo.>* Furthermore, bone marrow-
derived macrophages from old animals produce more M2 markers
upon stimulation with LPS compared to young mice in vitro.*¥

Liver tissue macrophages are called Kupffer cells. Kupffer
cells and hepatocytes express the Ashwell-Morell receptor
which also belongs to the CLEC receptor family and recognizes
B-galactose residues.’® In addition, Kupffer cells express MGL
and C-type Lectin Domain Family 4 Member F (CLEC4F) that
recognize P-galactose. CLEC4F additionally binds fucose and
N-acetylglucosamine.6’37’38 MGL is also expressed by splenic
macrophages.””’

The receptors described above contribute to the clearance of
aged  desialylated  platelets that  present  galactose,
N-acetylglucosamine and fucose on their surface glycoproteins.*
In addition, macrophage toll-like receptors and STAT1 signaling
in older animals are in general less responsive to conventional
stimulations with LPS or IENy,*' hinting toward reduced recogni-
tion of desialylated, aged platelets. They secrete less cytokines
and express less CD40 and activated MAPK (mitogen-activated
proteinkinase) that indicate alterations in signaling pathways.
Altogether, these findings demonstrate that even though the num-
ber of M2 macrophages is elevated, their functionality is
reduced.*® Therefore, changes in macrophage function might be
responsible for changes in platelet counts and function in aged
individuals.

Age-related changes in the spleen

The spleen is a secondary lymphoid organ responsible mainly for
blood filtration, clearance of old blood cells and antigen-
presentation.” Tt consists of the red and white pulp that are
separated by the marginal zone (perifollicular zone in humans).
Contrary to the human system, in rodents the red pulp is also
a site of extramedullary hematopoiesis under steady state
conditions.*® In the red pulp the clearance of red blood cells,
platelets and apoptotic bodies takes place via macrophages. In
contrast, the white pulp is responsible for antigen-presentation to
lymphocytes. Age-related changes of the spleen are well
described.*! The functional changes of spleen macrophages are
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similar to the changes observed in macrophages from other tis-
sues including elevated CD11b expression and increased secretion
of inflammatory cytokines like IL-6 and TNFa.** In rodents, the
microanatomical structure of the spleen becomes less uniform
with age, leading to a disrupted marginal zone. This results in
a disseminated location of macrophages in the spleen tissue in
older mice and rats. Similarly, dislocation of lymphocytes of the
white pulp into the red pulp occurs. This reorganization leads to
a reduced immune response due to missing lymphocyte priming:
antigen-presentation is diminished, the consumption of senescent
cells is lower and overall phagocytosis is decreased.**** A study
by Alex et al.** showed the atrophy of splenic tissue in humans
and reduced number of B-cell follicles. This suggests a functional
decline of the human spleen with age, but a detailed description of
all age-related changes is lacking. Upon aging, neutrophils infil-
trate the spleen tissue at a higher extent compared to young
mice.*> In summary aging is accompanied by a decreased clear-
ance function in both human and mice and leads not only to poor
pathogen response but also to reduced clearance of senescent
cells. This could contribute to an increased platelet count in
mice due to reduced clearance. However, the reduced immune
cell function in spleen tissue does not explain diminished platelet
counts in humans.

How aging affects liver function

The liver is a key organ in understanding the physiological
changes associated with aging because of its intricate role in
hemostasis and the control of platelet count, which is closely
linked to its larger functions. The liver plays a major role in the
generation of thrombopoietin (TPO), a cytokine promoting MK
maturation and enhancing platelet reactivity, and coagulation
factors; hence, its age-related decline has a substantial impact
on systemic health.**+ Notably, liver-resident Kupffer cells pro-
mote the clearance of desialylated, aged platelets.® A detailed
consideration of these physiological connections is important in
order to completely comprehend how aging affects platelet
clearance.

There is substantial proof that aging causes a reduction in liver
volume and blood flow; research on individuals dating back to the
1990s first reported on these effects.*® A subsequent study by
Moon et al. further strengthened the validity of these discoveries
by using cutting-edge imaging techniques like 4D flow MRI to
verify these alterations.*” Studies on rodents show that aging
causes a decline in sinusoidal perfusion and a loss of liver
mass.”® The functionality of several cell types, such as Kupffer
cells, liver sinusoidal endothelial cells (LSECs), and hepatocytes
is directly impacted by the decrease in hepatic perfusion.

One of the key differences observed between young and old mice
is a reduced plasma level of TPO.?" Interestingly, the bone marrow
concentration of TPO is higher compared to its plasma levels;
however, upon aging a systemic decrease in TPO levels occurs,
a phenomenon that also occurs in the bone marrow cavity.so_53
This points to a dysregulation of the typical feedback loops control-
ling the synthesis and release of TPO, mediated through sequestra-
tion via the c-Mpl receptor on the surface of platelets.”® The glycan-
dependent clearance of platelets by Kupffer cells in young, healthy
livers is hypothesized to regulate the synthesis of TPO by hepato-
cytes, which produce TPO in order to maintain steady-state platelet
levels.> Despite platelet desialylation as the initiator of TPO gen-
eration, Kaser et al. demonstrated that recombinant IL-6 therapy
raises TPO plasma levels.>® Moreover, it was shown in 2021 that the
IL-6 R pathway in mice directly affects TPO regulation.”” The liver’s
ability to detect and react to desialylated platelets could decrease
with age. Since abnormalities in the hepatic microenvironment, such



4 F. Reusswig et al.

as altered Kupffer cell activity, decreased blood flow, and deterio-
rated endothelial cell behavior, may interfere with basal regulatory
processes.”**> Furthermore, circulating and tissue levels of IL-6
gradually rise with age,”® possibly influencing TPO gene expression.
Thus, altered TPO sequestration by platelets could further explain
the observed drop in systemic TPO levels.

Kupffer cells also undergo significant changes upon aging as
already described for macrophages in general. This includes
alterations in their number, morphology and phagocytic
activity.”® Older people had higher Kupffer cell counts and activ-
ity, according to two early human studies.®”®' Some reports
indicate a decrease in density in rats, while others show an
increase in their numbers.®>®® Age related changes of Kupffer
cells include diminished development of pseudopodia and cytos-
keletal components, indicating a decline in movement and
function.* Simultaneously, an increased lysosome count could
suggest a less responsive, more degradative phenotype.®® These
alterations probably worsen the dysregulation of TPO synthesis
by decreasing the ability of Kupffer cells to remove old or
desialylated platelets.

