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   Healthy vol un teer donors are com mit ted to con trib ut ing key med i cal resources. Repeated, reg u lar dona tion of whole 
blood rep re sents a spe cifi c trig ger of hema to poi etic stress. Hematopoietic stem cells (HSCs) are known to respond 
to envi ron men tal trig gers by alter ing their dif fer en ti a tion and / or pro lif er a tive behav ior. This can man i fest in long - term 
changes in the clonal dynam ics of HSCs, such as the age - asso ci ated expan sion of HSCs car ry ing somatic muta tions in 
genes asso ci ated with hema to logic can cers — that is, clonal hema to poi e sis (CH). A recent study revealed a higher prev-
a lence of CH in fre quent donors driven by low - risk muta tions in genes encoding for epi ge netic mod i fi  ers, with  DNMT3A
and  TET2  being the most com mon. No dif fer ence in the prev a lence of known preleukemic driver muta tions was detected 
between the cohorts, underscoring the safety of repet i tive blood dona tions. Functional ana ly ses sug gest a link between 
the pres ence of selected  DNMT3A  muta tions found in the fre quent donor group and the respon sive ness of the cells to 
the molec u lar medi a tor of bleed ing stress, eryth ro poi e tin (EPO), but not infl am ma tion. These fi nd ings defi ne EPO as one 
of the envi ron men tal fac tors that pro vide a fi t ness advan tage to spe cifi c mutant HSCs. Analyzing CH prev a lence and 
char ac ter is tics in other donor cohorts will be impor tant to com pre hen sively assess the health risks asso ci ated with the 
dif fer ent types of dona tion.  

   LEARNING OBJEC TIVES 
    •  Discuss the long - term effects and safety of large - vol ume phle bot omy in healthy indi vid u als 
   •  Review adap tive clonal hema to poi e sis in the con text of eryth ro poi etic stress  

  CLINICAL CASE 
  A 57 - year - old man who has been a vol un teer blood donor 
(ID:101X) at the Ger man Red Cross Blood Donor Service for 
the past 35 years and given a total of 116 dona tions came 
in for his third whole - blood dona tion in 2022. His hemo-
glo bin (Hb) was 15.8    g / dL, and his stan dard donor ques-
tion naire did not raise any con cerns. Donor 101X has no 
his tory of car dio vas cu lar dis ease. Before pro ceed ing with 
the dona tion, he asked to speak to a phy si cian to dis cuss 
his fam ily ’ s med i cal con di tion. His older brother (aged 64) 
had been diag nosed with acute mye loid leu ke mia (AML) 
a month ear lier. Donor 101X and his youn ger brother 
(aged 55) had under gone screen ing as poten tial stem cell 
donors for a matched related allo ge neic hema to poi etic 
stem cell trans plant (alloHSCT). HLA typ ing revealed both 
healthy broth ers to be a full match. Donor 101X was in an 
over all bet ter health con di tion com pared to the youn ger 
brother based on the gen eral assess ment. Interestingly, 
the trans plant cen ter at which donor 101X ’ s brother was 

sched uled for the pro ce dure had implemented muta-
tional anal y sis as part of the stem cell donor workup a 
few years prior. A targeted sequenc ing panel cov er ing 
49 genes recur rently mutated in mye loid neo plasms was 
used. Donor 101X was found to carry 2 muta tions in the 
gene encoding for the enzyme DNA methyltransferase 3A 
(   DNMT3A ), cor re spond ing to 2 hema to poi etic clones, a 
small pop u la tion representing 2 %  of the cells and a larger 
one com pris ing 6 %  of the cells. This fi nd ing prompted the 
treating trans plant phy si cian to defer the blood donor 
and choose the youn ger brother instead as the stem cell 
donor. Donor 101X learned about the con cerns asso ci-
ated with the engraft ment of (his) mutant HSCs, such as 
a higher risk for the cells to expand after the trans plant 
and to develop into donor - derived leu ke mia, as well as 
their hyperinfl ammatory pro fi le and there fore higher risk 
of caus ing   graft - ver sus - host dis ease. However, he was 
given no infor ma tion about the poten tial per sonal con-
se quences of being a  DNMT3A  muta tion car rier. He was 
won der ing about the ori gin of the muta tions and their 
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path o genic poten tial, whether exter nal fac tors includ ing his 
exten sive his tory of whole-blood dona tion may have con trib-
uted to the emer gence of the clones, whether blood dona-
tion was safe for him as well as the recip i ents, and whether he 
should take any mea sures in the future to avoid the acqui si tion 
of addi tional clones as well as the cur rent ones devel op ing into 
leu ke mia.

