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abstract

PURPOSERandomized trials established the superiority of ibrutinib-based therapy over chemoimmunotherapy in
chronic lymphocytic leukemia. Durability of progression-free survival (PFS) with ibrutinib can vary by patient
subgroup. Clinical tools for prognostication and risk-stratification are needed.

PATIENTS AND METHODS Patients treated with ibrutinib in phase II and III trials provided the discovery data set
and were subdivided into discovery and internal validation cohorts. An external validation cohort included 84
patients enrolled in our investigator-initiated phase II trial. Univariable analysis of 18 pretreatment parameters
was performed using PFS and overall survival (OS) end-points. Multivariable analysis and machine-learning
algorithms identified four factors for a prognostic model that was validated in internal and external cohorts.

RESULTS Factors independently associated with inferior PFS and OS were as follows: TP53 aberration, prior
treatment, b-2 microglobulin $ 5 mg/L, and lactate dehydrogenase . 250 U/L. Each of these four factors
contributed one point to a prognostic model that stratified patients into three risk groups: three to four points,
high risk; two points, intermediate risk; zero to one point, low risk. The 3-year PFS rates for all 804 patients
combined were 47%, 74%, and 87% for the high-, the intermediate-, and the low-risk group, respectively (P,
.0001). The 3-year OS rates were 63%, 83%, and 93%, respectively (P , .0001). The model remained
significant when applied to treatment-naı̈ve and relapsed/refractory cohorts individually. For 84 patients in the
external cohort, BTK and PLCG2 mutations were tested cross-sectionally and at progression. The cumulative
incidences of mutations were strongly correlated with the model. In the external cohort, Richter’s transformation
occurred in 17% of the high-risk group, and in no patient in the low-risk group.

CONCLUSION Patients at increased risk of ibrutinib failure can be identified at treatment initiation and considered
for clinical trials.

J Clin Oncol 39:576-585. © 2020 by American Society of Clinical Oncology

INTRODUCTION

Chronic lymphocytic leukemia (CLL) is a clonal ex-
pansion of mature B cells driven by constitutive acti-
vation of B-cell receptor (BCR) signaling1,2 and
overexpression of the prosurvival BCL-2 protein.3

Randomized trials demonstrated that selective in-
hibition of BCR signaling or BCL-2 can substantially
improve the outcome of patients with CLL when
compared with chemoimmunotherapy in the first-line
as well as in relapsed disease settings.4-8 To date, the
US Food and Drug Administration has approved five
targeted agents for the treatment of CLL: ibrutinib,
acalabrutinib, idelalisib, duvelisib, and venetoclax. Of
these, ibrutinib, a Bruton’s tyrosine kinase inhibitor,
was the first to be approved and has the longest and
broadest clinical data available.9-12

Although ibrutinib is highly active in CLL, single-agent
ibrutinib is not curative, and drug resistance can
emerge. The clinical course of ibrutinib-resistant CLL
can be aggressive,13 and the durability of response to
alternative treatments is limited; most patients relapse
within 2 years after starting venetoclax14 or CD19
chimeric antigen receptor-modified T cells.15 The
most commonly identified mechanism for the emer-
gence of ibrutinib-resistant CLL is an expansion of
mutant subpopulations carrying BTK and/or PLCG2
mutations that reconstitute BCR signaling despite the
presence of ibrutinib.16-18 The application of high-
sensitivity testing can detect these mutations as
early as 15 months before clinical progression.19

Moreover, ibrutinib-resistant CLL is clonally heteroge-
neous, which supports clinical observations related to
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a limited duration of response to alternative therapy ad-
ministered after ibrutinib.

