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Abstract

Bruton’s tyrosine kinase (Btk) is a crucial regulator of B cell signaling and is a therapeutic target
for lymphoma and autoimmune disease. BTK-deficient patients suffer from humoral
immunodeficiency, as their B cells fail to progress beyond the bone marrow. However, the role of
Btk in fully developed, mature peripheral B cells is not well understood. Analysis using BTK-
inhibitors is complicated by suboptimal inhibition, off-target effects, or failure to eliminate BTK’s
adaptor function. Therefore a Btk'1°%/Cre-ER"2 mouse model was developed and used to excise
Btk after B cell populations were established. Mice lacking Btk from birth are known to have
reduced follicular (FO) compartments, with expanded transitional populations, suggesting a block
in development. In adult Btk19%/Cre-ERT? mice, Btk-excision did not reduce FO B cells, which
persisted for weeks. Autoimmune-prone B1 cells also survived conditional Btk-excision,
contrasting their near-absence in global Btk-deficient mice. Therefore Btk supports BCR-signaling
during selection into the follicular and B1 compartments, but is not needed to maintain these cell
populations. B1-related natural IgM levels remained normal, contrasting global Btk-deficiency, but
B cell proliferation and T-independent type Il immunization responses were blunted. Thus, B cells
have nuanced signaling responses that are differentially regulated by Btk for development,
survival, and function. These findings raise the possibility that Btk may also be expendable for
survival of mature human B cells, therefore requiring prolonged dosing to be effective, and that
success of BTK-inhibitors may depend in part on off-target effects.

Bruton’s tyrosine kinase (Btk) is a Tec-family kinase expressed in B lymphocytes and in
innate immune cells. Btk plays a role in signaling through the B cell receptor (BCR), as well
as through innate receptors such as the Fcry receptor (FcyR) and various toll like receptors
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(TLRs)(1-6). The role of Btk has been mostly studied in B lymphocytes. In BTK-deficient
human patients, B cells fail to progress beyond the bone marrow resulting in fewer than 1%
normal circulating B cells, together with severe hypogammaglobulinemia. However, the role
of BTK in established peripheral B cells populations is unknown. The recent emergence of
small molecular BTK-inhibitors, and interest in their use for treatment of autoimmune
disease, highlights the importance of understanding the actions of Btk in mature B cell
populations, which will already have developed beyond the bone marrow when drug dosing
begins.

In mice, Btk is not required for maturation in the bone marrow and B cells are able to move
into the periphery. However, there is a ~50% decrease in the total number of peripheral B
cells in Btk-deficient B6 mice (4). This seems to be due to a developmental block, with
increased proportions of late transitional (T2) B cells and a concurrent loss of mature naive
follicular B cells (4, 7-9). The effects of Btk-deficiency on autoreactive B cells are more
severe. Innate-like B1 cells, the anergic autoreactive Anl subset, and transgenic anti-insulin
and anti-DNA B cells are all absent or impaired in Btk-deficient models (4, 10, 11). B1 cells
are initially generated in fetal liver and found primarily in peritoneal and pleural cavities
(12). They exhibit slow turnover, are self-renewing, and produce polyreactive natural IgM
that is germline-configured to recognize bacterial antigens but can also cross-react with
autoantigens (13). B1 cells quickly respond to antigen and are therefore well-suited for early,
T-independent responses to infection (14, 15). Signaling through the B cell receptor (BCR)
is regulated differently in B1 cells as compared to their B2 counterparts. B1 cells do not
mobilize calcium or proliferate in response to BCR crosslinking, but have higher basal levels
of cytoplasmic free calcium (16, 17), characteristics they share with the anergic, autoreactive
Anl B cell subset (18). Both cell subsets also exhibit constitutive ERK (extracellular signal-
related kinase) phosphorylation (19, 20). Btk-deficient mice lack B1 B cells and natural IgM
(21) and are unable to respond to T-independent immunization due to the loss of this B cell
population (22-24). Humans are reported to have a similar subset of polyreactive IgM-
producing B cells, found in umbilical cord and adult peripheral blood, which are
characterized by expression of CD20, CD27, and CD43 (25-27).

The reliance of autoreactive-prone subsets such as Anl and B1 cells upon Btk for
development has been well studied, but the lack of an inducible knockout model has
rendered Btk’s role in their survival and function unclear. One study used an inhibitor to
study Btk’s role in mature B cell subsets (28); however, this inhibitor also inhibits TEC and
BMX and has a half-life of only five hours. Discrete study of the specific role of Btk
therefore requires a genetic knock-down model. The studies reported here use a newly
developed Bzkf°% /Cre-ERT? model and show that Btk is not required for the survival of
mature naive follicular B cells, the B1 subset or the production of natural IgM, but is
required for B cell responses to a T-independent polysaccharide antigen. These data show
for the first time the differential contribution of Btk to the development, survival, and
function of B lymphocytes.
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Materials and Methods

Mice and Cre-ERT2 induction

Bitk19% mice were developed at the University of Miami Transgenic Mouse facility. Mice
with the potential for conditional deletion of the Btk gene were generated from C57BL/6
embryonic stem cells from EUCOMM (clone HEPD0522_1 Al11) carrying LoxP-flanked
Btk exons 6 and 7 (Btk1°%) and ned gene and a lacZ reporter genes flanked by FRT sites. To
generate conditional-ready Btk mice, the ned” and lacZ reporter genes were deleted by
crossing the mice to C57BI/6 Flp deleter mice (Taconic). For inducible deletion of Btk,
Bitk19X mice were paired with a mouse expressing a tamoxifen (Tam)-inducible estrogen
receptor. Cre-ERZ mice were purchased from the Jackson Laboratory (B6.Cg-Tg(UBC-cre/
ERT2)1Ejb/1J). Btk B6 mice were generated as previously described (4). Mice were bred
and maintained under specific pathogen free conditions. To induce Cre activation, mice were
injected intraperitoneally (1.P.) on days -2, —1, and 0 with 3mg of tamoxifen-free base
(Sigma) in 200uL of safflower oil, or vehicle alone. Experiments used age-matched male
and female mice, unless otherwise stated, and no difference in efficacy of Btk deletion
between genders was observed. Btkf1°% and Bkf19%/ Cre-ERZ animals were cohoused
littermates, while Cre-ER7? and Btk™!! mice came from separate lines. All studies have
been approved by the Vanderbilt University Institutional Animal Care and Use Committee.

