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Hairy cell leukemia variant (HCLv) responds poorly to purine analogue monotherapy.

Rituximab concurrent with cladribine (CDAR) improves response rates, but long-term out-

comes are unknown. We report final results of a phase 2 study of CDAR for patients with

HCLv. Twenty patients with 0 to 1 prior courses of cladribine and/or rituximab, including

8 who were previously untreated, received cladribine 0.15 mg/kg on days 1 to 5 with 8 weekly

rituximab doses of 375 mg/m2 beginning day 1. Patients received a second rituximab course

$6 months after cladribine, if and when minimal residual disease (MRD) was detected in

blood. The complete remission (CR) rate from CDAR was 95% (95% confidence interval, 75-

100). Sixteen (80%) of 20 patients (95% confidence interval, 56-94) became MRD negative

according to bone marrow at 6 months. The median duration of MRD-negative CR was 70.1

months, and 7 of 16 are still MRD negative up to 120 months. With a median follow-up of

69.7 months, 11 patients received delayed rituximab, and the 5-year progression-free survival

(PFS) and overall survival (OS) were 63.3% and 73.9%, respectively. Five patients with TP53

mutations had shorter PFS (median, 36.4 months vs unreached; P 5 .0024) and OS (median,

52.4 months vs unreached; P 5 .032). MRD-negative CR at 6 months was significantly associ-

ated with longer PFS (unreached vs 17.4 months; P , .0001) and OS (unreached vs 38.2

months; P , .0001). Lack of MRD in blood at 6 months was also predictive of longer PFS and

OS (P , .0001). After progression following CDAR, median OS was 29.7 months. CDAR is effec-

tive in HCLv, with better outcomes in patients who achieve MRD-negative CR. This trial is reg-

istered at www.clinicaltrials.gov as #NCT00923013.

Introduction

Hairy cell leukemia variant (HCLv) is a distinct subtype of B-cell leukemia that shares morphologic fea-
tures with classic HCL but is biologically distinct; it lacks expression of CD25, CD123, tartrate-resistant
acid phosphatase, and annexin 1a and is wild type for BRAF, lacking the V600E mutation.1,2 Although
early reports indicated that HCLv is only 10% as common as HCL,3,4 a 2016 study estimated 810 new
HCLv cases vs 1100 new HCL cases in the United States.5
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Key Points

� CDAR achieved 95%
CR and 80% negative
MRD, durable up to
10 years.

� Carrying TP53
mutation and not
achieving negative
MRD after CDAR
were associated with
shorter survival
outcomes.
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HCLv responds very poorly to single-agent purine analogue and has
worse overall survival (OS) compared with HCL.6 There is no pro-
spective study evaluating purine analogue monotherapy for HCLv;
however, the complete remission (CR) rate from first-line cladribine
was only 7% based on retrospective studies.3,7-11 The response
rate and duration become lower and shorter with repeated purine
analogue therapy, and median OS from diagnosis is ,6 to 9 years
depending on risk factors, compared with .25 years for classic
HCL.3,12,13 The TP53 abnormality is relatively common,14 suggest-
ing a relationship to chemoresistant disease, but this theory has
never been analyzed in a prospective trial.

Rituximab combined with purine analogue can improve response
rate and duration. In a phase 2 study at the MD Anderson Cancer
Center, 7 patients newly diagnosed with HCLv received 8 weekly
doses of rituximab 1 month after completion of cladribine, and the
CR rate was 86%.15 With a median follow-up of 60.2 months,
5-year failure-free survival and OS were 64.3% and 51.4%, respec-
tively, the latter influenced by several patients with secondary malig-
nancies.15,16 We reported preliminary data from a phase 2 study of
cladribine in combination with concurrent rituximab (CDAR) in
patients with HCLv.6 In the first 10 patients treated on the trial, the
CR rate was 90%, and 8 of 9 patients who achieved CR remained
free of minimal residual disease (MRD) according to the most sensi-
tive test, bone marrow aspirate flow cytometry, at a median follow-
up duration of 27 months (range, 12-48 months). This analysis

reported the high efficacy of CDAR in HCLv but lacked long-term
outcomes. Since the prior report, we completed enrollment of 20
patients to the study and have much longer follow-up. We therefore
update the results of this phase 2 HCLv trial of CDAR and for the
first time show the impact of MRD and TP53 mutation on long-term
survival outcomes.

