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Abstract

Relapse is a major cause of treatment failure after hematopoietic stem cell transplan-

tation (HSCT) for acute leukemia. Here, we report a monocentric retrospective study

of all HSCTs for B cell acute lymphoblastic leukemia (ALL) performed during the years

2005–2021 (n = 138, including 51 children), aiming to identify the optimal use of

lineage-specific recipient-donor chimerism analysis for prediction of relapse. In adults,

relapse was associated with increased recipient chimerism in CD3+ bonemarrow cells

sampled at least 30 days before a relapse. Relapse could be predicted with a sensitiv-

ity of 73% and a specificity of 83%. Results were similar for children but with a higher

recipient chimerism cutoff. Additionally, adults that had at least one chimerism value

<0.12% in CD3+ peripheral blood cells within the first 60 days after HSCT had 89%

probability of being relapse-free after 2-years compared to 64%. Results were similar

for children but again necessitating a higher chimerism cutoff. These results suggest

that high-sensitive lineage-specific chimerism analysis can be used for (1) early ALL

relapse prediction by longitudinal chimerism monitoring in CD3+ bone marrow cells

and (2) relapse risk stratification by analyzing CD3+ blood cells early post-HSCT.
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1 INTRODUCTION

Acute lymphoblastic leukemia (ALL) is the most common childhood

cancer but can occur at any age. The vast majority of adults with ALL
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will need an allogeneic hematopoietic stem cell transplantation (HSCT)

as definitive therapy to control the disease [1]. In contrast, relatively

few cases of pediatric ALL are transplanted but of the 20% that relapse

after first remission at least half will get an allogeneic HSCT [2]. HSCT
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is a potentially curative treatment for high-risk ALL in all age groups

but relapse remains a major cause of treatment failure and is asso-

ciated with high mortality [3, 4]. It is crucial to detect a developing

relapse earlywhen immune interventions, such as tapering of immuno-

suppression or donor lymphocyte infusion (DLI), are more likely to be

successful [4, 5].

Monitoring of recipient-donor chimerism after allogeneic HSCTs

has been clinical routine for decades and is primarily used to assess

engraftment [6]. Chimerism analysis has also attracted interest for its

potential to be used for early relapse detection as a complement to

or substitute for disease-specific markers of minimal residual disease

(MRD), which are not always available [7, 8]. However, there are no

established guidelines that describe how chimerism analysis may be

used to predict relapses and practices vary considerably worldwide

[9]. Clinical trials will be required to definitively show if chimerism

analysis can be used to predict relapse early enough to increase sur-

vival. The design of such trials should be informed by findings from

hypothesis-generating observational studies. Choices include at which

timepoints to sample,what sample types and cell types touse, andwhat

cutoffs should motivate action. Moreover, sampling and interpretation

may differ depending on patient category, transplantation type, and

disease.

Wehave recently reported an analysis of chimerism results from the

154 HSCTs performed at our center during the years 2015–2020 for

acute myeloid leukemia (AML) [10]. Given the sampling frequency per-

formed in clinical practice during these years it did not appear feasible

to predict an emerging relapse in time to intervene, likely due to the

rapid disease kinetics of AML relapses. At the time of relapse however,

the association with elevated chimerism in CD33+ cells, the lineage

corresponding to the immunophenotype of AML, was very strong.

However, we also showed that achieving complete donor chimerism,

in this case defined as at least one chimerism result <0.2% in CD33+

blood or bone marrow cells during the first 60 days after HSCT, was

associated with a relapse-free disease course. We proposed that early

chimerism results could potentially be used for risk stratification.Here,

we report retrospective data on all allogeneic HSCTs for B cell ALL (B-

ALL) performed at our center during the years 2005–2021. Our aim

was to identify cutoffs for single chimerism results at which actions are

motivated to inhibit an emerging relapse and to replicate the associ-

ation between failure to achieve early complete donor chimerism and

subsequent relapse.

2 METHODS

2.1 Patients and HSCTs

This study was approved by the Swedish Ethical Review Authority

and was conducted in accordance with the Declaration of Helsinki.