Flow cytometry and antibodies

Single-cell suspensions of spleen, bone marrow, and peritoneal cavity were obtained as
previously described (1) and stained using fluorochrome or biotin-conjugated antibodies
against B220 (RA3-6B2), IgM (u-chain, Life Technology), IgMb (AF6-78), 1gD (11-26c¢.
2a), CD5 (53-7.3), CD11b (M1/70), CD11c (HL3), F4/80 (BM8, eBioscience), Ly6G (IA8),
CD19 (ID3), CD21 (7G6), CD23 (B3B4), CD93 (AA4.1), CD86 (GL1), CD44 (IM7), CD43
(S7), CD9 (KMCB8) and/or CD138 (281-2). Unless otherwise stated, antibodies were
procured from BD Biosciences. Biotin-conjugated antibodies were secondarily stained with
streptavidin-conjugated fluorochromes and dead cells were excluded using fixable viability
dye 455UV or eFluor 450 (eBioscience) or Alexa Fluor 700-conjugated succinimidyl ester
(Life Technologies). For intracellular staining, cells were fixed using 1.6%
paraformaldehyde (Electron Microscopy Sciences), then permeabilized with a solution of
0.05% Triton-X-100 (SigmaUltra) and stained with rabbit anti-mouse BTK (D3HS5, Cell
Signaling), followed by a fluorochrome-conjugated anti-Rabbit 19G (F’ab2) secondary (Cell
Signaling). Samples were collected on an LSRII flow cytometer (BD Biosciences) and data
analyzed using FlowJo software (TreeStar).

B cell proliferation

Splenocytes were stained with CFSE (Life Technologies) or CellTrace Violet (Life
Technologies) according to manufacturer’s instructions, and then cultured at 1x108 cells/mL
for three days in cRPMI alone, stimulated with 5ug/mL goat anti-mouse 1gM (u-chain
specific, Jackson Immunoresearch) or stimulated with 1ug/mL lipopolysaccharide (LPS,
Dibco). Following incubation, cells were harvested and analyzed by flow cytometry.
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Immunization studies

ELISAs

Five days after tamoxifen injections, mice were immunized I.P. with 50ug of TNP37-Ficoll
(Biosearch Technologies) diluted in 200uL sterile PBS or mock-immunized with PBS alone.
Blood for serum Ab analysis was collected one day pre- and five days post-immunization.
For TNP-Ficoll specific B cell analysis, cells were isolated from spleen or peritoneal lavage
five days post-immunization and incubated with 20ug/mL of TNPgs-Ficoll-Fluorescein in
PBS containing 2% fetal calf serum, then subsequently stained for analysis by flow
cytometry.

Serum anti-phosphoryl-choline (PC) IgM, anti-TNP-Ficoll IgM, and anti-TNP-Ficoll IgG
were measured. 96-well flat-bottom NUNC plates were coated with 1ug/mL of PC-BSA
(Biosearch Technologies) or TNP37-Ficoll (Biosearch Technologies) in borate-buffered
saline or carbonate buffer overnight at 4°C. Plates were blocked with 1% BSA in PBS
+0.05% Tween-20 (PBST). For anti-PC IgM ELISA, samples were serially diluted starting
at 1:10. For anti-TNP IgM and 1gG, samples were diluted at 1:5000. IgM and 1gG antibodies
were detected using goat anti-mouse IgM or IgG conjugated to alkaline phosphatase (AP)
(Southern Biotech). p-Nitorphenyl phosphate (PNPP) was added and the plate read on a
Microplate Autoreader (Bio-Tek Instruments) at O.D. 405nm. Plates were washed in
between steps using PBST.

Statistical Analysis

Results

Statistics were performed using GraphPad Prism version 6.00 for Windows, (GraphPad
Software, La Jolla California USA). p-values were calculated using one-way or two-way
ANOVAs, or Kruskal-Wallice with Dunn’s multiple comparison test, as appropriate.

Cre activation in mature BtkfloX/Cre-ERT2 mice depletes Btk at all stages of B cell
development

