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Abstract: Hematopoiesis is a dynamic process in which stem and progenitor cells give rise to 20 

the ~1013 blood and immune cells distributed throughout the human body. We argue that a 21 

quantitative description of hematopoiesis can help to consolidate existing data, identify 22 

knowledge gaps, and generate new hypotheses. Here, we review known numbers in murine 23 

and, where possible, human hematopoiesis and consolidate murine numbers into a set of 24 

reference values. We present estimates of cell numbers, division and differentiation rates, cell 25 

size and macromolecular composition for each hematopoietic cell type. We also propose 26 

guidelines to improve reporting of measurements and highlight areas where quantitative data 27 

are lacking. Overall, we show how quantitative approaches can be used to understand key 28 

properties of hematopoiesis.  29 

A quantitative understanding of hematopoiesis 30 

 31 
Hematopoiesis is the process by which hematopoietic stem and progenitor cells (HSPCs) give 32 

rise to blood and immune cells [1]. Here, we argue that numbers are tools to sharpen our 33 

understanding of hematopoiesis [2], but it is challenging and time consuming to find robust 34 

values in the literature. Numbers come from various studies and it is rarely discussed how they 35 

fit together into our broader understanding of hematopoiesis. To address these issues, we 36 

review existing numbers in murine and human hematopoiesis, and generate a set of reference 37 

values for murine hematopoiesis. Specifically, we discuss current understanding of cell 38 

numbers, division and differentiation rates, cell size and macromolecular composition for each 39 

hematopoietic cell type. We also highlight limitations of existing measurements, and instances 40 

where quantitative data are lacking. Then using simple calculations, we show how this 41 

numerical reference can identify key properties of hematopoiesis and provide suggestions for 42 

future research.  43 
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How many cells are in the hematopoietic system? 44 

Quantifying absolute cell numbers is important to help contextualize changes that occur in 45 

hematopoiesis across lifespan and disease. Here, we summarize current measurements of cell 46 

numbers across the major hematopoietic organs, lineages and compartments, focusing on the 47 

16 week old, 22 gram adult female mouse for which we have the most available data (File S1, 48 

Calculation S1a and [3]). We also summarize known cell numbers in humans. The criteria and 49 

sources used to generate reference values are provided in File S1, along with metadata for each 50 

measurement. 51 

 52 

How many cells are there in the hematopoietic organs?  53 

Consolidating cell numbers across the hematopoietic system is non-trivial because (i) cells are 54 

heterogeneously distributed across tissues, (ii) differences in sample processing can affect cell 55 

yield, (iii) most measurements are expressed in relative rather than absolute terms, and (iv) 56 

most numbers come from samples rather than entire tissues. Reviewing existing numbers and 57 

accounting for these factors (Table 1, Figure 1, Calculation S1a), the bone marrow, blood, 58 

spleen, lymph nodes and thymus have 4.5x108, 1.6x1010, 2x108, 7.4x107 and 2.1x108 59 

hematopoietic cells respectively (Calculation S1a, Table 1). Adding these values, this gives 60 

1.7x1010 cells in total – likely an underestimate of the true value, as organs such as the liver 61 

and gut are not considered in this calculation. 62 

 63 

In humans the standard reference person, historically defined as a male 20–30 years of age, 64 

weighing 70 kg and 170 cm in height [4] has ~1.2x1012 nucleated bone marrow cells and 65 

2.8x1013 blood cells (File S1) [5]. Surprisingly, direct measurements of human spleen and 66 

lymph node cellularity are missing. Assuming the average spleen weighs 130-150g [6] and a 67 

single cell weighs 1ng [7], there are ~1011 human splenic cells. A 1974 study extrapolating data 68 
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from rats to humans reports a total of 1.9x1011 lymph node lymphocytes [8], distributed 69 

amongst 1200 lymph nodes [9]. This reported number of lymph nodes, obtained from a 70 

reference digital image library, [9] is much higher than the 460 lymph nodes cited by [8], for 71 

which we could find no primary data. The lack of direct measurements of the spleen and the 72 

huge range between reported lymph node numbers illustrate that much work is needed to 73 

quantify the human hematopoietic system.  74 

How many Hematopoietic Stem Cells are there?  75 

Flow cytometry analyses suggest that murine HSCs (Lin-Kit+ Sca-1+CD150+CD48-) represent 76 

0.006% of nucleated bone marrow cells and ~16,000 cells in total [10]. However, this is likely 77 

to be an overestimate, as a significant proportion (~30-70%) of immunophenotypic HSCs do 78 

not meet the functional criteria of multipotency and self-renewal [11–13]. In addition, only a 79 

subset of HSCs actively contribute to hematopoiesis (differentiation active), as determined by 80 

fate mapping [10,14] and lineage tracing [15–17] experiments in mice. Differentiation 81 

active murine HSC numbers range from 2770 to 22,400 [10,18,19]. Given there are 16,000 82 

immunophenotypic HSCs in mice and at least 1/3 of Tie2-YFP labelled murine HSCs give rise 83 

to mature cells, as measured by fate mapping [10], we use ~5,200 as a reference value for the 84 

number of differentiation active murine HSCs. 85 

 86 

In humans, the number of differentiation active HSCs in adults ranges from 25,000-1,300,000  87 

based on inference from capture-recapture longitudinal genomic analyses of a 59 year-old 88 

male [20] and allele frequency data from a large cohort of blood cancer-free individuals  [21]. 89 

In a gene therapy context, fewer human HSCs (1600-4300) actively contribute to long-term 90 

hematopoiesis post-transplantation, as inferred from lentiviral vector integration site data 91 

in patients with Wiskott-Aldrich Syndrome [22]. 92 
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How many hematopoietic progenitors are there?  93 

Downstream of HSCs are the multipotent progenitors (MPPs), a functionally heterogeneous 94 

population [23], that harbor multi-lineage potential but lack long-term repopulating capacity 95 

post-transplantation [24,25]. Flow cytometry measurements report that the MPP compartment 96 

is ~9 times bigger than the HSC compartment [10], giving 1.4x105 MPPs in our reference 97 

mouse (Table 1).  98 

 99 

Downstream of the MPP are the restricted potential progenitors (RPPs) which can be 100 

subdivided into the common myeloid progenitors (CMP), granulocyte-monocyte progenitors 101 

(GMP) and megakaryocyte-erythroid progenitors (MEP), the common lymphoid progenitors 102 

(CLP) and the megakaryocyte progenitors (MkP). Based on flow cytometry measurements 103 

[10,26,27] we compute that for each MPP there are 2.9, 3.6, 5.7,0.2 and 1.8 times more CMPs 104 

GMPs, MEPs, MkPs, and CLPs respectively (Table 1, Calculation S1b). 105 

 106 

Summing all HSC, MPP and RPP populations, we estimate that progenitors account for ~0.5% 107 

of the murine bone marrow (Table 1), while flow cytometry measurements suggest that lineage 108 

negative cells range from 1-5.7% of total bone marrow [12,28–30]. Taking 4.5% as a 109 

representative value [29], we estimate that 4% of bone marrow cells (~18 million cells) are not 110 

classically defined progenitors, but don’t express mature lineage markers. These cells contain 111 

both hematopoietic and non-hematopoietic cells, and remain to be better functionally defined.  112 

 113 

In humans, CD34+ progenitors (HSCs, MPPs and RPPs) represent an average of 2.5% of all 114 

mononucleated bone marrow cells [31,32]. Given the total number of nucleated bone marrow 115 

cells from [4], this suggests a total of ~3x1010 CD34+ cells in our reference person. Currently, 116 

there are conflicting results about the effect of age on the frequency of CD34+ cells [33,34], 117 
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and it is unclear to what extent such frequencies change due to gender, ethnicity, and lifestyle 118 

factors. 119 

How many mature hematopoietic cells are there?  120 

 121 
At the bottom of the hematopoietic hierarchy are the terminally differentiated mature cells. To 122 

date, the most extensive measurements in mice account for all mature cells in blood, bone 123 

marrow, spleen, thymus, and lymph nodes [35]. For our reference mouse, there are 1.5x1010 124 

erythrocytes, 1.5x109 platelets,1.6x108 myeloid cells, 1.8x108 B lymphocytes, and 2.2x108 T 125 

lymphocytes (Table 1). For megakaryocytes, flow cytometry measurements (0.29% of all 126 

nucleated bone marrow cells [36]) suggest a total of 7.7x105 cells. Together, this yields a total 127 

of 1.7x1010 mature hematopoietic cells.  128 

 129 

In humans, a recent metadata analysis [4] calculates that there are 25x1012 erythrocytes, 130 