Informed consent was obtained from all included patients. All consec-

utive HCSTs for B-ALL performed at Karolinska University Hospital

from 2005 until the end of 2021 were included. Clinical data incorpo-

rated in the European Society for Blood and Marrow Transplantation

registry were used. Patient and transplant characteristics are pre-

sented in Table 1. The conditioning regimens varied and have been

categorized as myeloablative conditioning and reduced intensity con-

ditioning according to established criteria [11]. Similar data from

HSCTs for AML that have been previously reported is included in

figure 4 [10].

2.2 Cell separation and chimerism analysis

Cellswere routinely separated into themajor cell types (CD3+, CD19+,

or CD33+ for blood samples and CD3+, CD19+, CD33+, or CD34+

for bone marrow samples), and chimerism was analyzed as previously

described [10]. The purity of cell separations is not routinely assessed

but has been tested during the validation of the methods. The purity

for blood samples was generally >95% and for bone marrow sam-

ples 70%–90%. Throughout, samples categorized as positive for a CD

marker are merely enriched for cells positive for the CD marker. Sam-

pling was performed at each clinician’s discretion. Chimerism results

are presented as percent recipient throughout.

2.3 Statistical methods

Descriptive statistics of patient characteristics and transplantation

regimens are reported for adult and pediatric (<18 years) patients sep-

arately. Eight patients had their first and secondHSCTwithin the study

time making the total number of patients in the study fewer than the

total number of transplantations. However, for all statistical models,

each transplantation is treated equally. Groups were compared using

the Fisher’s exact test and χ2 test for categorical data with 2 × 2 and 2

× 3 comparisons, respectively, and with the Mann–Whitney U-test for

numerical data. Univariable and multivariable logistic regression anal-

yses were performed to assess the relationship between relapse and

chimerismvalues aswell as other independent variables thatwere con-

sidered potential confounders. Inclusion of these covariates was not

based on significant results in univariable analysis but included for face

validity. Receiver operating characteristics (ROC)-curve analysis was

used to determine discriminative performance of the models and the

optimal cutoff was determined using the Youden’s J statistic (Youden’s

index). Relapse-free survival was calculated with the Kaplan–Meier

method, and the log-rank test was used for comparisons of curves.

Correlations for numerical data were calculated using Pearson’s cor-

relation coefficient. p-Values are two sided and 0.05 was considered

statistically significant. Locally estimated scatterplot smoothing was

used to fit lines to scatterplots for hypothesis-generation. This was

considered an exploratory study, and p-values are presented with-

out correction for multiple testing. All calculations and figures were

performed using R v 3.6.1 (the Comprehensive R Archive Network

project) with RStudio v. 1.1.456 and the packages ggplot2, ROCit, and

survminer.
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TABLE 1 Pediatric and adult HSCT characteristics

All With relapse No relapse p-Value

Pediatric HSCTs 51 9 (18) 42 (82)

Age at HSCT in y, median (range) 11 (2–18) 10 (2–16) 11 (2–18) 0.57

Male 35 (69) 5 (56) 30 (71) 0.44

Type of conditioning

Myeloablative 48 (94) 9 (100) 39 (93) 1

Reduced intensity 3 (6) 0 (0) 3 (7)

Antithymocyte globulin pretreatment 29 (57) 4 (44) 25 (60) 0.47

Donor type

Identical sibling/relative 15 (29) 3 (33) 12 (29) 0.97

Haploidentical related 5 (10) - 5 (12)

Matched unrelated 31 (61) 6 (67) 25 (60)

Stem cell source

Peripheral blood 9 (18) 1 (11) 8 (19) 1

Bonemarrow 37 (73) 7 (78) 30 (71)

DLI treatment post-HSCT 3 (6) 0 (0) 3 (6) 1

GCSF treatment post-HSCT 12 (24) 1 (11) 11 (26) 0.67

All causemortality 17 (33) 5 (56) 12 (29) 0.14

Days to engraftment, median (range) 21 (12–43) 19 (12–28) 21 (13–43) 0.50

Years of follow-up, median (range) 10.4 (1.3–16.7) 9.1 (2.2–16.2) 10.8 (1.3–16.7) 0.95

Days to relapse, median (range) - 255 (35–785) - -

Adult HSCTs 87 18 (21) 69 (79)

Age at HSCT in y, median (range) 39 (18–69) 32 (19–66) 39 (18–69) 0.30

Male 54 (78) 10 (56) 44 (64) 0.59

Type of conditioning

Myeloablative 54 (63) 13 (72) 41 (60) 0.42

Reduced intensity 32 (37) 5 (28) 27 (40)

