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SUMMARY

Clonal hematopoiesis of indeterminate potential
(CHIP) is caused by recurrent somatic mutations
leading to clonal blood cell expansion. However,
direct evidence of the fitness of CHIP-mutated
human hematopoietic stem cells (HSCs) in blood
reconstitution is lacking. Because myeloablative
treatment and transplantation enforce stress on
HSCs, we followed 81 patients with solid tumors or
lymphoid diseases undergoing autologous stem
cell transplantation (ASCT) for the development of
CHIP. We found a high incidence of CHIP (22%) after
ASCT with a high mean variant allele frequency (VAF)
of 10.7%.Mostmutationswere already present in the
graft, albeit at lower VAFs, demonstrating a selective
reconstitution advantage of mutated HSCs after
ASCT. However, patients with CHIP mutations in
DNA-damage response genes showed delayed
neutrophil reconstitution. Thus, CHIP-mutated stem
and progenitor cells largely gain on clone size upon
ASCT-related blood reconstitution, leading to an
increased future risk of CHIP-associated complica-
tions.

INTRODUCTION

Hematopoiesis is maintained by a highly polyclonal production

of all mature blood cells (Sun et al., 2014; Pei et al., 2017; Yu

et al., 2018). Exome sequencing revealed single recurrent so-

matic mutations in myeloid malignancy-related genes, most pre-

dominantly in the genes DNMT3A, TET2, and ASXL1, that cause

the emergence of expanded blood cell clones (Genovese et al.,

2014; Jaiswal et al., 2014; Xie et al., 2014; McKerrell et al., 2015).
2022 Cell Reports 27, 2022–2028, May 14, 2019 ª 2019 The Authors
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This phenomenon has been called clonal hematopoiesis of inde-

terminate potential (CHIP) (Steensma et al., 2015), because

despite oligoclonality, no obvious hematologic abnormalities

were detectable in these people. However, CHIP increases

with age and is associated with increased overall mortality,

increased risk for cardiovascular diseases, and a higher propen-

sity to develop into myeloid neoplasms (Steensma et al., 2015;

Jaiswal et al., 2017; Dorsheimer et al., 2019). The presence of

CHIP in cancer patients correlates with the emergence of treat-

ment-induced secondary myeloid neoplasms (Gillis et al., 2017;

Takahashi et al., 2017).

Little is known about the development of CHIP-mutated

clones in individuals over time. A retrospective study revealed

that the mutated clone was stable for more than 10 years under

homeostatic hematopoiesis in healthy women (Young et al.,

2016). However, steady-state hematopoiesis is largely main-

tained at the progenitor level, and hematopoietic stem cells

(HSCs) are deeply quiescent (Wilson et al., 2008; Sun et al.,

2014; Cabezas-Wallscheid et al., 2017). In contrast, stress he-

matopoiesis relies on the reactivation of HSCs. Stress is induced

by cytotoxic therapy, chronic infections, blood loss (Walter et al.,

2015), and in particular, myeloablative regimens and subsequent

stem cell transplantation. This procedure demands several fea-

tures of HSCs: first, they need to successfully implant into the

bone marrow; second, they must expand and establish the he-

matopoietic stem and progenitor cell pool; and finally, they pro-

vide the life-long self-renewing pool of HSCs (Eaves, 2015).

In this study, we addressed in a patient cohort receiving autol-

ogous stem cell transplantation (ASCT) how hematologic stress

affects the development of CHIP, whether HSCs carrying CHIP

mutations are able to reconstitute the blood system, and

whether they outcompete non-mutated HSCs upon transplanta-

tion by clonal dominance. We took advantage of the fact that

upon transplantation, only long-term repopulating HSCs (LT-

HSCs) can reconstitute the patient over long periods. All mature

blood cells several months to years after transplantation
.
creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1. Baseline Characteristics of Patient Cohort according to CHIP Status in Post-transplantation Blood Sample

Attribute Total Cohort (n = 81)

CHIP Positive in

Blood (n = 18)

CHIP Negative

in Blood (n = 63)

p Value (CHIP

Positive versus

Negative)

Age at cancer diagnosis

(years)

53.9 ± 11.4 60.7 ± 5.5 52.0 ± 11.9 0.004*

56.0 (47.0; 63.0) 60.0 (58.3; 65.0) 52.0 (44.0; 61.0)

Age at graft collection (years) 55.4 ± 10.8 61.7 ± 5.6 53.6 ± 11.3 0.004*

57 (49.0; 64.0) 62 (58.3; 67.3) 54.0 (47.0; 62.0)

Age at blood sample (years) 58.6 ± 11.5 67.2 ± 6.2 56.2 ± 11.5 0.000*

60.0 (51.0; 68.0) 68.5 (63.0; 71.0) 56.0 (49.0; 66.0)

Sex (female/male; n = 81) 41/40 9/9 32/31 1.00

Cancer diagnosis (multiple

myeloma/lymphoma/germ

cell tumor; n = 81)

59/18/4 13/5/0 46/13/4 0.481

Regimen of high-dose

chemotherapy before ASCT

(high-dose melphalan/BEAM

or other BCNU-based

regimen/carboplatin and

etoposide; n = 81)

58/18/5 13/5/0 45/13/5 0.417

Leukocytesa (3103/mm3) 4.9 ± 3.5 3.8 ± 1.7 5.2 ± 3.8 0.130

4.2 (3.1; 5.8) (n = 78) 3.6 (2.9; 4.6) (n = 18) 4.5 (3.4; 6.2) (n = 60)