Clonal hema to poi e sis and HSC turn over
As we age, hema to poi etic stem cells accu mu late muta tions.1 
The older an indi vid ual, the more cycling an HSC has under gone 
and hence the higher the like li hood of hav ing acquired a driver 
muta tion that changes the cel lu lar phe no type.1 The bone mar-
row is an inher ently com pet i tive envi ron ment, as the space is 
lim ited. If a mutant HSC turns out to be “fit ter” than the oth-
ers, it can clon ally expand. Clonal hema to poi e sis (CH) refers to 
an age-asso ci ated over rep re sen ta tion of HSCs car ry ing cer tain 
genetic aber ra tions within the healthy blood sys tem.2-4 That is, 
instead of 50 000 HSCs con trib ut ing to healthy hema to poi e sis, 
selected clones of mutated HSCs and their prog eny con trib ute 
disproportionally and thus become detect able by sequenc ing.2-4 
Originally, the sequenc ing tech niques used required a var i ant 
allele frac tion of at least 2% for reli able detec tion of a clone. 
Technical advances have lowered the detec tion limit down to 
0.01%, although the bio log i cal sig nifi  cance of hema to poi etic 
clones that small remains to be deter mined.5

The com pet i tive advan tage of a muta tion can be appar ent at 
a steady state, for exam ple, due to improved self-renewal and/or 
become more pro nounced under spe cific con di tions, such as 
expo sure to cyto toxic sig nals, growth fac tors, proinflammatory 
stim uli, and so on. Depending on the type of selec tion pres sure, 
the advan tages of par tic u lar types of muta tions have been dem-
on strated; muta tions in genes involved in DNA dam age response 
show supe rior fit ness in the con text of cyto toxic ther apy.6-8 Muta-
tions in DNMT3A are acquired very early in life and are by far 
the most com mon in older healthy indi vid u als.2-4 They typ i cally 
have a slow rate of expan sion9,10; how ever, an altered respon-
sive ness of DNMT3A-mutant cells has been dem on strated under 
inflam ma tory con di tions.11 On the molec u lar level, aging-induced 
tumor necro sis fac tor-α as well as inflam ma tion-asso ci ated inter-
feron and IL-6 have been dem on strated to selec tively pro mote 
the growth of DNMT3A mutant vs wild-type cells.11,12

Clonal hema to poi e sis and dis ease risks
CH clones driven by cer tain muta tions have been dem on strated 
to have a high like li hood of under go ing sub se quent leu ke mic 
trans for ma tion.13-15 Hence, indi vid u als with CH show an increased 
risk of devel op ing hema to logic malig nan cies.2,4 Moreover, the 
path o logic con di tions asso ci ated with CH are not lim ited to 
pri mar ily hema to poi etic dis eases. Thus, CH has been linked 
to an increased risk and sever ity of car dio vas cu lar and chronic 
obstruc tive pul mo nary dis ease,16,17 gout,18 chronic liver dis ease,19 
and many more. Additionally, as the pres ence of CH is increas-
ingly rec og nized as a likely rather than aber rant path of HSC 
devel op ment, con di tions in which it can ben e fit patients’ out-
comes have been iden ti fied, such as Alzheimer’s dis ease and in 
fact matched related alloHSCT.20-22

The acqui si tion of CH muta tions is not asso ci ated with imme-
di ate changes in the dif fer en ti a tion poten tial of the HSCs and is 

very dif fi cult to iden tify by stan dard lab o ra tory anal y sis until close 
to the diag no sis of malig nancy.13,14 Significant effort has been 
ded i cated to devis ing a scor ing sys tem to help pre dict the risk 
of malig nant trans for ma tion in CH-pos i tive indi vid u als and allow 
for an early inter ven tion.13-15,23 Genes encoding for splic ing fac-
tors (SRSF2, SF3B1, U2AF1, ZRSR2) and the AML-asso ci ated genes 
IDH1/2 and RUNX1 as well as JAK2 and TP53 have been iden ti fied 
as high-risk genes as opposed to low-risk genes, which include 
the epi ge netic mod i fi ers DNMT3A and TET2. Association with the 
dif fer ent malig nant pro gres sion risk groups, defined based on 
genetic and lab o ra tory param e ters, was shown to also cor re late 
with nonhematologic CH comorbidities—in par tic u lar, car dio-
vas cu lar events.23 This is remark able since the path o phys i  ol ogy of 
the lat ter has been best described for TET2-mutant CH, whereas 
TET2 muta tions were not included in the risk-strat i fi ca tion  
as a sep a rate var i able.

