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Objective: Lorecivivint (LOR; SM04690), an investigational Wnt pathway modulator, previously
demonstrated patient-reported and radiographic outcome improvements vs placebo in clinically rele-
vant subjects with moderate to severe knee osteoarthritis (OA). This study's objective was to identify
effective LOR doses.
Design: Subjects in this 24-week, Phase 2b, multicenter, randomized, double-blind, placebo (PBO)-
controlled trial received an intra-articular injection of 2 mL LOR (0.03, 0.07, 0.15, or 0.23 mg), PBO, or dry-
needle sham. The primary efficacy endpoints were changes in Pain NRS [0e10], WOMAC Pain [0e100],
WOMAC Function [0e100], and radiographic mJSW outcomes, which were measured using baseline-
adjusted analysis of covariance at Week 24. Multiple Comparison Procedure-Modeling (MCP-Mod) was
performed for dose modeling.
Results: In total, 695/700 subjects were treated. Pain NRS showed significant improvements vs PBO after
treatment with 0.07 mg and 0.23 mg LOR at Weeks 12 (�0.96, 95% CI [�1.54, �0.37], P ¼ 0.001; �0.78
[�1.39, �0.17], P ¼ 0.012) and 24 (�0.70 [-1.34, �0.06], P ¼ 0.031; �0.82 [�1.51, �0.12], P ¼ 0.022).
Additionally, 0.07 mg LOR significantly improved WOMAC Pain and Function subscores vs PBO at Week
12 (P ¼ 0.04, P ¼ 0.021), and 0.23 mg LOR significantly improved both WOMAC subscores at Week 24
(P ¼ 0.031, P ¼ 0.017). No significant differences from PBO were observed for other doses. No radio-
graphic progression was observed in any group at Week 24. MCP-Mod identified 0.07 mg LOR as the
lowest effective dose.
Conclusion: This 24-week Phase 2b trial demonstrated the efficacy of LOR on PROs in knee OA subjects.
The optimal dose for future studies was identified as 0.07 mg LOR.

© 2021 Samumed, LLC. Published by Elsevier Ltd on behalf of Osteoarthritis Research Society
International. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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58-926-2926.
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Introduction

Knee osteoarthritis (OA) is a chronic joint disease with an esti-
mated worldwide prevalence of 3.8%1. The most prominent
symptom is chronic pain, which is related, in part, to structural
changes, including articular cartilage degradation and osteophyte
esearch Society International. This is an open access article under the CC BY-NC-ND
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formation precipitated by biomechanical forces. These structural
changes are also mediated by various cellular mechanisms (e.g.,
local inflammation, cellular senescence, and apoptosis) involving
complex cell signaling pathways (e.g., TGF-b, hedgehog, and Wnt
signaling)2e4. The symptomatic benefits of existing treatments are
relatively modest with significant safety concerns in some
cases5e11. Currently, there are no structure-modifying agents
approved for OA by the U.S. Food and Drug Administration or Eu-
ropeanMedicines Agency. Thus, there is an unmet medical need for
safer therapeutics that treat underlying pathology and have
symptomatic benefits.

Developing treatments for knee OA is challenging for several
reasons. First, the disease itself is heterogeneous, etiologically
diverse, and typically presents with symptoms at a relatively
advanced stage12. Second, there are no validated surrogate end-
points for end-stage knee OA13. Third, pain reporting can be
confounded by pain from multiple joints, comorbidities (common
in patients with knee OA), and central and peripheral pain-pro-
cessing mechanisms14,15. Finally, strong placebo (PBO) effects exist
in clinical trials of intra-articular (IA) and oral treatments for knee
OA16.

Many investigated therapies for knee OA target single-joint
tissues such as cartilage17 or bone7 or a process such as inflam-
mation8. However, if OA is regarded as a heterogenous “whole-
joint” disease18, successful treatment approaches may require tar-
geting several tissues and pathways at the same time or a pathway
that influences multiple disease components in parallel. The Wnt
signaling pathway is known to be a key regulator of progenitor cell
differentiation, cartilage/bone metabolism, and inflammatory re-
sponses in the knee joint19e23. It has been shown to be abnormally
upregulated in osteoarthritic joints and in preclinical OA
models18,19,24,25. Therefore, targeting the Wnt signaling pathway
presents a potential mechanism for treating knee OA.

