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Normal cell counterparts of solid and myeloid tumors accumulate mutations years before disease onset; whether
this occurs in B lymphocytes before lymphoma remains uncertain. We sequenced multiple stages of the B lineage in
elderly individuals and patients with lymphoplasmacytic lymphoma, a singular disease for studying lymphoma-
genesis because of the high prevalence of mutated MYD88. We observed similar accumulation of random mutations
in B lineages from both cohorts and unexpectedly found MYD8825°F in normal precursor and mature B lymphocytes
from patients with lymphoma. We uncovered genetic and transcriptional pathways driving malignant transfor-
mation and leveraged these to model lymphoplasmacytic lymphoma in mice, based on mutated MYD88 in B cell
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precursors and BCL2 overexpression. Thus, MYD88-25>P

is a preneoplastic event, which challenges the current

understanding of lymphomagenesis and may have implications for early detection of B cell ymphomas.

INTRODUCTION
The identity, number, and order of events that initiate and drive
tumorigenesis from normal cells remain largely unknown (1). It is
only recently that sequencing studies of small biopsies have shown
that normal cell counterparts of various solid tumors accumulate
several mutations years before disease onset (2-5). Although some
of these mutations show clear signs of positive selection and hit
well-known cancer genes, they do not immediately lead to cancer
(I1). Hence, the emerging landscapes of somatic mutations in
normal bladder (5), colon (6, 7), endometrium (8, 9), liver (10, 11),
esophagus (4, 12, 13), and skin (14) cells are challenging classical
models of cancer development.

The presence of clonal hematopoiesis in the elderly, and its asso-
ciation with an increased risk of developing myeloid malignancies
(15, 16), has changed the way aging is viewed in hematology (17).
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While clonal hematopoiesis reflects the differentiation of mutated
CD34-positive hematopoietic stem/progenitor cells (HPCs) into
multiple lineages circulating in peripheral blood, de novo gene
mutations can affect individual compartments such as B lymphocytes
(18-20). Mutations in the B cell lineage also increase significantly
with age (19), are present both inside and outside the immunoglobulin
(Ig) loci (18), and are detectable in genes commonly altered in B cell
disorders (19, 20). These findings suggest that there is a preneoplastic
stage in human lymphomagenesis; however, the genetic events that
occur in normal cells before onset of lymphoma remain largely
unknown (21-24).

The L265P mutation in the myeloid differentiation primary
response 88 (MYD88) protein mimics a constitutive Toll-like recep-
tor activation and potentiates B cell receptor (BCR)-mediated
nuclear factor kB (NF-kB) signaling, promoting lymphocyte prolifer-
ation and survival (25, 26). MYD88"*%" ig commonly detected in
patients with IgM lymphoplasmacytic lymphoma or Waldenstrom’s
macroglobulinemia (LPL/WM) (27). However, it is also present in
some patients with diffuse large B cell lymphoma (DLBCL), marginal
zone lymphoma, and chronic lymphocytic leukemia (CLL) (28).
Thus, individuals with MYD88"**** may go on to develop various
lymphoma types other than LPL/WM.

The disease characteristics of LPL/WM mean that it provides a
singular model for studying lymphomagenesis: (i) There is a very
high prevalence of MYD88"**" in patients with LPL/WM, providing
a genetic marker of the disease; (ii) LPL/WM displays bone marrow
(BM) infiltration of mutated B lymphocytes and plasma cells (PCs)
(29), allowing for the characterization of intratumor diversity; and
(iii) LPL/WM is preceded by the premalignant condition IgM
monoclonal gammopathy of undetermined significance (MGUYS),
enabling the observation of clonal evolution before the development
of the full-blown disease. Notably, it has previously been shown that
MYDS88™%F is detectable in most cases of IgM MGUS (30, 31).
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However, even after a median follow-up of 34 years, approximately
84% of individuals with IgM MGUS do not progress to LPL/WM or
other lymphoma (32). Therefore, many patients with MYD88"*%>"
do not develop a B cell malignancy.

We hypothesized that progression from MYD8 to malignant
lymphoma may be fundamentally driven by both the cellular origin
of the MYD88"*%** mutation and the emergence of cooperating
genetic alterations; this idea has not been investigated previously.
Therefore, we sought to identify the stage during hematopoietic
development at which MYD88"***" and other genetic alterations
arise in elderly individuals without cancer and in patients with
LPL/WM.

L1265P
8

RESULTS

Mutations during B cell lymphopoiesis in elderly

individuals and patients with LPL/WM

We used fluorescence-activated cell sorting (FACS) to isolate
CD34-positive HPCs, B cell precursors, and mature B lymphocytes
from BM aspirates of five elderly individuals aged between 67 and
85 years (ID #20 to #24; table S1) and 10 newly diagnosed patients
with LPL/WM aged between 54 and 83 years (ID #1 to #10; table S1)
(Fig. 1A). The use of high-purity FACS based on multidimensional
monoclonal antibody (mAb) combinations and guided by patient-
specific tumor phenotypes (33) enabled, for patients with LPL/WM,
simultaneous isolation of tumor B cells and PCs, in addition to the
three normal cell types identified above (fig. S1 and table S1).
Although T/natural killer (NK) lymphocytes are an imperfect
control in these analyses, they were used nonetheless to exclude
germline variants. We compared the somatic mutation burden at
the different stages of B cell lymphopoiesis in both cohorts by whole
exome sequencing (WES) with molecular barcoding.

We found an average of 138, 206, and 189 somatic mutations in
CD34-positive HPCs, B cell precursors, and mature B lymphocytes,
respectively, from elderly individuals, and similar averages of
141 (P = 0.86), 142 (P = 0.99), and 203 (P = 0.32) in the respective
cells from patients with LPL/WM (Fig. 1B). The single-base substi-
tution 4 (SBS4; related to tobacco smoking) and SBS5 (of unknown
etiology, but possibly clock-like) mutational signatures were identi-
fied upon analyzing all somatic mutations observed in the entire
cohort of individuals and cell types (fig. S2A).

Of the 1969 and 3032 somatic mutations detected in maturation
subsets from elderly individuals and patients (table S2), respectively,
only 399 (20%) and 811 (27%) were shared by two or all three cell
subsets (Fig. 1C). These results suggest that somatic mutations are
predominantly due to ongoing random mutations occurring over
the course of B cell lymphopoiesis in both elderly individuals
(1570 of 1969 somatic mutations; 80%) and patients with LPL/WM
(2221 0f 3032; 73%), rather than mutated CD34-positive HPCs or
B cell precursors positively differentiating into mature B lymphocytes.
Accordingly, the distribution of nonsense and missense variants,
insertions and deletions, was similar between shared and private
mutations (fig. S2B).

Somatic mutations were spread throughout the exome. Although
the chromosome arm unit of measure has poor resolution, there
were no significant differences in the number of mutations between
elderly individuals and patients with LPL/WM per chromosome
arm (Fig. 1D). In elderly individuals and patients with LPL/WM,
respectively, only 1 of 1969 (0.05%) and 4 of 3032 (0.13%) somatic
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mutations were observed in the constant region of Ig loci. Variable
regions where somatic hypermutations are expected were not
analyzed because of limitations of the methodology.

