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Abstract
Waldenström macroglobulinemia (WM) is a rare lympho-
plasmacytic lymphoma. The primary goal of therapy is to re-
duce symptoms related to direct infiltration of the bone mar-
row and decrease monoclonal IgM-associated complica-
tions. Active agents in the management of WM can be 
broadly classified as rituximab-alkylator combination thera-
py, proteasome inhibitor-based therapy, and Bruton’s tyro-
sine kinase inhibitor-based therapy. MYD88L265P and CXCR4 
genetic status are pivotal for tailoring treatment options. 
Ibrutinib is a suitable treatment option for both treatment-
naïve and relapsing WM patients. Recent advances in the in-
tracellular B cell and cytokine signaling pathways have con-
tributed to the development of novel therapeutic strategies. 
Current clinical trials are promising and may further advance 
WM-directed therapy. © 2020 S. Karger AG, Basel

Introduction

Waldenström macroglobulinemia (WM) is a rare, 
low-grade lymphoma in which lymphoplasmacytic cells 
infiltrate the bone marrow and produce a monoclonal 
IgM protein [1]. Other low-grade lymphoproliferative 
disorders may also present with IgM monoclonal protein 
and should be excluded (Table 1). Anemia, lymphade-
nopathy, and splenomegaly are typical clinical features of 
WM. Specific immunological characteristics of monoclo-
nal IgM can result in neuropathy, hyperviscosity, and 
cryoglobulinemia.

According to the Surveillance, Epidemiology, and End 
Results database, approximately 1,000–1,500 new WM 
cases are diagnosed every year in the United States [2]. 
However, cancer registry data may be biased as there is 
no differentiation among IgM monoclonal gammopathy 
of undetermined significance, asymptomatic WM, and 
symptomatic WM [3–5]. The decision to initiate treat-
ment is based on clinical and laboratory criteria. Treat-
ment response in WM is primarily determined by a re-
duction in the serum IgM protein, in addition to the pres-
ence or absence of clinical manifestations of active and 
extramedullary disease [6]. However, serum IgM re-
sponses do not always correlate with bone marrow assess-



Management of Waldenström 
Macroglobulinemia

147Acta Haematol 2021;144:146–157
DOI: 10.1159/000509286

ment. Owen et al. [6] proposed updated criteria to define 
clinical responses in patients with WM. The modified 
standard response criteria are predictive of overall out-
come and are critical to the standardization of reporting 
in clinical trials.

WM remains incurable. The management of WM has 
been derived from therapeutic options available in the 
treatment of multiple myeloma and low-grade lympho-
ma. The decision to treat should consider a patient’s clin-
ical manifestations (i.e., fatigue, anemia, cryoglobuline-
mia, and hyperviscosity syndrome) [7], tolerance of med-
ications, and the avoidance of short- and long-term 
toxicity. Recent advances in the understanding of the cy-
togenetic, intracellular B cell, and cytokine signaling 
pathways have contributed to the development of novel 
therapeutic strategies (Table 2).

Alkylating Agents

Alkylating agents including chlorambucil, melphalan, 
and cyclophosphamide were the first therapies utilized in 
the treatment of WM [8–10]. Single-agent chlorambucil 
may be effective in up to 40% of WM patients [11]. How-
ever, alkylating agents are limited by their toxicity profiles 
and adverse effect on future stem cell harvesting.

Nucleoside Analogs

The use of nucleoside analogs can lead to higher re-
sponse rates. However, nucleoside analogs are not con-
sidered primary options for the first-line treatment of 
WM. In a large prospective observational multicenter 
clinical trial of 118 untreated and symptomatic WM in-
dividuals, fludarabine demonstrated an overall response 
rate (ORR) of 36% and a complete remission rate of 2% 
[12]. The WM1 trial, a large phase 3 randomized clinical 
trial, demonstrated that oral fludarabine had higher re-
sponse rates (47.8 vs. 38.6%), progression-free survival 
(PFS) (36.3 vs. 27.1 months), and overall survival (OS) 
(70.3 vs. 61.4%) in newly diagnosed WM versus chloram-
bucil treatment [13].

Fludarabine has been investigated in combination 
with rituximab, with or without cyclophosphamide. In a 
study of 43 patients with symptomatic WM treated with 
fludarabine, cyclophosphamide, and rituximab, the ORR 
was 79% [14]. However, significant toxicities (mainly my-
elosuppression) occurred in 45% that led to discontin
uation of treatment [14]. Fludarabine-based therapy re-
mains an option for patients with relapsed/refractory 
(R/R) disease, but fludarabine-based combinations are 
not recommended for primary therapy.

Table 1. Differential diagnosis of WM

Disease Clinical features Histology/bone marrow  
biopsy

Immunophenotype/genetic

WM hepatomegaly (20%), splenomegaly 
(15%), and lymphadenopathy (15%); 
fatigue due to anemia

plasmacytoid cells ≥10%; 
intertrabecular pattern

pan B cell markers and typically 
CD3 and CD103 negative; 
MYD88L265P (90% of cases)

IgM MGUS IgM level <3 g/dL; absence of  
end-organ damage

lymphoplasmacytic  
lymphoma of <10%

MYD88L265P cannot be used to 
differentiate between WM 

Multiple myeloma end-organ damage (e.g., lytic bone 
lesions and renal dysfunction)

>10% infiltration of plasma 
cells

MYD88 is not mutated in IgM 
multiple myeloma

Chronic lymphocytic 
leukemia

lymphocytosis, autoimmunity small mature lymphocytes always CD5+, CD23+

Marginal zone 
lymphoma

more likely to present with prominent 
lymphadenopathy, splenomegaly, or 
extranodal involvement

nodular nonparatrabecular 
infiltration pattern 

differentiation between WM can be 
challenging; MYD88 seen in 5–10%

Mantle cell lymphoma involves lymph nodes and extranodal 
sites

monomorphous, small-
medium lymphoid cells 
with irregular nuclei

CD5+, CD23–; t(11;14; q13:q32)

MGUS, monoclonal gammopathy of undetermined significance; WM, Waldenström macroglobulinemia.
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Rituximab as a Monotherapy

Currently, rituximab-based regimens are the primary 
recommended therapy for the majority of patients with 
WM. Rituximab is a selective chimeric anti-CD20 mono-
clonal antibody that lacks long-term toxicity and is rela-
tively well tolerated.

As a monotherapy, rituximab has reduced response 
rates compared to other combination regimens. In a pro-
spective phase 2 study, 27 individuals with WM were 
treated with rituximab intravenously for a total of 4 
weeks [15]. Forty percent (6/15) of previously untreated 
WM patients achieved partial response (PR) [15]. A low-
er response to rituximab was reported in patients with 
high levels of serum monoclonal protein [15]. Similar 
findings were observed with the use of an extended ritux-
imab dose with no evidence of myelosuppression [16]. 
However, a transient increase in IgM level during or 
shortly after treatment may be expected and worsen 
IgM-related morbidities. Therapeutic plasmapheresis is 
recommended as a short-term measure, followed by the 
initiation of systemic therapy. The IgM flare due to ritux-

imab does not predict treatment failure, and in the ma-
jority of cases, IgM levels returned to baseline at 12 weeks 
[17].

In selected populations, single-agent rituximab may be 
useful as a treatment option for elderly patients who do 
not have a strong indication for cytotoxic therapy [18]. A 
population-based study of 1,310 Medicare beneficiaries 
(> 65 years old) with WM demonstrated no difference in 
OS between patients receiving single-agent rituximab 
compared to combination with chemotherapy [19]. IgM 
levels and prophylactic measures were not recorded. 
However, no increased risk of plasmapheresis or hospi-
talization was observed.

Combination therapies have a synergistic activity that 
may provide a vital overlap to eradicate the entire WM 
clone [20]. The preferred frontline treatment options for 
WM can be broadly classified as rituximab-alkylator 
combination therapy, proteasome inhibitor-based thera-
py, and Bruton’s tyrosine kinase (BTK) inhibitor-based 
therapy.

Table 2. Novel approaches in WM

Ref.
No.

Agent Molecular target Phase Clinical trial 
information 

Patients, 
n

Study population ORR in WM Most common adverse events

82 entospletinib selective inhibitor of spleen 
tyrosine kinase

2 NCT01799889 17 R/R WM 24% (6% PR, 18% MRR) fatigue, gastrointestinal, neutropenia, 
increased creatinine and ALT

68 idelalisib PI3Kδ inhibitor 1 NCT00710528, 
NCT01090414

9 WM 55% asymptomatic grade ≥3 serum trans-
aminase elevations occurred in ∼25%

69 idelalisib PI3Kδ inhibitor 2 NCT01282424 10 LPL/WM 80% (70% PR, 10% MRR) neutropenia, elevations in aminotrans-
ferase levels

83 idelalisib PI3Kδ inhibitor 2 NCT01282424 p1 (n = 9), 
p2 (n = 10)

R/R WM (p1) +  
refractory disease to  
both rituximab and  
alkylating agent (p2)

56% (p1) and 80% (p2) increased ALT/AST 

70 idelalisib + 
obinutuzumab

PI3Kδ inhibitor + novel  
anti-CD20

2 NCT02962401 49 R/R WM 90% (76% MRR, 68% PR,  
8% VGPR)

hepatotoxicity (20%), diarrhea (10%), 
and dermatologic complications (4%)

73 duvelisib PI3Kδ and γ inhibitor 1 NCT01476657 4 WM/LPL 58%a cytopenias, increased ALT (38.6%)/ 
AST (37.6%), diarrhea (41.9%)a

