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Abstract: Systemic lupus erythematosus (SLE) is an autoimmune disease with a complex
pathogenesis, which presents a great variability in its presentation and can affect almost all
organs and systems. Multiple therapeutic targets have been discovered recently, but there
also have been failed attempts to treat SLE using biologic agents. Bruton’s tyrosine kinase
(BTK) is a cytoplasmic tyrosine kinase expressed in several types of cells of hematopoietic
origin which participate in both innate and adaptive immunity. Ibrutinib, a BTK inhibitor, is
approved for the treatment of several B cell malignancies, including some types of lym-
phoma and leukemia. As BTK is expressed on several immune cell types, the mechanism of
action of BTK also suggests the use of BTK inhibitors in the treatment of autoimmune
diseases. In this review, we will summarize what is known and what has been published so
far about the treatment of mouse models of SLE and the human disease, using BTK
inhibitors.
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Introduction

Bruton’s tyrosine kinase (BTK) is a cytoplasmic tyrosine kinase expressed in
several types of cells of hematopoietic origin which participate in both innate and
adaptive immunity. Functionally, BTK is an essential intracellular signaling mole-
cule in the development, survival, and activation of B cells. It was first identified as
the genetic defect in the primary immunodeficiency X-linked agammaglobulinemia,
which is characterized by an almost complete loss of serum immunoglobulins and
circulating mature B cells, with a subsequent susceptibility to infections." BTK is
involved in a variety of B cell functions, including antigen presentation and
production of antibodies by B cell antigen receptor (BCR) signaling. In addition,
BTK is important in the normal functioning of several immune cells. It is also
involved in the activation of innate immune cells (macrophages, neutrophils, and
mast cells/basophils) by immune complexes. BTK controls cytokine production,
phagocytosis, and production of inflammatory mediators.?> Furthermore, BTK is
involved in platelet activation via the glycoprotein VI receptor’ and osteoclast
differentiation via the receptor activator of NF-kB (RANK).*

The BTK inhibitor, ibrutinib, is approved for the treatment of several B cell
malignancies including some types of lymphoma and leukemia.” It is widely used in
hematological patients. This approach is quite well tolerated in humans; its main
reported side effects are mild such upper respiratory infections, fatigue, and diarrhea.’
The mechanism of action of BTK suggests a role for BTK inhibition in the treatment of
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autoimmune diseases.” B cells are crucial players in
several systemic autoimmune diseases including Systemic
Lupus Erythematosus (SLE), Sjogren’s syndrome, and
myositis.* '® These diseases are marked by altered B cell
selection leading to the production of autoreactive antibo-
dies, pro-inflammatory cytokines, and the presentation of
autoantigens to autoreactive T cells. BTK inhibition in
experimental autoimmune diseases in preclinical models
has led to a reduction of disease, notably in mouse models
of collagen-induced arthritis and anti-glomerular basement
membrane glomerulonephritis.''*'? Increased BTK expres-
sion and phosphorylation were noted in the peripheral blood
B cells of patients with rheumatoid arthritis (RA) compared
with healthy controls'® correlating with anti-citrullinated
protein antibodies and rheumatoid factors (RF).'* Increased
BTK expression and phosphorylation correlated with RF in
patients with Sjogren’s syndrome."?

Why Is Blocking BTK a Potentially Good
|dea in SLE?

SLE is an autoimmune disease characterized by autoanti-
bodies against nuclear antigens. These autoantibodies pro-
mote disease pathogenesis by forming immune complexes
that cause inflammation and tissue damage. Several com-
ponents of BTK signaling pathways are altered in B cells
from lupus patients.'>'® It was notable that BTK+ cells in
the peripheral blood of SLE patients correlated with dis-
ease activity, anti-dsDNA antibodies, proteinuria, and C3
levels.'”

The importance of B cells in SLE is highlighted by the
efficacy of B cell-targeting therapies. Following successful
clinical trials,'”"'® Belimumab, a fully human IgG1 mono-
clonal antibody that selectively targets and inhibits the bio-
logical activity of the soluble B lymphocyte stimulator
(BLyS), was approved by the Federal Drug Administration
(FDA) in the United States for the treatment of lupus in
2011. Belimumab was the first drug approved by the FDA
for the treatment of SLE in over 50 years. It does not directly
bind to B cells and does not directly reduce B-cell popula-
tion, but it inhibits B cell survival.

