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SUMMARY 1 

Platelet dysregulation is drastically increased with advanced age and contributes to making 2 

cardiovascular disorders the leading cause of death of elderly humans. Hematopoietic stem and 3 

progenitor cells continuously give rise to platelets, but their contributions to variable platelet 4 

production and activity throughout life remain unclear. Here we reveal a direct differentiation pathway 5 

from hematopoietic stem cells into platelets that is unique to aging. An unequivocal genetic lineage 6 

tracing mouse model demonstrated that this age-specific pathway is progressively propagated over 7 

time. Remarkably, the age-specific platelet path is decoupled from all other hematopoietic lineages, 8 

including erythropoiesis, and operates as an additional layer in parallel with canonical platelet 9 

production. This results in two molecularly and functionally distinct populations of megakaryocyte 10 

progenitor cells that that operate in parallel. The age-specific megakaryocyte progenitor population 11 

has profoundly enhanced capacity to engraft, expand, and reconstitute platelets, and produces an 12 

additional platelet population that exists only in old mice. Consistent with increased thrombotic 13 

incidence upon aging, the two pools of co-existing platelets contribute to age-related thrombocytosis 14 

and dramatically increased thrombosis in vivo. Upon acute, platelet-specific stress, the age-specific 15 

MkPs endowed old mice with superior capacity to rapidly restore platelet counts. These findings 16 

reveal stem cell-based aging as a mechanism for platelet dysregulation and identify an aging-induced 17 

population of functionally enhanced MkPs as a unique source of age-specific platelets. 18 

 19 

HIGHLIGHTS 20 

• Aging leads to two parallel platelet specification paths from HSCs 21 

• The shortcut platelet pathway is perpetuated by highly expansive MkPs unique to aging  22 

• The age-specific differentiation path contributes to thrombosis and platelet hyperreactivity 23 

• Age-specific MkPs serve as potent first responders to acute platelet loss  24 
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 3 

INTRODUCTION 25 

Aging is characterized by the stereotypical decline in tissue function and is the primary risk factor for 26 

major diseases. In particular, while platelets (Plts) are critical for controlled hemostasis, their 27 

dysregulated production and activation during aging contribute to the pathogenesis of platelet-related 28 

disorders in the elderly. Tipping the homeostatic balance towards inadequate Plt production is 29 

associated with higher risk for bleeding disorders, whereas Plt overproduction and hyperactivation 30 

lead to pathologic clot formation in thrombotic diseases such as deep vein thrombosis and ischemic 31 

stroke (Kim et al. 2006; Dayal et al. 2013; Gleerup & Winther 1995; Virani et al. 2020; Moulis et al. 32 

2014; Neylon et al. 2003; Yang et al. 2016; Davizon-Castillo et al. 2019). Plts are extremely short-33 

lived (~4 days in mice and ~8 days in humans) and therefore continuously derived from hematopoietic 34 

stem cells (HSCs) in the bone marrow (BM) via a gradual differentiation cascade of intermediate 35 

progenitor cells towards megakaryocyte progenitors (MkPs) (Noetzli et al. 2019). While the 36 

differentiation path from HSCs to MkPs may be altered upon in vitro or in vivo stress and upon aging 37 

(Roch et al. 2015; Sanjuan-Pla et al. 2013a; Haas et al. 2015) , we and others have shown that in 38 

young, unperturbed mice, MkPs and Plts, like all other adult hematopoietic lineages, arise via a Flk2+ 39 

differentiation stage (Figure 1A, top row of Figure 1B) (Boyer et al. 2011; Buza-Vidas et al. 2011). 40 

HSCs in the young adult <FlkSwitch= mouse model express Tomato (Tom), whereas multipotent 41 

progenitors (MPPs) and downstream progenitor and mature cells irreversibly switch to GFP 42 

expression due to Cre-mediated excision (<floxing=). The FlkSwitch model labels several cell 43 

populations with combined platelet/erythroid potential, and we have demonstrated that Plts are GFP+ 44 

during development regardless of whether they are derived via Tom+ fetal HSCs or co-existing, 45 

developmentally restricted GFP+ HSCs (Beaudin et al. 2016; López et al. 2022; Forsberg et al. 2006; 46 

Boyer et al. 2012; Boyer et al. 2011). Analogous differentiation paths and types of identifiable 47 

progenitor populations can also be discerned in humans and persist throughout ontogeny (Majeti et al. 48 

2007; Notta et al. 2016). Several independent studies have contributed to the consensus conclusion 49 

that hematopoietic aging is characterized by the deterioration of HSC function, most notably 50 

demonstrated by their reduced reconstitution capacity compared to young HSCs (yHSCs) (Morrison et 51 
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al. 1996; Rossi et al. 2008; Sudo et al. 2000; Dykstra et al. 2011). This age-related functional decline 52 

of old HSCs (oHSCs) stands in stark contrast to our recently uncovered surprising gain of function of 53 

old MkPs (oMkPs) compared to young MkPs (yMkPs) (Poscablo et al. 2021; Poscablo & Forsberg 54 

2021). This led us to hypothesize that age-related alterations in MkPs contribute to dysregulation of 55 

Plts in the elderly. Here, we employed the FlkSwitch model as a powerful tool for tracking 56 

hematopoietic differentiation pathways to demonstrate a novel and unexpected cellular mechanism for 57 

the hematopoietic etiology of Plt-related disorders upon aging.  58 

 59 

RESULTS 60 

Platelets and Megakaryocyte Progenitors Uniquely Diverge from a Flk2-Dependent 61 

Differentiation Pathway During Aging 62 

To determine the potential changes to lineage specification during aging, we aged FlkSwitch mice and 63 

tracked Tom+ and GFP+ hematopoietic cells over time. As previously reported, all mature cell 64 

populations in the peripheral blood (PB) of young mice were predominantly GFP+ (Boyer et al. 2011). 65 

Surprisingly, aging led to the distinct production of Tom+ Plts, but not erythroid, 66 

granulocyte/macrophage (GMs), B or T cells (Figure 1B). The proportion of GFP+ Plts in the PB 67 

progressively decreased beyond 12 months to reach ~50% of the total Plt pool by 20+ months in each 68 

individual mouse analyzed, whereas the vast majority of erythroid, myeloid (GM), B, and T cells 69 

remained GFP+ for life (Figure 1C). Examination of bone marrow (BM) populations revealed high 70 

fidelity of the FlkSwitch paradigm established with young mice(Boyer et al. 2011; Buza-Vidas et al. 71 

2011): the vast majority of HSCs remained Tom+ for life, and Flk2+ MPPs efficiently switched to GFP 72 

expression (Figure 1D,F, Table 1). Moreover, the overwhelming majority of classical myeloid 73 

progenitor cells, including common myeloid progenitors (CMPs), granulocyte/macrophage progenitors 74 

(GMPs), megakaryocyte-erythroid progenitors (MEPs), and erythroid progenitors (EPs) were GFP+, 75 

as were myeloid populations using alternative markers (Figure 1F, Table 1, Figure S1) (Pronk et al. 76 

2007). A striking exception was observed for megakaryocyte progenitors (MkPs): nearly half of MkPs 77 

in old, but not young, mice remained Tom+ (Figure 1E-F). The divergence of MkP/Plt generation from 78 
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erythroid production was particularly surprising, as these lineages share critical molecular regulators 79 

as well as several progenitor populations with combined erythroid and Plt repopulation capacity 80 

(Boyer et al. 2019; Akashi et al. 2000; Yamamoto et al. 2013; Oguro et al. 2013). The uniqueness of 81 

this reduced floxing pattern was further underscored by investigation of tissue-resident macrophages 82 

