Dynamics of epigenetic age following hematopoietic
stem cell transplantation

With the awareness of an immunological graft-versus-
leukemia (GvL) effect being able to eliminate residual
leukemic cells, and, therefore, allowing the use of less
intensive conditioning regimens, allogeneic hematopoiet-
ic stem cell transplantation (HSCT) is now widely used as
a curative therapy for many patients with acute myeloid
leukemia (AML)."” In fact, AML is the most common dis-
order for which allogeneic HSCT is being used, while
matched sibling donor (MSD) or matched unrelated adult
donors (MUD) (i.e. match of at least eight out of eight
alleles, HLA-A, -B, -C, and -DRB1) are preferentially used
to perform allogeneic HSCT.’It is extremely important to
understand the dynamics of the biological age of the
hematopoietic system following HSCT because both the
age of the transplant donor and of the recipient are relat-
ed to transplantation success.” It has been difficult to
study biological aging due to a lack of biomarkers of
aging. Several previous studies had looked at telomere
dynamics in the context of HSCT, but telomere length
provides only an incomplete assessment of biological
age.”" Here we use a DNA methylation (DNAm)-based
biomarker of aging, which is referred to as the “epigenet-
ic clock”.” The recently developed “epigenetic clock”
method, which is based on 353 cytosine-guanine sites
(CpGs), applies to almost every human tissue and cell
type that contains DNA."” The weighted average of these
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353 epigenetic markers gives rise to an estimate of age (in
units of years), which is referred to as "DNA methylation
age" or as "epigenetic age". The “epigenetic clock” is
thought to capture aspects of biological age, supported by
data demonstrating that older epigenetic age of blood is
predictive of all-cause mortality.'* A detailed review of
the literature describing the utility of the “epigenetic
clock” is listed in the Ounline Supplementary Appendix. It is
not yet known whether the “epigenetic clock” method is
useful in the context of allogeneic HSCT. In this study,
we use the “epigenetic clock” method to determine how
epigenetically-defined aging dynamics are affected in
donor cells post transplant in a large and homogeneous
cohort of patients with long-term follow up, and whether
these findings can be correlated with the occurrence of
graft-versus-host disease (GvHD). A concise description
of inclusion criteria for the patients' samples analyzed,
CpG-methylation analysis, and a description of statistical
analyses can be found in the Ounline Supplementary
Appendix.

In addition to a DNA sample prior to allogeneic HSCT
from each donor, we analyzed donor-derived DNA from
187 peripheral blood mononuclear cell samples obtained
from 23 recipients from a mean of seven defined time
points (range 86 days to 8.8 years) after transplantation
covering a total time span of 16 years. As expected, we
observed that DNAm age is highly correlated with
chronological donor age before transplantation (Figure
1A). The high correlation between DNAm age and donor
age was also observed in DNA samples two years post
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Figure 1. Epigenetic clock analysis of DNA derived from peripheral blood. (A) DNAm age of the donor before transplantation (y-axis) versus the chronological
age of the donor at transplantation (x-axis) derived from 14 donor samples before transplantation. (B) DNAm age two years after transplantation versus the
chronological age of the donor. Dots are colored by chronic graft-versus-host disease (GvHD) status (red: chronic GvHD; black: no chronic GvHD). The black line
corresponds to y=x. (C and D) The scatter plots demonstrate the effect of the passage of time after transplantation on baseline corrected measures of DNAm
age. The x-axis depicts the log (base 10) transformed variable "Years After Transplantation". To avoid forming the logarithm of zero, one year was added to the
variable "Years After Transplantation". (C) Difference between DNAm age and the DNAm age before transplantation (y-axis). (D) Difference between DNAm age
and the chronological age of the donor before transplantation (y-axis). Dots are colored by chronic GvHD status (red: chronic GvHD; black: no chronic GvHD).
The dashed vertical lines correspond to half a year, one year, two years, etc. after transplantation. The dip in the blue spline regression line suggests that DNAm
age decreases initially. (E) A formal analysis of the rejuvenation effect based only on DNA from peripheral blood samples collected at baseline and within six
months post transplantation. (F) Age acceleration effect due to chronic GvHD. The epigenetic measure of age acceleration was defined as residual from a linear
model that regressed DNAm age on chronological age in post transplantation samples of subjects without chronic GvHD. The P-values in the bar plot were cal-

