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proximal and distal B-cell receptor signaling in mice
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Bruton’s tyrosine kinase (Btk) is a crucial signaling molecule in BCR signaling and a key
regulator of B- cell differentiation and function. Btk inhibition has shown impressive clin-
ical efficacy in various B-cell malignancies. However, it remains unknown whether inhi-
bition additionally induces changes in BCR signaling due to feedback mechanisms, a phe-
nomenon referred to as BCR rewiring. In this report, we studied the impact of Btk activ-
ity on major components of the BCR signaling pathway in mice. As expected, NF-kB and
Akt/S6 signaling was decreased in Btk-deficient B cells. Unexpectedly, phosphorylation of
several proximal signaling molecules, including CD79a, Syk, and PI3K, as well as the key
Btk-effector PLCy2 and the more downstream kinase Erk, were significantly increased.
This pattern of BCR rewiring was essentially opposite in B cells from transgenic mice
overexpressing Btk. Importantly, prolonged Btk inhibitor treatment of WT mice or mice
engrafted with leukemic B cells also resulted in increased phosho-CD79a and phospho-
PLCy2 in B cells. Our findings show that Btk enzymatic function determines phosphory-
lation of proximal and distal BCR signaling molecules in B cells. We conclude that Btk
inhibitor treatment results in rewiring of BCR signaling, which may affect both malignant
and healthy B cells.

Keywords: Acalabrutinib - B cell - BCR signaling - Bruton’s tyrosine kinase - Phosphoflow
cytometry

Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

Bruton’s tyrosine kinase (BTK) is a critical component of the BCR
signaling pathway that is crucial for development, activation, and
differentiation of B cells, and supports B-cell survival and progres-
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sion of disease in various B-cell malignancies [1, 2] . In chronic
lymphocytic leukemia (CLL) and mantle-cell lymphoma (MCL),
constitutive BCR signaling promotes clonal activation and accu-
mulation of malignant B cells [3]. Targeting BTK activity with
ibrutinib, a BTK inhibitor that covalently binds Cys481 in its
kinase domain, has demonstrated impressive clinical efficacy in
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CLL and MCL [4, 5]. Second-generation BTK inhibitors, such as
acalabrutinib, show superior efficacy with limited toxicity and
off-target side-effects [6]. Recently, a study showed that BTK
inhibitors can effectively treat other B-cell-mediated diseases as
treatment with evobrutinib decreased the formation of active
lesions in MS patients [7].

Functional BTK protein is essential for B cells, as loss-
of-function mutations in the BTK gene lead to the inherited
immunodeficiency disease X-linked agammaglobulinemia (XLA).
In these patients, B-cell development is arrested at the pre-B cell
stage, leading to an almost complete absence of peripheral B
cells and circulating antibodies [8, 9]. Although in Btk-deficient
mice, peripheral B-cell maturation and activation is significantly
affected [10-12], the B-cell developmental block in the BM is
mild. However, combined deficiency of Btk and its family member
Tec or the B-cell linker molecule SLP-65 results in a severe block in
B-cell development [13, 14]. Using an inducible knock-out model,
it was recently shown that Btk is not required for maintenance of
the existing follicular B-cell pool, although B cells did not prolif-
erate upon anti-IgM stimulation [15].

Treatment of CLL and MCL patients with ibrutinib or acal-
abrutinib strongly decreases disease activity [3-6, 16], but in
some patients prolonged exposure to BTK inhibitors is associated
with development of resistance. Therapy resistance may originate
either from genetic mutations in signaling molecules, acquired
changes in BCR signaling, or upregulation of compensatory path-
ways that provide proliferation or survival signals. In this con-
text, patients relapsing upon inhibition therapy showed mutation
of the BTK inhibitor binding site Cys481, or a gain-of-function
mutation in the BTK-downstream effector PLCy2 [17]. Acquired
mutations in various other genes, such as MYD88, TP53, SF3B1,
and CARD11, were also identified. Inhibition of driver oncogene
function is associated with rapid rewiring of signal transduction
pathways in many tumor types [18]. This phenomenon mirrors
regular feedback mechanisms in nonmalignant cells, whereby
kinase activation engages homeostatic mechanisms that inacti-
vate upstream signaling [19]. For example, a significant reduc-
tion in total BTK protein expression was observed in CLL cells
from ibrutinib-treated patients or in diffuse large B-cell lymphoma
lines chronically exposed to BTK-inhibition [17]. Conversely, BTK
protein levels are upregulated upon stimulation of mature cells
through the BCR, CD40, or TLRs [20, 21].

It remains unknown whether the observed rewiring reflects
selection of tumor cells from a heterogeneous population or
inhibitor-induced molecular changes, for example, by epige-
netic modifications. Indeed, ibrutinib treatment was associated
with substantial genome-wide changes in chromatin accessibility
and histone modifications [22]. Furthermore, the effects of Btk-
deficiency or long-term kinase inhibition on BCR signaling of non-
leukemic mature B cells remain poorly characterized.