(trMacs). Brain and lung trMacs are known to be minimally labeled in young adult FlkSwitch and other 83 

Flk2-driven lineage tracing mice (Leung et al. 2019; Bain et al. 2016; Gomez Perdiguero et al. 2014). 84 

Interestingly, GFP labeling of trMacs significantly increased in aged FlkSwitch mice (Figure 1G, 85 

Figure S2), contrasting the Flk2-divergent specification of Plts during aging. The megakaryopoiesis-86 

specific shortcut was observed in every individual mouse that we have aged and analyzed to date 87 

(Table 1). Analysis of multipotent progenitor pools believed to exist between HSCs and Flk2+ MPPs 88 

failed to identify a clear candidate intermediate (Figure 1H, Figure S3) (Pietras et al. 2015) indicating 89 

that the Tom+ MkPs may derive directly from the Tom+ aged HSCs. Consistent with this idea, only 90 

HSC and MkP pools are significantly expanded upon aging (Figure S1D) (Valletta et al. 2020; 91 

Rundberg Nilsson et al. 2016; Poscablo et al. 2021). Together, these data demonstrate that the 92 

canonical Flk2+ differentiation programs of all lineages are robustly maintained throughout life, and 93 

that the Plt lineage uniquely deviate from the classical Flk2+ pathway during aging by initiation of a 94 

pathway in parallel to canonical Plt differentiation (Figure 1I).  95 

 96 

Young and Old HSCs similarly undergo differentiation through the Flk2+ pathway upon 97 

transplantation 98 

Several reports have clearly documented that the BM microenvironment undergo significant changes 99 

with aging and that these changes affect HSPC phenotype and function (Ho et al. 2019; Young et al. 100 

2021; Maryanovich et al. 2018; Saçma et al. 2019). To determine whether the Plt-specific pathway 101 

was imposed by the aged environment or manifested by heritable changes in aged HSCs, we 102 

performed heterochronic and isochronic transplantation experiments of young or old HSCs from 103 

FlkSwitch mice and monitored the differentiation paths by tracking Tom/GFP fluorescence ratios of 104 

donor-derived mature cells in the PB (Figure 2A and C). As we have previously shown, the vast 105 
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majority of circulating cells derived from the transplanted Tom+ yHSCs were GFP+ (>90% of B and T 106 

cells were GFP+, and Plts and GMs plateaued at ~60%) after transplantation into young hosts (Y-Y) 107 

(Boyer et al. 2011). To determine whether oHSCs deviate from this baseline Tom/GFP ratio, and 108 

therefore retain the age-specific Plt differentiation potential, we transplanted old FlkSwitch HSCs into 109 

young recipients. Interestingly, oHSCs gave rise to Plts, GMs, B, and T cells with similar Tom/GFP 110 

ratios (O-Y) as yHSCs (Y-Y) in young recipients, indicating that transplanted oHSCs did not retain 111 

their divergent Plt specification in the young niche (Figure 2B). Similar Tom/GFP patterns were 112 

obtained when either yHSCs (Y-O) or oHSCs (O-O) were transplanted into Old recipients (Figure 113 

2D). Thus, the aged niche did not appear to induce age-specific differentiation of transplanted yHSCs, 114 

and neither hetero- nor isochronic transplantation of oHSCs recapitulated the divergent Plt 115 

differentiation path observed in situ. Instead, transplantation appeared to reset oHSCs into a youth-116 

like differentiation path, regardless of recipient age and despite reduced overall repopulation capacity 117 

(Figure S4) (Poscablo et al. 2021). These experiments demonstrate that the differentiation paths of 118 

both yHSCs and oHSCs are relatively unaffected by the age of the recipient environment in adoptive 119 

transfer experiments.   120 

 121 

Aging induces divergent transcriptome alterations in age-specific MkPs  122 

To investigate the molecular programs of age-induced MkP heterogeneity, we compared the 123 

transcriptomes of the three distinct murine MkP populations: GFP+ yMkP, GFP+ oMkP, and Tom+ 124 

oMkP. GFP+ MkPs remained relatively similar with age, distinguished by only 90 differentially 125 

expressed genes (DEGs) (Figure 3A). This indicates a remarkable resilience of GFP+ oMkPs to age-126 

induced changes known to be characteristic of the BM environment (Ho et al. 2019; Young et al. 127 

2021; Maryanovich et al. 2018; Saçma et al. 2019). In contrast, Tom+ oMkPs were substantially 128 

different from both GFP+ yMkPs (1,150 DEGs) and oMkPs (200 DEGs). Interestingly, a number of 129 

genes associated with HSC-selective expression were found to be increased in expression in the 130 

Tom+ oMkPs compared to GFP+ oMkPs, such as Mllt3, Fhl1, Plscr2, Nupr1, Cdkn1c, and Hoxb5 131 

(Figure 3B) (Calvanese et al. 2019; Ivanova et al. 2002; Wang et al. 2022; Matsumoto et al. 2011; 132 
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Chen et al. 2016; Forsberg et al. 2010). We corroborated our gene expression data by using flow 133 

cytometry to demonstrate that some mRNA changes resulted in differential expression of cell-surface 134 

proteins of one representative upregulated (CD105) and downregulated (CD119) in Tom+ vs GFP+ 135 

oMkPs (Figure 3C). These data demonstrate that Tom+ oMkPs represent a novel age-selective 136 

hematopoietic progenitor with an age-unique molecular profile. To investigate the mechanisms by 137 

which aging induces the divergent Plt differentiation pathway, we compared expression profiles of 138 

young and old MkPs to oHSCs. Interestingly, compared to GFP+ yMkPs and GFP+ oMkPs, Tom+ 139 

oMkPs were transcriptionally more similar to oHSCs (Figure 3D, Figure S5A). Hierarchical clustering 140 

analysis of gene expression patterns also confirmed distinct association of the three MkP population 141 

and oHSCs and revealed a subset of genes that are highly expressed in both Tom+ oMkP and 142 

oHSCs, but not GFP+ MkPs (Figure 3E). Tom+ oMkP also clustered closest to oHSCs when we 143 

compared our RNAseq data with HSC- and MkP-specific genesets available from Gene Expression 144 

Commons (GEXC) (Figure S5B) (Seita et al. 2012). Together, these demonstrated that oHSCs were 145 

transcriptionally closer to Tom+ oMkPs compared to old and young GFP+ MkPs, supporting the 146 

shortcut pathway from oHSCs into Tom+ oMkPs identified by lineage tracing.  147 

 148 

Age-specific MkPs are functionally enhanced compared to both the canonically-derived 149 

coexisting Old MkPs and to Young MkPs 150 

Our observations that transplanted Tom+ yHSCs and oHSCs exhibit similar floxing efficiency and the 151 

absence of a uniquely divergent Plt differentiation pathway from transplanted HSCs point to oMkPs as 152 

putative major perpetuators of the age-specific Plt pathway. Consistent with functional divergence of 153 

progenitors upon aging, we recently demonstrated that the bulk population of oMkPs have a 154 

remarkable expansion capacity compared to yMkPs (Poscablo et al. 2021). While these alterations 155 

could logically have been attributable simply to the process of either cell-intrinsic aging or to an aging 156 

phenotype imposed by the environment, our RNAseq data where GFP+ MkPs were more similar 157 

throughout aging than to Tom+ MkPs that co-exist with GFP+ MkPs in the aged environment 158 

prompted us to consider alternative explanations. To investigate potential functional consequences of 159 
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age-specific megakaryopoiesis, we first compared the in vitro expansion capacity of GFP+ yMkPs, 160 