Antithymocyte globulin pretreatment 57 (66) 11 (61) 46 (67) 0.78

Donor type

Identical sibling/relative 26 (30) 7 (39) 19 (28) 0.73

Haploidentical related 4 (5) - 4 (6)

Matched unrelated 57 (66) 11 (61) 46 (67)

Stem cell source

Peripheral blood 79 (91) 17 (94) 62 (90) 1

Bonemarrow 6 (8) 1 (6) 5 (7)

DLI treatment post-HSCT 3 (3) 1 (6) 2 (3) 0.51

GCSF treatment post-HSCT 12 (14) 2 (11) 10 (14) 1

All causemortality* 23 (28) 12 (67) 11 (17) <0.0001

Days to engraftment, median (range) 17 (11–29) 18 (15–28) 17 (11–29) 0.18

Years of follow-up, median (range) 8.7 (1.0–16.8) 11.7 (2.5–16.8) 8.0 (1.0–15.9) 0.047

Days to relapse, median (range) - 266 (56–1757) - -

Note: Unless otherwise indicated, data are shown as n (%). p-Values for comparisons of transplants with relapse and without relapse are calculated using the

Fisher’s exact test for 2 × 2 comparisons and the χ2 test for 2 × 3 comparisons. Numerical data were analyzed using the Mann–Whitney U test. Number of

days until engraftment of neutrophils is indicated.

Abbreviations: DLI, donor lymphocyte infusion; G-CSF, granulocyte colony stimulating factor; HSCT, hematopoietic stem cell transplantation; NS, not

statistically significant. .
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TABLE 2 Chimerism data

All Pediatric Adult

Bonemarrow Relapse No relapse Relapse No relapse Relapse No relapse

HSCTswith data, n (%) 26 (96) 95 (86) 9 (100) 35 (83) 17 (94) 60 (90)

Samples per HSCT 4 (2–7) 4 (3–6) 3 (1–8) 3 (3–4) 4 (3–7) 5 (4–7)

Sampling interval, days 80 (42–146) - 98 (35–157) - 70 (42–132) -

Blood

HSCTswith data, n (%) 27 (100) 103 (93) 9 (100) 38 (90) 18 (100) 65 (97)

Samples per HSCT 5 (4–12) 7 (3–12) 8 (4–14) 10 (7–14) 5 (4–9) 5 (2–9)

Sampling interval, days 39 (29–62) - 35 (32–45) - 49 (28–92) -

Note: Number of HSCTs with available associated chimerism data. Average sampling interval from HSCT to relapse is indicated. Unless otherwise indicated

data are shown asmedian (IQR, interquartile range).

Abbreviation: HSCT, hematopoietic stem cell transplantation.

3 RESULTS

3.1 Patients and samples

A total of 138 HSCTs were performed for 130 patients with B-ALL

during 2005–2021. Eight patients were transplanted twice during this

time. Of the total number of HSCTs, 51 were for pediatric and 87

for adult patients. The median patient age in the pediatric age group

was 11 years (range 2–18) and in the adult age group it was 39 [18-

69]. The median follow-up time for all patients was 9.3 years (range

1.0–16.8). Twenty-seven transplants (20%) resulted in a relapse within

the study time after a median of 264 days post-HSCT. No statistically

significant association between relapse and age, sex, type of condition-

ing, donor type, or stem cell source was observed (Table 1). Relapse

was however associated with death in adult patients but not in the

pediatric patients due to a higher proportion of nonrelapsed pediatric

patients that had died at the time of this analysis compared to adults

(29% vs. 17%).

All chimerism data for these HSCTs were extracted, in total 5409

results from 1713 unique biological samples (Table 2). Six HSCTs had

no associated chimerism results leaving 132 HSCTs for further anal-

ysis. Whenever sampling of bone marrow and blood was performed

on the same day, these were considered paired samples. The cor-

relation between chimerism values from paired CD3+ samples was

assessed (Figure 1). For many of these paired samples the values in

blood and bone marrow correlated well but instances when bone mar-

row chimerism values were as high as 1% with negative blood samples

drawn the same day were quite frequent, which has been described

before [12, 13].