Patients and methods

Eligibility criteria

The study was registered at ClinicalTrials.gov (#NCT00923013); it
was performed in accordance with the Declaration of Helsinki and
was approved by the National Cancer Institute Institutional Review
Board. Patients required a diagnosis of HCLv with 0 to 1 prior
courses of cladribine and 0 to 1 prior courses of rituximab. Those
who received previous concurrent purine analogue and rituximab
were excluded, and patients required treatment due to cytopenias
(neutrophils ,1 3 109/L, hemoglobin ,10 g/dL, or platelet
,100 3 109/L), lymphocytosis .5 3 109/L, symptomatic
splenomegaly, or recurrent infections. Patients were not excluded
for severe cytopenias, and those with infections under treatment
were eligible. The clinical protocol also included patients with
classic HCL randomized to receive CDAR vs cladribine followed by
delayed rituximab when blood became MRD positive. Results from
a randomized cohort treating patients with purine analog–naive HCL
were recently published,17 and those with one prior purine analogue
continue to be randomized in a separate stratification.

Study design and objectives

Patients received cladribine IV 0.15 mg/kg on days 1 to 5 with
8 weekly doses of rituximab IV 375 mg/m2 begun on day 1
(CDAR). Patients received a second course of rituximab, also
8 weekly doses, at least 6 months after the first course if and when
blood MRD was positive. According to protocol, delayed rituximab
could also be used if HCLv-related cytopenias developed at levels
lower than those required for CR, although this did not occur with
negative blood flow cytometry in the 20 patients with HCLv.

The primary end point was to determine the CR rate according to
CDAR. With 20 evaluable patients, if there are $3 CRs in the 20
patients (15%), there is only 7.5% probability that this would occur
if the true CR rate was 5%; there is a 90.9% probability that this
would occur if the true CR rate was 25%. Secondary end points
included evaluating MRD by blood and bone marrow aspirate flow
cytometry18 and bone marrow biopsy immunohistochemistry
(IHC)19 to determine MRD-negative survival after the first and sec-
ond courses of rituximab. The detection limit of flow cytometry was
0.002% using markers, including CD19, CD11c, CD20, and
CD103. Although bone marrow biopsy IHC and blood flow cytome-
try were part of the MRD analysis, results of these 2 tests were
never positive when bone marrow aspirate flow cytometry was neg-
ative, and thus those with negative bone marrow aspirate flow
cytometry were the patients with MRD-negative disease.

Bone marrow studies were performed at 4 weeks, 6 months, and
yearly for 2.5 years after cladribine treatment and biannually thereaf-
ter. Blood flow cytometry was performed at 4 weeks, quarterly until
1 year, and semiannually until 2.5 years after cladribine treatment
and yearly thereafter. This schedule would reset for the beginning of
delayed rituximab once that was begun, except that bone marrow

Table 1. Patient characteristics at baseline

Characteristic Value

N 20

Age, y 67 (42-86)

Male sex, n (%) 15 (75)

White blood cell count, 3109/L 13.63 (1.14-210.6)

Absolute lymphocyte count, 3109/L 8.33 (0.37-201.6)

Absolute neutrophil count, 3109/L 2.91 (0.63-8.00)

Hemoglobin, g/L 11.7 (7.6-14.8)

Platelet count, 3109/L 119 (49-474)

Spleen size, cm 22.5 (15.5-36)

Circulating HCLv cells, 3106/L 5,877 (4.14-241000)

Bone marrow HCLv cells, % 35 (5-90)

IGHV4-34 unmutated IgH, n (%) 7 (37)

Time from diagnosis to treatment, mo 12.4 (1.9-147.7)

Prior treatment

Untreated 8

Cladribine monotherapy 6

Cladribine, rituximab, splenectomy 1

Cladribine, splenectomy 1

R-CVP, cladribine 1

Rituximab, splenectomy 1

Rituximab monotherapy 1

Splenectomy 1

Time from prior treatment, mo 14.5 (3.5-53.7)

