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Key Points

• Inhibiting endosomal TLRs
suppresses MYD88L265P

B-cell proliferation in vitro.
• Inhibition of endosomal TLRs

paradoxically enhances
accumulation of MYD88L265P

B cells as plasmablasts
in vivo.

TheMYD88L265Pmutation is found in 2% to 10% of chronic lymphocytic leukemia, 29% of

activated B-cell type diffuse large B-cell lymphoma and 90% ofWaldenströmmacroglob-

ulinemia, making it conceptually attractive to treat these malignancies with inhibitors of

endosomal Toll-like receptors (TLR9, TLR7) that activate MYD88. Here we show that

genetic inhibition of endosomal TLRs has the opposite effect on accumulation of

MYD88L265P B cells in vitro and in vivo. Activated mature B cells from wild-type,

Unc93b13d/3d-mutant, or Tlr9-deficient mice were transduced with retrovirus encoding

MYD88L265P and analyzed either in vitro or after transplantation into Rag12/2 recipient

mice. Unc93b13d/3d mutation, which blocks TLR9 and TLR7 signaling, or Tlr9 deficiency

suppressed MYD88L265P B-cell growth in vitro but paradoxically increased in vivo

accumulation of MYD88L265P B cells as CD19low plasmablasts by 10- to 100-fold. These

results reveal an unexpected, powerful inhibitory effect of TLR9 on MYD88L265P B-cell

proliferation and differentiation that appears independent of TLR7, and they provide a preclinical indicator for caution in clinical trials

of TLR7/9 inhibitors for MYD88L265P B-cell malignancies. (Blood. 2016;128(12):1604-1608)

Introduction

Many lymphomasare incurablewithcurrent regimens,making it essential
to identify driver mutations that can be targeted.1 The MYD88L265P

mutation occurs frequently in chronic lymphocytic leukemia, activated
B-cell type diffuse large B-cell lymphoma, and Waldenström macro-
globulinemia (WM).2-4 MYD88 is an adaptor protein downstream of
most Toll-like receptors (TLRs) and interleukin-1 (IL-1) and IL-18
receptors.5 It contains a C-terminal Toll/IL-1 receptor domain for in-
teracting with a range of receptors and an N-terminal death domain for
recruiting IL-1 receptor–associated kinases to activate the nuclear factor
kBsignalingpathway.TheL265Psubstitution in theC-terminalToll/IL-1
receptor domain constitutively activates the TLR signaling pathway to
activate nuclear factor kB, on which activated B-cell type diffuse large
B-cell lymphoma andWM cell lines rely for growth and survival.3,4

We previously found that MYD88L265P is sufficient to drive
spontaneous but self-limiting proliferation of primary mouse B cells in
vitro and invivo.6MYD88L265P-inducedproliferation in tissue culturewas
inhibited by functional deficiencies of Unc93b1 or chloroquine, which
interfere with trafficking to endosomes and signaling by nucleic acid
sensing TLR9 and TLR7, and by Tlr9 genetic deficiency.6 Pharmaco-
logical inhibitors of TLR9 may therefore be considered to treat
MYD88L265P-bearing lymphomas and WM disease, promoting a phase
1/2 trial.7 Here we report the unexpected, important finding that
interference with TLR9 signaling paradoxically promotes accumulation
ofMYD88L265P lymphoplasmablasts in vivo.

Study design

B-cell transduction, transplantation, flow cytometric, and

serum analysis

Donormicewere either wild type,Unc93b13d/3d, or Tlr92/2C57BL/6.8,9 B cells
were activated with anti–immunoglobulin M (IgM) and anti-CD40, transduced
with retroviral vectors, andwashed 3 times, and;53105 viable EGFP1Bcells
(supplemental Figure 1, available on the Blood Web site) were transplanted
into Rag12/2 recipient mice.10 Recipient spleen cells were analyzed by flow
cytometry and serum by enzyme-linked immunosorbent assay (ELISA)
11 days later, all as previously described.6,11

Results and discussion

Activated splenic B cells were transduced with a bicistronic retroviral
vector encodingMYD88L265P and green fluorescent protein (EGFP) or
a control empty vector encoding only EGFP. As found previously,6

expression ofMYD88L265P in the EGFP1Bcellswas sufficient to drive
multiple rounds of B-cell division when the cells were placed in tissue
culture without mitogens, and this in vitro proliferationwas reduced by
the Unc93b13d/3d mutation (Figure 1A-B). Half of the transduced
B cells were also transplanted into B-cell deficient Rag12/2 mice by
intravenous injection (supplemental Figure 1A-B) and enumerated in
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the spleen after 11 days by flow cytometry (Figure 1C-D). Opposite to
the findings in tissue culture, 500% more MYD88L265P EGFP1 cells
accumulatedwhen theywereUnc93b13d/3d comparedwithUnc93b1wt/wt

