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With the advent of pathway inhibitors, the management of high-risk
chronic lymphocytic leukemia (HR-CLL) has dramatically changed

during recent years.1-3 This has downscaled the role of alloge-
neic hematopoietic cell transplantation (allo-HCT) as the formerly
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most effective treatment of HR-CLL.4-6 The purpose of this analysis
was to provide the 10-year follow-up of the multicenter CLL3X
trial of the German CLL Study Group (GCLLSG) (#EU-20554,
#NCT00281983), which evaluated reduced-intensity conditioning
allo-HCT in patients with HR-CLL. The aims of this update were (1)
toprovideoverall 10-year survival results; (2) toassess the impactofgraft-
versus-leukemia (GVL)–mediated clearance of minimal residual disease
(MRD) on long-term disease control; (3) to study the outcome of those
patients who had survived 6 years relapse-free post–allo-HCT (landmark
analysis); and (4) to study survival after post–allo-HCT relapse.

Between 2001 and 2007,CLL3Xenrolled 100 patients (median age
53years; range 27-65years), ofwhom90patientswere allograftedwith
blood stem cells from related (40%) or unrelated donors (60%) us-
ing fludarabine alkylator–based reduced-intensity regimens. A total of
24% had refractory disease at allo-HCT, and 35% had a TP53 deletion
and/or mutation. Detailed patient characteristics and outcome
results including the observation that genetic risk factors such asTP53
lesions hadno prognostic impact have been previously reported.7,8 For
the present analysis, survival and relapse information was requested
for all patients who were not reported as dead at the most recent
follow-up analysis8 fromparticipating study sites, except theCanadian
site, which was unavailable for follow-up.MRD results were obtained
from the GCLLSG central MRD laboratory in Kiel.9

Of the 90 patients transplanted, 37 (41%) had been reported as dead
at the 6-year follow-up (17 non–relapse mortality [NRM]; 20 CLL).
This included 9 of the 12 patients who had received in vivo T-cell
depletion (TCD) with alemtuzumab. Disregarding 9 patients from
Canada, status information was sought for the remaining 44 patients,
which could be retrieved for 37 of them (84%). Of these 37 patients,
5 had died (3 CLL, 1 chronic graft-versus-host disease [GVHD], and

1 secondary cancer), and 3 had experienced disease recurrence at 6.9,
9.3, and 9.7 years post–allo-HCT, respectively. With a median (range)
follow-up of survivors of 9.7 (0.6-15.2) years, 10-year NRM, relapse
incidence (REL), progression-free survival (PFS), and overall survival
(OS) of all 90 patients allografted was 20% (95% confidence inter-
val [CI], 15-36), 46% (95% CI, 43-67), 34% (95% CI, 23-44), and
51% (95%CI, 40-62), respectively, without significant effects of TP53
lesions on outcome (Figure 1). In contrast, active disease status at HCT
and alemtuzumab ex vivo TCD as the most important risk factors
identified in the previous analyses retained their significant adverse
impact after multivariate Fine and Gray regression modeling (NRM
for refractory vs sensitive disease at HCT: hazard ratio [HR], 10.2;
97.5% CI, 3.09-33.4; REL: HR, 0.49; 97.5% CI, 0.18-1.32; NRM for
alemtuzumab TCD [yes vs no]: HR, 5.81; 95% CI, 1.79-18.8; REL:
HR, 1.13; 95% CI, 0.45-2.84). Ten-year NRM, REL, PFS, and OS for
the 59 patients who had sensitive disease at HCT and did not receive
alemtuzumab TCD was 9% (95% CI, 2-23), 51% (95% CI, 40-68),
41% (95% CI, 27-54), and 61% (95% CI, 47-75).

Absence of MRD at the 12-month landmark post–allo-HCT was
highly prognostic for a reduced relapse risk (10-year REL 25% vs
80% if MRD was present at the 12-month landmark, P , .0001).
The protective effect of MRD negativity at the 12-month landmark
was even more pronounced if MRD clearance occurred only after
immunosuppression withdrawal, suggesting effective GVL activity
(10-year REL 12%) (Figure 2). This observation is in keeping with
a previous single-center study reporting long-term MRD-negative
disease control in those patients who experienced immune-mediated
MRD disappearance.10

The 32 patients who were alive and event-free 6 years after allo-
HCT did not differ from the whole trial population in terms of age,

TP53les yes (24)

TP53les no (49)

