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With the increasing adoption of treatment-free remission (TFR)
as a goal for patients with chronic myeloid leukemia (CML),
rigorous molecular monitoring has been recommended to en-
sure timely tyrosine kinase inhibitor (TKI) recommencement in
the event of molecular relapse. The National Comprehensive
Cancer Network (NCCN) has now incorporated TFR into its most
recent guidelines, recommendingmonthly quantitative polymerase
chain reaction monitoring of BCR-ABL1 for the first 12 months
following TKI discontinuation.1 Molecular relapse, the trigger to
restarting TKI, is currently defined as loss of major molecular
response2 (MMR; BCR-ABL1 # 0.1% International Scale), and
predominantly occurs in the first 6 months following TKI
cessation.3,4 Delay in detection of molecular relapse may place
patients at unnecessary risk of adverse outcomes, such as loss
of complete hematological response. At a minimum, it delays
the reachievement of MMR and deep molecular response
(MR4; BCR-ABL1 # 0.01% or MR4.5; BCR-ABL1 # 0.0032%).
Conversely, an overly rigorous monitoring schedule imposes
unnecessary costs associated with a TFR attempt, adding to
logistical difficulties experienced by some patients in
accessing highly sensitive, standardized BCR-ABL1 testing,5

and may prevent some patients from stopping therapy. This
is especially important in countries where funding of mo-
lecular testing is limited, and patients may be required to pay
for additional tests.

Recommendations for qualification for a TFR attempt include a
minimum of 3 years of prior TKI therapy and $2 years of deep
molecular response.1,6 Studies have shown that themedian BCR-
ABL1 doubling time for patients with relapse is 9 days (range,
6.9-26.5 days)7 or ;1 log per month.3,8 Assuming patients at-
tempt TFR with stable MR4.5 and that the rise of BCR-ABL1
follows this linear model,7 patients who fail a TFR attempt will take
at least 2 months to lose MMR. Thus, a reduction in monitoring to
every 2 months should still capture the majority of patients los-
ing MMR while still in a complete cytogenetic response (CCyR;
equating to a BCR-ABL1 of ,1%).9 Furthermore, as molecular
relapse is most likely to occur in the first 6 months following TKI
cessation,3,4 concentrating testing in this time frame will be more
cost-effective. Less frequent monitoring can potentially follow.

We assessed the impact of 4 monitoring algorithms (Figure 1).
Figure 1A delineates the current NCCN recommendations of
monthly molecular monitoring after cessation (algorithm A; 12
tests for all patients) and alternative algorithms with less fre-
quent monitoring (algorithms B-D). All of these algorithms
include an absolute requirement for monthly monitoring if
there is loss of MR4.5. Algorithm B commences monthly testing
at month 2 for the first 6 months, followed by monitoring every
2 months. Algorithm C introduces testing every 2 months for
6 months followed by testing every 3 months. Algorithm D uses
monitoring every 3 months.

A theoretical cohort of 100 patients was used to predict the
impact of reducedmonitoring frequencies for patients attempting
TFR, recommencing TKI in the event of MMR loss. Based on
European Stop Kinase Inhibitor (EURO-SKI) data, 39% of patients
will relapse and recommence TKI by 6 months with a further;7%
predicted to lose MMR by 12 months.6 Following TKI recom-
mencement, the NCCN recommends monthly BCR-ABL1 moni-
toring until MMR is regained followed by resumption of testing
every 3 months.1 We estimated the number of tests over the first
12 months based on the EURO-SKI molecular relapse rate,6 the
kinetics of molecular relapse3,7,8 (supplemental Methods, avail-
able on the Blood Web site), and the increased monitoring
requirement following TKI recommencement according to the 4
algorithms outlined. Comparedwith algorithmA, each alternative
algorithm decreased the total number of BCR-ABL1 tests in the
theoretical cohort (Figure 2A); algorithms B, C, and D would
reduce testing by 35%, 50%, and 55%, respectively.7