Risk stratification can help identify high-risk disease up
front and enable informed therapeutic decision making.
Equally important is the identification of low-risk patients
who are likely to achieve durable responses to ibrutinib
monotherapy. Although several biologic factors have been
associated with the risk of disease progression,20-22 a ro-
bust, validated clinical tool that could be used for risk-
adapted treatment approaches is lacking. Notably, the CLL
International Prognostic Index (CLL-IPI) was validated in
patients with treatment-na ı̈ve CLL (TN-CLL) in the
chemoimmunotherapy era.23 Another prognostic tool es-
timated the survival of patients with relapsed/refractory CLL
(RR-CLL) treated with heterogeneous regimens of both
chemotherapy and targeted agents.24 None of the existing
prognostic models have systematically explored biomarkers
of ibrutinib resistance in the context of proposed clinical
models. Here, we report a four-factor prognostic model
predictive of progression-free survival (PFS) and overall
survival (OS) and its validation in 804 patients with CLL
treated uniformly with ibrutinib 420 mg per day.

PATIENTS AND METHODS

Study Design and Participants

The discovery data set was composed of 720 patients with
CLL treated with ibrutinib in clinical trials: the phase Ib/II
(ClinicalTrials.gov identifier: NCT01105247), RESONATE
(ClinicalTrials.gov identifier: NCT01578707), RESONATE-2
(ClinicalTrials.gov identifier: NCT01722487), RESONATE-17
(ClinicalTrials.gov identifier: NCT01744691), and
iLLUMINATE (ClinicalTrials.gov identifier: NCT02264574).
Efficacy and safety outcomes have been published.6,10-12,25

For external validation, we used data from 84 patients
treated with single-agent ibrutinib in a phase II trial at
the National Institutes of Health (NIH; ClinicalTrials.gov

identifier: NCT01500733).22,26 The clinical trials were ap-
proved by the responsible institutional review boards, and
participants provided written informed consent. These
trials tested ibrutinib-based treatment of CLL at 420 mg
once per day and had a median follow-up of more than 30
months.

Statistical Analysis

We randomly divided the discovery data set into training
(75%) and internal validation (25%) cohorts. In the training
cohort, we performed traditional univariable and multi-
variable analyses for PFS and OS using stepwise selection.
In parallel, we applied two supervised machine-learning
methods using the lasso-based regularized Cox model27

and the random survival forests algorithm.28 Traditional and
machine-learning methods consistently identified four in-
dependent variables that were used to construct a prog-
nostic index. The model was tested in the internal and
external validation cohorts, as well as in the combined
cohort including all 804 patients. Detailed statistical
methods are provided in the Data Supplement (online
only).

Sequencing of BTK and PLCG2 Mutations

Samples collected in the NIH cohort were subjected to
high-sensitivity sequencing of BTK and PLCG2 as de-
scribed previously.19,29 The estimated sensitivity of the
assay was 0.1%. Detailed testing methods are provided in
the Data Supplement.

RESULTS

Patients, Treatment, and Predictors of Outcome

Table 1 lists the baseline characteristics of the 804
patients. Data for 720 patients in the discovery data set
were aggregated from five industry-sponsored trials (Data
Supplement). A majority of these patients had RR-CLL
(61%) or an advanced Rai stage (55%). TP53 aberration
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We sought to develop a prognostic scoring system of survival for patients with chronic lymphocytic leukemia (CLL) treated

with ibrutinib.
Knowledge Generated
TP53 aberration, relapsed/refractory CLL, b-2 microglobulin $ 5 mg/L, and lactate dehydrogenase . 250 U/L were in-

dependently associated with inferior progression-free and overall survival and were used to build a four-factor scoring
system that stratified patients into high-, intermediate-, and low-risk groups. At 3 years, 53% of the patients in the high-
risk group had progressed or died, in contrast to 13% in the low-risk group. BTK or PLCG2 mutations and Richter
transformation were found most frequently in the high-risk group.

Relevance
In clinical practice, the score can help set expectations, guide monitoring frequency, and direct patients to risk-adapted

treatment approaches on the basis of the predicted risk of early progression. In clinical trials, stratifying patients by risk
score could more rapidly and clearly answer whether novel treatments improve outcomes for patients in greatest need.
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was detected in 44%. Concurrent TP53 mutation and
deletion 17p were detected in 71% of the patients with
TP53 aberration who were tested for both. Eighty-four
percent received single-agent ibrutinib, and 16%, ibruti-
nib with obinutuzumab.We also included 84 patients treated

with single-agent ibrutinib in an investigator-initiated trial at
the NIH. The NIH cohort was enriched with patients with TN-
CLL (62%) and TP53 aberration (63%) per inclusion criteria.
The median follow-up was 49 months, and the median OS
was not reached for the entire data set.