HR 0.83 (0.46-1.49); p 0.54

0

50

100

HR 1.09 (0.55-2.18); p 0.80

TP53les yes (24)

TP53les no (49)

Pe
rc

en
t s

ur
vi

va
l

A

0 60 120 180
0

50

100

10y PFS 34% (23, 44)(+/- 5%)

Months from HCT
0 60 120 180

Months from HCT

0 60 120 180

Months from HCT
0 60 120 180

Months from HCT

Pe
rc

en
t P

FS

0

50

100

Pe
rc

en
t P

FS

0

50

100

10y OS 51% (40%-62%)

Pe
rc

en
t s

ur
vi

va
l

B

C

D

Figure 1. PFS and OS of all patients allografted and by TP53 lesion (n = 73). (A-B) PFS of all patients allografted (A) and by TP53 lesion (B) (n 5 73). (C-D) OS of all

patients allografted (C) and by TP53 lesion (D) (n 5 73).
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pretreatment, fludarabine resistance, and donor source, suggesting that
these patients do not represent a positive selection of pretransplant
risks. They showed, however, a trend toward a higher frequency of
TP53 abnormalities (42% vs 35%) and less often a refractory disease
status at allo-HCT (16% vs 24%), but this was not significant.

In these 32 patients, NRM, REL, PFS, and OS 4 years after the
6-year landmark (or 10years after transplant)was 3.4% (95%CI, 0-10),
18% (95%CI, 4-32), 79% (95%CI, 65-94), and 94% (95%CI, 85-100)
with a median (range) follow-up of 4.3 (1.2-9.2) years after the
6-year landmark. Notably, no relapse event occurred beyond 10 years
post–allo-HCT. Of the 23 patients who had an observation time of
10 years or longer, MRD results were available for 7 patients at their
most recent follow-up and were all negative.

Altogether, 39 of the 90 allografted patients had CLL recurrence
after transplant (34 between 2003 and 2010 and 5 from 2011 onwards).
While the median survival of those patients who relapsed during
the earlier period was 19 months and, thus, in the range of previous
reports from the preibrutinib era,10,11 all 5 patients with late relapse are
currently alive 4 to 62 months (median 28 months) after the event.
Three patients achieved sustained disease control with ibrutinib and
one with donor lymphocyte infusion in combination with chemo-
immunotherapy. The remaining patient had a very delayed treatment
indicationandhascurrentlycompletedchemoimmunotherapy.Courseand
management of late relapses are shown in supplemental Table 1 (available
on the Blood Web site). Thus, although their delayed recurrence pattern
may be an indicator of a more indolent disease, the better outcome of the
recent relapses probably also reflects the improved rescue options with
ibrutinib and other pathway inhibitors that are available nowadays.12

As shown in the original publication and also in other studies,
GVL activity is strongly associated with chronic GVHD in CLL.7,10

Accordingly, the 2-year chronic GVHD incidence of 73%7 observed
in this trial was unevenly distributed between patients with and
without a relapse event. If all patients with at least 1 prior chronic
GVHD episode had been excluded, only 5 patients would have
arrived event-free at the 6-year landmark, translating in to a 6-year
GVHD- and relapse-free survival among all 90 patients of
8% (95% CI, 2% to 14%).

However, it has to be taken into account that chronic GVHD is
characterized by a large variance in clinical appearance and severity

and, most importantly, can calm down over time. Accordingly, 15 of
the 30 patients (50%) included in the 6-year landmark analysis with
information available were already off systemic immunosuppression
1 year after transplant. Although a formal analysis of chronic GVHD
and quality of life was beyond the scope of this long-term follow-up,
this illustrates that the clinical impact of chronic GVHD events may
be weighed differently than relapse and NRM events.

In conclusion, this long-term observation of patients allografted in
the CLL3X trial indicates that reduced-intensity allo-HCT can provide
GVL-mediated sustained disease control in a sizable proportion of
patients with HR-CLL independent of TP53 status. Patients who have
achieved immune-inducedMRD clearance 1 year after allo-HCT have
an 87% probability of remaining disease-free for at least 10 years.
However, late relapses do occur, and these patients may benefit from
strategies involving innovative pathway inhibitors.Taking into account
preliminary data suggesting that allo-HCT can be safe and effective in
ibrutinib-sensitive but chemoimmunotherapy-refractory patients with
HR-CLL,13 the information on long-term results of transplantation
provided here may help when counseling patients with advanced CLL
about potential treatment options.

