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Synergistic Effects of BTK Inhibitor HM71224 and
Methotrexate in a Collagen-induced Arthritis Rat Model
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Abstract. Background/Aim: Using a rat model of collagen-
induced arthritis (CIA), we evaluated the therapeutic effects
of HM71224 (BTKi), as well as the drug-drug interactions
in combined therapy with methotrexate (MTX) based on both
drugs’ pharmacological role in immune regulation and
antiinflammation. Materials and Methods: Arthritis in rats
was induced using type Il collagen and incomplete Freund'’s
adjuvant. The therapeutic effects of HM71224 (alone or in
combination with MTX) were evaluated by arthritis score,
paw volume, body weight, and histopathological examination
(H&E and Safranin-O staining). The drug-drug interactions
between HM71224 and MTX were investigated by measuring
plasma, liver enzyme and creatinine levels and blood cell
counts. Results: HM71224 reduced the clinical signs of
arthritis, paw volume, and body weight loss in CIA rats.
EDsy and EDgy were 1.0 and 2.5 mglkg, respectively.
HM71224 combined with MTX decreased the arthritis score,
bone erosion, synovitis, and cartilage degradation without
apparent interaction. Conclusion: The combination of
HM71224 and MTX improved the therapeutic effect with no
drug-drug interactions in RA.

Rheumatoid arthritis (RA) is a systemic autoimmune disease
characterized by synovitis and bone and cartilage damage.
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Many different cell types are involved in the pathogenic and
pathological progression of RA. For example, B cells play
several critical roles, such as autoantibody and cytokine
production, antigen presentation, immune regulation, and
bone homeostasis (1). Hence, rituximab, a monoclonal anti-
CD20 antibody that depletes B cells, has been used to treat
RA (2), as well as other diseases that involve B cells (1).

Bruton’s tyrosine kinase (BTK) is a non-receptor tyrosine
kinase that belongs to the TEC family of kinases. During the
activation of B cells, macrophages, and plasmacytoid
dendritic cells, BTK is involved in B cell receptor (BCR)-,
Fc receptor-, and Toll-like receptor-mediated signaling (3-5).
This kinase is also associated with monocyte-derived
osteoclast formation (6). Therefore, BTK cellular expression
and function have been implicated as potential drug targets
for treating autoimmune diseases, including RA.
Furthermore, BTK inhibitors have demonstrated their
therapeutic potential in rodent arthritis models (7-9). We
previously reported that HM71224, an irreversible and
selective BTK inhibitor, improves the clinical signs of
arthritis, decreases the production of autoantibodies and
cytokines, and reduces the damage to bone and cartilage in
a collagen-induced arthritis (CIA) mouse model (8).

Methotrexate (MTX) is one of the disease-modifying anti-
rheumatic drugs (DMARDs) used for the treatment of RA.
MTX inhibits T cell activation, downregulates B cell (10),
and modulates receptor activator of the NF-kB ligand
(RANKL) expression (11), which are involved in the
pathogenesis and progression of RA. In adult RA patients,
MTX monotherapy is recommended as first-line therapy;
furthermore, it is also recommended as a co-therapy when
using either biologic DMARD:s or tofacitinib (12). Therefore,
a comparison of risks and benefits of MTX co-administration
with any novel therapeutic is essential, because MTX-based
treatments form the core treatment for patients with RA.

In this study, we evaluated the advantages and
disadvantages of HM71224 and MTX combination therapy.
We established the effective dose (ED) of HM71224 in the
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CIA rat model and then investigated the anti-arthritic effects
and drug-drug interactions of HM71224 and MTX used as a
combination therapy.

Materials and Methods

Reagents. HM 71224 was synthesized by the Hanmi Research Center
(Hwaseong, Republic of Korea). MTX was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Immunization grade bovine type 11
collagen was supplied by Chondrex, Inc. (Redmond, WA, USA).
Incomplete Freund’s adjuvant (IFA), dimethyl sulfoxide (DMSO),
and Tween®20 were purchased by Sigma-Aldrich. Sodium heparin
and  blood collection tubes containing  dipotassium
ethylenediaminetetraacetic acid (EDTA) salt were purchased from
Choongwae Pharmaceutical Co., Ltd. (Seoul, Republic of Korea)
and BD Bioscience (San Jose, CA, USA), respectively.