1.5x1012 platelets, 7×1011 T cells, and 3×1011 B cells, monocytes 5x109 and 6.4x1011 131 

neutrophils [4], consolidating measurements from human tissue samples along with 132 

measurements from rodents and primates where no human data was available. 133 

 134 

In tallying hematopoietic cell numbers (Calculation S1, Table 1), we find that compartment 135 

sizes vary by several orders of magnitude within and between lineages in both mice and 136 

humans. Notably, progenitors are much rarer than mature cells (Figure 2, Table 1), suggesting 137 

that significant cell expansion occurs downstream of the RPP compartment, after lineage 138 

commitment has occurred. Quantifying hematopoietic cell numbers is a topic that warrants 139 

further experimental focus (see ‘outstanding questions’), particularly in humans. When 140 

measurements in humans are unavailable, numbers have been extrapolated from rodents. 141 

However, cross-species measurements highlight important differences calling for carefulness, 142 
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for example myeloid cells account for ~9-16% of all blood leukocytes in our reference mouse 143 

[3,35], but in humans this number is ~65% [6]. Total cell numbers can help to understand how 144 

hematopoiesis changes during disease, complementing other resources such as the human cell 145 

atlas, and facilitating cross-species comparisons to understand how the hematopoietic system 146 

has evolved.  147 

How many hematopoietic cells do we produce per day? 148 

The rates at which cells divide, differentiate and die are key regulators of cell numbers [10,14], 149 

and if perturbed can lead to hematological malignancies [37]. In the following section we 150 

discuss current understanding of these parameters, excluding T-cells that have been reviewed 151 

elsewhere [38].  152 

Division rate and division number   153 

Division rates can be measured using division-linked dilution assays, or reporter molecules 154 

that incorporate into newly synthesized DNA [39]. In mice, HSCs are reported to divide every 155 

145 days [40]. These values are on the same order of magnitude as estimates derived from fate-156 

mapping studies [10,14]. However the reported proportion of cells entering S-phase per unit 157 

time, using a BrdU EdU sequential labelling technique, suggests a proliferation rate of 158 

approximately once every 4 days [41]. Presumably these differences in reported values arise 159 

due to differences in labeling techniques or heterogeneity within HSCs [14,41,42]. In mice, 160 

MPPs reportedly cycle faster than HSCs [14,43] in vivo EdU labeling showed that cycling rates 161 

for RPPs are higher than those measured in MPPs [43]. These data are consistent with a linear 162 

amplification model where proliferation rates increase with early maturation[14]. In humans, 163 

HSCs have been estimated to divide once every ~280 days, a value inferred by mathematical 164 

modelling of X chromosome inactivation patterns in females [44]. Division rates for human 165 

MPPs, and RPPs in vivo are lacking however.  166 
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 167 

Despite recent progress in our ability to quantify division rates, the number of divisions it takes 168 

to differentiate an HSC into a mature cell is unknown. Knowing the size of each cell 169 

compartment, it is possible to estimate the minimum number of divisions in this process (Figure 170 

3 Calculation S2a). Performing this estimation in mice suggests that at least 15-22 divisions 171 

are needed to account for the expansion of 5200 HSCs to 108-1010 mature cells (Figure 3 172 

Calculation S2a), with erythropoiesis requiring ~7 more divisions than myelopoiesis.  173 

Considering the fraction of B cells that survive after negative and positive selection, we 174 

estimate a minimum of 20 divisions are needed to produce all mature B cells (Figure 3 175 

Calculation S2b). We estimate that megakaryocytes derive from HSC in 7 divisions (Figure 176 

3 Calculation S2c), not including endomitoses and produce on average  519 platelets each day 177 

(Calculation S2d). Importantly, these estimates don’t consider HSC heterogeneity in clonal 178 

expansion, nor the impact of cell death and differentiation, processes that are discussed below.  179 

Lifespans and turnover rates  180 

A key parameter which regulates cell numbers is the rate of cell death, which can be derived 181 

from half-life and lifespan measurements (Table 2). Half-life measures are mathematically 182 

inferred by following the loss of a label over time within a cell population. Cells can be labelled 183 

in vivo with BrdU, EdU, deuterium isotope or ex vivo [45]. Half-lives have not been measured 184 

in vivo in progenitor populations, as no labelling methods can currently discriminate between 185 

death and differentiation. In mature cell types of both humans and mice, results show that most 186 

cells are short-lived - on the order of days or weeks (Tables 2-3), with some variation within 187 

cell types due to maturation or activation state [45] and tissue localization [46].  188 

 189 

While measuring death rates is challenging, estimation of turn-over can help to understand the 190 

dynamics of hematopoiesis (Calculation S2e). In steady state conditions, the turnover rate of 191 
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each lineage can be estimated from population sizes and circulating half-lives (Tables 2-3), 192 

assuming that cell production and death rates balance each other (Figure 3, Calculation S2e). 193 

In mice, despite different population sizes, erythroid and granulocyte turnover rates are on the 194 

same order of magnitude due to large differences in lifespan (35 days [47] versus 1.2 days [46], 195 

Calculation S2e). Murine B-lymphocytes however have a 10-fold lower turnover rate 196 

(Calculation S2e), consistent with the relatively low number of CLPs. Importantly, the steady 197 

state assumption we make is not always valid; different studies report that the number of 198 

phenotypic HSCs in mice increases with age [48,49]. 199 

 200 

In humans, it has been estimated that 3.3x1011 cells are produced each day, ~85% of which are 201 

hematopoietic [4].  2.1x1011 of these cells are erythroid, 6x1010  are neutrophils, 1.5x109 are 202 

monocytes and 7x109 are lymphoid (Table 3) [4]. In this study, platelets were not considered 203 

a cell type and so were not included in the final analysis. Based on available measurements of 204 

total platelet numbers (1.5x1012) as well as lifespan (9.9 days) [50], we estimate a turnover rate 205 

of 1.5x1011 platelets per day (Table 3). In humans, as in mice, the erythromyeloid lineages 206 

dominate cell turnover. 207 

Differentiation rates 208 

Apart from division and death rates, the residency times within, and transition rates between 209 

compartments regulate cell dynamics. Inference from a murine fate mapping study reports that 210 

differentiation rates increase from HSC to MPP and RPP [10], and that an individual MPP is 211 

180 times more likely to transition into a CMP than a CLP.  While the confidence intervals 212 

around these estimates are large, they suggest that lymphoid commitment is rare. Based on 213 

these values of MPP to CLP transition[10], a scRNAseq dataset of 1000 murine MPPs contains 214 

only 5-6 cells that commit to the lymphoid fate, highlighting the need for enrichment strategies 215 

to study early lymphopoiesis [51]. However, it is important to note that estimates derived from 216 
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fate mapping studies vary depending on technical factors such as the labelling system, the 217 

gating strategy, or the model used in parameter fitting [14]. In humans, there are no reported in 218 

vivo differentiation rates, although retrospective lineage-tracing methods that make use of 219 

endogenous barcodes within the genome (e.g. somatic mutations) are emerging [20].  220 

 221 

To summarize, hematopoietic cells are short-lived, and must be constantly regenerated. In both 222 

mice and humans, the number of myeloid and erythroid cells produced each day are of the same 223 

order of magnitude, even though there are far more erythroid than myeloid cells when we 224 

consider total cell numbers. This is due to large differences in their expected lifespan.  225 

How big are different hematopoietic cell types? What does each cell type comprise? 226 

As hematopoietic cells differentiate, they undergo significant remodeling, changing their 227 

shapes, sizes and macromolecular composition to fulfill specialized functions, such as oxygen 228 

transport, blood clotting, and pathogen killing. 229 

 230 

Cell size can be measured using synthetic beads as an internal control in flow cytometry, or by  231 

imaging [52] and results show that cell volumes vary dramatically between cell types (Table 232 

S1). For example, murine HSCs, CMPs, GMPs and MEPs have a volume of 175 µm3, 210 µm3, 233 

