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Abstract

The age of tissues and cells can be accurately estimated by DNA methylation analy-
sis. The multitissue DNA methylation (DNAm) age predictor combines the DNAm
levels of 353 CpG dinucleotides to arrive at an age estimate referred to as DNAm
age. Recent studies based on short-term observations showed that the DNAm age
of reconstituted blood following allogeneic hematopoietic stem cell transplantation
(HSCT) reflects the age of the donor. However, it is not known whether the DNAm
age of donor blood remains independent of the recipient's age over the long term.
Importantly, long-term studies including child recipients have the potential to clearly
reveal whether DNAm age is cell-intrinsic or whether it is modulated by extracellular
cues in vivo. Here, we address this question by analyzing blood methylation data
from HSCT donor and recipient pairs who greatly differed in chronological age (age
differences between 1 and 49 years). We found that the DNAm age of the reconsti-
tuted blood was not influenced by the recipient's age, even 17 years after HSCT, in
individuals without relapse of their hematologic disorder. However, the DNAm age
of recipients with relapse of leukemia was unstable. These data are consistent with

our previous findings concerning the abnormal DNAm age of cancer cells, and it can

*Joint first authorship.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2019 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.

Aging Cell. 2019;18:e12897.
https://doi.org/10.1111/acel.12897

wileyonlinelibrary.com/journal/acel | 1of 11


https://orcid.org/0000-0003-1622-591X
https://orcid.org/0000-0003-1622-591X
https://orcid.org/0000-0003-1622-591X
https://orcid.org/0000-0002-4375-2697
https://orcid.org/0000-0002-4375-2697
https://orcid.org/0000-0002-4375-2697
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/acel.12897
http://www.wileyonlinelibrary.com/journal/ACEL

SORAAS ET AL

20of 11 Aging

KEYWORDS

1 | INTRODUCTION

Several publications describe  DNA methylation (DNAm)-based
biomarkers of aging which can be used to estimate the age of a tis-
sue (Hannum et al., 2013; Horvath, 2013; Spolnicka et al., 2016;
Weidner & Wagner, 2014). For example, the multitissue age estima-
tor utilizes the weighted average of 353 CpG sites to arrive at an
age estimate that is referred to as DNAm age (Horvath, 2013). Age-
adjusted measures of DNAm age are predictive of life span (Chen
et al., 2016; Marioni et al., 2015) and relate to a host of conditions,
including obesity (Horvath et al., 2014), HIV infection (Horvath &
Levine, 2015), Down syndrome (Horvath et al., 2015), Parkinson's
disease (Horvath & Ritz, 2015), Werner syndrome (Maierhofer et al.,
2017), and menopause (Carroll et al., 2017). Lifestyle factors have
only a weak effect on the DNAm age of blood (Quach et al., 2017),
suggesting that DNAm age largely reflects cell-intrinsic properties. It
is not yet known to what extent secreted factors (e.g., hormones,
cytokines, growth factors, and metabolites) from other organs affect
the DNAm age of blood, or whether DNAm age is a cell-intrinsic
feature.

To address this question, we analyzed blood samples from allo-
geneic hematopoietic stem cell transplantation (HSCT) recipients.
Allogeneic HSCT is an effective treatment for leukemia (Thomas
et al, 1979; Thomas, Lochte, Lu, & Ferrebee, 1957). In HSCT, the
patient's original hematopoietic stem cells (HSCs) are eradicated (us-
ing ablative chemotherapy and/or radiotherapy) and subsequently
replaced by healthy HSCs from a donor (obtained via bone marrow
(BM) aspiration or granulocyte-colony-stimulating factor (G-CSF)-
stimulated leukapheresis; Dreger et al, 1993; Russell, Hunter,
Rogers, Hanley, & Anderson, 1993). If the treatment is successful,
the donor cells will engraft in the recipient's BM and go on to recon-
stitute the entire hematopoietic system, including white blood cells,
red blood cells, and platelets. After transplantation, the donor cells
will thus be exposed to the environment of the recipient for many
years.

