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Waldenstréom's macroglobulinemia (WM) is a low-grade B-cell lym-
phoproliferative disorder that is characterized by the expansion of
clonal lymphoplasmacytic cells in the bone marrow (BM) that secrete
monoclonal IgM immunoglobulin.2? The major genetic features of
WM include the presence of somatic mutations in MYD88-2%°P in
90%-95% and CXCR4 in 30%-40% of patients, both of which sig-
nificantly contribute to disease development and influence clinical
presentation and patient outcomes, notably associated with poorer
responses to BTK inhibitors.>* Regarding CXCR4 mutations, ap-
proximately 50% occur in the S338 and/or R334 region, while the
remainder frequently consist of deletions or insertions (indels) in the
C-terminal region of the gene.®

Recent guidelines from the European Consortium of Walden-
strém's Macroglobulinemia (ECWM)® have suggested the use of
allele-specific quantitative polymerase chain reaction (ASqPCR) and
digital droplet polymerase chain reaction (ddPCR) on unselected BM
samples, as well as Sanger or next-generation sequencing (NGS) on
selected BM CD19" cells, as highly reproducible and sensitive tech-
niques for the detection of MYD882%°F mutation.®™*° On the other
hand, mutational analyses of CXCR4 should be performed by Sanger
sequencing or NGS on CD19* enriched BM samples due to the fact
that CXCR4 mutations are mainly subclonal.®?

Lately, the development of multiplex ddPCR assay has enabled
the simultaneous detection and quantification of multiple target se-
guences within a single reaction, providing the advantage of using a
small amount of DNA sample.*>"** In this study, we developed and
validated a highly specific, sensitive, cost-effective, and reproducible
multiplex (7-plex) ddPCR assay for the simultaneous detection and

Eleni Kalafati? |
Ourania Theologi? |

Christos Vlachos? |
Maria Sakkou? |

| Alexandra Papadimou? |

Maria Gavriatopoulou® |

| Tina Bagratuni?

quantification of the MYD88-2%°F mutation and other three CXCR4
mutations (5338X C>A, S338X C>G, and R334X), together with their
corresponding wild-type (WT) in a single reaction (Tables S3-S6 and
Figure S1A-C).

The clinical potential of this assay was assessed by analyzing BM
tumor DNA (tDNA) from CD19* cells in 173 newly diagnosed pa-
tients with IgM monoclonal gammopathies. Additionally, longitudinal
samples from 37 patients were analyzed 6 months after ibrutinib
therapy, using both tDNA and cell-free DNA (cfDNA) samples. De-
tection sensitivity for MYD88-2%°F was 5 x 107 in tDNA and 5 x 1073
in cfDNA. For all CXCR4 mutations, the sensitivity was consistently
5 x 1072 in both tDNA and cfDNA samples. Mutation allele frequency
(MAF) values were calculated for each mutation to evaluate tumor
burden and monitor the therapeutic response in these patients.
Overall, 287 samples from 173 patients (Table S1) were analyzed in
this study, of which 40 were IgM-MGUS (23%), 27 were asympto-
matic WM (aWM, 16%), and 106 patients were symptomatic WM
(sSWM, 61%).

Overall, the MYD8825°P mutation was observed in 28 out of 40
IgM-MGUS patients (68%), 24 out of 27 aWM patients (89%), and 96
out of 106 SWM patients (91%). CXCR4>338XS>A muytation was ob-
served in 16 out of 173 patients (9%), CXCR45338X>C in 17 out of
173 patients (10%), whereas CXCR4R33#X ST in 5 out of 173 patients
(3%). In total, CXCR4 was mutated in 39 out of 173 patients (22%)
and, as expected, co-occurred with MYD882%°P mutation. Focusing
on the MAF of each mutation, the median for MYD882%°P was
30.87% (range: 1.22%-97.17%), for CXCR45338XCA \was 15.69%
(range: 0.97%-47.56%), for CXCR4>338XC>C was 9.38% (range:

1Analysis of Circulating Tumor Cells Lab, Lab of Analytical Chemistry,
Department of Chemistry, National and Kapodistrian University of Athens,
Athens, Greece

2Department of Clinical Therapeutics, School of Medicine, National and
Kapodistrian University of Athens, Athens, Greece
3Department of Medicine, Korea University, Seoul, South Korea

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2026 The Author(s). HemaSphere published by John Wiley & Sons Ltd on behalf of European Hematology Association.