As already described, aging causes reduced liver perfusion
which is a critical factor regulating cellular interactions. The
expression of receptors for cell-cell interactions, e.g., [CAM or
VCAM, is highly regulated and responds to inflammatory
stimuli.®® However, upon aging the trafficking of different
immune cell types such as monocytes neutrophils and lympho-
cytes is dysregulated,®’ in part probably due to decreased perfu-
sion and altered mechanical forces within the hepatic vasculature.
These altered mechanical forces also directly influence platelets.
Shear stress specifically affects the glycoprotein (GP) Ib on the
surface of platelets, which is a component of the von Willebrand
factor receptor complex.®® Additionally, it is hypothesized that
this receptor carries 60% of the platelet glycan mass, which is
crucial for platelet clearance.®®’® Ton channels, like the recently
identified Piezol are important for mechanosensitive regulation
of the ion-flux in platelets, promoting platelet hyperreactivity and
subsequent thrombosis.”"

In general, age-related changes in liver perfusion could alter
cellular interactions of platelets within the liver vasculature,
which could affect the number of circulating platelets. On the
one hand, platelet clearance might be reduced due to reduced cell
interaction. Platelet retention as a result of platelet-endothelial
cell interactions is diminished accompanied by fewer platelet-
Kupffer cell interactions causing reduced TPO synthesis. While
on the other hand, platelet consumption might be mitigated by
Kupffer cell-independent mechanisms, as platelets become
hyperreactive.

Megakaryocytes in the aging organism

In both humans and rodents, aging significantly alters the pheno-
type of MKs. Age-related increases in bone marrow MKs size and
ploidy, a general marker for pro-platelet forming MKs, have been
demonstrated in several studies.’’*’® This increase is often
accompanied by higher platelet production in mice, while on the
other hand in humans the platelet count seems to be reduced with
age.'®”* Interestingly, MKs can also be found outside the bone
marrow, e.g. in the spleen and lung. In 2017, Lefrancais et al.
identified the lung as a site of extramedullary megakaryopoiesis
using intravital microscopy in mice.”” However, it remains
unclear to which extent lung and splenic MKs contribute to age-
related changes in platelet count. The functional differences
between human and rodent bone marrow environment and extra-
medullary megakaryopoiesis needs to be further addressed in
upcoming studies since we can only speculate on cross species
differences yet. However, while inflamm-aging causes an increase
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in pro-inflammatory cytokines such as IL-6 in humans and mice,
the efficiency of platelet generation may be impaired due to age-
related alterations in the bone marrow microenvironment.”®

The synthesis of platelets and the regulation of MK function
depend on the level of TPO in the bone marrow cavity. The liver
is the primary producer of TPO.”” According to a study by
Decker et al. bone marrow hematopoietic stem cells (HSCs) are
depleted after targeted deletion of TPO from hepatocytes, sug-
gesting that TPO produced by hepatocytes is the primary source
for bone marrow HSC maintenance at steady—state.78 However,
bone marrow stromal cells, specifically mesenchymal stromal
cells (MSCs) and osteoblasts, also synthesize TPO in smaller
amounts.”” The bone marrow niche is impacted by aging, which
results in alterations to cellular composition and function that
affect TPO availability. For example, the total number of MSCs
declines which lowers the local production of TPO.*¥
Furthermore, the myeloid output from the HSC compartment
increases upon aging.73’81 Under inflamm-aging conditions the
increasing levels of inflammatory cytokines, like IL-6, can also
affect TPO levels. It has been demonstrated that hyperinflamma-
tion increases TPO synthesis in the liver tissue in a model of
premature aging by constitutive gp130 signaling in T-cells, caus-
ing massive thrombocytosis and increased MK numbers in both,
spleen and bone marrow. Alternatively, aging-related chronic
inflammation may cause dysregulated TPO signaling. The
observed alterations in MK phenotype and function may be par-
tially attributed to this dysregulation, which may also lead to
irregular platelet formation.

The function of CD48, a member of the signaling lymphocyte
activation molecule (SLAM) family, is highlighted in recent stu-
dies. CD48 is expressed on hematopoietic stem cells (HSC) and
important for MK development. While CD48 is widely expressed
on hematopoietic cells, quiescent long-term HSCs do not express
it. Marcos et al. reported a stepwise maturation from HSCs to
MKSs that depends on high CD48 expression, in parallel to a direct
differentiation to mature MKs.®* CD48 surface expression is
altered in an age-dependent manner, which may have an impact
on the development and functionality of MKs. Poscablo et al.
discovered a distinct one-step differentiation pathway from HSCs
to MKs that gets more pronounced during aging, which is con-
sistent with Marcos et al. Interestingly, they discovered that MK
progenitors from aged animals are more likely to replenish plate-
let numbers following thrombocytopenia.84 Alterations in CD48
expression could be a factor in the dysregulation of megakaryo-
poiesis due to inflamm-aging. Poscablo et al. could show that
LPS injection into mice, promoted CD48 expression and
a stepwise MK maturation. Even though it is unclear how CD48
directly affects generation of pro-platelet forming MKs, its
expression is linked to aging and affects bone marrow home-
ostasis and platelet formation. Four different subpopulations of
mature MKs have been described in the literature: niche-
supporting, pro-platelet forming, cycling, and inflammatory
MKs. However, it remains unclear whether an altered matura-
tion process during aging causes a shift in these subpopulations.
Although increased ploidy is suggested as a marker for MK
maturation and platelet production, more research is required to
understand how ploidy is altered during aging.®®

A crucial part of MK maturation and pro-platelet formation is
cytoskeletal reorganization. The process of pro-platelet formation is
directly linked to the formation of pro-platelet branches into the bone
marrow vasculature.’” The cytoskeleton is made up of actin fila-
ments, microtubules, and intermediate filaments and is reportedly
negatively affected upon aging.*® Hence, altered MK cytoskeletal
dynamics could result in irregular pro-platelet formation. The
endothelium of the bone marrow microenvironment also changes
with age.89 Together with a reduced blood flow in the bones,” both



DOI: https://doi.org/10.1080/09537104.2024.2433750

factors might affect the shear force on pro-platelet branches and
therefore have an impact on their capacity to form platelets.
Indeed, the shear forces in the bone marrow vasculature play a key
role in regulating the generation of new platelets.”’ However, how
exactly the structural alterations of an aged bone marrow affect the
MKSs niche and pro-platelet formation is still unknown.