(Figure 1D). Further analysis of the transplanted EGFP1 B cells

expressing MYD88L265P revealed that .65% of accumulating
Unc93b13d/3d B cells but only 15% of Unc93b1wt/wt B cells adopted
a state with low surface CD19 (CD19low) and high EGFP, consistent
with the phenotype of cells that have undergone plasmablast
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Figure 1. Unc93b13d/3d mutation paradoxically increases accumulation of CD19low MYD88L265P B cells in vivo. (A) Anti-IgM plus anti-CD40 activated Unc93b1wt/wt or

Unc93b13d/3d B cells were transduced with the indicated vectors that also encoded EGFP, washed, and cultured in triplicate without mitogen (day 0) for 3 days. Mean and

standard deviation number of EGFP1 (left) and EGFP2 (right) cells were compared with the starting number on day 0 of the culture. Data are representative of 3 independent

experiments. (B) Cell division measured by cell trace violet (CTV) dilution on days 1 and 3 of culture without antigen or CD40 stimulation, gated on EGFP1 cells expressing the

indicated vectors. (C) Flow cytometric analysis of the spleens of Rag12/2 recipient mice 11 days after transplantation of transduced B cells. Plots show concatenated data

from 3 recipients per treatment: B220 vs IgM plots show the mean percentage of live spleen lymphocytes falling within the indicated IgM1 B-cell gate; CD19 vs EGFP plots are

gated on the IgM1 B cells and show the percentage of EGFP-expressing cells with either high or low levels of CD19 expression. (D) Total number of live EGFP1 cells in the spleen

of each recipient mouse. (E) Percentage of CD19low cells among live EGFP1 cells in the spleen of each recipient mouse. Total number of live CD19high EGFP1 (F) and CD19low

EGFP1 (G) cells in the spleen of each recipient mouse. Data are representative of 3 independent experiments. Statistical analysis by unpaired Student t-test. ***P , .001.
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Figure 2. Tlr9 deficiency equally increases MYD88L265P B-cell proliferation and differentiation into IgM plasmablast in vivo. (A) Flow cytometric analysis of the

spleens of Rag12/2 recipient mice 11 days after transplantation of transduced B cells. Plots show concatenated data from 3 recipients per treatment: B220 vs IgM plots show

the mean percentage of live spleen lymphocytes falling within the indicated IgM1 B-cell gate; CD19 vs EGFP plots are gated on the IgM1 B cells and show the percentage of

EGFP-expressing cells with either high or low levels of CD19 expression. (B) Total number of live EGFP1 cells in the spleen of each recipient mouse. (C) Percentage of

CD19low cells among live EGFP1 cells in the spleen of each recipient mouse. Total number of live CD19high EGFP1 (D) and CD19low EGFP1 (E) cells in the spleen of each

recipient mouse. Data are representative of 3 independent experiments. (F) Flow cytometric analysis as performed in panel A; plots show concatenated data from 4 recipients

per treatment: CD19 vs EGFP plots are gated on live cells and show the percentage of EGFP expressing cells with either high or low levels of CD19 expression; histograms

display CD138 and B220 expression and are gated on either CD19high or CD19low EGFP1 cells. (G) Plots show CD138 and IgM expression on live EGFP1 cells as analyzed in

panel F. (H) Sera IgM and IgG measured by ELISA from groups of Rag12/2 recipient mice on the day of flow cytometric analysis. Statistical analysis by unpaired Student

t-test. *P , .05; **P , .01; ***P , .001.
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differentiation (Figure 1C,E). Unc93b13d/3d mutant B cells transduced
with the control EGFP only vector did not show increased CD19low

plasmablast formation, indicating that the plasmablast accumulation
reflected cooperation between the Unc93b13d/3d mutation and
MYD88L265P (Figure 1C,E). The mean number of CD19low EGFP1

cells was increased 20-fold, whereas the number of CD19hi cells was
not increased (Figure 1F-G).