Opverall, among elderly individuals and patients with LPL/WM,
we detected 15 recurrent somatic mutations occurring in one or
more of the different stages of B cell lymphopoiesis. Of these, muta-
tions in the MYD88 gene were exclusively observed in patients with
LPL/WM (table $3). MYD88"**" was undetectable in the B cell
lymphopoiesis of six additional elderly individuals, using allele-
specific oligonucleotide polymerase chain reaction (ASO-PCR).

MYD88-%%°" in normal B cell precursors and B lymphocytes
from patients with LPL/WM

MYD88"*%" was not only detected by WES in tumor B cells and PCs
from all patients with LPL/WM but was also seen in phenotypically
normal B cell precursors from one of nine patients and mature
B lymphocytes from four of six patients (Fig. 2A). Mutations in
MYD88 were never detected in T/NK lymphocytes. To analyze for
possible contamination arising during FACS, we used the high-
throughput capacity of WES to investigate whether other clonal
mutations present in MYD88"**** tumor B cells and PCs were also
seen in MYD88"*F phenotypically normal cells, which would indi-
cate co-isolation of contaminating tumor cells. Specifically, we
investigated the presence, in normal cell types, of somatic muta-
tions with high clonal cell fraction (CCF) (i.e., >0.7) in tumor B cells
(table S4). We found that 9 of 17 (53%) and 36 of 66 (55%) of these
mutations were undetectable in B cell precursors and mature
B lymphocytes, respectively. While these findings do not exclude
the possible contamination during FACS, they do greclude this
being the reason for our observation of MYD88"***" in patients’
phenotypically normal cells.

To confirm the presence of MYD88"***" in these phenotypically
normal cells, we used two PCR methods [ASO-PCR and droplet
digital PCR (dd-PCR)] and single-cell DNA sequencing (scDNA-seq)
of MYD8S8 plus oligo-coupled mAbD targeting CD10, CD19, CD20,
CD27, CD34, and CD38 for unbiased cell clustering. With the higher
sensitivity of ASO-PCR and dd-PCR [limit of detection, 10~ to 10~
(31, 34)] compared to WES (average sequencing depth of 112x), we
detected MYD88"*%*" in more patients’ B cell precursors (1 = 6 of 8)
and normal B lymphocytes (n = 6 of 6), as well as in CD34-positive
HPCs from one patient (Fig. 2A). The prevalence of MYD88"***" in
CD34-positive HPCs and B cell precursors was further evaluated using
ASO-PCR or dd-PCR in seven additional patients with LPL/WM;
the mutation was observed in B cell precursors from all cases, but
not in CD34-positive HPCs (table S5). High-sensitivity scDNA-seq
showed the systematic presence of MYD88"***" in CD34-positive HPCs,
B cell precursors, and normal and tumor mature B lymphocytes
from four patients with LPL/WM analyzed with this methodology
(ID #16 to #19; table S1) (Fig. 2B).

On WES, the allele frequency (AF) of MYD88"%*" in normal
B cell precursors (median, 0.05; range, 0.02 to 0.16) and mature
B lymphocytes (median, 0.11; range, 0.06 to 0.12) was significantly
lower than the CCF found in tumor B cells (median, 0.90; range,
0.62 to 1.0; P = 0.0007) and PCs (median, 0.72; range, 0.08 to 1.0;
P =0.0018). On the basis of dd-PCR, MYD88"***" AF was similarly
very low in normal cell types (median, 0.08%; Table 1). scDNA-seq
revealed progressively higher percentages of MYD88"*%*" in CD34-
positive HPCs (12%), B cell precursors (33%), and normal and
tumor mature B lymphocytes (53%) (Fig. 2B).
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Fig. 1. Mutations during B cell lymphopoiesis in elderly individuals and patients with LPL/WM. (A) Schematic of workflow, including subject disposition, BM cell
types isolated by FACS, and methodology used for WES. (B) Average numbers and range of somatic mutations in CD34-positive HPCs, B cell precursors, and mature
B lymphocytes from elderly individuals (N =5) and patients with LPL/WM (N = 10). Colors indicate types of mutations. (C) Absolute numbers and percentages of shared
mutations across the different stages of B cell ymphopoiesis in elderly individuals and patients with LPL/WM. (D) Rainfall plot of somatic mutations detected in cells from
the different stages of B cell ymphopoiesis from elderly individuals and patients with LPL/WM. Mutations are ordered from left to right along the x axis from the first
variant on the short arm of chromosome 1 (chr1) to the last variant on the long arm of chromosome Y. The vertical axis shows the distance between each mutation and
the previous one on a logarithmic scale. Density of mutations, based on the number and intermutation distances, is shown across the top of each rainfall plot.
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Fig. 2. MYD88"2°*" in normal B cell precursors and B lymphocytes from patients with LPL/WM. (A) Frequency of MYD88%°" mutation, as assessed by WES and by
ASO-PCR or droplet digital PCR (dd-PCR), in CD34-positive HPCs, B cell precursors, mature B lymphocytes, tumor B cells, and PCs from patients with LPL/WM. (B) Presence
of wild-type (WT) versus heterozygous (HET) or homozygous (HOM) MYD88-%%% in 10,891 CD34-positive HPCs, B cell precursors, and mature B lymphocytes isolated by
FACS from four patients with LPL/WM and stained with oligo-coupled mAbs targeting CD10, CD19, CD20, CD27, CD34, and CD38. Color scale indicates the intensity of

antigen expression.

Genetic evolution during lymphomagenesis: Shared

and private somatic mutations in normal cells and tumor
cells from patients with LPL/WM

Our dataset of somatic mutations in normal and tumor cells from
patients with LPL/WM provided an opportunity to identify patterns
of genetic evolution during lymphomagenesis. We identified an
average of 156 (range, 25 to 291) shared somatic mutations between
any normal cell type and tumor cells (Fig. 3A), including averages of
79 (range, 12 to 132), 95 (range, 21 to 124), and 95 (range, 26 to 197)
shared somatic mutations between tumor B cells and CD34-positive
HPCs, B cell precursors, and mature B lymphocytes, respectively.
We further identified an average of nine mutations (range, 0 to 37)
that were shared across all cell types, from CD34-positive HPCs to
tumor B cells and PCs (Fig. 3B and table S6).

Conversely, an average of 44 mutations [range, 31 to 175; median
CCF, 0.18 (range, 0.01 to 1.0)] were unique to tumor B cells (Fig. 3B).
CXCR4, IGLL5, and NADH3 were the only recurrently mutated
genes associated with progression to LPL/WM; these mutations
were not seen in normal cells, even those with MYD88" (table S4).
Other pan-cancer genes such as TP53 and DICERI were exclusively
mutated in tumor B cells from individual patients (table S4). Fur-
thermore, we identified eight copy number abnormalities (CNAs)
in tumor cells (table S7), none of which were found in normal cells.
These results reveal the individual patient-level genetic alterations
that drove progression from preneoplastic mutations in B cell
lymphopoiesis to LPL/WM.