Neutrophilsa (3103/mm3) 2.6 ± 1.4 2.2 ± 1.5 2.7 ± 1.4 0.174

2.3 (1.6; 3.4) (n = 77) 1.8 (1.5; 2.9) (n = 18) 2.5 (1.6; 3.5) (n = 59)

Monocytesa (3103/mm3) 0.5 ± 0.4 0.4 ± 0.2 0.6 ± 0.5 0.262

0.5 (0.3; 0.6) (n = 77) 0.4 (0.3; 0.6) (n = 18) 0.5 (0.3; 0.6) (n = 59)

Lymphocytesa (3103/mm3) 1.2 ± 0.7 1.0 ± 0.6 1.2 ± 0.7 0.222

1.0 (0.8; 1.5) (n = 77) 0.9 (0.7; 1.4) (n = 18) 1.0 (0.8; 1.6) (n = 59)

Hemoglobina (g/dL) 11.9 ± 1.9 11.8 ± 1.7 11.9 ± 2.0 0.944

11.9 (10.9; 13.3) (n = 78) 11.9 (10.9; 13.4) (n = 18) 11.9 (10.8; 13.3) (n = 60)

MCVa (fL) 91.8 ± 5.8 90.8 ± 4.9 92.1 ± 6.0 0.412

91.1 (87.8; 95.0) (n = 78) 91.6 (86.6; 94.6) (n = 18) 90.7 (87.9; 95.6) (n = 60)

RCDWa (%) 15.0 ± 2.3 16.2 ± 3.2 14.6 ± 1.9 0.009*

14.6 (13.4; 15.4) (n = 78) 14.7 (14.4; 16.6) (n = 18) 14.3 (13.2; 15.3) (n = 60)

Thrombocytesa (3103/mm3) 153 ± 74 129 ± 74 160 ± 73 0.112

159 (109; 202) (n = 78) 132 (58; 187) (n = 18) 160 (119; 206) (n = 60)

CRPa (mg/dL) 1.69 ± 5.17 2.76 ± 8.45 1.37 ± 3.69 0.321

0.28 (0.13; 0.99) (n = 77) 0.34 (0.15; 2.14) (n = 18) 0.28 (0.13; 0.9) (n = 59)

Absolute number of

collected CD34+ cells (3106)

835.0 ± 411.0 814.6 ± 476.6 840.7 ± 395.2 0.824

776.0 (500.1; 1158.6) (n = 73) 620.8 (415.0; 1401.1) (n = 16) 857.4 (512.3; 1129.5) (n = 57)

Number of collected CD34+

cells (3106/kg body weight)

11.2 ± 5.6 10.5 ± 6.8 11.4 ± 5.3 0.551

10.2 (7.2; 15.1) (n = 73) 7.9 (6.0; 12.7) (n = 16) 10.4 (7.8; 15.3) (n = 57)

Days as inpatient during first

transplantation

19.0 ± 5.2 20.71 ± 6.06 (n = 17) 18.52 ± 4.90 (n = 62) 0.126

17.0 (15.0; 22.0) (n = 79)

Days to neutrophil

engraftmentb during first

transplantation

7.0 ± 2.0 8.1 ± 2.9 6.7 ± 1.6 0.008*

7.0 (6.0; 8.0) (n = 79) 7.0 (6.5; 9.0) (n = 17) 7.0 (5.0; 7.0) (n = 62)

Hospitalization after first

transplantationc (yes/no;

n = 81)

48/33 12/6 36/27 0.590

(Continued on next page)
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Table 1. Continued

Attribute Total Cohort (n = 81)

CHIP Positive in

Blood (n = 18)

CHIP Negative

in Blood (n = 63)

p Value (CHIP

Positive versus

Negative)

Hospitalization in days/

follow-up year after

transplantationc

8.67 ± 25.56 5.1 ± 6.9 9.7 ± 28.7 0.502

3.4 (0; 8.4) 2.0 (0; 7.9)

Cardiovascular events in

patient history (yes/no;

n = 81)

16/65 4/14 12/51 0.765

Death at last follow-up

(yes/no; n = 81)

14/67 5/13 9/54 0.286

Progress of cancer at last

follow-up (yes/no; n = 81)

38/43 12/6 26/37 0.067

Therapy with cytostatic

agents before autologous

transplantation (yes/no;

n = 81)

72/9 15/3 57/6 0.408

Radiotherapy before blood

sample (yes/no; n = 81)

29/52 6/12 23/40 1.00

Number of autologous

transplantations before

blood sample (1/2/3/4;

n = 81)

51/22/7/1 13/4/1/0 38/18/6/1 0.786

Continuous variables are shown asmean ±SD;median (interquartile range). Categorical variables are shown as absolute numbers. BEAM, carmustine,

etoposide, cytarabine, melphalan; BCNU, carmustine; MCV,mean corpuscular volume; RCDW, red cell distribution width; CRP, C-reactive protein. An

asterisk (*) indicates significant p values (p < 0.05).
aBlood parameters at the time of the blood sample.
bFirst day of neutrophils below 500/mm3 to the day before neutrophils above 500/mm3.
cExcluding hospitalizations for prescheduled transplantation.
originate from the engrafted LT-HSCs and therefore retrospec-