Experiments involving heterochronic parabiosis or the transfer of
factors from human cord blood to old mice have demonstrated that
factors present in the younger blood might rejuvenate older tissues
(Castellano et al., 2017; Conboy, Conboy, & Rando, 2013; Eggel &
Wyss-Coray, 2014). On the other hand, recently published work sug-
gests that the DNAm age of transplanted blood cells is maintained

at the donor's age, at least under short-term observations (Spolnicka

potentially be exploited to monitor the health of HSCT recipients. Our data demon-
strate that transplanted human hematopoietic stem cells have an intrinsic DNAm

age that is unaffected by the environment in a recipient of a different age.

aging, DNA methylation, epigenetic clock, glanulocyte-colony stimulating- factor (G-CSF),
hematopietic stem cell transfer (HSCT)

et al., 2016; Stolzel et al., 2017; Weidner et al., 2015). However, it is
not yet known if the DNAm age of the donor cells is affected by
the recipient's age after prolonged exposure to the recipient's signal-
ing environment. The aforementioned DNAm studies have limita-
identifying a

rejuvenating effect on donor cells after long-term exposure to a

tions regarding their feasibility for potential
younger environment. Therefore, in an ethically acceptable human
in vivo setting, the key question regarding age rejuvenation has still
not been adequately addressed. The previous studies have one or
more of the following unexamined issues. First, most of the donor—
recipient pairs were of roughly the same age or the donor was
younger than the recipient. Second, HSC donors were mostly
younger than the recipients as opposed to the other way around.
Third, Spolnicka et al. (2016) and Weidner et al. (2015) used blood
cell-specific DNAm age estimators, but not the multitissue DNAm
age estimator. Fourth, children or adolescents were not included in
any of these studies. Finally, these studies had a short follow-up
time, with a mean of 126 days, 1 year, and up to 8.8 years (Spol-
nicka et al., 2016; Stolzel et al., 2017; Weidner et al., 2015). The
study by Stdlzel et al. involved recipients who were followed up for
more than 12 months; however, the age difference between donor
and recipient was not reported. This is an important aspect, as fac-
tors in the plasma of human cord blood were reported to have a
rejuvenating effect in a human-animal study (Castellano et al., 2017).

The present study was designed to test two competing hypothe-
ses: (a) DNAm age of hematopoietic cells is a cell-intrinsic property
that is not influenced by factors in the stem cell niche and non-he-
matopoietic tissues in the human body, and (b) DNAm age of
hematopoietic cells is determined through interactions with the stem
cell niche and other cell types in the human body. To this end, we
overcame the key limitations of previous studies by (a) analyzing
several donor-recipient pairs with a substantial age difference (1-
49 years), (b) including young children, and (c) including long follow-
up times.

Here, we report that, despite a substantial age difference
between donor and recipient, the DNAm age of transplanted donor
blood reflects the age of the donor, even after many years of expo-
sure to the recipient's body. This observation was consistent for
both adult and child recipients. Our data demonstrate that the
DNAm age of transplanted blood cells is cell-intrinsic in the human
body.
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2 | RESULTS

2.1 | Study population

In total, 31 HSC recipients aged 18-74 years were included in the
study. Their blood was collected between 1 month and 17 years
after HSCT (Figures 1 and 2). The recipients were 2-74 years old at
the time of transplantation, and the HSC donors (n = 31) were 21—
58 years old at the time of donation. Acute myeloid leukemia (AML)
was the most common indication for HSCT (n = 26), but three recipi-
ents had other hematological cancers and two had other indications
(Table 1).