To determine the role of Btk in mature cells, we employed a novel mouse model from
C57BL/6 embryonic stem cells carrying LoxP-flanked Btk exons 6 and 7 (Bt&1°%, Figure 1).
For inducible deletion of Bk, Btk1°% mice were paired with a mouse expressing a tamoxifen
(Tam)-inducible estrogen receptor (Cre-ER9). Induction of the Cre-ER'Z by administration
of tamoxifen in Btk19%/Cre-ERZ mice resulted in successful knockdown of Btk within five
days (Figure 2). Analysis of bone marrow showed successful protein deletion begins at the
earliest stages of B cell development (Figure 2A, 2B). Btk was successfully knocked down
in pre- and pro- (91.03%+12.68%, p<0.001) and immature B cells (88.79%+12.38%,
p<0.001), as well as in mature recirculating B cells (89.20%+4.66%, p<0.001), and all bone
marrow B cell subsets remained largely Btk-negative even up to five weeks after injection
(Figure 2B). Knockdown was equally successful in splenic B cells five days after injection
(90.39%=4.9% Btk-negative, p<0.001, Figure 2D). This knockdown was stable, as B cells
from tamoxifen-treated Btk/1°%/Cre-ER2 mice remained Btk-negative five weeks later
(86.82%+5.96% Btk-negative B cells, p<0.001, Figure 2D). As expected, treated Brkf1ox/
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Cre-ER2 mice also exhibited stable knockdown in macrophages and conventional dendritic
cells in the spleen (Supplemental Figure 1). These data demonstrate the efficacy and stability
of inducible Btk knockdown. Of note, one out of four vehicle treated female Bk/1°%/Cre-
ER'?Z control mice did exhibit a Btk-negative B cell population in the bone marrow, resulting
in the appearance of a slight, but significant, loss of Btk in immature B cells (42.75%
+12.36% Btk negative) (p=0.049). This mouse also exhibited a slight loss of Btk in pro- and
pre- B cells, but the trend was less evident in the spleen. This confirms previous findings of
others that endogenous estrogen can occasionally induce some degree of nonspecific
activation in the Cre-ERT2 system. However, no differences were seen in Btk knockdown
between male and female Bk/1°%/Cre-ER"2 mice treated with tamoxifen.

Splenic B cells survive after Btk loss, but have blunted proliferative responses

Conventional Btk"!l B6 mice exhibit a loss of total B cell numbers. However, there was no
immediate B cell depletion after Btk was deleted using the Btk11°%/Cre-ERTZ system. Btk{10%/
Cre-ER'? spleens contained equivalent numbers of B cells five days (1.57e7+4.54e6) and
two weeks (1.53e7+6.45e6) after Btk loss, as compared to Btkf1°% controls (1.55e7+7.51e6)
(p=0.999). Five weeks after Btk knockdown, Bik!19%/Cre-ERTZ mice did exhibit B cell loss
(9.05e6+5.12¢6, p=0.041). Therefore, B cells in the spleen do not require Btk for their
survival, but are depleted after B cell turnover during development (Figure 2E). To
determine if loss of Btk results in a defective B cell response to stimuli, we harvested
spleens from Bik1o%, BtklloX/Cre-ERT2, and Btk five days after tamoxifen injection and
stimulated B cells with anti-IgM or LPS (Figure 2F). Btk19%/Cre-ER™2 B cells showed
blunted proliferation after Btk deletion compared with Bt71°% control B cells in response to
LPS (17.95£3.39% proliferation vs. 43.68%:z7.28% proliferation, p<0.001) or anti-IgM
(20.49%=9.82% proliferation vs. 48.78%=13.34% proliferation, p<0.001). In fact, Btk
knockdown was functionally equivalent to Btk-deficiency in Bzk™!! B cells in response to
LPS (27.95%+11.98% proliferation, p=0.14), though slightly increased compared to Bkl
B cells in response to anti-IgM (7.77%+6.34% proliferation, p=0.04). These data confirm
that Btk deletion after cellular maturation results in a functional defect in proliferation
response to LPS and anti-IgM that is similar to lifelong Btk-deficiency.

Btk knockdown results in immediate increase in the late transitional (T2) stage, but
requires weeks to reduce the follicular compartment

Conventional Btk genetic mouse models show a loss of total B cell numbers, and exhibit
an increased percentage of B cells at the transitional 2 (T2) stage of development with a
concurrent loss of follicular (FO) B cells (4, 29). This phenotype is interpreted to mean that
B cells are developmentally blocked at T2. To determine if mature FO B cells require Btk
for their survival, B cell subsets were assessed five days, two weeks, and five weeks after
Btk knockdown. Transitional 1 (T1), T2, pre-marginal zone (pMZ), marginal zone (MZ) and
FO B cells were determined by expression of IgM, IgD, CD21, and CD23, as shown in
Figure 3A. The most immediate effect of Btk knockdown was increased surface IgM
expression in Btk1°%/Cre-ERZ five days post injection, leading to a significant increase in
the percentage of T2 B cells (21.35%:25.25%) as compared to Bk controls (10.71%
+2.78%) (p=0.001). This was accompanied by a reciprocal trend toward decreased FO B cell
proportions, but did not reduce their numbers. The T2 developmental block with concurrent
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loss of follicular B cells continued to emerge over the next five weeks, finally resulting in
significantly decreased FO B cell numbers (2.64e6+2.07e6) compared to Btkf1°% controls
(9.20e6+5.13e6) (p<0.001). As in the Brk"!! B6 mouse, there were no changes in cell
numbers of T1 (Figure 3B), pMZ (Figure 3D) or MZ B cells (Figure 3E). Interestingly, this
model shows no immediate loss of FO B cells at the time of Btk knockdown. Rather,
follicular B cell similarity to B! models emerges five weeks later, after B cell turnover
has occurred. This shows for the first time that the phenotype seen in Btk-deficient B cells is
due to developmental factors, and supports the idea that murine B cells require Btk to mature
through the transitional stages, but is not required for survival of mature FO B cells.

