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Abstract

In addition to their hemostatic functions, platelets play an essential role in immunologic
interactions, which is confirmed by the observation of an increase in platelet counts in
patients with immune-related thrombocytopenia and other autoimmune diseases after
immunomodulatory treatment with intravenous human immunoglobulin concentrate. The
mechanisms of action of this biological therapeutic option induce the development of
therapeutic monoclonal antibodies, agonists, and antagonists that target the complex
pathophysiology of the innate and adaptive immune systems. Platelets play an essential role
in severe adenovirus infection and adenovirus-based vaccination. Activated platelets have a
shorter lifespan and early senescence in many diseases. Laboratory findings, such as
senescence-associated secretory phenotypes, may lead to new biologic options for
developing remedies for particles of platelets, named senolytics. The causative factors
influencing platelet lifespan were also discussed.
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1. Introduction

At the end of the 19th century, “small shapes” between red and white blood cells were observed
by microscopy [1] and are now known as nonnucleated, multifunctional platelets and stem from
nucleated bone marrow megakaryocytes. In the sixties of the 20™" century, platelet senescence was
discussed. Baldini demonstrated a twofold higher uptake of protein labeled by valine-C'*in 1-3 days
by young platelets versus 3—6 days by old platelets [2]. McDonald observed that larger platelets
were younger than smaller ones by comparing platelets from individuals with normal platelet counts
and patients with low platelet counts induced by antiplatelet antibodies [3]. Shulman et al. reported
that only young platelets were hemostatically effective [4]. Additionally, Karpatkin explained the
removal of platelets from circulation by biochemical and functional heterogeneities with
progression from young to old platelets [5]. In 1971, Karpatkin reported more megakaryocytes in
patients with chronic idiopathic thrombocytopenia (ITP), systemic lupus erythematosus, or
intravascular coagulation [6]. In 1972, he reviewed the findings titled “Human platelet senescence”
[7]. Recently, platelet volumes have been reported to be smaller in patients recovering from
ischemic stroke than in individuals suffering from stroke with poor outcomes [8]. These
observations suggest different aging of platelets during their lifespan/senescence based on their
functions in health and diseases.

The seminal clinical observation in two boys with thrombocytopenia, one with congenital
immune  deficiency  Wiskott—Aldrich  syndrome  with  hypogammaglobulinemia and
thrombocytopenia and the other with an acquired severe treatment-refractory ITP and secondary
hypogammaglobulinemia due to long-term immunosuppressive treatments, revealed that the boy
with Wiskott—Aldrich syndrome exhibited a minimal increase in his platelet counts after each
substitution of the human-derived immunoglobulin concentrate (IVIG) from thousands of healthy
blood or plasma donors, which led to the idea to administer the same IVIG to the other boy with
chronic refractory ITP, who exhibited a dramatic increase in platelet counts immediately after the
administration of IVIG. This new phenomenon was confirmed in 13 consecutive children with ITP
(Figure 1) [9], followed by clinical phase 1-3 studies in children and adults with ITP [10]. Similar
beneficial effects of IVIG administration were observed in patients with other autoimmune
disorders, such as dermatomyositis, Kawasaki syndrome, remitting-relapsing multiple sclerosis,
systemic lupus erythematosus, intravascular coagulation, and Guillain—Barré syndrome [11].
Laboratory studies showed that the mechanisms of action of IVIG indicated the synergistic
immunomodulation of the innate and adaptive immune systems [12, 13]. Additionally, the
mechanisms of action of IVIG on the different components of the immune system led to the
development of targeted monoclonal antibody therapies and other targeted cellular and humoral
therapeutics. Biologically targeted immunotherapies progressively complement or replace classic
immunosuppressive  therapies for autoimmune and oncologic diseases. However,
immunosuppression is still vital for attenuating the inflammatory side effects of new
immunotherapies (i.e., cytokine storm).
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Figure 1 The Doors opener for IVIG Therapy.