3.2 Mixed chimerism and prediction of relapse

To assess if single elevated chimerism values can be used to predict

a relapse with time to intervene we first filtered the data. As others

have done [14], we removed samples that were obtained later than 30

days before a relapse. To adjust the observation time in the two groups

F IGURE 1 Correlation between blood and bonemarrow
chimerism. All instances when blood and bonemarrowwas sampled
on the same day from the same patient was extracted. Percent
recipient DNA in CD3+ cells is plotted. Pearson correlation coefficient
r is indicated

(relapse and nonrelapse), we removed values that were obtained in the

nonrelapse group later than 30 days before the average time to relapse

in the relapse group. Lastly,we removedvalues thatwereobtaineddur-

ing the first 30 days after HSCT because mixed chimerism during this

time most likely reflects engraftment and not a relapse. After these fil-

tration steps, 225 bonemarrow samples from100 transplants ofwhich

22 led to a relapse and 501 blood samples from93 transplants ofwhich

21 led to a relapse, were available for analysis.

3.3 Prediction of relapse using bone marrow T
cell chimerism

The variable %max was defined for each transplantation as the

highest chimerism value that remained after the filtration steps.
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TABLE 3 Relapse predictionmodel based onmaximum recipient chimerism (%max) in samples taken>30 days before relapse

Blood All Pediatric Adult

Univariable p-Value OR CI 95% P-Value OR CI 95% P-Value OR CI 95%

CD19 0.23 1.20 1.02–1.75 0.6 1.07 0.99–1.99 0.30 1.28 1.00–2.13

CD3 0.04 1.22 1.05–1.54 0.10 1.51 1.10–3.21 0.27 1.11 0.99–1.46

CD33 0.05 1.70 1.12–3.09 0.18 1.39 1.04–2.95 0.03 3.53 1.34–13.2

Multivariable

CD3 0.03 1.25 1.06–1.60 0.07 1.63 1.12–3.81 - - -

CD33 - - - - - - 0.02 4.03 1.49–15.5

Patient age 0.16 0.97 0.93–1.03 0.75 1.04 0.81–1.37 0.05 0.94 0.87–1.00

MAC versus RIC 0.64 0.69 0.16–3.40 1.00 - - 0.35 0.43 0.07–2.57

BM versus PB 0.05 4.7 1.13–27.1 0.09 4.84 0.81–41.6 0.93 1.14 0.03–40.0

ATG 0.54 0.68 0.19–2.36 0.37 3.67 0.28–173 0.54 0.60 0.12–3.32

BoneMarrow

Univariable

CD19 0.01 1.15 1.04–1.29 0.03 1.33 1.07–1.84 0.09 1.10 0.99-1-25

CD3 0.003 1.25 1.10–1.47 0.08 1.26 1.06–1.76 0.02 1.24 1.06–1.52

CD33 0.008 1.21 1.07–1.42 0.1 1.34 1.02–2.16 0.04 1.18 1.03–1.42

CD34 0.03 1.07 1.01–1.14 0.05 1.12 1.01–1.27 0.20 1.05 0.97–1.13

Multivariable

CD3 0.004 1.24 1.09–1.46 0.05 1.27 1.07–1.75 0.02 1.26 1.05–1.57

Patient age 0.26 0.98 0.93-1-01 0.96 0.99 0.81-1-30 0.18 0.96 0.90–1.02

MAC versus RIC 0.99 1.01 0.24–4.84 1.00 - - 0.87 0.88 0.18–4.56

BM versus PB 0.10 3.5 0.86–18.5 0.11 4.36 0.74–34.7 0.41 0.27 0.01–8.73

ATG 0.26 0.92 0.29–3.09 0.96 3.05 0.26–90.9 0.71 0.76 0.18–3.46

Note: Logistic regression analysis results are presented. Certain covariates in the pediatric subsets have been excluded due to fewoccurrences in the data set.

Abbreviations: ATG, antithymocyte globulin pretreatment; BM, bone marrow stem cell source; CI, confidence interval; MAC, myeloablative conditioning; n,
number of patients; OR, odds ratio; PB, peripheral blood stem cell source; RIC, reduced intensity conditioning.