TABLE 1. Patient Characteristics

Cohort

Discovery Data Set

NIH Cohort All CombinedTraining Cohort Internal Validation Cohort

No. of patients 541 179 84 804

Median follow-up, months (95% CI) 47.2 (46.0 to 48.9) 46.9 (35.9 to 50.7) 65.6 (63.5 to 72.5) 49.1 (47.2 to 51.6)

Age

Median, years (range) 69 (30-89) 68 (40-89) 66.5 (33-85) 68 (30-89)

. 65 years 358 (66.2) 114 (63.7) 48 (57.1) 520 (64.7)

Male 356 (65.8) 122 (68.2) 48 (57.1) 526 (65.4)

Rai stage III-IV 309 (57.1) 86 (48.0) 57 (67.9) 452 (56.2)

Relapsed/refractory 331 (61.2) 109 (60.9) 32 (38.1) 472 (58.7)a

TP53 aberrationb

Yes 235 (43.4) 79 (44.1) 53 (63.1) 367 (45.6)c

Missing data 6 (1.1) 0 0 6 (0.7)

IGHV

Unmutated 310 (57.3) 103 (57.5) 55 (65.5) 468 (58.2)

Missing data 102 (18.9) 32 (17.9) 0 134 (16.7)

B2M

Median (range) 4.5 (0.9-20.2) 4.5 (1.2-37.7) 4.0 (1.7-12.9) 4.4 (0.9-37.7)

$ 5 mg/L 184 (34.0) 62 (34.6) 30 (35.7) 276 (34.3)

Missing data 111 (20.5) 36 (20.1) 0 147 (18.3)

LDH

Median (range) 232 (40-3,639) 234 (65-1,979) 256.5 (108-2,568) 233 (40-3,639)

. 250 U/L 237 (43.8) 74 (41.3) 42 (50.0) 353 (43.9)

Missing data 2 (0.4) 0 0 2 (0.2)

. Upper limit of normal 258 (47.7) 80 (44.7) 50 (59.5) 388 (48.3)

Complex karyotyped

Yes 62 (11.5) 24 (13.4) NA 86 (10.7)

Missing data 271 (50.1) 91 (50.8) 84 (100) 446 (55.5)

Hemoglobin , 10 g/dL 138 (25.2) 42 (23.5) 27 (32.1) 207 (25.7)

Platelet , 100 3 109/L 196 (36.2) 57 (31.8) 38 (45.2) 291 (36.2)

WBC $ 50 3 109/L 251 (46.4) 79 (44.1) 60 (71.4) 390 (48.5)

Bulky disease . 5 cm 247 (45.7) 91 (50.8) 30 (35.7) 368 (45.8)

NOTE. Data are presented as No. (%) unless indicated otherwise.
Abbreviations: B2M, b-2 microglobulin; IGHV, immunoglobulin variable heavy chain gene; LDH, lactate dehydrogenase; NA, not available;

NIH, National Institutes of Health.
aThe median number of prior therapies was three for the relapsed/refractory patients in the discovery data set and unavailable for the NIH

cohort.
bTP53 aberration was defined by detection of deletion 17p by fluorescent in situ hybridization or TP53 mutation by targeted sequencing.
cOf 367 patients with TP53 aberration, 190 (52%) had concurrent TP53 mutation and deletion 17p; 81 (22%) had either one of the two

changes, including 60 patients with TP53mutation only and 21 with deletion 17p only; 95 (26%) had deletion 17p with unknown TP53mutation
status; and one patient had TP53 mutation with unknown deletion 17p status.

dComplex karyotype was defined by at least three genetic abnormalities in metaphase G-banding.
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Univariable analysis of 18 baseline factors in the discovery
cohort revealed 11 factors associated with inferior OS and
PFS (Data Supplement). Rai stage was associated with
inferior OS but not PFS. Conversely, younger age, unmu-
tated immunoglobulin variable heavy-chain gene (IGHV),
and lower absolute lymphocyte count were associated with
inferior PFS but not OS. Complex karyotype was associated
with both inferior PFS and inferior OS; no centralized testing
was conducted, and data were missing in one half of the
patients, precluding additional analyses.