84 everolimus mTor inhibitor 2 NCT00436618 50 R/R WM 70% (42% PR, 28% MRR) hematological toxicities, pulmonary 
toxicity (10%)

85 everolimus mTor inhibitor 2 NCT00436618 60 R/R WM 73% (50% PR, 23% MRR) hematological (67%), pulmonary  
toxicity (5%)

86 everolimus + bortezo- 
mib and rituximab 

mTor inhibitor + PI +  
anti-CD20 inhibitor

1/2 NCT01125293 46 WM 87% (46% PR, 37% MRR) fatigue, cytopenias, and sensory  
peripheral neuropathy (41%)

87 everolimus mTor inhibitor 2 NCT00976248 33 symptomatic, previ- 
ously untreated WM

72.7% (58% PR, 60.6% MRR) mucositis (27.3%), infection (21.2%), 
and pneumonitis (18.2%)

88 ofatumumab CD20 monoclonal antibody 2 NCT00811733 37 untreated WM and  
R/R WM

59% (41% PR, 19% MRR) infusion-related reactions 

a Includes all indolent non-Hodgkin lymphoma cases. ALT, alanine aminotransferase; AST, aspartate aminotransferase; LPL, lymphoplasmacytic lymphoma; MRR, major response rate; mTOR, mammalian 
target of rapamycin; ORR, overall response rate; p1, phase 1; p2, phase 2; PI, proteasome inhibitor; PI3K, phosphatidylinositol 3-kinase; PI3Kδ, phosphatidylinositol 3-kinase delta; PR, partial response; R/R, relapsed/
refractory; VGPR, very good partial response; WM, Waldenström macroglobulinemia.
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Rituximab with Alkylators (Chemoimmunotherapy)

One of the earliest combination chemotherapy regi-
mens used with rituximab was dexamethasone and cy-
clophosphamide (DRC) [21]. The updated report of a 
phase 2 clinical trial in 72 newly diagnosed WM patients 
evaluating primary therapy with DRC showed a response 
rate of 83%, with 67% of patients achieving PR [21]. Dis-
ease progression at 3 years was 45%, and the median time 
to retreatment was 51 months [21]. The majority of cas-
es retreated with a rituximab-based regimen achieved re-
sponse rates of 82%. Solid tumors were the most com-
mon cause of WM-unrelated death. Secondary myelo-
dysplastic syndrome occurred in 3% of WM patients, and 
10% had transformation to diffuse large B cell lymphoma 
[21]. In the updated analysis, the 8-year and estimated 
10-year OS related to WM were 64 and 53%, respectively 
[22]. The 8-year OS per the International Prognostic 
Scoring System for Waldenström Macroglobulinemia 
(ISSWM) was 100% for high-risk disease [22]. DRC is 
currently an alternative regimen for first-line treatment 
if the disease burden is low based on the Mayo Stratifica-
tion of Macroglobulinemia and Risk-Adapted Therapy 
guidelines [23].

Bendamustine has been widely used since the 1970s in 
patients with lymphoid malignancies. In a phase 3, non-
inferiority trial of 514 patients with mantle cell or indo-
lent lymphoma, a subset of 41 WM patients was analyzed 
[24]. Twenty-two patients received bendamustine-ritux-
imab (Benda-R) and 19 patients received R-CHOP. The 
Benda-R arm demonstrated a significantly longer PFS 
(69.5 vs. 28.1 months, p = 0.0033) [25]. Benda-R treat-
ment was better tolerated, with no alopecia, fewer hema-
tological toxic effects, less frequent infections, and less 
peripheral neuropathy. Benda-R is the backbone regimen 
in the Study Group Indolent Lymphomas studies. At our 
institution, Benda-R is the preferred induction regimen 
for newly diagnosed WM [26].

In a retrospective study, the Benda-R regimen given 
every 4 weeks up to six cycles (bendamustine 90 mg/m2 
i.v. on days 1 and 2 in addition to rituximab 375 mg/m2 
on day 1) was compared to the DRC regimen (dexameth-
asone 20 mg i.v. on day 1, rituximab 375 mg/m2 i.v. on 
day 1, and cyclophosphamide 100 mg/m2 p.o. daily on 
days 1 through 5) given every 3 weeks for up to six cycles 
in all symptomatic WM patients (n = 160) [27]. In the 
treatment-naïve (TN) setting, the Benda-R and the DRC 
group had similar reductions in IgM, but the Benda-R 
cohort had a better median time to best response (6.1 vs. 
11 months, respectively) [27]. Although the difference 

was not statistically significant, the 2-year PFS was im-
proved in the Benda-R group (88 vs. 61%, p = 0.07) with-
out associated toxicity [27]. Both regimens demonstrated 
remarkable activity and effectiveness independent of 
MYD88L265P status [28]. In the setting of R/R disease, 
Benda-R therapy is well tolerated and has durable re-
sponses [29, 30].

Proteasome Inhibitor-Based Therapy

Bortezomib
Bortezomib is a selective proteasome inhibitor that has 

significant activity in the treatment of WM [31]. As a 
monotherapy, bortezomib was initially studied in 10 pa-
tients with R/R WM [32]. The number of cycles was lim-
ited since most of the patients had previously been ex-
posed to other neurotoxic agents. Sixty percent of WM 
patients achieved PR after treatment with bortezomib. 
Bortezomib was well tolerated, but 3 patients developed 
peripheral neuropathy [32].

A subsequent phase 2 clinical trial of symptomatic 
WM patients demonstrated that 78% (21/27) of WM cas-
es had a reduction in IgM of at least 25%, 26% achieved 
PR, and 70% had stable disease [33]. However, 74% of the 
patients developed new or worsening peripheral neurop-
athy with early discontinuation [33]. Similar results were 
demonstrated in a multicenter study that showed an ORR 
of 85% among individuals with R/R WM disease with a 
median time of response of 1.4 months [24]. In prior 
studies, the most concerning adverse event was sensory 
neuropathy, and caution is recommended in patients 
with preexisting peripheral neuropathy grade 2 or greater 
[34].

Various studies have been conducted to support the 
rationale for combining bortezomib with other agents. 
The combination of bortezomib, dexamethasone, and 
rituximab (BDR) was evaluated in 23 WM patients [35]. 
Bortezomib (1.3 mg/m2 i.v. on days 1, 4, 8, and 11), dexa-
methasone (40 mg on days 1, 4, 8, and 11), and rituximab 
(375 mg/m2 on day 11) therapy consisted of four consec-
utive cycles followed by a 12-week pause, and then four 
additional cycles of BDR spaced 12 weeks apart [35]. Pro-
phylaxis against herpes zoster was added due to an unex-
pectedly high incidence of herpes zoster infection. A suc-
cessful decline in the median IgM levels and bone marrow 
involvement was observed. The ORR and the major re-
sponse rate (MRR) were 96 and 83%, respectively [35]. 
Twenty-two percent of the patients achieved complete re-
sponse (CR) and 35% achieved very good PR (VGPR) or 
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better. Peripheral neuropathy was the most common ad-
verse event, resulting in discontinuation of therapy in 
60% of the cases. Similar findings were reported in 33 
patients where ORR and MRR were 96 and 91%, respec-
tively [36].

A phase 1/2 trial was conducted in the United King-
dom to determine the optimal schedule for bortezomib 
administration. In the phase 2 trial, 42 patients were  
randomized to receive two different doses and schedules 
of administration (twice weekly vs. weekly) of bortezo-
mib plus rituximab (BR) [37]. Overall, the response rate 
(CR + PR) was similar in the two groups. In the subgroup 
analysis of 10 WM patients, the response rates were high 
(90%), and 4 of the patients who responded remained 
transfusion-free without progression between 2 and 2.5 
years following completion of therapy [37]. BR combina-
tion appears promising, but further clinical studies are 
warranted. Neuropathy was the most commonly report-
ed toxicity and may be a limiting factor to complete 
planned therapy. The higher incidence of bortezomib-re-
lated peripheral neuropathy in WM may be explained by 
underlying nerve damage. Nerve damage may be second-
ary to amyloid deposition and/or paraprotein-mediated 
demyelination [38].

In previously untreated WM patients, a phase 2 trial of 
the BR regimen displayed greater activity, with an im-
proved toxicity profile and lower incidence of severe neu-
rotoxicity related to bortezomib. Sixty patients from five 
European countries were included, and 45% were consid-
ered high-risk. The ORR was 85%; 65 and 68% achieved 
PR and MRR, respectively. Almost 40% of the patients 
had complete or partial resolution of their lymphadenop-
athy. The estimated median PFS was 42 months and the 
3-year OS was 82% [39]. Furthermore, limited myelotox-
icity was observed with the BR regimen. The BR regimen 
is an attractive option for patients who are candidates for 
an autologous stem cell transplant.

The efficacy of three combination regimens as prima-
ry therapy for symptomatic WM (Benda-R, BDR, and 
DRC), in addition to the role of maintenance rituximab 
following induction with rituximab-containing regi-
mens, have also been evaluated [40]. No difference in re-
sponse rates was observed between treatment groups. 
However, the time to best response was considerably lon-
ger with DRC when compared with Benda-R and BDR. 
Patients who received maintenance rituximab had a high-
er MRR (97 vs. 68%) compared to cases who did not, in 
addition to superior PFS and OS [40].