culated using a non-parametric group comparison test (Kruskal-Wallis test).
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transplantation (Figure 1B). However, we observed a
strong decrease in DNAm age (termed “rejuvenation”)
within the first six months of transplantation (Figure 1C,
D and E). We measured a decrease in mean DNAm age to
a minimum until day +178 (range 86-692 days) after
transplantation. Afterwards, significant accelerated epi-
genetic aging was observed. It has previously been
reported that: a) granulocyte colony-stimulating factor
(G-CSF) induces rejuvenation of hematopoietic stem
cells; and that b) accelerated aging in transplanted
patients occurs after a latency period using different
methodologies.” Therefore, we calculated aging in all
patients after the nadir of rejuvenation had occurred and
observed a higher acceleration of DNAm age with 2.4
years per chronological year (P<0.001). Neither donor
type (MSD vs. MUD) nor donor age, recipient age, type
of GvHD prophylaxis, or occurrence of acute GvHD
influenced the aging kinetics observed in the patient
cohort. Only occurrence of chronic GvHD was signifi-
cantly associated with accelerated DNAm age (Figure 1F)
(P<0.001). In order to elucidate whether this accelerated
epigenetic aging process existed prior to the occurrence
of chronic GVvHD, we applied a linear mixed model using
an interaction term for chronic GvHD. This demonstrat-
ed DNAm aging of 5.5 years per chronological year
before the onset of chronic GvHD, and DNAm aging of
2.2 years per chronological year after the onset of chronic
GvHD (P<0.001) (Online Supplementary Figure S1).
Therefore, we applied a model to predict chronic GVHD
by analyzing DNAm aging which indicated the feasibility
of using DNAm aging profiles in order to predict the
occurrence of chronic GVHD with an area under the
curve of 0.97 (Online Supplementary Figure S2), demon-
strating that accelerated DNAm age could predict chronic
GvHD.

In conclusion, we demonstrate that, after a latency
period during which an epigenetic rejuvenation in donor
cells occurs, an accelerated epigenetic aging accounting
for an incline of 2.4 years per chronological year is initi-
ated. The initially observed rejuvenation may be a com-
pensatory  phenomenon  related to  stressed
hematopoiesis early after transplantation and engraft-
ment which has been observed before in models studying
telomerase activity and telomere integrity."” Other analy-
ses were able to demonstrate loss of telomere length after
stem cell transplantation but did not demonstrate an
equivalent to the rejuvenation seen when using the “epi-
genetic clock” method used here. Furthermore, they
showed a random degree of telomere loss within the first
year after transplantation and postulated that this phe-
nomenon might occur only within the first year after
transplantation. Thornley et al. even implied that telom-
ere loss after allogeneic transplantation is neither pro-
gressive nor sustained.” However, these studies (in con-
trast to our work) mostly analyzed pediatric patients
receiving bone marrow from related donors and, there-
fore, without the use of G-CSF mobilized peripheral
blood stem cells (PBSCs).””" Since the nadir of the reju-
venation observed in our analysis occurs after six
months, this could also be interpreted as an induction of
rejuvenation by the recipient’s bone marrow niche and
its stromal cells in combination with the existing initial
immunosuppression, especially when considering the
high degree of correlation between DNAm age and
chronological age of the donor at the time of transplanta-
tion. However, induction of rejuvenation by the recipi-
ent’s bone marrow could also be a controversial view-
point considering that the recipients are younger. A
recent study postulated that age-associated DNAm is

mainly determined by the original donor age and to a
lesser extent by the microenvironment of the recipient.”
While Weidner et al. applied a different technique to
assess epigenetic age, they corroborate our finding that
donor age is the key determinant of DNAm age in
hematopoietic cells after allogeneic HSCT.” In compari-
son to their analysis, the strength of our study is the
homogenous group of patients and donors. Our cohort
included only patients with de novo AML (in delineation
to therapy-related AML/myeloid neoplasia or secondary
AML), only patients transplanted in first complete remis-
sion, only with fully matched donors with 10/10 HLA-
allele matching, complete donor chimerism after trans-
plantation, no donor-lymphocyte infusion after allogene-
ic HSCT, no AML relapse, and only patients transplanted
with PBSCs. Furthermore, the availability of more time
points analyzed after allogeneic HSCT with a mean of
seven defined time points up to 8.8 years after allogeneic
HSCT in our study, as compared to two time points
before and one year after allogeneic HSCT, respectively,
means that our study covers more complete aging kinet-
ics after transplantation. This allowed us to identify the
described rejuvenation phenomenon occurring early after
allogeneic HSCT, and an association of accelerated
DNAm and occurrence of chronic GVHD, both findings
which are reported for the first time. Other groups
demonstrated either pronounced accelerated telomere
shortening after related BMT" or that there is no consis-
tent, but rather a random, pattern of telomere loss within
the first year after transplantation, and that its total loss
becomes comparable to telomere loss in healthy controls
from the second year after transplantation.”’
Furthermore, they either excluded patients with GvHD in
their analyses® or did not find an association of telomere
loss with GvHD.” Since chronic GvHD is a clinical condi-
tion which does not instantly resolve upon treatment,
but instead persists and for which symptoms can mostly
be only alleviated, it would seem reasonable to speculate
that the accelerated epigenetic aging itself triggers onset
and development of chronic GvHD. This hypothesis
would be further supported by the fact that chronic
GVHD occurs when accelerated epigenetic aging is initi-
ated, which is supported by our data. A profound effect
of chronological donor age on survival and development
of acute GvHD has been published recently.” However, it
has to be emphasized that: a) donor age was not associ-
ated with chronic GvHD; and b) age as compared to
aging are two distinct biological properties. Overall, our
study strongly suggests that epigenetic biomarkers of
aging such as the “epigenetic clock” could be useful for
predicting adverse outcomes such as chronic GvHD in
HSCT patients. However, this needs to be confirmed in
prospective studies or in studies comparing different
GvHD-preventive allogeneic HSCT regimens.
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