The paradoxical enhancement ofMYD88L265P induced plasmablast
formation by the Unc93b13d/3d mutation could reflect crippling of
TLR7 and TLR9 signaling or an effect on an independent inhibitory
pathway. To resolve between these possibilities, we tested if TLR9
deficiency (Tlr92/2) could recapitulate the effects of Unc93b13d/3d

mutation.Wild-type (Tlr91/1) or Tlr92/2B cells were transducedwith
empty EGFP only or MYD88L265P EGFP vectors and transplanted
into Rag12/2 recipient mice in comparable numbers (supplemental
Figure 1C-D). After 11 days, 60% of Tlr92/2 MYD88L265P EGFP1

B cells were CD19low plasmablasts, whereas Tlr91/1 B cells trans-
duced with the same MYD88L265P EGFP vector only increased in
EGFP1 percentage but did not downregulate CD19 (Figure 2A,C).
Tlr92/2MYD88L265P EGFP1 B cells accumulated in 10 times greater
number compared with Tlr91/1 B cells transduced with the
MYD88L265P EGFP vector (Figure 2B). This increase stemmed from
3-fold more CD19high and 100-fold more CD19low EGFP1 cells
(Figure 2D-E). Further analysis showed that both Unc93b13d/3d and
Tlr92/2 MYD88L265P CD19low EGFP1 cells were CD1381 B220low

unswitched plasmablasts that secreted large amounts of serum IgM
but little IgG (Figure 2F-H).The simplest interpretationof these data are
that absence of active TLR9 accounts for the effect of theUnc93b13d/3d

mutation in dramatically enhancing MYD88L265P plasmablast accu-
mulation in vivo.

Effects of TLR9 deficiency resembling those here have been
observed in lupus-prone Faslpr mutant mice, where TLR9 deficiency
increases accumulation of anti-DNA follicular B cells12 and increases
autoantibody production and disease severity.13-15 One explanation is
that TLR9 outcompetes TLR7 for association with UNC93B1.16 In
Faslpr mice, autoantibody formation in the absence of TLR9 requires
TLR7 and is inhibited by combined genetic deficiency of TLR9
and TLR717 or by the Unc93b13d/3d H412R missense mutation.18-20

By contrast, the exaggerated accumulation of Unc93b13d/3d mutant
plasmablasts observed here indicates that a different mechanism,
independent of TLR9, TLR7, or TLR3 signaling,8 accounts for
spontaneous proliferation of MYD88L265P B cells in vivo and the
inhibitory effect of TLR9 in this context.

Inhibition of TLR7/8/9 signaling has been considered as therapy
for lymphoproliferative diseases with the MYD88L265P mutation. An
inhibitory oligonucleotide is currently under evaluation in a phase 1/2
clinical trial in patients with relapsed or refractory WM.7 These in-
hibitors have also shown promising results for the suppression of cell
growth in tumor cell lines and in vivo xenografts of MYD88L265P

positive lymphomas.21 However, the preclinical observation here of
exaggerated in vivo accumulation ofMYD88L265P plasmablasts caused
by genetic inhibition of TLR9 alone or combined inhibition of
TLR9/7/3 raises the possibility that inhibiting these receptors in
patients may also paradoxically increase accumulation of malignant
B cells bearing theMYD88L265Pmutation, although we recognize that
malignant transformation may modify the phenomena observed here.

Proliferation and differentiation of MYD88L265P B cells in vivo
could be stimulated by a range of other receptors that activate MYD88
independently of UNC93B1 and recognize ligands present in the
recipient mice for transplantation experiments but not in tissue culture.
For example, in vivo growth of MYD88L265P B cells could be
stimulated by lipopolysaccharides or flagellin from bacterial flora
through TLR4 or TLR5, respectively, or by the cytokines IL-1 and
IL-18.22 The tumor necrosis factor family B-cell cytokines, B-cell
activating factor (BAFF) and a proliferation-inducing ligand (APRIL),
also activate MYD88 in B cells through transmembrane activator and
calcium-modulating cyclophilin ligand interactor.23 Interestingly,WM
patients generally express higher levels of BAFF than healthy controls,
leading to phase 1 trials of soluble transmembrane activator and
calcium-modulating cyclophilin ligand interactor–Ig fusion protein as a
BAFF/APRIL inhibitor in WM.24,25

In sum, ourfindings reveal amuchmore complex interplay between
MYD88L265P and TLRs in controlling B-cell proliferation and dif-
ferentiation, with potentially beneficial or adverse implications for
different pathway-directed therapeutics in B-cell malignancies.
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