The use of maintenance rituximab in WM was studied 
by Rummel et al. [41]. A total of 257 patients received 

Benda-R (as first-line therapy) with up to six cycles of 
Benda-R plus two additional cycles of rituximab. Half of 
the patients (109/218) were then randomized to ritux-
imab maintenance (every 2 months for 2 years) and half 
(109/218) to observation. The 2-year rituximab mainte-
nance group had a better disease control compared to the 
observation group; however, it was not statistically sig-
nificant (PFS 101 vs. 83 months, p = 0.32) [41]. There was 
no difference in OS. These results confirm Benda-R as an 
effective first-line treatment for WM, but 2-year ritux-
imab maintenance was not demonstrated to be better 
than observation alone.

Carfilzomib
Carfilzomib is a second-generation proteasome inhib-

itor that is associated with low neuropathy risk (including 
those with baseline peripheral neuropathy), but associ-
ated with cardiotoxicity [42]. In preclinical models of 
multiple myeloma, carfilzomib exhibited potent antipro-
liferative and proapoptotic effects in myeloma cell lines 
[43]. In 2012, carfilzomib was approved for the treatment 
of R/R multiple myeloma, and subsequent trials in WM 
patients have been conducted.

A phase 2 prospective open-label study was conducted 
to evaluate carfilzomib, rituximab, and dexamethasone in 
symptomatic WM patients who never received bortezo-
mib and rituximab. Median IgM levels and bone marrow 
involvement declined significantly. The ORR and MRR 
were 87.1 and 67.7%, respectively [44]. CR/VGPR was at-
tained in 36% of the patients, with similar clinical re-
sponses to BDR regimens [35, 45]. Almost all patients ex-
pressed MYD88L265P somatic mutation, and CXCR4WHIM 
mutations were present in 36.7%, with an ORR of 90.9% 
in the latter group. Following therapy, CT-defined ade-
nopathy resolved or remained stable. All patients were 
alive with a median follow-up of 15.4 months, and 64.5% 
remain free of disease progression [44]. Hyperglycemia 
and carfilzomib-related hyperlipasemia were the most 
commonly observed toxicities, and only 1 patient devel-
oped cardiomyopathy in the setting of smoking and heavy 
alcohol use.

In the standard of care setting, the carfilzomib-based 
combination showed a MRR of 67%, 50% PR, and a 
100% resolution of B symptoms and anemia after treat-
ment [46]. All patients had reduced levels of IgA and 
IgG, and only 2 required initiation of intravenous im-
munoglobulin with subsequent clinical improvement 
[46]. However, the data are limited by the small sample 
size and the retrospective nature of the study. The ef
ficacy of carfilzomib-based combinations may offer a 
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neuropathy-sparing alternative to bortezomib-based 
protocols.

Novel Oral Proteasome Inhibitors
Alternative oral proteasome inhibitors have been ac-

cepted for use in patients with multiple myeloma [47]. 
Ixazomib is a proteasome inhibitor that blocks the chy-
motrypsin-like activity of the β5 subunit of the 20S pro-
teasome [48]. Early-phase clinical studies of ixazomib 
in combination with dexamethasone and rituximab as 
primary therapy in WM have shown significant re-
sponse rates and low toxicity. A phase 2 clinical trial of 
26 patients with untreated WM was conducted. Pa-
tients received ixazomib 4 mg orally, dexamethasone  
20 mg (on days 1, 8, and 15), and rituximab (375 mg/
m2 i.v. on day 1) that was administered for six 4-week 
cycles followed by maintenance (six 8-week cycles) for 
a total of 12 cycles [49]. Rituximab was administered 
after ixazomib and dexamethasone to reduce the risk of 
IgM flare. The ORR was 96%, VGPR was 15%, and PR 
was 62%. No CR was observed [49]. PFS was not reached 
at 2 years, which compares to data in the bortezomib- 
and carfilzomib-based regimens. Ixazomib in combina-
tion with dexamethasone and rituximab appeared to be 
well tolerated.

Effective, tolerable, and convenient proteasome inhib-
itors are highly desirable. Oprozomib, a chymotrypsin-
like inhibitor (similar to carfilzomib), was evaluated as a 
single agent in a phase 1b/2 multicenter clinical study in 
previously treated WM patients [50]. However, gastroin-
testinal adverse events (primarily diarrhea) may limit its 
use in clinical practice.

BTK Inhibition

Ibrutinib
Ibrutinib is an oral agent that is a potent irreversible 

inhibitor of BTK and is highly effective, with the best 
treatment responses observed in patients with MYD88L265P 
and CXCR4WT mutations [51, 52]. Ibrutinib also can 
cross the blood-brain barrier and may be effective for 
Bing-Neel syndrome, a rare complication of WM [53]. 
However, ibrutinib is not specific and blocks several oth-
er kinases.

In a prospective study, 63 symptomatic WM patients 
who had been given at least one previous treatment re-
ceived ibrutinib (at a dose of 420 mg) for twenty-six 
4-week cycles until disease progression or unacceptable 
adverse events occurred [52]. At the time of best response, 

the median serum IgM levels and median bone marrow 
involvement were significantly decreased. ORR and MRR 
were 90.5 and 73%, respectively, and were the highest 
among patients with MYD88L265P and CXCR4WT geno-
type [52]. The 2-year PFS was 69.1% (95% CI 53.2 to 
80.5), and the estimated OS rate was 95.2% (95% CI 86.0–
98.4) [52]. Cytopenias (neutropenia and thrombocytope-
nia) were the most common related toxicities. Infections 
were mostly associated with preexisting hypogamma-
globulinemia.

In 4 patients with R/R WM, oral ibrutinib induced 
profound and durable responses. Ibrutinib was adminis-
tered between 560 mg/day and 12.5 mg/kg/day until pro-
gressive disease or unacceptable toxicity [54]. Three out 
of the 4 patients achieved durable PR with no evidence of 
progression (at 4 years) and sustained clinical improve-
ment (hemoglobin levels and reduction in lymphadenop-
athy).

The safety and efficacy of ibrutinib in a population with 
rituximab-refractory WM disease was also evaluated [54]. 
Patients received oral ibrutinib 420 mg daily until disease 
progression, occurrence of unacceptable toxicity, or with-
drawal of consent. ORR and MRR were achieved in 90 and 
71% of WM cases, respectively. Response rates were simi-
lar in individuals with MYD88L265P and MYD88WT. Me-
dian PFS was not reached at the median follow-up (18.1 
months), and OS was 97% at 18 months [54]. Addition-
ally, ibrutinib had a clinically meaningful impact on qual-
ity of life that has not been previously reported.

The majority of nonhematological reported toxicities 
were diarrhea and infections (mainly respiratory tract in-
fection) that occurred in 68% of patients [54]. Atrial fi-
brillation was seen in 6–11% of the patients receiving 
ibrutinib [54]. No events of IgM flare were reported, but 
close monitoring should be considered due to associated 
elevated IgM levels with ibrutinib cessation [55]. With-
drawal symptoms have been reported (20% of the pa-
tients) while holding ibrutinib to manage toxicities or in 
anticipation of surgery. Symptoms resolved after ibruti-
nib was restarted [56].

Based on preclinical data, the combination of ibrutinib 
and rituximab would be an ideal regimen. The ibrutinib-
rituximab regimen was studied among TN WM patients 
and among those with disease recurrence. The iNNO-
VATE trial included a total of 150 patients that were ran-
domly assigned in a 1: 1 ratio to receive either oral ibruti-
nib (420 mg once daily) or placebo until disease progres-
sion or undesirable toxic effects [57]. Both groups also 
received prolonged i.v. rituximab (375 mg/m2, with infu-
sions at weeks 1–4 and 17–20). If disease progression was 
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confirmed, patients in the placebo group were permitted 
to cross over to receive ibrutinib. The 30-month PFS rate 
was higher in the ibrutinib-rituximab group compared to 
the placebo-rituximab group (82 vs. 28%), with an 80% 
lower risk of progression or death [57]. In the subgroup 
analysis, higher rates of PFS were seen in TN patients and 
those with relapsed disease at 24 months. Similar findings 
were consistent among high-risk ISSWM score patients. 
When response rates were assessed, the ibrutinib-ritux-
imab group had higher ORR and VGPR (23 and 92% vs. 
4 and 47%, respectively).

Moreover, IgM levels declined more rapidly, and he-
moglobin levels showed a sustained rise. As reported in 
prior reports, the most common toxicities were diarrhea 
(28%), arthralgia (24%), and nausea (21%). Atrial fibril-
lation occurred in 12% of ibrutinib-rituximab cases and 
was treated with dose modification and supportive medi-
cations [57]. The rate of discontinuation between both 
groups (ibrutinib-rituximab and placebo-rituximab) was 
similar (5 and 4%, respectively). The response rates with 
ibrutinib-rituximab were similar across different CXCR4 
genotypes, but slightly lower among patients without 
MYD88L265P activity. Combination therapy (ibrutinib-
rituximab) is a viable treatment approach in WM pa-
tients, including WM patients who are TN, even if out-
comes are not comparable to those seen in patients with 
relapsed WM disease.

