'.) Check for updates

¢ blood advances

Predictors of response and survival in a large cohort of 319 Waldenstrdm
macroglobulinemia patients treated with ibrutinib monotherapy

Tracking no: ADV-2021-006106R2

Jorge Castillo (Dana-Farber Cancer Institute, United States) Shayna Sarosiek (Dana-Farber Cancer
Institute, United States) Joshua Gustine (Dana-Farber Cancer Institute, United States) Catherine Flynn
(Dana-Farber Cancer Institute, United States) Carly Leventoff (Dana-Farber Cancer Institute, United
States) Timothy White (Dana-Farber Cancer Institute, United States) Kirsten Meid (Dana-Farber Cancer
Institute, United States) Maria Luisa Guerrera (Dana-Farber Cancer Institute, United States) Amanda
Kofides (Dana Farber Cancer Institute, United States) Xia Liu (DANA-FARBER cancer institute, United
States) Manit Munshi (Dana-Farber Cancer Institute, United States) Nicholas Tsakmaklis (Dana Farber,
United States) Zachary Hunter (Dana-Farber Cancer Institute, United States) Christopher Patterson (Dana
Farber Cancer Institute, United States) Andrew Branagan (Massachusetts General Hospital, United States)
Steven Treon (Dana Farber Cancer Institute, United States)

Abstract:

Bruton tyrosine kinase (BTK) inhibitors are the only FDA-approved treatments for Waldenstrom
macroglobulinemia (WM). Factors prognostic of survival and predictive of response to BTK inhibitors
remained to be clarified. We evaluated 319 patients with WM to identify predictive and prognostic
factors on ibrutinib monotherapy. Logistic and Cox proportional-hazard regression models were fitted for
response and survival. Multiple imputation analyses were used to address bias associated with missing
data. Major (partial response or better) and deep responses (very good partial response or better) were
attained in 78% and 28% of patients. CXCR4 mutations were associated with lower odds of major (OR 0.2,
95% CI 0.1-0.5; p<0.001) and deep response (OR 0.3, 95% CI 0.2-0.6; p=0.001). CXCR4 mutations (HR 2.0,
95% CI 1.2-3.4; p=0.01) and platelet count 100 K/uL or less (HR 2.5, 95% CI 1.3-4.9; p=0.007) were
associated with worse progression-free survival (PFS). We proposed a scoring system using these two
factors. The median PFS for patients with zero, one and two risk factors were not reached, 5 years and 3
years (p<0.001). Patients with two risk factors had HR 2.2 (95% CI 1.3-3.8; p=0.004) compared with one
factor, and patients with one factor had HR 2.3 (95% CI 1.1-5.1; p=0.03) compared with zero factors. Age
65 years or older was the only factor associated with overall survival (HR 3.2, 95% CI 1.4-7.0;
p=0.005). Multiple imputation analyses did not alter our results. Our study confirms the predictive and
prognostic value of CXCR4 mutations in patients with WM treated with ibrutinib monotherapy.
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KEY POINTS

e CXCR4 mutations are associated with lower rates of major (67% v 86%) and deep
responses (16% v 35%) in ibrutinib-treated WM patients.

e CXCR4 mutations and platelet count 100 K/uL or less were associated with worse
PFS, and a scoring system using these 2 factors is proposed.

ABSTRACT

Bruton tyrosine kinase (BTK) inhibitors are the only FDA-approved treatments for
Waldenstrém macroglobulinemia (WM). Factors prognostic of survival and predictive of
response to BTK inhibitors remained to be clarified. We evaluated 319 patients with WM
to identify predictive and prognostic factors on ibrutinib monotherapy. Logistic and Cox
proportional-hazard regression models were fitted for response and survival. Multiple
imputation analyses were used to address bias associated with missing data. Major
(partial response or better) and deep responses (very good partial response or better)
were attained in 78% and 28% of patients. CXCR4 mutations were associated with
lower odds of major (OR 0.2, 95% CI 0.1-0.5; p<0.001) and deep response (OR 0.3,
95% CI 0.2-0.6; p=0.001). CXCR4 mutations (HR 2.0, 95% CI 1.2-3.4; p=0.01) and
platelet count 100 K/uL or less (HR 2.5, 95% CI 1.3-4.9; p=0.007) were associated with
worse progression-free survival (PFS). We proposed a scoring system using these two
factors. The median PFS for patients with zero, one and two risk factors were not
reached, 5 years and 3 years (p<0.001). Patients with two risk factors had HR 2.2 (95%
Cl 1.3-3.8; p=0.004) compared with one factor, and patients with one factor had HR 2.3
(95% CI 1.1-5.1; p=0.03) compared with zero factors. Age 65 years or older was the
only factor associated with overall survival (HR 3.2, 95% CI 1.4-7.0; p=0.005). Multiple
imputation analyses did not alter our results. Our study confirms the predictive and
prognostic value of CXCR4 mutations in patients with WM treated with ibrutinib

monotherapy.
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INTRODUCTION

Waldenstrom macroglobulinemia (WM) is an indolent lymphoma composed of malignant
IgM-secreting lymphoplasmacytic cells that accumulate in the bone marrow and other
organs [1]. The identification of recurrent somatic mutations in MYD88 and CXCRA4,
detected in 90% and 40% of WM patients, respectively, have helped our understanding
of the biology of the disease [2, 3]. Bruton tyrosine kinase (BTK) activation is apparent
in MYD88 mutated WM cells [4], supporting the development of BTK inhibitors in WM
patients, while CXCR4 signaling suggested resistance mechanisms in WM cells despite
effective MYDB88 inhibition [5]. Mounting evidence supports an impact of genomic profile

in the clinical features of WM patients as well as response to BTK inhibitors [6-9].