Animals. Male Lewis rats aged 6 weeks (Charles River Japan) were
maintained in a controlled environment with 22+2°C temperature,
50+20% humidity, and a 12 h light/dark cycle. Rats were fed
standard pelleted food (Picolab Rodent Diet 5053, St. Louis, MO,
USA) and water ad libitum during study period. All animal
experimental procedures were approved by the Institutional Animal
Care and Use Committee of the Hanmi Research Center and were
performed in accordance with approved guidelines.

Induction of CIA in rats. Lewis rats were immunized with 0.6 ml of
bovine type II collagen and IFA emulsion via intradermal injection
at the base of the tail. A booster injection was given on day 7 by
injecting 0.3 ml of the emulsion in the same manner.

Treatments. Two independent sets of experiments using the CIA rat
model were performed. In the first set of experiments (n=7/group),
to evaluate the therapeutic efficacy of the HM71224 monotherapy,
it was orally administered at 0.3, 1, or 3 mg/kg once daily for 9
days. In the second set of experiments (n=5/group), to determine the
combined effects of HM71224 and MTX, rats were orally
administered HM71224 (1 mg/kg, once daily), MTX (1 mg/kg,
twice weekly), or HM71224 (1 mg/kg, once daily) plus MTX (1
mg/kg, twice weekly) for 10 days. In combination groups,
HM71224 was first administered orally, followed Smin later by oral
administration of MTX. Both sets of experiments, the treatments
were initiated 6 days after the booster immunization. HM71224 was
dissolved in water containing 3.3% DMSO and 1.7% Tween®20;
MTX was dissolved in 10% DMSO in water.

Clinical assessment of arthritis. The severity of arthritis was
evaluated by assessing the arthritis score, body weight loss, and paw
volume. The arthritis score was determined by grading each paw
from O to 4 (0, normal; 1, mild but definite redness and swelling of
the ankle or apparent redness and swelling limited to individual
digits, regardless of the number of affected digits; 2, moderate
redness and swelling of the ankle; 3, redness and swelling of the
entire paw, including digits; 4, maximally inflamed limb with
involvement of multiple joints) and then expressed as the sum of all
four paw scores. The arthritis score and body weight were measured
three times a week. For the combined drug experiments, the volume
of two hind paws was measured using a plethysmometer (Ugo
Basile, Italy) 9 days after the first administration of the drugs.
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Blood chemistry and hematology. To evaluate the effects of
combination therapy, EDTA-anticoagulated blood and serum were
collected on day 9. Complete blood cell counts (CBCs) were
obtained using an ADVIA120 automatic blood analyzer (Siemens,
Germany), and serum levels of aspartate aminotransferase (AST),
alanine aminotransferase (ALT), and creatinine were measured
using a Hitachi 7020 automatic chemical analyzer (Hitachi, Japan).

Histopathological assessment. The hind ankle joints of each rat were
fixed with 10% neutral-buffered formalin, decalcified with 5% formic
acid, and embedded in paraffin. The sections were stained with
hematoxylin and eosin (H&E) and Safranin-O to identify damage to
bone and cartilage, respectively. The histopathological score was
evaluated microscopically in a blinded manner and expressed as the
sum of the scores of the two joints. The arthritis score was evaluated
on a scale of 0 to 4: 0, normal; 1, hyperplasia of the synovial
membrane and the presence of polymorphonuclear infiltrates; 2,
pannus and fibrous tissue formation and focal subchondral bone
erosion; 3, articular cartilage destruction and bone erosion; 4,
extensive articular cartilage destruction and bone erosion. The bone
erosion score was graded from O to 4 for severity as follows: 0O,
normal; 1, focal subchondral erosion; 2, multiple subchondral erosion;
3, multiple subchondral erosions and focal erosion of the talus; 4,
multiple erosion of the tarsal and metatarsal bones. Synovitis was
scored from O to 4: 0, normal; 1, mild synovial hypertrophy (<5 cell
layers) with few inflammatory cells; 2, moderate synovial
hypertrophy (<20 cell layers) with the accumulation of inflammatory
cells into intrasynovial cysts; 3, pannus, and fibrous tissue formation,
abscess, and interstitial edema; 4, pannus, and fibrous tissue
formation, abscess, and interstitial edema on both sides of the ankle
joint. Cartilage degradation was scored semiquantitatively from O to
4: 0, intact; 1, minor depletion (<10%); 2, moderate depletion (10%-
50%); 3, high depletion (50%-80%); 4, severe depletion (80%-100%).