Second- and Next-Generation BTK Inhibitors
Acalabrutinib (ACP-196) was developed to be more 

potent and selective than ibrutinib. Acalabrutinib is rap-
idly absorbed, has a short half-life, and lacks irreversible 
targeting to alternative kinases including the epidermal 
growth factor receptor, interleukin 2-inducible T cell ki-
nase, and T cell X chromosome kinase [58]. In preclinical 
studies, acalabrutinib was initially evaluated in several B 
cell non-Hodgkin lymphoma animal models [59]. In 
clinical studies, acalabrutinib has been shown to be active 
and well tolerated in patients with relapsed chronic lym-
phocytic leukemia [60]. In a phase 2 multicenter study of 
106 patients (14 TN and 92 R/R WM), oral acalabrutinib 
(100 mg) was administered twice a day in 28-day cycles 
until disease progression or toxic effects developed [61]. 
Dose modifications (100 mg once per day) were allowed 
for persistent drug-related grade 3–4 toxic effects [61]. 
The median follow-up was 27.4 months, and acalabruti-
nib was demonstrated to achieve an ORR of 93% in TN 
and R/R WM patients [61]. Major response was shown 
in 79 and 78% of TN and R/R WM patients, respectively. 
Treatment discontinuation occurred in 7 (50%) and 23 

(25%) of TN and R/R WM patients, respectively. Overall, 
neutropenia (16%), pneumonia (7%), anemia (5%), low-
er respiratory tract infection (5%), increased alanine 
aminotransferase, and hyponatremia were the most 
common grade 3–4 adverse events documented [61]. 
Atrial fibrillation occurred in 5%, which is significantly 
lower than for ibrutinib as well as for ibrutinib and ritux-
imab. Despite limited data on patients with MYD88 mu-
tation, clinically meaningful responses were also demon-
strated. Combination therapy and further randomized 
trials are warranted to elucidate the efficacy of acalabru-
tinib. However, acalabrutinib can be safely administered 
and may be a potential treatment option for R/R WM 
patients.

Zanubrutinib is a potent irreversible next-generation 
BTK inhibitor. It has demonstrated excellent activity and 
tolerability in TN or R/R chronic lymphocytic leukemia/
small lymphocytic lymphoma [62]. Preliminary data 
from the ASPEN trial (NCT03053440), a phase 3 multi-
center clinical trial, compared zanubrutinib (160 mg 
twice daily) to ibrutinib (420 mg once a day). The ASPEN 
trial included two cohorts. Cohort 1 included 102 pa-
tients (19 TN and 83 R/R) and 99 patients (18 TN and 81 
R/R) in the zanubrutinib and ibrutinib group, respec-
tively. As of August 2019, the median follow-up was 19.4 
months. In the overall patient population and R/R pa-
tients, VGPR and MMR rates were higher in the zanu-
brutinib versus the ibrutinib arm. Although there is no 
statistical significance, zanubrutinib demonstrated a 
substantial clinical benefit. The 1-year PFS rate was also 
higher in all patients and R/R WM patients in the zanu-
brutinib group (90 and 93%, respectively), compared to 
all patients and R/R WM patients in the ibrutinib group 
(87 and 86%, respectively) [63]. Zanubrutinib was found 
to be safe, with a lower rate of atrial fibrillation when 
compared to ibrutinib (2 vs. 15.3%). Minor bleeding was 
similar in both groups. However, neutropenia was high-
er in the zanubrutinib group compared to the ibrutinib 
group (30 vs. 13.3%). Overall, zanubrutinib is safe, and 
the rate of discontinuation due to adverse events is lower 
when compared to ibrutinib.

In some centers, based on MYD88 and CXCR4 geno-
type, BTK inhibitors have replaced Benda-R therapy. 
While BTK inhibitors are convenient due to oral admin-
istration, intolerable side effects and reduced efficacy in 
the MYD88WT cohort may limit its use. No randomized 
controlled trials comparing BTK and chemoimmuno-
therapy are available, and therapy should be individual-
ized to the patient and mutational profile.
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BCL2 Inhibitors

BCL2 is a protein that inhibits apoptosis and is overly 
expressed in primary WM cells [64]. Venetoclax (ABT-
199) is a unique small molecule that selectively inhib- 
its BCL2 and has demonstrated substantial efficacy in  
patients with R/R WM. In a phase 2 clinical trial 
(NCT02677324), venetoclax (at a maximum target dose 
of 800 mg daily) demonstrated an ORR and MRR of 87 
and 80%, respectively [65]. The median time to response 
was 1.9 months, but a slower response was noted in 16 
patients (52%) that had previously been exposed to BTK 
inhibitors. No tumor lysis syndrome or IgM flares were 
observed, and cytopenias and diarrhea were the most 
common adverse events. Interestingly, all patients had a 
MYD88L265P mutation detected, and results may not be 
generalizable to the MYD88WT subset. Venetoclax, when 
combined with ibrutinib, demonstrated a synergistic ef-
fect against WM cells, and a phase 2 clinical study in un-
treated WM is expected (NCT04273139).

Phosphatidylinositol 3-Kinase Inhibitors

The phosphatidylinositol 3-kinase (PI3K) pathway 
plays a significant role in the initiation and progression 
of malignancies, enhancing cell survival by stimulating 
cell proliferation and cell survival [66]. PI3Kδ inhibitors 
have been shown to induce cell death in WM cell lines 
[67], making it a potential target in patients with WM 
(Table 2).

Idelalisib (GS-1101, CAL-101) is a potent, highly se-
lective, oral PI3Kδ/AKT inhibitor that promotes apopto-
sis. A phase 1b, dose escalation study evaluating idelalisib 
in patients with relapsed B cell malignancies demonstrat-
ed an ORR of 55% in 9 patients with WM. Overall, grade 
3 serum transaminase abnormalities occurred in approx-
imately 25% of patients [68]. Similar elevations in amino-
transferase levels occurred in 13% of patients with R/R 
indolent non-Hodgkin lymphomas. In the subset of pa-
tients with WM, 8 of 10 patients reported responses to 
idelalisib with a median PFS of 22 months [69]. In an at-
tempt to develop a “chemo-free” approach, a single-arm 
phase 2 study assessed the combination of obinutuzu- 
mab (anti-CD20 antibody) with idelalisib in patients with 
R/R WM (NCT02962401) [70]. Idelalisib was given 
continuously at a dose of 150 mg with intravenous obi
nutuzumab at 100 mg on day 1 followed by 900 mg on day 
2 and 1,000 mg on days 8 and 15 during cycle 1 (induc- 
tion phase), and subsequently at the same fixed dose of  

1,000 mg on day 1 of cycles 2–6 of each 28-day cycle 
(maintenance phase). The median follow-up was 18.3 
months, and 96% of the patients had MYD88 mutation. 
ORR and MRR were 90 and 76%, respectively. The esti-
mated PFS was 25 months with a 1- and 2-year PFS of 90 
and 70%, respectively. Combination therapy had an effec-
tive response, but the low proportion of MYD88WT pa-
tients and significant hepatotoxicity may limit its use [71].

The efficacy of other PI3K inhibitors which are less 
hepatotoxic, such as duvelisib and umbralisib (TGR-
1202), is currently being evaluated in WM [72, 73]. In a 
phase 2b, multicenter, multicohort trial in patients with 
R/R marginal zone lymphoma, umbralisib monotherapy 
was effective and side effects were tolerable. The median 
time to initial response was 2.7 months, and 86% of pa-
tients had a reduction in tumor burden [74]. Phase III 
studies are planned in other indolent non-Hodgkin lym-
phoma subtypes.

Anti-CXCR4 Therapy

Patients with WM characterized by mutated CXCR4 
are less likely to respond to single-agent ibrutinib or ibru-
tinib/rituximab combination therapy than those who 
have CXCR4WT disease [75]. A small number of drugs 
targeting CXCR4 are currently under investigation.

Ulocuplumab (BMS-936564) is a fully human IgG4 
monoclonal antibody which inhibits the binding of 
CXCR4 to CXCL12, resulting in decreased WM cell pro-
liferation [76]. Ulocuplumab (NCT03225716) is being 
evaluated in combination with ibrutinib in a phase  
1/2 clinical trial for symptomatic patients who have  
CXCR4MUT [77]. As of February 2020, 13 participants 
have been enrolled in daily oral ibrutinib plus intrave-
nous ulocuplumab 2–4 times per cycle for cycles 1–6 [77]. 
The results of this trial are pending.

Mavorixafor (AMD-070) is a potent, noncompetitive 
antagonist of chemokine receptor CXCR4. Mavorixafor 
is a small molecule that is orally available and adminis-
tered once daily. In warts, hypogammaglobulinemia, in-
fections, and myelokathexis syndrome, a rare congenital 
immune deficiency, mavorixafor demonstrated a favor-
able safety profile and resulted in meaningful increases 
in neutrophils and lymphocyte biomarker counts along 
with a reduction in wart burden and infection rates [78]. 
A phase 1b trial designed to assess the safety and tolera-
bility of mavorixafor and ibrutinib in patients with WM 
and CXCR4 mutation (NCT04274738) is in progress 
[79].
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Plerixafor (AMD3100) is a CXCR4 antagonist that dis-
rupts the CXCR4/SDF-1α bond. Plerixafor was approved 
by the Food and Drug Administration in combination 
with granulocyte colony-stimulating factor for hemato-
poietic stem and progenitor cell mobilization in patients 
with lymphoma and multiple myeloma [80, 81].

Conclusion

WM is a type of non-Hodgkin lymphoma, also known 
as lymphoplasmacytic lymphoma. Some patients with 
WM have a smoldering form that may be surveilled with-
out intervention. For patients requiring treatment, Ben-
da-R therapy can be considered the first-line treatment. 
Other chemoimmunotherapy combinations with DRC 
and BR provide effective and durable responses, but are 
limited by drug-specific toxicities. The success of ibruti-
nib in WM may change the current management of WM. 
Moreover, the recent and promising advances in the un-
derstanding of WM biology may expand future initial 
treatment options.