Intratumor heterogeneity in LPL/WM
Neoplastic transformation of premalignant IgM MGUS to LPL/WM
is characterized by a significant increase in IgM secreted by clonal
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PCs, which differentiate from tumor B cells (29). We compared the
genomic landscapes of tumor B cells and PCs to investigate whether
clonal evolution occurred during lymphoplasmacytic differentia-
tion. We found only 724 of 2395 (30%) mutations and four of eight
(50%) CNAs shared between these two clonal stages (Fig. 3A);
tumor B cells had 818 of 2395 (34%) mutations and four of eight
(50%) CNAs that were undetectable in PCs, whereas PCs had 853 of
2395 (36%) private mutations but no private CNAs. These results
were confirmed using scDNA-seq with amplicons covering multi-
ple regions in regulatory genes of chromosome 6q (fig. S3), which is
commonly deleted in patients with LPL/WM (27). Collectively,
these findings show that not all tumor B cells differentiate into PCs,
particularly those with CNAs such as del(6q), which may potentially
block B cell differentiation through loss of PRDM1I (35). The data
also support the concept of continuous genetic evolution upon
differentiation, with tumor B cells and PCs harboring an average of
44 and 59 private somatic mutations, respectively (Fig. 3B).

Malignant transformation of igM MGUS to LPL/WM

All clonally related B cells must share the same BCR gene rearrangement.
We performed single-cell RNA and BCR sequencing (scRNA/BCR-seq)
in a total of 42,204 B cells and PCs from three patients with IgM
MGUS (ID #11 to #13; table S1) and three with LPL/WM (ID #14 to
#16; table S1) to investigate the transcriptional phenotype of clono-
typic B cells using an unbiased and holistic approach (Fig. 4A).
Predominant BCR gene rearrangements were identified in each case
(four were identified in the patient IgM MGUS_2), consistent with
clonal B cell expansions under both premalignant and malignant
conditions (Fig. 4B). Using gene expression analysis, we classified
the clonotypic cells carrying the predominant clonal Ig gene sequence
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Table 1. Presence of MYD8825°" as assessed by WES, ASO-PCR, or dd-PCR in CD34-positive HPCs, B cell precursors, mature B lymphocytes, tumor B cells,
and PCs. AFs (per dd-PCR in all cell types and per WES in CD34-positive HPCs, B cell precursors, and mature B lymphocytes) and CCFs (per WES in tumor B cells

and PCs) are indicated in parentheses. NT, not tested.

CD34-positive

Method HPCs

Patient

B cell precursors

Mature B

lymphocytes —

Tumor B cells

WES
: [ ASO_PCR P posmve s

NT

3 ASO-PCR
NT

dd-PCR

WES
5 ASO-PCR

dd-PCR

WES
ASO-PCR

WES
ASO-PCR

in each patient into B cell precursors, mature B lymphocytes, and
PCs, on the basis of the differential expression of genes such as
CDI10 (MME), CD27, CD34, CD38, CD138 (SDCI), and VPREBI.
Clustering analysis of clonotypic cells showed colocalization of B cell
precursors and mature B lymphocytes (Fig. 4C and fig. S4). By
contrast, the same analysis performed in nonclonotypic cells showed
clear segregation of B cell precursors and mature B lymphocytes
(Fig. 4D and fig. S5).

Downstream analysis of clonotypic cells showed different distri-
butions across cell maturation stages between premalignant IgM
MGUS and LPL/WM (Fig. 4E). In patients with IgM MGUS, most
clonotypic cells were confined to the mature B lymphocyte cluster
(mean, 96%), whereas the clusters of B cell precursors and PCs had
minimal representation (each, mean, 2%). While, in patients with
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LPL/WM, most clonotypic cells were also confined to the mature
B lymphocyte cluster (mean, 89%), there was a greater fraction of
clonotypic cells showing a transcriptional profile overlapping with
the B cell precursor cluster (mean, 9%), whereas PCs had a similar,
minimal representation (mean, 2%).

Per multidimensional flow cytometry (MFC) immunopheno-
typing, the percentages of B cell precursors and PCs in patients with
IgM MGUS were higher than those above for clonotypic cells with
such a gene expression profile (respective means of 27 and 5% per
MEC versus 2 and 2% per scRNA/BCR-seq) and nearly identical to
the percentages observed with scRNA/BCR-seq considering all
clonotypic and nonclonotypic cells (means of 23% B cell precursors
and 3% PCs). These results indicate that, in IgM MGUS, most B cell
precursors and PCs are polyclonal.
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Fig. 3. Genetic evolution during lymphomagenesis: Shared and private somatic mutations in normal cells and tumor cells from patients with LPL/WM (n=10).
(A) Schematic representation of genetic evolution from CD34-positive HPCs, B cell precursors, and mature B lymphocytes to tumor B cells and PCs. Somatic mutations and
CNAs that were private to, or shared between tumor B cells and PCs, are shown in the Venn diagrams. (B) UpSet plot summarizing the distribution of somatic mutations
present in normal and tumor cells from 10 patients with LPL/WM. Black dots and vertical connecting black lines indicate the sharing of somatic mutations by two or more
cell types, represented by the dots. Individual dots represent somatic mutations that are private to the respective cell type. Average numbers of somatic mutations shared
by the different combinations of cell types or private to a specific cell type are shown in the top, ordered from lowest to highest number. Bars representing average numbers
of somatic mutations shared by two, three, four, or all five cell types are colored red, green, blue, and light blue, respectively. The average numbers of somatic mutations

per cell type are indicated on the right side of the plot.

In LPL/WM, high concordance between percentages of cell types
per MFC and scRNA/BCR-seq was only observed for PCs (means of
2 and 3%, respectively); accordingly, most PCs were clonal in
patients with LPL/WM (Fig. 4E). By contrast, the mean percentage
of total B cell precursors per MFC and of clonotypic B cell precur-
sors per sSCRNA/BCR-seq was 0.4 and 9%, respectively. The mean
percentage of total mature B lymphocytes per MFC and of clono-
typic mature B lymphocytes per scRNA/BCR-seq was 97.6 and 89%,
respectively. Together, these results reveal that, in LPL/WM, a
fraction of mature B lymphocytes display an immature gene expres-
sion profile. Thus, our findings suggest that progression from IgM
MGUS to LPL/WM is associated with the emergence of transcrip-
tionally immature tumor cells. Hence, we observed the significant

Rodriguez et al., Sci. Adv. 8, eabl4644 (2022) 19 January 2022

up-regulation of CD20 (MS4A1) in the gene expression profiles of
clonotypic cells in IgM MGUS versus LPL/WM (table S8). We also
found deregulation of relevant genes in this disease such as BCL2,
CXCR4, and HIF1A (Fig. 4F).

Mutated MYD88 alone is insufficient to induce

lymphoma in mice

If normal progenitor and mature B cells carrying somatic mutations
including MYD88"**** precede the accumulation of additional
genetic abnormalities resulting in progression of LPL/WM in
humans, then MYD88"*%*" induction in mice should, by itself, be
insufficient to drive the immediate development of malignancy. To
investigate this hypothesis, mice carrying MYD88"**** (orthologous
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to human MYD88"") were crossed with Scal-cre, Mb1-cre, and
Cy1-cre mice to selectively activate MYD88***" in HPCs (M88Ys),
B cell precursors (M88Ym), and germinal center (GC) B lymphocytes
(M88Yc), respectively (Fig. 5A) (36). The Scal-cre, Mbl-cre, and
Cyl-cre mice carrying the yellow fluorescent protein (YFP) reporter
were used as controls (Ys, Ym, and Yc mice, respectively). Because
of limited resources, MYD88"**** and control mice were bred
independently.