Pharmacokinetics. To evaluate the effect of HM71224 and MTX
combination, blood from the jugular vein was collected into the
tubes containing heparin (1000 IU/ml) at 0,0.5,1,2,4,7,and 24 h
after the final drug administration on day 11. Plasma was obtained
by centrifugation at 12,000 rpm for 2 min, and stored at —80°C until
analysis. Pharmacokinetic parameters were calculated from plasma
concentration-time data by a non-compartmental method using
Phoenix™ WinNonlin® 6.1 (Pharsight, Princeton, NJ, USA). The
peak plasma concentration (C,,,,) and corresponding time (T )
were obtained directly from the raw data. The area under the plasma
concentration versus time curve (AUC,, ) was obtained from the
linear-log trapezoidal summation.

LC-MS/MS analysis. The plasma sample analysis was performed by
using LC-MS/MS system with Agilent™ 1200 series (Santa Clara,
CA, USA) and API5000 (Applied Biosystems/MDS SCIEX,
Canada). The sample was separated on Luna Phenyl Hexyl column
(2.0 X 150 mm, 5 um, Phenomenex, USA) using elution with an
isocratic mobile phase of 70% ammonium acetate containing 0.1%
formic acid / 30% acetonitrile (v/v) at 35°C. The flow rate of the
mobile phase was 0.3 ml/min, and the injection volume was 3 pL.
The precursor ion and product ion were m/z 471.1 — 416.1 for
HM71224, m/z 455.2 — 308.0 for methotrexate and m/z 521.0 —
485.0 for a structurally related Hanmi compound as internal
standard (IS), respectively. The optimal MS parameters were
defined as follows: the declustering potential (V) were set at 111V
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Figure 1. Effect of HM71224 on the development of arthritis in the CIA
rat model. The treatment of HM71224 was initiated at the mean
arthritis score of 2.9 (n=7/group). Arthritis score and body weight were
evaluated three times per week. (A) Arthritis score; (B) hind paw
volume; and (C) body weight during the course of the disease. Data are
presented as the mean+SEM. *p<0.05, **p<0.01, and ***p<0.001 vs.
vehicle-treated CIA rats (using the Kruskal-Wallis test).
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Figure 2. Effects of HM71224 and MTX combination on disease
progression in the CIA rat model. HM71224 and MTX single or
combined treatments were initiated 6 days after the booster
immunization at the mean arthritis score of 2.9 for each group
(n=>5/group) and continued for 10 days. (A) Arthritis score; (B) body
weight during the course of the disease. Data are presented as the
mean+SEM. *p<0.05, **p<0.01, and ****p<0.0001 vs. vehicle-treated
CIA rats (using ANOVA).
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Figure 3. Histopathological assessment of CIA rat ankle joints treated with single and combination therapy of HM71224 and MTX. Histopathological
evaluation of both hind ankle joints was conducted 10 days after the first administration. Indices of arthritis, bone erosion, and synovitis were
evaluated using H&E staining, and cartilage degradation index was assessed using Safranin-O staining. (A) Histopathological index was expressed
as the sum of scores from both hind ankle joints and included the arthritis score, bone erosion score, synovitis score, and cartilage destruction
score. (B-C) Histological staining of the ankle joints (100x magnification), representative H&E (B) and Safranin-O (C) stained images. Data are
presented as the mean+SEM. *p<0.05, **p<0.01, and ***p<0.001 vs. vehicle-treated CIA rats (using ANOVA). Bone erosion (blue arrows) was
scored a subchondral and bone destruction and synovitis (*) was quantified degree of inflammation (H&E). Cartilage damage (black arrows) was

semi-quantitatively scored as an intensity of Safranin-O staining (red).

for HM71224, 86V for methotrexate and 191V for IS; the collision
energies were set at 43V for HM71224, 29V for methotrexate and
37V for IS. AB SCIEX Analyst 1.6.3 software (Canada) was used
for data acquisition.