The follow-up of 7 children suffering from idiopathic thrombocytopenic purpura, ITP, is taken
from a Lancet 1981 paper (9). From a total of 13 consecutive children (six with newly diagnosed ITP
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not shown) the seven children suffering from chronic intermittent ITP, three were splenectomized in
order to remove part of the reticuloendothelial system, which would remove platelets. Patients 1
and 2 had bleeding episodes despite conventional, i.e. at time usual, immunosuppressive treatment.
Of the four non-splenectomized children, prednisone resistance was present with platelet counts.
5-97 x 10°/L for 6 months prior to IVIG transfusion (patient 4), two patients were prednisone
dependent (patients 5 and 6), and one, patient 7, was healed during the protracted observation of
several months. This observation did not retard to become confirmed by both pediatricians and docs
caring for adults around the globe, and it made whole blood and blood plasma donation, on a
voluntary base, an indispensable source for the much-needed stable blood product to purify IVIG.
All consecutive patients with primary ITP demonstrated increases in platelet counts after IVIG
administrations: Arrows indicate IVIG 0.4 g/kg body weight/day.

Platelet pathophysiology and ITP became models for biological interventions through IVIG and
targeted treatments. The increased number of young platelets and their extended lifespan help
protect patients from thrombocytopenic bleeding.

2. Hemostatic and Immunologic Components of Platelets and Their Interactions (Figure 2)

Green Platelet factor 4 (PF 4)

Blue CD36 Marker (Platelet Glycoprotein 4)
Red Platelet factor 3 (PF 3)

Black Prothrombin (PF 2)

/

Figure 2 The Galaxy of Platelet Receptors.

The platelet surface with its receptors impinges on the suspending proteome, influencing our
blood's hemostatic function.

latrogenic measures or viral infections must be scrutinized on their impact on one or the other
platelet surface characteristics; anti-PF 4 antibodies are a hallmark of patients with heparin-induced
thrombocytopenia. As a thrombospondin receptor, CD36 relays apoptotic signals in cancer
metastasis. CD36, thus, is widely distributed in different cell types, and platelets join in the network,
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kind of like a scavenger surface. Production of proinflammatory cytokines by inducing reactive
oxygen species (ROS) — would platelets help shovel their graveyard or accelerate their senescence?

Since platelets have no nucleus (i.e., no nuclear DNA), it was supposed that no intracellular
component of the platelet could receive information about the receptor-ligand interaction. This
feature resembles immune complexes lodging outside the cell membrane [14]. However, three
known thrombin receptors are detected in the coagulation functions of platelets: protease-
activated receptor 1 (PAR1), PAR3, and PAR4. PARs are activated by proteolysis. Thrombin is an
allosteric serine protease that is an essential effector of coagulation. It is produced at vascular injury
sites and plays a critical role in the cellular response to blood-related diseases [15]. It binds to and
cleaves the extracellular N-terminal domain of its cognate receptors.

Besides the platelet functions of hemostasis and tissue remodeling, immunomodulation by
human immunoglobulin G (IgG) concentrate administration evoked new interactions and tasks of
platelets synergistically [12, 13] within the whole complex network of the innate and adaptive
immune systems. Platelets acquire their immune properties via transfer from megakaryocytes [16].
They interact with leukocytes, monocytes, phagocytes, and the complement cascade, activating
adaptive T and B cells and their compounds [17]. Fc receptors of platelets [18] form immune
complexes and platelet-leukocyte aggregates, immobilizing pathogens [19]. Different platelet
receptors bind to many viruses, such as rotavirus via GP1a/11a, adenovirus via GP llb/llla, CMV via
TLR2, and EBV via CR2. Toll-like receptors (TLR) recognize and present bacteria to neutrophils [20],
thereby inhibiting bacterial growth, activating bacteria via chemokines from platelet granules, and
promoting phagocytosis by macrophages. Platelet TLR7 senses RNA influenza viruses, leading them
to a neutrophile extracellular trap (NETosis) [21, 22].