In this report, we aimed to explore the consequences of in
vivo Btk-kinase inhibition on the phosphorylation status of key
BCR signaling molecules in splenic B cells in mice. Remarkably,
Btk-deficiency and prolonged in vivo acalabrutinib treatment was
associated with increased proximal BCR signaling and divergent
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downstream signaling in follicular B cells, but not in transitional
and marginal zone (MZ) B cells. These findings provide evidence
that BTK inhibition induces complex rewiring of BCR signaling.

Results

Btk-deficient B cells show aberrant anti-IgM-induced
activation of distal BCR signaling proteins

First, we aimed to confirm that Btk is crucial for BCR signal-
ing and compared unstimulated and anti-IgM-stimulated splenic
B2207CD21-CD23" follicular B cells from Btk-deficient (Btk~'~)
and WT mice (for gating strategy: see Supporting information Fig.
S1). The main BCR downstream pathways, Akt, NF-xB, PLCy2,
and MAPK, were analyzed by flow cytometry.

We first quantified S240/244 phosphorylation of the riboso-
mal protein S6 as a measure of activation of the Akt pathway. No
differences were detected between unstimulated Btk~'~ and WT
follicular B cells, but Btk~'~ follicular B cells displayed increased
S6 phosphorylation after 30 min and decreased S6 phosphoryla-
tion after 120-360 min of anti-IgM stimulation, compared with
WT B cells (Fig. 1A). Accordingly, in vitro culture of splenic B
cells with acalabrutinib showed that S6 phosphorylation at 120-
180 min was highly dependent on Btk kinase activity (Supporting
information Fig. S2A).

As expected [23, 24], anti-IgM-driven NF-kB activation was
decreased in Btk~~ follicular B cells, as evidenced by reduced
degradation of the inhibitory protein IkBa and reduced expression
of c-Rel protein (Fig. 1B). Although Ca?* influx was reduced upon
anti-IgM stimulation, phosphorylation of the key Btk-effector
PLCy2 (Y759) was increased in Btk™" B cells, compared with WT
B cells (Fig. 1C). Strikingly, anti-IgM-induced pErk (T202/Y204)
was significantly higher in Btk™~ B cells than in WT B cells
(Fig. 1D).

In line with the strongly reduced activation of the Akt/S6 and
NF-kB pathways, the induction of the antiapoptotic proteins Mcl-
1 and Bcl-XL by these two pathways, respectively [25, 26], was
significantly impaired in Btk~'~ follicular B cells upon 22 h stim-
ulation with anti-IgM (Fig. 1E).

Taken together, these findings indicate that Btk-deficiency
differentially affected the main distal BCR signaling path-
ways. Whereas NF-kB and Akt signaling was hampered, pErk
and pPLCy2 expression was remarkably increased in anti-IgM-
stimulated Btk~"~ B cells.

Btk-deficient B cells show increased phosphorylation
of proximal BCR signaling molecules

To more comprehensively study the effects of Btk-deficiency,
we investigated phosphorylation of key BCR proximal signal-
ing molecules in splenic follicular B cells. Upon BCR engage-
ment, the signaling cascade starts with phosphorylation of a
Src-family kinase, most probably Lyn. Both at the activating

www.eji-journal.eu
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Y424 and the inhibitory Y507 site [27], Src phosphorylation was

slightly reduced in unstimulated Btk~'~ follicular B cells. Very
surprisingly, phosphorylation at both pSrc sites was significantly
increased upon anti-IgM stimulation in Btk~~ follicular B cells
compared with WT controls (Fig. 2A; Supporting information Fig.

S2B).

Bcl-XL protein - PE
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Figure 1. BCR signaling is rewired
in Btk-deficient follicular B cells. (A)
Ribosomal protein S6 phosphorylation
kinetics represented by percentage of
positive cells in follicular splenic B
cells after 30, 60, 120, 180, and 360 min
incubation with anti-IgM stimulation.
(B) Quantification by geometric mean
fluorescence intensity (gMFI) for IxBa
protein degradation after 1 h and c-Rel
protein after 22 h of anti-IgM stimu-
lation of follicular splenic B cells. (C)
gMFI for pPLCy2 after 5 min of anti-
IgM stimulation (left) and Ca?* influx
measurement (right) in B220" B cells
upon stimulation with 25 pg anti-IgM
in WT and Btk~/~ mice, representative
for five mice analyzed. (D) gMFI for Erk
phosphorylation after 5 min of anti-
IgM stimulation. (E) Quantification by
gMFI for Mcl-1 and Bcl-XL after 22 h
of anti-IgM stimulation. Representa-
tive histogram overlays are depicted on
the right of all panels. All data were
measured by flow cytometry. Symbols
represent individual mice and lines
indicate mean values. Graphs repre-
sent three to four individual experi-
ments, each graph with 5-6 mice per
group. Btk-deficient (Btk/~) mice and
WT controls were 8-12 weeks old;
*p < 0.05, *p < 0.01 by Mann-Whitney
U test.