Conclusion

In conclusion, the aging process has a major impact on the lifecycle
and functionality of platelets, which are critical for maintaining
hemostasis. MKs undergo significant changes during aging as part
of the generally altered bone marrow environment. Thus, platelet
production is naturally affected. Changes in ploidy, size, and cytos-
keletal organization together result in an altered phenotype of plate-
lets that are released into the blood. Furthermore, the clearance of
aged, desialylated platelets might be abrogated or reorganized due to
a hyperreactive platelet phenotype.

The spleen and liver are important sites for platelet clear-
ance. Both organs not only undergo tissue-specific changes
upon aging, but also immune functions in these tissues are
changing. As a consequence of inflamm-aging upon aging,
chronic activation of the immune system occurs, also affecting
platelet function and the interaction of platelets with other
immune cells. Not only thrombo-inflammatory events might
increase due to an imbalance in platelet reactivity and limited
immune cell function, but also general immune cell activation.
Altogether, these alterations directly affect the phagocytotic
capacity of immune cells like macrophages, causing a reduced
filtration of senescent platelets. Therefore, a detailed under-
standing of the communication between platelet and immune
cells upon aging is needed.

By expanding our knowledge of the complex interplay
between platelet biology and aging, we may be able to design
customized medications that improve clinical outcome and the
quality of life for the aging population. Future treatments for
cardiovascular disorders like ischemic heart disease and stroke
could benefit from a better understanding of how aging effects
specific pathways that control platelet count and function. For
example, the age-related decrease in platelet count that goes
together with platelet hyperreactivity highlights the necessity of
balancing antiplatelet therapies to lower the risk of bleeding while
at the same time reducing thrombotic events. Antiplatelet treat-
ment customized to the platelet biology of the aging individual
may target hyperactive integrin signaling pathways or enhanced
platelet desialylation. Furthermore, by comprehending how plate-
let-immune cell interactions are altered by chronic inflammation,
new therapeutic targets to modulate these pathways and stop
excessive platelet activation or clearance may become apparent.
On the one hand, the suppression of chronic inflammation might
help to reduce the overreaction of the immune system and its
influence on the bone marrow and hemostasis. On the other hand,
the elderly are more predisposed to infections due to reduced
antigen-presentation and thus anti-inflammatory treatment might
lead to the development of life-threatening conditions. The impor-
tance of further research into the age-related dynamics of platelet
function and its broader consequences for health and disease is
highlighted by this review.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

F.R. is supported by a grant of the ReALity initiative of the state of Rhineland
Palatinate. C.D. is supported by the Deutsche Forschungsgemeinschaft (DFG,

Platelet Life Cycle during Aging 5

German Research Foundation) — Project-ID [318346496 — SFB 1292] and the
DFG Emmy Noether Program [DE 2654/2-1]. C.D. is supported by the
Federal Ministry for Education and Research (BMBF), grant number
03ZU1202GA.

References

1. Mandel J, Casari M, Stepanyan M, Martyanov A, Deppermann C.
Beyond Hemostasis: platelet innate immune interactions and
thromboinflammation. Int J Mol Sci. 2022;23(7):3868. doi:10.
3390/ijms23073868.

2. Wendelboe AM, Raskob GE. Global burden of thrombosis: epide-
miologic aspects. Circ res. Circ Res. 2016;118(9):1340-7. doi:10.
1161/CIRCRESAHA.115.306841.

3. An SJ, Kim TJ, Yoon BW. Epidemiology, risk factors, and clinical
features of intracerebral hemorrhage: an update. J Stroke. 2017;19
(1):3-10. doi:10.5853/j0s.2016.00864.

4. An O, Deppermann C. Platelet lifespan and mechanisms for
clearance. Curr Opin Hematol. 2024;31(1):6-15. doi:10.1097/
MOH.0000000000000792.

5. Hoffmeister KM, Felbinger TW, Falet H, Denis CV, Bergmeier W,
Mayadas TN, von Andrian UH, Wagner DD, Stossel TP,
Hartwig JH. The clearance mechanism of chilled blood platelets.
Cell. 2003;112(1):87-97. doi:10.1016/S0092-8674(02)01253-9.

6. Deppermann C, Kratofil RM, Peiseler M, David BA, Zindel J,
Castanheira FVES, van der Wal F, Carestia A, Jenne CN,
Marth JD, et al. Macrophage galactose lectin is critical for Kupffer
cells to clear aged platelets. J Exp Med. 2020;217(4). doi:10.1084/
jem.20190723.

7. Denda-Nagai K, Aida S, Saba K, Suzuki K, Moriyama S, Oo-
Puthinan S, Tsuiji M, Morikawa A, Kumamoto Y, Sugiura D,
et al. Distribution and function of macrophage galactose-type
C-type lectin 2 (MGL2/CD301b): efficient uptake and presentation
of glycosylated antigens by dendritic cells. J Biol Chem. 2010;285
(25):19193-204. doi:10.1074/jbc.M110.113613.

8. Jacob EA. Hematological differences in newborn and aging:
a review study. Hematol & Tranfus Int J. 2016;3(3):3(3. doi:10.
15406/htij.2016.03.00067.

9. Balduini CL, Noris P. Platelet count and aging. Haematologica.
2014;99(6):953-5. doi:10.3324/haematol.2014.106260.

10. Hermann W, Risch L, Grebhardt C, Nydegger UE, Sakem B,
Imperiali M, Renz H, Risch M. Reference intervals for platelet
counts in the elderly: results from the prospective SENIORLAB
study. J Clin Med. 2020;9(9):9(9. doi:10.3390/jcm9092856.

11. Culmer DL, Diaz JA, Hawley AE, Jackson TO, Shuster KA,
Sigler RE, Wakefield TW, Myers DD. Circulating and vein wall
P-selectin promote venous thrombogenesis during aging in a rodent
model. Thromb Res. 2013;131(1):42-8. doi:10.1016/j.thromres.
2012.10.013.