Longitudinal characterization of hematopoietic cell compart-
ments using MFC revealed a moderate expansion of B220*CD138"
plasmablasts and B220"CD138" PCs in the spleen, as well as
B220"CD138" PCs in the BM in the three models (Fig. 5B). M88Ys,
M88Ym, and M88Yc mice had significantly reduced overall survival
(OS) versus their respective control mice (P = 0.0003, P = 0.048, and
P =0.008, respectively; Fig. 5C and fig. S6A). There were no signifi-
cant differences in OS according to sex (fig. S6B). At the time of
symptoms or signs of disease, all three models showed hematopoietic
cell expansions, which, in M88Ys mice, massively involved the
spleen and were of the myelomonocytic lineage (Fig. 5D and fig. S6C).
By contrast, M88Ym and M88Yc mice had significantly increased
percentages of B220*CD138" plasmablasts and B220"CD138" PCs,
consistent with the diagnosis of LPL in lymph nodes and salivary
glands, although not in the BM (Fig. 5, D to F, and fig. S6D). WES
of tumor B cells from M88Ym and M88Yc mice revealed a median of
6.6 CNAs and 97 somatic mutations in addition to MYD88"**",
Notably, these somatic mutations were recurrently detected in
oncogenes of the BCR/NF-«B signaling cascade (Card11, RelB, Nfkbie,
and PimI) and tumor suppressor genes commonly inactivated in
lymphoma (Tp53, Pten, P16"N5%, p15™K%*  Gna13, Ktm2d, and
Tnfrsf14) (table S9). Collectively, these results indicate that genetic
alterations in addition to MYD88"**?" activation in B cell precursors
or mature B lymphocytes are required for the development of LPL
in elderly mice.

BCL2 and BCR signaling cooperate with MYD88 in LPL/WM
development in mice

To functionally evaluate which molecular alterations in addition to
mutated MYD88 are required for the development of LPL/WM,
which in turn could result in the first experimental model of this
disease (36, 37), we crossed the M88Ym model with mice carrying
transgenic overexpression in B cells of the antiapoptotic gene BCL2
(M88B2m), or with EuNKX2.3 (designated BCR) mice that exhibit
constitutive BCR signaling (M88BCRm) (Fig. 6A). BCL2 was selected
on the basis of the up-regulation we saw on scRNA/BCR-seq be-
tween premalignant IgM MGUS and LPL/WM (Fig. 4F), together
with previously published data (38, 39). BCR was selected on the
basis of recurrent somatic mutations having been observed in the
BCR/NF-«B signaling cascade in M88Ym mice developing LPL and
the fact that it is commonly activated in patients with LPL/WM
(27). BCL2 and BCR mice were crossed with Mb1-cre mice to re-
spectively generate the B2m and BCRm controls.

M88B2m and M88BCRm mice had significantly inferior OS
when compared to M88Ym, B2m, and BCRm mice (median, 11 and
13 months versus 25, 23, and 25 months, respectively; P < 0.0001)
(Fig. 6B and fig. S7A). No significant differences were found between
according to the sex of M88B2m and M88BCRm mice (fig. S7B). In
contrast with controls, both M88B2m and M88BCRm mice exhibited
nodal and extranodal expansions of B220"CD138" plasmablasts
and B220"CD138" PCs, similar to those observed in M88Ym mice
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(Fig. 6, C to E, and fig. S7, C and D). However, 30% of M88B2m
mice that also exhibited BM involvement and LPL development in
both M88B2m and M88BCRm mice was associated with increased
serum IgM levels (Fig. 6F). Compared to M88Ym and M88Yc¢ mice,
tumors from M88B2m and M88BCRm mice had significantly fewer
CNAs (median, 1.9 versus 6.6; P = 0.023) and somatic mutations
(median, 21.5 versus 97; P = 0.029), and these did not involve classic
oncogenes or tumor suppressors (Fig. 6, G and H, and table S9).
Thus, co-occurrence of MYD88"**" and BCL2 overexpression or
constitutive BCR signaling accelerated the development of LPL,
which consequently accumulated fewer (nonspecific) genetic alter-
ations. BCL2 overexpression as a secondary event reflected some
key features of human LPL/WM such as BM involvement and IgM
secretion (29).

Monitoring treatment efficacy based on the

presence of MYD88"255F

Detection of MYD88"***" by dd-PCR has been suggested as a highly
sensitive method for monitoring treatment efficacy in LPL/WM
(34). However, we observed a subclonal presence of M YD88*%? in
sporadic cases (e.g., patient #4; table S4) and wild-type MYD88 in
some tumor cells carrying other genetic lesions (Fig. 7A), which
could produce false-negative results. Moreover, the unexpected
finding of MYD88"***" in normal precursor and mature B lympho-
cytes of patients with LPL/WM could produce false-positive results.
Thus, we hypothesized that these results have possible clinical
sequelae by limiting the utility of MYD88"*%*" for monitoring treat-
ment efficacy.

To investigate this, we analyzed the prO%nostic significance of
treatment response according to MYD88"P status by ASO-PCR
in whole BM aspirates from 46 patients with LPL/WM (table S10).
There were no significant differences in time to progression (TTP)
between patients who were ASO-PCR-negative (n = 20, 43.5%) ver-
sus ASO-PCR-positive (n = 26, 56.5%) for MYD88"%F (median of
27 months versus 33 months, respectively; P = 0.787) (Fig. 7B). We
also analyzed, in the same cohort, the prognostic significance of
treatment response per MFC, which monitors phenotypically aberrant
and light chain-restricted clonal B cells. Patients with <0.1% clonal
B cells (n = 14, 30.4%) had median TTP not reached, whereas cases
with >0.1% clonal B cells (n = 32, 69.6%) showed a median TTP of
33 months (P = 0.192) (Fig. 7C). There was 73.9% concordance
between methods, with 11 (23.9%) patients negative and 23 (50%)
patients positive by both techniques. Three (6.5%) patients were
ASO-PCR-positive/ MFC-negative and nine (19.6%) were ASO-PCR-
negative/MFC-positive (Fig. 7D). Together, these results suggest
limited concordance between the presence of tumor B cells and
MYD88"***F status in whole BM aspirates and the limited prognostic
value of this genetic marker for measuring treatment efficacy.