For multivariable analysis, the discovery cohort was ran-
domly divided 3:1 into training and internal validation co-
horts. The four factors independently associated with both
inferior PFS and inferior OS in the discovery cohort were
as follows: RR-CLL, TP53 aberration, b-2 microglobulin
(B2M)$ 5mg/L, and lactate dehydrogenase (LDH). 250U/L.
With each additional adverse factor present at baseline,
PFS and OS probability decreased (P , .0001; Fig 1). All
four factors demonstrated consistent prognostic effects in
training and validation cohorts (Data Supplement).

Machine-Learning Methods

We used two supervised machine-learning methods to
confirm the validity of the factors identified from the tra-
ditional Cox regression analysis within the discovery data
set. To determine the optimal number of factors included in
a model, we used lasso Cox regression, which provides
constraints to model complexity (Data Supplement). The
four-factor model was the simplest model, with regression
coefficients and hazard ratios (HRs) for PFS and OS within
one standard deviation of those with the minimum cross-
validation error. The random survival forests method, which
used recursive binary splitting and 10-fold cross-validation,
reaffirmed the top four variables for both PFS and OS as

TP53 aberration, RR-CLL, high LDH, and high B2M (Data
Supplement). Using continuous values for LDH and B2M
revealed the same four factors. There was no interaction
between B2M and LDH, confirming them as independent
prognostic factors (Data Supplement).

Different B2M cutoffs have been adopted in existing
prognostic tools. We tested 10 B2M cutoffs from 1 to 10 mg/L
in the combined cohort using lasso Cox regression. HRs
were similar among B2M cutoffs of 5, 6, and 7 mg/L and
lower for# 4mg/L and$ 8mg/L. We chose a B2M cutoff of
5 mg/L for the final model, given that the value was close to
the median. Similarly, LDH . 250 U/L was chosen, given
that 250 U/L was the lowest value to be selected in the
model based on lasso Cox regression and was close to the
median of the data set (233 U/L).

A Prognostic Index for Patients Treated With Ibrutinib

We used the four individually validated factors, which were
TP53 aberration, RR-CLL, high LDH, and high B2M, to build
a prognostic index (online calculator for the CLL 4-factormodel
is available at https://dir.nhlbi.nih.gov/lab/LLM/CLL4fxmodel/).
On the basis of the separation of outcomes in the training
cohort by the cumulative number of risk factors (Fig 1), we
distinguished three prognostic risk groups: low risk, with zero
to one factor present at the start of ibrutinib; intermediate risk,
with two factors; and high risk, with three to four factors. In the
training cohort, the intermediate- and high-risk groups had
significantly inferior PFS andOSwhen comparedwith the low-
risk group (Table 2; Fig 2; Data Supplement). In both internal
and external validation cohorts, the high-risk group had sig-
nificantly inferior PFS and OS when compared with the low-
risk group. Likewise, HRs for PFS and OS were increased
(range, 1.8-2.6) in the intermediate-risk group compared with
the low-risk group; however, owing to the smaller cohort sizes,
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these differences did not consistently reach statistical sig-
nificance. When combining all cohorts, the 3-year PFS rates
for low-, intermediate-, and high-risk groups were 87%,
74%, and 47%, and the 3-year OS rates were 93%, 83%,
and 63%, respectively (P , .0001).

Although RR-CLL contributes one factor to the prognostic
index, the model retained statistical significance for PFS
and OS in patients treated with ibrutinib in first-line therapy
(Data Supplement). As expected, PFS and OS of the TN-CLL
subset were more favorable across the risk groups compared
with those of the RR-CLL subset.

To account for variation in reference ranges, we tested
LDH . upper limit of normal (ULN) as an alternative to
. 250 U/L. The modified model using LDH . ULN per-
formed equally as well as the original four-factor model in
predicting PFS and OS (Data Supplement). Thus, LDH
cutoff . ULN can be used in settings in which the ULN
does not approximate 250 U/L.