While basal pCD79a (Y182) was only slightly increased in
Btk~~ follicular B cells, the level of anti-IgM-induced pCD79a
was remarkably higher in Btk™~ B cells than in WT B cells
(Fig. 2B). This phenomenon was not due to high CD79a pro-
tein expression in Btk~~ follicular B cells. On the contrary, in

Btk~~ follicular B cells CD79a expression was somewhat lower,

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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Figure 2. Proximal BCR signalingis strongly increased in Btk-deficient follicular B cells. (A) Quantification by geometric mean fluorescence intensity
(gMFTI) for either 5 min for pSrc-Y424 or pSrc-Y507 of anti-IgM stimulation and gated for follicular B cells. (B) Quantification gMFI for pCD79a after 5
min of anti-IgM stimulation in Btk~/~ follicular B cells compared to WT counterparts. (C-D) Quantification (gMFI) after 5 min of anti-IgM stimulation
for (C) pSyk and pSLP-65, 1 min for pPI3K p85 and (D) 3 min for pSHP-1 in follicular B cells. Representative histogram overlays are depicted on the
right. All data were measured by flow cytometry. Symbols represent individual mice and lines indicate mean values. Graphs represent three to four
individual experiments, each graph with 4-6 mice per group; Btk-deficient (Btk~/~) mice and WT controls were 8-12 weeks old; *p < 0.05, *p < 0.01

by Mann-Whitney U test.

yet CD79b expression was higher than in WT B cells (Supporting

information Fig. S3A).

Like pCD79a, also anti-IgM-induced phosphorylation of Syk
(Y348), SLP-65 (Y84), and the p85 PI3K subunit (Y458) was
significantly increased in Btk~~ follicular B cells (Fig. 2C).

© 2021 The Authors. European Journal of Immunology published by

Wiley-VCH GmbH

Protein levels of Syk and PLCy2, however, were decreased or
unchanged in Btk~'~ follicular B cells (Supporting information
Fig. S3A). Unstimulated Btk~~ follicular B cells displayed
reduced phosphorylation of SHP-1 at Y564, a phosphatase with
the capacity to dephosphorylate BCR downstream targets and are

www.eji-journal.eu
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recruited by inhibitory receptors such as CD5, CD22, and Siglec-
G [28-30]. Upon anti-IgM stimulation, however, pSHP-1 was
similar in Btk~~ and WT follicular B cells (Fig. 2D), indicating
that the increased anti-IgM-induced phosphorylation of proximal
BCR signaling molecules in Btk B cells cannot be explained by
reduced SHP-1 phosphatase activity.

In summary, anti-IgM-induced phosphorylation of key prox-
imal BCR signaling molecules was significantly higher in Btk-
deficient than in WT follicular B cells, indicating that the absence
of Btk is associated with rewiring of BCR signaling.

Limited BCR rewiring in Btk-deficient splenic
transitional and MZ B cells

As we previously found differences in basal PLCy2 phosphoryla-
tion across transitional, follicular and MZ B cells in the spleen of
WT mice [31], we next investigated basal phosphorylation and
BCR signaling responsiveness in WT mice in these three splenic
B-cell subpopulations. Compared to follicular B cells, basal phos-
phorylation of CD79a, Syk, PLCy2, Erk, and S6 was similar or only
slightly higher in T1 transitional B cells (Fig. 3A; see for gating:
Supporting information Fig. S1). However, upon BCR stimulation
transitional T1 B cells showed an enhanced responsiveness to BCR
engagement compared to follicular B cells for CD79a, Syk, PLCy2,
and Erk, whereas anti-IgM-induced pS6 was reduced (Fig. 3A). In
contrast, in MZ B-cell basal phosphorylation of Syk, PLCy2, Erk,
and S6 was significantly increased, compared to follicular B cells.
Upon BCR stimulation, MZ B cells exhibited increased phosphory-
lation of CD79a, Syk, PLCy2, and Erk when compared with follicu-
lar B cells (Fig. 3A). However, the proportions of pS6-positive cells
following anti-IgM stimulation were comparable between MZ and
follicular B cells (Fig. 3A). Essentially, these findings imply that—
except for pS6—T1 transitional B cells are more responsive to
BCR signaling and that MZ B cells show a preactivated basal sig-
naling, when compared to follicular B cells.

Next, we investigated whether BCR signaling was altered in
Btk™~ T1 and MZ B cells. Whereas we observed limited dif-
ferences between Btk™”~ and WT T1 B cells in basal phospho-
rylation of CD79a, Syk, and Erk, phosphorylation of Src-Y424,
Src-Y507, PLCy2, and S6 was significantly lower in Btk~~ T1 B
cells (Fig. 3B). BCR stimulation of Btk~~ T1 B cells resulted in
higher pCD79a, similar to pSrc-Y424, pSrc-Y507, pSyk, pPLCy2,
and pErk, and reduced pS6, compared with WT T1 B cells.

In Btk”/~ MZ B cells, basal phosphorylation of all signaling
molecules was significantly lower than in WT MZ B cells, except
for Syk (Fig. 3B). Differences were generally moderate, but con-
siderable for pSrc-Y424, pSrc-Y507, and pS6. BCR stimulation of
Btk~~ MZ B cells resulted in significantly higher pCD79a, similar
to pSrc-Y424, pSrc-Y507, pSyk, pPLCy2, and pErk, and reduced
pS6, compared with WT MZ B cells, paralleling our findings in T1
B cells.