tively read out the potential of LT-HSCs (Benz et al., 2012). Re-

ports investigated the presence of CHIP in the collected grafts

of patients with lymphoid diseases undergoing ASCT (Gibson

et al., 2017; Chitre et al., 2018) and showed reduced overall sur-

vival and a higher incidence of therapy-related myeloid neo-

plasms (t-MN) in patients carrying CHIP mutations in their pre-

transplant sample (Gibson et al., 2017). An analysis of the

development of mutated clones by sequencing matched graft

and post-transplantation samples was done either only in lym-

phoma patients who progressed into a t-MN (Gibson et al.,

2017; Berger et al., 2018) or, in a single study, in 40 lymphoma

patients in short-term follow-up of several months (Wong et al.,

2018). In the latter study, most mutated clones remained stable

in size after ASCT, and highly depending on the affected gene,

only a small proportion increased in size (Wong et al., 2018). In

our work, we aimed to study the development of non-malignant

CHIP-mutated blood cell clones in 81 patients with myeloma,

lymphoma, or solid tumors upon ASCT and cytotoxic therapy

in a long-term clinical follow-up.

RESULTS

To investigate whether cytotoxic therapy and blood reconstitu-

tion-induced stress of HSCs in the setting of transplantation

lead to increased frequency and outgrowth of CHIP-mutated
2024 Cell Reports 27, 2022–2028, May 14, 2019
cells, we sequenced the frozen stem cell graft (apheresis prod-

uct), as well as several follow-up peripheral blood (PB) samples,

of 81 patients who underwent ASCT for the treatment of

myeloma (59 patients), lymphoma (18 patients), or germ cell tu-

mors (4 patients) and were regularly examined in our outpatient

clinic (Table 1). We explicitly excluded patients who developed

a secondary myeloid malignancy to investigate non-malignant

clonal development.

First, we analyzed the PB for mutations in 55 genes associated

with CHIP and found that 18 of 81 patients (22%) were CHIP car-

riers with a variant allele frequency (VAF) of at least 2% (Fig-

ure 1A; Table S1). Twenty-eight non-synonymous mutations in

9 genes were identified, with DNMT3A, PPM1D, TET2, and

TP53 as the most commonly affected genes (Figure 1B; Table

S1). Of 18 CHIP-carrying patients, 9 patients harbored more

than 1 mutation (8 patients with 2 mutations and 1 patient with

3 mutations), and 1 patient had a VAF above 50%, indicating

loss of heterozygosity. The average VAF of all mutations in the

blood samples was 10.7%.

There was no significant difference in hemoglobin levels or the

distribution of PB cell lineages in CHIP-carrying patients in com-

parison to non-CHIP patients in follow-up PB analyses (Table 1).

Furthermore, equal numbers of CD34+ cells were harvested af-

ter mobilization. The treatment of CHIP and non-CHIP carriers

for their malignancies, including chemotherapy and/or radiation

therapy, were similar. Patients with CHIP were significantly older
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Figure 1. Incidence of CHIP and Prevalence of Mutated Genes after

ASCT and in the Collected Graft

(A and C) Incidence of CHIP in 81 patients with a variant allele frequency (VAF)

of at least 2% in peripheral blood samples after ASCT (A) and collected graft

before ASCT (C), according to age group. The p value was calculated by a chi-

square test.

(B and D) Prevalence ofmutated genes in peripheral blood samples after ASCT

(B) and collected graft before ASCT (D).

The list of analyzed genes and individual mutations is in Table S1.
at diagnosis of their malignant disease, at stem cell collection,

and at first follow-up PB analysis than patients without CHIP,

demonstrating, in line with other studies, that CHIP coincides

with age (Table 1). However, the CHIP prevalence in our relatively

young patient cohort (mean age of 59 years) was higher (22%)

than expected from other cohorts analyzed with similar sensitive

methods (Buscarlet et al., 2017; Arends et al., 2018). In partic-

ular, the observed high frequency of 44% of CHIP carriers

post-transplantation in the age group of 65 to 74 years would

be expected in patients who are at least 10 years older

(Figure 1A).

Next, we sought to assess whether the existence of specific

CHIP mutations could be tracked back to the graft, which had

been collected, on average, 38 months (range of 1.5 to

169 months) before sampling of the post-transplantation PB or

whether they developed after stem cell collection. To this end,

we determined the CHIP status of the graft from our 81 patients

by error-corrected deep amplicon sequencing, which allows

detection of small clones down to a VAF of 0.5%. First, we

screened for the presence of CHIP with a VAF threshold of at

least 2%. We identified CHIP (VAF R 2%) in 9 of 81 patients

(11%) (Figure 1C), with 10 somatic mutations affecting 5 genes.

DNMT3A and TET2 were the most prevalent genes in the grafts,

representing 60% of cases, followed by TP53, PPM1D, and

RAD21 (Figure 1D). The incidence of CHIP detected in the grafts

of these patients was lower than determined in the same cohort

after ASCT. The distribution of affected genes resembled the

pattern of CHIP-associated mutations seen in hematologically
normal patient cohorts (Buscarlet et al., 2017). Most importantly,

9 of the 10 mutations found in the graft were also detected in the

matched follow-up PB. The VAF of these mutations increased in

7 of 8 patients from the graft (mean VAF of 11.8%) to the follow-

up PB (mean VAF of 28.1%), with only 1 patient showing a slight

decrease (graft, 4.8%; PB, 2.0%) (Figure 2A).