Whole-blood dona tion
Fewer than 5% of all  eli gi ble donors con trib ute over 90% of all  
blood prod ucts world wide. As a result, instead of donat ing once 
every 10 years, com mit ted healthy indi vid u als donate sev eral 
times per year to meet the steadily increas ing demand for these 
life sav ing resources. Most of the stud ies of long-term out comes 
in fre quent blood donors have focused on the con se quences 
of iron deple tion for donor safety.24,25 Only one recent study 
assessed the inci dence of hema to logic malig nan cies in fre quent 
blood donors and reported a sub tle decrease in AML risk.26

Whole-blood dona tion of 500 mL cor re sponds to a loss of 
approx i ma tely 10% to 15% of the total blood vol ume. This rep-
re sents a con sid er able eryth ro poi etic stress that man i fests in 
short term as well as more protracted changes in the blood 
para m e ters.24,27 Thus, about 2-fold ele vated lev els of the hema to-
poi etic cyto kine eryth ro poi e tin (EPO), pro duced by the kid neys 
fol low ing blood dona tion to replen ish the lost cells, have been 
detected up to 56 days after a whole-blood dona tion and could 
con ceiv ably have an impact on HSC dynam ics.28

Frequent blood dona tion as a model  
of eryth ro poi etic stress
Repeated large-vol ume phle bot omy rep re sents a unique model 
to study the impact of eryth ro poi etic stress on the clonal 
dynam ics of the hema to poi etic sys tem. By con trast, inves ti ga-
tions performed in path o logic eryth ro poi etic stress con di tions, 
in par tic u lar ane mia (sickle cell dis ease,29,30 acquired aplastic 
ane mia31), are con founded by mul ti ple sys temic char ac ter is tics, 
includ ing increased inflam ma tion, auto im mune selec tion, mul ti-
sys tem organ dam age, and so on, as well as long-term, sys temic 
med i ca tions.

In the first—and so far, only—com pre hen sive assess ment 
of the long-term effects of fre quent whole-blood dona tions,32 
a cohort of healthy male blood donors (median age 66 years, 
120 life time dona tions, 3.2 dona tions per year every 114.5 days 
over the past 3 or 4 decades; n  =  105) was com pared to age-
matched male spo radic blood donors (median age 63 years, 5 
life time dona tions; n  =  103). The prev a lence and spec trum of CH 
was assessed with error-corrected sequenc ing using a broad 
panel (141 genes) of genes asso ci ated with hema to logic malig-
nan cies (Figure 1).

The prev a lence of CH was not sig nifi  cantly dif fer ent between 
fre quent and con trol donors (54.2% vs 39.8% and 32.4% vs 20.3% 
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in fre quent vs con trol donors using a detec tion limit of 0.5% and 
2%, respec tively) and well within the range of math e mat i cal 
mod el ing–based pre dic tions for a given age and sequenc ing 
detec tion range.33

Furthermore, the spec trum of driv ers was sim i lar in that, in 
agree ment with all  CH stud ies in indi vid u als with out hema to-
logic malig nan cies published to date,2-4,13,14 DNMT3A and TET2 
were by far the 2 most com monly mutated genes in both cohorts 
(Table 1). However, fre quent donors showed an over all sig nifi -
cant increase in CH driven by muta tions in genes encoding for 
epi ge netic mod i fi ers (44.7% vs 22.3%), includ ing DNMT3A and 
TET2.

In the con text of malig nant trans for ma tion, muta tions in 
epi ge netic mod i fi ers rep re sent the so-called very early events 
that do not cause imme di ate, stark changes in the pro lif er a tive 
behav ior or in the dif fer en ti a tion poten tial of the cells. Accord-
ingly, while many CH muta tions have been directly linked to 
hema to logic malig nan cies, with the excep tion of IDH1/2, epi-
ge netic mod i fier muta tions were asso ci ated with a low haz ard 
ratio when the risk of malig nant trans for ma tion vs per sis tence in 
the form of a CH clone was assessed in large cohorts.13,14,23 More-
over, as men tioned above, muta tions in DNMT3A alone dis play 
a mark edly benign pro file—that is, a low risk of mye loid neo-
plasms com pared to other CH geno types.13,14,23

Figure 1. Effects of large-volume phlebotomy on clonal hematopoiesis. Study setup and analysis performed in blood donors. CRIS-
PR, clustered regularly interspaced short palindromic repeats; HDR, homology directed repair; PBMC, peripheral blood mononuclear 
cells. Figure created using BioRender.32

Table 1. Spectrum of muta tions detected in blood donors

Cohort Frequent donor Control donor

Characteristics n  =  105, median age, 66 y
Median # dona tions, 120

n  =  103, median age, 63 y
Median # dona tions, 5

Low-risk muta tions13 DNMT3A (34)a

TET2 (14)
KRAS (2)
CBL (1)
ASXL1 (1)