Taken together, we observed complex BCR signaling differ-
ences across different splenic B-cell subpopulations. Compared
with Btk-deficient follicular B cells both splenic transitional and

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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MZ B cells showed only limited BCR rewiring, characterized by
modestly increased pCD79a and decreased pS6.

Enhanced upstream BCR signaling in Btk~ B cells is
independent of differences in IgM/IgD profile

As Btk-deficient B cells have increased IgM expression and fail
to fully upregulate IgD [10, 32, 33], we investigated whether
an altered IgM/IgD expression profile contributed to the strong
increase in proximal signaling in Btk~~ B cells. To compare fol-
licular B cells with similar BCR expression levels between Btk™~
and WT mice, we gated for nine different populations (P1-9) with
variable expression for IgD and Igk/ light chain (Fig. 4A).

All nine gated populations showed higher CD79a phosphory-
lation in anti-IgM-stimulated Btk~/~ B cells than in WT B cells,
showing that increased pCD79a in Btk~'~ follicular B cells is inde-
pendent of the IgM/IgD profile (Fig. 4B). Increasing Igk/\ expres-
sion, while retaining similar IgD expression resulted in increased
pCD79a signaling of WT B cells and even more so in Btk~'~ fol-
licular B cells (most evident in the P7-P8-P9 comparison). The
IgM/1gD expression profile (with similar total Ig surface expres-
sion, inferred from Igk/\ signals) appeared to control the magni-
tude of the pCD79a response in Btk B cells: pCD79a expression
further increased in Btk~'~ but not in WT follicular B cells with
lower IgD expression values, for example, in a P2-P5-P8 com-
parison (Fig. 4B and C). Similar results were found for pPLCy2
(Fig. 4D and E). Last, we stimulated B cells with F(ab”),-Igk light
chain fragments to check whether signaling is increased in Btk ™~
B cells when stimulating both the IgD and IgM BCR and found
that this was indeed the case (Fig. 4F).

Collectively, these data show that IgM and IgD expression
differences between Btk~ and WT B cells cannot explain the
increased BCR responsiveness and rewiring in Btk~~ follicular B
cells.

Proximal BCR signaling is enhanced in follicular B
cells overexpressing Btk

Given that Btk-deficiency strongly affected phosphorylation of
both proximal and distal BCR signaling molecules, we investi-
gated whether overexpression of Btk protein had opposite effects.
Indeed, when we analyzed B cells from CD19-hBtk transgenic
mice with B-cell-specific overexpression of human BTK, we found
that CD79a phosphorylation was significantly decreased both in
unstimulated and anti-IgM stimulated follicular B cells (Fig. 5A).
Also, a trend of decreased BCR responsiveness to anti-IgM stim-
ulation was observed by calculating the ratio geometric mean
fluorescence intensity (gMFI) between stimulated and unstimu-
lated follicular B cells for pPLCy2 and pBtk, although this was
not significant (Fig. 5B and C). This could not be explained
by decreased protein levels, because expression of CD79a was
only slightly reduced and levels of other BCR signaling protein,
including pPLCy2, were essentially unchanged compared to WT B

www.eji-journal.eu
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Figure 3. Limited rewiring of BCR signaling in Btk-deficient marginal zone and transitional type 1 B cells. (A) Quantification by geometric mean
fluorescence intensity (gMFI) after 5 min of anti-IgM stimulation for pCD79a, pSyk, pPLCy2 and pErk or by percentage of positive cells after 3 h
stimulation with anti-IgM for pS6 in transitional type 1 (T1), marginal zone (MZ) and follicular (Fol) B cells from WT mice. (B) Quantification by gMFI
after 5 min of anti-IgM stimulation for pSrc-Y424, pSrc-Y507, pCD79a, pSyk, pPLCy2, and pErk or by percentage of positive cells after 3 h stimulation
with anti-IgM for pS6 in T1 and MZ B cells from the indicated mice. All data were measured by flow cytometry. Symbols represent individual
mice and lines indicate mean values. Graphs represent two to three individual experiments, each graph with 4-6 mice per group; Btk-deficient
(Btk~/~) mice and WT controls were 8-12 weeks old; *p < 0.05, *p < 0.01 by Kruskal-Wallis with Dunn’s multiple comparison posthoc test (A) or

Mann-Whitney U test (B).

cells (Supporting information Fig. S3B). Also, CD19-hBtk follicu-
lar B cells showed increased pErk in unstimulated and anti-IgM-
stimulated B cells, whereby BCR responsiveness was comparable
to WT counterparts (Fig. 5D).

Other distal signaling pathways did show the expected
pattern: in CD19-hBtk B cells anti-IgM-induced NF-kB acti-
vation was enhanced, since IkBa degradation was increased
(Fig. 5E). As previously reported [34], anti-IgM-induced
activation of the Akt/S6 signaling pathway was enhanced
(Fig. 5F).

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

Taken together, these findings show that increased Btk expres-
sion and Btk-deficiency had essentially opposite effects on BCR
signaling, perhaps with the exception of Erk phosphorylation.