GFP+ oMkPs, and Tom+ oMkPs (Figure 4A). Whereas the GFP+ yMkPs and GFP+ oMkPs were 161 

indistinguishable in their low capacity to expand in culture, Tom+ oMkPs significantly expanded 162 

compared to both GFP+ MkP populations (Figure 4B). These observations prompted our assessment 163 

of the three MkP populations by transplantation (Figure 4C). We previously demonstrated that the 164 

bulk population of oMkPs robustly reconstitute Plts, therefore we were surprised to find that the GFP+ 165 

fraction of oMkPs minimally contributed to Plt donor-chimerism and at no greater capacity than yGFP+ 166 

MkPs (reaching 1-6% donor contribution) (Figure 4D). In direct contrast to both GFP+ MkP 167 

populations, the Tom+ oMkPs were remarkably capable of robust, but transient, reconstitution of Plts 168 

(Figure 4D). Consistent with our reported results, all three MkP populations lacked the capacity to 169 

reconstitute B and T cells, while some erythroid and GM chimerism was observed; this was primarily 170 

by Tom+ oMkPs (Figure S6A) (Poscablo et al. 2021). Similar to a recent study (Morcos et al. 2022), 171 

we found that yMkPs can be phenotypically distinguished by CD48 expression, with detection of a 172 

small population of CD48- MkPs in young, unperturbed mice (Figure S6B). Importantly, however, the 173 

CD48+ and CD48- yMkP populations were functionally indistinguishable from each other by in vitro 174 

analysis (Figure S6C) and did not have higher Plt reconstitution capacity upon transplantation 175 

(Figure S6D), but did produce significantly more erythroid cells (Figure S6E). These data from WT 176 

mice are consistent with the FlkSwitch model in that the vast majority of MkPs in Y mice can be 177 

viewed as one population under native conditions. Collectively, the surprising gain of functional 178 

capacity upon aging that directly contrast the behavior of aged HSCs appears to be harbored entirely 179 

within the age-specific Tom+ MkPs (Poscablo et al. 2021). This enhanced capacity can be 180 

mechanistically explained by their specification from HSCs via shortcut differentiation, with inheritance 181 

of sustained expression of stem cell-promoting genes such as Hoxb5, Mllt3, c-Kit, and others (Figure 182 

3B) that, collectively, contribute to the observed increase in lineage potential and engraftment 183 

capacity. The superior ability of age-specific MkPs to expand, engraft, and reconstitute Plts compared 184 

to the co-existing canonical MkPs suggests a selective and pathway-specific consequence of aging. 185 

Moreover, the functional similarities in GFP+ yMkPs and GFP+ oMkPs further support a model where 186 
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the canonical, Flk2+ differentiation path tempers major age-imposed changes to molecular and 187 

functional properties throughout life. 188 

 189 

Age-specific platelets participate in exacerbated clot formation upon vascular injury  190 

The predominant function of megakaryopoiesis is to generate Plts that are essential for hemostasis. 191 

Age-related dysregulation of both Plt numbers and activity poses tremendous health risks for aging 192 

humans. Here, we show that the well-documented significant increase in Plt counts in aging mice is 193 

due to an additive accumulation of Tom+ Plts to the canonical GFP+ Plts, while changes to the 194 

absolute number of other circulating mature cells result from GFP+ differentiation pathways (Figure 195 

5A) (Culmer et al. 2013; Poscablo et al. 2021; Davizon-Castillo et al. 2019). Remarkably, despite 196 

being specified by two molecularly and functionally distinct paths, immunophenotyping of the Tom+ 197 

oPlts revealed that they uniformly expressed well-established Plt surface proteins, including CD41, 198 

CD9, CD42a, and CD42b (Figure 5B). To assess Plt functionality, we evaluated the role of Tom+ and 199 

GFP+ Plts in clot formation in vivo using an intravital microscopy laser ablation model of hemostasis in 200 

real time (Figure 5C) (Tourdot et al. 2017; Adili et al. 2017; Reheman et al. 2009). We introduced 201 

laser-induced ablation injuries to cremaster arteriole walls of young and old FlkSwitch mice to initiate 202 

and directly visualize thrombus formation, then quantified the accumulation of Tom+ and GFP+ 203 

thrombus constituents in real time. Vascular injury to young FlkSwitch mice resulted in the formation 204 

of small, unstable thrombi composed of only GFP+ cells (Figure 5D, top panel, Figure S7, Movie 205 

S1). In contrast, immediately after rupture of the vascular walls in old FlkSwitch mice, we observed 206 

the formation of dramatically large, stable thrombi at the site of injury, with participation of both GFP+ 207 

and Tom+ Plts (Figure 5D, bottom panel, Figure S7, Movie S2). Larger thrombus formation in the 208 

old FlkSwitch model were substantiated by significantly greater fluorescence exhibited by GFP+ and 209 

Tom+ cells within the clots of the old FlkSwitch mice compared to young FlkSwitch mice (Figure 5E). 210 

Additionally, vascular insult also resulted in greater accumulation of fibrin within the clot of old mice 211 

compared to young mice, indicative of more stable thrombi (Figure 5F). These experiments 212 
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uncovered that laser-induced clot formation is drastically amplified in old mice, and that both Tom+ 213 

and GFP+ Plts contribute to the enlarged thrombi. 214 

  215 

The hyperreactivity of Plts from old mice was also evident by Plt-leukocyte aggregation (PLA) assays 216 

that quantify mature myeloid and B-cell interaction with Plts. Circulating PLAs appeared at 217 

significantly higher frequencies in old compared young blood (Figure 5G, Figure S8). Upon in vitro 218 

stimulation by thrombin, we also observed a greater elevation in PLA formation in old compared to 219 

young blood (Figure 5G, Figure S8). Thus, PLA formation is elevated in old blood under both basal 220 

and stimulated conditions, further emphasizing the potent thrombotic response in aged blood. 221 

 222 

We then sought to measure the activation of oPlts by which hyperactive Plts could drive enhanced 223 

clot formation in aged blood.  Using flow cytometry, we examined the expression of cell-surface 224 

proteins that are critical for Plt activation. Upon stimulation, the integrin ³IIb/´3 switches from low 225 

affinity to high affinity for its ligand (fibrinogen) to promote adhesion and thrombus growth (Huang et 226 

al. 2019). Likewise, P-Selectin is translocated from intracellular granules to the external membrane in 227 

activated Plts (Merten & Thiagarajan 2000; Ivanov et al. 2019). In vitro analysis of Plt activation 228 

revealed conformational change and elevated expression of ³IIb/´3 and P-selectin, respectively, on 229 

oPlts compared to yPlts upon both adenosine diphosphate (ADP, Figure 5H) or thrombin (Figure 5I) 230 

stimulation. Thus, ³IIb/´3 and P-Selectin expression are consistent with hyperreactivity of old Plts in 231 

response to stimulatory agonists such as thrombin and ADP. Together, these data suggest that the 232 

two Plt populations in aged mice contribute to physiological alterations in hemostasis by enhancing Plt 233 

participation in clot formation. 234 

 235 

Age-unique MkPs rapidly restore acutely depleted Plts 236 

HSPCs are amazingly responsive to produce mature cells when provoked by stress, including 237 

inflammatory stimuli that trigger megakaryopoiesis (Essers et al. 2009; Bogeska et al. 2022; Haas et 238 

al. 2015). Therefore, the drastic increase in thrombocytosis-fueled Plt pathologies and the remarkable 239 
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Plt reconstitution capacity of age-specific MkPs led us to hypothesize that the age-specific pathway 240 

may also harbor highly potent physiological control of Plt homeostasis. To directly test whether the 241 

age-specific MkPs endow O mice with enhanced Plt restoration capacity, we elicited acute 242 

thrombocytopenia in Y and O FlkSwitch mice and measured Plt-differentiation kinetics during Plt 243 

recovery. Plt-specific stress was induced by subjecting Y and O FlkSwitch mice to a single anti-Plt 244 

antibody injection (Figure 6A). As expected (Bergmeier et al. 2000; Salzmann et al. 2020; Nieswandt 245 

et al. 2000), this led to extremely rapid and robust depletion of circulating Plts in Y mice, with gradual 246 

recovery starting ~4 days (~96 hours, Figure 6B). Similarly, Plt counts also dropped drastically in O 247 

mice; notably, however, Plt numbers were restored more rapidly compared to Y mice (Figure 6B). 248 