DNMT3A (23)a

TET2 (7)
CBL (1)
ASXL1 (1)

High-risk muta tions23 RUNX1 (1)
SRSF2 (1)

RUNX1 (1)
U2AF1 (1)

Unclear risk muta tions34 KMT2C (5), MPL (3), SH2B3 (2), SF3B1 (2)b, BCR (2), EED (2),  
and 1 each of
SMC1A, TERT, WAS, HNRNPK, JAK3, ATM, ASXL2, STAT3,  
LRRC4, KAT6A, KDM6A, IKZF1, FAM154B, EP300,  
ELANE, DNMT1, CTCF, CRLF2, and BRINP3

SMC1A (2), HNRNPK (2), FAM47A (2), 
DNM2 (2), BRCA2 (2), and 1 each of
KMT2C, SH2B3, SF3B1b, BCR, WAS, TERT, 
JAK3, ATM, ASXL2, TAL1, SETBP1, NPAT, 
NOTCH1, IL7R, GJB3, FIP1L1, DDX41, CUX1, 
CHEK2, BRCA1, ANKRD26, and ABL1

aIncluding 3 ×  and 2 × R882 muta tions in fre quent and con trol donors, respec tively.
bAssigned as unclear risk muta tion due to con tro ver sial pre dic tions in the lit er a ture.

Data com piled from Karpova et al.32
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Adaptive hema to poi e sis in fre quent blood donors
In addi tion to the dif fer ences in the over all char ac ter is tics of CH 
between fre quent donors and con trols, the type and dis tri bu tion 
of DNMT3A muta tions also dif fered between the groups (Figure 1).32  
When selected muta tions were ana lyzed func tion ally (Figure 1), 
3 out of 3 DNMT3A muta tions cho sen from the fre quent donors 
showed respon sive ness toward EPO but not to inflam ma tory 
stim uli. This is in strik ing con trast to the pro lif er a tive behav ior 
of the well-known preleukemic DNMT3A muta tions, R882H and 
R882C, that expand under inflam ma tory con di tions but not with 
EPO (Figure 2).11,32 Importantly, there was no dif fer ence in the 
inci dence of R882 DNMT3A muta tions between fre quent and 
con trol donors.

This obser va tion implies sev eral new and impor tant insights. 
First, EPO is iden ti fied as a novel fac tor shap ing the clonal dynam-
ics of the human hema to poi etic sys tem at the level of the HSCs. 
Second, it defi nes a new class of DNMT3A muta tions that pro-
mote a pro lif er a tive advan tage to HSCs in EPO-rich as opposed to 
inflam ma tory envi ron ments known to favor preleukemic R882 hits. 
And third, it sug gests that in fre quent blood donors, in addi tion 
to the spec trum of age-asso ci ated muta tions, CH is likely driven 
by muta tions with a com pet i tive advan tage in EPO-rich envi ron-
ments. Given that the acqui si tion and accu mu la tion of muta tions 
in HSCs is an inev i ta ble pro cess, it is tempt ing to spec u late that 
repeated large-vol ume phle bot omy favors the benign, lower-risk 
muta tions such as the EPO-respon sive DNMT3A var i ants.

Blood dona tion is safe
Overall, the assess ment of clonal dynam ics in indi vid u als with a 
life long blood dona tion his tory con firmed that blood dona tion 
is safe. Even decades of donat ing whole blood sev eral times 
per year do not result in a sig nifi  cant over all trans for ma tion of 
the clonal hema to poi etic com po si tion. An increase in CH driven 
by muta tions in genes encoding for epi ge netic mod i fi ers was 
observed in fre quent com pared to con trol donors. Given the 
mild path o phys i o log i cal pro file of these muta tions, it is unlikely 
these out growths will lead to mye loid malig nancy over a life-
time. Moreover, no increase in CH driven by established pre-
leukemic hits is found in fre quent blood donors. With regard to 
nonhematologic comorbidities, detailed risk-assess ment stud ies 
assigning CH-pos i tive indi vid u als into high- vs low-risk catego-
ries have not yet been performed. Despite the over all CH prev-
a lence and muta tional spec trum being well in agree ment with 

math e mat i cal mod els and pre vi ously published cohorts,2,23,33 
the link between CH and car dio vas cu lar pathol o gies remains to 
be ver i fied in fre quent blood donors, a cohort preselected for 
exclu sively healthy indi vid u als.