320 µm3 and 450 µm3, respectively [53]. Differences in cell size impact cellular composition 234 

with protein and lipid numbers scaling linearly with cell volume for many mature blood cell 235 

types (Table S1, Figure S2). As a consequence, quantitative differences in cell size can have 236 

major implications for biosynthesis when we consider the large numbers of cells produced each 237 

day (see above). Aside from the quantification of protein synthesis rates in progenitors [54], 238 

measurements of the ATP and macromolecular requirements for hematopoietic cell production 239 

are lacking. However, newly-developed high-sensitivity mass spectrometry-based approaches 240 
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are emerging to tackle this issue [55]. Using the relative protein content of the different cell 241 

types (Table S1) and the number of cells produced in humans per day (Table 3), we compute 242 

the amount of protein and ATP required to fuel cell turnover (Calculation S2f). This 243 

calculation predicts that myelopoiesis requires ~2.8 times more ATP than erythropoiesis in 244 

humans, considering only protein synthesis requirements.  245 

 246 

To summarize, each hematopoietic cell type has a distinct size and shape, helping them to fulfill 247 

specialized functions. Consequently, the amount of energy and biomaterial it takes to 248 

regenerate each cell type may vary significantly, but many parameters have yet to be quantified. 249 

Quantitative hematometabolism is a research topic that warrants further focus, and may 250 

facilitate the development of novel dietary interventions to modulate hematopoiesis.  251 

 252 

Concluding remarks  253 

In this article we have summarized key numbers in hematopoiesis, providing a quantitative 254 

reference for the field, and highlighting areas where quantitative information is missing. These 255 

numbers can be accessed and updated at the Bionumbers repository 256 

(https://bionumbers.hms.harvard.edu/).  257 

 258 

In reviewing existing numbers, we learn that in mice, 5.2 x 103 HSCs give rise to 1010 259 

hematopoietic cells while in humans 104-106 HSCs give rise to 1013 mature hematopoietic cells. 260 

Strikingly, in both humans and mice most hematopoietic cells are short-lived – on the order of 261 

days or weeks – as such hematopoiesis accounts for 90% of total blood cell turnover [4]. We 262 

have also reviewed what is known about hematopoietic cell size and composition, with 263 

numbers revealing that each cell type is likely to have very distinct metabolic requirements. 264 
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For example, we estimate that at least ~36kcal per day, the equivalent of a single strawberry, 265 

is needed to maintain RBC homeostasis in humans (Figure S3, Calculation S2g). This value 266 

is surprising low, given RBCs account for 90% of all cells in the human body, and arises due 267 

to the relatively low protein content and low ATP turnover rate of RBCs compared to other 268 

cell types.  269 

 270 

We also illustrate how quantitative approaches may improve our ability to: (i) design 271 

experiments, as illustrated earlier by the need for novel enrichment strategies to study early 272 

lymphopoiesis (ii) consolidate and contextualize data across studies and species, identifying 273 

knowledge gaps (see ‘outstanding questions’) and to (iii) make novel predictions about how 274 

hematopoiesis is regulated.  275 

 276 

In generating reference values, it is important to understand how each measurement has been 277 

made. Conflicting values in the literature may arise due to nuanced technical details about 278 

sample processing and analysis, and may irreflective of true biological variation. 279 

Unfortunately, many numbers could not be included in this article due to poor reporting  with 280 

unclear tissue processing and data transformation. We suggest that best practice is to make raw 281 

data available for each figure, along with associated metadata about sample processing, data 282 

acquisition and analysis steps.   283 

 284 

To summarize, hematopoiesis is a dynamic process, giving rise to diverse cell types with 285 

distinct population sizes, tissue localization, turnover rates, and sizes. We hope that this article 286 

illustrates how quantitative approaches can improve our understanding of hematopoiesis, and 287 

anticipate that the numbers presented can serve as a reference starting point for the immunology 288 

and hematology scientific communities.  289 
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Figure Legends 542 

Figure 1: Generating reference values for total murine hematopoietic cell numbers. Most 543 
studies enumerate cell frequency by measuring a tissue sample. Consequently, these value 544 
needs to be transformed to absolute count, scaled up to the entire organism and corrected for 545 
sampling and technical artefacts. All the numbers are derived for a reference adult female 546 
mouse of 12 weeks weighing 22g. For total cell numbers in blood, we summed the total 547 
numbers of leukocytes, platelets and erythrocytes per µl and multiply this by the total blood 548 
volume for our reference mouse. In the bone marrow, we scale the measurement of the number 549 
of nucleated cells per gram of body weight of a 22g reference mouse and then we add to this 550 
number the proportion of anucleated erythrocytes and platelets. For the thymus, the total 551 
number of thymocytes at birth is corrected for the loss of thymocytes associated with ageing 552 
using the rate of thymocyte loss per day for a 12 weeks old reference mouse. For the lymph 553 
node, the number of cells within one lymph node is multiplied by the average total number of 554 
lymph nodes in 1 mouse. For the spleen, we take a measurement of the total splenocytes per 555 
gram of spleen and then scale it by the mass of the spleen in our reference mouse. A full 556 
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explanation of these calculations, along with supporting references, is provided in file S1 and 557 
S2.  558 
 559 
 560 
Figure 2: Cell numbers across different hematopoietic compartments in healthy mice (A) 561 
Calculated total number of cells across the murine hematopoietic hierarchy using values in 562 
Table 1. To help understand the scaling across several orders of magnitude, we place 563 
compartment sizes on a more familiar scale: time. Specifically, we place cells on a time scale 564 
where 1 cell is arbitrarily equal to 1 second. All the numbers are derived for a reference adult 565 
female mouse of 12 weeks weighing 22g (Table 1). HSC = hematopoietic stem cells, MPP = 566 
multi-potent progenitors, RPP = restricted potential progenitor, RBC = red blood cell.  567 
 568 

Figure 3. The dynamics of steady-state murine hematopoiesis. Calculating the minimum 569 
division number between active HSCs and mature cell subsets for red blood cells and myeloid 570 
cells (A). This minimum division number is computed with the logarithmic 2 transformation 571 
of total cell numbers in the body of a certain cell type (Nmature) divided by the number of active 572 
hematopoietic stem cells (Nhsc). This calculation does not consider the impact of cell death and 573 
differentiation. (B) For B cells, positive and negative selection of mature naïve B cells was 574 
considered and (C) for megakaryocytes, endomitosis has also been accounted for, (D) as well 575 
as platelets fragmentation. (D) Summary of the values for the reference mice, as in file S1. (E) 576 
Estimating the turnover rates of the blood cell lineages, assuming that production and death 577 
rates balance in healthy young adult mice. In this scheme the number of cells produced each 578 
day (Ncell produced) is the product of the total cell number (Ncell), the production rate and potential 579 
selection (as for B cells) of each cell type per day (P(D)). (F) The calculated cell population 580 
sizes in given organs, expected P(D) for each blood cell lineage during hematopoiesis for the 581 
reference mouse, as in Table 2. Details of all these calculations are provided in file S2.  582 
 583 

Mouse organ /Cell Population / Value Unit Reference 

Reference mouse 

Weight 22 g  [94] 

Strain B6     
Age 84 days   
Sex  female     
Bone Marrow       
Total cell count 4.5E+08 cells [29,35,66] 

Total nucleated cells 2.6E+08 cells  [66] 

Lin-   cells 2.0E+07 cells  [10] 
Phenotypic HSCa (Lin-Kit+Sca-1+CD150+CD48-) 1.6E+04 cells   [10] 

Active HSC 5.2E+03 cells   [10] 

MPPb (non HSC LSK) 1.4E+05 cells   [10] 

Erythro-myeloid progenitors 1.7E+06 cells    

CMPc (Lin-Kit+ CD16/32- CD34+) 4.0E+05 cells   [10] 

GMPd (Lin-Kit+ CD16/32+ CD34+) 5.1E+05 cells   [10] 
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MEPe (Lin-Kit+ CD16/32- CD34-) 8.0E+05 cells   [10] 

Megakaryocyte progenitors 2.6E+04 cells  [27] 

CLP 2.5E+05 cells   [10] 

Lin+ cells 4.3E+08 cells   

Erythrocytes 1.8E+08 cells  [35] 

Megakaryocytes 7.7E+05 cells  [36] 

Platelets 5.6E+06 cells  [35] 

Granulomyeloid 1.5E+08 cells  [35] 

B cells 8.6E+07 cells  [35] 

Peripheral Blood       

Volume 1.5E+03 ul [76] 

Total cell count 1.6E+10 cells  

Erythrocytes 1.5E+10 cells  [35] 