Furthermore, we searched for the presence of the remaining

19 mutations that appeared in the follow-up PB sample in their

corresponding grafts by lowering the threshold of clonal detec-

tion to a VAF > 0.5% by error-corrected sequencing. Using this

sensitive detection method, we found 7 of the 19 mutations at

a low level already in the graft, showing an increase in mean

VAF from 0.7% in the grafts to 6.4% in the post-transplant PB

samples (Figure 2B). Twelve mutations with a mean post-trans-

plantation VAF of 3.0% were not detectable in the matched

grafts and were either below our detection threshold or had

arisen after graft collection (Figure 2C).

Altogether, in 13 of 18 post-transplantation CHIP patients, 16

of 28 mutations identified in the follow-up PB samples could be

traced back to the graft, and the clone size generally increased

after transplantation (mean fold increase of 6.3 and range of

0.43- to 29.2-fold), with only 1 of 16 mutations showing a

decrease (Figure S1). Thus, in most patients, mutations were

not induced by high-dose chemotherapy administered before

reinfusion of the graft but preexisted in the patient at the time

of graft collection and conferred a reconstitution advantage to

mutated HSCs in the setting of ASCT. In addition, new clones

became detectable after ASCT (Figure 2C; Figure S1). Although

we found a significant increase of VAFs from the graft to the first

follow-up PB sample (Figure 3A), the VAFs remained relatively

stable over time in the PB of individual patients (Figure 3B).

Thus, the transplantation, not the time after transplantation, led

to the pronounced increase in clonal burden. Furthermore, we

showed by following CHIP development in individual patients,

after two rounds of ASCT with aliquots of the same graft, that

the ASCT conditioning regime largely eradicated the endoge-

nous blood system and the blood reconstitution was largely

dominated by the graft (Figure S2). The level of CHIP after sec-

ondary ASCT was returned to the status of the graft and subse-

quently increased again, reflecting the situation of CHIP devel-

opment after primary ASCT (Figure S2). Although most patients

in our cohort received cytotoxic therapy before the collection

of the graft, we had 3 multiple myeloma patients out of 18 pa-

tients harboring CHIP after ASCT without pretransplantation

chemotherapy. Unique patient number (UPN) 5 with a VAF of

4% in the follow-up sample was negative for the matched muta-

tion in the graft. UPN14 harbored two mutations: one was not

detectable in the graft, and the other one expanded 5.3-fold

from low-level VAF in the graft to the follow-up sample. UPN16

had already detectable CHIP in the graft (VAF of 15%), and the

clone expanded 2.6-fold after ASCT (to VAF of 40%). These

cases only represent examples suggesting that CHIP acceler-

ates by the hematopoietic stress induced by transplantation, in-

dependent of cytotoxic treatment before transplantation, which

warrants validation in a larger cohort of patients.

Next, we assessed whether CHIP carriers have altered

blood reconstitution by comparing the days in neutropenia

after ASCT. As shown in Table 1, patients with CHIP require
Cell Reports 27, 2022–2028, May 14, 2019 2025



0

10

20

30

40

50

60

70

80

90

100

Graft Follow-up blood

UPN6_TP53
UPN16_DNMT3A
UPN8_TET2
UPN8_TP53
UPN15_TET2
UPN10_DNMT3A
UPN18_RAD21
UPN9_DNMT3A
UPN2_PPM1D
UPN19_DNMT3A

0

2

4

6

8

10

12

14

16

18

Graft Follow-up blood

UPN1_DNMT3A
UPN7_ASXL1
UPN3_DNMT3A_1
UPN11_PPM1D
UPN9_KDM6A
UPN14_PPM1D
UPN3_DNMT3A_2

0

1

2

3

4

5

6

Graft Follow-up blood

UPN14_DNMT3A
UPN12_PPM1D
UPN18_BCOR
UPN8_KRAS
UPN5_DNMT3A
UPN15_ASXL1
UPN17_DNMT3A
UPN13_KDM6A
UPN11_BCOR
UPN1_TET2
UPN4_PPM1D
UPN7_PPM1DV

A
F 

(%
)

V
A

F 
(%

)

V
A

F 
(%

)

A B C

Figure 2. Development of Individual Mutated Clones after ASCT

(A–C) Individual clones with their VAF are shown in the collected graft before ASCT and in the corresponding follow-up peripheral blood sample after ASCT of (A)

patients with CHIP (VAF R 2%) in the graft, (B) CHIP-negative patients with detectable mutations (VAF < 2%) in the graft, and (C) patients with no detectable
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See also Figure S1.
significantly longer for neutrophil reconstitution. Multivariate

regression analysis, including the age of the patients at graft

collection, revealed that the presence of CHIP is an independent

marker for the time in neutropenia after ASCT, with a hazard ratio

(HR) of 2.77 (p = 0.002), whereas the patient age at ASCT did not

remain significant.

We restricted our analyses to distinct subgroups of CHIP-

driver genes, assembling DNMT3A, TET2, ASXL1, KDM6A,

BCOR, and KRAS mutations as age-related gene mutations

and mutations in PPM1D, TP53, and RAD21 as DNA-damage

response genes. Patients with CHIP mutations exclusively in

DNA-damage response genes showed the longest delay in

neutrophil reconstitution (10.5 days for DNA-damage response

CHIP, 7.38 days for age-related CHIP, and 6.66 days for non-

CHIP; p = 0.001). A larger study of more patients undergoing
Graft First Follow-up blood
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ASCT is warranted to validate and delineate the clinical conse-

quences of neutropenia in the context of certain CHIP-driver

mutations.

Finally, we compared patients with CHIP (VAF R 2%) already

in their graft versus patients who never developed CHIP during

the observation period. These patients with CHIP in their graft

had a significantly longer period of hospitalization after ASCT

(22.6 ± 6.0 versus 18.5 ± 4.9 days; p = 0.035) and a strong trend

towards prolonged neutropenia (7.8 ± 0.9 versus 6.7 ± 1.6 days;

p = 0.068) (Table S3).