Conflict of Interest Statement

The authors have no conflicts of interest to declare related to 
this paper. M.A. Gertz: personal fees: Ionis/Akcea, Alnylam, Pro-
thena, Celgene, Janssen, Spectrum, Annexon, Appellis, Research 
to Practice, Amgen, Medscape, Physicians Education Resource, 
and Abbvie; grants: Spectrum, Amyloidosis Foundation, and In-
ternational Waldenström Foundation; speaker fees: Teva, John-
son and Johnson, Medscape, and DAVA oncology; advisory 
board: Pharmacyclics and Proclara; royalties: Springer Publish-
ing; development of educational material: i3Health; stock options: 
Aurora Bio.

Funding Sources

The authors have no funding sources to declare.

Author Contributions

C.N. Grimont is the lead author who was responsible for  
critical review of the data and preparation of the manuscript. N.E. 
Castillo Almeida was responsible for the literature acquisition and 
review of the final manuscript. M.A. Gertz was responsible for the 
critical review of the final manuscript and mentorship.

References

  1	 Yun S, Johnson AC, Okolo ON, Arnold SJ, 
McBride A, Zhang L, et al. Waldenström 
Macroglobulinemia: Review of Pathogenesis 
and Management. Clin Lymphoma Myeloma 
Leuk. 2017 May; 17(5): 252–62.

  2	 Sekhar J, Sanfilippo K, Zhang Q, Trinkaus K, Vij 
R, Morgensztern D. Waldenström macroglobu-
linemia: a Surveillance, Epidemiology, and End 
Results database review from 1988 to 2005. Leuk 
Lymphoma. 2012 Aug; 53(8): 1625–6.

  3	 Castillo JJ, Olszewski AJ, Kanan S, Meid K, 
Hunter ZR, Treon SP. Overall survival and 
competing risks of death in patients with 
Waldenström macroglobulinaemia: an analy-
sis of the Surveillance, Epidemiology and End 
Results database. Br J Haematol. 2015 Apr; 

169(1): 81–9.
  4	 Castillo JJ, Olszewski AJ, Cronin AM, Hunter 

ZR, Treon SP. Survival trends in Waldenström 
macroglobulinemia: an analysis of the Surveil-
lance, Epidemiology and End Results database. 
Blood. 2014 Jun; 123(25): 3999–4000.

  5	 Kristinsson SY, Eloranta S, Dickman PW, An-
dersson TM, Turesson I, Landgren O, et al. 
Patterns of survival in lymphoplasmacy- 
tic lymphoma/Waldenström macroglobulin-
emia: a population-based study of 1,555 pa-
tients diagnosed in Sweden from 1980 to 
2005. Am J Hematol. 2013 Jan; 88(1): 60–5.

  6	 Owen RG, Kyle RA, Stone MJ, Rawstron AC, 
Leblond V, Merlini G, et al.; VIth Internation-
al Workshop on Waldenström macroglobu-
linaemia. Response assessment in Walden-
ström Macroglobulinaemia: update from the 
VIth International Workshop. Br J Haematol. 
2013 Jan; 160(2): 171–6.

  7	 Kyle RA, Treon SP, Alexanian R, Barlogie B, 
Björkholm M, Dhodapkar M, et al. Prognostic 
markers and criteria to initiate therapy in 
Waldenstrom’s macroglobulinemia: consen-
sus panel recommendations from the Second 
International Workshop on Waldenstrom’s 
Macroglobulinemia. Semin Oncol. 2003 Apr; 

30(2): 116–20.
  8	 Ghobrial IM, Gertz MA, Fonseca R. Walden-

ström macroglobulinaemia. Lancet Oncol. 
2003 Nov; 4(11): 679–85.

  9	 Chen CI. Treatment for Waldenstrom’s mac-
roglobulinemia. Ann Oncol. 2004 Apr; 15(4): 

550–8.
10	 Dimopoulos MA, Panayiotidis P, Moulopou-

los LA, Sfikakis P, Dalakas M. Waldenström’s 
macroglobulinemia: clinical features, compli-
cations, and management. J Clin Oncol. 2000 
Jan; 18(1): 214–26.

11	 Dimopoulos MA, Kastritis E, Owen RG, Kyle 
RA, Landgren O, Morra E, et al. Treatment 
recommendations for patients with Walden-
ström macroglobulinemia (WM) and related 
disorders: IWWM-7 consensus. Blood. 2014 
Aug; 124(9): 1404–11.

12	 Dhodapkar MV, Jacobson JL, Gertz MA, 
Rivkin SE, Roodman GD, Tuscano JM, et al. 
Prognostic factors and response to fludara-
bine therapy in patients with Waldenström 
macroglobulinemia: results of United States 
intergroup trial (Southwest Oncology Group 
S9003). Blood. 2001 Jul; 98(1): 41–8.

13	 Leblond V, Johnson S, Chevret S, Copple-
stone A, Rule S, Tournilhac O, et al. Results of 
a randomized trial of chlorambucil versus 
fludarabine for patients with untreated 
Waldenström macroglobulinemia, marginal 
zone lymphoma, or lymphoplasmacytic lym-
phoma. J Clin Oncol. 2013 Jan; 31(3): 301–7.

14	 Tedeschi A, Benevolo G, Varettoni M, Bat-
tista ML, Zinzani PL, Visco C, et al. Fludara-
bine plus cyclophosphamide and rituximab in 
Waldenstrom macroglobulinemia: an effec-
tive but myelosuppressive regimen to be of-
fered to patients with advanced disease. Can-
cer. 2012 Jan; 118(2): 434–43.

15	 Dimopoulos MA, Zervas C, Zomas A, Kia
mouris C, Viniou NA, Grigoraki V, et al. 
Treatment of Waldenström’s macroglobulin-
emia with rituximab. J Clin Oncol. 2002 May; 

20(9): 2327–33.
16	 Treon SP, Emmanouilides C, Kimby E, Kel-

liher A, Preffer F, Branagan AR, et al.; 
Waldenström’s Macroglobulinemia Clinical 
Trials Group. Extended rituximab therapy in 
Waldenström’s macroglobulinemia. Ann 
Oncol. 2005 Jan; 16(1): 132–8.

https://www.karger.com/Article/FullText/509286?ref=1#ref1
https://www.karger.com/Article/FullText/509286?ref=1#ref1
https://www.karger.com/Article/FullText/509286?ref=2#ref2
https://www.karger.com/Article/FullText/509286?ref=2#ref2
https://www.karger.com/Article/FullText/509286?ref=3#ref3
https://www.karger.com/Article/FullText/509286?ref=4#ref4
https://www.karger.com/Article/FullText/509286?ref=5#ref5
https://www.karger.com/Article/FullText/509286?ref=6#ref6
https://www.karger.com/Article/FullText/509286?ref=7#ref7
https://www.karger.com/Article/FullText/509286?ref=8#ref8
https://www.karger.com/Article/FullText/509286?ref=9#ref9
https://www.karger.com/Article/FullText/509286?ref=10#ref10
https://www.karger.com/Article/FullText/509286?ref=11#ref11
https://www.karger.com/Article/FullText/509286?ref=12#ref12
https://www.karger.com/Article/FullText/509286?ref=13#ref13
https://www.karger.com/Article/FullText/509286?ref=14#ref14
https://www.karger.com/Article/FullText/509286?ref=14#ref14
https://www.karger.com/Article/FullText/509286?ref=15#ref15
https://www.karger.com/Article/FullText/509286?ref=16#ref16
https://www.karger.com/Article/FullText/509286?ref=16#ref16


Management of Waldenström 
Macroglobulinemia

155Acta Haematol 2021;144:146–157
DOI: 10.1159/000509286

17	 Buske C, Leblond V. How to manage Walden-
strom’s macroglobulinemia. Leukemia. 2013 
Apr; 27(4): 762–72.

18	 Kastritis E, Kyrtsonis MC, Morel P, Gavriato-
poulou M, Hatjiharissi E, Symeonidis AS, et 
al. Competing risk survival analysis in pa-
tients with symptomatic Waldenström mac-
roglobulinemia: the impact of disease unre-
lated mortality and of rituximab-based pri-
mary therapy. Haematologica. 2015 Nov; 

100(11):e446–9.
19	 Olszewski AJ, Treon SP, Castillo JJ. Compara-

tive Effectiveness of Rituximab-Based Immu-
nochemotherapy in Waldenstrom’s Macro-
globulinemia (WM). Blood. 2016; 128(22): 2986.

20	 Growková K, Kryukova E, Kufová Z, Filipová 
J, Ševčíková T, Říhová L, et al. Waldenström’s 
macroglobulinemia: two malignant clones in 
a monoclonal disease? Molecular background 
and clinical reflection. Eur J Haematol. 2017 
Dec; 99(6): 469–78.

21	 Dimopoulos MA, Anagnostopoulos A, Kyrt-
sonis MC, Zervas K, Tsatalas C, Kokkinis G, 
et al. Primary treatment of Waldenström 
macroglobulinemia with dexamethasone, ri
tuximab, and cyclophosphamide. J Clin On-
col. 2007 Aug; 25(22): 3344–9.

22	 Kastritis E, Gavriatopoulou M, Kyrtsonis MC, 
Roussou M, Hadjiharissi E, Symeonidis A, et 
al. Dexamethasone, rituximab, and cyclo-
phosphamide as primary treatment of 
Waldenström macroglobulinemia: final anal-
ysis of a phase 2 study. Blood. 2015 Sep; 

126(11): 1392–4.
23	 Kapoor P, Ansell SM, Fonseca R, Chanan-

Khan A, Kyle RA, Kumar SK, et al. Diagnosis 
and Management of Waldenström Macro-
globulinemia: Mayo Stratification of Macro-
globulinemia and Risk-Adapted Therapy 
(mSMART) Guidelines 2016. JAMA Oncol. 
2017 Sep; 3(9): 1257–65.