Platelets store many chemokines and cytokines in their granules [23], which bind to cognate
receptors at sites of inflammation, activate neutrophils, and increase adhesion by antibacterial
proteins. The number of microvesicles may correlate with disease severity. Additionally, “stored”
IgG in platelet vesicles neutralizes viruses [24]. Antimicrobial peptides and chemokines in platelets
inhibit bacterial and fungal growth. Cytokine interleukin (IL)-1B from platelets can increase IL-1
production of macrophages, resulting in the opsonization and phagocytosis of pathogens [25].
Platelets contain RNA species in microvesicles, which induce immunomodulation. They have a pool
of intact functional major histocompatibility complex (MHC) class 1 molecules for antigen
presentation to CD8 T cytotoxic cells, which enables distinguishing young from old platelets as they
lose their MCH-1 over time. MHC class 1 molecules on platelets and natural killer cells provide
cytotoxicity toward virus-infected cells and tumor cells, forming coats around tumor cells, which
protects them from destruction and drives the tumor toward a more migratory evasion (metastasis
spreading). Therapeutic antibodies diminish antitumor activity [26, 27].

As an example of interactions, CD 40L/CD42 present on megakaryocytes and platelets amplifies
the immune response. Ligation stimulates the secretion of IL-12 from antigen-presenting cells
(dendritic cells), which process antigen presentation via neonatal Fc receptors. IL-12 activates
CDA4Th1, CDS8, natural killer cells, T regulatory cells, and indirectly B cells. Adaptive T or B cells, the
former with the learning ability to conserve memory to instruct the B memory cells for antibody
production, exhibit an extensive range of survival times by preserving memory.

The highly cationic platelet factor 4 (PF4) is an additional platelet-associated receptor. As number
4 indicates, PF4 is a tetramer [28]. PF4 is a target in the shooting path of autoimmune disease,
mediated explicitly by platelet-activating anti-PF4 antibodies. They form IgG-PF4 immune
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complexes predominantly on the platelet surface, spilling over to monocytes and neutrophils [29].
Monocytes and neutrophils often exchange surface properties with platelets [30].

Based on these findings, medicine has more recently begun to understand vaccine-induced
immune thrombocytopenia and thrombosis, an untoward effect of vaccination, mainly when
achieved with the help of adenovirus. Chemokine PF4 (CXCL4-PF4) is essential in triggering NETosis
in patients with severe COVID-19. Platelet hyperactivity in SARS-CoV-2 contributes to immune
thrombosis and thrombocytopenia via TLR7, TLR9, and cross-reacting antibodies. In some patients
with vaccine-induced immune thrombocytopenia and thrombosis, platelet-activating anti-PF4
antibodies remain active for over a year [31].

3. Platelet Lifespan and Aging in Balanced and Imbalanced Immune Responses

Under physiological conditions, shape change is the first sign of platelet aging [32]. According to
Karpatkin, the linear curve may represent the balanced lifespan in healthy individuals, and the
exponential curve may relate to the high rate of activated platelets in patients with an imbalanced
immune response and early elimination, which is responsible for immune thrombocytopenic
purpura [7]. Thus, thrombocytopenia reflects a model disorder for many other immune and
autoimmune diseases.

Recent studies have aimed to understand age-related changes within platelets as they circulate
from the bone marrow to the bloodstream [32, 33]. Platelets typically survive for 10 days. However,
the lifespan of platelets can be reduced in some disorders. During their lifespan, platelets lose sialic
acid from their glycans. As a marker of the aging of platelets, lifespan is mainly determined by
platelet membrane surface sialic acid [34], the sugar residues of glycoproteins desialylated by the
enzyme neuraminidase [35] released from platelet mitochondria and granules. This may make them
vulnerable to complement, as known by neuraminidase-treated red blood cells [36]. Additionally,
neuraminidase is involved in TLRs and matrix metalloproteinase 7 signaling [37, 38], which plays an
important role in thrombotic thrombocytopenic purpura as an adjuvant therapeutic substitution, as
known from the inborn deficiency of ADAMTS 13.

Another marker of platelet aging is the reduction of RNA and protein levels. This appears to be a
property of platelet aging. Additionally, surface HLALAHLH-1 loss over time distinguishes young
from old platelets [39]. However, specific biomarkers that can be used to explore these aging
reactions and their loss of function are not yet available.

4. Clearance of Platelets

Clearance of desialylated platelets from the circulation is mediated by blood macrophage
receptors [40, 41]. They are recognized by liver cells, such as Ashwell-Morell receptors in
hepatocytes and Kupffer cells. In healthy humans, spleen macrophages are less active in platelet
elimination. However, more active clearance is observed in opsonized platelets with glycoprotein
antibodies in patients with ITP. Reduced platelet lifespan is observed in patients with primary or
secondary immune deficiency, acquired disorders and imbalanced immune response (autoimmune
and cancer diseases), viral or bacterial infection, sepsis with platelet aggregation (thrombosis),
endothelial injury, and other inflammation causes.