Platelets 1.4E+09 cells  [35] 

Granulomyeloid 1.7E+06 cells  [35] 

B cells 8.3E+06 cells  [35] 

T cells 2.6E+03 cells  [35] 

Spleen       

Mass 7.9E-02 g [71] 

Total cell count 2.1E+08 cells  

Erythrocytes 8.2E+07 cells  [35] 

Platelets 5.1E+07 cells  [35] 

Granulomyeloid 2.7E+06 cells  [35] 

B cells 4.7E+07 cells  [35] 

Follicular Mature B cells  3.3E+07 cells  [35] 

T cells 2.0E+07 cells  [35] 

Lymph nodes       

Average number lymph nodes in whole body 2.7E+01 lymph nodes [77,95] 

Total cell count 7.6E+07 cells [96] 

Erythrocytes 2.5E+06 cells   [35] 

B cells 3.5E+07 cells   [35] 

Follicular Mature B cells  2.4E+07 cells  [97]  

T cells 3.6E+07 cells   [35] 

Others 1.5E+06 cells   [35] 

Thymus       

Total cell count 2.1E+08 cells [80] 

Erythrocytes 3.6E+07 cells   [35] 

Platelets 2.8E+06 cells   [35] 
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B cells 8.5E+06 cells   [35] 

T cells 1.6E+08 cells   [35] 

 584 

Table 1:  Cellular composition of the main hematopoietic organs in our reference mouse, 16 585 
weeks old female C57BL/6J weighing 22g. according to calculations in Box 1. HSC: 586 
hematopoietic stem cell ; MPP: multipotent progenitor ; CMP: common myeloid progenitor ; 587 
GMP: granulocyte-monocyte progenitor ; MEP: Megakaryocyte- erythroid progenitor.  a  = 588 
Lin-Kit+Sca-1+CD150+CD48- ; b = Lin-Kit+Sca-1+CD48+, c = Lin-Kit+ CD16/32- CD34+, d = 589 
Lin-Kit+ CD16/32+ CD34+ ,  e = Lin-Kit+ CD16/32- CD34- 590 
 591 
 592 
 593 

Cell type Organ Cell count Half-life 
(days) 

Lifespan 
(days)* 

Death 
Rate 
(/day) 

Developmental 
Selection Rate 

Cells 
produced 
(/day)** 

Cells 
produced 
(/year)** 

References 

Red blood 
cells Blood 1.5E+10 24.3 35.00 0.03 - 4.5E+08 1.6E+11 [59]   

Platelets Blood 1.4E+09 2.5 3.60 0.28 - 3.9E+08 1.4E+11 [59] , [60]  

Myeloid BM 1.5E+08 0.84 1.21 0.83 - 1.2E+08 4.5E+10  [46]  

B cells 
(Follicular 
Mature) 

Spleen 
and LN 5.7E+07 24.3 35.00 0.03 0.03 5.6E+07 2.0E+10 [47,81] 

 594 
 595 
Table 2.  Total number and production rate of hematopoietic cells in our reference mouse. Cell counts 596 
come from Calculations S1a and Table S1. Half-lives or lifespans were retrieved from the given articles 597 
(as indicated in bold) and used to provide an insight of the mature hematopoietic cell population 598 
turnover using the following simple relationships:  *Lifespan = 1/Death rate = t1/2/ln(2) ** cells 599 
produced = death rate x time period in days x Developmental Selection rate x cell count.  600 
 601 
 602 

Cell Type Estimated Cell Count Lifespan 
(days) 

Cells produced per day References 

Red blood cells 2.5 x 1013 cells 116 2.1 x 1011 [4] 

Monocytes 5.0 x 109 3.5 1.5 x 109 [4] 

Platelets 1.5 x 1012 cells 9.9 1.5 x 1011 [50] 

Neutrophils 6.4 x 1011 6.6 6 x 1010 [4] 

Mature B cells 3.0 x 1011 63 5 x 109 [4] 

Mature T cells 7.0 x 1011 323 2 x 109 [4] 

 603 
Table 3.  Total number and production rate of human hematopoietic cells for our reference person 604 
 605 

 606 
 607 
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 608 

Glossary  609 
 610 
 611 

Term Description 
 

Multipotency 
 

The potential to differentiate into diverse blood cell lineages 
 
 

Self-renewal 
 

Cell division with maintenance of an undifferentiated cell state 
 
 

Differentiation 
active 

 

A stem or progenitor cell that is in the process of changing into a more mature 
hematopoietic cell type 

Fate mapping 
 

Labelling cells with a heritable mark to understand developmental processes 
 
 

Lineage tracing 
 

Fate mapping carried out at single cell resolution, typically by introducing a genetic 
label 
 

Limited dilution 
assay 

 

A technique to estimate the frequency of functional hematopoietic stem cells within 
a heterogeneous starting cell population. In this method a serial dilution of the 
starting cell population is performed and each subpopulation is functionally assessed 
by transplantation into a conditioned recipient 

Capture-recapture 
analyses 

A technique to estimate population sizes when it is not possible to count each 
individual cell. The method involves taking a small population of cells and labelling 
them, then reintroducing labelled cells back into their initial environment and 
determining the ratio of marked to unmarked cells at a later timepoint.   

Post-transplantation 
hematopoiesis 

The formation of new blood cells from stem cells that have been injected into a 
conditioned (typically irradiated) host.  
 

Lentiviral vector 
integration site 

In gene therapy, a viral vector is used to introduce new genetic material into a host 
organism. As the integration of the virus is stochastic, the precise location of the new 
genetic material in the host genome acts as a genetic label to perform fate mapping.  

Division-linked 
dilution assay 

A dye that is split equally between daughter cells during cell division. Consequently, 
the amount of dye in each cell is indicative of how many times it has divided, over a 
small number of generations.  

Restricted Potential 
Progenitor 

A hematopoietic cell that gives rise to multiple cell types, but that is incapable of 
creating all hematopoietic lineages. These cells therefore have less potential than 
MPPs and HSCs.  

Endomitoses 
 

Chromosome replication in the absence of a cell division, resulting in a polypoidal 
cell.  
 

Lineage negative A cell which does not express surface markers associated with the mature blood cell 
lineages 
 

 Restricted-potential 
progenitor 

Hematopoietic progenitors in the murine bone marrow, this population comprises 
CMPs, CLPs, GMPs, MEPs, MkPs  
 

CD34+ progenitor The human progenitor compartment containing HSCs, MPPs, and restricted-
potential progenitors. 
 
 

HSC A Hematopoietic Stem Cell, functionally defined as a multipotent cell capable of 
long-term self-renewal. In this study we consider an immunophenotypic HSC to 
express the following pattern of markers: Lin-Kit+ Sca-1+CD150+CD48- 
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MPP A Multi-Potent Progenitor, functionally defined as a cell capable of producing all 

lineages, but lacking long-term self-renewal. In this study we consider that murine 
MPPs are all Lin-Kit+ Sca-1+ cells that are not within the immunophenotypic HSC 
compartment 

CMP A Common Myeloid Progenitor that gives rise to the erythroid, megakaryocyte and 
myeloid lineages. In mice expresses the following markers: cKit+ Sca1- CD16/32- 
CD34+  
 

MEP A Megakaryocyte-Erythroid Progenitor that gives rise to erythroblasts and 
megakaryocytes. In mice expresses the following markers: cKit+ Sca1- CD16/32- 
CD34- 

 
GMP A Granulocytic-Monocytic Progenitor that gives rise to the myeloid lineages. In 

mice expresses the following markers: cKit+ Sca1- CD16/32+ CD34+ 

 
CLP A Common Lymphoid Progenitor that gives rise to B and T lymphocytes. In mice 

expresses the following markers: cKitlow Sca1low IL7R+ Flk2-  
 

MkP A Megakarocyte progenitor. In mice expresses the following markers: Sca1- FcyRlow 
CD9+ CD41+ 

 
 612 
 613 
 614 

 615 



2.6 x109 splenocytes/g spleen [59] 0.36% splein weight to total weight [59]

2.8 x106  cells/ lymph node [62] 27 lymph nodes [60-61]

3 x108  thymocytes at birth [64] 0.0041 thymocytes loss rate/day [64]

6.6 x103    leukocytes/ul [35] 69ul blood/g body weight [58]
9.4 x105    platelets/ul [35]
9.8 x106    erythrocytes/ul [35] 

BLOOD

BONE
MARROW

THYMUS

LYMPH
NODE

SPLEEN

1.6 X 1010

4.5 X 108

2.1 X 108

7.6 X 107

2.1 X 108

TOTAL HEMATOPOIETIC CELLS = 1.7 X 1010

1.2 x107  nucleated cells/g 
body weight [57]

22g body weight [56]
42% erythocytes in Lin+ cells [35]
1.3% platelets in Lin+ cells [35] 

41% anucleated cells in total 
BM cells

1.9 x 108 anucleated cells

4.5% Lin- in total BM cells [29]

0.079g spleen weight

1 500 ul blood volume

e-0.0041 x 12 weeks x 7 days

Absolute count Transformation TOTALScaling to whole body
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C.
x2
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...