DISCUSSION

We demonstrate here that recurrently found CHIP mutations are

manifested in stem and progenitor cells with blood reconstitution
20 25
od sample (months)
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UPN14_PPM1D
UPN15_ASXL1
UPN15_TET2
UPN10_DNMT3A
UPN10_TP53
UPN2_PPM1D

hematopoiesis Figure 3. Comparison of Clonal Development

after ASCT and in Steady-State Hematopoiesis

(A) VAFs for each detectable clone in the graft and in

the first follow-up post-transplantation peripheral

blood sample.

(B) Comparison of VAFs of the first available post-

transplantation peripheral blood sample (time point 0)

and additional follow-up blood samples of selected

patients. Each symbol represents the VAF of one

mutation of an individual patient (UPN) at different

time points (months) after the first blood sample.

See also Figures S1 and S2.



capacity and that they confer enhanced capacity to dominate

blood reconstitution over wild-type HSCs upon autologous

transplantation. CHIP-mutated HSCs can be mobilized using

standard agents, and they successfully engraft long term in the

recipient upon ASCT, although with a longer hospitalization

period. The ongoing treatment of the patients for their malig-

nancies may have contributed to hematopoietic stress, promot-

ing the expansion of CHIP-mutated clones, as previously shown

for HSCs with PPM1D mutations (Hsu et al., 2018).

In homeostasis, clinically silent clonal hematopoiesis is

detectable in almost all individuals by middle age (Young et al.,

2016). However, these mutations conferred only a modest

advantage (median VAF of 0.24%) and remained stable over

10 years. In contrast, we show that in almost all cases, the

mutated clone increased in size, providing direct evidence that

CHIP-mutated HSCs gain a clonal advantage upon hematopoi-

etic stress. After reestablishing homeostasis, the expanded

CHIP clones remained stable, suggesting that steady-state he-

matopoiesis relies predominantly on immature multipotent cells

with previously underestimated self-renewal capacity and the

HSC compartment is largely quiescent (Sun et al., 2014) (Busch

et al., 2015). Therefore, stress on HSCs in people carrying CHIP

might be detrimental to the accumulation of mutated blood cell

lineages and their functional consequences. Lymphoma patients

undergoing ASCT with a CHIP-mutated graft have a significantly

inferior overall survival rate (Gibson et al., 2017). However, a

study followed the VAF of CHIP-mutated blood cell clones in

lymphoma patients 6- to 12-months after ASCT and found

that most clones remained stable (Wong et al., 2018) and that

the clonal development after ASCT largely depended on the

mutated gene. While 20% of the DNMT3A-mutated clones

increased on average 2-fold after ASCT, and more than 60% re-

mained stable, most PPM1D-mutated clones decreased in size

(Wong et al., 2018). These are striking differences to our findings.

In our study, only two clones (mutations in PPM1D and DNMT3A)

decreased in size after ASCT, while 22 clones increased by 6.7-

fold on average, which may be explained by the longer observa-

tion time after ASCT, allowing hematopoiesis to return to the

steady state, and by the nature and treatment of the lymphoid

disease. In our case, most CHIP-positive patients suffered

from multiple myeloma, not from lymphoma.

Larger studies are warranted to evaluate the clinical conse-

quences of increasing clone sizes and individual genetic lesions

after transplantation. Because the clone size correlates with the

incidence of myeloid malignancies and cardiovascular diseases

(Jaiswal et al., 2017), clinicians may consider monitoring CHIP

status in the graft and after transplantation, especially in elderly

patients. A study showed that allogeneic stem cell transplanta-

tion with a donor graft harboring CHIP seemed safe and resulted

in a similar survival rate, albeit with a higher incidence of graft-

versus-host disease (Frick et al., 2019).

Little is known about the functional consequences of most

CHIP-related mutations on different blood cell lineages. Altered

cytokine and chemokine profiles of myeloid cells may cause al-

terations in immune cell profiles in chronic cardiovascular dis-

eases (Fuster et al., 2017; Jaiswal et al., 2017; Sano et al.,

2018). These detrimental changes warrant further molecular

and functional studies on the impact of distinct recurrent muta-
tions on various blood cell lineages and on stem and progenitor

cells for therapeutic interventions.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d CONTACT FOR REAGENT AND RESOURCE SHARING

d EXPERIMENTAL MODEL AND SUBJECT DETAILS
B Study Cohort

d METHOD DETAILS

B Sample preparation for targeted sequencing

B Targeted amplicon sequencing

B Variant calling and annotation

d QUANTIFICATION AND STATISTICAL ANALYSIS

d DATA AND SOFTWARE AVAILABILITY

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.

celrep.2019.04.064.

ACKNOWLEDGMENTS

We thank Kristina Götze and Stefanie Jordan for help with the UCT biobank

and Stefanie M€uller for providing the frozen grafts and data on graft collection.

The study was supported in part by the German Research Foundation (SFB

834 project Z1 to L.D. and M.A.R. and project RI2462/1-1 to M.A.R.) and by

the LOEWE Centers Cell and Gene Therapy Frankfurt (Hessisches Ministerium

f€ur Wissenschaft und Kunst, III L 4-518/17.004 [2014]) and Frankfurt Cancer

Institute (Hessisches Ministerium f€ur Wissenschaft und Kunst, III L 5-519/03/

03.001 [0015]) to M.A.R. and C.A.O.