Recipients were included in the study after giving written
informed consent, and blood samples were obtained for determina-
tion of DNAm age and donor chimerism. Ten recipients contributed
two blood samples each, whereas the remaining 21 recipients con-
tributed one blood sample (Table 1; Figure 2). For the first blood
sample of the twice-sampled recipients, donor chimerism was above
94% in all but one of the recipients (88%). For the second blood
sample, six recipients had donor chimerism >97%, whereas four
recipients showed low chimerism scores (as low as 24%, 12%, 12%,
and 7%), indicating repopulation of the recipient's leukemic cells
(Table 1). Therefore, the four samples with low chimerism were
excluded from further analysis. In addition, a statistically extreme
outlier sample (Sample ID 806 in Table 1; Supporting Information
Figure Sl1a,b) with a DNAm age of 111 years and donor chimerism
of 97% was identified. This was from a patient with relapse of leuke-
mia, several viral infections, and acute GVHD grade 3 who died
shortly after the sample was obtained. We excluded this sample
from the presented statistical analysis, but included it where it was
relevant as well as in the discussion because we cannot exclude that
it may represent a clinically meaningful rare case. After the above-
listed exclusions, a total of 36 blood samples from 30 recipients
were subjected to further analysis.

Aging (¢l L2on

2.2 | Differences in DNAm age

The mean absolute difference between the DNAm age of the recipi-
ents’ blood (1 month to 17 years after transplantation) and the

Study flow chart
| Recipients receiving HSCT |
o o

Short follow-up Long follow-up
26 recipients with AML included 5 recipients* and their donors
1-12 months post HSCT included 4-17 years post HSCT

a4 O
First blood collection:
Measurement of donor chimerism in recipients and DNA methylation age
T =
Second blood collection:
Measurement of donor chimerism
and DNA methylation age in 10
recipients with AML

One recipient with AML excluded
because of outlying DNAm age
(111 years)**

Four samples from AML recipients|
had low donor chimerism
(24%, 12%, 12%, 7%) and were
excluded from further analysis

v

L4
v

Included for statistical analyses:
36 samples from 30 recipients and 5 samples from 5 donors

{ 4 {

Recipients without Recipients with Donors:
relapse: relapse: 5 samples from 5
24 samples from 19 12 samples from 11 donors
recipients recipients

FIGURE 2 Study flow chart with exclusions. Ten recipients were
sampled twice, and ten others were sampled once. Five recipients
were excluded because of low donor chimerism. * Three recipients
had hematological cancer, while two had other indications. **In
addition, one sample that was a statistical outlier (1.5 times the
interquartile range above the third quartile) with a DNAm age of
111 years (donor chimerism was 97%) was excluded from the
analyses. The rationale for this exclusion is supported by the fact
that the recipient died due to relapse of leukemia within 1 month of
blood sampling, implying the presence of an unrecognized health
problem at the time of blood collection

FIGURE 1 Schematic explanation of
the study design. Blood was collected from
recipients between 1 month and 17 years
after HSC transplantation (HSCT). Donor
chimerism and DNAm age were measured.
Donor-recipient pairs with a large age
difference (1-49 years) were included
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chronological age of the recipient was 27 years (Figure 3). In com-
parison, the mean absolute difference between the DNAm age of
the recipients’ blood and the chronological age of the donor was
7.2 years, which is significantly less than the preceding value (paired
t test and Wilcoxon test, p < 0.0001; Figure 3). This initial compar-
ison suggests that the DNAm age of the recipients’ blood more clo-
sely reflects the chronological age of the donor than the
chronological age of the recipient.

To assess how DNAm age relates to the chronological age of
recipient and donor, we carried out a correlation analysis. Pearson
correlations were calculated and showed that the DNAm age of the
recipients’ blood post-transplantation did not correlate with the
chronological age of the recipients (R = —0.14, p = 0.43, 36 samples
from 30 recipients; Figure 4a). Instead, the DNAm age of the recipi-
ents’ blood closely correlated with the donors’ chronological age
(R=0.79 and p < 0.0001; Figure 4b). This correlation was even
more pronounced in samples obtained from the 19 recipients who
did not experience relapse of AML within the study period
(R =0.89, p < 0.0001, 24 samples from 19 recipients) and less pro-
nounced in recipients who experienced relapse (R =0.61 and
p = 0.04, 12 samples from 11 recipients), even though donor chimer-
ism in the latter group was >88% (Figure 4c,d). The outlier (Sample
ID 806) did experience relapse of AML, and when included in this
calculation, the correlation among relapses was no longer significant
(R=0.22 and p = 047).