Anl B cells are depleted following Btk knockdown

Anl B cells are an anergic, autoreactive B cell subset (30) that we and others have found to
be strikingly reduced in Btk-deficient mice (8, 10). Btk1°%, Btkl1o% /Cre-ERTZ, and Btkll
Anl B cells were assessed in the spleen five days after tamoxifen treatment, by expression of
B220, AA4.1, IgM, and CD23 (Figure 4A). As shown in Figure 4B, An1 B cells in Bzkf1ox/
Cre-ER'Z animals were significantly decreased in both percentage (0.56%=+0.10%) and
number (8.67e4 +3.29e4) as compared to Brkf1°% controls’ percentage (1.72%:+0.437%,
p=0.012) and number (2.5e5+7.2e4, p=0.036). Anl B cells are known to have a short life
cycle (8). Therefore, it is unclear if this loss of cell numbers is due to a block in development
or a reliance on Btk for Anl B cell survival. Regardless, these data show that Anl B cells are
rapidly depleted following Btk knockdown.

B1 cells do not require Btk for survival

The innate-like, autoreactive-prone B1 cell subset is known to be important for the
production of natural IgM (13, 31) and response to polysaccharide antigens (14, 15, 32) and
is absent in Brk™!! models (21). To determine if Btk is required for development or survival
of the B1 cell subset, we induced Btk knockdown and assessed Bla and B1b cells in the
peritoneal lavage by expression of IgM, CD5, B220, and CD11b (Figure 5A). Knockdown
was successful and stable up to five weeks after injections in both subsets (Figure 5B). Five
days after tamoxifen treatment, Bla cell percentages were not significantly changed,
forming 25.13%25.68% of total IgM* cells in treated Bkf*/Cre-ER"2, and 30.27%+9.58%
in Brkf1ox controls (p=0.38). B1b cell percentages also remained unchanged, forming
13.91%:+3.03% of IgM* cells in Btkf1o%/Cre-ER2, and 16.38%:+5.61% in Bk1°% controls
(p=0.33) (Figure 5C). To determine if this effect persisted over time, we assessed Bla and
B1b cells in the peritoneal lavage five weeks after injection (Figure 5D). Even at this later
timepoint, Bk19%/Cre-ERZ animals retained similar Bla cell numbers (3.57e4+1.87e4) in
comparison to Bk{1°% controls (2.69e4+1.35e4) (p>0.999). B1b numbers were also
maintained, as Bkf1°%/Cre-ERZ lavages contained 4.01e4+3.14e4 B1b cells and Bkflox
control lavages contained 2.45e4+2.51e4 (p>0.397). Five weeks after tamoxifen injection,
both Bla and B1b cell numbers were decreased compared to their numbers five days after
tamoxifen injection. This decrease in Bla and B1b cell numbers occurred in both the Brkflox
and Btkf19%/Cre-ER? peritoneal lavages, and was therefore not an effect of Btk deletion.
Rather, this finding may reflect side effects of the injection itself, such as cellular
perturbance secondary to the presence of an oil emulsion in the peritoneal cavity at either
time point.
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Though B1s are the major B cell subset present in the peritoneal cavity, Bla cells are also
found in the spleen and bone marrow, and it is these B1 cells that produce large amounts of
natural IgM (31, 33, 34). Therefore, we assessed splenic and bone marrow B1a cells at five
weeks after Btk knockdown to determine if these crucial subsets were preserved after Btk
loss. Bla cells in the spleen were identified by high expression of IgM, low expression of
B220, and as CD5-positive (Figure 5F). Bla cells were not significantly reduced in number
in Btkf1o% /Cre-ERT? (2.64e4+1.54e4) as compared to Brkf1% controls (3.56e4+1.92e4)
(p>0.999). Bla cells were also maintained in the bone marrow, where they were identified as
IgM*CD19", then by expression of CD43, CD9, and CD5, all reported to be markers of Bla
cells in the bone marrow niche (Figure 5G) (31). Btk/1°%/Cre-ER"? maintained
2.17e3+1.17e3 B1la cells, as compared to Bt 1°% controls at 3.26e3+1.54e3 (p=0.788). These
data show that Bla and B1b cells do not depend on the presence of Btk for survival, despite
its crucial developmental contributions.

The production of anti-phosphoryl-choline antibody is not decreased by loss of Btk

Though the above data showed that Bla cells in the spleen and bone marrow do not require
Btk to survive, it was unclear if Btk is required to support B1 function. Early studies found
that B1 cells are responsible for up to 80% of natural IgM (13). Recent work by Reynolds et
al. and Savage et al. has shown that natural IgM is more specifically produced by two B cell
subsets, IgM*CD138~ Bla cells and IgM*CD138™ cells that are plasma cell-like and of B1
origin (34, 35). The natural IgM repertoire contains anti-phosphoryl choline antibody (anti-
PC), which is germline-encoded and present in serum even in germ-free conditions (36-38).
To determine whether Btk is required to maintain natural IgM production, ELISA was used
to measure anti-PC antibodies in serum after Btk knockdown. There was no significant
difference between anti-PC antibody levels in Bz&f19% serum (1.840+0.469) and Btkfo%/Cre-
ERZfive days (1.436+0.732) or five weeks (1.315+0.631) after injections (p=0.4041,
p=0.5257) (Figure 6A). As expected anti-PC antibody levels in Bzk"!! animals were nearly
undetectable (0.102+0.038) due to their lack of B1 cells. As the half-life of IgM in serum is
estimated at two days (39), the continued level of anti-PC IgM shows that Btk is not required
to maintain natural IgM production.