Comparison of the CLL-IPI With the Four-Factor Model

Two factors in this four-factor model are also used in the
CLL-IPI, a weighted scoring system that considers age, Rai
stage, B2M, IGHV, and TP53 aberration.23 We compared
the performance of the CLL-IPI and the four-factor model
in the 531 patients who had all the data points needed for
risk categorization by both prognostic tools. The CLL-IPI
assigned most patients to the high- (39%) or very high-risk
groups (49%); 12% to the intermediate-risk group, and
only three patients (0.6%) to the low-risk group (Data

Supplement). More than a third (35%) of the patients in the
very high-risk group of the CLL-IPI fell into the low- or
intermediate-risk category of the four-factor model, dem-
onstrating the limits of the CLL-IPI for patients treated with
ibrutinib. The concordance test confirmed the lack of
substantial agreement between the two prognostic tools
(weighted k5 0.45). The patients in the highest risk group by
CLL-IPI had better PFS and OS than did those in the high-risk
group by the four-factormodel. For instance, 3-year PFS rates
were 59% and 49% for the highest-risk group of the CLL-IPI
and the four-factor model, respectively. Similarly, HRs ob-
served in the four-factor model were consistently higher than
those in the CLL-IPI, leading to improved discrimination of
PFS (C-statistic 5 0.69 for four-factor, 0.63 for CLL-IPI).

Incidence of BTK and/or PLCG2 Mutations in the

Prognostic Subgroups

BTK and/or PLCG2 mutations are found in approximately
80% of patients who develop ibrutinib-resistant CLL
and are often detectable many months before clinical
progression.19,30 We cross-sectionally tested BTK and
PLCG2 mutations using archived samples from the NIH
cohort; 63% of this cohort had a TP53 aberration, and
62% had TN-CLL at baseline. With a cumulative obser-
vation time of 387 person-years, BTK/PLCG2 sequencing
was performed 146 times, including 77 tests using cell-free
DNA. Overall, 69 (82%) of 84 patients in the NIH cohort
were tested at least once, and 40 patients (48%), at least
twice. The frequency of testing was similar across the

TABLE 2. Survival of the Clinical Risk Groups Stratified by the Four-Factor Model