Ibrutinib, a first-in-class oral BTK inhibitor, was approved by the United States Food &
Drug Administration and the European Medicines Agency in 2015 for the treatment of
symptomatic WM patients, based on a response rate of 90% observed in a prospective
investigator-initiated phase Il study evaluating 63 previously treated WM patients [10].
Similar response rates to ibrutinib monotherapy were reported in rituximab-refractory
and in treatment-naive WM patients [11, 12]. A recent study from our group reported
similar outcomes to ibrutinib in WM patients on and off clinical trials [13], but long-term
data on the safety and efficacy of ibrutinib monotherapy are limited [14]. The prognostic
value of the International Prognostic Scoring System for WM (IPSSWM) has not yet

been validated in patients treated with ibrutinib.
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We designed a retrospective study to evaluate the long-term safety and efficacy of
ibrutinib monotherapy in WM patients. The main objective of our study was to evaluate

factors predictive of response and prognostic of progression-free and overall survival.

PATIENT AND METHODS

Patient Selection

The analytical cohort was composed of patients treated with ibrutinib monotherapy who
participated in two prospective clinical trials (NCT01614821 and NCT02604511) and
consecutive patients from a prospectively maintained database at our institution. The
study inclusion period ran from January 2012 through December 2018 with follow-up
through December 2020. Data on the individual cohorts of patients in clinical trials have
been previously published [10, 12]. All patients met clinicopathological criteria for the
diagnosis of WM and for treatment initiation based on 2" International Workshop on
WM (IWWM-2) guidelines [15, 16]. All patients provided consent to having blood and
marrow samples and data collected for research. Patients with central nervous system
involvement by WM (Bing-Neel syndrome), non-IgM lymphoplasmacytic lymphoma, or

who received ibrutinib in combination with other agents were excluded from the study.

Data Collection
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Pertinent data were collected at the time of ibrutinib monotherapy initiation. Data were
categorized as follows: age (>65, <65 years), sex (male, female), hemoglobin level
(<11.5, 211.5 g/dl), platelet count (<100, 2100 K/uL), serum IgM level (>4,000, <4,000
mg/dl, and >7,000, <7,000 mg/dl), serum B2-microglobulin level (>3, <3 mg/l), serum
albumin level (3.5, >3.5 g/dl), bone marrow involvement (260%, <60%), IPSSWM (low,
intermediate, high), CXCR4 mutational status (mutated, wildtype), CXCR4 mutational
status subtype (nonsense, frameshift), and previously treated (yes, no). Responses
were assessed using modified criteria from the 6™ International Workshop on WM [17].
A decrease of 25-49%, 50-89%, and =290% in serum IgM levels denoted minor (MR),
partial (PR), and very good partial (VGPR) responses. Normalization of serum IgM
level; no monoclonal IgM spike, BM disease involvement or pathological adenopathy or
splenomegaly was required for complete response (CR). Overall response rate (ORR)
included MR or better, major response included PR or better, and deep response
included VGPR or better. Disease progression was defined as an increase in serum IgM
level of 225% with an increase of 2500 mg/dl from the lowest serum IgM level attained
on therapy. Transient increases in serum IgM level while on a temporary hold of
ibrutinib therapy were not considered disease progression. At our institution, MYD88
and CXCR4 mutations were assessed using the Rapid Heme Panel, a custom next-
generation sequencing (NGS) panel for hematologic malignancies [18]. Additionally,
MYD88 L265P and nonsense CXCR4 mutations were assessed using allele-specific
polymerase chain reaction (PCR) assays, and frameshift CXCR4 mutations by Sanger
sequencing, in CD19-selected bone marrow samples, as previously reported [2, 3, 19,

20]. Progression-free survival (PFS) was defined as the time between ibrutinib initiation
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and disease progression, last follow-up or death from any cause, and overall survival
after ibrutinib (OS) as the time between ibrutinib initiation and last follow-up or death
from any cause. The IPSSWM was estimated as previously reported [21]. Missing data
had a random distribution and rates were as follows: hemoglobin level (n=4; 1%),
platelet count (n=6; 2%), serum B2-microglobulin level (n=68; 21%), serum albumin
level (n=16; 5%), bone marrow involvement (n=41; 13%), IPSSWM (n=51; 16%),

MYD88 mutational status (n=46; 14%), CXCR4 mutational status (n=75; 24%).