DISCUSSION

The genomes of thousands of tumors have been elucidated (40, 41),
but information about somatic genetic alterations in normal cells
remains limited, and it is only recently that data have shown that
normal cell counterparts of various solid tumors accumulate several
mutation years before disease onset (2-5). Evidence showing that
normal B lymphocytes carry genomic alterations outside the Igloci
is even more limited, and the role of these mutations in lymphoma-
genesis is virtually unknown (18-20). To our knowledge, the work
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Fig. 6. BCL2 and BCR signaling cooperate with MYD88 in LPL/WM development in mice. (A) Schematic representation of M88B2m and M88BCRm transgenic mice.
(B) Kaplan-Meier distributions of OS for M88B2m, M88BCRm, M88Ym, and control mice, plus median OS for each. (C) Frequencies of tumor locations in M88B2m and
M88BCRm transgenic mice. (D) Flow cytometry analyses showing the percentages of B cells, plasmablasts, and PCs in the BM, lymph nodes, and salivary glands of
M88B2m and M88BCRm mice versus control mice (n =6 mice per cohort); **P <0.01 and ***P < 0.001. (E) Representative histopathologic staining with hematoxylin and eosin
and B220 and CD138 mAbs in the BM of M88B2m mice and in lymph nodes of M88BCRm mice. (F) Serum electrophoresis and IgM levels by enzyme-linked immunosorbent assay
in M88B2m and M88BCRm mice compared to M88Ym, M88Yc, and control mice; *P < 0.05 and **P < 0.01. (G and H) Median number of CNAs (G) and somatic mutations (H) per
tumor in mice with single MYD88 mutation (M88Ym and M88Yc) versus those with MYD88 mutation and secondary genetic alterations (M88B2m and M88BCRm); *P < 0.05.
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reported herein is the first time that somatic mutation landscapes in
BM CD34-positive HPCs, B cell precursors, and mature B lymphocytes
from elderly individuals and patients with LPL/WM have been
characterized. On the basis of our comprehensive set of experi-
ments, evaluating human cells and mouse models and using multiple
analytical techniques, we have demonstrated that a mutation in a
gene relevant to B cell function, such as MYD8S8, represents a pre-
neoplastic event that requires additional genetic alterations to drive
lymphomagenesis. Consequently, we conclude that MYD88"***
alone does not conduce to overt malignant transformation.

The presence of somatic mutations in mature B lymphocytes has
been primarily attributed to the DNA mutator activation-induced
cytidine deaminase during GC reactions. However, we found that
most somatic mutations are detected outside the Ig loci and that a
fraction of these originate in immature B cell precursors and even
CD34-positive HPCs. Conversely, we found that most somatic
mutations detected in progenitor cells were undetectable in mature
B lymphocytes, suggesting negative selection of these clones during
B cell lymphopoiesis. Our data from normal cell types from elderly
individuals and patients with LPL/WM therefore support the idea
that most spontaneous somatic mutations are harmless, unless they
hit genes such as MYD8S.

The pathogenesis of LPL/WM is characterized by recurrent
somatic mutations in MYD88 and CXCR4, together with deletions
in chromosome 6q that affect regulatory genes (27, 42). However, it
remains unclear which of these genetic alterations appear before the
development of overt disease or how they evolve. Our study establishes
a preneoplastic landscape of mutations, including MYD88"***", in
the B lineage of patients with LPL/WM. These findings are not
contradictory with the role of this hotsi)ot mutation in lymphoma-
genesis or the importance of MYD88"***F activity in tumor cells
(43, 44). However, our results suggest that the contribution of
MYD88"**** to tumor initiation is limited in the absence of addi-
tional genetic alterations. Accordingly, progression to LPL/WM
from clonal lymphopoiesis was systematically preceded by the ac-
quisition of new genetic abnormalities.

Our study was not powered to determine which specific muta-
tions, allele burdens, or patterns of coexisting genetic alterations
trigger the progression to LPL/WM. Nevertheless, our data provide
further support for mutations in CXCR4 or in pan-cancer genes
(e.g., TP53 and DICERI), together with CNAs, particularly del(6q),
being required for the expansion of clonal cells with the LPL/WM
phenotype (29, 45-48). Furthermore, it could be hypothesized that,
if these cooperating events hit an IgM-positive B lymphocyte that
has been recently activated in a GC and that shows a high expres-
sion of the a chain receptor of interleukin-2 (i.e., CD25) (33), these
mutations would specifically result in progression to LPL/WM, rather
than another lymphoma that may present with MYD88"**°F (28).

Although a number of myeloid disorders are known to arise at
the HPC level, most hematologic malignancies have been linked to
later stages of differentiation (49). Mature B cell disorders are the
most common types of blood cancer and are classified according to
their presumed cell of origin in the continuum of B cell develop-
ment (49). That notwithstanding, HPCs from patients with CLL
have been shown to have a cell-intrinsic propensity to generate
clonal CLL-like B cells (21), which could help explain the presence
of shared somatic mutations in tumor cells and CD34-positive
HPCs from patients with CLL (23, 24). Similarly, BRAFY*E muta-
tions in hairy cell leukemia (HCL) were derived from an HPC origin
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(22), strengthening the notion that even driver mutations may
occur in CD34-positive HPCs before malignant transformation in
some B cell disorders. In our study, we showed that MYD88"*%*" at
the HPC level was infrequent and that it was highly unlikely that
these act as cancer stem cells (CSCs) because of the extremely low
probability of these cells giving rise repeatedly to tumor cells carry-
ing the same stepwise-acquired genetic abnormalities. In addition,
we showed that LPL/WM clones comprise multiple subsets, including
cells with transcriptional profiles similar to those of B cell precursors.
Thus, our study sheds new light on the question of whether CSCs
are derived from true stem cells or mature cells that have undergone
a dedifferentiation process (50, 51), and we propose a model in
which predisposition due to clonal lymphopoiesis coexists with the
intratumor heterogeneity of immature and mature clusters.

Previously, it has been reported (36) that a knock-in mouse
model carrying endogenous mouse MYD88"*** developed DLBCL
infrequently, and with long latency, but not a B cell disorder with
the morphologic features of LPL/WM. More recently, transgenic mice
expressing the human MYD88"***" gene in GC and post-GC B cells
have been generated (37); the authors concluded that M YD88§ %P
alone was insufficient to drive malignant transformation but that it
did promote a nonclonal, low-grade B cell expansion with some
clinicopathologic features resembling LPL/WM (37). As with mouse
models with endogenous MYD88"*F, MYD88"**** transgenic mice
occasionally developed DLBCL harboring secondary mutations and
expressing BCL6 (37). We expanded on these previous results by
inducing MYD88"***" in mouse HPCs, B cell precursors, and GC
B lymphocytes to simulate its presence in immature and mature
cells of the B lineage found in patients with LPL/WM. Our results
showed that mutated MYD88 induced an expansion of lymphoplas-
macytic cells and revealed that accumulation of plasmablasts and
PCs was more evident in mice with activation of mutated MYD88 in
B cell precursors versus GC B lymphocytes. However, these find-
ings do not indicate that MYD88"**** must occur before GC to
drive disease development, and recent data by Schmidt et al. (52)
support the notion that an expansion of IgM expressing PCs can be
observed if the mutation is introduced early or at late stages during
B cell development. Furthermore, in our models, as well as in that of
Ouk et al. (53), full-blown LPL was seen only with long latency and
only at nodal or extranodal sites, without the BM infiltration seen in
patients with LPL/WM. Similar findings have been reported in
HCL: After detection of BRAF'®°F in HPCs from patients with HCL,
it was shown that expression of BRAF *°°F in murine HPCs resulted
in increased clonogenic capacity of early B cell populations, but not
in the expansion of cells with the HCL phenotype (22).