Risk Group Four-Factor Score No. Patients

PFS OS

HRa (95% CI) P a % 3-Year PFS HRa (95% CI) P a % 3-Year OS

Training cohort 426

Low 0-1 133 1 — 85.4 1 — 94.3

Int 2 129 1.8 (1.1 to 2.8) .0104 71.6 2.7 (1.5 to 4.9) .0011 82.0

High 3-4 164 4.3 (2.9 to 6.5) , .0001 45.0 6.2 (3.6 to 10.7) , .0001 58.9

Internal validation cohort 143

Low 0-1 47 1 — 83.6 1 — 86.1

Int 2 39 2.0 (0.9 to 4.6) .1028 69.9 1.8 (0.7 to 4.5) .2044 79.3

High 3-4 57 4.5 (2.2 to 9.2) , .0001 46.0 2.5 (1.1 to 5.8) .0311 68.9

NIH cohort 84

Low 0-1 37 1 — 94.6 1 — 94.6

Int 2 19 1.8 (0.5 to 6.3) .3479 94.7 2.6 (0.4 to 15.5) .2969 94.7

High 3-4 28 7.3 (2.7 to 19.7) , .0001 63.2 10.0 (2.2 to 44.2) .0025 74.3

All combined 653

Low 0-1 217 1 — 86.7 1 — 92.6

Int 2 187 1.9 (1.3 to 2.7) .0010 73.9 2.5 (1.5 to 4.0) .0002 82.9

High 3-4 249 4.7 (3.4 to 6.5) , .0001 47.2 5.3 (3.4 to 8.1) , .0001 63.0

Abbreviations: HR, hazard ratio; NA, not available; NIH, National Institutes of Health; OS, overall survival; PFS, progression-free survival.
aComparison of the low-risk group with other risk groups within the same cohort.
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prognostic risk groups (P 5 .71). Each variant was man-
ually reviewed and annotated for predicted pathogenicity
(Data Supplement). The cumulative incidence of mutations
was 50%, 40%, and 17% for the high-, the intermediate-,
and the low-risk group, respectively (Fig 3A; Data Supple-
ment). In the high-risk group, an additional 20% of patients
had progression with no detectable mutations, often mani-
festing as Richter’s transformation. The cumulative in-
cidence of Richter’s transformation was 17% in the high-,
5% in the intermediate-, and 0% in the low-risk group. Time
to initial detection of mutations and time to clinical pro-
gression were highly correlated (r 5 0.93, P , .0001) with
up to 15 months from detection until clinical progression
(Figs 3B-3C). The median time to initial detection of mu-
tations was 36 months (range, 6-71.6 months). Across all
risk groups, BTK/PLCG2 mutations were nearly three times

more common in patients with the TP53 aberration (38%)
than in those without the aberration (13%; Fig 3D).

DISCUSSION

We developed a prognostic scoring system highly predictive
of survival in patients with CLL treated with ibrutinib. TP53
aberration, RR-CLL, B2M $ 5 mg/L, and LDH . 250 U/L
were independently associated with inferior PFS and OS.
The four-factor scoring system stratified the prognosis of
more than 800 patients into three tiers: high-, intermediate-,
and low-risk groups. At 3 years, one half (53%) of the
patients in the high-risk group had progressed or died, in
contrast to the 13% observed in the low-risk group.

Several strengths distinguish this proposed prognostic
model from others reported previously in CLL. First, the
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FIG 3. BTK and PLCG2 mutations in the National Institutes of Health cohort. (A) Cumulative incidence of BTK and/or PLCG2 mutations (left panel) and
Richter’s transformation (RT; right panel) by prognostic risk groups. (B) Correlation of time to the first detection of BTK and/or PLCG2 mutations (time to
mutation) and clinical progression (time to progression). (C) Cumulative incidence of BTK and/or PLCG2mutations in the prognostic risk groups. (D) Circos
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mutational status because of sample unavailability.
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four-factor model is practical and easy to implement in
general practice because it is built on parameters rec-
ommended for universal testing in CLL.31 Second, the
patients in this study were uniformly treated with ibrutinib,
either as monotherapy or in combination with obinutuzu-
mab, and because they received long-term ibrutinib for
more than 5 years, they provide a unique insight into long-
term prognostic factors for ibrutinib treatment. Third, to our
knowledge, this is the first study to apply machine-learning
methods to optimize a prognostic model in CLL. Application
of lasso-based regularized Cox and random survival forests
allowed objective selection of variables and complemented
results from the traditional Cox regression analysis. Finally,
this study systematically explored biomarkers of ibrutinib
resistance. Other studies reporting BTK and PLCG2 mu-
tations in CLL retrospectively tested patients who developed
clinical relapse, rather than taking an unbiased, cross-
sectional approach such as that adopted in this study.18,30

The prognostic model presented herein redefines high-risk
CLL for patients receiving ibrutinib therapy. In our analysis,
several classic prognostic factors, such as age, IGHV, bulky
disease, and Rai stage, did not have consistent or in-
dependent prognostic value. Applying the CLL-IPI to our
data led to inflated risk predictions in many patients be-
cause CLL-IPI includes unmutated IGHV and age over
65 years as adverse factors. As a result, 88% of the patients
fell into either the high- or the very high-risk CLL-IPI cat-
egory, limiting effective risk stratification. Our four-factor
model provided more meaningful risk stratification, dis-
tributing patients more evenly across risk groups, and
allowing the separation of patients with markedly different
survival outcomes and distinct patterns of disease pro-
gression. For instance, median PFS was 33 months for the
high-risk group and was not reached for the low-risk group.
BTK/PLCG2 mutations and Richter’s transformation were
found most frequently in the high-risk group (50% and
17%, respectively), and least frequently in the low-risk
group (17% and 0%, respectively). Although 40% of the
intermediate-risk group hadBTK/PLCG2mutations, a more
durable response to ibrutinib was observed, with a median
PFS not reached in this group.