Statistical analysis

Patients’ characteristics and response rates are presented using descriptive statistics.
Differences between categorical variables were assessed using Fisher exact test or
Chi-square test, depending on the number of events. Survival curves were generated
using the Kaplan-Meier method and compared using the log-rank test. Univariate and
multivariate logistic regression models were fitted to identify predictive factors of major
and deep response to ibrutinib. Logistic regression outcomes are reported using odds
ratio (OR) with 95% confidence interval (CI). Univariate and multivariate Cox
proportional-hazard regression models were fitted to identify prognostic factors of PFS
and OS. Cox regression outcomes are reported using hazard ratio (HR) with 95% CI.
Only factors with p-values <0.05 in the univariate analysis were included in the
multivariate analysis. We handled missing data by performing multiple imputation
analyses in addition to complete case analyses. Multiple imputation analyses for logistic

and Cox proportional-hazard regression models were performed after generating 20
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imputed data sets using the chained equations method. P-values <0.05 were
considered statistically significant. Calculations were obtained using STATA 17

(StataCorp, College Station, TX, USA).

RESULTS

Patients’ characteristics

A total of 380 patients were identified for this study. After excluding 29 patients who
received ibrutinib in combination with other agents, 25 patients with Bing-Neel
syndrome and 7 patients with non-IgM lymphoplasmacytic lymphoma, 319 patients with
WM were included in the analysis. The patients’ baseline characteristics are shown in
Table 1. Indications for ibrutinib monotherapy initiation are shown in Supplemental
Table S1. CXCR4 mutations were detected in 89 patients, of which 56 carried a
nonsense mutation, 31 a frameshift mutation, and two had concurrent nonsense and
frameshift mutations. Given the small sample size of the latter group, we excluded these
patients from subsequent analyses. A higher proportion of platelet count <100 K/uL was
observed in patients with versus without CXCR4 mutations (24% vs. 6%,; p<0.001).
Moreover, non-significantly higher proportion of patients with serum IgM level 24,000
mg/dl (48% vs. 37%; p=0.10) and bone marrow involvement 260% (64% vs. 52%;
p=0.08) were observed in patients with versus without CXCR4 mutations. Patients’
characteristics according to CXCR4 mutational status are shown in Supplemental

Table S2. There was a trend towards a lower proportion of hemoglobin <11.5 g/dl (68%
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vs. 82%; p=0.10) and bone marrow involvement 260% (58% vs. 79%; p=0.07) in
patients with nonsense versus frameshift CXCR4 mutations. Patients’ characteristics

according to CXCR4 mutation subtypes are shown in Supplemental Table S3.

The median follow-up time for the entire cohort was 4.2 years (95% CI 3.9-4.5). No
difference was observed between patients with and without CXCR4 mutations (4.1

years, 95% CI 3.6-4.4 vs. 3.9 years, 95% CI 3.3-4.5; p=0.54).

Response to ibrutinib monotherapy

At best response, 48 patients (15%) attained MR, 161 (50%) attained PR, 87 (27%)
attained VGPR and 1 (0.3%) attained CR. An overall response was attained in 297
patients (93%), major response in 249 (78%) and deep response in 88 (28%)
(Supplemental Figure 1A). The rates of major response for patients with and without
CXCR4 mutations were 67% and 86%, respectively (p<0.001). The rates of deep
response for patients with and without CXCR4 mutations were 16% and 35%,
respectively (p=0.001). Categorical response distribution by CXCR4 mutational status is
shown in Supplemental Figure 1B. The rates of major response for patients with
nonsense and frameshift CXCR4 mutations were 59% and 81%, respectively (p=0.04).
The rates of deep response for patients with nonsense and frameshift CXCR4
mutations were 13% and 23%, respectively (p=0.22). Categorical response distribution

by CXCR4 mutation subtype is shown in Supplemental Figure 1C.
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Logistic regression models for major and deep response are shown in Table 2.
Univariate regression analyses showed that hemoglobin level <11.5 g/dl, B2-
microglobulin level >3 mg/l and bone marrow involvement 260% were associated with
higher odds, while nonsense CXCR4 mutations were associated with lower odds of
attaining major response to ibrutinib monotherapy. The IPPSWM was not predictive of
major response (p=0.40). In the multivariate analysis evaluating these four variables,
CXCR4 mutations were independently associated with lower odds of attaining a major
response (OR 0.20, 95% CI 0.09-0.45; p<0.001). In addition, hemoglobin <11.5 g/dl was
independently associated with higher odds of major response (OR 2.72, 95% CI 1.25-
5.95: p=0.01). Univariate analyses showed that hemoglobin <11.5 g/dl was associated
with higher, and CXCR4 mutations were associated with lower odds of attaining deep
response to ibrutinib monotherapy. The IPPSWM was not predictive of deep response
(p=0.29). A multivariate model evaluating hemoglobin and CXCR4 mutations, showed
that CXCR4 mutations were independently associated with lower odds of attaining a
deep response (OR 0.32, 95% CI 0.15-0.55; p=0.001). Hemoglobin <11.5 g/dl was
independently associated with higher odds of deep response (OR 2.34, 95% CI 1.14-
4.80: p=0.02). The multiple imputation analysis did not modify our results (data not

shown).