Univariable logistic regression analysis demonstrated a statistically

significant association between relapse and %max in all four bone mar-

row cell fractions with the largest odds ratio observed when analyzing

values from CD3+ cells (Table 3). Multivariable analysis showed that

this association was independent of other plausible predictive factors

of relapse. For comparison, we extracted values obtained at relapse

+/− 3 days (n = 8, all adult) and observed elevated chimerism val-

ues in all four cell subsets in most of the samples (Figure 2). In these

samples we observed the lowest median chimerism in the CD3+ cells,

although the differences in medians for the four subsets were not

statistically significant. For %max in bone marrow CD3+ cells, ROC-

analysis resulted in an area under the curve (AUC) of 0.75 (Figure 3A).

Youden’s index suggested an optimal cutoff of 1.6%, which resulted in

a sensitivity of 64% and a specificity of 81%. Essentially, this implies

that whenever a result of 1.6% or higher in a CD3+ bone marrow

sample has been obtained the risk of future relapse is elevated. The

median time between last bone marrow sample and relapse was 104

days (range 31–680). However, the median time from the highest

chimerism value (%max) to relapse was 198 days and the median time

from transplantation to %max was 91 days (Table S1).

F IGURE 2 Bonemarrow chimerism at relapse. All instances (n=
8) when bonemarrowwas sampled at relapse+/− 3 days. Boxes
represent median and interquartile range. Percent recipient DNA is
plotted. The p-value was calculated using analysis of variance
(ANOVA)
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F IGURE 3 Discriminative performance of single CD3+ bonemarrow cell chimerism values to predict subsequent relapse. The highest
recorded chimerism value in CD3+ bonemarrow cells from each hematopoietic stem cell transplantation (HSCT) for B-acute lymphoblastic
leukemia (ALL) was used to predict a subsequent relapse. Receiver operating characteristics (ROC)-curves depict sensitivity and 1-specificity of
relapse prediction in (A) all patients (B) only pediatric patients and (C) only adult patients. Analysis includes chimerism values obtained from 30
days after transplantation to 30 days before clinical relapse or an equal length of time in the patients that did not have a relapse. TPR, true positive
rate; FPR, false positive rate

The same analysis was then performed using the chimerism val-

ues from blood samples. Despite having a larger number of chimerism

results compared to bone marrow (501 vs. 225), univariable analysis

demonstratedweaker associations between%max in the three cell frac-

tions and subsequent relapse. Analysis of CD3+ blood cells just passed

the threshold for statistical significance and ROC-analysis resulted in

an inferior AUC of 0.68 compared to the bone marrow chimerism

data. Setting the cutoff at 0.3% resulted in a sensitivity of 62% and a

specificity of 64%.

To visualize these changes in chimerism during the final months

leading up to a relapse we plotted all available CD3+ cell and CD19+

cell chimerism values from relapsed HSCTs, and a line was fitted to

each (Figure 4A,C). Notably, the numbers of samples contributed by

eachHSCT and consequently also influence on the fitted lineswere not

equal. Thiswasdone for bloodandbonemarrowsamples separately. As

expected, at the time of relapse there was a large proportion of recip-

ient DNA in the CD19+ cell fraction of both sample types, presumably

reflecting B-ALL cells and thus acting as a marker of MRD. However,

in both compartments relapse was preceded by a transient increase

in CD3+ cell chimerism. To address if this is a general phenomenon

observable also in other forms of leukemia, we retrieved similar data

from our recently reported study of AML HSCTs [10] and constructed

similar plots (Figure 4B,D). In this case, we compared the kinetics of

chimerism results in CD3+ cells with cells positive for the myeloid cell

marker CD33 and observed subtle signs the same phenomenon. Essen-

tially, in the months preceding a relapse in B-ALL or AML it is possible

to discern a slight increase in T cell recipient chimerism before the

more prominent increase in leukemia cell lineage chimerism becomes

apparent at the time of relapse.

3.4 Prediction of relapse in pediatric versus adult
HSCTs

Next, we hypothesized that the predictive performancewould improve

if pediatric and adult HSCTs were analyzed separately. In the adult age

group, analysis of bonemarrow samples gave similar results compared

to the full data set. The predictive performance of %max in CD3
+ bone

marrow cells was slightly better even, with a sensitivity of 73% and

a specificity of 83%. After performing the same analysis in the pedi-

atric age group only 34 HSCTs remained of which nine resulted in a

relapse. Univariable analysis resulted in borderline p-values for most

sorted cell sample types. Interestingly, chimerism in CD3+ cells still

appeared as a potential predictor of future relapse with a sensitivity of

63% and specificity of 88%, but the suggested optimal cutoff of 3.9%

is distinctly higher than for adults (1.6%). No statistically significant

association was observed for the blood chimerism data in the pedi-

atric subset. In the adult age group, CD33+ cell chimerism seemed to

be the most promising candidate in blood samples for the prediction

of future relapse. Univariable analysis of %max in blood CD33+ cells

showed a significant association with relapse and setting the cutoff at

0.3% resulted in a sensitivity of 67% and a specificity of 73%.