These studies all support the principle that additional co-occurring
genetic alterations during the course of hematopoiesis (e.g.,
CXCR4"H™) are necessary to produce malignant lymphoplasma-
cytic cells that infiltrate the BM (27). Accordingly, we showed that
mutations in genes that co-occur with MYD88"*** in patients with
LPL/WM, such as CXCR4, ARIDIA, and CD79b, were not among
the numerous somatic mutations found in mice developing nodal
or extranodal LPL. Notably, these mutations may have been acquired
following (and hence not required for) disease onset. However, we
demonstrated that MYD88 mutation and two secondary events
(i-e., BCL2 overexpression and constitutive BCR signaling) cooper-
ated to accelerate the clonal expansion of lymphoplasmacytic cells
that required the accumulation of fewer genetic abnormalities,
secreted IgM paraprotein, and infiltrated the BM in mice with BCL2
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overexpression. These findings resemble some of the key biologic,
genetic, and clinical features of LPL/WM in patients and are consistent
with the importance of del(6q) together with MYD88"***" in LPL/'WM
pathogenesis, as the loss of genes that repress BCL2 activity (e.g.,
BCLAFI) is a consequence of del(6q) (54, 55). Conversely, other
cooperating events, such as augmented HOIP (oxidized IRP2 ubiquitin
ligase-1-interacting protein) expression, may facilitate DLBCL-like B cell
lymphomagenesis driven by MYD88-activating mutation(56). Thus,
our study builds upon previous MYD88 mutant mouse models, in
such a way that the results of bulk and single-cell sequencing studies
in elderly individuals and patients allowed us to identify the genetic
events necessary for the development of tumors resembling LPL/WM
in mice. These can be valuable models to test the efficacy of newer
combinations including drugs such as ibrutinib and venetoclax.

It is important to translate knowledge obtained from genomic
research into clinical practice. The high frequency of MYD88"*%*" in
LPL/WM, together with the ability to monitor this mutation using
high-sensitivity methods such as dd-PCR (34), suggests a role for
MYD88"**? a5 a biomarker for evaluating treatment efficacy (28).
However, the presence of MYD88"***" in phenotypically normal
cells that do not drive progression to LPL/WM could confound
interpretation of therapeutic response based on the presence of
MYD88"**°* Our TTP data showed that patient stratification based
on detection of mutated MYD88 using ASO-PCR in whole BM
samples was not predictive of disease-free survival (57, 58). This
could be related to false positives on ASO-PCR due to MYD88"*%>*
clonal lymphopoiesis in a subset of patients. Our results could also
shed light on some unexpected findings in treated LPL/WM
(59, 60), which showed that some patients had M YD88"%°" in unse-
lected BM samples but not in CD19-positive sorted cells. Similar
observations have been reported in cases with chronic myeloid
leukemia; the presence of BCR-ABLI mRNA in peripheral blood
from patients in treatment-free remission was seen predominantly
in the B cell compartment and thus did not imply the persistence of
multipotent leukemic cells (61). Accordingly, it could be hypothe-
sized that, similar to what is seen in acute myeloid leukemia, which
is also preceded by clonal hematopoiesis (62), optimal monitoring
of treatment efficacy in LPL/WM may require the use of both
molecular and immunophenotypic methods (46). Because our small
series was underpowered to provide conclusive evidence, further
studies are warranted to confirm this hypothesis and to increase the
sensitivity of MFC to levels achieved in other hematological malig-
nancies (63, 64).

LPL/WM represents a pivotal example of a blood cancer in
which improved understanding of the underlying genetic abnormali-
ties has had a profound effect on differential diagnosis, responsive-
ness to treatment, and outcome (27). Through the studies reported
here, we have built upon these seminal observations. We have shown
that MYD88"**" arising during hematopoietic development could
represent a unifying event in progression to LPL/WM, albeit one
that does not always occur at the same cellular stage. We have also
shown that stepwise acquisition of secondary events additional to
MYD88"***" occurs during progression to LPL/WM and that this
varies considerably across patients. Because additional genetic hits
may affect all or only a fraction of tumor cells, this stepwise acquisi-
tion would explain the intraclonal heterogeneity seen in full-blown
LPL/WM, including transcriptionally immature clusters. Further-
more, our results could support a role for high-sensitivity monitoring
of MYD88"*** in the B cell lineage of healthy elderly individuals to
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enable early identification of those at risk of developing LPL/'WM
and potentially other MYD88-mutated lymphoma.

MATERIALS AND METHODS

Subjects, patients, and samples collected

In this study, we analyzed 117 cell samples/cell types isolated from
54 BM aspirates obtained from 3 individuals with IgM MGUS,
46 patients with LPL/WM (diagnosed according to World Health
Organization criteria), and 5 elderly individuals undergoing ortho-
pedic surgery. The latter had no medical history of cancer. All
subjects provided written informed consent before BM aspirate
sample collection and analysis; study procedures followed the
recommendations and guidelines of the local ethics committee and
the Declaration of Helsinki. Patients were enrolled in five institutions
(Clinica Universidad de Navarra, Hospital Universitario de Salamanca,
Centro Hospitalar e Universitario de Coimbra, Hospital de S. Teoténio,
and ASST Spedali Civili di Brescia). Samples (i.e., diagnostic left-
overs) were selected after diagnostic flow cytometry immunophe-
notyping was performed in BM aspirates, which were collected after
clinical suspicion of an IgM MGUS and/or LPL/WM. The identifi-
cation of tumor cells by flow cytometry triggered cell sorting ac-
cording to the project workflow, and a subsequent confirmation of
MYD88"**" by diagnostic molecular testing was a prerequisite for
the final selection of patients into the study. A complete list of all
cell types isolated from each subject and methodologies used in
each case is available in table S1; patient’ characteristics are
described in table S11. The study was evaluated by the Universidad
de Navarra ethics committee [E34-20(076¢-17E1)].

Generation of MYD88P°?" transgenic mice
MYDS88P' " transgenic mice (hereafter abbreviated as M88) and
Scal ™ mice (designated as s) have been previously reported (36, 65).
Mb1°% mice (designated as m) were obtained from Reth and
co-workers (66). Cy1"“™ mice (stock #010611) (designated as c) and
R26-stop-EYFP mice (stock #006148) (designated as Y, which facili-
tated monitoring and isolation of transgenic B cells) were obtained
from the Jackson Laboratory (67, 68). Compound mice were gener-
ated by crossing M88 mice with Y mice to create the M88Y line,
which was then crossed with each of the s, m, and ¢ mice to induce
specific transgenic activation in HPCs (M88Ys mice), pre-B cell
precursors (M88Ym mice), and mature GC B cells (M88Yc mice).
As controls, Y mice were crossed with the corresponding cre-
recombinase mice to generate Ys, Ym, and Yc mice. To generate
transgenic lines with two specific genetic changes, M88Ym mice
were crossed with EuBCL2 mice (bcl-2-22 strain; 002319 from the
Jackson Laboratory) and with EuNKX2.3 mice (69) to generate
M88B2m and M88BCRm mice, respectively. In the NKX2.3 model,
the overexpression of this homebox gene in B cells induces a consti-
tutive phosphorylation of the Syk/Lyn kinases and the subsequent
activation of the BCR pathway, which is followed by the activation
of chemokines, adhesion molecules, and integrins that promotes
B cell migration to splenic and other extranodal tissues, eventually
leading to a malignant transformation that recapitulates features of
human marginal zone B cell lymphomas (69). All transgenic alleles
were maintained in heterozygosity.