24	 Treon SP, Hunter ZR, Matous J, Joyce RM, 
Mannion B, Advani R, et al. Multicenter clin-
ical trial of bortezomib in relapsed/refractory 
Waldenstrom’s macroglobulinemia: results 
of WMCTG Trial 03-248. Clin Cancer Res. 
2007 Jun; 13(11): 3320–5.

25	 Rummel MJ, Niederle N, Maschmeyer G, 
Banat GA, von Grünhagen U, Losem C, et al.; 
Study group indolent Lymphomas (StiL). 
Bendamustine plus rituximab versus CHOP 
plus rituximab as first-line treatment for pa-
tients with indolent and mantle-cell lympho-
mas: an open-label, multicentre, randomised, 
phase 3 non-inferiority trial. Lancet. 2013 
Apr; 381(9873): 1203–10.

26	 Gertz MA. Waldenström macroglobulin-
emia: 2019 update on diagnosis, risk stratifi-
cation, and management. Am J Hematol. 
2019 Feb; 94(2): 266–76.

27	 Paludo J, Abeykoon JP, Shreders A, Ansell 
SM, Kumar S, Ailawadhi S, et al. Bendamus-
tine and rituximab (BR) versus dexameth
asone, rituximab, and cyclophosphamide 
(DRC) in patients with Waldenström macro-
globulinemia. Ann Hematol. 2018 Aug; 97(8): 

1417–25.

28	 Treon SP, Xu L, Yang G, Zhou Y, Liu X, Cao 
Y, et al. MYD88 L265P somatic mutation in 
Waldenström’s macroglobulinemia. N Engl J 
Med. 2012 Aug; 367(9): 826–33.

29	 Treon SP, Hanzis C, Tripsas C, Ioakimidis L, 
Patterson CJ, Manning RJ, et al. Bendamus-
tine therapy in patients with relapsed or re-
fractory Waldenström’s macroglobulinemia. 
Clin Lymphoma Myeloma Leuk. 2011 Feb; 

11(1): 133–5.
30	 Tedeschi A, Picardi P, Ferrero S, Benevolo G, 

Margiotta Casaluci G, Varettoni M, et al. 
Bendamustine and rituximab combination  
is safe and effective as salvage regimen  
in Waldenström macroglobulinemia. Leuk 
Lymphoma. 2015; 56(9): 2637–42.

31	 Leleu X, Eeckhoute J, Jia X, Roccaro AM, 
Moreau AS, Farag M, et al. Targeting NF-kap-
paB in Waldenstrom macroglobulinemia. 
Blood. 2008 May; 111(10): 5068–77.

32	 Dimopoulos MA, Anagnostopoulos A, Kyrt-
sonis MC, Castritis E, Bitsaktsis A, Pangalis 
GA. Treatment of relapsed or refractory 
Waldenström’s macroglobulinemia with 
bortezomib. Haematologica. 2005 Dec; 

90(12): 1655–8.
33	 Chen CI, Kouroukis CT, White D, Voralia M, 

Stadtmauer E, Stewart AK, et al.; National 
Cancer Institute of Canada Clinical Trials 
Group. Bortezomib is active in patients with 
untreated or relapsed Waldenstrom’s macro-
globulinemia: a phase II study of the National 
Cancer Institute of Canada Clinical Trials 
Group. J Clin Oncol. 2007 Apr; 25(12): 1570–
5.

34	 Laubach JP, Mitsiades CS, Roccaro AM, Gho-
brial IM, Anderson KC, Richardson PG. Clin-
ical challenges associated with bortezomib 
therapy in multiple myeloma and Walden-
ströms macroglobulinemia. Leuk Lympho-
ma. 2009 May; 50(5): 694–702.

35	 Treon SP, Ioakimidis L, Soumerai JD, Patter-
son CJ, Sheehy P, Nelson M, et al. Primary 
therapy of Waldenström macroglobulinemia 
with bortezomib, dexamethasone, and ritux-
imab: WMCTG clinical trial 05-180. J Clin 
Oncol. 2009 Aug; 27(23): 3830–5.

36	 Treon SP, Meid K, Gustine J, Patterson CJ, 
Matous JV, Ghobrial IM, et al. Long-term 
outcome of a prospective study of Bortezo-
mib, Dexamethasone and Rituximab (BDR) 
in previously untreated, symptomatic pa-
tients with Waldenstrom’s macroglobulin-
emia. Blood. 2015; 126(23): 1833.

37	 Agathocleous A, Rohatiner A, Rule S, Hunter 
H, Kerr JP, Neeson SM, et al. Weekly versus 
twice weekly bortezomib given in conjunc-
tion with rituximab, in patients with recur-
rent follicular lymphoma, mantle cell lym-
phoma and Waldenström macroglobulinae-
mia. Br J Haematol. 2010 Nov; 151(4): 346–53.

38	 Klein CJ, Moon JS, Mauermann ML, Zelden-
rust SR, Wu Y, Dispenzieri A, et al. The neu-
ropathies of Waldenström’s macroglobulin-
emia (WM) and IgM-MGUS. Can J Neurol 
Sci. 2011 Mar; 38(2): 289–95.

39	 Dimopoulos MA, García-Sanz R, Gavriato-
poulou M, Morel P, Kyrtsonis MC, Michalis 
E, et al. Primary therapy of Waldenstrom 
macroglobulinemia (WM) with weekly bor
tezomib, low-dose dexamethasone, and ritux-
imab (BDR): long-term results of a phase 2 
study of the European Myeloma Network 
(EMN). Blood. 2013 Nov; 122(19): 3276–82.

40	 Castillo JJ, Gustine JN, Meid K, Dubeau TE, 
Severns P, Xu L, et al. Response and survival 
for primary therapy combination regimens 
and maintenance rituximab in Waldenström 
macroglobulinaemia. Br J Haematol. 2018 
Apr; 181(1): 77–85.

41	 Rummel M, Lerchenmuller C, Hensel M,  
Goerner M, Buske C, Schulz H, et al. Two 
years rituximab maintenance vs. observation 
after first line treatment with Bendamustine 
Plus Rituximab (B-R) in patients with Walden-
ström’s macroglobulinemia (MW): results of 
a prospective, randomized, multicenter phase 
3 study (the StiL NHL7-2008 MAINTAIN tri-
al). Blood. 2019; 134(Suppl 1): 343.

42	 Perel G, Bliss J, Thomas CM. Carfilzomib 
(Kyprolis): A Novel Proteasome Inhibitor for 
Relapsed And/or Refractory Multiple Myelo-
ma. P T. 2016 May; 41(5): 303–7.

43	 Kuhn DJ, Chen Q, Voorhees PM, Strader JS, 
Shenk KD, Sun CM, et al. Potent activity of 
carfilzomib, a novel, irreversible inhibitor of 
the ubiquitin-proteasome pathway, against 
preclinical models of multiple myeloma. 
Blood. 2007 Nov; 110(9): 3281–90.

44	 Treon SP, Tripsas CK, Meid K, Kanan S, 
Sheehy P, Chuma S, et al. Carfilzomib, ritux-
imab, and dexamethasone (CaRD) treatment 
offers a neuropathy-sparing approach for 
treating Waldenström’s macroglobulinemia. 
Blood. 2014 Jul; 124(4): 503–10.

45	 Ghobrial IM, Hong F, Padmanabhan S, Bad-
ros A, Rourke M, Leduc R, et al. Phase II trial 
of weekly bortezomib in combination with 
rituximab in relapsed or relapsed and refrac-
tory Waldenstrom macroglobulinemia. J Clin 
Oncol. 2010 Mar; 28(8): 1422–8.

46	 Chaudhry M, Steiner R, Claussen C, Patel K, 
Lee H, Weber D, et al. Carfilzomib-based 
combination regimens are highly effective 
frontline therapies for multiple myeloma and 
Waldenström’s macroglobulinemia. Leuk 
Lymphoma. 2019 Apr; 60(4): 964–70.

47	 Shirley M. Ixazomib: First Global Approval. 
Drugs. 2016 Mar; 76(3): 405–11.

48	 Xie J, Wan N, Liang Z, Zhang T, Jiang J. Ixa-
zomib – the first oral proteasome inhibitor. 
Leuk Lymphoma. 2019 Mar; 60(3): 610–8.

49	 Castillo JJ, Meid K, Gustine JN, Dubeau T, 
Severns P, Hunter ZR, et al. Prospective Clin-
ical Trial of Ixazomib, Dexamethasone, and 
Rituximab as Primary Therapy in Walden-
ström Macroglobulinemia. Clin Cancer Res. 
2018 Jul; 24(14): 3247–52.