Mice have reduced responses to T-independent type Il immunization after Btk deletion

Early studies of Bz&"!I mice established that Btk is necessary for T-independent type I1 (TI-
I1) immunization responses (22—24). In part, this deficiency is due to a lack of B1 cells,
known to be critical for TI-1I responses (14, 32). In addition, the increased frequency of
immature T2 and loss of FO B cells in the spleen could play a role in the response of Brkll
animals to T-independent immunization. Therefore, we injected Btk/1o% BikfloX/Cre-ERTZ,
and Btk mice five days after Btk knockdown with a mock injection of PBS or a TNP-
Ficoll immunization. Figure 7A shows anti-TNP IgM (left) and IgG (right) from serum
before and after immunization. Though immunized Bt19%/Cre-ERT? mice did exhibit a
significant 1IgM response to TNP-Ficoll immunization, with an O.D. of 0.292+0.172 after
immunization compared to an O.D. of 0.028+0.014 before immunization (p=0.037), this
post-immunization response was significantly decreased compared to the response of Bkt
control mice, which reached an anti-TNP-Ficoll IgM O.D. of 0.986+0.304 (p<0.001). In
addition, the Btkf1°%/Cre-ER72 mice did not produce anti-TNP-ficoll IgG (0.104+0.066) after
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immunization, as compared to pre-immune control sera (0.017+0.008) (p=0.4134). B1 cells
are important contributors in the response to TNP-Ficoll immunization (32), and MZ B cells
also contribute to TI-I1 antibody responses (40). Though B1 cells survive after Btk loss, and
MZ B cells are retained in both Btkf1°%/ Cre-ER™ and Btk™!' models, Btkf1°%/Cre-ERTZ mice
have significantly reduced ability to produce anti-TNP-Ficoll IgM as compared to Btk-
sufficient controls, and cannot produce significant anti-TNP-Ficoll 1gG. These data point to
a loss of function in B1 and MZ B cells after Btk loss.

To further characterize the TI-11 immunization response, we used FITC conjugated TNP-
Ficoll to track antigen specific B cells in the spleen and peritoneal lavage. Figure 7B shows
representative Btk119% (top), Btk /Cre-ER™? (middle), and Btk (bottom) splenic anti-
TNP-Ficoll B cells in mock-immunized (left) or TNP-Ficoll immunized (right) animals. In
immunized Btkf1°% controls, we observed two TNP-Ficoll-specific IgM* populations, one of
which was CD197B220* and the other CD19!°B220°. The IgM*TNP-Ficoll*CD19!°B220°
also exhibited higher levels of CD138 and CD44 (Figure 7C), leading to the conclusion that
this population is most likely expanding plasmablasts. These TNP-Ficoll-specific
plasmablasts were significantly increased in number in the spleens of immunized Brflox
mice (6.71e4+3.84e4) compared to mock-immunized controls (2.61e3+1.38e3) (p<0.001).
This contrasts Brkf°%/Cre-ER2 mice after Btk deletion, in which the number of TNP-
Ficoll-specific plasmablasts was not significantly increased in TNP-Ficoll immunized mice
(1.64e4+1.08e4) compared to mock-immunized controls (5.33e3+5.67e3) (p=0.9925).
Furthermore, these numbers were significantly reduced compared to immunized Bzkflox
control mice (p<0.001), indicating that Btk contributes to development of antigen-specific
plasmablasts. Non-plasmablast anti-TNP-Ficoll B cells (IgM*TNP-Ficoll*CD19*B220%)
(Figure 7D, left) were not different in mock-immunized Bt71°% (1.04e5+3.08e4), Brkf1ox/
Cre-ER? (1.19e5+4.55e4), and Btk"!! (7.59e5+1.50e4), and none of the genotypes showed
significantly increased numbers of this subset after TNP-Ficoll immunization.

We also assessed IgM*TNP-Ficoll* cells in the peritoneal lavage to evaluate contributions
by B1 cells there (Figure 7E). After TNP-ficoll immunization, B4f1°% controls had
significantly higher numbers of IgM*TNP-Ficoll* cells (4.80e3+1.17e3) than Bkf1o%/Cre-
ER'Z (3.12e3+1.25e3) (p=0.011). IgM*TNP-Ficoll* cell number in TNP-immunized

Bitif1o% /Cre-ERTZ (3.12e3+1.25e3) was not different from that of mock-immunized Bekf10%/
Cre-ER'? (3.513e3+8.038¢2) (p=0.9998). Due to the significantly decreased IgM response,
a lack of 1gG responses, a loss of plasmablasts in the spleen, and a failure to increase
numbers of TNP-specific B cells in the peritoneal lavage, we conclude that though B1 cells
do not require Btk for their survival (Figure 5), Btk is required for TI-1I responses by both
B1 and B2 cells.

Discussion

The phenotype of Btk mice has been extensively reported, by our own work and the work
of others. Btk™!I mice lack B cell subsets such as anergic Anls and B1s, and fail to respond
to T-independent antigens (4, 10, 11, 22-24). However, the lack of an inducible knockout
has resulted in a gap in our understanding of how mature B cell subsets rely on Btk. As BTK
inhibitors are now approved and under consideration to treat a growing number of human
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diseases, understanding the role of BTK in mature B cell survival and function is vital.
Previously, in the absence of an inducible knockout, inhibitors were sometimes used to try to
characterize the role of Btk in mature cells. However, inhibitors are incomplete substitutes
given the varied off-target effects of different drugs and the failure to eliminate the adaptor
role of the protein. In this report, we detail the first use of Btk/1°%/Cre-ER? inducible
knockdown to study the effect of loss of Btk on the survival and function of fully developed
B cell subsets.