Lorecivivint (LOR; previously SM04690) is in development as an
IA, small-molecule drug with structure-modifying potential for OA.
LOR inhibits the intranuclear kinases CLK2 and DYRK1A, leading to
downstream modulation of the Wnt pathway and inflammation19,
thus affecting structural and symptomatic mechanisms underlying
OA. In a previous randomized, PBO-controlled, 52-week Phase 2a
trial (NCT02536833), LOR demonstrated significant improvements
compared with PBO in pain and function patient-reported out-
comes (PROs) and medial joint space width (mJSW) in clinically
relevant subjects with predominantly unilateral symptoms and
without comorbid widespread pain26. This 24-week Phase 2b trial
was conducted to extend these findings and identify effective doses
for future studies, and, as such, demonstrate the symptomatic
benefits observed following treatment with LOR.

Subjects and methods

Study design

This study was a 24-week, Phase 2b, multicenter, randomized,
double-blind, PBO-controlled, parallel-group trial of 4 doses of LOR
injected into the target knee joint of subjects with moderate to
severe symptomatic knee OA. The study was conducted at 75 U.S.
clinical sites between April 2017 and April 2018. The primary
objective was to determine the effective dose(s) of LOR for the
treatment of knee OA. Primary efficacy endpoints included changes
from baseline to Week 24 for each treatment group in target knee
pain according to Pain Numeric Rating Scale (Pain NRS) and
Western Ontario and McMaster Universities Osteoarthritis Index
(WOMAC) Pain scores, in WOMAC Function scores, and in radio-
graphic mJSW. Secondary endpoints included treatment-emergent
adverse events (TEAEs) and changes from baseline in Patient Global
Please cite this article as: Yazici Y et al., A Phase 2b randomized trial of
pathway modulator for knee osteoarthritis, Osteoarthritis and Cartilage,
Assessment (PtGA) score for each treatment group at Week 24.
Comparisons of efficacy were conducted between all LOR dose
groups and vehicle PBO; comparisons of vehicle PBO vs sham in-
jection are reported separately.

The study was conducted in accordance with the Declaration of
Helsinki, the International Council for Harmonisation Good Clinical
Practice Guidelines, and applicable regulations. The study protocol
was approved at each clinic site by an independent ethics com-
mittee or an institutional review board. All subjects provided
written informed consent prior to participating in any study-
related procedures. The study has been registered at ClinicalTrials.
gov (NCT03122860).

Subjects

Eligible subjects were adults aged 40e80 years with a diag-
nosis of primary idiopathic femorotibial OA in the target knee
according to standard American College of Rheumatology clinical
and radiographic criteria27 at Screening Visit 1. Subjects under-
went fixed-flexion (beam angle, 10�; knee flexion, 20�), poste-
rior-anterior radiography of the tibiofemoral compartments
using a QuAP™ positioning device (Medical Metrics, Inc, Hous-
ton, TX). A central imaging lab (Medical Metrics, Inc) that was
blinded to treatment assignments quality controlled all radio-
graphs, evaluated Kellgren-Lawrence (KL) grade, and measured
mJSW using a landmark-based, fixed-location methodology.
Quantitative joint space measurements were produced by
trained analysts using Quantitative Motion Analysis software
(QMA®) for radiographic image analysis. Subjects were expected
to be in general good health and ambulatory with KL grade 2 or
3 in their target knee. Subjects had pain compatible with knee
OA for at least 26 weeks prior to Screening Visit 1. For the target
knee, subjects must have had a Pain NRS intensity score �4
and �8 on an 11-point [0e10] scale for 4 of 7 days immediately
preceding Treatment Day 1. For the non-target knee, subjects
must have had a daily average NRS intensity score <4 for 4 of 7
days immediately preceding Treatment Day 1. In addition, sub-
jects were required to have a WOMAC (version 3.1) Total score
of 96e192 (out of 240) for the target knee at baseline regardless
of whether or not the subject was on symptomatic oral treat-
ment (e.g., NSAIDs/acetaminophen). Subjects were allowed to
start NSAIDs/acetaminophen during the study (if not already
using them), and, if already on NSAIDs, subjects were not
washed out from their stable NSAID regimens. There were no
other restrictions on NSAID/acetaminophen usage during the
study. Analgesic usage was captured via electronic diary as daily
NSAID usage and at site visits as part of the concomitant
medication review. Finally, to assess pain and symptoms related
to comorbidities, subjects underwent an assessment with the
Widespread Pain Index (WPI) and Symptom Severity (SS) Scale
tools at screening28.