NHSC

NMATURE
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 log2(NMATURE /NHSC) + �nnuclei

Nendomitosed 

nendomitosis 
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division

 NMATURE

 �nnuclei

 14.9

 log2(NGranulomyeloid/NHSC)

 11.2
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=division

 21.5

 log2(NErythrocytes/NHSC)=division
 log2(NMegakaryocytes /NHSC)+ �nnuclei

1.9 x 103 platelets / MK

=division

 log2(NB cells/NHSC/selection)=division

D.

NGranulomyeloids = 1.6 x 108

NErythrocytes = 1.5 x 1010

NHSC = 5.2 x 103

Nplatelets = 1.5 x 109

NMegakaryocytes = 7.7 x 105

nnuclei = 16

NB cells = 1.8 x 108

selection = 0.03

E.

Death rateProduction rate, P(D)

Selection 

Ncell Ncell deadNcell produced

Death rate = P(D) = 1/lifespan = ln(2) / T1/2

Ncell dead = Ncell produce        

Ncell produced = Ncell x P(D) if Selection = 0

Ncell produced = Ncell x P(D) /selection  if Selection > 0

since Ncellconstant

F.

1.2 x 108 granulomyeloids/day

Ncell in BM = 1.5 x 108

P(D) = 0.83/day

Ncell in Blood = 1.4  x 109

P(D) = 0.28 /day
Ncell in Blood = 1.5  x 1010

P(D) = 0.03/day

Ncell in Spleen & LN = 5.7  x 107

P(D) = 0.03/day

Selection = 0.03/day

3.9 x 108 platelets/day
4.5 x 108 erythocytes/day

5.6 x 107 B cells/day
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File S2: Supplementary Materialso m 1 

 2 

 3 

 4 

Figure S1. Calculated cell numbers across different hematopoietic organs at steady state 5 

in mice and humans(A) Calculated total number of cells in the peripheral blood, bone marrow, 6 

and lymphoid tissues (spleen, thymus and lymph nodes) of mice and humans. 7 
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 23 

Figure S2. Linear models relating cell volume to absolute numbers of lipids and proteins in human mature 24 

hematopoietic cells taken from peripheral blood. Original data for this figure is derived from [56] and is 25 

presented in full in file S1. On the right-hand side, only the erythromyeloid lineages are plotted. The measured 26 

protein content of the lymphoid lineage was much higher than the erythromyeloid lineages, and so the 27 

Bichinchoninic Acid Assay measurements of lymphoid protein content (data provided in table 4) cannot be 28 

explained by the linear trend relating cell size to protein content for the erythromyeloid lineages. Plt: platelet ; 29 

RBC: red blood cells.  30 

 31 
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 40 
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 47 
 48 
 49 
 50 

 51 
Table S1. Distribution of cell volumes and macromolecular content across different human compartments. 52 
* data taken from mice. **estimated by modelling cell shape as a sphere. Protein and lipid content of human blood 53 
cells measured using a Bichinchoninic Acid Assay and Electrospray Ionization Mass-Spectrometry respectively 54 
[56]. A full derivation of protein and lipid numbers is provided in calculation S2h-i.  55 
 56 
 57 

 58 

 59 
 60 
 61 
 62 
 63 
 64 
 65 
 66 
 67 
 68 
 69 
 70 
 71 
 72 
 73 
 74 
 75 
 76 

Cell Type Diameter 
(µm) 

Volume  
(µm3) 

Lipids/cell 

(x 109) 

Proteins/cell 

(x 108) 

Data Source References 

HSC 7* 175 unknown unknown Mice [53], [57]  

Platelet 2.6 9.1 0.3 0.3 Human [56], [58–60]  

RBC 7.7 88 0.3 0.6 Human [56], [61], 

Granulocyte 8.4 290 2.7 6.1 Human [56],[62],[63][64] 

Monocyte 8.8 357** 3.3 5.4 Human [56],[62] 

Lymphocyte 7 208 2 9.5 Human [56], [65],[62] 
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Sources and criteria for numbers used in our calculations: 
 
In this supplementary section we perform calculations to contextualize key numbers in hematopoiesis and 

provide directions for future research. The sources and criteria used for the numbers included in this section, 

along with associated metadata can be found in file S1.  

 

Where appropriate we specify whether the calculations refer to human or murine hematopoiesis. Final values 

are considered representative of either a female mouse aged 12 weeks and weighing 22grams or a 20-30 human 

male weighing 70kg. Please note that all measurements have been rounded to one digital for the calculations.  

 

The final values obtained from our calculations are also rounded to one decimal place but that rounding of 

numbers is not performed at intermediate calculation steps. The results of the intermediate steps are only made 

to help the reader to follow. 

 
 
Calculation S1. How many hematopoietic cells are there? 
 

Calculation 1a: What are the total number of hematopoietic cells across different tissues of a 

22g adult female mouse? 

 

Bone marrow  

While current studies focus primarily on quantifying the absolute count of cells recovered from a given bone 

after flushing or crushing, this is not sufficient to infer the total number of bone marrow nucleated cells. Indeed, 

in order to quantify the total number of bone marrow nucleated cells, the distribution of bone marrow cells 

amongst all bones is essential to know, as well as the percentage of bone marrow cells recovered by flushing 

or crushing. Such numbers were quantified in studies using 59Fe injection and radiation measurement of each 

bone of the murine skeleton [66], with the assumption that every bone contains a similar percentage of marrow 

erythropoietic tissue [66]. This assumption is supported by measurements obtained using radioactively labelled 

iron to estimate the erythroid content of bone marrow from different anatomical sites[66]. It is also important 

to note that the major hematopoietic organs contain non-hematopoietic stromal cells. In bone marrow, this cell 
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population represents about 1.5% of the entire nucleated cell compartment  [67–69], however there can be 

significant variation in the proportions of stromal cells recovered depending on how the tissue was processed, 

[70]. Due to large variability in estimates of stromal cell frequencies, and their low abundance in the major 

hematopoietic organs (around 1%), which would not influence the order of magnitude of our estimate, they are 

not considered in our calculations. Accounting for the key factors detailed above, we estimate the total amount 

of nucleated bone marrow cells in the following manner: 

 

Number of nucleated bone marrow cells/mouse body weight(g) x mouse body weight(g) 

1.2	𝑥	10'
𝑐𝑒𝑙𝑙𝑠
𝑔 𝑥	22𝑔	 ≈ 2.6	 ×	100	𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑒𝑑	𝑐𝑒𝑙𝑙𝑠 

However, these measurements only assess nucleated cells. Based on the Boyer et al measurements of the 

percentage of Ter119+ RBC (42%) and Cd61+ Platelets (1.3%) amongst mature cell lineages [28–30] (Lin+ 

cells) and the percentage of Lin- cells of whole bone marrow cells (4.5%)[29], we can also derive the total 

number of hematopoietic cells in the bone marrow in the following manner: 

Assuming,  

Total BM cells = Nucleated cells / %nucleated cells in BM 

Total BM cells = Nucleated cells + Anucleated cells 

Then,  

%nucleated cells in BM = 1 - %anucleated cells in BM = 1- (%RBC in BM+%platelets in BM) 

And,  

%RBC in BM = %RBC in Lin+x %Lin+in BM= %RBC in Lin+x (1-%Lin- in BM) 

%platelets in BM = %platelets in Lin+x %Lin+in BM= %platelets in Lin+x (1-%Lin- in BM) 

Therefore,  

è %nucleated cells in BM = 1-[(%RBC in Lin++%platelets in Lin+) x (1-%Lin- in BM)] 