First, we established the efficacy of the Btkf%/Cre-ER™2 system (Figure 2, Supplemental
Figure 1). Treatment of Btk'1°%/Cre-ER? with tamoxifen resulted in efficient knockdown in
B cells at all subsets and developmental stages, as well as in splenic macrophages and
dendritic cells. This knockdown was stable up to five weeks after injection. We then
analyzed splenic B cell subsets to assess the effect of Btk knockdown on mature B cells
(Figure 3). Btk mice exhibit a block in transition from T2 to mature FO B cells (4, 41).
T2 and FO B cells both express IgD, CD21, and CD23, and are differentiated by expression
of IgM, which is high on T2 and lower on FO B cells. Because IgM surface expression is
generally higher in the absence of Btk, it was possible that FO B cells would shift to a more
T2-like appearance immediately. However, though there was an immediate increase in IgM
after Btk loss, the treated Btk119%/Cre-ER2 did not fully mimic the phenotype of B!l
mice until five weeks after knockdown, when cell turnover would essentially recapitulate a
Btk B cell repertoire. This contrasts with previously published work showing that rapid
B2 cell loss occurs when the BCR, Iga., or Syk are removed (42-44), suggesting that tonic
signaling through the BCR is required for survival of B2 cells in the periphery. The data
reported here show that this type of low-level BCR signaling does not rely on Btk. This
contrasts signaling responses induced by IgM crosslinking or LPS, as Bt1°%/Cre-ERT? B
cells proliferated significantly less to these stimuli within days of tamoxifen treatment
(Figure 2C). This model reveals the split role of Btk in survival versus function in B cells,
and shows that the impaired proliferation in B cells lacking Btk is not simply due to
maturational defect. Further study is required to elucidate how specific signaling pathways
are affected when Btk is excised from mature cells, and how they may differ in response to
tonic versus active signaling. It is important to note that these nuanced Btk contributions
may or may not apply in the same way to human B cells, which are much more sensitive to
its loss at very early developmental stages. Since B cells in XLA patients fail to develop at
all beyond the bone marrow, it is possible that they also have increased requirements for this
protein in the periphery. Study of normal human B cell outcomes in response to highly
specific Btk-inhibitors, currently under development, would be helpful to better understand
whether human B cells have similarly divergent reliance on BTK.

The lack of B1s in Btk"!l models correlates with a loss of natural IgM and deficient
responses to T-independent antigens. However, the lack of a genetic knockdown model has
prevented the study of Btk’s role in the survival and function of this important B cell subset.
The data show that Btk is unnecessary for cell survival, as normal numbers of Btk-deficient
Bla and B1b cells are present in the peritoneal lavage, spleen, and bone marrow of B/10x/
Cre-ER"2 mice even five weeks after Btk knockdown (Figure 5). Previously published work
showed that short term dosing using a BTK inhibitor (PF-303) was equally unable to
eliminate these cells (28). However, it was possible that the drug inadequately targeted Btk.
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Furthermore, kinase inhibitors do not affect the adaptor domain of Btk, which is known to
have independent function (45, 46). In addition, inhibitors may have off-target effects that
could eliminate counterbalancing negative signals. The Bkf9%/Cre-ER™? model completes
this picture by genetic verification that the failure of the drug to reduce B1’s was not due to
poor kinase inhibition. Further, these data indicate that the adaptor function is also
expendable for B1 cellular survival. This model is therefore the first to show definitively that
Bla and B1b cells do not depend on Btk for survival, but instead require it for development.
These data may also be used as comparators for future-inhibitor studies.

The exact mechanism by which Btk contributes to the development of B1 cells remains
unclear. The data in this report contribute to gathering evidence that B1 cells require a
positive selective step mediated by the BCR during development. B1 cells rely on the
classical NF-xB pathway for development (47), and Btk is known to link BCR signaling to
NF-xB (5, 6, 48). In addition, the normal B1 compartment contains autoreactive anti-Thy-1
B cells that require BCR binding to develop. Mice lacking Thy-1 do not develop anti-Thy-1
B1 cells, demonstrating positive selection. (49). These combined data suggest that antigen-
mediated BCR-stimulation drives Btk-mediated signaling to select B cells into this
compartment via activation of NF-xB, contrasting constitutive BCR-signaling that may
mediate B1 survival without the need for Btk.

Natural IgM is produced both by IgM*CD138* B1 cells and IgM*CD138" antibody
secreting cells of B1 origin (31, 33—-35), and serves several important roles. Natural
antibodies serve as a first defense against many pathogens, such as Streptococcus
pneumoniae (14), Listeria monocytogenes (50), influenza virus (51, 52) and others (53, 54)
In addition, natural IgM contributes to tissue homeostasis through the binding of self-
antigens (55, 56) and have been shown to be atheroprotective (57, 58). It is known that
Btk mice lack natural IgM; however, this lack cannot be separated from their lack of B1
cells. Also, little is known about what factors maintain natural IgM production after B1a and
B1la-like antibody producing cells are already formed. In Figure 6, we have shown that the
natural antibody anti-phosphoryl-choline IgM remains present in Bt&f19%/Cre-ERZ serum
five days and even five weeks after Btk knockdown. The half-life of IgM in vivois estimated
at two days (39). Therefore, natural anti-PC antibody production continues even after the
loss of Btk, contrasting its absence in Bz&"!! controls. Thus, the production of natural IgM is
independent of continued signaling through Btk.

Another role of B1 cells is in the initial response to infection. B1b cells are known to rapidly
produce protective IgM in response to pathogens such as Borrelia hermsii (15, 59) and
Streptococcus pneumoniae (14). B1b, as well as Bla and marginal zone B2 cells are known
to be the main contributors to T-independent (T1) antibody production (40, 60-62). We
immunized Btkf1°%/Cre-ERT? mice with TNP-Ficoll after Btk knockdown, to determine if
the surviving B1 and marginal zone B cells could respond to a model Tl-type Il (TI-I1)
antigen (Figure 7). Both B1 cells in the peritoneal lavage and B2 cells in the spleen were
unable to respond to antigen /in vivo. Btk /Cre-ERZ animals exhibited significantly
reduced anti-TNP IgM and very little anti-TNP 1gG post immunization, compared to Bzkf1o
controls. This finding shows that though mature B1 cells survive the loss of Btk, and retain
their ability to produce natural IgM, they are unable to respond to TI-1l immunization. These
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data could also have implications for the use of BTK inhibitors in human disease,
particularly in long term use, as BTK inhibitors may decrease the efficacy of some
immunizations, such as unconjugated pneumococcal vaccines.