To ensure transgenic activation in mature B lymphocytes, 8- to
10-week-old mice were immunized with sheep red blood cells
administered intraperitoneally every 3 weeks for four doses. Then,
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mice from each cohort (n = 5) were euthanized and necropsied at 5,
10, and 15 months of age and characterized (see below). At least
20 mice from each cohort generated through multiple desynchronized
parallel breeding pairs were monitored beyond the age of 15 months
and euthanized when signs of disease became present. Mice were
housed in specific pathogen-free animal facilities of the Center for
Applied Medical Research. All procedures were approved by the
local ethical committee of animal experimentation and the Navarra
health department [E34-20(076¢-17E1)].

MFC immunophenotyping and FACS

EDTA-anticoagulated BM aspirates were stained with the following
combination of mAbs before FACS: CD20-PacB, CD27-OC515,
surface IgM (sulgM)-fluorescein isothiocyanate (FITC), CD305-
PE, CD34-PerCPCy5.5, CD19-PECy7, CD25-APC, and CD38-
APCHY. This combination of mAbs enabled the identification and
simultaneous 1solat10n of CD34-positive HPCs (CD19-negative,
CD20-negative, CD34™), B cell precursors (CD19-positive, CD20-
heterogeneous, CD34- heterogeneous, CD38h') normal mature B
lymphocytes (CD19-positive, CD20", CD305- positive, CD27-
heterogeneous, CD25 -negative, sulgM- negatlve] tumor cells (CD19-
positive, CD20", CD25- posmve CD27-positive, CD305-negative,
sulgM-positive), PCs (CD38 , intermediate scatter), and T/NK cells
(CD19-negative, CD20-negative, low scatter) (fig. S1). Cells were
isolated in a FACSAria IIb flow cytometer [BD Biosciences (BDB),
San Jose, CA] and sorted into 100 pl of Lysis/Binding Buffer (Thermo
Fisher Scientific, Waltham, MA) for subsequent bulk sequencing or
into phosphate-buffered saline (PBS)/bovine serum albumin for
single-cell studies.

In the cohort of 46 patients with LPL/WM in whom TTP was
evaluated according to presence of MYD88***F, response to induc-
tion therapy was assessed by MFC using the following combination
of mAbs: CD138-BV421, CD27-BV510, sulgM-FITC, CD25-PE,
CD22-PerCPCy5.5, CD19-PECY7, cyk-APC, and cyA-APCH?7.
BM samples were collected in EDTA-containing tubes and pro-
cessed within 24 hours following the EuroFlow lyse-wash-stain
protocol (45). Data acquisition was performed in a FACSCanto II
flow cytometer (BDB) using FACSDiva 8.0.1 software (BDB). Data
analysis was performed using Infinicyt software (Cytognos SL,
Salamanca, Spain). The limit of detection of tumor cells is 0.1%, and,
therefore, this was the cutoff used to define patients with negative
(<0.1%) or positive (=0.1%) MFC after treatment.

For analysis of BM and tumor tissue samples obtained from
mice, the following marker combinations were used to define
B lymphocytes (B220"CD1387), plasmablasts (B220*CD138"), PCs
(B220"CD138"), T cells (CD3"CD4" and CD3*CD8"), myeloid cells
(CD11b"Ly6G/Ly6C", CD11b*Ly6G/Ly6C", and CD11b Ly6G/Ly6C"),
and nonmyeloid cells (CD11b Ly6G/Ly6C"). Fc block was used to prevent
nonspecific binding of Fc receptor. PBS was added to each sample, and
samples were centrifuged for 5 min at 1500 rpm. Supernatant was de-
canted, and cells were stained with 7-AAD (7-aminoactinomicina D) to
assess cell viability (1:100 dilution in PBS) for 5 min at room tempera-
ture. Samples were measured in a FACSCantoll flow cytometer (BDB),
and data were analyzed using FlowJo software (BDB). B cells were sorted
on a FACSAriall flow cytometer (BDB) and collected for WES.

WES and data analysis
WES was performed on a total of 78 cell samples per cell types,
including tumor and normal cells from 10 patients with LPL/WM,
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normal cell subsets from five elderly individuals, and T/NK cells
(used as germline controls) from all subjects. DNA was purified
using AMPure XP magnetic beads (Beckman Coulter Life Sciences,
Indianapolis, IN), and its quality was evaluated in an Agilent 4200
TapeStation using the Genomic DNA ScreenTape system (Agilent,
Santa Clara, CA). DNA concentration was quantified using the
Qubit System (Invitrogen, Carlsbad, CA). WES was performed with
molecular barcoding because of the relatively low numbers of nor-
mal cells isolated; median numbers of cells sorted per subject were
20,005 CD34-positive HPCs, 15,420 B cell precursors, 31,837
normal mature B lymphocytes, 92,700 tumor cells, 10,099 PCs, and
100,000 T/NK cells. Genomic DNA (approximately 1.0 to 1.75 ng)
was captured for each sample in a 10X Chromium instrument using
the Chromium Genome Reagent Kit V2 for Exome Assays (10X
Genomics, Pleasanton, CA). DNA was then fragmented to an average
size of 225 base pairs using a Covaris S220 ultrasonicator (Covaris,
Woburn, MA) and subjected to DNA library construction using the
Chromium Genome Reagent Kit V2 for Exome Assays (10X
Genomics). Target enrichment was performed with the SureSelectXT
Human All Exon V6 Capture Library (Agilent), and sequence
targets were captured and amplified in accordance with the manu-
facturer’s recommendations. Enriched libraries were used for 150 base
sequencing in NovaSeq 6000 (Illumina, San Diego, CA) in accor-
dance with the manufacturer’s instructions. Sequencing resulted in
a mean read depth of 112x (range, 33 to 216x).

Raw FASTAQ files were processed using LongRanger (v2.2.2, 10X
Genomics) (70) with default parameters. Variants were annotated
using the bioinformatics software HD Genome One (DREAMgenics,
Oviedo, Spain), as well as using several databases containing func-
tional (Ensembl, CCDS, RefSeq, and Pfam), populational (dbSNP,
1000 Genomes, ESP6500, and ExAC), and cancer-related (COSMIC
release 87 and ICGC release 27) information. In addition, nine
scores from algorithms for the prediction of the impact caused by
nonsynonymous variants on the structure and function of the protein
were used (SIFT, PROVEAN, MutationAssessor, MutationTaster, LRT,
MetaLR, MetaSVM, FATHMM, and FATHMM-MKL) (71-77),
and one score (GERP++) for evolutionary conservation of the af-
fected nucleotide was used (78). Indel realignment was performed
to correct underestimated AFs. Variants with a population AF
of >0.01 were excluded. Variants detected in all cell types, including
T/NK cells, as well as variants with an AF of >0.25 in T/NK cells,
were excluded. Only mutations with a coverage of >10 in all samples
from an individual subject were selected. Only variants detected in
a sample with a mutated allele count of >3 and a droplet count of
>3 were selected. The detection of CNAs was performed using a
modified version of the exome2cnv algorithm (79), incorporating a
combination of read depth and allelic imbalance computations for
CNA assessment. For each patient, the algorithm uses its control
sample as background for computing CNA (79). Distribution of
mutations across the genome was represented with rainfall plots
using karyoploteR R package (80). An UpSet plot was developed to
visualize the distribution of somatic mutations present in multiple
cell types using the ComplexHeatmap R package (81). CCFs were
calculated with the cDriver R package (82).