The different monitoring algorithms were then retrospectively
applied to the actual data of 107 patients who attempted TFR with
monitoring at our institution (supplemental Methods). The TKIs at
the time of cessation were imatinib (68%; n 5 73), nilotinib (21%;
n 5 22), dasatinib (10%; n 5 11), or bosutinib (1%; n 5 1). The
actual number of tests per patient was 12 (total, 1284). Molecular
relapse occurred in 49 patients (46%) by 12 months and 54%
remained off TKI, consistent with previous studies.2-4,10-12 TKI was
recommenced in 5 patients with rising BCR-ABL1 values on
consecutive tests prior toMMR loss, all of whomwere predicted to
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lose MMR within 1 to 2 months based on the calculated doubling
times.7 Loss of CCyR occurred in 7 patients (7%) at the time of
molecular relapse and TKI was recommenced within 1 month of
molecular relapse in 38 of 49 patients. Seven patients recom-
mencedTKI between 1 and1.5months following the trigger to TKI
recommencement and 4 recommenced TKI 1.7 to 2.3 months
followingmolecular relapse. One of these 4 had.10% BCR-ABL1

and complete hematological response loss, which was related to
delayed TKI recommencement secondary to patient concerns
regarding previous TKI toxicity. All patients rapidly regainedMMR
(median, 2.0 months) with no significant difference in the BCR-
ABL1 halving times13 among patients who restarted TKI with BCR-
ABL1 values of 0.1% to 1% vs .1%, confirming TKI sensitivity on
recommencement regardless of BCR-ABL1 value.
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Figure 1. TFR monitoring based on the NCCN guidelines and potential monitoring strategies. (A) Algorithm A: based on NCCN guidelines. Monitoring regime as
recommended by theNCCN,monthly testing for the first 12 months of a TFR attempt (12 tests for all patients). (B) AlgorithmB commencesmonthly testing at month 2 for the first
6months post-TKI cessation followed bymonitoring every 2 months between 6 and 12months. (C) AlgorithmC commences testing every 2months for the first 6months post-TKI
cessation followed by 3-monthly monitoring. (D) AlgorithmDmaintains 3-monthly testing throughout the TFR attempt. All algorithms incorporate monthly testing following loss
of MR4.5.
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The estimated cumulative number of BCR-ABL1 tests over 12
months after TKI cessation using actual patient data in each of
the 4 monitoring algorithms is shown in Figure 2B. Three patients
lost MR4.5 early, with fluctuating BCR-ABL1 levels, but remained
in MMR at 12 months; such patients require monthly testing re-
gardless of which monitoring algorithm is applied. Application of
algorithm B would have resulted in a 37% reduction in testing
(807 tests; average, 7.5 tests per patient). Importantly, no delay
in molecular relapse detection or restarting TKI was predicted
(Figure 2C). A reduction of 52% (621 tests; average, 5.8 tests per

patient) would occur if algorithm C were used. One patient was
predicted to have a delay of 1 month to detection of molecular
relapse and restarting TKI. This would likely result in loss of CCyR
at the time of relapse detection as calculated from the BCR-ABL1
doubling time.7 Monitoring patients according to algorithm D
would account for the largest reduction in testing at 59% (525
tests; average, 4.9 tests per patient). However, this algorithm
would delay the detection ofmolecular relapse by 1 to 2months in
17 patients (16%) with associated TKI recommencement delays.
Furthermore, 13 of these 17patients were projected to loseCCyR,
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Figure 2. Cumulative frequency of BCR-ABL1 testing over
the course of the first 12months following TKI cessation using
the various testing algorithms demonstrated in Figure 1. (A)
Theoretical cohort of 100 patients. (B) Real cohort. One hundred
seven real patients who underwent a TFR attempt and were
monitored at our institution. (C) Predicted effect of detection
delays based upon algorithms B-D for the 107 real patients.
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and 4 of the 13 were projected to have BCR-ABL1 . 10% at the
time of relapse detection.