AUTHOR CONTRIBUTIONS

C.A.O. and M.A.R. wrote the manuscript, initiated and supervised the study,

and interpreted the data. C.A.O., L.D., K.A.-E.-A., S.W., J.H., and T.S. per-

formed and analyzed experiments. C.A.O., L.D., K.A.-E.-A., A.S., and J.H.

established technologies and acquired data. S.W., K.A.-E.-A., and B.A. per-

formed the bioinformatic data analyses. C.A.O., J.H., H.B., H.P., H.M., S.S.,

B.S., J.R., S.H., A.D., G.B., and C.H.B. contributed to the assembly of bio-

logical samples and clinical data. B.B., C.H.B., and H.S. supported and

advised the study. All authors discussed early versions of the manuscript

and provided comments and suggestions for change. All authors have

approved the final manuscript for publication.

DECLARATION OF INTERESTS

All authors declare no competing interests.

Received: December 16, 2018

Revised: February 2, 2019

Accepted: April 12, 2019

Published: May 14, 2019

REFERENCES

Arends, C.M., Galan-Sousa, J., Hoyer, K., Chan, W., Jäger, M., Yoshida, K.,
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological Samples

Peripheral blood and mobilized CD34+

apheresis (graft) of patients included in this

study

Goethe University Hospital

Frankfurt am Main

https://www.kgu.de

Critical Commercial Assays

QIAamp DNA Mini Kit QIAGEN Cat# 51306

TruSight Myeloid Sequencing Panel Illumina Cat# FC-130-1010

Q5 Hot Start High-Fidelity 2x Master Mix New England Biolabs Cat# M0494X

Agencourt AMPure XP Beads Beckman Coulter Cat# A63881

TruSeq Custom Amplicon Low Input Kit Illumina Cat# FC134-2001

DNA 1000 Kit Agilent Technologies Cat# 5067-1504

PhiX Sequencing Control V3 Illumina Cat# FC-110-3002

MiSeq V3 600-cycle Kit Illumina Cat# MS-102-3003

NextSeq 500/550 High Output v2 Kit Illumina Cat# FC 404-2004

NextSeq 500/550 Mid Output v2 Kit Illumina Cat# FC 404-2003

TruSeq� Custom Amplicon Index Kit Illumina Cat# FC-130-1003

Oligonucleotides

Primers for targeted sequencing of PPM1D:

see Table S1

This paper N/A

Software and Algorithms

FastQC v. 0.11.4 Wingett and Andrews, 2018 https://www.bioinformatics.babraham.ac.

uk/projects/fastqc/

BWA-MEM v. 0.7.12 Li and Durbin, 2009 https://sourceforge.net/projects/bio-bwa/

files/

FreeBayes v. 1.0.1 Garrison and Marth, 2012 https://github.com/ekg/freebayes

SnpEff and SnpSift v. 4.2 Cingolani et al., 2012 http://snpeff.sourceforge.net

UMI-tools software package v. 0.5.0 Smith et al., 2017 https://github.com/CGATOxford/UMI-tools

R programming language v. 3.3.1 https://cran.r-project.org/bin/

Catalog of Somatic Mutations in Cancer https://cancer.sanger.ac.uk/cosmic

ClinVar https://www.ncbi.nlm.nih.gov/clinvar
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact,Michael A.

Rieger (m.rieger@em.uni-frankfurt.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study Cohort
Clinical data and biological specimens (frozen mobilized blood stem cells and peripheral blood (PB) after transplantation) were

collected from 81 patients who had undergone autologous stem cell transplantation (ASCT) for lymphoma, myeloma or germ cell

tumors between May 2002 and July 2017 at the University Hospital of the Goethe University, Frankfurt/Main, Germany, between

December 2015 and July 2017with the help of the UCT biobank. Age, gender and other patient characteristics of our cohort are listed

in Table 1.

Exclusion criteria were the presence of known myeloid disease, secondary myeloid neoplasms, prior allogeneic stem cell

transplantation.
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All patients provided written informed consent for participation in this study. The ethics review board of the Goethe University in

Frankfurt, Germany, approved the protocols (project number SHN-06-2015). The study complies with the Declaration of Helsinki.

METHOD DETAILS

Sample preparation for targeted sequencing
DNAwas isolated with QIAampDNAMini Kit (QIAGEN, Netherlands) from deep-frozen samples of grafts (collected by apheresis after

mobilization) or from peripheral blood, which were isolated by Ficoll density-gradient centrifugation. The concentration of the ex-

tracted genomic DNA was determined using the Qubit dsDNA HS Assay Kit (Life Technologies, USA) on a Qubit Fluorometer (Life

Technologies, USA). The cellular composition of the apheresis collected for ASCT and the follow-up peripheral blood samples

were largely comparable in their percentage of leukocyte populations.

First, grafts and blood samples of the cohort were sequenced with the TruSight Myeloid Sequencing Panel (Illumina, USA) andwith

a custom-made assay covering the coding region of exon 6 of PPM1D (NM_003620; Table S2). The TruSight Myeloid Sequencing

Panel was performed according to the manufacturer’s instructions with 50 ng gDNA input. Amplification of three amplicons covering

exon 6 of PPM1D was performed with Primers ‘‘PPM1D_ex6,’’ reported in Table S2. All three amplicons of one patient were then

pooled and the addition of the Illumina i7 and i5 adaptor sequences was performed with primers ‘‘Illumina’’ shown in Table S2.