Early activation of young platelets may lead to thrombocytopenia, known as “suicidal” platelet
elimination. The pathophysiology as mentioned earlier leads to biologic therapeutic approaches,
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such as polyclonal human-derived IgG concentrate, the multitude of monoclonal antibodies,
immunologic agonists, or antagonists [11], and stimulation of megakaryocyte growth factors
(thrombopoietin receptor agonists) [42].

5. Beneficial and Harmful Senescent Cells, Senescence-Associated Secretory Phenotypes (SASP),
and the Development of Biologic Remedies and Vaccines Against Early Aging (Senolytics)

Senescent cells exist in an irreversible replication arrest, are metabolically active (Figure 3) and
resistant to apoptosis [43] (Figure 4), and express SASP, including chemokines and other factors [44,
45]. In young and healthy individuals with an intact immune system, SASP may promote tissue
remodeling against inflammation and tumor suppression. Conversely, in older individuals with
immune dysfunction (autoimmunity and cancer), the persistence of senescent cells is harmful,
leading to chronic inflammation and tumor progression. The recent development of aging cells and

their SASP is a fascinating area of research.
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Figure 3 Platelets Survive the Laws of Apoptosis.
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This drawing is from a publication in a BLOOD Spotlight from February 2018 (McArthur, K.,
Chappaz S, Kile, BT: Apoptosis in Megakaryocytes and Platelets: the life and death of a lineage
https://doi.org/10.1182/blood-2017-11-742684) on apoptosis, a question which burned us under
the nails became finally clear:

Megakaryocytes and platelets both depend on the mitochondrial apoptosis pathway governed
by the BCL-2 family of caspases. (BCL-2, BCL-XL, MCL-1, BCL-W, and A1). Activation of the pathway
induces clearance of megakaryocytes followed by platelet shedding (right portion of figure).
Important questions remain as to how apoptosis is initiated in these cells at a steady state and in

response to pathophysiological insults.

On the left half, the authors depict the healthy life course of platelets, and on the right portion,
many biologicals impacting apoptosis (is this a complete set, or are there more?) are listed. We
assume that apoptosis is not a vital cell death factor for platelets, given their relatively short survival
(see also Figure 4).
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Figure 4 Platelet Reference Intervals Escape Senescence. Figure 4 is a copy/paste from
the article of Wolfgang Hermann et al.
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Platelet counts with age-stratified values drawn from the SENIORLABOR Study conducted on
1447 senior citizens in the Bern, Switzerland region. The regression analysis shows that as we age,
we maintain our platelet pool: the 2.5th to 97.5 percentiles and the medians (thicker lines) bend
only slightly in >90-year-old males. Longevity escape velocity at its best.

The deceleration and acceleration of cellular and tissue senescence are the aims of developing
therapeutic senolytics and respective vaccines [46]. Eliminating senescent cells/SASP is
demonstrated by immune suppression and chemotherapy (i.e., rapamycin) and is a feasible
therapeutic option for developing senolytic drugs. Additionally, efforts have been made to engineer
targeted vaccines against the senescence of cells/tissues for age-related diseases, inflammation
(autoimmunity), and cancer (neoantigens). Using proteomic and bioinformatic methods to define
selectively killing subsets of senescent cells/SASP leads to such senolytic products [47]. Genomic
instabilities and epigenetic alterations in disease development are key mediators targeting disease-
related senescence associations (i.e., senescent cell and humoral antigen). One major hindrance is
that the targets may involve healthy components, cells, and tissues essential for survival. For
prevention and therapy, the targets of senolytics and vaccines must express high antigen
immunogenicity in senescent cells and tissues, which activate the innate and adaptive immune
systems to achieve healthy aging.