In the spe cific case of donor 101X, both the pres ence of 2 (most 
likely inde pen dent) DNMT3A clones as well as the fact that nei ther 
of the clones is driven by an R882 muta tion is in line with what 
one would expect for a blood donor with a decades-long his tory 
of reg u lar whole-blood dona tions in gen eral and given the low 
fre quency of R882 muta tions (only 10%) found in blood donors in 
par tic u lar.32 As a rel a tive of a patient with a mye loid malig nancy, 
donor 101X is more likely to be a mye loid CH car rier,21 yet the 
acqui si tion of DNMT3A muta tions per se must have occurred in 
his 30s and was not trig gered by reg u lar blood dona tion.9,10

Naturally, the pres ence of DNMT3A-mutant CH does not pre-
clude donor 101X from fur ther dona tion since (as expected) no 
blood count abnor mal i ties (signs of cytopenia, aber rant red 
blood cell param e ters, low Hb) have ever been detected in the 
donor. Moreover, if he con tin ues to donate, his blood param e ters 
can and should be mon i tored closely as changes in Hb, hemat-
o crit, mean cor pus cu lar vol ume, and red-cell dis tri bu tion width 
rep re sent very early phe no typic abnor mal i ties that occur in indi-
vid u als with CH years prior to devel op ing mye loid neo plasms.13 
Additionally, clonal com po si tion can be assessed via sequenc ing 
at inter vals of 2 to 3 years. Preleukemic clones have been shown 
to have mark edly aug mented growth kinet ics; that is, they grow 
quickly and con tin u ously as com pared to benign CH.13-15,33 By 
con trast, DNMT3A-driven clones show very slow growth kinet ics 
com pared to other CH driv ers,13,14 con sis tent with their benign 
pro file.23 If the hypoth e sis is true and the donor’s EPO-respon sive 
clones indeed emerge and per sist at the expense of preleuke-
mic ones, one would pre dict the 2 DNMT3A clones to remain 
at a sta ble size within the next decades. Lastly, the deci sion 
of the treating phy si cian to exclude donor 101X as a stem cell 
donor, pri mar ily due to the con cern that the CH clones would 
undergo dis pro por tional expan sion in the recip i ent (as has been 
shown for DNMT3A-mutant CH21,22) was debat able. In the HLA-
matched related alloHSCT set ting, AML/myelodysplastic syn-
drome patients who received DNMT3A CH-pos i tive grafts have 
been dem on strated to have a lower risk of relapse/dis ease pro-
gres sion due to higher rates of chronic graft-ver sus-host dis ease, 
in par tic u lar when trans plan ta tion was performed in a noncom-
plete remis sion state.21 Moreover, low rates of donor-derived 

Figure 2. Clonal dynamics of human hematopoiesis under different conditions. Figure created using BioRender.
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myelodysplastic syn drome/AML in recip i ents of DNMT3A mutant 
grafts have been reported.23

Outlook
Healthy vol un teer donors, includ ing whole-blood, plate let, and 
stem cell donors, selflessly pro vide life sav ing resources. A recent 
study of whole-blood donors with a life long his tory of reg u lar 
dona tions is a first com pre hen sive sequenc ing-based anal y sis of 
the clonal dynam ics in this group of donors. The marks of con tin-
ued sig nifi  cant eryth ro poi etic stress were appar ent in the form 
of the increased prev a lence of CH driven by epi ge netic mod i fier 
muta tions. However, this find ing does not sug gest an ele vated 
risk of devel op ing mye loid neo plasms in fre quent blood donors 
as the detected CH clones, espe cially those driven by DNMT3A 
muta tions, are likely benign. While the suggested direct effect 
of EPO on HSPC dynam ics is novel, the role of another hema to-
poi etic cyto kine, thrombopoietin, in HSC biol ogy is well doc-
umented.36 Furthermore, plate let dona tion is asso ci ated with a 
sig nifi  cant increase in thrombopoietin lev els,37 whereas the max-
i mum total num ber of plate let dona tions (up to 24) is 6 times 
higher com pared to whole-blood dona tions.38 Frequent plate-
let donors there fore rep re sent the next obvi ous donor cohort 
to be ana lyzed with regard to CH prev a lence and char ac ter is-
tics. Though clin i cal actionability in the con text of CH detec tion 
remains a con tro ver sial topic, recent anal y sis of big cohorts, 
includ ing the invalu able UK biobank resource, have fur ther 
advanced our inter pre ta tion of risks linked to muta tions in spe-
cific genes. The assess ment of CH is crit i cal for donor safety and 
helps pro vide insight into the long-term effects of cer tain types 
of selec tion pres sure in humans with out any confounding path-
o logic con di tions.
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