3.5 Early complete donor chimerism in blood and
relapse risk

A complementary strategy for relapse prediction that also uses

chimerismanalysis is to risk-stratify patients early afterHSCTbasedon

if complete chimerism (CC) is achieved or not. The rationale being that

even slightly elevated chimerism results early after transplantation

may suggest poor graft-versus-leukemia (GVL) effect and consequently

an increased risk of subsequent relapse [15]. In a two-step process we

identified an optimal cutoff that we used to define CC, which varied

depending on sample type and patient subset, and then modeled time

to relapse based on if these criteria were met. Analogous to previous

analyses we defined the variable %min as the lowest chimerism value

obtained during the first 60 days after HSCT. The analysis was limited

to blood samples because bonemarrow sampling during this time after

HSCT for B-ALL is infrequent at our center. HSCTs that resulted in a

relapsewithin the first 60 days (n= 3)were removed from the analysis.

Univariable and multivariable analysis using the full data set demon-
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F IGURE 4 T cell and leukemia cell lineage chimerism kinetics
during themonths preceding a relapse. All chimerism results from
hematopoietic stem cell transplantations (HSCTs) that resulted in a
relapse in B cell acute lymphoblastic leukemia (ALL) (n= 28) and acute
myeloid leukemia (AML) (n= 37) were extracted, and CD3+ T cell
chimerism (red) was comparedwith the leukemia cell type, CD19+ B
cell, or CD33+ myeloid cell chimerism for ALL and AML, respectively
(gray). Blood samples (A and B) and bonemarrow samples (C andD)
are plotted separately, and a locally estimated scatterplot smoothing
(LOESS) linewas fitted to the data points for each cell type. The time of
relapse for each HSCT has been aligned at 0 and the x-axis

strated a statistically significant association between %min in CD3+

cells and subsequent relapse (Table S2). ROC-curve analysis showed

a moderate discriminative efficacy for %min to predict relapse with an

AUC of 0.69 (not shown). Youden’s index suggested an optimal cutoff

of 0.3%, which resulted in a sensitivity of 54% and a specificity of 80%.

Next, we investigated if early CC using this low threshold of recipi-

ent DNA may be a useful means to stratify patients as having high or

low risk of relapse. We dichotomized all patients based on if early CC

was detected, defined as at least one peripheral blood chimerism value

below0.3%during the first 60days afterHSCT.Note that 121HSCTsof

which 22 resulted in a relapsewere included. Early CCwas observed in

45% of patients that later had a relapse and 80% of patients that did

not have a relapse during the study time (χ2 P = 0.002). Univariable

and multivariable analysis showed a statistically significant associa-

tion between earlyCCand subsequent relapse (Table 4). Kaplan–Meier

analysis showed a statistically significant lower probability of relapse

in patients with early CC (log-rank test p = 0.003) (Figure 5A). The

probability of not having had a relapse 2 years after transplantation for

patients that achieved early CC was estimated at 90% (95% CI 84–97)

compared to 65% (49–85) (Table 4).

3.6 Relapse risk in pediatric versus adult HSCT

The sameanalysiswas performed exclusively in the pediatric age group

with no statistically significant associations between %min and relapse.

However, results fromCD3+ cells appearedmost promising (Table S2).