12. Pettan-Brewer C, Treuting PM. Practical pathology of aging mice.
Pathobiol Aging Age Relat Dis. 2011;1(1):1. doi:10.3402/pba.v1i0.
7202.

13. Davenport P, Sola-Visner M. Platelets in the neonate: not just
a small adult. Res Pract Thromb Haemost. Res Pract Thromb
Haemost. 2022;6(3):¢12719. doi:10.1002/rth2.12719.

14. Israels SJ, Rand ML, Michelson AD. Neonatal platelet function.
Semin Thromb Hemost. 2003;29(4):363-72.

15. Jones CI. Platelet function and ageing. Mamm Genome. 2016;27
(7-8):358-66. doi:10.1007/s00335-016-9629-8.

16. Gnanenthiran SR, Pennings GJ, Reddel CJ, Campbell H, Kockx M,
Hamilton JR, Chen VM, Kiritharides L. Identification of a distinct
platelet phenotype in the elderly: ADP hypersensitivity coexists
with platelet PAR (protease-activated receptor)-1 and PAR-4—
mediated thrombin resistance. Arterioscler Thromb Vasc Biol.
2022;42(8):960-72. doi:10.1161/ATVBAHA.120.316772.

17. Cowman J, Dunne E, Oglesby I, Byrne B, Ralph A, Voisin B,
Miillers S, Ricco AJ, Kenny D. Age-related changes in platelet
function are more profound in women than in men. Sci Rep.
2015;5(1):12235. doi:10.1038/srep12235.

18. D’Aurelio M, Merlo Pich M, Catani L, Sgarbi GL, Bovina C,
Formiggini G, Castelli GP, Baum H, Tura S, Lenaz G, et al.
Decreased Pasteur effect in platelets of aged individuals. Mech
Ageing Dev. 2001;122(8):823-33. doi:10.1016/S0047-6374(01)
00239-1.

19. de Sousa DMB, Poupardin R, Villeda SA, Schroer AB, Frohlich T,
Frey V, Staffen W, Mrowetz H, Altendorfer B, Unger MS, et al. The


https://doi.org/10.3390/ijms23073868
https://doi.org/10.3390/ijms23073868
https://doi.org/10.1161/CIRCRESAHA.115.306841
https://doi.org/10.1161/CIRCRESAHA.115.306841
https://doi.org/10.5853/jos.2016.00864
https://doi.org/10.1097/MOH.0000000000000792
https://doi.org/10.1097/MOH.0000000000000792
https://doi.org/10.1016/S0092-8674(02)01253-9
https://doi.org/10.1084/jem.20190723
https://doi.org/10.1084/jem.20190723
https://doi.org/10.1074/jbc.M110.113613
https://doi.org/10.15406/htij.2016.03.00067
https://doi.org/10.15406/htij.2016.03.00067
https://doi.org/10.3324/haematol.2014.106260
https://doi.org/10.3390/jcm9092856
https://doi.org/10.1016/j.thromres.2012.10.013
https://doi.org/10.1016/j.thromres.2012.10.013
https://doi.org/10.3402/pba.v1i0.7202
https://doi.org/10.3402/pba.v1i0.7202
https://doi.org/10.1002/rth2.12719
https://doi.org/10.1007/s00335-016-9629-8
https://doi.org/10.1161/ATVBAHA.120.316772
https://doi.org/10.1038/srep12235
https://doi.org/10.1016/S0047-6374(01)00239-1
https://doi.org/10.1016/S0047-6374(01)00239-1

6  F. Reusswig et al.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

platelet transcriptome and proteome in alzheimer’s disease and
aging: an exploratory cross-sectional study. Front Mol Biosci.
2023;10:1196083. doi:10.3389/fmolb.2023.1196083.

Chen HL, Wang Q-Y, Qi R-M, Cai J-P. Identification of the changes
in the platelet proteomic profile of elderly individuals. Front
Cardiovasc Med. 2024;11:1384679. doi:10.3389/fcvm.2024.
1384679.

Munger MA, Hawkins DW. Atherothrombosis: epidemiology,
pathophysiology, and prevention. J Am Pharm Assoc (2003).
2004;44(2 Suppl 1):SS5-S13. doi:10.1331/154434504322904569.
Herrington W, Lacey B, Sherliker P, Armitage J, Lewington S.
Epidemiology of atherosclerosis and the potential to reduce the
global burden of atherothrombotic disease. Circ Res. 2016;118
(4):535-46. doi:10.1161/CIRCRESAHA.115.307611.

Ruggeri ZM. Platelets in atherothrombosis. Nat Med. 2002;8
(11):1227-34. doi:10.1038/nm1102-1227.

De Maeyer RPH, Chambers ES. The impact of ageing on monocytes
and macrophages. Immunol Lett. 2021;230:1-0. doi:10.1016/j.imlet.
2020.12.003.

Linehan E, Fitzgerald DC. Ageing and the immune system: focus on
macrophages. Eur J Microbiol Immunol (Bp). 2015;5(1):14-24.
doi:10.1556/EuJMI-D-14-00035.

Gordon S, Martinez-Pomares L. Physiological roles of
macrophages. Pflugers Arch. 2017;469(3—4):365-74. doi:10.1007/
s00424-017-1945-7.

Oishi Y, Manabe 1. Macrophages in age-related chronic inflamma-
tory diseases. NPJ Aging Mech Dis. 2016;2(1):16018. doi:10.1038/
npjamd.2016.18.

Casari M, Siegl D, Deppermann C, Schuppan D. Macrophages and
platelets in liver fibrosis and hepatocellular carcinoma. Front
Immunol. 2023;14:1277808. doi:10.3389/fimmu.2023.1277808.
Fagerholm SC, MacPherson M, James MJ, Sevier-Guy C, Lau CS.
The CDI11b-integrin ITGAM) and systemic lupus erythematosus.
Lupus. 2013;22(7):657-63. doi:10.1177/0961203313491851.

van Royen N, Hoefer I, Bottinger M, Hua J, Grundmann S,
Voskuil M, Bode C, Schaper W, Buschmann I, Piek JJ. Local
monocyte chemoattractant protein-1 therapy increases collateral
artery formation in apolipoprotein E—deficient mice but induces
systemic monocytic CD11b expression, neointimal formation, and
plaque progression. Circ Res. 2003;92(2):218-25. doi:10.1161/01.
RES.0000052313.23087.3F.