As for T-dependent immunizations, early studies of xidand Btk mice showed they could
respond to booster doses of vaccines (4, 63, 64). Although their 1gG responses were
somewhat blunted, they were able to achieve adequate protection against infection (65). On
the other hand, impaired germinal center formation and memory cell “burst” have been
reported during BTK-inhibitor treatment, suggesting a more powerful role than may have
been previously appreciated (28), unless off-target effects were responsible for those
findings. Further study using the BtT1°%/Cre-ER72 model is therefore needed to better assess
how Btk contributes to germinal center responses, including cellular functions that support
selection and affinity maturation.

Systemic autoimmune disorders like RA are mediated by autoantibody production by
autoreactive B cell subsets. Anl B cells are an endogenous autoreactive B cell subset (30). A
similar subset is present in humans and is increased in autoimmunity (66, 67). Our lab and
others have found that the development of Anl B cells is dependent upon Btk. Therefore, we
assessed the An1 subset in Btk/1°%/Cre-ER? animals five days after Btk knockdown. An1
cells were swiftly depleted, and were significantly reduced after Btk loss (Figure 4).
However, it remains unclear as to whether this is due to a survival defect or a loss at
development, as Anl B cells are known to have a life cycle of only five days (8).
Nevertheless, the swift depletion of this subset that we show by Btk knockdown and that
Benson et al showed using Btk inhibition (28) implies that short courses of Btk inhibition
may impact similar autoreactive anergic populations in humans, without greatly impacting
non-autoreactive B2 subsets. This provides hope that some autoimmune patients could
benefit from short-term, intermittent, courses of BTK-inhibitors to eliminate this
autoimmune-prone subset.

In summary, this work is the first to use an inducible genetic knockdown of Btk to rigorously
study its role in the survival and function of mature B cells. These studies reveal that despite
the developmental blocks in follicular and B1 B cells seen in B!l models, mature B cells
that have already passed selective checkpoints into these subsets do not require Btk for
survival. In addition, the production of natural IgM is intact following the loss of Btk.
However, the loss of Btk greatly impacts Anl B cells, which are swiftly depleted. This
decrease in autoreactive-prone Anl B cells may have implications for BTK-inhibition as
short-term therapy for autoimmune disorders. B cells are functionally impacted by loss of
Btk, with splenic B cells showing an inability to proliferate to LPS or anti-IgM, and the B1
compartment showing reduced responses to T-independent immunization. As investigations
of BTK inhibitors for cancer and autoimmunity increase, these data may serve as a resource
to further inform drug discovery and to aid in designing dosing parameters and expected
outcomes for clinical trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Ef-Er L3f-L3r L3f-Lxr

Figure 1. Conditional Btk allele and genotyping strategy for conditional deletion of Btk gene
Conditional Btk allele following deletion of LacZ and Neo' through through breeding with

FLP1 transgenic mice. One remaining Flippase recombination enzyme-recognition target
(FRT), and Btk Exons 6 and 7 flanked by loxP recombination sites are shown (top). Several
primers were used to genotype the mice for homozygocity. Results from PCR reactions from
tail snips of the three genotyping reactions of homozygous Btk flox/flox and wt mice. Mw
marker = 100bp. Left) Ef-Er showing the presence of the 5 FRT and loxP sites. Middle)
L3f-L3r showing the presence of the 3" loxP and intronic space. Right) L3f-Lxr showing the
presence of the 3" loxp in the FF mouse, which is absent in the wt mouse.
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Figure 2. Inducible knockdown of Btk in Btk!%%/Cre-ERT2is stably achieved in splenic and bone
marrow B cells
(A and C) Representative flow plots for Bt/1o% (left), Bik!1°%/Cre-ERT (middle) and Bkl

(right) showing bone marrow B cells (A) or splenic B cells (C), five days after tamoxifen
injections. (B and D) Representative histograms of B cell Btk expression five days after
treatment: Bkf1o% (black, solid), Cre-ERZ (black, dashed), Btkf1°%/Cre-ER? (red), BtkhU!l
(blue), and isotype control (gray). Bar charts show the percent of B cells that are Btk
positive in each condition. (E) Total B cell numbers five days, two weeks, or five weeks after
Btk knockdown. For B-E: Btk19% (solid white, n=16-24), Cre-ER’? (diagonal pattern, n=9—
13), vehicle control (light gray, n=4-5), Btk1°%X/Cre-ER? after five days (solid gray, n=8—
13), two weeks (diagonal pattern, gray, n=5), or five weeks (horizontal pattern, gray, n=3-
10), Btk (black, n=11-15). (F) Five days post tamoxifen treatment, splenocytes from
BikA1ox (n=4), Btk°* /Cre-ERZ (n=6), and Btk™!! (n=4) animals were harvested and
cultured for three days in media alone, 1ug/mL LPS or 5ug/mL of anti-IgM. B cell
proliferation was measured by dye dilution (histograms, left) and quantified by percent
proliferating of CD19*B220* (right). *p<0.05, ***p<0.001 as calculated by one-way or two-
way ANOVA compared to B4,
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Figure 3. Fallicular B cell compartment survivesinitial Btk knockdown, decreasing over 5 weeks