The correlations were not influenced by the time since transplan-
tation (Figure 4c) or by the size or direction of the age difference
between recipient and donor (Figure 4e).

The mean absolute difference between the DNAm age of the

relapse samples (n = 12) and the donor age was 10 years, which was

Absolute difference in DNAm age
401

of T

104 1

)
Recipient blood -
donor age

)
Recipient blood -
recipient age

FIGURE 3 The DNAm age of the recipients’ blood resembles the
chronological age of the donors more closely than the recipients.
The mean absolute difference between the DNAm age of the
recipients’ blood and chronological age of the recipients was

26 years, whereas the difference between the DNAm age of the
recipients’ blood and the age of the donor was 7.2 years. This
difference between these averages is statistically significant (t-test:
p < 0.0001, n = 36). Error bars show 95% confidence interval of the
mean

not significantly higher than that of the non-relapse samples (n = 24)
at 5.8 years (t test, p = 0.04 and Mann-Whitney U (MW-U) test,
p = 0.12; Figure 5a).

When we restricted the analysis to the 24 recipients who did
not relapse, we found that samples obtained within a year of HSCT
exhibited a statistically significant rejuvenation of DNAm age
(4.7 years, t test: p = 0.003, Wilcoxon test: p < 0.004; Figure 5b). In
the five participants with >1 year (4-17 years) of follow-up, donors
were also included in the study and contributed blood samples. The
DNAm age of the donors’ blood was strongly correlated to both
donor age (R = 0.84, p = 0.08) and the DNAm age of the recipients’
blood (R = 0.76, p = 0.14; Figure 6a,b).

In theory, the HSC harvesting method might have influenced the
DNAm age in the 24 recipients without relapse. In 20 cases, HSCs
were harvested from peripheral blood (PB in Table 1) of G-CSF-trea-
ted donors. In the other four cases, HSCs were obtained directly
from bone marrow (“BM” in Table 1). The type of age gap (i.e., posi-
tive or negative) between the donors’ age (DNAm age or chronologi-
cal age) and the recipients’ DNAm age was different between the
two methods (Figure 7a). On average, the difference was —5.0 years
(standard error (SE) = 1.3) for the G-CSF method and +3.3 years
(SE = 1.0) for the BM method (Figure 7b). This difference is statisti-
cally significant; however, this was an unplanned analysis from which
we cannot draw strong conclusions (t test, p = 0.01; and MW-U test,
p = 0.01).

3 | DISCUSSION

The present study shows that the DNAm age of donor blood is not
influenced by the environment of the recipient's body, whether
younger or older, and that the DNAm age continues to increase
after transfer to the recipient's body as if the donor cells were still
in the donor's body. This trait persisted even 17 years after the
transfer to recipients who were 1 and 3 years old at the time of
HSCT. This suggests that the DNAm age of human hematopoietic
cells is not affected by BM niche cells or other factors in the recipi-
ent's body. We can therefore conclude that epigenetic age is a cell-
intrinsic property in transplanted human hematopoietic cells.