50	 Ghobrial IM, Vij R, Siegel D, Badros A, Kaufman 
J, Raje N, et al. A Phase Ib/II Study of Oprozo-
mib in Patients with Advanced Multiple Myelo-
ma and Waldenström Macroglobulinemia. Clin 
Cancer Res. 2019 Aug; 25(16): 4907–16.

https://www.karger.com/Article/FullText/509286?ref=17#ref17
https://www.karger.com/Article/FullText/509286?ref=18#ref18
https://www.karger.com/Article/FullText/509286?ref=19#ref19
https://www.karger.com/Article/FullText/509286?ref=20#ref20
https://www.karger.com/Article/FullText/509286?ref=21#ref21
https://www.karger.com/Article/FullText/509286?ref=21#ref21
https://www.karger.com/Article/FullText/509286?ref=22#ref22
https://www.karger.com/Article/FullText/509286?ref=23#ref23
https://www.karger.com/Article/FullText/509286?ref=24#ref24
https://www.karger.com/Article/FullText/509286?ref=25#ref25
https://www.karger.com/Article/FullText/509286?ref=26#ref26
https://www.karger.com/Article/FullText/509286?ref=27#ref27
https://www.karger.com/Article/FullText/509286?ref=28#ref28
https://www.karger.com/Article/FullText/509286?ref=28#ref28
https://www.karger.com/Article/FullText/509286?ref=29#ref29
https://www.karger.com/Article/FullText/509286?ref=30#ref30
https://www.karger.com/Article/FullText/509286?ref=30#ref30
https://www.karger.com/Article/FullText/509286?ref=31#ref31
https://www.karger.com/Article/FullText/509286?ref=32#ref32
https://www.karger.com/Article/FullText/509286?ref=33#ref33
https://www.karger.com/Article/FullText/509286?ref=34#ref34
https://www.karger.com/Article/FullText/509286?ref=34#ref34
https://www.karger.com/Article/FullText/509286?ref=35#ref35
https://www.karger.com/Article/FullText/509286?ref=35#ref35
https://www.karger.com/Article/FullText/509286?ref=36#ref36
https://www.karger.com/Article/FullText/509286?ref=37#ref37
https://www.karger.com/Article/FullText/509286?ref=38#ref38
https://www.karger.com/Article/FullText/509286?ref=38#ref38
https://www.karger.com/Article/FullText/509286?ref=39#ref39
https://www.karger.com/Article/FullText/509286?ref=40#ref40
https://www.karger.com/Article/FullText/509286?ref=41#ref41
https://www.karger.com/Article/FullText/509286?ref=42#ref42
https://www.karger.com/Article/FullText/509286?ref=43#ref43
https://www.karger.com/Article/FullText/509286?ref=44#ref44
https://www.karger.com/Article/FullText/509286?ref=45#ref45
https://www.karger.com/Article/FullText/509286?ref=45#ref45
https://www.karger.com/Article/FullText/509286?ref=46#ref46
https://www.karger.com/Article/FullText/509286?ref=46#ref46
https://www.karger.com/Article/FullText/509286?ref=47#ref47
https://www.karger.com/Article/FullText/509286?ref=48#ref48
https://www.karger.com/Article/FullText/509286?ref=49#ref49
https://www.karger.com/Article/FullText/509286?ref=50#ref50
https://www.karger.com/Article/FullText/509286?ref=50#ref50


Grimont/Castillo Almeida/GertzActa Haematol 2021;144:146–157156
DOI: 10.1159/000509286

51	 Cao Y, Hunter ZR, Liu X, Xu L, Yang G, Chen 
J, et al. The WHIM-like CXCR4(S338X) so-
matic mutation activates AKT and ERK, and 
promotes resistance to ibrutinib and other 
agents used in the treatment of Walden-
strom’s macroglobulinemia. Leukemia. 2015 
Jan; 29(1): 169–76.

52	 Treon SP, Tripsas CK, Meid K, Warren D, 
Varma G, Green R, et al. Ibrutinib in previ-
ously treated Waldenström’s macroglobulin-
emia. N Engl J Med. 2015 Apr; 372(15): 1430–
40.

53	 Hartsell L, Janes A, Larck C, Park S, Arnall JR. 
Ibrutinib for the treatment of Bing-Neel syn-
drome, a complication of Waldenström mac-
roglobulinemia: patient case report. J Oncol 
Pharm Pract. 2019 Sep; 25(6): 1534–9.

54	 Dimopoulos MA, Trotman J, Tedeschi A, 
Matous JV, Macdonald D, Tam C, et al.;  
iNNOVATE Study Group and the European 
Consortium for Waldenström’s Macroglobu-
linemia. Ibrutinib for patients with ritux-
imab-refractory Waldenström’s macroglobu-
linaemia (iNNOVATE): an open-label sub-
study of an international, multicentre, phase 
3 trial. Lancet Oncol. 2017 Feb; 18(2): 241–50.

55	 Gustine JN, Meid K, Dubeau T, Severns P, 
Hunter ZR, Guang Y, et al. Ibrutinib discon-
tinuation in Waldenström macroglobulin-
emia: Etiologies, outcomes, and IgM re-
bound. Am J Hematol. 2018 Aug; 93(4): 511–
7.

56	 Castillo JJ, Gustine JN, Meid K, Dubeau T, 
Severns P, Treon SP. Ibrutinib withdrawal 
symptoms in patients with Waldenström 
macroglobulinemia. Haematologica. 2018 
Jul; 103(7):e307–10.

57	 Dimopoulos MA, Tedeschi A, Trotman J, 
García-Sanz R, Macdonald D, Leblond V, et 
al.; iNNOVATE Study Group and the Euro-
pean Consortium for Waldenström’s Macro-
globulinemia. Phase 3 Trial of Ibrutinib plus 
Rituximab in Waldenström’s Macroglobulin-
emia. N Engl J Med. 2018 Jun; 378(25): 2399–
410.

58	 Covey T, Barf T, Gulrajani M, Krantz F, van 
Lith B, Bibikova E, et al. ACP-196: a novel co-
valent Bruton’s tyrosine kinase (Btk) inhibi-
tor with improved selectivity and in vivo tar-
get coverage in chronic lymphocytic leuke- 
mia (CLL) patients. Cancer Res. 2015; 75(15 
Suppl): 2596.

59	 Herman SE, Montraveta A, Niemann CU, 
Mora-Jensen H, Gulrajani M, Krantz F, et al. 
The Bruton Tyrosine Kinase (BTK) Inhibitor 
Acalabrutinib Demonstrates Potent On-Tar-
get Effects and Efficacy in Two Mouse Models 
of Chronic Lymphocytic Leukemia. Clin Can-
cer Res. 2017 Jun; 23(11): 2831–41.

60	 Byrd JC, Harrington B, O’Brien S, Jones JA, 
Schuh A, Devereux S, et al. Acalabrutinib 
(ACP-196) in Relapsed Chronic Lymphocytic 
Leukemia. N Engl J Med. 2016 Jan; 374(4): 

323–32.

61	 Owen RG, McCarthy H, Rule S, D’Sa S, 
Thomas SK, Tournilhac O, et al. Acalabruti-
nib monotherapy in patients with Walden-
ström macroglobulinemia: a single-arm, mul-
ticentre, phase 2 study. Lancet Haematol. 
2020 Feb; 7(2):e112–21.

62	 Tam CS, Trotman J, Opat S, Burger JA, Cull 
G, Gottlieb D, et al. Phase 1 study of the selec-
tive BTK inhibitor zanubrutinib in B-cell ma-
lignancies and safety and efficacy evaluation 
in CLL. Blood. 2019 Sep; 134(11): 851–9.

63	 West C. BeiGene Announces Results of Phase 
3 ASPEN Trial of Zanubrutinib Compared to 
Ibrutinib for the Treatment of Patients with 
Waldenström’s Macroglobulinemia BeiGene 
2019. Available from: http://ir.beigene.com/
news-releases/news-release-details/beigene-
announces-results-phase-3-aspen-trial-za-
nubrutinib.

64	 Chng WJ, Schop RF, Price-Troska T, Ghobri-
al I, Kay N, Jelinek DF, et al. Gene-expression 
profiling of Waldenstrom macroglobulin-
emia reveals a phenotype more similar to 
chronic lymphocytic leukemia than multiple 
myeloma. Blood. 2006 Oct; 108(8): 2755–63.

65	 Castillo JJ, Gustine J, Meid K, Dubeau T, 
Keezer A, Allan JN, et al. Multicenter Prospec-
tive Phase II Study of Venetoclax in Patients 
with Previously Treated Waldenstrom Macro-
globulinemia. Blood. 2018; 132(Suppl 1): 132.

66	 Pene F, Claessens YE, Muller O, Viguié F, 
Mayeux P, Dreyfus F, et al. Role of the phos-
phatidylinositol 3-kinase/Akt and mTOR/
P70S6-kinase pathways in the proliferation 
and apoptosis in multiple myeloma. Onco-
gene. 2002 Sep; 21(43): 6587–97.

67	 Yang G, Zhou Y, Liu X, Xu L, Cao Y, Manning 
RJ, et al. A mutation in MYD88 (L265P)  
supports the survival of lymphoplasmacytic 
cells by activation of Bruton tyrosine kinase  
in Waldenström macroglobulinemia. Blood. 
2013 Aug; 122(7): 1222–32.

68	 Flinn IW, Kahl BS, Leonard JP, Furman RR, 
Brown JR, Byrd JC, et al. Idelalisib, a selective 
inhibitor of phosphatidylinositol 3-kinase-δ, 
as therapy for previously treated indolent 
non-Hodgkin lymphoma. Blood. 2014 May; 

123(22): 3406–13.
69	 Gopal AK, Kahl BS, de Vos S, Wagner-John-

ston ND, Schuster SJ, Jurczak WJ, et al. PI3Kδ 
inhibition by idelalisib in patients with re-
lapsed indolent lymphoma. N Engl J Med. 
2014 Mar; 370(11): 1008–18.

70	 Tomowiak C, Desseaux K, Poulain S, Herbaux 
C, Perrot A, Mahe B, et al. Open Label Non-
Randomized Phase II Study Exploring “Che-
mo-Free” Treatment Association with Idelal-
isib plus Obinutuzumab in Patients with  
Relapsed/Refractory (R/R) Waldenstrom’s 
Macroglobulinemia (MW), a Filo Trial: Re-
sults of the Intermediary Analysis of the In-
duction Phase. Blood. 2019; 134.