è Total BM cells = Nucleated cells/[1-[(%RBC in Lin++%platelets in Lin+) x (1-%Lin- in BM)]] 

2.6	 × 	100	𝑐𝑒𝑙𝑙𝑠
1 − [(42% + 1.3%) × (1 − 4.5%)] ≈ 4.5	 ×	100	𝑡𝑜𝑡𝑎𝑙	𝑏𝑜𝑛𝑒	𝑚𝑎𝑟𝑟𝑜𝑤	𝑐𝑒𝑙𝑙𝑠 

 

Spleen  
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The spleen is known to be primarily constituted of hematopoietic cells to the extent that changes in spleen 

weight are regularly used as a biological readout for changes in hematopoietic cell numbers. However, 

quantifying the number of hematopoietic cells present in the spleen received little attention. We therefore took 

the approach to relate spleen weigh to spleen cellularity using data from [71] in the following manner: 

Assuming,  

Total spleen cells = number of splenocytes per gram of spleen x spleen weight (g) 

Spleen weight = % spleen weight to total body weight x mouse weight (in grams) 

Then,  

Total spleen cells = number of splenocytes per gram of spleen x spleen weight 

spleen weight to total body weight x mouse weight (in grams) 

0.36%	 × 22𝑔 × 	2.6 × 10E 	
𝑐𝑒𝑙𝑙𝑠
𝑔 ≈ 2.1 × 100	𝑐𝑒𝑙𝑙𝑠 

Peripheral Blood  

Estimating the blood cellular content of our reference mouse is non-trivial. While immune cells frequencies in 

blood are one of the most robust measurements available, quantifying the total blood volume of a mouse is 

surprisingly challenging and has been disputed for almost a century. The main approach used in published 

papers is based on the concept that by measuring the dilution of a known component injected in blood, e.g. dye, 

radioactively labelled proteins or erythrocytes, it is possible to quantify back the total blood volume. However 

relatively strong experimental biases exist depending on whether the label is diluted in plasma (die or 

radioactive albumin) or in erythrocytes with values ranging from 29µl/g to 120µl/g body weight for various 

mouse strains [72–76]. In order to stay as closed to our reference mouse (adult female B6 mouse) and to use 

the most robust data, we decided to use Sluiter et al. blood volume measurement (69µl/g body weight), where 

a true regression line was inferred from data between blood volume and body weight [76]. Using this value 

along with cell counts/ul blood from Boyer et al, we computed the number of hematopoietic cells in the blood 

as 1.6 x 1010 cells using the following formula: 

 

(Granulomyeloids + platelets + RBC + B cells + T cells )(count/µl) x blood volume/body weight (µl /g) x 

body weight (grams) 

(1.1 × 10F + 	9.4 × 10H + 	9.8 × 10J + 	5.5 × 10F + 1.7)
𝑐𝑒𝑙𝑙
µl × 69

µl
𝑔 	× 	22𝑔	 ≈ 1.6 × 10NO	𝑐𝑒𝑙𝑙𝑠 
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Lymph Nodes 

In the literature we find that each mouse has 22 – 32 lymph nodes [77,78]  (i.e. an average of 27 lymph nodes 

and that each lymph node contains 1.5-4 million cells [79] (i.e., an average of 2.8 x 106 cells). Lymph nodes 

are difficult to distinguish from the surrounding fat and connective tissue, and so to count all of them lymph 

nodes were stimulated with adjuvant (activated lymph nodes become enlarged), and colored in vivo by an 

injection of Indian ink prior to dissection. Lymph node cellularity was measured by flow cytometry but this 

number is probably an underestimate of the true cellularity, as no quantification beads were used to correct for 

the volume of liquid recorded by the cytometer: 

   

Number of cells per lymph node (cells) x total numbers of lymph nodes (lymph nodes per mouse) 

2.8	𝑥	10J
𝑐𝑒𝑙𝑙𝑠

𝑙𝑦𝑚𝑝ℎ	𝑛𝑜𝑑𝑒 	𝑥	27	𝑙𝑦𝑚𝑝ℎ	𝑛𝑜𝑑𝑒𝑠 ≈ 7.6 × 10'	𝑐𝑒𝑙𝑙𝑠 

 

Thymus 

The thymus is known to decrease in size and cellular content over time in a process called thymic involution. 

In order to infer the amount of thymocytes present in our mouse model, we used the relationship between 

thymocytes count and female B6J mouse quantified by Hsu et al using a negative exponential curve[80]. 

Assuming our reference mouse is an adult of 12 weeks (84 days) we obtain the following estimate:  

thymocyte counts at birth x exp(-thymocyte loss rate per day x mouse age in days) 

3.0 × 100	𝑡ℎ𝑦𝑚𝑜𝑐𝑦𝑡𝑒𝑠 ×		𝑒SO.OOTN/VWX	Y	0T	VWXZ ≈ 2.1 × 100	𝑐𝑒𝑙𝑙𝑠 

 

Calculation 1b: What are the relative numbers of hematopoietic progenitors in mice? 

Before estimating the relative amounts of progenitor populations, we first derive the total number of HSCs in 

our reference mouse. Flow cytometry analyses from Busch et al. suggest that murine HSCs (Lin-Kit+ Sca-

1+CD150+CD48-) represent 0.006% of all nucleated bone marrow cells [10] while our calculation in section 

S1a suggests there are 2.6 x 108 nucleated bone marrow cells. To estimate the total number of HSCs we perform 

the following calculation: 

Number of bone marrow nucleated cells (cells) x HSC frequency (%) 

(2.6 × 100)	𝑐𝑒𝑙𝑙𝑠 × 	0.006%	 ≈ 16,000	𝐻𝑆𝐶𝑠 



8 

 

Furthermore, Busch et al. also estimated that a minimum of 1 in 3 Tie2 induced YFP labelled HSC contribute 
actively to hematopoiesis. Assuming this characteristic can be extrapolated to all phenotypic HSCs this 
suggests, as reported by Busch et al, that our reference mice would have a minimum total number of HSCs of: 
 

Number of HSC x minimum active HSC ratio 

1.6 × 10T	𝑐𝑒𝑙𝑙𝑠 ×
1
3 ≈ 5,200	𝑎𝑐𝑡𝑖𝑣𝑒	𝐻𝑆𝐶𝑠 

 
 

To calculate the sizes of the MPP CMP, GMP, MEP and CLP compartments we scale our reference value for 

HSCs by flow cytometry measurements of the relative compartment sizes [10] as follows 

 

The MPP compartment is 9 times bigger than the HSC compartment 

16,000	 × 	9	 = 1.4	 × 	10H  

 

The CMP compartment is 2.9 times bigger than the MPP compartment 

(1.4	 ×	10H) × 	2.9	 = 4	 ×	10H 

 

The GMP compartment is 3.6 times bigger than the MPP compartment 

(1.4	 ×	10H) × 	3.6	 = 5.1	 ×	10H 

 

The MEP compartment is 5.7 times bigger than the MPP compartment 

(1.4	 ×	10H) × 	5.7	 = 8	 ×	10H 

 

The CLP compartment is 1.8 times bigger than the MPP compartment 

(1.4	 ×	10H) × 	1.8	 = 2.5	 ×	10H 

 

In this study megakaryocyte progenitors were not measured. To estimate the size of this compartment we use 

flow cytometry measurements of their frequency amongst all nucleated cells[27] and multiply this value by 

the total number of nucleated bone marrow cells: 

 

Number of bone marrow nucleated cells (cells) x MkP frequency (%) 

(2.6 × 100) 	× 	0.01%	 ≈ 2.6	 × 10T𝑀𝑘𝑃𝑠 
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The MkP compartment is 0.2 times bigger than the MPP compartment 

(1.4	 ×	10H) × 	0.2	 = 2.6	 ×	10T 

 

 
 
Summarising all of this data on a relative scale there are 9 MPPs per HSC, while one MPP will produce on 
average 2.9 CMPs, 3.6 GMPs, 5.7 MEPs , 0.2 MkP and 1.8 CLP 

 78 
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Calculation S2: The Dynamics and Bioenergetics of Hematopoiesis 

 
Calculation 2a: the minimum number of divisions from HSC to myeloid and red blood cells in 

mice using only population sizes 

 
To calculate the minimum number of divisions required to reach homeostatic cell numbers, we can use the fact 

that each division produce two cells and derive the number of divisions to produce a given number of mature 

cells assuming all stem cells contribute equally. This translates into the following equation: 

 

Nmature = Nhsc x 2division 

Where division is the number of generations it takes to reach steady state mature population sizes (in these 

calculations rounded to an order of magnitude approximation), not considering cell death and differentiation. 