The online version of this article contains a data supplement.

There is an Inside Blood Commentary on this article in this issue.
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Double cord blood (CB) transplantation (dCBT) is an accepted
treatment of patients with hematologic malignancies.1,2 In the vast
majority of dCBT recipients, 1 unit emerges as the sole source of long-
term hematopoiesis.3 As measured by standard clinical testing for
chimerism (usually by short-tandem-repeat [STR] polymorphism), the
“losing” unit usually becomes undetectable within the first month after
transplantation.4-7 However, anecdotal cases in which the losing unit
reemerges and contributes to hematopoiesis suggest long-term
persistence of the losing unit in a quiescent state.

Although studies suggest an in vivo immune-mediated mechanism
for single-donor dominance, there is no established evidence that the
losing unit is definitively rejected.6-8 Moreover, limited data suggest
thatmixed-unit chimerism(thepersistenceofbothdonorCBunits)may
be associated with a potentially advantageous, enhanced graft-versus-
tumor effect.9 Indeed, coexistence of semiallogeneic cells in the same
individual is already a well-recognized natural phenomenon (micro-
chimerism) resulting frombidirectionalmaternal-fetal exchange during
pregnancy with persistence in respective individuals decades later.10

Naturally acquired microchimerism is found in healthy individuals,
in organs and circulation, without apparent graft-versus-host reaction
or graft rejection and has been associated with both health benefits
and risks, pointing to functional capacity.10,11

We hypothesized that a similar phenomenon also occurs after
dCBTmorecommonly thanwouldbe suggestedbyestimatesofmixed-
unit chimerism by standard clinical measures, with “occult”
presence of cells derived from the losing unit in the clinical setting of
complete single CB unit dominance after dCBT. Using a sensitive
technique developed for microchimerism analysis, we sought to
determine whether very low levels of the losing unit could be
identified.

Bone marrow (BM) and peripheral blood (PB) samples were
collected at approximately days 28, 80, and 365 after transplant
for clinical chimerism testing using a standard STR approach,
and residual blood specimens were stored for research. PB
mononuclear cells (PBMCs) were collected by density-based

centrifugation. Cell-lineage subsets (CD31, CD331, and CD561)
were isolated by fluorescence-activated cell sorting at the time of
the blood draw.

HLA-genotyping data for subjects and CB units were reviewed
to identify an HLA polymorphism unique to the losing CB unit to
target using a panel of HLA-specific quantitative polymerase chain
reaction (QPCR) assays. All assays were developed to detect the
DNA equivalent of 1 cell in 20 000. The approach provides a
standardized method for microchimerism testing that is highly
sensitive and highly specific as previously described.12,13 DNA
extracted from available BM, PBMC, and PB cell subset samples
was tested with an HLA-specificQPCR assay unique to the losing unit.
The total genome equivalent (GEq) tested median amounts were
9.5 3 104 (range, 1.1 3 104 to 47.0 3 104) for PBMCs, 11.63 104

(range, 1.53104 to16.73104) forBM,and2.13103 (range, 2.53102

to 3.33 104) for cell subsets.
Among consecutive patients undergoing a myeloablative CBT on

protocols NCT00719888 and NCT00796068 between 2006 and 2014,
we selected 14 patients who received a dCBT with either high-dose
total-body irradiation (TBI)-based conditioning consisting of 1320 cGy
TBI,fludarabine 75mg/m2, and cyclophosphamide 120mg/kg (n5 8),
or low-dose TBI-based conditioning with 200 cGy TBI, treosulfan
42 mg/m2, and fludarabine 150 mg/m2 (n 5 6). All patients received
cyclosporine plus mycophenolate mofetil for acute graft-versus-host
disease (GVHD) prevention. Results were analyzed according to de-
tectionor not of the losingunit, andquantitative results summarized and
expressed as DNA GEq number of cells from the losing unit per total
GEq of DNA tested. All study activities were approved by the Fred
Hutchinson Cancer Research Center Institutional Review Board, and
all participants provided written informed consent in accordance with
the principles of the Declaration of Helsinki.

Subjectswere selected according todemonstrationof singleCBunit
dominance by clinical testing (n 5 13, subjects), with 1 stable mixed
unit-unit chimerism included (n 5 1). The median age at transplant
was 32 years (range, 10-62 years) and the median weight was 72.2 kg
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