In addition, we fitted univariate and multivariate models for major and deep response
using continuous variables for age at ibrutinib initiation, hemoglobin level, platelet count,
serum [2-microglobulin, albumin, and IgM levels, and percentage of bone marrow

involvement, in addition to categorical variables for sex, previous treatment and CXCR4
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mutational status, which confirmed the predictive value of CXCR4 mutations, especially
nonsense CXCR4 mutations, for lower odds of major and deep responses to ibrutinib

monotherapy (Supplemental Table S4).

PFS analysis and risk stratification

At the time of this report, 93 patients (30%) had progressed or died. The median PFS
was 6.5 years (95% CI 6.0-not reached) and the estimated 5-year PFS rate was 60%
(95% CI 51-68%; Figure 1A). Univariate and multivariate regression models for PFS
are shown in Table 3, top. In the univariate analysis for PFS, platelet count <100 K/uL
and CXCR4 mutations were associated with worse PFS. The IPPSWM was not
prognostic of PFS, as there were not differences between intermediate and low risk
(p=0.19), and high and intermediate risk (p=0.13). In the multivariate analysis, platelet
count <100 K/uL and CXCR4 mutations were independent factors associated with
worse PFS. There was a poor correlation between platelet count <100 K/uL and
presence of CXCR4 mutations (r=0.28). Platelet count <100 K/ul was associated with
HR 2.51 (95% CI 1.28-4.89; p=0.007) and CXCR4 mutations with HR 1.98 (95% CI
1.17-3.36; p=0.01). The multiple imputation analysis did not change our results. For
patients with platelet count <100 K/uL and >100 K/uL, median PFS were 4.4 years (95%
Cl 0.9-not reached) and 6.6 years (95% CI 6.0-not reached), respectively, and the
estimated 5-year PFS rates were 34% (95% CI 8-63%) and 63% (95% CI 54-71%),
respectively (log-rank p=0.001; Figure 1B). For patients with and without CXCR4

mutations, median PFS were 4.4 years (95% CI 3.3-6.8) and not reached, respectively,

10

220z Aenuer £z uo uoai| usnsls Aq Jpd 9019001202 SIOUBAPEPOOIG/9G99G81/90 19001 Z0Z SOOUBAPEPOOIQ/Z81 L 0L/10p/jpd-0]oiLie/s80uBApEpOO|q/Bi0'Suoledlgndysey/:diy Wwoly papeojumoq



and the estimated 5-year PFS rates were 39% (95% CI 23-54%) and 71% (95% CI 59-
80%), respectively (log-rank p<0.001; Figure 1C). There was no statistically significant
difference in PFS between patients with nonsense and frameshift CXCR4 mutations

(p=0.10).

We then evaluated a PFS scoring system in WM patients on ibrutinio monotherapy
using platelet count <100 K/uL and CXCR4 mutations as adverse prognostic factors.
This analysis included 241 WM patients with available data; 144 patients (60%) had
zero adverse factors, 76 patients (32%) had 1 adverse factor and 21 patients (9%) had
2 adverse factors (Table 4). Patients with zero, 1 and 2 adverse factors, had median
PFS not reached, 4.8 years (95% CI 3.6-not evaluable) and 3.3 years (95% CI 1.0-not
evaluable), respectively, and estimated 5-year PFS rates of 72% (95% CI 60-82%),
44% (95% CI 27-60%) and 20% (95% CI 1-55%), respectively (log-rank p<0.001;
Figure 1D). In a univariate Cox proportional-hazard regression model, patients with 1
adverse factor had a HR of 2.21 (95% CI 1.29-3.80; p=0.004), and patients with 2
adverse factors had HR 4.70 (95% CI 2.18-10.1; p<0.001) when compared with patients
without adverse factors. Patients with 2 adverse factors had a HR of 2.33 (95% CI 1.07-
5.07; p=0.03) compared with patients with 1 adverse factor. The multiple imputation

analysis did not alter our results.

The proposed PFS scoring system was independently significant after adjusting for age,

sex, serum IgM level, hemoglobin level, serum B2-microglobulin level, serum albumin

level, bone marrow involvement and prior therapy status (p<0.05 in all instances). PFS

11
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estimates according to the proposed PFS scoring system stratified by age, serum IgM
level, hemoglobin level, and prior therapy status are shown in Supplemental Figure

S2.