Nmature and Nhsc represent the population sizes of the mature and HSC compartments. Using the number of 

mature cells and HSCs from the previous section, we can rearrange our formula and calculate minimal division 

requirements (division) for myeloid and red blood cells.  

 

Given that there are 5200 differentiation active HSCs, and that the mature myeloid  

and RBC compartments have 1.6x108 and 1.5 x 1010 (Table 1) cells respectively  

(as detailed in file S1) we compute the following: 

 

HSC →  M          𝑙𝑜𝑔e(1.6 × 100 		÷ 	5200) 	≈ 14.9	𝑑𝑖𝑣𝑖𝑠𝑖𝑜𝑛𝑠   

HSC → RBC         𝑙𝑜𝑔e(1.5 × 10NO 		÷ 	5200) 	≈ 21.5	𝑑𝑖𝑣𝑖𝑠𝑖𝑜𝑛𝑠   

 

For B cells which undergo selection during development, and platelets which fragment from megakaryocytes, 

the number of divisions the dynamics are more complicated and are discussed in the subsequent sections. 

 

Calculation 2b: the division number from HSC to naïve B cells in mice accounting for selection 

A large proportion of B-cells generated do not reach the mature pool due to negative and positive selection. To 

estimate the effect of this selection, we combine the measurements from the same study of immature B cells 

produced from the bone marrow each day (1.2x 107 immature B cells) with the number of cells that enter the 
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mature naïve B-cell pool (0.6 x 106 mature naïve B cells per day)[81]. It suggests that 1 out of 20 immature B-

cells will become a fully mature naive B cell. Of note, others have measured 0.9 x 106 mature naïve follicular 

mature (FM) B cells [47] but the measurement of immature B-cells is not available from the same study. Taking 

into account this selection factor, we calculate the number of divisions from HSC to naïve mature B cell by 

dividing the number of naïve B cells by the number of HSC. The number of naïve B cells is obtained by dividing 

total B-cell numbers (1.4x108, detailed in the main text) by our selection factor of 3%:  

 

Given that there are 5000 differentiation active HSCs, and 1.8x108  

B cells (Table 1) we compute the following: 

 

 

HSC →  B           𝑙𝑜𝑔e(1.8 × 100 	÷ 	3%	 ÷ 	5200) 	≈ 20.1	𝑑𝑖𝑣𝑖𝑠𝑖𝑜𝑛𝑠  

  
Calculation 2c: the minimum division from HSC to megakaryocyte in mice 

Platelets are produced from progenitor cells called megakaryocytes. During maturation, megakaryocytes 

undergo endomitoses and accumulate a large amount of protein and membrane before fragmenting into 

platelets. Therefore, it is more appropriate to consider megakaryocyte numbers rather than platelet numbers for 

division numbers. Given that MKs represent 0.29% of nucleated bone marrow cells [36], there are around 8.1 

x 105 megakaryocytes in the bone marrow of our reference mouse. For megakaryocytes this gives a minimal 

division requirement of: 

 

Given that there are 5200 differentiation active HSCs, and 8.1x105  

megakaryocytes (as detailed in file S1) we compute the following: 

 

HSC →  Meg      𝑙𝑜𝑔e(7.7 × 10H 	÷ 	5200) 	≈ 7.2	𝑑𝑖𝑣𝑖𝑠𝑖𝑜𝑛𝑠          

 

Calculation 2d: Number of platelets produced per megakaryocyte in mice 

Before giving rise to platelets megakaryocytes first undergo an additional 2-7 endomitoses. Given that most 

megakaryocytes are 16N [36], we assume that most megakaryocytes undergo 4 endomitoses. Summing the 
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minimal division number from HSC to Megakaryocytes (7.3 divisions as calculated above) with the 4 

endomitoses, we get a total of 11.3 divisions/endomitoses.  Given the number of platelets produced each day 

(table 2) and the total number of megakaryocytes (table 1), each megakaryocyte produces:  

 

Platelets produced per day / number of megakaryocytes 

4 × 100 	÷ 	7.7 × 10H ≈ 519	𝑝𝑙𝑎𝑡𝑒𝑙𝑒𝑡𝑠	𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑	𝑝𝑒𝑟	𝑚𝑒𝑔𝑎𝑘𝑎𝑟𝑦𝑜𝑐𝑦𝑡𝑒	𝑝𝑒𝑟	𝑑𝑎𝑦 

 

Previously published estimates using the average megakaryocyte volume and the average platelet volume 

[82,83] or the daily platelet turnover rate in the blood and the total number of megakaryocytes [50] give 

similar values. 

 

Calculation 2e: How many cells die each day per lineage in mice? 

 

The number of cells that die each day per lineage can be calculated knowing the respective compartment sizes 

and half-lives. Compartment sizes and half-lives for our reference mouse reference are provided in Table S2, 

while the sources used in generating these reference values are provided in file S1. Using the following 

expression, we convert the half-life (T1/2) into a death rate (P(D)) of each lineage to calculate how many cells 

die per day per lineage.  

P(D) = ln(2) / T1/2 

 

Multiplying this death rate P(D) by the total number of cells gives the number of cells that die each day (Table 

S2). As the death rate and production rates are equal at steady state, this value also represents daily bone marrow 

output: 

RBC    =   0.03		 ×		 (1.5 × 10NO) ≈ 4.5	 × 100𝑐𝑒𝑙𝑙𝑠	𝑝𝑒𝑟	𝑑𝑎𝑦	 

Plt   =     0.28		 ×		(1.4 × 10E) ≈ 3.9	 × 100𝑐𝑒𝑙𝑙𝑠	𝑝𝑒𝑟	𝑑𝑎𝑦 

Myeloid   =    0.83		 ×		 (1.5 × 100) ≈ 1.2	 × 100𝑐𝑒𝑙𝑙𝑠	𝑝𝑒𝑟	𝑑𝑎𝑦 

 

For B cells we must also take negative and positive selection into account. We therefore calculate the daily 

death rate as above: 
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B cells    =  0.03		 ×		(5.7 × 10') ≈ 1.7	 × 10J𝑐𝑒𝑙𝑙𝑠	𝑝𝑒𝑟	𝑑𝑎𝑦 

and then divide this value by a selection factor which takes the number of immature B cells that enter the 

mature pool into account 

3%	 ÷	(1.7 × 10J) ≈ 5.6	 × 10'	𝐵	𝑐𝑒𝑙𝑙𝑠	𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑	𝑝𝑒𝑟	𝑑𝑎𝑦 

 

Calculation 2f: The protein synthesis requirements of erythromyeloid cell production in 

humans 

 

Given our estimated turnover rates for myeloid cells and RBCs in humans (table 3), along with the total protein 

content of each cell type (table S1) we can compute the protein cost of cell production for each lineage.  

 
Protein synthesis requirements = Number of cells produced per day x number of proteins per cell 

 
                                      RBC = (2.1 × 10NN) × (6 × 10') ≈ 1.3	 × 10NE	𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠	𝑝𝑒𝑟	𝑑𝑎𝑦 

M = (6.2 × 10NO) × (5.8 × 100) ≈ 3.6 × 10NE	𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠	𝑝𝑒𝑟	𝑑𝑎𝑦 

 
These differences have important consequences for bioenergetics as approximately half of total ATP budgets 

is consumed directly by protein synthesis machinery [84,85]. Knowing that a typical protein has 375 amino 

acids [86], and that translation of a single amino acid requires roughly 6 ATPs [4] we estimate the ATP cost for 

de novo protein synthesis during hematopoiesis with the following expression: 

 
Cost of protein synthesis for each lineage = protein synthesis requirements per lineage (proteins 

required per day) x number of ATPs required to translate a single protein (ATPs per protein) 

 
 

RBC = (1.3 × 10NE) × 	375	 × 	6 ≈ 2.9	 × 10ee	𝐴𝑇𝑃𝑠	𝑝𝑒𝑟	𝑑𝑎𝑦 

M = (3.6 × 10NE) × 	375	 × 	6 ≈ 8.1	 × 10ee	𝐴𝑇𝑃𝑠	𝑝𝑒𝑟	𝑑𝑎𝑦 
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Calculation 2g: How many calories are required to maintain the human RBC compartment at 

steady state? 