Both rounds of PCR (annealing temperature 60�C, 25 cycles) were run with a Q5 Hot Start High-Fidelity 2x Master Mix (New England

BioLabs, USA) on a T100 Thermal Cycler (Bio-Rad Laboratories, USA). Library purification for the TruSight Myeloid Sequencing Panel

and PPM1D was done with Agencourt AMPure XP Beads (Beckman Coulter, USA). Second, all samples (grafts and granulocytes)

from patients who showed a variant (for filtering, see below) in either graft or granulocytes with a variant allele fraction (VAF) R

0.02 (2%) were validated with a custom panel based on the Illumina TruSeq Custom Amplicon Low Input assay. The panel includes

594 amplicons in 56 genes (Table S1) commonly mutated in CHIP and myeloid malignancies and allowed improved identification of

low allele frequency variants through a dual strand approach and addition of 6-bp uniquemolecular identifiers (UMI) in the target spe-

cific primers to enable error corrected sequencing.

Target enrichment was performed from 40 ng genomic DNA according to the instructions of the TruSeq Custom Amplicon Low

Input Kit (Illumina, USA). The hybridization of the oligo pool to the target regions, the extension from the upstream oligo and the

following ligation to the 50 end of the downstream oligo was performed on a T100 Thermal Cycler (Bio-Rad Laboratories, USA). Ampli-

fication of the ligation products and addition of the Illumina i7 and i5 adaptor sequences was performed on a T100 Thermal Cycler

(Bio-Rad Laboratories, USA). After purification, library quality and size distribution were assessed on a Bioanalyzer 2100 (Agilent

Technologies, USA) using the DNA 1000 Kit. Bead-based library normalization was performed before pooling of the individual

libraries.

Targeted amplicon sequencing
The PPM1D libraries were denatured according to Illumina’s recommendations for MiSeq and 10% PhiX was spiked in (PhiX

Sequencing Control V3, Illumina, San Diego, CA, USA) and sequenced on a MiSeq benchtop sequencer (Illumina, USA) using a

2x300 approach on a MiSeq V3 600-cycle kit. Demultiplexing and fastq file generation occurred on the system using the MiSeq Re-

porter (v.2.6.2). The remaining libraries were diluted and denatured according to the NextSeq System Denature and Dilute Libraries

Guide (Illumina, USA) and 1% PhiX DNA was added. Sequencing of pooled libraries prepared with the TruSight Myeloid Sequencing

Kit (Illumina, USA) and the TruSeq Custom Amplicon Low Input Kit (Illumina, USA) was performed using the NextSeq 500/550 High

Output v2 kit (300 cycles) and the NextSeq 500/550 Mid Output v2 kit (300 cycles) (Illumina, USA), respectively, on a NextSeq 500

sequencer (Illumina, USA) according to the manufacturer’s instructions. The sequencer was operated in a paired-end sequencing

mode with 2 3 150 bp read length and 2 3 8 bp index read length. The BCL files were demultiplexed and converted to FASTQ files

using the FASTQ Generation tool on BaseSpace (Illumina, USA). For the Custom TruSeq runs, the median coverage across all sam-

ples was 4216x before UMI family clustering and 391xwith inclusion of UMIs. Themedian coverage for the TruSight Myeloid runswas

14572x.

Variant calling and annotation
For the PPM1D and TruSight Myeloid Panel libraries, read quality was assessed using FastQC (Wingett and Andrews, 2018). Sub-

sequently, reads were mapped to the hg19 draft of the human genome using BWA-MEM (Li and Durbin, 2009). Variant calling was

performed using FreeBayes (Garrison andMarth, 2012) with an allele frequency threshold of 0.02, a minimum alternate read count of

5 and a minimum base and mapping quality of 20. Variant effect prediction and variant annotation was performed using SnpEff and

SnpSift (Cingolani et al., 2012). For the TruSeq Custom Amplicon Kit, FASTQ files from each patient were merged and reads were

grouped into unique molecular identifier (UMI) families using the UMI-tools software package (Smith et al., 2017) before mapping

to the draft of human genome. Afterward, the ‘dedup‘ command of the UMI-tools software package was used to remove PCR du-

plicates with the same UMIs and alignment coordinates. Variant calling was performed as previously described, except that no allele

frequency threshold was used and a minimum alternate read count of 2 given.

The identified variants were processed and filtered using the R programming language (ver. 3.3.1). Common SNPs with a minor

allele frequency R 5% in either the 1000 Genomes Project, Exome Variant Server or ExAC databases were excluded. In addition,
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variants with a lowmapping quality (< 20) and variants occurring in 8% or more of the subjects in the studied cohort were considered

technical artifacts and excluded.

Furthermore, variants covered with less than 100 reads in the case of PPM1D and TruSight Myeloid Panel, variants with less than

100 reads in both sets of amplicons (CAT A or CAT B) or called in only one of the set of amplicons (CAT A or CAT B) in the case of the

TruSeq Custom Panel, SNPs identified as common in the dbSNP database (R1% in the human population), and variants with

sequence ontology terms ‘‘LOW’’ or ‘‘MODIFIER’’ (synonymous variant, 50 UTR premature start codon gain variant; splice region var-

iants, stop retained variant, 50 UTR variant, 30 UTR variant, non-coding exon variant, intron variant, non-coding transcript variant, up-

stream gene variant, downstream gene variant, intergenic variant, transcript variant, intragenic variant) were filtered out. All variants

with a VAF R 0.02 (2%) were considered, VAF was calculated by using the formula VAF = alternate reads / (reference + alternate

reads). In the TruSeq Custom Panel, samples with a VAF R 0.02 (2%) in either CAT A or CAT B were considered as CHIP positive

and otherwise characterized as low level mutation. The comparison of the mutant allele quantification using both panels

(TruSight+PPM1D and TruSeq) on identical samples from several patients revealed very similar VAFs (Pearson’s correlation r2 =

0.9886, p < 0.0001).