OS survival analysis

Fifty-three patients (16%) in our cohort have died. Causes of death are listed on
Supplemental Table S5. The median OS was not reached, and the estimated 5-year
OS rate was 75% (95% CI 67-81%; Figure 2A). There was no statistically significant
difference in OS between patients with and without CXCR4 mutations (p=0.27), or
between patients with nonsense and frameshift CXCR4 mutations (p=0.91). Univariate
and multivariate Cox proportional-hazard regression models for OS are shown in Table
3. In the univariate regression analysis, age >65 years, hemoglobin level <11.5 g/dl,
platelet count <100 K/uL, serum B2-microglobulin >3 mg/I and serum albumin level <3.5
g/dl were associated with a worse OS. In the multivariate analysis, age >65 years was
the only independent factor associated with a worse OS (HR 3.15, 95% CI 1.41-7.04;
p=0.005). The multiple imputation analysis did not change our results. For patients age
>65 (median age 73, range 66-96) and <65 years (median age 59, range 40-65), the
median OS was 6.9 years (95% CIl 5.2-not evaluable) and not reached, and the
estimated 5-year OS rates were 63% (95% CI 50-73%) and 87% (95% CI 78-93%),
respectively (Figure 2B). Given the strong prognostic value of age in OS, which could
have masked the prognostic value of other factors, we fitted a separate multivariate

model including the variables associated with worse OS in the univariate analysis but

12
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excluding age. In this model, platelet count <100 K/uL (HR 2.21, 95% CI 1.01-4.85;
p=0.047) and serum albumin level <3.5 g/dl (HR 2.06, 95% CI 1.08-3.93; p=0.03) were

independently associated with a worse OS.

We then evaluated the IPSSWM as prognostic tool in 89 patients with WM who received
ibrutinib as primary therapy and had IPSSWM data available, of which 8 patients (9%)
have died. The median follow-up for these patients was 3 years (95% CI 2-3.5). The 3-
year OS rates for patients with low, intermediate, and high-risk disease were 92% (54-
99%), 96% (73-99%) and 87% (71-94%), respectively (p=0.74; Figure 2C). When
compared to patients with low-risk disease, patients with intermediate and high-risk
disease had HR of death of 1.73 (95% CI 0.16-19.1; p=0.65) and 2.24 (95% CI 0.26-
19.2; p=0.46), respectively. High-risk patients had HR 1.29 (95% CI 0.25-6.67; p=0.76)
versus intermediate-risk patients. The multiple imputation analysis did not change our
results. The proposed PFS scoring system was not prognostic of OS in patients who

received ibrutinib as primary therapy (p=0.54 for the entire model).

In addition, we fitted univariate and multivariate models for PFS and OS using
continuous variables for age at ibrutinib initiation, hemoglobin level, platelet count,
serum B2-microglobulin, albumin, and IgM levels, and percentage of bone marrow
involvement, in addition to categorical variables for sex, previous treatment and CXCR4
mutational status, which confirmed the adverse prognostic value of CXCR4 mutations,
especially nonsense CXCR4 mutations, in PFS but no effect in OS on ibrutinib

monotherapy (Supplemental Table S6).
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DISCUSSION

In the present study, we aimed at evaluating factors predictive of response and
prognostic of survival in WM patients treated with ibrutinib monotherapy. To the best of
our knowledge, this is the largest effort to study these factors in WM patients treated

with BTK inhibitors.

Our study showed having a CXCR4 mutation was the only independent factor
associated with lower odds of attaining deeper responses on ibrutinib monotherapy. In
multivariate models adjusted for relevant clinical factors, the odds of a major response
were 80% lower, and the odds of a deep response were 65% lower in patients with than
in patients without CXCR4 mutations. Our findings are consistent with published
experience in patients with WM treated with ibrutinib on and off clinical trials [9, 10, 12,
13, 22]. In the recently published ASPEN study, in which patients with WM were
randomized to ibrutinib or zanubrutinib, approximately 10% of patients with CXCR4
mutations attained a VGPR while the rate of VGPR in patients without CXCR4
mutations was 20-30% [23]. Furthermore, in the INNOVATE study, which randomized
patients with WM to ibrutinib plus rituximab and placebo plus rituximab, the VGPR rate
or better to ibrutinib plus rituximab was lower in patients with CXCR4 mutations (19%
and 34%, respectively). Therefore, CXCR4 mutations associate with lower rates of deep
response in patients with WM treated with ibrutinib (alone and in combination with

rituximab) or with other covalent BTK inhibitors.
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Platelet count <100 K/uL and CXCR4 mutations were independently associated with
worse PFS. We proposed a risk stratification scoring system for PFS in which patients
with no risk factors (low risk), 1 risk factor (intermediate risk) and 2 risk factors (high
risk) had 5-year PFS rates of 72%, 45% and 19%, respectively. Thrombocytopenia has
previously been reported as an adverse prognostic factor for OS in patients with WM
[21], but thrombocytopenia has not previously been reported as an adverse marker for
PFS on ibrutinib. Thrombocytopenia could represent either a higher bone marrow
burden of disease or a bone marrow microenvironment with a specific cytokine profile

that portends a mechanism of resistance to ibrutinib effect.