Albright JM, Dunn RC, Shults JA, Boe DM, Afshar M, Kovacs EJ.
Advanced age alters monocyte and macrophage responses. Antioxid
& Redox Signal. 2016;25(15):805-15. doi:10.1089/ars.2016.6691.
Feinberg H, Jégouzo SAF, Lasanajak Y, Smith DF, Drickamer K,
Weis WI, Taylor ME. Structural analysis of carbohydrate binding by
the macrophage mannose receptor CD206. J Biol Chem.
2021;296:100368. doi:10.1016/j.jbc.2021.100368.

Jackaman C, Radley-Crabb HG, Soffe Z, Shavlakadze T,
Grounds MD, Nelson DJ. Targeting macrophages rescues
age-related immune deficiencies in C57BL/6] geriatric mice.
Aging Cell. 2013;12(3):345-57. doi:10.1111/acel.12062.

Kim OH, Kim H, Kang J, Yang D, Kang Y-H, Lee DH, Cheon GJ,
Park SC, Oh B-C. Impaired phagocytosis of apoptotic cells causes
accumulation of bone marrow-derived macrophages in aged mice.
BMB Rep. 2017;50(1):43-8. doi:10.5483/BMBRep.2017.50.1.167.
Mahbub S, Deburghgraeve CR, Kovacs EJ. Advanced age impairs
macrophage polarization. J Interferon Cytokine Res. 2012;32
(1):18-26. doi:10.1089/5ir.2011.0058.

Grozovsky R, Begonja AJ, Liu K, Visner G, Hartwig JH, Falet H,
Hoffmeister KM. The Ashwell-Morell receptor regulates hepatic
thrombopoietin production via JAK2-STAT3 signaling. Nat Med.
2015;21(1):47-54. doi:10.1038/nm.3770.

van Vliet SJ, Saeland E, van Kooyk Y. Sweet preferences of MGL:
carbohydrate specificity and function. Trends Immunol. 2008;29
(2):83-90. doi:10.1016/j.it.2007.10.010.

Yang CY, Chen J-B, Tsai T-F, Tsai Y-C, Tsai C-Y, Liang P-H,
Hsu T-L, Wu C-Y, Netea MG, Wong C-H, et al. CLEC4F is an
inducible C-type lectin in F4/80-positive cells and is involved in
alpha-galactosylceramide presentation in liver. PLOS ONE. 2013;8
(6):¢65070. doi:10.1371/journal.pone.0065070.

Lewis SM, Williams A, Eisenbarth SC. Structure and function of
the immune system in the spleen. Sci Immunol. 2019;4(33):4(33.
doi:10.1126/sciimmunol.aau6085.

Morita Y, Iseki A, Okamura S, Suzuki S, Nakauchi H, Ema H.
Functional characterization of hematopoietic stem cells in the

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Platelets, 2024; 35(1): 1-7

spleen. Exp Hematol. 2011;39(3):351-9 e3. doi:10.1016/j.exphem.
2010.12.008.

Turner VM, Mabbott NA. Influence of ageing on the microarchi-
tecture of the spleen and lymph nodes. Biogerontology. 2017;18
(5):723-38. doi:10.1007/310522-017-9707-7.

Menees KB, Earls RH, Chung J, Jernigan J, Filipov NM,
Carpenter JM, Lee J-K. Sex- and age-dependent alterations of
splenic immune cell profile and NK cell phenotypes and function
in C57BL/6J mice. Immun Ageing. 2021;18(1):3. doi:10.1186/
$12979-021-00214-3.

Aw D, Hilliard L, Nishikawa Y, Cadman ET, Lawrence RA,
Palmer DB. Disorganization of the splenic microanatomy in ageing
mice. Immunology. 2016;148(1):92-101. doi:10.1111/imm.12590.
Alex L, Rajan M, Xavier B, Jacob P, Rani K, Lakshmi G. Microscopic
study of human spleen in different age groups. Int J Res Med Sci. 2015;
1701-6. doi:10.18203/2320-6012.ijrms20150255.

Tomay F, Wells K, Duong L, Tsu JW, Dye DE, Radley-Crabb HG,
Grounds MD, Shavlakadze T, Metharom P, Nelson DJ, et al. Aged
neutrophils accumulate in lymphoid tissues from healthy elderly
mice and infiltrate T- and B-cell zones. Immunol Cell Biol.
2018;96(8):831-40. doi:10.1111/imcb.12046.

Everett LA, Cleuren ACA, Khoriaty RN, Ginsburg D. Murine
coagulation factor VIII is synthesized in endothelial cells. Blood.
2014;123(24):3697-705. doi:10.1182/blood-2014-02-554501.
Stoffel R, Wiestner A, Skoda RC. Thrombopoietin in thrombocyto-
penic mice: evidence against regulation at the mRNA level and for
a direct regulatory role of platelets. Blood. 1996;87(2):567-73.
doi:10.1182/blood.V87.2.567.bloodjournal872567.

Wynne HA, Cope LH, Mutch E, Rawlins MD, Woodhouse KW,
James OFW. The effect of age upon liver volume and apparent liver
blood flow in healthy man. Hepatology. 1989;9(2):297-301. doi:10.
1002/hep.1840090222.

Moon CM, Kim S-K, Heo S, Shin S-S. Hemodynamic changes in
the portal vein with age: evaluation using four-dimensional flow
MRI. Sci Rep. 2023;13(1):7397. doi:10.1038/s41598-023-34522-z.
Ito Y, Sgrensen KK, Bethea NW, Svistounov D, McCuskey MK,
Smedsrgd BH, McCuskey RS. Age-related changes in the hepatic
microcirculation in mice. Exp Gerontol. 2007;42(8):789-97. doi:10.
1016/j.exger.2007.04.008.