WES was performed on tumor samples obtained from 8 M88Ym/
M88Yc mice and 15 M88B2m/M88BCRm mice and on 10 samples
of normal cells from control mice. Genomic DNA was purified
using the NucleoSpin Tissue Kit (Macherey-Nagel), according to the
manufacturer’s instructions. DNA concentration and integrity were
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evaluated as described above. Exome capture libraries were pre-
pared per the instructions of the SureSelectXT mouse all exon target
enrichment system (Agilent Technologies). Exome libraries were
sequenced using a 151-base pair paired-end read protocol on an
Mlumina NovaSeq 6000.

ASO-PCR and dd-PCR

The presence of M YD88"*%P was assessed using ASO-PCR (N = 5)
or dd-PCR (N = 4) according to whether a higher or lower amount
of DNA, respectively, was left over after WES. In 1 of the 10 patients
with LPL/WM in whom WES was performed, there was no DNA
available for the confirmatory analysis by PCR. ASO-PCR and
dd-PCR were performed using the methodology validated elsewhere
(34, 83). In the cohort of 46 patients with LPL/WM in whom TTP
was evaluated according to presence of MYD88"*%°, the limit of
detection of ASO-PCR was 0.1%.

scRNA/BCR-seq and analysis

All B cells and PCs isolated by FACS on the basis of high expression
levels of CD19 and of CD38 plus CD138 (median of 4132 cells per
patient), respectively, were simultaneously isolated into a single
aliquot. scRNA/BCR-seq was performed using 10X Genomics Single
Cell 5" Solution, version 2, according to the manufacturer’s instruc-
tions (10X Genomics). Libraries were sequenced on NextSeq 550
(Ilumina) and analyzed using the Cell Ranger version 3.0.0 software
(10X Genomics). Quality control metrics were used to select cells
with mitochondrial genes representing <10% of total genes and
with at least 2500 genes. Samples were analyzed using Seurat
(https://satijalab.org/seurat/). Clonotypic BCR Ig gene rearrange-
ments were defined on the basis of their presence in 10 or more cells.
To integrate different sScRNA/BCR-seq samples, we used a normaliza-
tion and variance stabilization of molecular count data based on
regularized negative binomial regression with a sctransform func-
tion (84). Differentially expressed genes between clonotypic cells
from patients with IgM MGUS and LPL/WM were identified using
Wilcoxon rank sum test.

scDNA-seq and analysis

CD34-positive HPCs, B cells, and PCs from BM samples obtained
from four patients with LPL/WM were simultaneously isolated by
FACS into a single aliquot. A pool of six oligo-conjugated antibodies
from Mission Bio Inc. (CD10, CD20, CD27, CD34, and CD38) was
then added, followed by incubation for 30 min at room tempera-
ture. Cells were washed with Dulbecco’s PBS supplemented with
5% fetal bovine serum (Gibco), which was followed by resuspension
in Tapestri cell buffer, quantification, and loading of the cells into a
Tapestri microfluidics cartridge (Mission Bio, San Francisco, CA)
for subsequent encapsulation, lysis, and barcoding. Barcoded sam-
ples were then subjected to targeted PCR amplification of a custom
set of 29 amplicons covering CD79b, CXCR4, MYD88, and genes
with regulatory functions in chromosome 6q (table S12). DNA PCR
products were then isolated from individual droplets, purified with
AMPure XP beads, used as a PCR template for library generation,
and purified using AMPure XP beads. Protein PCR products were
incubated with Tapestri pullout oligo (5 uM) at 96°C for 5 min,
followed by incubation on ice for 5 min. Protein PCR products were
then purified using streptavidin C1 beads (Invitrogen), and beads
were used as a PCR template for the incorporation of i5/i7 Illumina
indices, followed by purification using AMPure XP beads. All
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libraries, both DNA and protein, were quantified using an Agilent
Bioanalyzer and pooled for sequencing on a HiSeq X (Illumina)
with 150-base pair ending multiplexed runs.

FASTAQ files generated by the sequencer were processed using the
Tapestri Pipeline V2 and included adapter trimming, sequence
alignment (Burrows-Wheeler Aligner) to human genome (GRCh37/
hg19), barcode correction, cell finding, and variant calling (Genome
Analysis Toolkit v4/HaplotypeCaller). Loom and h5 files were
then processed with Tapestri Insights v2.2 (variant selection) and
the Python-based Mosaic package (multiomics analysis and data
visualization).

Tapestri Insights analysis used default filter criteria (e.g., geno-
type quality > 30, reads/cell/target > 10, and mutant VAF > 20%)
and annotation-based information [e.g., ClinVar and DANN(delete-
rious annotation of genetic variants using neural networks)]. Only
cells with complete genotype information for all variants that were
used for downstream analysis were included. Cells that did not
satisfy these criteria were considered to have missing genotypes.

Characterization of MYD88”'%*?" transgenic mice
Blood samples were extracted from mice at the time of euthanasia,
collected in Microvette 55 Z-Gel tubes (Sarstedt, reference 20.1344),
and centrifuged at 10,000¢ for 5 min at room temperature. After
centrifugation, serum was recovered, and electrophoresis was per-
formed in Hydragel Protein(E) agarose gel (Selbia). BM and spleen
tissue samples were disaggregated mechanically and filtered in 70-pm
cell strainers (Falcon, reference 352350). Then, 100-ul samples of
the obtained cell fractions were used for flow cytometry studies.
Histopathologic and immunohistochemical analyses were
performed using formalin-fixed, paraffin-embedded mouse BM and
tumor tissue samples. Slides were stained with hematoxylin and
eosin or immunostained with mAbs against B220 and CD138,
followed by secondary antibodies linked to horseradish peroxidase.

Serum electrophoresis and Ig isotypes

Blood samples were extracted from mice at the time of euthanasia,
collected in Microvette 55 Z-Gel tubes (Sarstedt, reference 20.1344),
and centrifuged at 10,000g for 5 min at room temperature. After
centrifugation and serum recovery, electrophoresis was performed
in Hydragel Protein(E) agarose gel (Selbia) for measurement of Ig
fractions. Ig isotype in serum samples from mice was determined
using magnetic beads with the MILLIPLEX Map Kit (Merck). Briefly,
serum samples were added to a 96-well plate together with anti-
mouse IgA, IgG1, IgG2a, IgG2b, IgG3, and IgM beads. After incu-
bation and subsequent washout, the plate was read in a Luminex
MAGPIX instrument system (Thermo Fisher Scientific).

Statistical analysis

Mann-Whitney, Kruskal-Wallis, analysis of variance (ANOVA),
Wilcoxon, and chi square tests were used to determine if differences
between groups were statistically significant, as specified in Results
and respective figures. All significance tests were two-tailed, and a
P value of 0.05 was used as the threshold for statistical significance.
TTP was estimated using Kaplan-Meier methodology and com-
pared between groups using a two-sided log-rank test. TTP was
measured from the time of immunophenotypic studies being per-
formed until the date of determination of LPL/WM disease relapse/
progression; patients without progressive disease at the time of last
follow-up were censored at this time point. Statistical analyses were
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performed with Stata (version 15.0; StataCorp LP, TX) and SPSS
(version 20.0; IBM, Chicago, IL).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl4644

View/request a protocol for this paper from Bio-protocol.
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