In addition, other agents targeting B cells, e.g., monoclo-
nals against CD20, CD22, and CD19, have also been used for
SLE patients.'” The efficacy of anti-CD20 B-cell-depleting
therapy (notably rituximab) provides indirect clinical evi-
dence for the likely efficacy of the B cell modulatory effects
of BTK inhibition in autoimmune diseases. Rituximab
has established efficacy and is approved in RA?® and

granulomatosis with polyangiitis/microscopic polyangiitis.”'
European League Against Rheumatism (EULAR) and
American College of Rheumatology (ACR) guidelines also
suggest considering rituximab for refractory or relapsing
disease.”>** Case series and open-label studies have also
reported efficacy for rituximab in SLE. Interestingly, it has
been shown that B cell depletion is associated with a fall in
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antibodies to DNA, nucleosomes, and cardiolipin,
subsequent increase in anti-dsDNA levels may be associated
with disease flare.?® In contrast, B cell depletion using ritux-
imab does not alter the levels of antibodies to the extractable
nuclear antigens (e.g., Ro, La) and fluctuations in the levels
of these antibodies are not clearly associated with disease
exacerbation. However, two randomized trials, EXPLORER
(Exploratory Phase II/IIl SLE Evaluation of Rituximab) and
LUNAR (Lupus Nephritis Assessment with Rituximab),
failed to meet their primary endpoints.>’*® The reasons for
these disappointing results are likely to include in part the
study design, as substantial amounts of background therapy
were allowed, disease heterogeneity, and limitations of the
available outcome tools. Nevertheless, a clear restriction of
targeting a B cell antigen is the lack of specificity against
autoreactive B cells. The CD20 antigen is not expressed on
plasmablasts and plasma cells. Consequently, in SLE patients
treated with rituximab, persistent long-lived plasma cells
survive and continue to produce autoantibodies and the
resulting immune complexes have been implicated as trig-
gers of flares.”’

There are thus several unmet needs for targeted ther-
apy in SLE. Because of the complexity of SLE pathogen-
esis, a drug that inhibits more than one pathway would
promise a great therapeutic potential. Inhibition of BTK
may act via additional mechanisms to anti-CD20 B cell-
depleting therapy. As BTK is expressed on several
immune cell types, blocking BTK signaling might be
expected to impact not only the B cell component but
also the innate immunity component activated by pre-
existing immune complexes and Toll-like receptors.>”
Preliminary data suggest that BTK inhibition may actu-
ally promote central tolerance.®!

Mouse Model and Clinical
Application

In this section, we will review what is known about the
treatment of mouse models of SLE and the human disease,
using BTK inhibitors.
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Antibodies and B Cells
One with SLE
(NZBxW_F1) had as its primary objective the demonstration

study conducted in murine model
of the effects of BTK inhibition on systemic immune activa-
tion, as well as its ability to prevent antibody-mediated glo-
merulonephritis. The mice were treated for 12 weeks, with
different doses of BTK inhibitors: 3, 10, or 30 mg/kg.** It was
observed that treatment with 10 or 30 mg/kg significantly
reduced the total number of splenic B cells up to almost
10 times in 90% of treated mice,>* and those who received
lower doses (3 mg/kg) showed a more modest effect. The
levels of anti-dsDNA antibodies were significantly lower in
mice that received 10-30 mg/kg. There was no significant
reduction in those treated with 3 mg/kg.

The authors concluded that treatment with a BTK
inhibitor reduces the formation of plasma cells in the
germinal center and limits the spontaneous accumulation
of activated B cells and reduced levels of anti-dsDNA and
IgG autoantibodies in these mice.

In a human study, the efficacy, safety, and pharmaco-
dynamic profile of fenebrutinib (FEN), a BTK inhibitor,
was evaluated in patients with moderate to severe SLE.**
Patients received different doses: 150 mg daily or 200 mg
twice a day, for 48 weeks. The safety results were similar
between FEN and placebo, although more serious adverse
events were observed in the arm of FEN 200 mg.
Treatment with both doses of FEN significantly reduced
levels of CD19 + B cells and IgG anti-dsDNA autoanti-
bodies compared to placebo-treated mice.>® However, no
clinical benefit was identified.