Our observation is consistent with previous studies examining
other types of age-dependent DNAm levels in hematopoietic cells
(Spolnicka et al., 2016; Weidner et al., 2015). In these previous stud-
ies, three (Weidner et al., 2015) or five (Spolnicka et al., 2016) CpG
sites were analyzed after 4 months or 1 year after HSCT. Stolzel
et al. also used the same multitissue DNAm age estimator that we
used in the present study, but they did not report the age difference
between donors and recipients and only analyzed blood samples col-
lected within 8 years after HSCT (Stolzel et al., 2017). In contrast,
we analyzed blood samples collected up to 17 years after HSCT
from recipients who had much older or younger donors. Through
access to the Norwegian national records of child HSCT, we were
able to identify five pairs of pediatric patients (children and adoles-
cents) and adult donors who were willing to participate in this study.
These patients received HSCT between 4 and 17 years before their
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FIGURE 4 The DNAm age of the recipients’ blood cells correlates with the chronological age of the donor, but not the chronological age of
the recipient. In panels (a—f), red dots indicate samples obtained 4-17 years after HSCT, and blue dots indicate samples obtained <1 year after
HSCT. (a) The DNAm age of recipients’ blood did not correlate with the chronological age of the recipients when all 36 samples were included
(R =-0.14, p = 0.43, n = 36). (b) The DNAm age of the recipients’ blood correlated with the donors’ chronological age when assessing all
samples (R = 0.79, p < 0.0001, n = 36). (c) The DNAm age of blood from the recipients without relapse correlated strongly with the
chronological age of donors (R = 0.89, p < 0.0001, n = 24). (d) The DNAm age of blood from recipients who had relapse of acute myelogenous
leukemia correlated less with the donors’ chronological age (R = 0.61, p = 0.04, n = 12). When the outlier is included, the corresponding values

become R = 0.22 and p = 0.47 (n = 13). (e) In the 24 samples from non-relapsing recipients, the age difference between donor and recipient
correlated strongly with the difference between the DNAm age of the recipients’ blood and the recipients’ chronological age (R = 0.98,

p < 0.0001, n = 24). The correlation was indifferent to the size or direction of the age difference between recipient and donor. For example,
DNAm age was much higher than the recipients’ ages if they received HSCs from donors much older than themselves (upper left quadrant)

blood samples were collected for this study. The contributions from
these five pairs allowed us to compare the DNAm age of blood
from both donors and recipients. Our study adds to an increasing
body of literature demonstrating that the DNAm age of hematopoi-
etic cells progresses independently from other tissues or cell types
in humans. Thus, from the viewpoint of DNAm-based biomarkers

of aging, rejuvenation of hematopoietic cells does not occur, even
when HSCs from adults grow and differentiate in a child's or ado-
lescent's BM niche for up to 17 years. However, our finding does
not exclude the possibility that other age-related changes of blood
cells may be influenced by interaction with the younger environ-
ment. A possible caveat to our study is that the patients received
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FIGURE 5 Comparison of the differences between the DNAm
age of the recipient blood and donor's age among groups with
different patient outcomes. (a) The bar graphs show the absolute
difference between the donor's chronological age and the DNAm
age of the recipient's blood in the “relapse” and “no relapse” groups.
The difference is smaller in the “no relapse” patient group. Detailed
patient information is listed in Table 1. (b) DNAm age rejuvenation
was observed within 1 year of HSCT. The average donor age and
the recipients’ blood DNAm age are shown in three different groups:
relapse, no relapse (0-1 years), and no relapse (4-17 years). There
was a statistically significant rejuvenation of DNAm age (4.7 years
p < 0.003) in the “no relapse” (0-1 year) group in comparison with
the donors’ chronological age. Detailed patient information is listed
in Table 1

myeloablative conditioning regimens. Since these regimens will alter
the physiology of the BM niche, we cannot exclude the possibility
that these treatments influenced the progression of the DNAm age
of the blood cells transplanted into the recipients (Hooper et al.,
2009). It is also important to state as a possibility that the trans-
planted HSCs influenced the DNAm age of the recipient cells. Fur-
ther studies are needed to examine these important remaining
questions.