Single-dose in vivo Btk inhibition mainly affects distal
BCR signaling molecules

Next, we aimed to study whether inhibition of Btk kinase
activity would cause similar rewiring of BCR signaling as

www.eji-journal.eu
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observed in Btk™~ follicular B cells. We treated WT mice
in vivo with acalabrutinib or vehicle control by oral gav-
age. After 3 h of treatment, anti-IgM-induced calcium sig-
naling was strongly decreased in follicular B cells from
acalabrutinib-treated mice compared with these cells from
vehicle-treated control mice (Fig. 6A). The proximal signal-
ing molecules analyzed essentially showed somewhat decreased
basal signaling in follicular B cells after acalabrutinib treat-
ment (Fig. 6B). Upon anti-IgM stimulation, phosphorylation
of CD79a was significantly decreased in follicular B cells
from acalabrutinib-treated mice, but other proximal signaling
molecules retained similar levels of anti-IgM-induced phosphory-

© 2021 The Authors. European Journal of Immunology published by
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lation, compared to follicular B cells from vehicle-treated mice
(Fig. 6B).

By contrast, analysis of distal BCR signaling molecules
revealed that Erk and pS6 phosphorylation and IkBa degrada-
tion were significantly reduced in anti-IgM-stimulated B cells
from acalabrutinib-treated mice, compared with control mice
(Fig. 6C).

In conclusion, in vivo acalabrutinib administration strongly
affected distal mediators of the BCR signaling cascade within 3 h,
as expected. Moreover, Btk inhibition had subtle upstream effects,
particularly resulting in reduced phosphorylation of the very prox-
imal CD79a BCR signaling molecule.
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Figure 5. Decreased proximal signaling in CD19-hBtk follicular B cells. (A-F) Splenic cells of CD19-hBtk Btk-overexpressing mice and WT controls
were stimulated for either 5 min for pCD79a (A), pPLCy2 (B), pBtk (C), and pErk (D), 1 h for IkBa (E) or 3 h for pS6 (F) and gated for follicular B cells
after the indicated in vitro stimulation with anti-IgM. All panels show quantification by geometric mean fluorescence intensity (gMFI)(A-E) or by
percentage of positive cells (pS6; F)(left), a histogram overlay of representative samples (middle) and stimulation ratio calculated by fold increase in
anti-IgM-stimulated gMFI compared to unstimulated counterparts (right). All data were measured by flow cytometry. Symbols represent individual
mice and lines indicate mean values. Graphs represent two to three individual experiments, each graph with five mice per group; CD19-hBtk and
WT mice were 8-12 weeks old; *p < 0.05, **p < 0.01 by Mann-Whitney U test.

Prolonged in vivo Btk inhibition mimics rewiring of
BCR signaling as observed in Btk-deficient mice

Next, we treated WT mice with acalabrutinib or vehicle in drink-
ing water for 5 days, to investigate rewiring following prolonged
kinase inhibition.

Compared to B cells from vehicle-treated mice, calcium influx
following anti-IgM stimulation was decreased in B cells from
acalabrutinib-treated mice and similar to Btk~~ B cells (Fig.
7A). Follicular B cells from acalabrutinib-treated mice showed
increased IgM and similar IgD expression, reminiscent of the
IgM/IgD profile of B cells in Btk™~ mice, while expression of
CD79b was increased and Btk protein was decreased (Supporting
information Fig. S4A). Phosphorylation of CD79a and PLCy2 was
increased upon stimulation with anti-IgM in acalabrutinib-treated
follicular B cells compared to vehicle-treated counterparts (Fig.
7B and C). We also observed increased BCR responsiveness
of acalabrutinib-treated follicular B cells for pSrc-Y424 and

© 2021 The Authors. European Journal of Immunology published by
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pSrc-Y507 (Fig. 5D), although this was mainly due to the
decreased basal signaling (Supporting information Fig. S4B).

Prolonged acalabrutinib treatment strongly affected distal BCR
signaling: IkBa degradation and phosphorylation of Akt and S6
were significantly reduced (Supporting information Fig. S4C and
D). Acalabrutinib treatment reduced basal Erk signaling, but
the anti-IgM-induced phosphorylation was similar, resulting in
increased BCR responsiveness for pErk (Supporting information
Fig. 4E).

Finally, we investigated whether BCR rewiring is also induced
upon Btk inhibition in malignant B cells, we employed a chronic
lymphocyte leukemia (CLL) mouse model. We transferred EMC6
CLL cells, derived from the IgH.TEp mice that spontaneously
develop CLL [35, 36] intraperitoneally into Ragl '~ mice (Fig.
7E). After 12 days, we detected circulating IgM*tCD5* CLL cells
confirming EMC6 engraftment in these Ragl '~ mice, in line with
published findings [36]. To study the effect of in vivo Btk inhi-
bition in CLL cells, we treated the mice with the Btk-inhibitor
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ibrutinib, or vehicle as a control, for a maximum of 14 days
(Fig. 7E). Treatment with ibrutinib significantly enhanced the
survival as compared to vehicle-treated mice (Fig. 7F), with two
ibrutinib-treated mice reaching the experimental end-point of 20
days after start of treatment. We analyzed spleens of end-stage
CLL mice, implying that for ibrutinib-treated mice the analysis
was performed approximately 3 to 5 days after the end of 14-
day treatment. In line with findings in acalabrutinib-treated WT B
cells, the engrafted EMC6 CLL cells showed significantly enhanced
upstream BCR signaling compared to WT controls, as evidenced
by increased phosphorylation of CD79a, Syk, SLP-65, and PLCy2
(Fig. 7G). The increased phosphorylation could not be explained
by increased total protein levels of these signaling molecules (Sup-
porting information Fig. S5A and B).