Analysis of the Tom:GFP ratio of Plts suggested that a significantly greater proportion of the newly 249 

produced Plts were derived via the shortcut pathway (Figure 6C,D). The Plt-challenge also provoked 250 

alterations to BM cellularity at 24 hrs post-Plt depletion, with significant and trending reduction of 251 

MkPs the Y mice and O mice, respectively, while no major changes were observed in HSC and MPP 252 

cellularity (Figure 6E,F). To determine if the Tom+ MkPs may have a competitive advantage to 253 

respond to the Plt-challenge, we quantified in vivo 5-ethynyl-22-deoxyuridine (EdU) incorporation upon 254 

Plt depletion. The challenge elicited an overall increase in proliferation of both HSCs and MkPs, while 255 

MPPs were unaltered compared to steady-state (Figure 6G, H). Importantly, in O mice, consistently 256 

marked increase in proliferation was exhibited by Tom+, but not GFP+, oMkPs. The hyper-257 

responsiveness of functionally enhanced age-specific Tom+ oMkPs is consistent with our 258 

observations of their uniquely profound reconstitution capacity in transplantation (Figure 4). Taken 259 

together, these data suggest that HSCs and MkPs exhibit a dynamic response to rebuild the 260 

circulating Plt supply with age-specific shift in cellular mechanisms. Compared to GFP+ oMkPs, the 261 

age-specific Tom+ oMkPs serve a dominate role as first responders in the rapid rescue of acute 262 

thrombocytopenia.  263 

 264 

 265 

 266 
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DISCUSSION 267 

Discovery of a Plt-specific HSC differentiation path in aging  268 

Here, we utilize the unmanipulated, native hematopoietic system of the FlkSwitch mouse to 269 

investigate HSC lineage output from young adulthood into aging. Our study revealed that the Plt 270 

lineage uniquely deviates from the classical Flk2+ pathway during aging, with Tom+ HSCs directly 271 

differentiating into accumulating Tom+ MkPs that generate Tom+ Plts by bypassing the co-existing 272 

canonical differentiation cascade of Flk2Cre-marked GFP+ progenitors. Consequently, the age-273 

specific differentiation pathway leads to the production of a second Plt population that causes steady 274 

state-thrombocytosis, exacerbated injury-induced thrombosis, and rapid thrombopoiesis from a stress-275 

responsive pool of aging-unique MkPs in aged mice. 276 

 277 

Native versus stress-induced megakaryopoiesis 278 

Functional and molecular heterogeneity of HSPCs has been well documented (Sanjuan-Pla et al. 279 

2013b; Shin et al. 2014; Grinenko et al. 2014; Pietras et al. 2015; Yamamoto et al. 2013), with stress 280 

and aging implicated in selectively promoting megakaryopoiesis(Mitchell et al. 2023; Haas et al. 281 

2015). Previous reports have concluded that HSCs may be primed for rapid and unilineage 282 

differentiation into platelet-committed cells (Rodriguez-Fraticelli et al. 2018; Roch et al. 2015; 283 

Sanjuan-Pla et al. 2013a; Yamamoto et al. 2013; Haas et al. 2015). Here, we unequivocally 284 

demonstrate that a bypass path to Plt production exists in aging mice (Figure 1). In contrast, a direct 285 

HSC-MkP path in young mice is incompatible with lineage tracing data by us and others (Figure 1) 286 

(Boyer et al. 2011; Buza-Vidas et al. 2011). This age-dependency is further supported by the absence 287 

of functionally enhanced MkPs in young mice (Figure 4 and S6). Potential reasons for perceived 288 

detection of direct HSC-MkP differentiation in other studies include the use of in vitro differentiation 289 

systems; inferring differentiation from transcriptional priming; reliance on assumptions incorporated 290 

into complex mathematical models; and use of inducible systems that cause HSC proliferation and 291 

potential lineage bias. Indeed, both pIC and tamoxifen, two of the most commonly used agents of 292 

inducible lineage tracing systems, selectively induces HSC cycling and differentiation into the 293 
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megakaryocyte lineage (Sánchez-Aguilera et al. 2014; Sánchez-Aguilera & Méndez-Ferrer 2016; 294 

Haas et al. 2015). The strength of our model lies in its simplicity: we simply enumerate functionally 295 

defined cells as Tom+ or GFP+ without inducing perturbations and without making assumptions or 296 

inferences by mathematical modeling (Figure 1). Cells that are GFP+ have (at some point) expressed 297 

sufficient levels of Flk2-driven Cre recombinase; cells that remain Tom+ have not. Under native 298 

conditions in young adult mice, HSCs differentiate via canonical progenitor cells; aging may serve as 299 

a stress mechanism that progressively activates a latent, but primed, transcriptional program that 300 

ultimately triggers the bypass Plt path (Figure 1). Thus, two functionally and molecularly distinct 301 

subsets of aged MkPs, independently produced by HSCs via two separate but parallel differentiation 302 

paths, mediate Plt production during aging. We showed that thrombocytosis is driven by age-induced 303 

heterogeneity of the MkP population (Figure 5A), and that an increasing proportion of the Plt 304 

homeostatic responsibilities of HSCs appear to be delegated to MkPs upon aging (Figure 6), possibly 305 

due to the age-related functional decline of HSCs (Figure S4). Our prospective isolation of age-306 

specific MkPs pinpoints the cellular mechanism of our recently reported increase in MkP repopulation 307 

capacity upon aging (Poscablo et al. 2021; Poscablo & Forsberg 2021) and identifies the age-308 

selective Tom+ MkPs as a potent source of thrombopoiesis. 309 

 310 

Unexpected microenvironment-independent mechanisms of stem and progenitor cell aging  311 

Surprisingly, the canonical GFP+ MkPs maintain youthful properties throughout life, with relatively 312 

attenuated expansion and engraftment capacities that are indistinguishable from young GFP+ MkPs. 313 

The functional similarities of the young and aged GFP+ MkPs were unexpected, as we detected 314 

significant changes in gene expression (Figure 3) and because the well-documented changes to the 315 

BM environment were expected to alter cell function (Frisch et al. 2019; Stegner et al. 2017; 316 

Heazlewood et al. 2023; Zhao et al. 2014; Bruns et al. 2014; Ho et al. 2019). Similar resilience to 317 

external factors has recently been reported for HSCs upon attempts to influence HSC aging by 318 

several heterochronic strategies (Ho et al. 2021). In stark contrast to the age-resilient GFP+ oMkPs, 319 

the Tom+ oMkPs, despite co-existing in the same aged environment as the GFP+ oMkPs, have 320 
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dramatically enhanced Plt production capacity in vitro and upon transplantation (Figure 4) and in 321 

response to Plt demand (Figure 6). This uncouples the aging microenvironment from MkP functional 322 

capacity and demonstrates that MkP properties are influenced to a greater extent by their 323 

differentiation path than by the environment of the aged BM. In addition to uncovering hallmarks of 324 

megakaryopoiesis, the surprising gain of function of age-specific MkPs confers a new perspective on 325 

the potential mechanisms behind the well-established functional decline of oHSCs.  326 