CXCR4 mutations have been previously associated with shorter PFS in WM patients
treated with ibrutinib monotherapy [22]. In the INNOVATE study, that evaluated ibrutinib
plus rituximab combination therapy, there were no detectable differences in 30-month
PFS rates between patients with and without CXCR4 mutations [24]. However, at the
50-month follow-up update, the PFS rate appeared numerically higher in patients
without CXCR4 mutations at approximately 80% versus approximately 62% in patients
with CXCR4 mutations [25]. It is possible that the addition of rituximab would partially
revert the adverse impact of CXCR4 mutations when combined with ibrutinib in patients
with WM. However, other interventions might be needed to optimize the treatment of

patients with WM who harbor CXCR4 mutations.
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Preclinical studies in WM cell lines from our group showed that frameshift and nonsense
CXCR4 mutations were associated with a reduction of CXCR4 receptor internalization
following stimulation with the CXCR4 ligand CXCL12 [26]. Upon ibrutinib exposure, cell
death induction was decreased in CXCR4 mutation-harboring cells thought to be
mediated by AKT and ERK activation. CXCR4 internalization, and subsequent, cell
death was partially regained by exposing these cells to CXCR4 antagonists. Our
findings support targeting CXCR4 as a valid therapeutic mechanism in WM. A phase I/II
study evaluated ibrutinib in combination with the anti-CXCR4 monoclonal antibody
ulocuplumab in 13 patients with WM and CXCR4 mutations; nine patients were
previously untreated and seven had a nonsense mutation [27]. Major responses were
attained in 100% of the patients with a median time to major response of 1.2 months,
and the 2-year PFS rate was 90%. By comparison, ibrutinib therapy associated with
major response rates of 60%, a median time to major response of 4-6 months and 2-
year PFS rates of 30-70% in patients with WM and CXCR4 mutations [12, 22, 25].
NCT04274738 is a phase | study evaluating ibrutinib in combination with the small-
molecule CXCR4 inhibitor mavorixafor [28]. The study is currently accruing participants

in centers in the United States and Europe.

Based on population-based studies, the survival of patients with WM has improved in
recent decades [29-31]. This improvement is likely multifactorial and associated with
improved supportive therapies, increased patient disease-related education levels,
higher medical practitioner awareness, and the advent of novel treatment options. The

IPSSWM included age >65 years, hemoglobin level <11.5 g/dl, platelet count <100
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K/uL, serum beta-2-microglobulin level >3 mg/l, and monoclonal IgM level >7,000 mg/d|I
and divided patients with low, intermediate, and high risk of overall mortality, though it
was developed in a cohort of patients with WM with a low rate of exposure to non-
chemotherapeutic approaches [21]. The IPSSWM was later validated in patients treated
with rituximab-containing regimens [32]. However, current data do not support a
prognostic value of the IPSSWM in patients treated with BTK inhibitors. The INNOVATE
study did not show a prognostic value for PFS in patients with WM treated with ibrutinib
plus rituximab, but OS was not evaluated [24]. Our study showed that the IPSSWM may
be prognostic of OS in patients with WM treated with ibrutinib. However, the main driver
of the prognosis appears to be the age at ibrutinib initiation, as age >65 years was the
only adverse prognostic factor in a multivariate model. Additionally, the IPSSWM was
not prognostic of OS in patients who received ibrutinib as primary therapy. However, the
sample size was small, and the follow-up was relatively short. A larger sample size and
longer follow-up are needed to better evaluate the prognostic value of the IPSSWM in

patients with WM treated with BTK inhibitors as primary therapy.

Our study identified that a hemoglobin level <11.5 g/dl was associated with higher rates
of major and deep responses to ibrutinib monotherapy, independent of CXCR4
mutational status. The rationale behind this finding is not well understood but may be
associated with the role of CXCL13 in the biology of WM. CXCL13 is a chemokine
produced by WM cells and can act as a chemotactic for mast cells into the bone marrow
microenvironment [33, 34]. In a prior study from our group, high serum CXCL13 levels

were inversely correlated with hemoglobin levels in patients with WM and directly
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associated with higher response rates to ibrutinib monotherapy [35]. The role of

CXCL13 in WM needs further investigation.

Our study is not without limitations. All the patients included were evaluated, at least at
one point in time, at a clinical center for national reference. However, the patients’
characteristics from our cohort are representative of the general population of patients
with WM, with a median age at treatment initiation of 68 years and a male-to-female
ratio of 1.9:1. Given the retrospective nature of our study, variable proportions of
missing data are expected. To minimize the bias introduced by missing data, we
performed multiple imputation analyses, in addition to complete-case analysis. In all
cases, the analyses of imputed data did not alter our results or resulted in stronger
associations than the ones estimated by the complete-case analyses. Finally, the high
sensitivity CXCR4 mutational testing performed at our institution, which combines NGS
assays for all mutations, PCR assays for nonsense and Sanger sequencing for
frameshift mutations, might not be replicated elsewhere. However, our study permitted
an evaluation of the true biological effect of CXCR4 mutations on ibrutinib outcomes. As
previously reported, NGS can be associated with a high rate of false negative results in
patients with WM, especially in patients with low tumor burden in the bone marrow [36].

Standardization of CXCR4 mutational testing is warranted.