The variants were further validated on the basis of being reported in the literature and/or the Catalog of Somatic Mutations in Can-

cer (COSMIC; https://cancer.sanger.ac.uk/cosmic) and ClinVar (https://www.ncbi.nlm.nih.gov/clinvar).

QUANTIFICATION AND STATISTICAL ANALYSIS

Continuous variables are presented as mean ± standard deviation, unless otherwise noted. Analysis-of-variance (ANOVA) testing

was used for comparison of continuous variables between groups. Categorical variables were compared with the chi-square test

or Fisher’s exact test, as appropriate. Statistical significance was assumed if p < 0.05, all reported p values are 2-sided. Statistical

analysis was performed with SPSS (Version 23.0, SPSS Inc.).

DATA AND SOFTWARE AVAILABILITY

Due to issues related to patient confidentiality, raw data is not currently available for patient targeted exome sequencing data. If con-

sent and approval are granted in the future, the raw data will be made available at that time.
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Figure S1. Comparison of variant allele frequencies (VAFs) of graft and first available peripheral blood 
sample. Related to Figures 2 and 3. Each graph represents one patient (UPN1-UPN19) and depicts one or 
multiple detected mutations and the time span between transplantation (at time point 0) and blood sample in 
months. UPN, unique patient number.  
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Figure S2. CHIP development of two patients undergoing a second transplantation. Related to Figures 3. 
Each graph shows the variant allele frequency (VAF) of the graft (DNMT3A mutation in patient UPN5 (A), 
PPM1D and BCOR mutation in patient UPN11 (B)), the post-transplantation blood sample(s) and blood samples 
taken after re-transplantation with the same graft. The time span after graft collection is shown on the x-axis. 
Arrows indicate ASCTs.  
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Table S3. Baseline characteristics of patient cohort according to CHIP status in collected graft. Related to 
Table 1. 

 
Attribute Total cohort (n=71) CHIP positive in 

graft (n=9) 
CHIP negative in 
graft and follow-up 
blood (n=62) 

P-Value 
(CHIP 
positive 
versus 
negative) 

Age at cancer diagnosis 
(years) 

53.2±11.9 
55.0 (47.0;63.0) 

63.4±3.4 
63.0 (60.0;67.0) 

51.7±11.9 
51.5 (44.0;61.0) 

0.005* 

Age at graft collection 
(years) 

54.7±11.2 
56.0 (48.0;64.0) 

64.0±3.5 
64.0 (60.5;67.5) 

53.3±11.3 
54.0 (47.0;62.0) 

0.007* 

Sex (female/male; n;  n=71) 36/35 5/4 31/31 1.00 

Therapy with cytostatic 
agents before autologous 
transplantation 

(yes/no; n; n=71) 

64/7 8/1 56/6 1.00 

Cancer diagnosis (multiple 
myeloma/lymphoma/germ 
cell tumor; n; n=71) 

52/15/4 7/2/0 45/13/4 0.735 

Days as inpatient during first 
transplantation 

19.0±5.2  
17.0 (15.0;21.5) 
(n=69) 

22.6±6.0 
22.5 (16.5;28.5) 
(n=8)

18.5±4.9 
17.00 (15.0;20.0) 
(n=61) 

0.035* 

Days to neutrophil 
engraftmenta during first 
transplantation 

6.8±1.6  
7.0 (5.5;7.5) 
(n=69) 

7.8±0.9  
7.5 (7.0;8.8) 
(n=8)

6.7±1.6  
7.0 (5.0;7.0) 
(n=61) 

0.068 

Hospitalization in 
days/follow-up year after 
transplantationb 

9.3±27.2 
2.0 (0;7.9) 

5.2±9.1 
0.3 (0;7.3) 

9.9±28.9 
2.1 (0;8.0) 

0.635 

Hospitalization after first 
transplantationb (yes/no; n; 
n=71) 

41/30 5/4 36/26 1.00 

Absolute number of 
collected CD34+ cells (x106)  

825.8±284.9  
812.3 (514.4;1101.0) 
(n=63) 

666.4±284.9  
284.9 (517.0;776.0) 
(n=7)

846.5±396.4 
865.5 (511.3;1143.8) 
(n=56) 

0.235 

Number of collected CD34+ 
cells (x106/ kg bodyweight) 

11.2±5.2  
10.3 (7.5;15.2) 
(n=63) 

8.9±4.1 
7.5 (6.3;12.1) 
(n=7)

11.5±5.3  
10.5 (7.8; 15.3) 
(n=56) 

0.209 

Death at last follow-up 
(yes/no; n; n=71) 

12/59 3/6 9/53 0.172 

Progress of cancer at last 
follow-up (yes/no; n; n=71) 

32/39 6/3 26/36 0.282 

Continuous variables are shown as mean ± standard deviation; median (interquartile range), categorical variables 
are shown as absolute numbers. An asterisk (∗) indicates significant p values (p < 0.05).  

a First day of neutrophils below 500 /mm3 to day before neutrophils over 500/mm3. 

b Excluding hospitalizations for prescheduled transplantation. 
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