 327 

Controlling age-dependent thrombosis via stem and progenitor cells  328 

While drastic increases in platelet dysregulation and adverse thrombotic events in aging populations 329 

have been clear for decades, distinct differentiation paths and entirely novel, age-specific cell 330 

populations have not been envisioned as underlying mechanisms of disease susceptibility. The 331 

emergence of Plt subpopulations during age-specific ontogeny provides evidence that Plt 332 

heterogeneity is a determinant of age-related Plt diseases. Remarkably, functional Plts can be 333 

produced via two alternative pathways, one of which is age-dependent and decoupled from 334 

erythropoiesis. The production of mature cells via distinct differentiation paths offers a paradigm of 335 

stem cell aging that is currently unexplored. Our identification of the cellular origins and mechanisms 336 

of age-specific Plts provides compelling therapeutic opportunities for targeting hematopoietic stem 337 

cells and megakaryocyte progenitors to control both Plt generation and function throughout life. 338 

Therefore, our findings may profoundly impact the millions of elderly people at risk for experiencing 339 

adverse thrombotic events.   340 
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 360 

METHODS 361 

Mouse lines 362 

All animals were housed and bred in the AAALAC accredited vivarium at University of California 363 

Santa Cruz and maintained under approved IACUC guidelines. The following mice were utilized for 364 

these experiments: C57Bl6 (JAX, cat# 664), aged C57Bl6 (NIH-ROS), UBC-GFP (JAX, cat# 004353), 365 

and male FlkSwitch mice (Flt3-Cre x mTmG mice) (Benz et al. 2008; Muzumdar et al. 2007). Young 366 

mice were between 8-16 weeks of age and old mice were 20+ months of age, except old transplant 367 

recipient mice which were 18+ months of age. All wt C57Bl6 and UBC-GFP mice were randomized 368 

based on sex.  369 

 370 

Flow Cytometry  371 
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Bone marrow stem and progenitor cell populations and mature cell subsets were prepared and 372 

stained as previously described (Smith-Berdan et al. 2019; Rajendiran et al. 2020; Martin et al. 2020; 373 

Beaudin et al. 2016; Boyer et al. 2019; Poscablo et al. 2021). Briefly, the long bones (femur and tibia) 374 

from mice were isolated, crushed with a mortar and pestle, filtered through a 70µm nylon filter and 375 

pelleted by centrifugation to obtain a single cell suspension. Cell labeling was performed on ice in 1X 376 

PBS with 5 mM EDTA and 2% serum. HSCs (Lin-/cKit+/Sca1+/Flk2-/Slam+/Tom+) or MkPs (Lin-377 

/cKit+/Sca1-/CD41+/Slam+/Tom+ or GFP+ or Lin-/cKit+/Sca1-/CD41+/Slam+/CD48+ or CD48lo/-) from 378 

young or old FlkSwitch mice were analyzed from unfractionated samples or isolated from c-Kit-379 

enriched BM with CD117-microbeads (Miltenyi) using a FACS ARIA II (Becton Dickinson, San Jose, 380 

CA) as previously described (Poscablo et al. 2021; Boyer et al. 2011; Boyer et al. 2019). Tissue-381 

resident macrophages from brain and lung were analyzed as described (Leung et al. 2019). Brain 382 

microglia were analyzed as Live, CD45+/F4/80hi/CD11bhi/Ly6g2/CD11c2 and lung alveolar 383 

macrophages were analyzed as CD45+F4/80hi/CD11bmid/SiglecF+. Cells with no history of Cre 384 

expression were defined as Tom+GFP- (<unfloxed=) cells, whereas cells with current or a history of 385 

Cre expression were defined solely by GFP expression, based on our previous demonstration that 386 

Tom+GFP+ cells have excised the loxP-flanked Tomato cassette(Beaudin et al. 2016; López et al. 387 

2022; Boyer et al. 2011; Boyer et al. 2012); that Tom+GFP+ and Tom-GFP+ cells are functionally 388 

indistinguishable(Beaudin et al. 2016; Boyer et al. 2011); and well-accepted field standards of loxP-389 

stop-loxP-inducible single-color reporters.(Säwen et al. 2018; Chapple et al. 2018; Buza-Vidas et al. 390 

2011; Morcos et al. 2022) 391 

 392 

In vitro MkP Expansion 393 

MkPs were sorted as described above (1000 per well from FlkSwitch mice or 2000 per cell from wt 394 

mice in 96-well U-bottom tissue culture plates) were cultured for 3 days in 200µl/well containing IMDM 395 

medium (Fisher) supplemented with 10% FBS, 20ng/ml rmTPO, 20ng/ml rmIL-6, 50ng/ml of rmSCF, 396 

and 5ng/ml rmIL-3 (cytokines from Peprotech), 1X Primocin (Invivogen), and 1X non-essential amino 397 

acids (Gibco). On day of analysis, a known number of APC-labeled spherobeads (BD Bioscience) 398 
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were added. Cells were stained as described above and data was collected on either a LSR II, 399 

FACSAria IIu (Beckton Dickinson) or CytoFlex LX (Beckman Coulter). Analysis was performed in 400 

FlowJo V9 or V10 (Beckton Dickinson). Cell expansion was calculated based on the number of beads 401 

recovered per beads added per well, as previously described (Poscablo et al. 2021).   402 

 403 

Transplantation Reconstitution assays  404 

Reconstitution assays of FlkSwitch cells were performed by transplanting HSCs (200 per recipient) or 405 

MkPs (22,000 per recipient) from young or old mice into congenic, sublethally irradiated C57Bl6 mice 406 

via retro-orbital intravenous transplant as previously described (Cool et al. 2020; Worthington et al. 407 

2022; Poscablo et al. 2021). Reconstitution of wt MkPs was performed by transplanting 22,000 408 

CD48+ or CD48lo/- MkPs from young male and female mice into sublethally irradiated (5 Gy) male and 409 

female UBC-GFP hosts via retro-orbital intravenous injection. 1X HBSS (Gibco) devoid of cells was 410 

instead injected for the Sham controls. Following transplantation, mice were bled via the tail vein at 411 

the indicated time points. Donor chimerism of Plts (single, CD11b- Gr1- CD3- B220- Ter119- CD41+) 412 

and erythroid cells (single, CD11b- Gr1- CD3- B220- Ter119+ CD41-) was determined on the whole 413 

blood fraction. Donor chimerism of B cells (single, live, CD11b- Gr1- CD3-B220+), T cells (single, live, 414 

CD11b- Gr1- B220- CD3+), and GMs (single, live, CD3- B220- CD11b+ Gr1+) were quantified 415 

following ACK lysis (0.15 M NH4Cl, 1 mM KHCO3, and 0.1mM Na2EDTA) of whole blood. Acquisition 416 

was performed on a CytoFlex LX (Beckman Coulter) and analysis via FlowJo V10 (Becton Dickinson).  417 

 418 

RNA-Sequencing 419 

The RNA-Seq libraries were generated from purified MkPs from young or old FlkSwitch mice. RNA-420 

Seq libraries were generated using Nextera Library Prep, as we have previously done (Byrne et al. 421 

2017; Beaudin et al. 2016; Poscablo et al. 2021). Libraries were validated using the Bioanalyzer 422 

(Agilent 2100), sequenced using Illumina HiSeq 4000 as Paired-end reads at the QB3-Berkeley 423 