The number of HSCTs available for this analysis was 45 of which seven

resulted in a relapse. To discriminate between HSCTs that resulted in

a relapse after the first 60 days or not ROC-analysis (AUC = 0.73,

not shown) suggested a cutoff of 0.9%, higher than for the full data

set. Early CC was observed in 43% of HSCTs that later had a relapse

and 84% that did not (χ2 P = 0.054). Univariable logistic regression

showed a significant association between this dichotomous variable

and relapse (p= 0.03, Table 4). Kaplan–Meier analysis showed a statis-

tically significant lower probability of relapse also in this small subset

of pediatric HSCTswhen early CC, defined as at least one result<0.9%

in CD3+ blood cells, was used for stratification (log-rank test p = 0.04,

Figure 5B). Similarly, analyzing the adult age group yielded no sig-

nificant association between %min and relapse. However, CD3+ cells

appeared most promising (Table 4). Here, 76 HSCTs were available for

analysis of which 15 resulted in a relapse. ROC-curve analysis (AUC =

0.70, not shown) suggested a cutoff of 0.12% and using this value to

define CC in the adult HSCTs a statistically significant association with

relapse was observed. Early CC was confirmed in 47% of patients that

later had a relapse and 79% of patients that did not have a relapse dur-

ing the study time (χ2 p = 0.03). Kaplan–Meier analysis for the adult

age group showed a statistically significant lower probability of relapse

using this definitionof earlyCC for stratification (log-rank testp=0.01)

(Figure 5C).

4 DISCUSSION

We have previously reported that AML relapse post-HSCT generally

coincides with a prominent increase in recipient chimerism in cells

positive for the myeloid marker CD33, essentially serving as a MRD

marker [10]. However, given the sampling frequency of that retrospec-

tive material, single elevated chimerism values in any of the analyzed

lineages (CD3, CD19, CD33, and CD34) did not consistently signal

the upcoming relapse with time to intervene. Additionally, in the same

study we demonstrated that achieving early CC, using the strict crite-

ria of having at least one chimerism result <0.2% recipient in CD33+

blood or bone marrow cells during the first 60 days after HSCT, was

associated with a lower risk of subsequent relapse. Based on these

results we proposed that assessment of early CC could be useful for

risk-stratification and patients that fail to achieve these strict criteria

of CC could benefit frommore frequent monitoring, not just limited to

chimerism.

Here, in the context of HSCTs for B-ALL, we confirm the associ-

ation between early CC and subsequent relapse. According to these

data, patients that achieve early CC have a 10% risk of having a relapse

within 2 months – 2 years post-HSCT compared to 35% for those

that do not. In our previous study of AML the corresponding results

were24%and58% [10], reflecting theworse prognosis associatedwith
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TABLE 4 Relapse predictionmodel based on detection of complete chimerism (CC) in blood samples taken the first 60 days after HSCT

All Pediatric Adult

Logistic Regr p-Value OR CI 95% p-Value OR CI 95% p-Value OR CI 95%

CD19 0.003 0.22 0.07–0.58 0.16 0.32 0.06–1.15 0.008 0.17 0.04–0.60

CD3 0.002 0.21 0.08–0.55 0.03 0.14 0.02–0.78 0.02 0.24 0.07–0.77

CD33 0.05 0.41 0.16–1.02 0.3 0.44 0.08–2.04 0.03 0.28 0.08–0.92

Kaplan–Meier P 2-yr CI P 2-yr CI P 2-yr CI

CD19: CC 0.01 89 81–98 0.1 - - 0.07 - -

(MC) (68) (54–86) - - - -

CD3: CC 0.003 90 84–97 0.04 93 84–100 0.01 89 80–99

(MC) (65) (49–85) (60) (36–99) (64) (44–92)

CD33: CC 0.09 - - 0.3 - - 0.03 86 45–96

(MC) - - - - (65) (77–96)

Note: Logistic regression and Kaplan–Meier analysis results are presented. p-Values for Kaplan–Meier analysis were calculated using the log-rank test.

Abbreviations: 2-yr, 2-year probability (%) of not having had a relapse within the study time; CC, complete chimerism; CI, confidence interval; MC, mixed

chimerism (defined as not havingmet the criterion for CC); OR, odds ratio.

CCwas defined as: at least on recipient percentage value during the first 60 days after hematopoietic stem cell transplantation thatwas below the respective

thresholds based on receiver operating characteristics analysis: (CD19, CD3, and CD33) 0.01, 0.3, and 0.06 for All; 0.2, 0.9, and 0.06 for Pediatric; and 0.01,

0.12, and 0.1 for Adult.