Nephritis
One of the above studies® also analyzed the effects of the
inhibition of BTK on renal damage measuring urinary
protein levels every other week to assess the extent of
kidney damage and observed that at the end of treatment,
70% of mice treated with placebo developed severe pro-
teinuria while none of those treated with BTK inhibitor
had developed it. The development of the disease was
prevented by BTK inhibition by inhibiting glomerular
antibody and C3 deposition;*> as well as a significant
dose-dependent reduction of inflammatory infiltrates and
glomerular lesions. Those mice who received 30 mg/kg
had no inflammatory infiltrates.

These results demonstrate that BTK inhibition can
limit the development of antibody-driven glomerular
pathology in this type of SLE prone mice.

Another study in mice using a BTK inhibitor (M7583)
had as one of its main objectives the evaluation of the
renal involvement in BXSB-Yaa mice, who developed
nephritis. When administering treatment with M7583 or
standard treatment (mycophenolate mofetil (MMF)) to
BXSB-Ya mice; they found that both drugs led to a sig-
nificant reduction in proteinuria and also showed that the
increase in titers of autoantibodies was significantly
blocked by inhibition of BTK with M7583.%*

In another study of BTK inhibition on renal involvement,
MRL/lpr mice were divided into two groups: half were treated
with BI-BTK-1 (another BTK inhibitor) at 10 mg/kg, and the
other half was given a comparable control.*> The main results
were the demonstration of improvement in kidney disease,
despite having more serious inflammation and using lower
doses of the drug (10 mg/kg) compared to some models
previously reported; as well as showing that BI-BTK-1 can
reverse the established and severe renal disease of inducible
antibody-mediated glomerulonephritis, in one of the mice
strains (MRL/lpr).*

Thus, the authors of this s‘cudy,3 5 were the first to show
the reversal of the disease in a strain of mice with sponta-
neous lupus (MRL/Ipr), demonstrating that BTK inhibition
is effective in murine lupus model also in reversing disease
and not only preventively.

These results emphasize the therapeutic potential for
BTK inhibition in lupus nephritis.

Arthritis

In one of the studies above®* using a BTK inhibitor (M7583),
another objective was to determine the role of this drug in
preventing the development of arthritis in the DBA/1 mice.
In this study, the other drug used was MMF;, and although
this is not the drug of choice to treat arthritis, they compared
its effectiveness with that of the BTK inhibitor. At the end of
the study, they observed that treatment with BTK inhibitor
led to a significant reduction in the clinical signs of arthritis**
and also showed greater efficacy than MMF. They also
observed that those who received M7583 had a reduction in
the levels of anti-dsDNA, anti-histones, and anti-Ro/SSA,
but not anti-Sm/RNP. Meanwhile, the MMF did not have a
significant impact on any of the autoantibody levels.

Thus, they confirm that blocking the activity of BTK
may be a very effective treatment of end-organ disease in
BXSB-Yaa and pristane-DBA/1 mice®* in particular redu-
cing kidney disease and arthritis. It gives some hope that
this approach might be effective in patients with these
problems.
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Cutaneous and Neuropsychiatric

Manifestations

In another murine study using the MRL/Ipr mouse model,
the effect of blocking BTK was tested on cutaneous and
neuropsychiatric manifestations.

MRL/lpr skin lesions improved significantly with BI-
BTK-1 treatment, macroscopically and histologically. At
the macroscopic level, the improvement was sustained until
the mice were sacrificed, when 42% of the mice treated with
BI-BTK-1 had some sign of skin disease, while 92% of the
control mice had visible skin involvement (p < 0.0001).%
They observed microscopically that the treated mice had less
cell infiltration in the skin, fewer deposit of IgG, and

a decrease in the number of macrophages and T cells.
In addition, macrophages observed in mice treated with
BI-BTK-1 had a less activated phenotype.>® To assess these
activated macrophages further in the skin, sections were
stained with Mac-2, a macrophage activation marker.
Another observation made by the authors was the demonstra-
tion of reduced levels of cytokines associated with the patho-
genesis of cutaneous lupus, e.g., IL-6, IL-17, and TNF,
following therapeutic inhibition of BTK.