Data are presented as median (range) unless otherwise indicated. IgH, immunoglobulin
heavy chain rearrangement; R-CVP, rituximab, cyclophosphamide, vincristine, and
prednisone.
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Figure 1. Survival outcomes and duration of response. MRD-negative CR duration is shown for 16 patients achieving MRD-negative CR with CDAR (A), and blood

MRD-negative duration is shown for 17 patients becoming blood MRD-negative (B). OS and PFS are shown for all 20 patients (C), and OS after progression is shown for

8 patients who progressed (D). PFS (E) and OS (F) are shown for 5 patients with a TP53 mutation vs 14 patients without a TP53 mutation.
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biopsy was not performed 4 weeks after beginning delayed rituxi-
mab. Blood counts were performed approximately twice as fre-
quently as flow cytometry. Patients are being followed up indefinitely
on this schedule or until starting next treatment. Response was
assessed as previously described,20 except that for partial response
(PR), additional established criteria included $50% improvements
in neutrophils, hemoglobin ($9 g/dL was sufficient if transfusion
dependent at baseline), and platelets, and a $50% reduction in cir-
culating HCL cells and lymph nodes.21 PR did not require $50%
reduction in marrow HCL infiltration so that PR could be assessed
without bone marrow, and patients were considered in CR regard-
less of residual cytopenias if negative for MRD by all tests.

Whole-exome sequencing Peripheral blood mononuclear cell
samples obtained by Ficoll centrifugation containing HCLv cells
comprising .95% of total B cells were magnetically labeled with
CD19 MicroBeads (Miltenyi Biotec, Auburn, CA) according to the
company protocol; they were then positively sorted with an auto-
MACSTM Separator (Miltenyi Biotec). The genomic DNA was pre-
pared from the sorted cell pellet by using the Quick-DNA/RNA
MicroPrep Plus Kit (Zymo Research, Irvine, CA). The genomic DNA
sample was randomly fragmented by sonication (Covaris, Woburn,
MA) to the size of 180 to 280 bp fragments. Remaining overhangs
were converted into blunt ends via exonuclease/polymerase activi-
ties, and enzymes were removed. After adenylation of 3' ends of
DNA fragments, adapter oligonucleotides were ligated. DNA frag-
ments with ligated adapter molecules on both ends were selectively
enriched in a polymerase chain reaction (PCR) reaction. After the
PCR reaction, the libraries were hybridized in buffer with biotin-
labeled probes, and magnetic beads with streptomycin were then
used to capture the exons. After washing beads and digesting
probes, the captured libraries were enriched in a PCR reaction to
add index tags. Products were purified with the AMPure XP system
(Beckman Coulter, Beverly, MA) and quantified by using the Agilent

high-sensitivity DNA assay on the Agilent Bioanalyzer 2100 system
(Agilent Technologies, Santa Clara, CA). Trimmomatic (v.0.38)22

was used to trim the adapters and low-quality bases before aligning
reads to the human hg38 reference genome with BWA
(v.0.7.17).23 Mapped reads were then de-duplicated with Picard
Tools (v.1.119), followed by re-alignment, and base quality score
recalibration was performed by using the Genome Analysis Toolkit
(GATK v.3.8.0).24

Somatic variant analysis Somatic variant calling was per-
formed by using muTect (v.1.1.7),25 MuTect2,26 and VarDict
(v1.4)27 in tumor-only mode, and only mutations called by at least 2
of the 3 programs were kept. Variants were annotated with
Ensembl’s Variant Effect Predictor (VEP v.92)28 and converted to
Mutation Annotation Format using the vcf2maf tool (v1.6.16).29

Common variants annotated with a frequency larger than 0.001 in
the ExAC, gnomAD, or 1000 Genomes databases, as well as fre-
quently mutated genes30 found in exome cohorts that are likely to
be false positive, were removed. In addition, variants with an alter-
nate allele frequency ,5%, variant allele depth ,5, or total
sequencing depth ,203 were excluded, and only variants anno-
tated by SnpEff (V4.3)31 as high or moderate for deleteriousness
were kept.