Kanagasabapathy D, Blosser RJ, Maupin KA, Hong JM, Alvarez M,
Ghosh J, Mohamad SF, Aguilar-Perez A, Srour EF, Kacena MA,
et al. Megakaryocytes promote osteoclastogenesis in aging. Aging
(Albany NY). 2020;12(14):15121-33. doi:10.18632/aging.103595.
Hirayama Y, Sakamaki S, Matsunaga T, Kuga T, Kuroda H,
Kusakabe T, Sasaki K, Fujikawa K, Kato J, Kogawa K, et al.
Concentrations of thrombopoietin in bone marrow in normal sub-
jects and in patients with idiopathic thrombocytopenic purpura,
aplastic anemia, and essential thrombocythemia correlate with its
mRNA expression of bone marrow stromal cells. Blood. 1998;92
(1):46-52. doi:10.1182/blood.V92.1.46.413k44_46_52.

Karnik SJ, Nazzal MK, Kacena MA, Bruzzaniti A. Megakaryocyte
secreted factors regulate bone marrow niche cells during skeletal
homeostasis, aging, and disease. Calcif tissue int. Calcif Tissue Int.
2023;113(1):83-95. doi:10.1007/s00223-023-01095-y.

Fielder PJ, Gurney AL, Stefanich E, Marian M, Moore MW, Carver-
Moore K, de Sauvage FJ. Regulation of thrombopoietin levels by
c-mpl-mediated binding to platelets. Blood. 1996;87(6):2154-61.
doi:10.1182/blood.V87.6.2154.bloodjournal8762154.

Marin-Quilez A, Diaz-Ajenjo L, Di Buduo CA, Zamora-Canovas A,
Lozano ML, Benito R, Gonzailez-Porras JR, Balduini A, Rivera J,
Bastida JM. Inherited thrombocytopenia caused by variants in cru-
cial genes for glycosylation. Int J Mol Sci. 2023;24(6):5109. doi:10.
3390/ijms24065109.

Kaser A, Brandacher G, Steurer W, Kaser S, Offner FA, Zoller H,
Theurl I, Widder W, Molnar C, Ludwiczek O, et al. Interleukin-6
stimulates thrombopoiesis through thrombopoietin: role in inflam-
matory thrombocytosis. Blood. 2001;98(9):2720-5. doi:10.1182/
blood.V98.9.2720.

Reusswig F, Fazel Modares N, Brechtenkamp M, Wienands L,
Kriiger I, Behnke K, Lee-Sundlov MM, Herebian D, Scheller J,
Hoffmeister KM, et al. Efficiently restored thrombopoietin produc-
tion by Ashwell-Morell receptor and IL-6R induced janus kinase 2/
Signal transducer and activator of transcription signaling early after
partial hepatectomy. Hepatology. 2021;74(1):411-27. doi:10.1002/
hep.31698.


https://doi.org/10.3389/fmolb.2023.1196083
https://doi.org/10.3389/fcvm.2024.1384679
https://doi.org/10.3389/fcvm.2024.1384679
https://doi.org/10.1331/154434504322904569
https://doi.org/10.1161/CIRCRESAHA.115.307611
https://doi.org/10.1038/nm1102-1227
https://doi.org/10.1016/j.imlet.2020.12.003
https://doi.org/10.1016/j.imlet.2020.12.003
https://doi.org/10.1556/EuJMI-D-14-00035
https://doi.org/10.1007/s00424-017-1945-7
https://doi.org/10.1007/s00424-017-1945-7
https://doi.org/10.1038/npjamd.2016.18
https://doi.org/10.1038/npjamd.2016.18
https://doi.org/10.3389/fimmu.2023.1277808
https://doi.org/10.1177/0961203313491851
https://doi.org/10.1161/01.RES.0000052313.23087.3F
https://doi.org/10.1161/01.RES.0000052313.23087.3F
https://doi.org/10.1089/ars.2016.6691
https://doi.org/10.1016/j.jbc.2021.100368
https://doi.org/10.1111/acel.12062
https://doi.org/10.5483/BMBRep.2017.50.1.167
https://doi.org/10.1089/jir.2011.0058
https://doi.org/10.1038/nm.3770
https://doi.org/10.1016/j.it.2007.10.010
https://doi.org/10.1371/journal.pone.0065070
https://doi.org/10.1126/sciimmunol.aau6085
https://doi.org/10.1016/j.exphem.2010.12.008
https://doi.org/10.1016/j.exphem.2010.12.008
https://doi.org/10.1007/s10522-017-9707-7
https://doi.org/10.1186/s12979-021-00214-3
https://doi.org/10.1186/s12979-021-00214-3
https://doi.org/10.1111/imm.12590
https://doi.org/10.18203/2320-6012.ijrms20150255
https://doi.org/10.1111/imcb.12046
https://doi.org/10.1182/blood-2014-02-554501
https://doi.org/10.1182/blood.V87.2.567.bloodjournal872567
https://doi.org/10.1002/hep.1840090222
https://doi.org/10.1002/hep.1840090222
https://doi.org/10.1038/s41598-023-34522-z
https://doi.org/10.1016/j.exger.2007.04.008
https://doi.org/10.1016/j.exger.2007.04.008
https://doi.org/10.18632/aging.103595
https://doi.org/10.1182/blood.V92.1.46.413k44_46_52
https://doi.org/10.1007/s00223-023-01095-y
https://doi.org/10.1182/blood.V87.6.2154.bloodjournal8762154
https://doi.org/10.3390/ijms24065109
https://doi.org/10.3390/ijms24065109
https://doi.org/10.1182/blood.V98.9.2720
https://doi.org/10.1182/blood.V98.9.2720
https://doi.org/10.1002/hep.31698
https://doi.org/10.1002/hep.31698

DOI: https://doi.org/10.1080/09537104.2024.2433750

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Ershler WB, Keller ET. Age-associated increased interleukin-6 gene
expression, late-life diseases, and frailty. Annu Rev Med. 2000;51
(1):245-70. doi:10.1146/annurev.med.51.1.245.

Stahl EC, Haschak MJ, Popovic B, Brown BN. Macrophages in the
aging liver and age-related liver disease. Front Immunol.
2018;9:2795. doi:10.3389/fimmu.2018.02795.

Schaffner F, Popper H. Nonspecific reactive hepatitis in aged and
infirm people. Am J Dig Dis. 1959;4(5):389-99. doi:10.1007/
BF02231171.