Statistical analyses. Except where indicated otherwise, the data are
expressed as the meantstandard error of the mean (SEM).
Differences between the mean values of the groups were compared
using a parametric one-way ANOVA test or non-parametric
Kruskal-Wallis test using the Prism 5.0 software (GraphPad, La
Jolla, CA, USA). Statistical significance was set at p<0.05. ED was
also calculated using the Prism 5.0 software.
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Results

Effects of HM71224 on the development of arthritis in the CIA
rat model. First, we examined whether HM71224 treatment
had any effects on body weight loss and the clinical signs of
arthritis in the CIA rat model. Our results showed that
HM71224 reduced paw volume and the signs of arthritis, such
as increased edema and erythema of ankle joints, in a dose-
dependent manner. Compared to that of the CIA control, the
arthritis score (Figure 1A) of the rats treated with 3 mg/kg and
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10 mg/kg doses (p<0.01 at 3 mg/kg and p<0.001 at 10 mg/kg)
was significantly reduced. Similar results were observed for
hind paw edema (p<0.001 for both 3 and 10 mg/kg doses vs.
the CIA control) (Figure 1B). HM71224 treatment also
prevented body weight loss (Figure 1C). The calculated ED5,
and EDg values were 1.0 and 2.5 mg/kg, respectively.

Combined effects of HM71224 and MTX on CIA disease
progression. Next, we evaluated the combined effects of
HM71224 and MTX using the CIA rat model. As expected, the
vehicle-treated rats developed severe arthritis, including
swollen and red paws, whereas MTX or HM71224 treatments
resulted in partial reduction of the arthritis score (Figure 2A,
p<0.05 vs. the CIA control group). The combination of
HM71224 with MTX markedly decreased the severity of
arthritis (Figure 2A, p<0.01 vs. the CIA control group);
however, it did not have any effect on body weight loss (Figure
2B). Furthermore, the combination of HM71224 with MTX
showed synergistic inhibition of histopathological parameters,
such as bone erosion, synovial inflammation, edema, synovial
hypertrophy, synovial hyperplasia, pannus, fibrous tissue
formation, and cartilage degradation (Figure 3A-C).

Drug-drug interactions by co-administration of HM71224
and MTX. To investigate drug-drug interactions, the plasma
levels of HM71224 and MTX were examined and the plasma
concentration-time curves are shown in Figure 4. As shown
in Table I, there were no significant differences in plasma
parameters, such as AUC, and C,,,, between HM71224
and MTX alone and HM71224 in combination with MTX
(p>0.05). Although the C,,, of MTX alone and that of MTX
in combination with HM71224 showed a 1.5-fold difference,
the AUC,,,, values were similar in both groups.

To investigate the effect of HM71224 and MTX
combination treatment on hepatic, renal, and hematological
parameters, serum AST, ALT, creatinine levels, as well as
complete blood cell counts (CBC), were measured. Our results
showed that the combination of HM71224 and MTX did not
increase liver enzymes and kidney function parameters or
cause any hematological abnormalities (Table II).

Discussion

We previously reported that selective and irreversible BTK
inhibition by HM71224 suppressed human B cell activation,
cytokine secretion, and osteoclast formation in vitro;
furthermore, HM71224 effectively ameliorated experimental
arthritis by suppressing cytokines and autoantibodies in a
CIA mouse model (8). In this study, we showed that,
similarly to the findings of our previous mouse experiments,
HM71224 treatment decreased experimental arthritis
parameters in the CIA rat model in a dose-dependent manner.
Both MTX and HM71224 modulate B cells, cytokines, and
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Figure 4. Mean plasma concentration-time curves of HM71224 (A) and
MTX (B) after repeated dosing of HM71224 and MTX single or
combination for 10 days (n=>5/group). Data are presented as the
mean=+SD.

osteoclastogenesis during RA; however, these drugs act via
different mechanisms (8, 10, 11, 13). For example, MTX
affects B cell proliferation by reducing cell division through
inhibition of folic acid metabolism (10), whereas HM71224
suppresses B cells by blocking BCR signaling (8).
Furthermore, MTX reduces bone loss via inhibition of RANKL
production by fibroblasts (11) whereas HM71224 suppresses
osteoclastogenesis directly (8). Moreover, MTX directly
inhibits the activation of T cells (10) whereas PF-06250112,
another BTK inhibitor, reduces the number of activated CD4+
T cells indirectly via BTK inhibition in other cell types (15).
Hence, these drugs complement each other by inhibiting B
cells, T cells, and osteoclastogenesis via different mechanisms
of action during RA treatment. Therefore, we hypothesized that
the combination of HM71224 with MTX would exert
synergistic therapeutic effects by modulating the activation of
B cells and T cells, as well as osteoclasts. Our results
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Table 1. Pharmacokinetic parameters in single and combination therapy of HM71224 and MTX (n=>5/group) after repeated administration for 10

days.