We monitored time-dependent changes of the DNAm age of
blood after HSCT (Table 1; Figure 5). In some cases, especially in
recipients who experienced relapse of leukemia, the DNAm age of

0 10 20 30 40 50 60 70
DNAm age of donor blood (years)

FIGURE 6 The DNAm age of the recipients’ blood cells
correlates with the DNAm age of the donors’ blood cells in the five
donor—recipient pairs with donors' blood available. In five HSCT
donor-recipient pairs, blood from both the donor and the recipient
was available. Blood from these pairs was obtained between 4 and
17 years after HSCT to treat childhood leukemia (n = 3) or other
hematological disorders (n = 2). In these pairs, the DNAm age of the
recipients’ blood correlated with the chronological age of the donors
(@) (R =0.76, p = 0.14, n = 5) as well as with the DNAm age of the
donors’ blood (b) (R = 0.84, p = 0.076, n = 5) obtained at the same
time

the blood was unstable, probably due to the gradual repopulation by
leukemia cells. For example, DNAm age was abnormally accelerated
or rejuvenated in blood with low chimerism percentage scores; that
is, the recipient's cancer cells repopulated in these patients (Table 1;
e.g., Sample ID 926, 950, 1021, and 1176). In contrast, the DNAm
age of transplanted blood was maintained and aged normally for up
to 17 years in the recipients who remained in remission (Table 1;
e.g., Sample ID 1-5; Figure 3). These results support those of other
studies demonstrating that epigenetic age acceleration in blood is
predictive of cancer (Ambatipudi et al., 2017; Dugué et al., 2018;
Horvath, 2013; Levine et al., 2015). In our study, there was an out-
lier with high donor chimerism (97%) that showed an accelerated
DNAm age of 111 years in a 69-year-old recipient with HSCs
obtained from a 25-year-old donor. Although this was a rare case (1
outlier in 37 samples), it suggests that the mechanisms affecting
DNAm age in the transplantation setting may not be the same in all
donor/recipient settings. The outlier might also be an extreme
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FIGURE 7 The DNAm age progression of transplanted HSCs
may be affected by the HSC harvesting method. (a) This figure
depicts the difference between donor age and recipient DNAm age.
(The donor's age was given as DNAm age for the five cases shown
in Figure 6, and as chronological age for the 19 cases in Table 1, “no
relapse” patients. Total n = 24.) The red bars indicate the results
from patients who received HSCs obtained from donor BM without
G-CSF treatment. The blue bars indicate the results from patients
who received HSCs isolated from donor peripheral blood after
treatment with G-CSF. (b) The average difference between donors'
age and recipient's DNAm age, from the results shown in panel (a).
+3.3 years for the BM method and —5.0 years for the G-CSF
method. Error bars show 95% confidence interval of the mean. The
difference is statistically significant, (p = 0.01 (t test) or p = 0.01
(nonparametric MW-U test))

example of the observed drift in DNAm age that was seen to affect
other patients experiencing relapse of leukemia. Inclusion of this
sample in the analyses did not change any conclusions in this study
except for the correlation between donor age and DNAm age of
recipients with relapse, which switched from being statistically signif-
icant to non-significant (R = 0.22, p = 0.47). Our limited data set
does not allow us to conclude whether DNAm age can be used as a
predictive biomarker for leukemia relapse or other health problems
following HSCT; however, our data encourage further work to follow
up on this. Future prospective large-scale studies with detailed
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outcome data are warranted to determine whether DNAm age anal-
ysis is useful for prediction of leukemia relapse after HSCT.

We observed a rejuvenation of DNAm age in the blood of the
“no relapse” recipients within 1 year after HSCT (Figure 5), which is
consistent with the study by Stélzel et al. (2017). Stolzel et al. also
reported that accelerated epigenetic aging was observed more than
6 months after HSCT (2.4 years per chronological year up to 8 years
after HSCT; Stolzel et al., 2017). However, we did not observe a sig-
nificant DNAm age acceleration (or rejuvenation) in our long-term
follow-up analysis (Figure 5). This difference between the two stud-
ies may be due to the different treatment strategies (e.g., selection
of chemotherapies) or reflect technical differences (e.g., DNA storage
conditions, bisulfite conversion, or different DNAmM normalization
methods).