Progression-free survival (PFS) was calculated from the beginning
of CDAR until loss of CR after delayed rituximab or initiation of next
therapy or death from any cause. OS was calculated from the
beginning of CDAR until death from any cause. PFS and OS were
calculated by using the Kaplan-Meier method, with curves com-
pared using a log-rank test. MRD-negative duration was defined
from the date of negative bone marrow flow cytometry until the last
assessment of negative or first assessment of relapsed MRD in
bone marrow or blood, and the duration of MRD-negative CR was
also determined by using the Kaplan-Meier method. The duration
could not be extended without bone marrow core negative for IHC
and aspirate negative by flow cytometry. Median follow-up was con-
sidered the median time from treatment to death or data cutoff for
the 20 patients. Median potential follow-up was considered the
median time from treatment to data cutoff for the 20 patients. Data
cutoff was July 4, 2021. Hazard ratios and 95% confidence inter-
vals (CIs) were calculated by using Cox models. All analyses were
performed by using SAS version 9.4 (SAS Institute, Inc, Cary, NC).
All P values are two-tailed.

Results

Patient characteristics

Twenty patients were enrolled (Table 1). Median age was 67 years
(range, 42-86 years). Seven (37%) of 19 evaluated patients had
unmutated IGHV4-34 gene. The median time from diagnosis to
CDAR was 12.4 months (range, 1.9-147.7 months). Eight patients
were previously untreated; 1 had only splenectomy; 6 had prior cla-
dribine; 1 had prior cladribine and splenectomy; 1 had prior rituxi-
mab; 1 had prior rituximab and splenectomy; 1 had prior cladribine,
splenectomy, and 2 unsuccessful attempts at completing a dose of
rituximab; and 1 had prior combination rituximab-containing chemo-
therapy (rituximab, cyclophosphamide, vincristine, and prednisone)
followed by cladribine.
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Figure 2. Swimmer’s plot showing MRD status until last assessment and

timing of delayed rituximab (�), next treatment (~), or death (3). Letters
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Response status at 4 weeks

To determine response status at 4 weeks after cladribine, patients
underwent bone marrow and imaging studies. Fourteen patients
(70%) achieved CR at 4 weeks, all with negative bone marrow IHC,
and 3 additional patients had negative bone marrow findings by
hematoxylin and eosin stain and IHC, but blood counts were not yet
consistent with CR. Bone marrow aspirate flow cytometry was neg-
ative in 9 (45%), dry-tap in 1 (5%, considered MRD positive), and
nonevaluable in 2 (10%) patients. Thus, at 4 weeks, 9 (50%) of 18
evaluable patients achieved MRD-negative CR (95% CI, 26-74), 17
(85%) of 20 had IHC-negative bone marrow biopsy findings, and
13 (68%) of 19 evaluable patients achieved negative MRD in
blood.

Response to CDAR at 6 months

By 6 months, 95% (95% CI, 75-100) of patients had achieved a
best response of CR. The one patient (#9) who did not achieve CR
had by far the largest spleen size (14.7 3 30 3 36 cm) and had
prior rituximab therapy. Another patient (#11) with a large spleen
(12.2 3 25.7 3 26.4 cm) achieved CR by day 27, negative accord-
ing to IHC but MRD positive by flow cytometry of blood and bone
marrow. This patient’s HCLv rapidly progressed and by the 6-month
time point had already relapsed from CR. At 6 months after CDAR,
18 (90%) of 20 patients were in CR; all 18 were MRD negative
according to IHC, 16 (80%) were MRD negative according to all
tests, and 17 (85%) were MRD negative in blood.

MRD-negative durations before delayed rituximab

Of the 16 patients achieving MRD-negative CR, 9 (56%) became
MRD positive with a median MRD-negative CR duration of 70.1
months, and the other 7 patients remain in MRD-negative CR for 21
to 120 months (median, 29.1 months) (Figure 1A). The MRD-
negative CR durations in Figure 1A could not be extended without
a bone marrow negative for both IHC and flow cytometry, the latter
being the most sensitive. Because bone marrow procedures in clini-
cal practice are not frequently performed after treatment, and as
blood MRD in this trial was the trigger for delayed rituximab, we

also observed blood MRD-negative duration. As shown in Figure
1B, of the 17 patients who became blood MRD-negative after
CDAR, median blood MRD-negative survival was 70.0 months.
Seven patients currently remain blood MRD negative for 27 to 139
months (median, 59.1 months). These responses and durations
were all achieved before and without delayed rituximab.