Taken together, these data show that prolonged in vivo Btk
inhibition results in rewiring of BCR signaling pathways, both
upstream and downstream of Btk, in follicular B cells, paralleling

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

our findings in Btk-deficient mice. Moreover, in vivo Btk inhibi-
tion was also associated with a similar rewiring of BCR signaling
in leukemic B cells.

Discussion

Btk protein is a crucial BCR signaling protein and tight regula-
tion of expression levels and kinase activity are important for nor-
mal B-cell development and function. Btk inhibition is a success-
ful treatment for several B-cell malignancies, but its (long- term)
effects on signaling have not been assessed. Our findings implicate
that Btk inhibition may have more far-reaching effects than pre-
viously anticipated. In addition to downstream signaling routes,
Btk inhibition also affects proximal upstream BCR signaling and
rewires the entire BCR signaling cascade.
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Downstream signaling by NF-kB and Akt was shown to be criti-
cally dependent on Btk protein [23, 24, 37]. Conversely, we previ-
ously showed that Akt signaling is enhanced in Btk-overexpressing
B cells upon BCR stimulation [34]. In vitro blockade of Btk-kinase
activity leads to decreased basal signaling of Akt, NF-kB, and ERK
in B cells from CLL patients and mouse models [36, 38, 39].
Decreased basal downstream signaling was also observed after 1-
4 weeks in vivo acalabrutinib treatment in a TCL-1 adoptive trans-
fer CLL model [39], however, BCR responsiveness or proximal
signaling were not investigated. Here, we also observed effects
on basal signaling in nontransformed B cells, however, the most
apparent difference was the strongly decreased response to BCR
stimulation upon in vivo acalabrutinib treatment.

Btk-deficient and X-chromosome-linked immunodeficiency
mice show decreased calcium signaling upon BCR stimulation
[40, 41]. While basal calcium is unchanged in CD19-hBtk B
cells, anti-IgM-induced calcium influx is enhanced in CD19-hBtk
B cells [42]. A very recent study showed that B cells with strongly
impaired calcium influx capacity show altered pS6 kinetics, result-
ing in an earlier pS6 peak and a decreased capacity to induce
other downstream mediators including Myc and IRF4 [43]. This
is similar to our findings in Btk '~ follicular B cells, which showed
increased pS6 at 30 min but decreased pS6 at 180 min of anti-IgM
stimulation compared to WT controls. It is, therefore, likely that
Btk-dependent calcium signaling alters pS6 signaling kinetics, and
may thereby impact B-cell survival.

Interestingly, anti-IgM-induced pErk was markedly increased
specifically in follicular B cells from Btk~'~ and acalabrutinib-
treated mice, compared to untreated WT mice. Because Erk was
shown to be crucial for survival and differentiation of immature B
cells in a mouse strain with low-surface BCR levels [44], it is con-
ceivable that enhanced Erk signaling is advantageous for Btk~/~
follicular B cells. Further experiments are required to investigate
why this is not the case for T1 or MZ B cells in Btk~~ mice, in
which Erk signaling is comparable to WT mice.

Very surprisingly, we found that Btk activity dictated the sig-
naling of proximal BCR signaling molecules in follicular B cells.
While Btk inhibition significantly reduced anti-IgM-mediated
CD79a phosphorylation within 3 h of in vivo acalabrutinib treat-
ment, genetic Btk-deficiency, or prolonged acalabrutinib treat-
ment increased BCR responsiveness for the entire proximal sig-
naling hub. Our findings are in concordance with the reported
increased BCR-induced pCD79a and pSyk in Btk™'~ mice [45]. In
this study, in vitro inhibition by ibrutinib resulted in reduced pSyk,
even in Btk™'~ B cells [45], indicating an off-target effect of ibru-
tinib. Very recently, BCR rewiring was also reported in a mouse
model with B-cell specific deletion of TNF receptor associated fac-
tor 3 (TRAF3); TRAF3-deficient B cells showed increased BCR
responsiveness in upstream signaling molecules, enhanced cal-
cium influx, and pErk signaling upon BCR stimulation [46]. This
is similar to our findings, although we did not observe increased
calcium signaling. This could either relate to calcium being a quite
direct downstream of target of Btk, or that increased phosphatase
signaling downregulates the calcium response. Likewise, it cannot
formally be excluded that off-target effects contributed to BCR-
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induced kinome fingerprint changes in samples from CLL patients
before and after ibrutinib treatment [47]. The observed marked
increase in the BCR-induced kinome signature might be related
to increased surface IgM expression in patients receiving therapy.
However, our analyses in Btk-deficient mice (Fig. 4) indicated that
enhanced signaling was observed irrespectively of the differences
in IgM/IgD profilewhich controls B-cell responsiveness [48, 49]—
between Btk ~ and WT B cells.