In the direction of senolytics, published examples in health or disease are the elimination of
senescent cells, which are emerging targets for diseases of aging [48, 49], inhibition of IL-1pB (i.e., in
lung cancer) [50], and targeting T cell aging [51] and CAR-T cells, which reverse senescence-
associated pathologies [52, 53]. Platelet-derived SASP may play an interactive role as therapeutics
(senolytics) in health [54, 55] and disease [56].

One of the first therapeutics redirected to senolytic drugs is the inhibitor of degranulation of
neuraminidase (the antiviral drug oseltamivir, Tamiflu®) or canakinumab, an IL-1b inhibitor. A
biologic monoclonal antibody may efficiently treat chronic inflammatory and autoimmune diseases
associated with immune senescence by genetic, environmental, and immunological factors, such as
diabetes type 2 with transformed transforming growth factor-beta [57]. However, the exact
causative events of distinct genomic backgrounds are not well known.

6. Discussion

Platelets are characterized by elimination when activated. This review summarizes some platelet
components and their functions (Figure 5). In addition to the hemostatic function, platelets interact
with the immune system. In the future, the immune response, together with the interactions and
short life of platelets, might play an important role in the ongoing discussion of living factors, such
as climate change, neurologic steering related to platelet senescence, human activity-related
exerkines, foreign environmental factors, and transplantation.

Page 9/16



OBM Geriatrics 2025; 9(1), doi:10.21926/obm.geriatr.2501297

6 4 Escape from

L
& 3" :
Qo Apoptosis
2 O
e =~ vAy
o@ - » 5
Ay A

Megakaryocyte /{é Polyploid Apoptosis
Megakaryocyte

6 /
/ 7 \\ 9
R i

Systemic Blood
Platelets

Complement Modulates
Platelet Activation

Endosomal
Regulation

Thrombus . .
via vesicle flux

Participation

Figure 5 Bone Marrows’ Megakaryopoiesis and further platelet fate.

The nine stages of the life cycle of a blood platelet. In 1, the bone marrow platelet progenitor
called megakaryocyte with its single nucleus shows up in a bone marrow smear. Under the action
of 2 thrombopoietin, endomitosis announces the release of platelets: a single megakaryocyte sets
thousands of platelets free upon a still intra-medullary series of remodeling phenomena (3 and 4).
Apoptotic Escape, as shown in 5, may happen at this stage, but further studies are needed (see also
Figure 2). 6 Released platelets going immediately at work, here sketched by their participation in
thrombus formation —in health, platelets may cooperate with endothelial cells sealing blood vessels.
7 Transmembrane proteins, as the recently identified CD36 is, are localized on platelets as well and
make them part of the reactive oxidative stress (ROS) injury and inflammatory signaling systems
(see also Figure 5). 8 Quite recently, and symbolized here by an ant, one needs to see platelets as
participants in the complement system, be it by activating, regulating or downplaying activity;
complement factor H regulates platelet activation via its C-terminal moiety. 9 Blood platelets in a
blood smear of platelet concentrates destined for transfusion — a therapeutic powerhouse.

A reference interval of platelet survival in days or lymphocyte survival in weeks is unnecessary
because individual cell clones may be subject to epigenetic control or recruitment to combat
infectious agents. Flow cytometry analyses have revealed that platelets sense immune cues from
the organism and act as regulators of the body’s inflammatory response [58, 59].

6.1 Climate Change

The effects of climate change on human platelets are still unexplored. Still, we must remember
that the Urban Heat Island Index in metropolitan areas invites the urban climatology community
not to forget the well-being of blood cells, including platelets. The Global Historical Climatology
Network provides an understanding of platelet senescence [60].
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Some natural phenomena have turned out to be wrong. Recent studies on apoptosis
(programmed cell death to eliminate unwanted cells) from Santa Barbara, CA, USA, have shown that
platelets do not comply with cell death through apoptosis [61]. Feedback, propagation, and noise
in apoptotic signaling suggest that some cells—platelets excluded—could escape self-amplifying
death as apoptosis is defined.

6.2 Steering of the Central Nervous System (Figure 6)

Thrombocytic

Microbiota Exerkines

Peripheric Innervation
Sympathetic & Parasympathetic
Nervous System

Figure 6 Platelet Biologicals Send Messages to the Brain: SASP at the Doorstep of Science.