HemaSphere. 2026;10:e70401.
https://doi.org/10.1002/hem3.70401

hemaspherejournal.com 1of 5


https://orcid.org/0000-0001-5133-1422
https://orcid.org/0000-0001-8990-3254
https://orcid.org/0000-0001-8695-0493
mailto:tbagratuni@med.uoa.gr
https://hemaspherejournal.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fhem3.70401&domain=pdf&date_stamp=2026-06-15

20f5 |

1.94%-46.43%), and for CXCR4R334XCT \was 3.44% (range:
0.67%-15.3%). In line with previous studies from our group and
others,1915-17 MYD882%5PF MAF was higher in SWM with a median
37.24% (range: 3.24%-97.17%) compared to aWM with a median of
19.29% (range: 2.04%-46.86%, P = 0.0001) and IgM-MGUS patients
with a median of 8.5% (range: 1.22%-37.74%, P < 0.0001) indicating
its potential use for monitoring tumor burden in WM (Figures 1A
and S2AB). A cutoff point for MYD88:24°P MAF was established to
differentiate between sWM and aWM patients (best threshold =
22.16%, F1 score confidence interval [Cl]: 0.83-0.91) and between
aWM and IgM-MGUS patients (best threshold = 10.13%, F1 score ClI:
0.65-0.85), to better separate the three disease groups. After ad-
justment for BM infiltration, MYD88-2¢°P MAF remained an in-
dependent predictor of disease state with significantly higher MAF
being associated with increasing probability of sWM (P = 0.0066) and
of aWM (P =0.0132) compared to IgM-MGUS. We observed higher
MYD8824°P MAF in 6 out of 40 IgM-MGUS (15%) and in 11 out of 27
aWM patients (40%), and lower MAF in 9 out of 106 sWM patients
(8%). For CXCR4, we observed higher prevalence of the tested mu-
tations in SWM with MYD882%°F (n =30, 28%) and aWM patients
(n=6, 26%) compared to the IgM-MGUS patients (n =3, 7%, P = ns),
and as expected in most cases (n = 34, 88%) median MAF was lower
compared to the MYD88:24°P as these mutations occur at subclonal
level.*>18 Additionally, we observed that both CXCR45338XC>A and
CXCR4°338XC>G mutations were observed at similar rates in aWM
(10% both) and sWM patients (14% both), with no significant differ-
ences in the MAF (Figure 1B). Cross-detection of CXCR4°338%XC>A and
CXCR45338XC>G mutations was observed in eight patients, where in
each case, one of these mutations was subclonal compared to the
other. Furthermore, a significant positive correlation of MYD88 and
CXCR4 MAF was observed in patients harboring mutations in both
genes (P <0.0001, Figure 1C); however, CXCR4 MAF was not sig-
nificantly correlated with BM infiltration possibly due to its subclonal
nature (Figure S2C).

We then applied this assay on patient samples for which se-
quential sampling was available at diagnosis (T1, n=37), 6-month
post initiation of therapy with ibrutinib (T2, n=37). After a median
follow-up of 1.7 years (range: 0.58-4.08 years), 7 (19%) patients
achieved very good partial response (VGPR); 17 (45%) achieved

partial response (PR), 4 (11%) patients achieved minor response (MR),
whereas 9 (25%) patients had stable disease (SD) or progressive
disease (PD). Patients achieving PR or better after 6 months of
therapy were defined as the responder group (RG), while patients
with less than PR were defined as non-responder group (NRG). Our
cohort consisted of 24 patients in the RG and 13 patients in the NRG
(Table S2). Patients lacking the MYD88-24°P mutation or with a
MAF < 1% were excluded from the analysis. Initially, our analysis
demonstrated that the median MYD882%°P MAF at diagnosis was
slightly higher in the RG compared to the NRG (39.59% vs. 28.82%,
P =0.94), possibly suggesting a trend toward an association of tumor
burden with response to ibrutinib®’ (Figure 2A). Following treatment,
MYDB8824°P MAF significantly decreased post-ibrutinib in the RG
(n=20, P=0.004) while in the NRG, MYD882%°P MAF was slightly
increased with the most cases having a stable MAF pre and post
treatment (n=8, P=0.49, Figure 2B,C). These findings underscore
the potential of MYD88:24°P MAF screening as a potential new tool
for assessing treatment efficacy.