Findor J, Perez V, Igartua EB, Giovanetti M, Fioravantti N.
Structure and ultrastructure of the liver in aged persons. Acta
Hepatogastroenterol (Stuttg). 1973;20(3):200-4.

Hilmer SN, Cogger VC, Le Couteur DG. Basal activity of Kupffer
cells increases with old age. J Gerontol A Biol Sci Med Sci. 2007;62
(9):973-8. doi:10.1093/gerona/62.9.973.

Martin G, Sewell RB, Yeomans ND, Smallwood RA. Ageing has no
effect on the volume density of hepatocytes, reticulo-endothelial
cells or the extracellular space in livers of female Sprague-Dawley
rats. Clin Exp Pharmacol Physiol. 1992;19(7):537-9. doi:10.1111/j.
1440-1681.1992.tb00501 .x.

Sun WB, Han BL, Peng ZM, Li K, Ji Q, Chen J, Wang HZ, Ma RL.
Effect of aging on cytoskeleton system of Kupffer cell and its
phagocytic capacity. World J Gastroenterol. 1998;4(1):77-9.
doi:10.3748/wjg.v4.i1.77.

Knook DL, Sleyster EC. Lysosomal enzyme activities in parenchy-
mal and nonparenchymal liver cells isolated from young, adult and
old rats. Mech Ageing Dev. 1976;5(6):389-97. doi:10.1016/0047-
6374(76)90036-1.

Dimitrov D, Tiirei D, Garrido-Rodriguez M, Burmedi PL, Nagai JS,
Boys C, Ramirez Flores RO, Kim H, Szalai B, Costa IG, et al.
Comparison of methods and resources for cell-cell communication
inference from single-cell RNA-Seq data. Nat Commun. 2022;13
(1):3224. doi:10.1038/541467-022-30755-0.

Hopkin S, Lord JM, Chimen M. Dysregulation of leukocyte traf-
ficking in ageing: causal factors and possible corrective therapies.
Pharmacol Res. 2021;163:105323. doi:10.1016/j.phrs.2020.105323.
Deng W, Xu Y, Chen W, Paul DS, Syed AK, Dragovich MA,
Liang X, Zakas P, Berndt MC, Di Paola J, et al. Platelet clearance
via shear-induced unfolding of a membrane mechanoreceptor. Nat
Commun. 2016;7(1):12863. doi:10.1038/ncomms12863.

Judson PA, Anstee DJ, Clamp JR. Isolation and characterization of
the major oligosaccharide of human platelet membrane glycoprotein
GPIb. Biochem J. 1982;205(1):81-90. doi:10.1042/bj2050081.
Tsuji T, Tsunehisa S, Watanabe Y, Yamamoto K, Tohyama H,
Osawa T. The carbohydrate moiety of human platelet glycocalicin.
J Biol Chem. 1983;258(10):6335-9. doi:10.1016/S0021-9258(18)
32413-X.

Zhao W, Wei Z, Xin G, Li Y, Yuan J, Ming Y, Ji C, Sun Q, Li S,
Chen X, et al. Piezol initiates platelet hyperreactivity and acceler-
ates thrombosis in hypertension. J Thromb Haemost. 2021;19
(12):3113-25. doi:10.1111/jth.15504.

Maupin KA, Himes ER, Plett AP, Chua HL, Singh P, Ghosh J,
Mohamad SF, Abeysekera I, Fisher A, Sampson C, et al. Aging
negatively impacts the ability of megakaryocytes to stimulate osteo-
blast proliferation and bone mass. Bone. 2019;127:452-9. doi:10.
1016/j.bone.2019.07.010.

Rundberg Nilsson A, Soneji S, Adolfsson S, Bryder D, Pronk CJ.
Human and murine hematopoietic stem cell aging is associated with
functional impairments and intrinsic megakaryocytic/erythroid bias.
PLOS ONE. 2016;11(7):¢0158369. doi:10.1371/journal.pone.0158369.
Grover A, Sanjuan-Pla A, Thongjuea S, Carrelha J, Giustacchini A,
Gambardella A, Macaulay I, Mancini E, Luis TC, Mead A, et al.
Single-cell RNA sequencing reveals molecular and functional plate-
let bias of aged haematopoietic stem cells. Nat Commun. 2016;7
(1):11075. doi:10.1038/ncomms11075.

Lefrancais E, Ortiz-Muiioz G, Caudrillier A, Mallavia B, Liu F,
Sayah DM, Thornton EE, Headley MB, David T, Coughlin SR,
et al. The lung is a site of platelet biogenesis and a reservoir for
haematopoietic progenitors. Nature. 2017;544(7648):105-9. doi:10.
1038/nature21706.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Platelet Life Cycle during Aging 71

Kovtonyuk LV, Fritsch K, Feng X, Manz MG, Takizawa H.
Inflamm-aging of hematopoiesis, hematopoietic stem cells, and the
bone marrow microenvironment. Front Immunol. 2016;7:502.
doi:10.3389/fimmu.2016.00502.

Bartley TD, Bogenberger J, Hunt P, Li YS, Lu HS, Martin F,
Chang MS, Samal B, Nichol JL, Swift S, et al. Identification and
cloning of a megakaryocyte growth and development factor that is
a ligand for the cytokine receptor Mpl. Cell. 1994;77(7):1117-24.
doi:10.1016/0092-8674(94)90450-2.

Decker M, Leslie J, Liu Q, Ding L. Hepatic thrombopoietin is
required for bone marrow hematopoietic stem cell maintenance.
Science. 2018;360(6384):106—10. doi:10.1126/science.aap8861.
Carretta M, de Boer B, Jaques J, Antonelli A, Horton SJ, Yuan H,
de Bruijn JD, Groen RWIJ, Vellenga E, Schuringa JJ, et al.
Genetically engineered mesenchymal stromal cells produce IL-3
and TPO to further improve human scaffold-based xenograft
models. Exp Hematol. 2017;51:36—46. doi:10.1016/j.exphem.2017.
04.008.

Stone AP, Nascimento TF, Barrachina MN. The bone marrow niche
from the inside out: how megakaryocytes are shaped by and shape
hematopoiesis. Blood. 2022;139(4):483-91. doi:10.1182/blood.
2021012827.