Genomics at University of California Berkeley and DESeq analysis was done with the help of Dr. Sol 424 

Katzman at the UCSC Bioinformatics Core.  425 
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 426 

Clustering and Analysis of RNA-Seq data 427 

Normalized RNA abundance counts where extracted from DESeq performed as described above and 428 

used to calculate Principal Components (PCs) with the `prcomp()` function in `R` with `rank` set to 50, 429 

resulting in 50 components that summate to 100% of the observed variance in the data. PCs 1 and 2 430 

were plotted and used to calculate 1) centroids for each cell type by averaging the sample values in 431 

PC1 and PC2 space and 2) Euclidean distances from each centroid to the one calculated for Old 432 

HSCs. Furthermore, these normalized counts were scaled to Z-scores using the `scale()` function in 433 

`R` with `center` set to `TRUE`. Z-scores were used to create a K-means clustered heatmap with 434 

`ComplexHeatmap` in `R`. Heatmaps were created on subsets of genes as described in relevant 435 

figures with log2FoldChange or Principal Component loading displayed as bar plots where relevant.  436 

 437 

Laser-induced cremaster arteriole thrombosis model  438 

The laser-induced thrombosis assays were performed as previously described (Tourdot & Holinstat 439 

2017; Yeung et al. 2016; Reheman et al. 2009; Adili et al. 2017). Briefly, the cremaster muscle of 440 

anesthetized Young (8-12 weeks of age) or Old (>22 months of age) FlkSwitch mice were prepared 441 

under a dissecting microscope with constant superfusion of 37°C bicarbonate-buffered saline. Injury 442 

of the cremaster arterioles (30-50 um diameter) was performed by a laser ablation system (Ablate! 443 

photo-ablation system; Intelligent Imaging Innovations, Denver,CO). Multiple laser injuries were 444 

performed in each mouse, with each new injury induced upstream of prior injuries. Images of 445 

thrombus formation were taken at 0.2-s intervals using a Zeiss Axio Examiner Z1 fluorescent 446 

microscope with a 6x3 objective and a high-speed sCMOS camera. The two populations of Plts were 447 

distinguished by the expression of Tomato or GFP fluorescence. Images were analyzed using 448 

Slidebook 6.0 (Intelligent Imaging Innovations). Alexa Fluor 647- conjugated anti-fibrin (0.3 ¿g/g) 449 

administered by a jugular vein cannula prior to vascular injury. All captured images were analyzed for 450 

the change of fluorescent intensity over the course of thrombus formation after subtracting fluorescent 451 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 24, 2024. ; https://doi.org/10.1101/2024.02.23.581812doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.23.581812
http://creativecommons.org/licenses/by-nc-nd/4.0/


 19 

background defined on an uninjured section of the vessel using the Slidebook program. 452 

 453 

Platelet-Leukocyte Aggregation Analysis 454 

10 ¿l of heparinized blood was aliquoted into an antibody cocktail containing CD41-APC, B220-455 

BV605, Ter119-A700, GR-1 PB and incubated at room temperature in the dark for 20 minutes. In 456 

samples to be stimulated by Thrombin, Thrombin (0.1Units/ml) was added to the cocktail and 457 

incubated for 5 minutes at room temperature and protected from light.  500 ¿l 1-step Fix/Lyse Solution 458 

(Invitrogen # 00-5333-57) was added to all samples and allowed to incubate another 30 minutes in the 459 

dark at room temperature. Samples were analyzed by flow cytometry within 2 hours of obtaining blood 460 

samples. 461 

 462 

Platelet Activation and Glycoprotein Expression Analysis  463 

Platelets were obtained from whole blood collected in EDTA coated capillary tubes, washed with 464 

Tyrode9s buffer, and examined under resting conditions or after activation with 1 U/µl Thrombin 465 

(Sigma) or with 10 µM adenosine diphosphate (ADP, Sigma) for 5 minutes at 37°C, followed by 5 466 

minutes at room temperature. Platelets were stained with anti-CD9, anti- ³IIb/´3 (JON/A, Emfret), and 467 

anti-P-Selectin. Glycoprotein expression on activated platelets were measured by flow cytometry.  468 

 469 

Platelet Depletion and Cell Cycle Analysis  470 

Acute thrombocytopenia was induced in Y and O FlkSwitch mice by depleting Plts with a single 471 

injection of anti-GPIb³ (2 µg/g) intraperitoneally (R300, Emfret). Retro-orbital (RO) bleeds using 472 

heparin-coated capillary tubes were performed daily to monitor Plt recovery. Plts were measured by 473 

flow cytometry and defined as single, FSClowTer119- CD61+ Tom/GFP+ cells. In a separate cohort of 474 

mice, HSPCs in the BM was analyzed 24 hours post anti-GPIb³ treatment. In the cell cycle 475 

experiments, EdU (50mg/kg) was administered intraperitoneally and concurrent with anti-GPIb³ 476 

administration. Following a 24-hour EdU pulse, HSCs, MPPs, and MkPs were purified by flow 477 
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cytometry and EdU incorporation analyses were performed according to the manufacturer9s protocols 478 

(Click-iT® EdU Flow Cytometry Assay Kits, Life Technologies). 479 

480 

Quantification and Statistical Analysis 481 

Number of experiments, n, and what n represents can be found in the legend for each figure. 482 

Statistical significance was determined by two-tailed unpaired T-test, unless noted in Figure Legends. 483 

All data are shown as mean ± standard error of the mean (SEM) representing at least three 484 

independent experiments. 485 

486 

Data availability: The datasets generated in the current study are available in the Gene Expression 487 

Omnibus (GEO), accession number GSE166704. 488 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE166704 489 
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FIGURE LEGENDS 762 

Figure 1. Aging of FlkSwitch mice leads to novel populations of Tomato+ Megakaryocyte 763 

Progenitors and Platelets unique to old mice 764 

A. Schematic of the mTmG and Flk2-Cre constructs that serve as the basis for the color composition 765 

of hematopoietic cells in the FlkSwitch mouse model. Expression of Cre in Flk2+ cells leads to 766 

irreversible deletion of Tomato and a switch in expression to GFP in all descendent cells. 767 

B. Young FlkSwitch mice show very high, equal floxing of mature cells (3 months of age, top row), 768 

whereas Tom+ Plts, but not erythroid, GM, B or T cells, increase in aged mice (24-month old, bottom 769 

row).  770 

C. The proportion of GFP+ Plts in the peripheral blood (PB) progressively decrease beyond 12 771 

months of age, whereas the vast majority of erythroid, GM, B and T cells remain GFP+ for life. 772 

Quantification of data from B and additional intervening time points are shown. Data represent mean ± 773 

SEM of 6 independent experiments, n = 21 mice. Statistics: unpaired t-test compared to baseline 3 774 

months old. ***P<0.0005 775 

D. HSCs remain Tom+ for life. Tom versus GFP expression in young and old HSCs. 776 

E. MkPs are GFP+ in young mice and a novel population of Tom+ MkPs is observed in old mice. Tom 777 

versus GFP expression in young and old MkPs. 778 

F. All progenitors except MkPs maintain efficient switching to GFP-expression throughout life. Fold 779 

difference in percent GFP+ classical myeloid, erythromyeloid, and lymphoid progenitor cells compared 780 

to MPPs in the BM of young and old FlkSwitch mice. Complete gating strategies are shown in Figure 781 

S1.  782 

G. Tissue resident macrophage GFP-labeling in the FlkSwitch mice increases across tissues with 783 

age. Percent GFP labeling of brain microglia and lung alveolar macrophages, defined as in Figure S2. 784 