MRL/lpr mice also manifest spontaneously a neurop-
sychiatric phenotype, which includes cognitive abnormal-
ities such as memory deficits and depression-like behavior;
in this study®® they also evaluated the effects of the

Table | Summary of the Main Points and Results of the Studies Performed to Know the Role of BTK Inhibitors in SLE, in Murine
Models, and in Humans

Study BTK Inhibitor Population and Immunological Results Results in Target Organ SLE
and Therapeutic | Study Sample
Regime
Rankin et al*? ® PF-06250112 ® Murine ® Reduced inflammatory infiltrates [® Reduced  microalbuminuria  levels
(/ Immunol 2013; ® 3 mg/kg; 10 mg/ (® NZBxW_FI mice: (dose-dependent) (dose-dependent)
191:4540-50) kg or 30 mg/kg - glomerulone- ® Reduced germinal center B cells
phritis number
- anti-dsDNA ® Reduced splenic IgM and IgG
® Reduced splenic anti-dsDNA levels
(dose-dependent)
® Decrease in activated CD4
T lymphocytes
Bender AT et al** ® M7583 ® Murine ® Reduction in B activated and T cells |® BXSB-Yaa
(Clinical Immunol. ® 3.7 mglkg ® BXSB-Yaa  mice: expressing CD69 ® Reduction in proteinuria
2016;164:65-77) nephritis ® Reduce autoantibody production ® Histological kidney damage reduction
DBA/I mice: ® Block FcR activation in myeloid [® DBA/I:
arthritis cells ® Reduced clinical signs of arthritis
Chalmers SA et al®> |® BI-BTK-I ® Murine ® Reduction of plasma cells (also in [® Improvement of kidney disease
(Clin Immunol. ® 10 mg/kg ® MRL/Ipr mice the bone marrow) ® Reverse established and renal damage
2018;197:205-18) NZB/W mice ® Decrease in circulating anti-dsDNA (inducible antibody-mediated
® Decreased accumulation of macro- glomerulonephritis)
phages (within the kidneys and
spleen)
Chalmers SA et al*® |® BI-BTK-I ® Murine ® Decreased IL-6, IL-17, and TNF ® |mproved skin lesions (macroscopically
(Arthritis ResTher. 10 mg/kg ® MRL/Ipr mice ® Choroid plexus decrease of macro- and histologically)
2018;20:10) phages, T cells, and B cells ® Ameliorate cognitive function
® Less activated phenotype
macrophages
Isenberg DA et al** |® Fenebrutinib ® Humans ® Reduced levels of CD19+ B cells
(2019 ACR/ARP 150 mg daily or ® Reduced IgG anti-dsDNA
Annual Meeting; 200 mg twice a autoantibodies
Abstract: LI5) day
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treatment in NPSLE. They found that treatment with a
BTK inhibitor improved the manifestations of NPSLE as
the treated mice had improved cognitive function showing
a significant improvement in the object placement test that
indicates preserved spatial memory.

With respect to visual memory, they performed object
recognition tests; reporting that the deficits observed were
not completely reversed.’® No improvement in depres-
sion-like behavior in the mice treated with BTK inhibi-
tion was observed. The authors suggested that perhaps
longer treatment should be attempted to obtain a better
response in these NPSLE manifestations because they did
identify a decrease in macrophages in the brain, micro-
glia, are an important source of inflammatory cytokines
that are believed that play a fundamental role in NPSLE
pathogenesis.

An overview of the murine and human therapeutic
attempts is shown in Table 1. The therapeutic target of
BTK inhibition may thus be a potentially valuable ther-
apeutic option for NPSLE, in addition to any beneficial
effect on skin disease.

Conclusions

BTK inhibition is a promising therapeutic target for
patients with SLE due to its capacity to act through
several different mechanisms. Clinical trials on patients
treated with Ibrutinib showed a reduction in the levels of
some autoantibodies (antinucleosome, antihistone, and
anti-ssDNA) and improved some clinical manifestations
of SLE.

From the data obtained in the studies discussed above,
it is evident the effectiveness of BTK inhibition in multiple
models of murine lupus, for different manifestations. It
will be interesting to discover if similar is observed in
current early phase studies of BTK inhibition in
human SLE.

Nowadays, drugs that act at this level like Ibrutinib are
widely used and well tolerated in humans. Due to this and
to the results of the studies published so far, we conclude
that BTK may be a successful approach to the treatment of
resistant manifestations of SLE, including renal, arthritic,

CNS, and skin disorders.
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