The mechanisms by which Btk controls upstream signaling
remain elusive, particularly because Btk differentially affects prox-
imal signaling in follicular, T1, and MZ B cells. Several findings,
for example, for CD79a, indicate that the mechanisms involved
are even remarkably complex. First, acalabrutinib can both reduce
and increase anti-IgM-induced pCD79a (after 3 h and after 5 days
of in vivo treatment, respectively). Second, both Btk-deficiency
and Btk-overexpression reduce CD79a protein levels in B cells.
Third, signaling in Btk~~ follicular B cells could be enhanced
due to increased availability of CD79b molecules for IgM. How-
ever, the interpretation of these findings is complicated, because
of the concomitant decrease in CD79a, which (i) is the limiting
component during BCR assembly in the ER [50] and (ii) involved
as homodimer in CD19 signaling B cells [51]. In addition, while
our approach provides evidence for extensive rewiring, caution
should be taken when interpreting data, because of the pres-
ence of multiple—activating or inhibiting—phosphorylation sites
on signaling molecules, only some of which can be analyzed by
available phospho-specific antibodies. Given that Btk activity reg-
ulates many crucial transcription regulators in B cells, includ-
ing NF-kB, NFAT, Fos/Jun [52, 53], it is likely that Btk inhibi-
tion does not only rewire BCR signaling by direct phosphoryla-
tion of signaling molecules but also by regulating their transcrip-
tion. Since, we found that rewiring events in vivo takes a couple
of days, it is to be expected that BTK does not only act directly
as a kinase (and may activate phosphatases), but also indirectly
regulates transcription of signaling molecules or their regula-
tors. This would be supported by the recently reported epigenetic
changes induced during ibrutinib therapy [22], as well as our
transcriptome comparison of Btk-overexpressing and WT B cells,
showing differential expression of many kinases, phosphatases,
as well as transcription regulators [J.R., R.W.H., unpublished
findings].

Our findings may have implications for the treatment of
autoimmune and malignant diseases, although it is currently
unknown whether BTK inhibition in human B cells is also associ-
ated with BCR rewiring. In B-cell malignancies, potential rewiring
may be dampened by sequential or combination therapies of
BTK inhibitors with the Bcl-2 inhibitor venetoclax [54, 55] or
potentially PI3K inhibitor idelalisib. However, BCR signaling mod-
ulation by Btk inhibition is also relevant for other B-cell-mediated
diseases, because Btk inhibitors were effective in numerous
autoimmune mouse models [56, 57] and MS patients [7] and
are currently tested in clinical trials for autoimmune disease
and coronavirus disease 2019 (COVID-19) inflammation [2, 58].
In-depth analysis of BCR responsiveness and activation of B cells
from autoimmune or COVID-19 patients following Btk inhibition
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should show how nonmalignant B cells respond to ibrutinib
therapy.

For inflammatory diseases, the consequences of BCR rewiring
will likely be very different, because therapeutic intervention is
not aimed at depletion of malignant B cells, but rather at regula-
tion of B-cell function. Nevertheless, inferred from our findings in
mice that BTK inhibition induces rewiring of both distal and proxi-
mal BCR signaling, in leukemic patients also signaling responsive-
ness of healthy B cells will be substantially altered. Therefore, it
will be valuable to include a detailed analysis of BCR signaling, in
future clinical trials of Btk inhibitors both in B-cell malignancies
and in autoimmune disease.

Materials and methods

Mice and genotyping

Btk-deficient (Btk~") [33], CD19-hBtk [59], and Ragl-deficient
(Ragl~~) were on the C57BL/6 background [60] mice were
genotyped by PCR. Nontransgenic littermates or C57/BL6 mice
(Charles River, Wilmington, MA, USA) were used as WT con-
trols. For in vivo Btk-kinase inhibition experiments, we used WT
CBA/J mice (Janvier, Le Genest-Saint-Isle, France). Mice were
bred and kept under specified pathogen-free conditions in the
Erasmus MC experimental animal facility. All experimental proto-
cols were reviewed and approved by the Erasmus MC Committee
for animal experiments (DEC).

Flow cytometry and calcium influx

Splenic cell suspensions were prepared in RPMI 1640 supple-
mented with 2% FCS (RPMI-2% FCS) by mechanical disruption
using 100 wm strainers (Corning, NY, USA). To stain for CD79a
and CD79b protein, 2 x 10° cells were incubated in MACS buffer
(PBS/0.5% BSA/2mM EDTA) with combinations of monoclonal
antibodies (Supporting information Table S1) and stained accord-
ing to previously described procedures [42] and adhered to gen-
eral guidelines for flow cytometry [61]. To detect CD79a protein
intracellularly; cells were fixed using 2% paraformaldehyde (PFA)
in PBS and permeabilized using 0.5% Saponin (Sigma Aldrich, St.
Louis, MO, USA) in MACS buffer.