BTK and/or PLCG2 mutations are found in most patients
with CLL progressing on ibrutinib.19,30 Monitoring for these
mutations could identify patients who will eventually
progress. However, routine monitoring has limitations be-
cause of its cost and for biologic and clinical reasons, and it
is currently unknown whether treatment interventions be-
fore progressive disease have clinical benefits. BTK and
PLCG2 mutations are not detectable at baseline, making
them poor biomarkers for upfront risk stratification.18 There
is high interpatient variability in the time from treatment
initiation to when such mutations become detectable
(Fig 3B). Moreover, CLL progression in the absence of the
mutations has been reported in up to 20% of patients
treated with ibrutinib. Taken together, the usefulness of

BTK/PLCG2 mutations is currently limited to correlative
biomarkers, rather than as disease-defining markers.19,30

Our study tested patients in the NIH cohort for these
mutations at progression and also cross-sectionally during
ongoing ibrutinib therapy. We observed a wide variation in
the time between starting ibrutinib and the first detection of
a mutation (range, 6 months to 6 years) and in the time
between first mutation and clinical progression (range, 0-15
months). Notably, BTK and/or PLCG2 mutations were
detected more frequently and earlier in the high-risk
group than in the low-risk group, suggesting that the
four-factor model can capture the subsequent risk of
clonal evolution.32

Our study has limitations inherent to the trial population and
the extent of data available for analyses. It is possible that
the four-factor model could be improved by the inclusion of
additional parameters, such as complex karyotype20,33 and
CD49d expression,21 which were unavailable in themajority
of patients in our data set. However, karyotype and CD49d
are not tested consistently, nor are they recommended as
a part of the baseline evaluation by International Workshop
on CLL guidelines.31 Furthermore, a consensus definition of
complex karyotype has not been established, and there are
conflicting data on the predictive value of complex kar-
yotype in patients treated with ibrutinib.20,33,34 Another
limitation of the four-factor model is its inclusion of prior
treatment history as an adverse risk factor, and thus, the
model predictions of survival differ in TN- and RR-CLL. In
addition, nearly 30% of the patients with TN-CLL were
excluded from the subset analysis, most often because of
missing B2M. TP53 aberration was relatively uncommon
among patients with TN-CLL in the discovery cohort (12%)
and highly enriched in the NIH cohort (40%). Because of its
study design and the completeness of the B2M data col-
lection, the NIH cohort is overrepresented in a small group
of high-risk patients with TN-CLL (78% of the high-risk
group [seven of nine patients] and 3% of the TN-CLL subset
[seven of 208 patients]). Despite these limitations, the high-
risk group continues to separate itself from other groups
within the TN-CLL subset. Longer follow-up times and
larger numbers of patients will be needed to better estimate
differences in outcome in TN-CLL.

The proposed four-factor model enables informed clinical
decision making and patient counseling and can provide
a platform for the investigation of risk-adapted treatment
approaches. In clinical practice, the score can help set
expectations, guide the frequency of monitoring, and direct
patients to risk-adapted treatment approaches on the basis
of the predicted risk of early progression. In clinical trials,
stratifying patients by risk score could more rapidly and
clearly answer whether novel treatments improve outcomes
for those patients in greatest need. High-risk patients who
progress while receiving ibrutinib are also at increased risk
of progressing with alternative targeted agents.14,35,36 These
patients could benefit from participation in clinical trials
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investigating novel regimens or can be considered for
adoptive cellular therapy once targeted agents have
failed.15,37,38 Although treatment intensification for high-risk
patients may be beneficial, it is equally important to identify
low-risk patients who are well served by ibrutinib mono-
therapy. Multidrug combinations tend to increase toxicity

and potentially limit dose adherence. Randomized trials
comparing doublet or triplet regimens that are based on
targeted agents will be informative in assessing the efficacy,
safety, and quality of life attained by combination ap-
proaches (ClinicalTrials.gov identifiers: NCT03701282 and
NCT03737981).
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