The US FDA recently approved zanubrutinib, a second-generation, covalent BTK

inhibitor for the treatment of patients with WM [37]. Other covalent BTK inhibitors, such

as acalabrutinib and tirabrutinib have also shown efficacy in WM [38, 39]. Finally, non-

18

220z Aenuer £z uo uoai| usnsls Aq Jpd 9019001202 SIOUBAPEPOOIG/9G99G81/90 19001 Z0Z SOOUBAPEPOOIQ/Z81 L 0L/10p/jpd-0]oiLie/s80uBApEpOO|q/Bi0'Suoledlgndysey/:diy Wwoly papeojumoq



covalent BTK inhibitors, such as pirtobrutinib, are under clinical evaluation in WM [40].
We believe the present scoring system could serve to predict responses and
prognosticate PFS in patients with WM treated with zanubrutinib. Additional studies are
needed, however, to confirm the prognostic value of our proposed score in patients with

WM receiving other covalent and non-covalent BTK inhibitors.

We present a robust prognostic tool for PFS in patients with WM treated with ibrutinib,

which could serve to guide prognostic discussions between practitioners, patients, and

family members.
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Table 1. Patients’ baseline characteristics

Characteristic

N (%) or median (range)

Age at WM diagnosis, years

61 (35-91)

Age at ibrutinib initiation, years

68 (40-96)

Age >65 years

190 (60%)

Male sex

206 (65%)

Hemoglobin level, g/dl 10.3 (4-17)
Hemoglobin <11.5 g/dl 226 (72%)
Platelet count, K/uL 211 (9-639)
Platelet count <100 K/uL 42 (13%)

Serum IgM level, mg/dl

3,400 (88*-10,321)

Serum IgM level >4,000 mg/dl

129 (40%)

Serum IgM level >7,000 mg/dl 15 (5%)
Serum B2-microglobulin level, mg/I 3.6 (1.4-18.3)
Serum B2-microglobulin level >3 mg/| 164 (65%)
Serum albumin level, g/dI 3.7 (2.1-5)
Serum albumin level <3.5 g/dI 92 (30%)

Bone marrow involvement

60% (5-100%)

Bone marrow involvement 260%

154 (55%)

IPSSWM
Low 64 (24%)
Intermediate 92 (34%)
High 112 (42%)

MYD88 mutated

265 (97%)

CXCR4 mutated

89 (36%)

Previously untreated

100 (31%)

Previously treated

219 (69%)

Median number of prior lines

2 (1-8)

=2 prior lines

115 (53%)

*Six patients with normal serum IgM levels had an IgM monoclonal spike in the serum

protein electrophoresis.

IPSSWM: International Prognostic Scoring System for Waldenstrom Macroglobulinemia
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Table 2. Univariate and multivariate logistic regression analyses for major and deep
response in 319 patients with Waldenstrom macroglobulinemia treated with ibrutinib

monotherapy.

Major response

Univariate ana

lysis

Multivariate analysis

Variables OR (95% CI) p OR (95% CI) p
Age >65 years 1.53 (0.90-2.61) 0.12

Male sex 1.19 (0.69-2.06) 0.53

Hemoglobin <11.5 g/dI 2.25(1.28-3.93) 0.005 2.72 (1.25-5.95) 0.01
Platelet <100 k/ul 0.50 (0.25-2.45) 0.05

B2-microglobulin >3 mg/I 2.41 (1.31-4.43) 0.005 1.54 (0.68-3.45) 0.30
Albumin <3.5 g/dl 1.69 (0.88-3.24) 0.12

Serum IgM >4,000 mg/dl 1.29 (0.74-2.24) 0.36

Serum IgM >7,000 mg/dl 0.40 (0.14-1.17) 0.09

Bone marrow >60% 2.03 (1.14-3.62) 0.02 2.26 (0.98-5.21) 0.06
Previously treated 0.92 (0.52-1.64) 0.78

CXCR4 mutated 0.33(0.17-0.61) | <0.001 | 0.20(0.09-0.45) | <0.001
CXCR4 WT 1.00 1.00

CXCR4 NS 0.24 (0.12-0.48) | <0.001 | 0.19(0.01-0.37) | <0.001
CXCR4 FS 0.69 (0.25-1.87) 0.47 0.40 (0.13-1.23) 0.11
Deep response Univariate analysis Multivariate analysis
Variables OR (95% CI) p OR (95% CI) p
Age >65 years 1.04 (0.63-1.71) 0.88

Male sex 1.08 (0.65-1.82) 0.76

Hemoglobin <11.5 g/dI 1.94 (1.07-3.53) 0.03 2.34 (1.14-4.80) 0.02
Platelet <100 k/ul 1.03 (0.50-2.11) 0.94