 
At a fixed moment in time each Human RBC contains 9.7 x 107 ATP molecules, as determined by NMR 

measurements[87], with results consistent with luciferase assay measurements[88]. The major ATP consuming 

mechanisms in RBCs are NA/K/Ca2 pumps and cytoskeleton polymerization, with experimental measurements 

suggesting that these processes lead to an ATP turnover rate of ~1 mmol of ATP per liter of cells per hour [89–

91],. The volume of an RBC is ~1 x10-13 Liters [92] and thus if we multiply the ATP turnover rate per liter of 

cells per hour with this volume, we obtain a turnover rate of 1 x10-16 moles of ATP per cell per hour, which can 

be transformed from moles into molecules:  

 

ATP turnover rate per liter of cells (moles of ATP per liter of cells per hour) x volume of 1 cell (liters) 

(1 × 10SF)(1 × 10SNF) = 1 × 10SNJ	𝑚𝑜𝑙𝑒𝑠	𝑜𝑓	𝐴𝑇𝑃	𝑝𝑒𝑟	𝑐𝑒𝑙𝑙	𝑝𝑒𝑟	ℎ𝑜𝑢𝑟	 

 
Number of moles (ATP per cell per hour) x Avogadro’s number = 	

(1 × 10SNJ)(6 × 10eF) = 6 × 10'	𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠	𝑜𝑓	𝐴𝑇𝑃	𝑝𝑒𝑟	𝑐𝑒𝑙𝑙	𝑝𝑒𝑟	ℎ𝑜𝑢𝑟	 

 
Given there is a total of 2.5×1013 RBCs in humans we can multiply the ATP turnover rate by the total number 

of cells to estimate the energetic cost of the RBC compartment: 

   

(6 × 10')	× 	24	 × (2.5 × 10NF) ≈ 3.6	 × 10ee	𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠	𝑜𝑓	𝐴𝑇𝑃	𝑝𝑒𝑟	𝑑𝑎𝑦 
 
To convert ATP numbers to a more familiar scale, calories, we perform the following transformation: 

 

(Grams of glucose/molar mass of glucose) x Avogadros number  = the number of glucose molecules in 1 

gram of glucose 

 

1
180.2 	×

(6 × 10eF) = 3.3	 × 10eN	𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠	𝑜𝑓	𝑔𝑙𝑢𝑐𝑜𝑠𝑒	𝑖𝑛	1	𝑔𝑟𝑎𝑚 

 

Red blood cells do not have mitochondria and must break down glucose using only glycolysis, a process which 

yields 2 ATPs per molecule of glucose. Therefore, in red blood cells: 
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1	𝑔𝑟𝑎𝑚	𝑜𝑓	𝑔𝑙𝑢𝑐𝑜𝑠𝑒 = (3.34	 × 10eN	) × 	2 = 	6.7	 × 10eN	𝐴𝑇𝑃𝑠	𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑	𝑏𝑦	𝑔𝑙𝑦𝑐𝑜𝑙𝑦𝑠𝑖𝑠		 

 

If the total red blood cell pool needs 3.6 x 1022 ATPs and 1 gram of glucose yields 6.7 x 1021 ATPs then the 

entire red blood cell compartment requires 5.4 grams of glucose (3.6 x 1022  ÷ 6.7 × 1021). Each gram of sugar 

has 4kcal therefore we would need ~22 kcal to sustain RBC energetic requirements using glycolysis alone. 

 

This value does not represent the entire caloric cost however, as it does not account for the cell divisions 

required to replace the number RBCs that die each day, a parameter that has yet to be measured. We estimate 

the caloric cost of red blood cell turnover as follows: 

 

The total turnover rate of the red blood cell compartment has been estimated for humans, and converted into a 

mass scale [4]. This meta-analysis suggests that red blood cell turnover accounts for 20 grams of mass. 

Assuming a water content of 70% and that proteins account for 60% of dry mass we get the following estimate 

for the protein turnover needed for erythropoiesis: 

 

Total mass turnover rate (grams)  x  % of dry mass in a cell  x  % of proteins in dry mass of a cell 

20	 × 	(1 − 0.7)		× 0.6 = 3.6	𝑔𝑟𝑎𝑚𝑠	𝑜𝑓	𝑝𝑟𝑜𝑡𝑒𝑖𝑛	𝑒𝑎𝑐ℎ	𝑑𝑎𝑦	𝑎𝑟𝑒	𝑛𝑒𝑒𝑑𝑒𝑑	𝑡𝑜	𝑓𝑢𝑒𝑙	𝑅𝐵𝐶	𝑡𝑢𝑟𝑛𝑜𝑣𝑒𝑟	 

 

We can then convert this to a caloric scale using the approach described in [4]. In this scheme we assume that 

it takes 5kJ of energy to make 1 gram of protein[4]. 

 

Protein turnover per day x energy cost of protein synthesis 

3.6	 × 	5 = 18𝑘𝐽	𝑝𝑒𝑟	𝑑𝑎𝑦 

 

Knowing that there are 0.24 kcal per kJ we can convert to calories: 

18	 × 	0.24 = 4.3𝑘𝑐𝑎𝑙  
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However, this number only considers protein synthesis, and not the entire ATP cost of making new cells. It has 

been estimated that protein synthesis accounts for 30% of all ATP use in cells, based on measuring the 

respiration rate of rat thymocytes following inhibition of different ATP-consuming processes [84]. Assuming 

that protein synthesis also accounts for 30% of all ATP use in erythroblasts we estimate that: 

 

4.3 × NO
F
	≈ 14	𝑘𝑐𝑎𝑙	𝑝𝑒𝑟	𝑑𝑎𝑦 to fuel erythropoiesis 

 

Taken together, our theoretical calculations suggest that just ~22 kcal are needed to maintain existing RBCs, 

while ~14kcal are needed to create new RBCs. Therefore ~36kcal, the equivalent of a single strawberry is 

enough to fuel erythroid homeostasis, a striking result considering 90% of the entire cellular content of the 

human body. However, this remains a theoretical prediction, based on a number of key assumptions (detailed 

above) and so warrants experimental validation.  

 

Calculation 2h: calculating the numbers of lipids in different subsets 

Leidl et al[56] have measured lipid content in different human blood cell types using ESI-MS/MS and 

measurements were normalized to the protein content of each cell as measured by a BCA assay[56]. In this 

study total lipids are based on measurements of the following: phospholipids. Phosphatidylcholine (PC), 

sphingomyelin (SM), phosphatidylethanolamine (PE), PE-based plasmalogens (PE-pl), phosphatidylglycerol 

(PG), phosphatidylinositol (PI), phosphatidylserine (PS), lysophosphatidylcholine (LPC)), ceramide (Cer), 

cholesteryl esters (CE) and free cholesterol (FC). As these subtypes are highly abundant [93]. In the following 

section we provide an example calculation showing how total lipid numbers are calculated for monocytes: 

Leidl et al report there are 5.5nmol of lipids in 106 monocytes 

Moles of lipids per cell x Avogadros number = number of lipids per monocyte 

(5.5	 ×	10SNH) × (6	 ×	10eF) = 3.3 × 10E𝑙𝑖𝑝𝑖𝑑𝑠	𝑝𝑒𝑟	𝑚𝑜𝑛𝑜𝑐𝑦𝑡𝑒	 

The same data transformation was applied to all of the other cell lineages. 

 

Calculation 2i: calculating numbers of proteins in different subsets 

Using a BCA assay Leidl et al [56]have quantified the amount of proteins in different hematopoietic cell types. 

However in this publication,the data are reported indirectly, in that they provide the amount of lipids per 
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mg/protein, and also the amount of lipids per 106 cells. Using these numbers we can identify the protein content 

of each cell type as follows (here we use monocytes as an example):  

 

Leidl et al report that monocytes have 118nmol of lipids per mg/protein and there are 5.5nmol lipid per 106 

cells. 

 

Lipid content per mg protein ÷ amount of lipid in 106 cells = 

0.046mg protein per 106 cells or 4.66 x 10-11 grams of protein per cell. 

 

As the average protein is 52kDa (113349) or 86.32 x 10-21 grams we can infer the number of proteins by the 

following expression: 

 

Total protein content	÷ size of average protein 

4.66 × 10-11 ÷86.32 × 10-21 = 5.4 × 108 proteins per monocyte 
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 80 

 81 
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