The monthly monitoring undertaken in the first TKI studies
was a cautious measure instituted at a time when the potential
risks of discontinuing TKI therapy were unknown. We have
demonstrated that reduced frequency of monitoring in the first
12 months of a TFR attempt is likely to be safe. Planned
monitoring frequency of every 2 months in the first 6 months
and every 3 months between 6 and 12 months (algorithm C)
may provide the best balance between reduced testing and
minimization of delays in relapse detection and TKI recom-
mencement. Patients and clinicians in settings without con-
straints on molecular monitoring may still prefer more frequent
testing for the reassurance that it provides. We recommend re-
initiation of monthly BCR-ABL1 testing at the loss of MR4.5,
including in the few patients with fluctuating BCR-ABL1 levels
without MMR loss, which was 3% of our cohort. We have not
examined the recommendation for stringent monthly moni-
toring in patients requiring TKI recommencement due to
molecular relapse. While resistance to TKI re-treatment is ex-
ceedingly rare, we agree with the current cautious recom-
mendation of monthly monitoring until regaining MMR and
subsequent monitoring every 3 months thereafter.1 Our data
show that BCR-ABL1 can increase substantially in the time
between detection of molecular relapse and the restarting
of TKI therapy. This highlights the importance of a rapid
turnaround time for BCR-ABL1 results (and clinical action to the
result), especially with reduced monitoring frequency. Less
frequent monitoring would make TFR attempts more cost-
effective. More importantly, in some settings, reduced moni-
toringmay enable clinicians to offer TFR to patients for whom the
availability of molecular monitoring is a barrier. Further pro-
spective studies are needed to validate this proposal prior to
incorporation into the current standard of care.
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TO THE EDITOR:

A population of CD201CD271CD431CD38lo/int B1 cells in
PNH are missing GPI-anchored proteins and harbor
PIGA mutations
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B1 cells were first described in 1983 as a rare B-lymphocyte
subpopulation that spontaneously secreted immunoglobulin M
(IgM) and appeared to be distinguished from B2 cells.1 The
functional properties, phenotype, and ontogeny of B1 cells differ
from those of B2 cells.2 In mice, B1 cells emerge independently
of hematopoietic stem cells (HSCs) during early embryonic
development3,4 and are then produced by HSCs or HSC-derived
progenitors in the fetal liver and in neonatal and adult bone
marrow,5 whereas B2 cells are generated from HSCs. In contrast
to murine B1 cells, the characteristics of human B1 cells had not
been well understood. In 2011, it was reported that human B1
cells have the phenotype CD201CD271CD431CD702.6 How-
ever, these cells were later found to include CD201CD38hi

precursors to plasmablasts or preplasmablasts.7,8 Consequently,
CD201CD271CD431CD38lo/int is currently regarded as a more
accurate phenotype of human B1 cells.8 B1 cells are detected in
adult human peripheral blood (PB) at a frequency of between 1%
and 9% of B cells.6,9,10 However, the developmental origin of
human B1 cells remains elusive.

To elucidate whether human B1 cells are derived from adult
HSCs, we used a unique characteristic of patients with parox-
ysmal nocturnal hemoglobinuria (PNH), a clonal disorder of
HSCs caused by somatic mutations in PIGA that encodes the
protein essential for glycophosphatidylinositol (GPI)-anchor
biosynthesis.11-13 Importantly, the PIGA-mutated HSCs retain

Table 1. Characteristics of PNH patients

Patient Sex
Sampling
time point

Age at
sampling, y

Time after
diagnosis, y

WBC,
3109/L

Hb,
g/dL

Platelets,
3109/L

LDH,
IU/L*

Treatment at
sampling

PNH01 Female First 44 20 2.4 9.3 101 274 Eculizumab

Second† 46 22 5.3 9.6 142 192 Eculizumab

PNH02 Female First 54 28 3.8 11.9 194 195 Eculizumab

Second‡ 57 31 3.3 11.5 119 205 Eculizumab

PNH03 Female First 83 15 1.6 10.4 107 208 Eculizumab

Second§ 86 18 1.5 9.8 111 215 Eculizumab

PNH04 Female First 63 3 6.3 7.1 41 168 Cyclosporin A;
eculizumab

PNH05 Female First 49 5 3.7 6.8 180 1898 Metenolone; RBC
transfusion

PNH06 Female First 28 3 5.5 10.6 191 670 Cyclosporin A

Hb, hemoglobin; LDH, lactate dehydrogenase; RBC, red blood cell; WBC, white blood cell.

*Normal range, 110 to 225 IU/L.

†After 24 months from first sampling.

‡After 29 months from first sampling.

§After 35 months from first sampling.
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