Delayed rituximab

As shown in Figure 2, a total of 11 patients received delayed rituxi-
mab, in all cases triggered by MRD detectable in blood, with a time
from CDAR to delayed rituximab of 6 to 82 months (median, 34.8
months). These 11 patients included 9 patients becoming blood
MRD positive (Figure 1B) in addition to 2 patients who remained
blood MRD positive after CDAR. Figure 2 shows that delayed rituxi-
mab led to blood becoming MRD negative in 7 of 11 patients; 5 of
these 7 patients have been restaged at 6 months from delayed ritux-
imab and achieved MRD-negative CR with negative bone marrow
MRD. Of note, one (#13) of those achieving MRD-negative CR by
delayed rituximab had not become MRD negative earlier with
CDAR. Three of five who achieved MRD-negative CR after delayed
rituximab became MRD positive again after 12, 12, and 36 months,
respectively, and the other 2 patients remain MRD negative at 37
and 42 months. Of the 11 patients who received delayed rituximab,
5 patients then received the next line of treatment due to progres-
sion, and 1 progressed and died without next treatment; these pro-
gressions were cytopenias associated with disease or
lymphadenopathy. The median time from delayed rituximab to pro-
gression in 6 patients was 13 months (range, 6-30 months).

In addition to 11 patients who received delayed rituximab, 2 patients
received alternative chemoimmunotherapy without delayed rituximab
due to rapid progression of disease, including massive splenomeg-
aly (patient #4 and patient #11). Thus, 7 patients in total received
their next line of treatment beyond delayed rituximab on protocol, 4
with other chemoimmunotherapy, 1 with ibrutinib, 1 with additional
rituximab, and 1 with pentostatin. Seven patients have died at last
follow-up: 5 with HCLv, 1 from lung cancer but with active HCLv

Table 2. TP53 and MAP2K mutations

Patient no. Gene Mutation

Sequencing depth

VAF % of B cellsVariant Total

4 TP53 c.560-1G.A (p.X187_splice) 54 205 0.26 .99

7 TP53 c.154C.T (p.Q52*) 59 59 1.00 .99

8 TP53 c.517G.A (p.V173M) 47 49 0.96 .99

9 TP53 c.659A.G (p.Y220C) 63 130 0.48 .99

9 TP53 c.470T.C (p.V157A) 40 90 0.44 .99

13 TP53 c.67211G.T (p.X224_splice) 49 52 0.94 .99

3 MAP2K1 c.361T.A (p.C121S) 126 323 0.39 95

5 MAP2K1 c.362G.C (p.C121S) 72 157 0.46 .99

12 MAP2K2 c.170T.G (p.F57C) 196 444 0.44 .99

14 MAP2K1 c.173A.C(p.Q58P) 20 335 0.06 93

14 MAP2K1 c.308T.A (p.I103N) 19 191 0.10 93

15 MAP2K1 c.529C.A (p.L177M) 34 65 0.52 .99

19 MAP2K1 c.169A.G (p.K57E) 46 112 0.41 96

The last column is the percentage of HCLv cells relative to total B cells in the sample.
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Figure 3. Survival outcomes by MRD status. Patients with HCLv achieving (n 5 16, red) or not achieving (n 5 4, blue) MRD-negative CR at 6 months are compared

with respect to PFS (A) and OS (B). Similarly, PFS (C, E) and OS (D, F) are shown for patients who were blood MRD-negative (n 5 14, red) vs positive (n 5 5, blue) at
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limiting treatment, and 1 with Parkinson’s disease while still in MRD-
negative CR.

Response durations

The 5-year PFS was 63.3% (95% CI, 37.9-80.6) as shown in Fig-
ure 1C and could be lengthened by response to delayed rituximab.
The 5-year OS was 73.9% (95% CI, 48.2-88.2). Ten-year PFS and
OS were 44.3% (95% CI, 17.7-68.3) and 57.6% (95% CI, 29.1-
78.1), respectively. As shown in Figure 1D, the median time to
death from progression was 29.7 months (95% CI, 0-40.6). An
association between prior splenectomy or purine analogue and
either PFS or OS was not observed (data not shown).