Data represent mean ± SEM of 3 independent experiments, n = 6 young mice, n = 12 old mice. 785 

Statistics: t-test. *P<0.05, **P<0.005 786 

H. Multipotent progenitor subfractions in the FlkSwitch mice remain GFP+ during aging. Percent GFP 787 

labeling of MPP2, MPP3, and MPP4, gated as in Figure S3. Data represent mean ± SEM of 3 788 
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independent experiments, n = 5 young mice, n = 5 old mice. Statistics: t-test. Comparisons of Y to O 789 

were not statistically different. 790 

I. Age-specific megakaryopoiesis. Schematic of youthful differentiation pathways in FlkSwitch mice 791 

(top) and altered megakaryopoiesis in old FlkSwitch mice (bottom). In young adult and old FlkSwitch 792 

mice, HSCs express Tom. Tom is excised upon Cre expression, resulting in GFP+ progenitor and 793 

mature cells. Only aged mice have Tom+ MkPs and Plts; cells of all other hematopoietic lineages 794 

remain GFP+ throughout life. 795 

Tom, Tomato; Y, Young; O, Old; HSC, Hematopoietic Stem Cells; MkP, Megakaryocyte Progenitors; 796 

MPP, Multipotent Progenitors; HSPC, Hematopoietic Stem and Progenitor Cells; CMP, Common 797 

Myeloid Progenitors; GMP, Granulocyte/Macrophage Progenitor; MEP, Megakaryocyte-erythroid 798 

Progenitors; CLP, Common Lymphoid Progenitor; Alternatively defined erythromyeloid progenitors 799 

include CFU-E pCFU-E, pGMP, pMEgE, <GMP=; EPs, erythroid progenitor cells; RBCs, red blood 800 

cells, GM, granulocytes/macrophages.  801 

 802 

Figure 2. Old HSCs did not retain the age-specific Plt differentiation pathway upon 803 

transplantation 804 

A and C. Schematic of heterochronic and isochronic transplantation of HSCs from FlkSwitch into 805 

conditioned, non-fluorescent mice. Peripheral blood was monitored for GFP/Tom+ fluorescence of 806 

donor-derived mature cells, presented as %GFP in recipient mice.  807 

B and D. Percentage of GFP+ donor-derived cells were equivalent in young (B) or old (D) recipients 808 

of transplanted young or old HSCs for >16 weeks post-transplant. Data represent mean ± SEM of 5 809 

independent experiments with n= 15 Y-Y mice, n= 21 O-Y mice, n= 13 Y-O mice, n= 13 O-O mice.  810 

Statistics: unpaired two-tailed t-test between Plts and GMs. *p<0.05. 811 

Y-Y, Young HSCs transplanted into young recipients; O-Y, Old HSCs transplanted into young 812 

recipients; Y-O, Young HSCs transplanted into old recipients; O-O, Old HSCs transplanted into old 813 

recipients. 814 

 815 
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Figure 3. RNA-Seq analysis revealed a distinct molecular profile of Tom+ MkPs 816 

A. Volcano plots showing differentially expressed genes (DEGs) expressed between GFP+ yMkPs vs 817 

GFP+ oMKPs, between GFP+ yMkPs vs Tom+ oMkPs, and between GFP+ oMkPs vs Tom+ oMkPs. 818 

Dotted lines indicate where p value = 0.05. 819 

B. Tom+ oMkPs highly express genes associated with HSC function. mRNA levels of specific DEGs 820 

by RNAseq read count in Tom+ oMkPs compared to GFP+ yMkPs. **P<0.005, ***P<0.0001. 821 

C. Differential cell surface protein expression of CD105 and CD119 by the two populations of old 822 

MkPs. Results from RNAseq analysis were tested by differential flow cytometry for CD105 and CD119 823 

on GFP+ oMkPs and Tom+ oMKPs. MFI Data represent 3 independent experiments with n=4 young, 824 

n=4 old mice. Statistics: paired t-test. *P<0.05. RNAseq analysis as in B. 825 

D. Tom+ oMkPs are located closest to oHSCs in transcriptional space. Principal Components 1 and 2 826 

capture 93.6% of the total transcriptional variance across MkPs and HSCs, demonstrating that Tom+ 827 

oMkPs are most similar to oHSCs in PC1 and according to Euclidean distance calculated from 828 

centroids (opaque diamonds) for each cell type. 829 

E. Kmeans-clustered heatmap of gene expression Z-score for significantly differentially expressed 830 

genes between Tom+ oMkPs (up) and GFP MkPs (down) demonstrates shared transcriptional signal 831 

in oHSCs and Tom+ oMkPs that is diminished or absent in other MkP populations. 832 

 833 

yMkP, young MkP; oMkP, old MkP; oHSC, old HSC 834 

 835 

 836 

 837 

  838 
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Figure 4. Tom+ MkPs from old FlkSwitch mice have greater expansion and platelet 839 

reconstitution potential compared to GFP+ Young or Old MkPs. 840 

A. Schematic of in vitro expansion assay of MkPs from young or old FlkSwitch mice. 1000 GFP+ 841 

yMkPs, GFP+ oMkPs, or Tom+ oMkPs were isolated by FACS and plated per well. After 3 days of 842 

expansion, cells were quantified by flow cytometry. 843 

B. Tom+ oMkPs displayed greater expansion capacity in vitro compared to both GFP+ yMkPs and 844 

GFP+ oMkPs. Left: Representative images of MkP in vitro cultures at day 3. Right: Quantification of 845 

cell expansion revealed significantly greater number of cells from Tom+ MkPs compared to both 846 

GFP+ MkPs. Data represent mean ± SEM of 3 independent experiments, n = 9 GFP+ yMkP wells, n = 847 

9 GFP+ oMkP wells and n = 17 Tom+ oMkP wells.  Statistics: one-way anova and Tukey post hoc 848 

test. **** p < 0.001 849 

C. Schematic of MkP transplantation from young or old FlkSwitch mice. 22,000 GFP+ yMkPs, GFP+ 850 

oMkPs, or Tom+ oMkPs were isolated by FACS and transplanted into young WT recipient mice. 851 

Peripheral blood analysis by flow cytometry was done to monitor repopulation of mature cells. 852 

D. Old Tom+ MkPs demonstrated greater contribution to platelets in the recipient mice compared to 853 

both GFP+ yMkPs and GFP+ oMkPs. Analysis of donor-derived Plts in peripheral blood of recipients 854 

presented as percent donor chimerism. Data represent mean ± SEM of 3 independent experiments, n 855 

= 6 GFP+ yMkP recipients, n = 4 GFP+ oMkP recipients, and n = 13 Tom+ oMkP recipients. 856 

Statistics: unpaired two-tailed t-test. T-tests between GFP+ yMkP and GFP+ oMkP were not 857 

statistically significant. T-tests between GFP+ oMkP and Tom+ oMkP *p<0.05, **p<0.005, 858 

***p<0.0005. 859 

yMkP, young MkP; oMkP, Old MkP  860 

 861 

Figure 5. The age-specific Plt pathway contributes to Plt hyperactivity in old FlkSwitch mice  862 

A. Aging leads to thrombocytosis due to accumulation of Tom+ Plts. Absolute quantification of 863 

circulating cells presented as total cells/microliter of PB. While changes to the absolute number of 864 

other mature cells in the PB result from cells derived via GFP+ differentiation pathways, the numerical 865 
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increase in Plts is a consequence of the Tom+ differentiation path in aged FlkSwitch mice. Statistics: 866 

unpaired t-test.  *P<0.05, **P<0.005, ***P<0.0005. T-tests between Tom+ yPlts and Tom+ oPlts: 867 