To measure activation of antiapoptotic and survival path-
ways, 0.5 x 10° splenic cells were cultured in RPMI-5% FCS at
37°C for 22 h for Bcl-XL (Cell Signaling Technologies, Danvers,
MA, USA), Mcl-1 (Abcam, Cambridge, UK), and c-Rel (Miltenyi
Biotec, Bergisch Gladbach, Germany), or 1 h for IkBa (Invitro-
gen, Waltham, MA, USA) expression. Splenic cells were stim-
ulated with 25 pg/mL anti-mouse antigen-binding F(ab’),-IgM
fragments (anti-IgM; Jackson Immunoresearch, West Grove, PA,
USA) or left unstimulated. Subsequently, cells were stained for cell
surface markers and viability on ice in the dark. To detect intra-
cellular proteins, we fixed the cells with 2% PFA in PBS for 10
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min followed by permeabilization using 0.5% Saponin in MACS
buffer.

To measure intracellular calcium mobilization, 5 x 10° spleno-
cytes were incubated with Fluo3-AM and Fura Red-AM fluoro-
genic probes (Life Technologies, Carlsbad, CA, USA), as previously
described [34, 36]. During measurements, cells were stimulated
with 25 pg/mL anti-IgM after running a 30 s baseline.

Upon completion of the staining procedure, samples
were measured in MACS buffer on an LSR-II (BD Bio-
sciences, San Jose, CA, USA) and analyzed using FlowJo v10
(BD Biosciences).

Phosphoflow cytometry

For phosphoflow experiments, 0.5 x 10° cells were cultured in
RPMI-2% FCS at 37°C for 1 min for pPI3K p85 (Cell Signal-
ing Technologies), 3 min for pSHP-1 (Cell Signaling Technolo-
gies), 5 min for pSrc (Abcam), pLyn (Abwiz Bio, San Diego,
CA, USA), pCD79a (Cell Signaling Technologies), pSyk, pSLP-
65, pPLCy2, and pErk (all BD Biosciences) or for 3 h for pS6
and pAkt (both Cell Signaling Technologies) with 25 pg/mL
anti-IgM or antigen-binding F(ab’),-Igk fragments (anti-IgK; Jack-
son Immunoresearch). After fixation with the eBioscience FoxP3
staining kit Fix/Perm solution, cells were washed twice with
the accompanying Perm/Wash solution (Invitrogen). Next, cells
were incubated with varying combinations of monoclonal anti-
bodies (Supporting information Table S1) and stained accord-
ing to previously described procedures [31]. After staining for
the phosphoproteins, samples were measured in MACS buffer on
an LSR-II (BD Biosciences) and analyzed using FlowJo v10 (BD
Biosciences).

In vitro and in vivo treatment with acalabrutinib

In vitro cultures were performed by pretreating 0.5 x 10° splenic
cells with 1 uM acalabrutinib (ACP-196; MedChemExpress, Mon-
mouth Junction, NJ, USA) or 1 oM DMSO in RPMI-2% FCS for
3 h at 37°C. Cells were subsequently stimulated with 25 pg/mL
anti-IgM or alternatively RPMI-2% FCS was added as unstimu-
lated control.

For single-dose experiments for in vivo Btk-kinase inhibition,
CBA/J WT mice were treated with one dose of 25 mg/kg acalabru-
tinib in vehicle solution (Trappsol®Cyclo (2-Hydroxypropyl-beta-
cyclodextrin [HPBCD]); CTD inc, Gainesville, FL, USA) or vehicle
alone by oral gavage. Mice were sacrificed 3 h after acalabrutinib
administration.

For prolonged in vivo treatment, CBA/J WT mice received 0.16
mg/mL acalabrutinib diluted in vehicle or vehicle alone formu-
lated in drinking water [39] for 5 days, which corresponds with
administration of a daily dose of 25 mg/kg.
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Adoptive transfer EMC6 in Rag1~~ mice and ibrutinib
treatment

To study the effects of Btk inhibitors on BCR signaling in leukemia,
1 x 10° cells EMC6 CLL cells—a cell line derived from the
IgH.TEp CLL mouse model [35]—were intraperitoneally injected
into Ragl™~ mice [36]. Mice were monitored for the onset
of leukemia by blood screening and randomized into different
groups based on the percentage of leukemic cells in circulation
prior to treatment, as previously described [38]. After 12 days,
EMC6-engrafted Ragl~~ mice received 0.16 mg/mlL ibrutinib
[62] diluted in vehicle or vehicle alone formulated in drinking
water for 14 days. After 14 days of treatment, mice again received
regular drinking water. Mice were euthanized upon development
of severe signs of disease, for example, difficulty to breath and
aversion to activity, or at the experimental end-point of 20 days
after start of ibrutinib treatment.

Statistical analysis

Statistical differences were calculated in GraphPad Prism 5 soft-
ware (GraphPad Software Inc; San Diego, CA, USA) by Mann-
Whitney U test or Kruskal-Wallis test with Dunn’s multiple com-
parison posthoc test. A Log Rank test was performed to calculate
differencse in survival for CLL-engrafted Ragl /~ mice. p values
<0.05 were considered significant.
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