Pang WW, Price EA, Sahoo D, Beerman I, Maloney WJ, Rossi DJ,
Schrier SL, Weissman IL. Human bone marrow hematopoietic stem
cells are increased in frequency and myeloid-biased with age. Proc
Natl Acad Sci USA. 2011;108(50):20012-7. doi:10.1073/pnas.
1116110108.

Rafii P, Reusswig F, Werner J, Xu H, Lang PA, Rose-John S,
Gorressen S, Alter C, Schrader J, Herebian D, et al. Constitutive
activation of gp130 in T cells results in senescence and premature
aging. J Immunol. 2023;210(11):1641-52. doi:10.4049/jimmunol.
2200788.

Morcos MNF, Li C, Munz CM, Greco A, Dressel N, Reinhardt S,
Sameith K, Dahl A, Becker NB, Roers A, et al. Fate mapping of
hematopoietic stem cells reveals two pathways of native
thrombopoiesis. Nat Commun. 2022;13(1):4504. doi:10.1038/
s41467-022-31914-z.

Poscablo DM, Worthington AK, Smith-Berdan S, Rommel MGE,
Manso BA, Adili R, Mok L, Reggiardo RE, Cool T, Mogharrab R,
et al. An age-progressive platelet differentiation path from hemato-
poietic stem cells causes exacerbated thrombosis. Cell. 2024;187
(12):3090-107 e21. doi:10.1016/j.cell.2024.04.018.

Li JJ, Liu J, Li YE, Chen LV, Cheng H, Li Y, Cheng T, Wang Q-F,
Zhou BO. Differentiation route determines the functional outputs of
adult megakaryopoiesis. Immunity. 2024;57(3):478-94 e6. doi:10.
1016/j.immuni.2024.02.006.

Heazlewood SY, Ahmad T, Cao B, Cao H, Domingues M, Sun X,
Heazlewood CK, Li S, Williams B, Fulton M, et al. High ploidy
large cytoplasmic megakaryocytes are hematopoietic stem cells
regulators and essential for platelet production. Nat Commun.
2023;14(1):2099. doi:10.1038/s41467-023-37780-7.

Italiano JE Jr., Lecine P, Shivdasani RA, Hartwig JH. Blood plate-
lets are assembled principally at the ends of proplatelet processes
produced by differentiated megakaryocytes. J Cell Biol. 1999;147
(6):1299-312. doi:10.1083/jcb.147.6.1299.

Kim YJ, Cho MJ, Yu WD, Kim MJ, Kim SY, Lee JH. Links of
cytoskeletal integrity with disease and aging. Cells. 2022;11
(18):2896. doi:10.3390/cells11182896.

Poulos MG, Ramalingam P, Gutkin MC, Llanos P, Gilleran K,
Rabbany SY, Butler JM. Endothelial transplantation rejuvenates
aged hematopoietic stem cell function. J Clin Invest. 2017;127
(11):4163-78. doi:10.1172/JC193940.

Stucker S, Chen J, Watt FE, Kusumbe AP. Bone angiogenesis
and vascular niche remodeling in stress, aging, and diseases.
Front Cell Dev Biol. 2020;8:602269. doi:10.3389/fcell.2020.
602269.

Junt T, Schulze H, Chen Z, Massberg S, Goerge T, Krueger A,
Wagner DD, Graf T, Italiano JE, Shivdasani RA, et al. Dynamic
visualization of thrombopoiesis within bone marrow. Science.
2007;317(5845):1767-70. doi:10.1126/science.1146304.


https://doi.org/10.1146/annurev.med.51.1.245
https://doi.org/10.3389/fimmu.2018.02795
https://doi.org/10.1007/BF02231171
https://doi.org/10.1007/BF02231171
https://doi.org/10.1093/gerona/62.9.973
https://doi.org/10.1111/j.1440-1681.1992.tb00501.x
https://doi.org/10.1111/j.1440-1681.1992.tb00501.x
https://doi.org/10.3748/wjg.v4.i1.77
https://doi.org/10.1016/0047-6374(76)90036-1
https://doi.org/10.1016/0047-6374(76)90036-1
https://doi.org/10.1038/s41467-022-30755-0
https://doi.org/10.1016/j.phrs.2020.105323
https://doi.org/10.1038/ncomms12863
https://doi.org/10.1042/bj2050081
https://doi.org/10.1016/S0021-9258(18)32413-X
https://doi.org/10.1016/S0021-9258(18)32413-X
https://doi.org/10.1111/jth.15504
https://doi.org/10.1016/j.bone.2019.07.010
https://doi.org/10.1016/j.bone.2019.07.010
https://doi.org/10.1371/journal.pone.0158369
https://doi.org/10.1038/ncomms11075
https://doi.org/10.1038/nature21706
https://doi.org/10.1038/nature21706
https://doi.org/10.3389/fimmu.2016.00502
https://doi.org/10.1016/0092-8674(94)90450-2
https://doi.org/10.1126/science.aap8861
https://doi.org/10.1016/j.exphem.2017.04.008
https://doi.org/10.1016/j.exphem.2017.04.008
https://doi.org/10.1182/blood.2021012827
https://doi.org/10.1182/blood.2021012827
https://doi.org/10.1073/pnas.1116110108
https://doi.org/10.1073/pnas.1116110108
https://doi.org/10.4049/jimmunol.2200788
https://doi.org/10.4049/jimmunol.2200788
https://doi.org/10.1038/s41467-022-31914-z
https://doi.org/10.1038/s41467-022-31914-z
https://doi.org/10.1016/j.cell.2024.04.018
https://doi.org/10.1016/j.immuni.2024.02.006
https://doi.org/10.1016/j.immuni.2024.02.006
https://doi.org/10.1038/s41467-023-37780-7
https://doi.org/10.1083/jcb.147.6.1299
https://doi.org/10.3390/cells11182896
https://doi.org/10.1172/JCI93940
https://doi.org/10.3389/fcell.2020.602269
https://doi.org/10.3389/fcell.2020.602269
https://doi.org/10.1126/science.1146304

	Abstract
	Abstract
	Introduction
	Age-related changes in platelet function
	Alterations in the immune system during aging
	Age-related changes in the spleen
	How aging affects liver function
	Megakaryocytes in the aging organism
	Conclusion
	Disclosure statement
	Funding
	References