The changes during treatment were also assessed in the cfDNA
of patients undergoing ibrutinib therapy. As above, 74 samples were
collected at two distinct time points: at T1 and T2. In line with the
tDNA results, MYD88-24°P MAF at diagnosis was slightly higher in the
RG compared to the NRG (P =0.219) (Figure 2D). Upon treatment,
MYD88-2%°P MAF in cfDNA was significantly decreased in RG (n =19,
P=0.0076), while in the NRG MYD88:2%°P MAF was slightly in-
creased with most cases having a stable MAF pre and post treatment
(n=8, P=0.6, Figure 2EF).

Regarding CXCR4, 5 out of 37 (13%) patients carried the
CXCR45338X &G of which 3 were classified as RG, while two as NRG
(median MAF: 33.97%, range: 1%-46.15%). As with MYD882¢*" MAF,
CXCR4°338X ©>G MAF in tDNA was reduced in the RG, while remained
stable in the NRG (Figure 2G); however, due to the small number of cases,
these could not reach statistical significance. In the cfDNA, though,
CXCR4 mutations had a very low MAF in these patients, and monitoring
these at diagnosis and post-ibrutinib therapy was not possible.

In summary, using the highly sensitive and specific ddPCR assay,
we successfully combined the simultaneous detection of highly
mutated genomic events in WM. This approach enables rapid and
cost-effective screening, particularly in cases with limited starting
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FIGURE 1 MYD88'2%°P and CXCR4MVT mutation allele frequency (MAF) analysis in 173 patients with IgM monoclonal gammopathies. (A) MYD882%°P MAF

analysis in IgM-MGUS, asymptomatic Waldenstrém's macroglobulinemia (aWM), and symptomatic Waldenstrém's macroglobulinemia (sWM) patients. (B) CXCR45338X
MAF analysis in IgM-MGUS, aWM, and sWM patients. Data are presented as mean + standard deviation (SD). (C) Correlation analysis between MYD88-25°F and
CXCR4MUT MAF among all patients. Differences between groups were analyzed using an unpaired two-tailed t-test and confirmed by the Wilcoxon signed-rank test.
P values were calculated by pairwise comparisons; P <0.05 (*), P <0.01 (**), and P <0.001 (***).
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FIGURE 2 Longitudinal sampling from Waldenstrém's macroglobulinemia (WM) patients undergoing ibrutinib therapy. (A) MYD8825° mutation allele
frequency (MAF) analysis from the tumor DNA (tDNA) of responder and non-responder patients. (B) MYD88-24°P MAF analysis from the tDNA of responder patients
at diagnosis (T1) and 6-month post-ibrutinib therapy (T2). (C) MYD882%°P MAF analysis from the tDNA of non-responder patients at T1 and T2. (D) MYD882%°P MAF
analysis from the cell-free DNA (cfDNA) from responder and non-responder patients. (E) MYD8824°P MAF analysis from the cfDNA of responder patients at T1 and
T2. (F) MYD88“25°P MAF analysis from the cfDNA of non-responder patients at T1 and T2. (G) CXCR4MYT MAF analysis from the tDNA of responder and non-
responder patients at T1 and T2. For comparisons between responders and non-responders, the non-parametric Mann-Whitney U test was used. Differences before
and after therapy were assessed using a paired two-tailed t-test and confirmed by a two-sided Wilcoxon signed-rank test. P values were calculated by pairwise
comparisons; P <0.05 (*), P<0.01 (**), and P < 0.001 (***). Data are presented as mean * standard deviation (SD).

material and cases where a BM biopsy is not feasible for genotyping.
It could also be useful during disease monitoring allowing for early
detection of disease progression and identification of resistance
mechanisms to specific therapies without the need for repeated BM
sampling. In this context, we applied this assay in patients at different
stages of the disease as well as patients undergoing ibrutinib therapy.
Our assay could classify different stages of the disease based on the
MYD882%°P MAF, although few overlaps were observed in each
stage in relatively newly diagnosed patients (diagnosed within the last
4 years), which could potentially be associated with earlier progres-
sion, as previously supported by our group and others.”2° Further-
more, we were also able to evaluate ibrutinib responders based on
the MYD8825%P MAF in both tDNA and cfDNA samples, which could
be used as a potential tool for monitoring patients. However, un-
derstanding the limitation of this approach in not detecting the fre-
quently occurring CXCR4 deletions and insertions in the C-terminal
end of the gene, further work is required in designing an assay that
will include these alterations too. In conclusion, further validation of
these findings in a larger cohort will be required, including their po-
tential use as predictors with other BTK or non-BTK inhibitors.
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