B2-microglobulin >3 mg/I 1.46 (0.81-2.64) 0.21

Albumin <3.5 g/dl 1.70 (1.01-2.88) 0.05

Serum IgM >4,000 mg/dl 0.60 (0.36-1.01) 0.05

Serum IgM >7,000 mg/dl 0.64 (0.18-2.34) 0.50

Bone marrow >60% 1.65 (0.96-2.83) 0.07

Previously treated 1.31 (0.76-2.25) 0.33

CXCR4 mutated 0.34 (0.18-0.66) 0.001 0.32 (0.15-0.55) | 0.001
CXCR4 WT 1.00 1.00

CXCR4 NS 0.26 (0.11-0.61) 0.002 0.25(0.11-0.60) | 0.002
CXCR4 FS 0.53 (0.21-1.31) 0.17 0.47 (0.19-1.16) 0.11

WT: wild type; NS: nonsense; FS: frameshift

MYD88 mutational status was not included as sample size for MYD88 wild type status

was small (n=8)
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Table 3. Univariate and multivariate Cox proportional-hazard regression analyses for
progression-free survival and overall survival in 319 patients with Waldenstrom

macroglobulinemia treated with ibrutinib monotherapy.

Progression-free survival

Univariate analysis

Multivariate an

alysis

Variables HR (95% CI) p HR (95% CI) p
Age >65 years 1.21 (0.77-1.89) 0.41

Male sex 1.09 (0.67-1.78) 0.72

Hemoglobin <11.5 g/dI 1.40 (0.84-2.32) 0.19

Platelet <100 k/ul 2.55 (1.42-4.59) 0.002 2.51 (1.28-4.89) 0.007
B2-microglobulin >3 mg/I 1.48 (0.84-2.61) 0.17

Albumin <3.5 g/dl 1.57 (0.97-2.57) 0.07

Serum IgM >4,000 mg/dl 0.90 (0.58-1.41) 0.64

Serum IgM >7,000 mg/dl 1.90 (0.76-4.73) 0.17

Bone marrow >60% 0.75 (0.47-1.22) 0.25

Previously treated 1.40 (0.77-2.53) 0.27

CXCR4 mutated 2.31 (1.41-3.79) 0.001 1.98 (1.17-3.36) 0.01
CXCR4 WT 1.00

CXCR4 NS 2.93 (1.71-5.00) | <0.001 2.56 (1.45-4.50) 0.001
CXCR4 FS 1.49 (0.68-3.23) 0.32 1.22 (0.55-2.74) 0.63
Overall survival Univariate analysis Multivariate analysis
Variables HR (95% CI) p HR (95% CI) p
Age >65 years 3.03 (1.61-5.70) 0.001 3.15(1.41-7.04) 0.005
Male sex 1.55 (0.81-2.95) 0.18

Hemoglobin <11.5 g/dI 2.36 (1.15-4.84) 0.02 2.00 (0.81-4.93) 0.13
Platelet <100 k/ul 3.10 (1.61-5.97) 0.001 2.05 (0.94-4.48) 0.07
B2-microglobulin >3 mg/I 3.01 (1.27-7.18) 0.01 1.69 (0.69-4.14) 0.25
Albumin <3.5 g/dl 2.40 (1.37-4.24) 0.002 1.65 (0.85-3.19) 0.14
Serum IgM >4,000 mg/dl 1.39 (0.81-2.39) 0.23

Serum IgM >7,000 mg/dl 2.07 (0.74-5.77) 0.17

Bone marrow >60% 0.87 (0.49-1.54) 0.63

Previously treated 1.46 (0.67-3.15) 0.34

CXCR4 mutated 1.37 (0.74-2.53) 0.31

CXCR4 WT 1.00

CXCR4 NS 1.42 (0.71-2.85) 0.32

CXCR4 FS 1.49 (0.61-3.64) 0.39

WT: wild type; NS: nonsense; FS: frameshift

MYD88 mutational status was not included as the sample size for MYD88 wildtype

status was small (n=8)
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Table 4. Proposed prognostic score for progression-free survival for patients with
Waldenstrém macroglobulinemia treated with ibrutinib monotherapy

Variables HR (95% ClI) p
CXCR4 mutations 2.51 (1.28-4.89) 0.001
Platelet count <100 K/ul 1.98 (1.17-3.36) 0.07
Stratum Score | Number (%) | Failed | 5-year PFS rate (95% CI) HR (95% CI)
Low 0 144 (60%) 28 72% (60-82%) 1.0 (Ref)
Intermediate 1 76 (32%) 25 44% (27-60%) 2.2 (1.3-3.8)
High 2 21 (9%) 9 20% (1-55%) 4.7 (2.2-10.1)

PFS: progression-free survival; HR: hazard ratio; Cl: confidence interval
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Figure 1. Progression-free survival (PFS) estimates in 319 patients with Waldenstrom
macroglobulinemia treated with ibrutinib monotherapy, for the entire cohort (A),
according to platelet count (B), according to CXCR4 mutational status (C), and
according to the proposed PFS scoring system (D)
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Figure 2. Overall survival estimates in 319 patients with Waldenstrom
macroglobulinemia treated with ibrutinib monotherapy, for the entire cohort (A),
according to age (B), and according to the IPSSWM in patients who received ibrutinib
as primary therapy (C).
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