F IGURE 5 Complete chimerism in CD3+ cells early after hematopoietic stem cell transplantation (HSCT) predicts lower relapse risk. The
lowest chimerism value in CD3+ cells from blood sampled during the first 60 days after HSCTwas used to stratify patients based on if early
complete chimerismwas achieved or not. Kaplan–Meier plots depict the probability of not having a relapse as a function of time after HSCT
depending on if early complete chimerismwas achieved or not. The plots include data from (A) all patients (B) only pediatric patients and (C) only
adult patients. The cutoff used to define complete chimerism for all patients was<0.3% in CD3+ cells but was adapted for the pediatric (<0.9%)
and adult patients (<0.12%). p-values were calculated using the log-rank test. CC, complete chimerism

this disease. Notably, the cutoff and cell lineage that we suggested as

optimal to define CC differed from the AML study.

Moreover, we show that single chimerism values has potential to

be used for B-ALL relapse prediction at least 30 days before diagnosis.

In our previous study of AML this was not the case [10]. Interestingly,

relapse was not primarily associated with increased chimerism in the

B cell lineage, as would be expected if it acted as a MRD marker, but

rather in the T cell lineage. In figure 4, we have plotted chimerism

data fromHSCTs that resulted in a relapse and also included data from

our previous study of AML [10]. The fitted lines suggest that there is

often a transient increase in recipient T cell chimerism that precedes

the more pronounced increase at the time of relapse of CD19+ and

CD33+ chimerism, respectively. Furthermore, we examined at what

timepoint the highest chimerism value in CD3+ bone marrow cells

(excluding the first 30days post-HSCTand the last 30dayspre-relapse)

is detected, here defined as the variable%max (Table S1). In this dataset,

the increase in recipient chimerism that most robustly was associated

with a subsequent relapse occurred relatively early after transplanta-
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tion (median 91 days) and when further testing was performed it was

not uncommon that much lower or negative values occurred before

the relapse (not shown). Importantly, with the cutoffs suggested herein

for relapse prediction in CD3+ bone marrow cells, chimerism results

should primarily be used to rule in relapse (specificity 73%–88%) but

not to rule it out (sensitivity 63%–67%).

It appears as if the events that ultimately lead to a relapse include

cell type specific shifts in donor/recipient immune cell numbers that

can be appreciated in blood and bone marrow several months before

a manifest hematological relapse. One may speculate that this phe-

nomenon reflects a subtle loss of graft integrity and/or graft rejection

resulting in a loss of GVL-effect and relapse, which has been suggested

by others [14, 16–18]. An association between early mixed chimerism

or increased chimerism in the T cell lineage and subsequent relapse

has been reported for both AML and ALL [17, 19–22]. In pediatric ALL,

Preuner et al. similarly demonstrated that the reappearance of recipi-

ent DNA in CD8+ or CD34+ peripheral blood cells was associatedwith

subsequent relapse [18]. Interestingly, they also observed that even

when mixed chimerism later reverted to donor chimerism, the risk of

relapse remained increased. This lends support to our strategy of mak-

ing risk estimates based on single elevated chimerism values without

considering what happens before or after.

This study was aimed at investigating how individual chimerism val-

ues may be interpreted for the purpose of predicting relapse and no

comparisonwith theprognostic valueofMRDwasmade.A recent com-

prehensive retrospective analysis compared chimerism in CD34+ cells

with qPCR-based MRD markers in ALL and concluded that the two

methods were similarly effective and likely complement each other in

predicting relapse [23].

Whether chimerism should be monitored in peripheral blood or

bone marrow is often debated and is sometimes reduced to a question

of sensitivity and specificity that only mandates adequate adjustment

of cutoffs [9, 24]. If this is the case, sampling blood would naturally be

preferable. The data we present herein does not contradict this idea

but suggest that there may be additional qualitative difference in the

information gained from the two compartments because bone mar-

row performed better than blood chimerism in our relapse prediction

models despite fewer available values.

Whether relapse prediction in pediatric patients requires a higher

chimerismcutoff compared toadults is less clear. There is a lackof stud-

ies that have compared results in children and adults and the striking

differences inmethodology and suggested cutoffs in published reports

make comparisons between centers difficult [24].

In summary, it seems that chimerism can be more than a proxy

marker for MRD. Using sensitive methods and adequate sampling fre-

quency, chimerismmay shed light on purely immunological events that

take place before control of themalignant cells is lost, ultimately giving

cliniciansmore time to intervene.
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