***P<0.0005. T-tests between all other Tom+ Y and Tom+ O cells were not significant.  868 

B. Tom+ oPlts express traditional Plt markers. Frequency of Plts expressing known Plt surface 869 

markers: CD41, CD9, CD42a, CD42b (GPIb³). yGFP, young GFP+ Plts; oGFP, old GFP+ Plts; 870 

oTom+, old Tom+ Plts.  871 

C. Schematic of the laser-induced thrombosis model to monitor thrombus formation upon vascular 872 

injury. 873 

D. Tom+ oPlts contribute to excessive thrombus formation in old mice. Representative images of clot 874 

formation in Young (top) and Old (bottom) FlkSwitch mice displaying participation of GFP+ and Tom+ 875 

Plt in thrombi. Also see Supplemental Movies.   876 

E. Tom+ and GFP+ cells are major contributors to greater thrombus formation in old FlkSwitch mice, 877 

while the smaller thrombi in young FlkSwitch mice consist exclusively of GFP+ cells. Dynamics of clot 878 

formation at time points post vascular injury were quantified by MFI of thrombi, comparing GFP+ (left) 879 

or Tom+ (right) accumulation in young or old FlkSwitch mice. Data represent mean ± SEM of 3 880 

independent experiments with n = 3 Y, and n =3 O mice, with 9-12 injuries per mouse. Statistics: 881 

paired t-test. ****P<0.0001, **P<0.005     882 

F. Fibrin content increased in thrombi in old mice. Dynamics of fibrin formation in thrombi at time 883 

points post vascular injury were analyzed by change in fluorescent intensity conferred by A647-884 

conjugated anti-fibrin antibodies. Representative images of fibrin formation (left) and quantification of 885 

fibrin MFI within thrombi (right) in young or old FlkSwitch mice. Data represent 3 independent 886 

experiments with n = 3 young, and n =3 old mice. Statistics: paired t-test. ****P<0.0001   887 

G. Platelet-leukocyte aggregate formation is greater in old blood compared to young blood. 888 

Quantification of mature myeloid cell aggregation with Plts (Gr1+CD41+, left) and B-cell aggregation 889 

with Plts (B220+CD41+, right) with and without thrombin-mediated activation (0.1 units/mL). Y, young 890 

without thrombin; Y+, young with thrombin; O, old without thrombin; O+, old with thrombin. Data 891 
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represent 3 independent experiments with n = 7 Y mice, n = 8 Y+, mice n= 22 O mice, n= 8 O+ mice. 892 

Statistics: one-way anova and Tukey post hoc test. *P<0.05, ***P<0.0005, ****P<0.0005 893 

H. oPlts demonstrated higher activation of integrin ³IIb/´3 upon stimulation by ADP (10 µM) and 894 

thrombin (0.1 U/mL). Quantification of ³IIb/´3+ Plt frequency (left of flow cytometry histogram) and 895 

³IIb/´3 MFI (right) within CD9+ Plts. Data represent 3 independent experiments with n = 5 Y mice, n = 896 

5 O mice. Statistics: unpaired t-test. *P<0.05, **P<0.005, ***P<0.0005   897 

I. oPlts demonstrated higher P-Selectin surface display upon stimulation by ADP (10 µM) and 898 

thrombin (0.1 U/mL). Quantification of P-Selectin+ Plt frequency (left) and P-Selectin MFI (right) within 899 

CD9+ Plts. Data represent 3 independent experiments with n = 7 Y mice, n = 7 O mice. Statistics: 900 

unpaired t-test. *P<0.05, ***P<0.0005, ****P<0.0005 901 

 902 

Figure 6. Age-specific MkPs serve as first responders to acute Plt depletion  903 

A. Schematic of antibody-mediated Plt depletion and subsequent time-course analyses of cellular 904 

response. 905 

B. A single injection of anti-GPIb³ antibodies led to rapid and robust Plt depletion followed by gradual 906 

restoration of circulating Plt numbers. Y and O FlkSwitch mice were treated as indicated in panel A. 907 

Plt numbers in peripheral blood (PB) are indicated at each time point.   908 

C-D. Analysis of Tom:GFP Plts demonstrated reduction in floxing in Y (C) and O (D) mice during Plt 909 

restoration. Data in B-D represent mean±SEM of 4 independent experiments with n = 6 Y mice, n = 4 910 

O mice. Statistics: unpaired t-test.  *P<0.05, **P<0.005, ***P<0.0005, ****P<0.00005.   911 

E-F. Quantification of BM cellularity 24 hours post anti-GPIb³-mediated Plt depletion revealed a 912 

significant decrease in frequencies of yMkPs, while yHSCs and yMPPs were unaltered (E). A similar 913 

pattern was observed in O mice, albeit an insignificant trend in oMkP cellularity upon Plt-depletion (F). 914 

G-H. Plt depletion selectively induced MkP proliferation. Short-term in vivo EdU incorporation revealed 915 

that HSCs and MkPs, but not MPPs, in Y and O mice respond to Plt depletion, with Tom+ oMkPs 916 

dominating the response in O mice (H). Proliferation rates in control and Plt-depleted mice pulsed for 917 

24 hours with EdU, with or without simultaneous administration of anti-GPIb³ antibodies. Data in E-H 918 
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represent mean ± SEM of 4 independent experiments with n = 4 Y mice, n = 4 O mice. Statistics: 919 

paired t-test.  *P<0.05, ***P<0.0005.   920 
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Table 1. Percent GFP+ cells in hematopoietic populations from Old FlkSwitch mice 

  
  

Table 1: Percent GFP in Hematopoietic Populations from Old FlkSwitch Mice 

Mouse HSC MPP CMP GMP MEP CLP MkP Plt EP CFU-E pCFU-E pGMP pMEgE "GMP" GM B cell T cell

1 1.8 96.7 86.5 86.5 92.0 100.0 42.2 48.4 96.5 86.5 88.6 90.7 85.1 91.1 96.6 98.4 98.4

2 0.0 94.3 81.1 88.0 84.9 100.0 38.9 48.1 90.8 85.3 79.2 83.6 80.0 89.2 86.1 95.5 94.0

3 1.9 98.0 81.8 90.9 86.1 100.0 33.6 43.9 85.7 87.2 85.4 84.6 79.5 92.0 89.0 88.9 94.6

4 3.8 91.7 82.0 93.8 82.3 93.0 29.6 35.9 96.7 93.5 88.4 93.7 91.9 97.3 95.6 96.0 98.8

5 2.9 98.5 87.8 94.5 87.7 90.1 32.0 40.3 91.8 90.0 86.8 86.6 88.0 90.3 92.1 94.9 95.9

6 2.1 100.0 84.4 96.3 89.8 100.0 35.5 46.9 97.1 93.4 87.9 89.6 89.9 94.6 97.6 92.8 96.2

7 1.2 91.3 90.0 94.3 89.4 95.9 58.2 41.2 90.3 90.4 90.8 90.8 89.1 94.8 87.5 97.7 99.3

8 3.6 84.2 83.9 89.2 83.7 90.0 24.2 33.6 88.8 86.8 80.2 86.4 83.6 91.4 90.3 98.0 98.2

9 5.6 86.7 94.4 98.3 94.7 100.0 37.6 44.1 96.5 97.3 93.5 96.4 87.9 99.1 96.7 96.9 99.2

10 2.0 97.7 72.0 81.9 79.0 100.0 19.8 35.5 91.5 80.8 81.1 83.7 66.3 83.6 94.2 93.8 98.6
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Figure 5
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