Since the brain as a communicator with microbiota became in the limelight, research began to
scan around the body to find other communicators. While writing this report, we found evidence in
the literature that the platelet pool is also connected to the brain, and the authors termed the
biologicals to become involved EXERKINES. We ignore why a putative nomenclature community
chose this name, but for now, we use ‘exerkine’ to designate the cytokine produced by platelets to
target the brain. A response of the brain to the peripheral nervous system seems mandatory.

Recently, neurologic steering of the immune response has been discovered. Two groups of
neurons in the vagus nerve respond to proinflammatory and anti-inflammatory immune signals,
each endowed with different degrees of immunosenescence. These neurons send messages to the
brain, allowing it to monitor and modify the immune response. However, what the brain sends back
to the immune system remains to be elucidated [62, 63]. The experiments, which were conducted
in laboratory mice, require confirmation but remain spectacular.
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6.3 Exerkines

Factors secreted upon exercise (jogging, intense physiotherapy, tennis, and rowing) into the
circulation emerge as possible mediators of the beneficial effects of physical activity on brain aging.
Over the past decades, hundreds of exerkines released from the skeletal muscle, heart, liver,
adipose tissue, brain, and gut have been identified, and some exerkines, such as FGF21, IL-6, and
adiponectin, are now being exploited as potential drugs in clinical studies. However, the source and
identity of exerkines remain unclear. Recently, evidence has shown that an antigenic exercise is
secreted by platelets [64]. Platelets are activated by exercise and are required for the exercise-
induced increase in hippocampal precursor cell proliferation in aged mice. Furthermore, increasing
the systemic levels of the platelet-derived exerkine CXCL4/PF4 reduces age-related regenerative
and cognitive impairment in a hippocampal neurogenesis-dependent manner. These findings
highlight the role of platelets in mediating the rejuvenating effects of exercise during physiological
brain aging.

6.4 Foreign Materials Impinging on Platelets

Another aspect is the impact of plastics, rubber, and other environmental materials. Platelet
participation in thrombus formation, when microplastics are engaged, is an upcoming concern in
healthcare [65]. The foresight of scientists interested in meteorology [66] put evidence-based policy
at the top of working group activities mandated by the Intergovernmental Panel of Climate Change
(www.ipcc.ch). Histological microscopic findings revealed that some thrombi become entangled
with  pollutive or amorphous materials, such as polyvinyl chloride (C;HsCl)
(www.plasticsrecycling.com), microplastics [67], and polyethylene. Polyvinyl chloride is usually used
in construction, whereas polyethylene is used in bottles and shopping bags. Polyamide 66 is used in
textiles and other fabrics. Not surprisingly, D-dimer levels become elevated in subjects with plastics
in their thrombi.

6.5 Solid Organ Transplantation and Platelets

The rapid immunological progress of knowledge and contributions of platelets to organ
recipients’ welfare cannot be overlooked. Successful CRISPR-conditioned pig organ transplants that
offer hope to human patients (i.e., xenotransplantation) are currently in the limelight of medicine.
Gene editing holds immense promise for more efficient and affordable techniques. CRISPR-Cas9 is
a gene-editing technology that is in the process of being approved by health authorities. Gene-
edited pigs are making significant progress toward becoming sources of kidneys or livers for human
transplantation (Powell Alvin, April 16, 2024, in The Harvard Gazette). In March 2024, a genetically
modified pig kidney was transplanted into a 62-year-old male in Boston, marking the first in a long-
struggling field, with surgeons at the Massachusetts General Hospital (USA) succeeding in applying
the CRISPR genome edition. The pig genome contained as many as 69 gene edits that were chosen
to avoid rejection of the xenograft by the human recipient. Nanoparticle delivery systems will serve
as a solid pillar, and target cells will be injected into the organism subjected to gene editing. The pig
von Willebrand factor can aggregate human platelets spontaneously by binding to the GP1b
receptor, leading to postreperfusion thrombocytopenia [68]. Unexpected challenges lie ahead
when using this technique, similar to when using drugs such as senolytics. So far, human results with
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pig xenotransplantation have provided a bright future. However, we must remain aware of the
complexities of balancing scientific progress, including immune responses.

In conclusion, platelets are part of the SASP senescent cell family in addition to their known
functions.
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