to match global Btk-deficiency

(A) Representative flow plots for Brk/1o% (left), Btk/1°%/Cre-ER™? (middle) and B! (right)
splenic B cells, pre-gated as B220*1gM™* single live lymphocytes, five days after tamoxifen
injection. Transitional 1 (T1), transitional 2 (T2), pre-marginal zone (pMZ), marginal zone
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(MZ) and follicular (FO) B cell subsets are determined by expression of IgM, 1gD, CD21

and CD23. (B—F) B cell subsets are quantified by percent of B220*IgM™* (top) and total cell

number (bottom) for Bzkf1o% (white, n=17), Btkf°*/Cre-ER? 5 days (gray, n=8), 2 weeks
(diagonal pattern, n=5), or 5 weeks (horizontal pattern, n=6) post tamoxifen injection, or
Btk (black, n=12). *p<0.05, **p<0.01, ***p<0.001 as calculated by one-way ANOVA

compared to Bkf1ox,
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Figure 4. Autoreactive-prone anergic Anl B cell subset isdepleted in Btk{19X/Cre-ERT2 mice five

days after tamoxifen treatment

(A) Representative flow plots for Brkf1o% (left), Btk/1%/Cre-ER? (middle) and B! (right)
spleen B cells, pre-gated as B220*IgM™* single live lymphocytes, five days after tamoxifen
treatment. Anergic Anl B cells are determined by expression of AA4.1, IgM, and CD23. (B)
An1 B cells are quantified by % of B220*IgM* (top) and total cell number (bottom) for
Bitk1oX (circles, n=7), Btkl1°%/Cre-ERT? 5 days after tamoxifen injection (squares, n=8), or
Btk (triangles, n=5). *p<0.05 as calculated by Kruskal-Wallace with Dunn’s multiple

comparison test.
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Figure 5. The survival of Bla and B1b cells does not depend upon Btk
(A, E, G) Representative flow plots for Bz&f1o% (left), Btkfo*/Cre-ER? (middle) and B!l

(right) peritoneal (A), splenic (E), or bone marrow (G) cells. Cells are pre-gated as single
live lymphocytes, peritoneal cells as Ly6G™. (A) Peritoneal Bla, B1b, and B2 cells are
determined by expression of IgM, CD5, B220, and CD11b. (B) Btk knockdown is reported
as % Btk positive for Bla (top) and B1b (bottom) cells of genotypes B&19% (white), Btkf1ox/
Cre-ER?5 days (gray) or 5 weeks (horizontal pattern) after tamoxifen injection, or Bkl
(black). (C-D) B1a (left) and B1b (right) cells of Bzkflo% (circles, n=9-10), Btk /Cre-ER?
(squares, n=9-12) and Brk"!! (triangles, n=5-8), five days (C) or five weeks (D) post
injection are quantified by % of IgM™* (top) and total cell number (bottom). Splenic Bla (E)
are identified by expression of IgM and CD5, and by low B220 expression. Bone marrow
Bla (G) are pre-gated as IgM*CD19*, then further identified by expression of CD43, CD9,
and CD5. (F, H) Bla cells of Btk19% (n=4), Btk!1°%/Cre-ERT? (n=4) and Btk (n=6) are
quantified by percent of IgM™* (top) or total cell number (bottom) in the spleen (F) and bone
marrow (H) five weeks after tamoxifen injection. *p<0.05, **p<0.01, ***p<0.001 as
calculated by Kruskal-Wallace with Dunn’s multiple comparison test.
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Figure 6. Production of natural IgM isindependent of Btk
(A) Anti-phosphocholine (PC) IgM is measured by ELISA for Btk/1o% (black, n-7), Btkf1ox/

Cre-ER'? five days after treatment (red, solid line, n=4), Btk/1°%/Cre-ER? five weeks after
treatment (red, dashed line, n=3) and B! (blue, n=4). Statistics were performed using a
2-way ANOVA and listed in Supplemental Table 1.
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Figure 7. T-independent type || immune response depends on Btk
Five days post tamoxifen treatment, Btkf°%, Btk19%/Cre-ERTZ, and Btk™!! animals were

immunized with 50ug of TNP37-Ficoll in 200uL of PBS or mock immunized with PBS

Mock TNP-FICOLL

alone. (A) Anti-TNP IgM (left) and IgG (right) is measured one day pre-immunization and
five days post-immunization by ELISA for Bzkflo% (circles, n=7-8), Btk/1°%/Cre-ER™?
(squares, n=7) and Btk (triangles, n=6) animals. (B) Representative flow plots of anti-
TNP B cells, gated by expression of IgM and binding to TNP-Ficoll-FITC, then by
expression of B220 and CD19. Cells are pre-gated as single live lymphocytes. Mock (left)
and TNP-Ficoll (right) from Btk/1°% (top), Btk1o%/Cre-ER? (middle) and Bt "I (bottom)
mice. (C) Representative expression of CD138 (left) and CD44 (right) on TNP
~B220*CD19* (black), TNP*B220*CD19* (blue), and TNP*B220~CD19 (red) from TNP-
ficoll immunized Btkf1°% (top), Btk1o%/Cre-ERZ (middle) and Btk™!! (bottom) mice. Cells
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are pre-gated as IgM*. (D) Total splenic cell numbers of TNP*B220*CD19* (left), and TNP
*B220~CD19™ (right) from mock or TNP-Ficoll immunized Btkf1o% (circles, n=7-8), Btkf10%/
Cre-ER'? (squares, n=6-7) and Btk"! (triangles, n=6). (E) Total cell numbers of IgM*TNP
* cells in the peritoneal lavage of mock and TNP-Ficoll immunized mice. *p<0.05,
**p<0.01, ***p<0.001 as calculated by two-way ANOVA.
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