HM71224 (1 mg/kg) HM71224 (1 mg/kg) + MTX (1 mg/kg) MTX (1 mg/kg)
Analyte HM71224 HM71224 MTX MTX
AUC,, (ng-h/ml) 12.9+4.0 11.4+4.1 69.0+13.6 61.9+42.7
Cihax (ng/ml) 6.7£2.8 5.6+£2.7 66.4+15.5 43.0+£14.0
Thax () 2.0(0.5,2.0) 0.5(0.5,2.0) 0.5 (-) 0.5 (-)

Data are presented as the mean+SD. T,

is presented as median (min, max). AUC|,, Area under the curve from the time of dosing to the time of

last quantifiable concentration; C, .., Maximum observed concentration occurring at T ..; T .., Time of maximum observed concentration.

Table 1. Effects of HM71224 and MTX combination on hepatic, renal, and hematological parameters.

Liver enzymes

Kidney function

Complete blood cell counts

AST ALT Creatinine RBC Hemoglobin WBC Platelets

Ium Ium (mg/dl) (x106/ul) (g/dl) (x103/ul) (x103/ul)
Naive 96.4+4.1 41.2+5.1 0.4+0.0 8.48+0.13 14.2+0.1 6.30+1.67 767+37
CIA control 113.3+8.2 36.1+3.2 0.4+0.0 8.71+0.20 13.9+0.3 7.12+0.96 1,043+60
HM71224 1 mg/kg 90.5+3.4 39.1£2.0 0.4+0.0 8.59+0.19 13.7+0.4 5.61£2.30 924+70
MTX 1 mg/kg 102.9+£3.5 38.4+4.0 0.4+0.0 8.60+0.29 13.9+0.4 6.47+0.66 930+101
HM71224 1 mg/kg+MTX 1 mg/kg 86.4+2.7 38.3+19 0.4+0.0 8.46+0.39 13.9+0.5 6.05+1.44 916+74

AST: Aspartate transaminase; ALT: alanine transaminase; CIA: collagen-induced arthritis; RBC: red blood cells; WBC: white blood cells.

demonstrate that the combined treatment using the low dose of
HM71224 and MTX effectively suppresses both disease
activity, including the erythema and edema of ankle joints, and
structural (bone and cartilage) damage.

It has been previously reported that co-administration of
some drugs with MTX has caused variations in the
pharmacokinetic parameters of MTX. For example,
nonsteroidal anti-inflammatory drugs, including ibuprofen,
naproxen, salicylates, and cyclosporine, reduced creatinine
and MTX clearance, leading to a significant increase in
MTX plasma levels (13, 16); chloroquine decreased the
bioavailability of MTX by approximately 50% (17).
Therefore, these drug-drug interactions have practical
implications for both the safety and efficacy of these drugs
as a combination therapy with MTX. In this study, the co-
administration of HM71224 and MTX at the effective dose
did not affect the pharmacokinetic parameters and serum
creatinine levels (Table I and Table II), confirming the safety
of HM71224 and MTX combination therapy.

Gastrointestinal, hepatic, and hematological toxicities are
commonly observed after treatment of RA and other
autoimmune diseases with MTX (18). Moreover, some drugs
interact with MTX to produce additive hepatotoxicity and
hematotoxicity (19). Hence, prescribing guidelines should
recommend the assessment of liver enzymes and CBCs prior
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to initiation of MTX, as well as at regular intervals for the
duration of the therapy (20, 21). If co-administration of MTX
leads to abnormal liver enzyme levels and hematological
parameters, the combination regimen should not be used as
a treatment. In this study, we showed that the combination
of HM71224 and MTX at the effective dose did not affect
liver enzyme levels or blood cell counts (Table II).

Conclusion

Using an inflammatory arthritis animal model, this study
demonstrated that the combination of HM71224 with MTX
showed effective and safe therapeutic effects with no
apparent drug-drug interactions. Our results indicate that the
combined HM71224/MTX therapy could be used as another
option for treating patients with RA.
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