IGHV4-34, TP53, and MAP2K mutation in HCLv

Unmutated IGHV4-34 was seen in 7 patients (#4, #5, #6, #11,
#12, #16, and #19). Having IGHV4-34 unmutated HCLv was not
associated with either PFS (P 5 .51) or OS (P 5 .83). Although
this was a post hoc analysis, we performed whole-exome sequenc-
ing using available samples and found that 5 (26%) of 19 evaluable
patients had TP53 mutations (#4, #7, #8, #9, and #13) (Table 2).
Clonal and subclonal status is shown in the variant allele frequency
(VAF) column of Table 2. The data are consistent with clonal homo-
zygous TP53 mutations in patients #7, #8, and #13 (VAF �1).
Patient #9 appears to have 2 clonal heterozygous TP53 mutations
on different alleles (VAF �0.5). Thus, the wild-type TP53 allele
appears absent in these 4 patients who died, whereas patient #4,
who is still living, has a subclonal TP53 mutation. Patients with a
TP53 mutation had significantly higher risk of MRD-positive disease
at 6 months compared with those without a TP53 mutation (3 of 5
vs 1 of 14; P 5 .037) and had shorter PFS (median, 36.4 months
vs unreached; P 5 .0024) (Figure 1E) and OS (median, 52.4
months vs unreached; P 5 .032) (Figure 1F).

Although not all patients were tested by using fluorescence in situ
hybridization to rule out 17p deletions, plots of polymorphisms as
well as missense mutations across chromosome 17 for all 19
patients showed no evidence of an entire arm (17p) missing (data
not shown). As shown in Table 2, MAP2K mutations appear to be
clonal heterozygous in patients #3, #5, #12, #15, and #19 (VAF
�0.5) and subclonal in patient #14. MAP2K mutation was not
associated with either PFS (P 5 .41) or OS (P 5 .72).

Impact of MRD on survival outcomes

The patients who achieved MRD-negative CR at 6 months (n 5 16)
had significantly longer PFS (not reached vs 17.4 months; P ,

.0001) and OS (unreached vs 38.2 months; P , .0001) compared
with those who did not (n 5 4) (Figure 3A-B). At 4 weeks, 9 (50%)
of 18 evaluable patients were MRD-free, and MRD at this early time
point was also associated with PFS (P 5 .025) and OS (P 5

.022). Relevant to patients not followed up by bone marrow testing
after treatment, PFS and OS were analyzed with respect to blood
MRD at 1 and 6 months after CDAR in all 20 patients. We found
that both PFS and OS were significantly longer if blood was MRD

negative at either 1 month (P 5 .0031 for PFS, P 5 .0017 for OS)
or 6 months (P , .0001 for both PFS and OS) (Figure 3C-F).

Toxicity

Overall, CDAR was well tolerated (Table 3). As expected, because
patients with HCLv have higher normal blood counts compared with
patients with classic HCL, a relatively low frequency of cytopenias
was observed. Only 1 patient each experienced febrile neutropenia
and anemia requiring transfusion. As we previously described,6 a
transient decrease in platelet count was observed within 24 hours
after the first dose of cladribine and rituximab but recovered within
days to 1 week. Grade 4 thrombocytopenia occurred in 2 patients,
and only 1 received a prophylactic platelet transfusion. Nonhemato-
logic grade 3/4 adverse events were unusual.

Discussion

This prospective trial, the largest for HCLv to our knowledge, is
unique in following up patients long term for MRD with both bone
marrow and blood studies, and the first to show relationships
between MRD and survival outcomes. There is no study evaluating
purine analogue monotherapy prospectively in HCLv, but of 42
patients with HCLv who received cladribine monotherapy, the CR
rate was only 7%.3,7-11 The CR rate of cladribine monotherapy in
these 42 patients is far inferior to either the 95% CR rate achieved
by CDAR (P , .0001) or the 86% CR rate in 7 patients with HCLv
after cladribine followed by rituximab reported by Ravandi et al (P ,

.0001).15,16 Even if patients respond to cladribine, purine analogue
monotherapy does not provide long-term remission; median duration
of response was only �15 months.3 Despite the comparison of ret-
rospective cladribine monotherapy data vs small prospective trials of
cladribine-rituximab, we believe these differences support combina-
tion treatment rather than cladribine monotherapy in HCLv.