Our study advances understanding of the mechanism of the epi-
genetic clock by having addressed questions left unanswered in pre-
vious studies of the DNAm age of blood cells after HSCT. We
established, for the first time, the long-term (up to 17 years) effects
of HSCT on DNAm age of blood cells transplanted from healthy
donors 1-49 years younger or older than the recipients. The results
suggest that the child's (recipient's) body did not rejuvenate the
DNAm age of adult blood cells. Notably, we were able to determine
the DNAm age of blood cells from both donor and recipient samples
collected at the same time for at least five pairs of childhood/adoles-
cent HSCT cases, which strengthens our main conclusion that the
epigenetic clock of a donor's blood cells progresses at the same
speed in both the donor's body and the recipient's body. Finally, our
study included a total of 26 donor-recipient pairs with a 1- to 49-
year difference in age, making it the largest study of its kind. In addi-
tion, the unplanned analyses shown in Figure 7 suggest that G-CSF
may have an ability to rejuvenate DNAm age of HSCs. G-CSF has a
pronounced influence on cellular processes in HSCs and has been
shown to selectively mobilize dormant HSCs to the bloodstream in
mice (Bernitz, Daniel, Fstkchyan, & Moore, 2017; Panch, Szymanski,
Savani, & Stroncek, 2017). In our study, these processes could
potentially have influenced the DNAm age of the transplanted HSCs
or their progeny either directly or through selection by mobilization,
and thus selected HSCs with a lower DNAm age. In the BM aspira-
tion cases, G-CSF was not applied and these processes would not
have been active, explaining the lack of rejuvenation here. Further
investigation with a larger sample size is necessary to draw a robust
conclusion about the effects of G-CSF.

In summary, the present study suggests that the DNAm age of
hematopoietic cells progresses independently from other cell types
in the human body. If there is an influence on DNAm age between
hematopoietic cells and other cells, it will be a unidirectional one
from hematopoietic cells to other cell types. However, the present
study was performed by analyzing blood cells donated from patients
who had received myeloablative conditioning regimens that may
have an impact on the epigenetic clock system of the recipient's BM
niche. Further studies are necessary to understand the mechanism
governing how the DNAm ages of various tissues are coordinated in
the human body.
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4.1 | Blood from HSCT recipients and donors
(n = 26), follow-up <1 year

For the analyses of the DNAm age of blood from the 26 adult AML
patients, blood samples were obtained from the Hematopoietic
Biorepository and Cellular Therapy Facility at Case Western Reserve
University. Written informed consent was received from participants
prior to inclusion in the study. The University Hospitals Cleveland
Medical Center IRB approved the human subject research.

4.2 | Blood from patients treated for childhood/
young adult leukemia or other hematopoietic
disorders (n = 5), follow-up 4-17 years

Patient and donor data were retrieved from the database of trans-
planted patients going back 20 years at the large transplantation
center at Oslo University Hospital, Norway. Of 16 donor-recipient
pairs fulfilling the criteria that (a) the donor was >10 years older
than the recipient, (b) both donor and recipient were still alive and
willing to contribute blood to the study, and (c) had >4 years of fol-
low-up, only five pairs agreed to participate. Patients and their
donors were included in the study after written informed consent,
and the study was approved by the Regional Committee for
Research Ethics (REK 2015/1849). Peripheral blood samples (10 ml)
were collected in EDTA tubes, snap frozen on dry ice (-~78.5), and
stored at —80 until DNA extraction. Samples from patients (recipi-

ents) and their donors were collected on the same day.

4.3 | DNAm analysis and epigenetic clock analysis

All DNAmM analyses were performed with the lllumina Infinium 450 K
platform in the core facility at UCLA as previously reported (Horvath
& Levine, 2015). Genomic DNA extraction and STR PCR were per-
formed as reported (Thiede et al., 1999). CpG methylation analysis
was performed using lllumina BeadChip arrays (lllumina, San Diego,
USA). DNAm age was estimated using the published algorithm with
Noob normalization (Horvath, 2013).
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