71	 Castillo JJ, Gustine JN, Meid K, Dubeau T, 
Yang G, Xu L, et al. Idelalisib in Waldenström 
macroglobulinemia: high incidence of hepa-
totoxicity. Leuk Lymphoma. 2017 Apr; 58(4): 

1002–4.

72	 NIH. Study to Assess the Efficacy and Safety 
of Umbralisib in Patients With Non-Follic
ular Indolent Non-Hodgkin’s Lymphoma. 
Available from: https://clinicaltrials.gov/ct2/
show/study/NCT03364231.

73	 Flinn IW, O’Brien S, Kahl B, Patel M, Oki Y, 
Foss FF, et al. Duvelisib, a novel oral dual in-
hibitor of PI3K-δ,γ, is clinically active in ad-
vanced hematologic malignancies. Blood. 
2018 Feb; 131(8): 877–87.

74	 Fowler NH, Samaniego F, Jurczak W, Lech-
Maranda E, Ghosh N, Patten P, et al. Umbral-
isib monotherapy demonstrates efficacy and 
safety in patients with relapsed/refractory 
marginal zone lymphoma: A multicenter, 
open label, registration directed phase II 
study. J Clin Oncol. 2019; 37(15 Suppl): 7506.

75	 Castillo JJ, Moreno DF, Arbelaez MI, Hunter 
ZR, Treon SP. CXCR4 mutations affect pre-
sentation and outcomes in patients with 
Waldenström macroglobulinemia: A system-
atic review. Expert Rev Hematol. 2019 Oct; 

12(10): 873–81.
76	 Kuhne MR, Mulvey T, Belanger B, Chen S, 

Pan C, Chong C, et al. BMS-936564/MDX-
1338: a fully human anti-CXCR4 antibody in-
duces apoptosis in vitro and shows antitumor 
activity in vivo in hematologic malignancies. 
Clin Cancer Res. 2013 Jan; 19(2): 357–66.

77	 A Study of Ulocuplumab And Ibrutinib in 
Symptomatic Patients With Mutated CXCR4 
Waldenstrom’s Macroglobulinemia 2020. 
Available from: https://clinicaltrials.gov/ct2/
show/record/NCT03225716.

78	 X4 Pharmaceuticals Initiates Phase 1b Clini-
cal Trial of Mavorixafor in Combination with 
Ibrutinib for the Treatment of Waldenström’s 
Macroglobulinemia (WM) December 30, 
2019. Available from: https://www.biospace.
com/article/releases/x4-pharmaceuticals-ini-
tiates-phase-1b-clinical-trial-of-mavorixa-
for-in-combination-with-ibrutinib-for-the-
treatment-of-waldenstrom-s-macroglobu-
linemia-wm-/.

79	 A Study of Mavorixafor in Combination with 
Ibrutinib in Participants with Waldenstrom’s 
Macroglobulinemia (WM) Whose Tumors 
Express Mutations in MYD88 and CXCR4. 
Available from: https://clinicaltrials.gov/ct2/
show/NCT04274738.

80	 DiPersio JF, Stadtmauer EA, Nademanee A, 
Micallef IN, Stiff PJ, Kaufman JL, et al.; 3102 
Investigators. Plerixafor and G-CSF versus 
placebo and G-CSF to mobilize hematopoi-
etic stem cells for autologous stem cell trans-
plantation in patients with multiple myeloma. 
Blood. 2009 Jun; 113(23): 5720–6.

81	 DiPersio JF, Micallef IN, Stiff PJ, Bolwell BJ, 
Maziarz RT, Jacobsen E, et al.; 3101 Investiga-
tors. Phase III prospective randomized dou-
ble-blind placebo-controlled trial of plerixa-
for plus granulocyte colony-stimulating fac-
tor compared with placebo plus granulocyte 
colony-stimulating factor for autologous 
stem-cell mobilization and transplantation 
for patients with non-Hodgkin’s lymphoma. 
J Clin Oncol. 2009 Oct; 27(28): 4767–73.

https://www.karger.com/Article/FullText/509286?ref=51#ref51
https://www.karger.com/Article/FullText/509286?ref=52#ref52
https://www.karger.com/Article/FullText/509286?ref=53#ref53
https://www.karger.com/Article/FullText/509286?ref=53#ref53
https://www.karger.com/Article/FullText/509286?ref=54#ref54
https://www.karger.com/Article/FullText/509286?ref=55#ref55
https://www.karger.com/Article/FullText/509286?ref=56#ref56
https://www.karger.com/Article/FullText/509286?ref=57#ref57
https://www.karger.com/Article/FullText/509286?ref=58#ref58
https://www.karger.com/Article/FullText/509286?ref=59#ref59
https://www.karger.com/Article/FullText/509286?ref=59#ref59
https://www.karger.com/Article/FullText/509286?ref=60#ref60
https://www.karger.com/Article/FullText/509286?ref=61#ref61
https://www.karger.com/Article/FullText/509286?ref=62#ref62
https://www.karger.com/Article/FullText/509286?ref=64#ref64
https://www.karger.com/Article/FullText/509286?ref=65#ref65
https://www.karger.com/Article/FullText/509286?ref=66#ref66
https://www.karger.com/Article/FullText/509286?ref=66#ref66
https://www.karger.com/Article/FullText/509286?ref=67#ref67
https://www.karger.com/Article/FullText/509286?ref=68#ref68
https://www.karger.com/Article/FullText/509286?ref=69#ref69
https://www.karger.com/Article/FullText/509286?ref=70#ref70
https://www.karger.com/Article/FullText/509286?ref=71#ref71
https://www.karger.com/Article/FullText/509286?ref=73#ref73
https://www.karger.com/Article/FullText/509286?ref=74#ref74
https://www.karger.com/Article/FullText/509286?ref=75#ref75
https://www.karger.com/Article/FullText/509286?ref=76#ref76
https://www.karger.com/Article/FullText/509286?ref=80#ref80
https://www.karger.com/Article/FullText/509286?ref=81#ref81


Management of Waldenström 
Macroglobulinemia

157Acta Haematol 2021;144:146–157
DOI: 10.1159/000509286

82	 Assouline SE, Kolibaba KS, Klein LM, Cole-
man M, Smith MR, Abella-Dominicis E, et al. 
Results of a phase II trial of efficacy and safety 
of entospletinib (ENTO) in patients with lym-
phoplasmacytoid lymphoma/Waldenstrom’s 
macroglubulinemia (LPL/WM). J Clin Oncol. 
2017; 35(15 Suppl): 35.

83	 Coutre S, Leonard J, Flowers C, Davies AJ,  
Jurczak W, Byrd JC, et al. Idelalisib mono-
therapy and durable responses in patients 
with relapsed or refractory Waldenstroms 
macroglobulinemia (WM). J Clin Oncol. 
2015; 33(15 Suppl): 8532.

84	 Ghobrial IM, Gertz M, Laplant B, Camoriano 
J, Hayman S, Lacy M, et al. Phase II trial of the 
oral mammalian target of rapamycin inhibi-
tor everolimus in relapsed or refractory 
Waldenstrom macroglobulinemia. J Clin On-
col. 2010 Mar; 28(8): 1408–14.

85	 Ghobrial IM, Witzig TE, Gertz M, LaPlant B, 
Hayman S, Camoriano J, et al. Long-term re-
sults of the phase II trial of the oral mTOR 
inhibitor everolimus (RAD001) in relapsed or 
refractory Waldenstrom macroglobulinemia. 
Am J Hematol. 2014 Mar; 89(3): 237–42.

86	 Ghobrial IM, Redd R, Armand P, Banwait R, 
Boswell E, Chuma S, et al. Phase I/II trial of 
everolimus in combination with bortezomib 
and rituximab (RVR) in relapsed/refractory 
Waldenstrom macroglobulinemia. Leuke-
mia. 2015 Dec; 29(12): 2338–46.

87	 Treon SP, Meid K, Tripsas C, Heffner LT, Era-
dat H, Badros AZ, et al. Prospective, Multi-
center Clinical Trial of Everolimus as Primary 
Therapy in Waldenstrom Macroglobulin-
emia (WMCTG 09-214). Clin Cancer Res. 
2017 May; 23(10): 2400–4.

88	 Furman RR, Eradat HA, DiRienzo CG, Hof-
meister CC, Hayman SR, Leonard JP, et al. 
Once-weekly ofatumumab in untreated or re-
lapsed Waldenström’s macroglobulinaemia: 
an open-label, single-arm, phase 2 study. Lan-
cet Haematol. 2017 Jan; 4(1):e24–34.

https://www.karger.com/Article/FullText/509286?ref=82#ref82
https://www.karger.com/Article/FullText/509286?ref=83#ref83
https://www.karger.com/Article/FullText/509286?ref=84#ref84
https://www.karger.com/Article/FullText/509286?ref=84#ref84
https://www.karger.com/Article/FullText/509286?ref=85#ref85
https://www.karger.com/Article/FullText/509286?ref=86#ref86
https://www.karger.com/Article/FullText/509286?ref=86#ref86
https://www.karger.com/Article/FullText/509286?ref=87#ref87
https://www.karger.com/Article/FullText/509286?ref=88#ref88
https://www.karger.com/Article/FullText/509286?ref=88#ref88

	TabellenTitel
	TabellenFussnote
	_Hlk46741484
	_Hlk46743297