We found that 80% of 20 patients achieved MRD-negative CR.
The most stringent test of MRD was bone marrow aspirate flow
cytometry, sensitive to 0.002%. As previously reported by Ravandi
et al,15,16 we found this test more sensitive than consensus PCR
for immunoglobulin rearrangements in blood or bone marrow. Chi-
hara et al15 reported that 5 (71%) of 7 patients with HCL became
MRD negative 3 months after cladribine treatment, which was imme-
diately after completing delayed rituximab therapy, and these
patients were not reassessed by bone marrow tests for MRD. In our
study, the median duration of MRD-negative CR was 70.1 months,
and 7 of 16 remain MRD negative up to 120 months. One-half of
the patients have not required any additional treatment, with a
median follow-up of 69.7 months and a median potential follow-up
of 112.4 months.

MRD status 6 months after CDAR was closely associated with both
PFS and OS, and similar importance was found for blood MRD at 1
and 6 months. Although MRD is critical in many other hematologic
malignancies,32-35 its clinical value in HCL has been less clear
because additional treatment can be delayed so long after MRD

Figure 3 (continued) 1 month (C, D), and blood MRD-negative (n 5 17, red) vs positive (n 5 3, blue) at 6 months (E, F). Patient #11 experienced progression at 4.1

months and is included in the analyses of PFS and OS curves based on results at 6 months because the patient was blood MRD positive at both 1 and 6 months. These 2

sets of analyses could have been done starting at 6 months after beginning treatment to ensure that the trait was considered at the start of the curves but doing so would

have eliminated this patient from the PFS curves in panels A and E, and it was judged to be more important to show these full results.
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recurrence.15,36 However, recent data in HCL show eradication of
HCL leading to longer CR duration37 and PFS.38 First-line treatment
with CDAR in classic HCL was associated with relapse in 1 of 34
patients at a median follow-up of 6.5 years,17 significantly lower
(P 5 .0023) compared with 28% relapses at 6.5 years in 90 histor-
ical patients with baseline cytopenias who had received first-line
purine analogue monotherapy.39 Although there is no evidence yet

for a benefit in OS for MRD eradication in classic HCL, this study
shows for the first time a clear OS as well as PFS benefit for MRD
eradication in HCLv, whether assessed by bone marrow or blood
only. This is likely due to its more aggressive natural history and lack
of alternative therapeutic options. Thus, it is critical to eliminate
MRD in effective treatment of HCLv.

TP53 aberrations, including mutation and del(17p), are extremely
important in the treatment of malignant disease such as in chronic
lymphocytic leukemia and acute myeloid leukemia.40 Loss of func-
tion of the TP53 gene is associated with chemoresistance and
aggressive disease. The del(17p)/TP53 mutation is rare in HCL but
in HCLv affects 30% to 40% of patients.41 We found TP53 muta-
tion in 5 (26%) of 19 evaluable patients tested, and indeed these
patients with mutation had shorter response to CDAR with a
median PFS of �3 years and OS ,5 years. This patient population
likely represents a significant risk for chemoresistance and suggests
unmet needs for non-chemotherapy drug development.

In summary, CDAR has high efficacy in patients with early HCLv,
particularly in those achieving MRD-negative CR. However, more
than one-half of patients experienced recurrence, and there are still
unmet needs, particularly for those not achieving MRD-negative CR
or having a TP53 mutation. These findings must be validated in
future studies. Although earlier treatment of HCLv with more effec-
tive chemoimmunotherapy may hold promise, we observed that
some patients with HCLv are or will become chemoresistant.42,43

Therefore, non-chemotherapy approaches, such as moxetumomab
pasudotox or ibrutinib42 monotherapy or in combination, should be
explored. In this ongoing severe acute respiratory syndrome corona-
virus 2 pandemic, these T cell–sparing approaches may be advanta-
geous, but before initiation of a CD20 monoclonal antibody, which
can prevent effective immunization for up to 12 months, evidence of
adequate levels of COVID-19 spike antibodies may be prudent.44

As always, the choice of therapy needs to be well balanced with
eradication of leukemia.45
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