Subjects were excluded if they were receiving opioid analgesics
or glucocorticoids during the trial; only NSAIDs or acetaminophen
could be used. Any new formalized (i.e., prescribed by a medical
professional) physical therapy exercise programs for knee OA were
prohibited while the subject participated in the trial, although
continuation of formalized physical therapy exercise programs that
were already in progress at the time of screening was allowed.
Electrotherapy, acupuncture treatments, chiropractic treatments,
and planned or elective surgery for knee OA were also prohibited
while the subject participated in the study. IA injections of corti-
costeroids, hyaluronic acid, or other therapeutic agents into either
knee were prohibited, although these injections were allowed for
joints other than the knees. Subjects with comorbid conditions that
could impact study assessments, including rheumatoid arthritis,
lorecivivint, a novel intra-articular CLK2/DYRK1A inhibitor and Wnt
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psoriatic arthritis, systemic lupus erythematosus, depressive dis-
orders, or fibromyalgia, were also excluded.

Treatment protocol

Eligible subjects were randomized to 1 of 6 treatment groups
(0.03 mg LOR, 0.07 mg LOR, 0.15 mg LOR, 0.23 mg LOR, Vehicle
[PBO], or Sham [dry needle]) and received a single IA injection, per
usual practice, into the target knee on Treatment Day 1. The volume
of all injections was 2.0 mL (except for the sham injection). The
vehicle contained 0.5% carboxymethylcellulose sodium and 0.05%
polysorbate 80 in pH 7.4 phosphate-buffered saline. Subjects were
randomized at a ratio of 1:1:1:1:1:1 to each treatment group using
a permuted block design (block size of 6) that was stratified by
presence of symptomatic knee OA (subjects with bilateral OA
symptoms [50%], subjects with unilateral OA symptoms [50%]) and
WPI and SS Scale Question 2 (SSQ2) scores (80% of subjects with
WPI�4 and SSQ2�2, 20% of subjects withWPI>4 and/or SSQ2 >2).
Randomization of subjects was generated by Medidata Balance
(Medidata Solutions, New York, NY). Study investigators and sub-
jects were blinded to treatment assignments. Unblinded personnel
prepared the medication and performed the injection; they were
instructed to minimize contact with subjects and were not allowed
to perform study assessments.

Subject characteristics, medical history, height, weight, and
body mass index (BMI) were collected at screening. Subjects were
required to complete an electronic diary (Rave, Medidata Solutions,
New York, NY) for reporting daily Pain NRS and monthly WOMAC
and PtGA scores. Subjects underwent fixed-flexion, posterior-
anterior radiography of the tibiofemoral compartments for
assessment of mJSW at baseline and Week 24 using the same pa-
rameters described at screening (see Subjects).

Efficacy assessments

Efficacy was assessed by determining 1) weekly averages of
daily Pain NRS scores for the target knee, 2) monthly WOMAC Pain
and WOMAC Function subscores for the target knee, 3) monthly
PtGA scores, and 4) measured mJSW in the target knee at Week 24,
and then analyzing changes between baseline and Weeks 4, 8, 12,
16, 20, and 24. Of these assessments, the primary endpoints
comprised the Pain NRS, WOMAC Pain and Function, and mJSW
results atWeek 24, whereas PtGA scorewas considered a secondary
endpoint. Based on published studies29,30, the minimum clinically
important difference (MCID) was considered to be � 10%
improvement from baseline for all outcome measurements.

Safety assessments

Safety analyses were performed on all subjects who received a
study injection. The overall safety and tolerability of LOR were
determined by TEAEs and clinically significant changes in clinical
laboratory measures and vital signs. Specifically, safety was
assessed by evaluating the incidence, severity (Vaccine Toxicity
Scale), and seriousness of TEAEs and clinically significant changes
in clinical laboratory measures and vital signs.

Statistical analysis

A sample size of approximately 630 subjects was selected for
this study based upon accepted dose-finding statistical prac-
tice26,31. Briefly, the cited work by Ting utilized statistical simula-
tions to evaluate the performance of MCP-Mod in detecting
treatment differences in clinical outcomes (e.g., WOMAC Pain) in
OA trials. It was found that a sample size of 91 per group would be
Please cite this article as: Yazici Y et al., A Phase 2b randomized trial of
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sufficient to detect a linear doseeresponse relationship using
WOMAC Pain, and the minimum sufficient sample size identified
was then inflated to allow for dropout. All efficacy analyses were
completed on the full analysis set (FAS), which was defined by ICH
E9 as all subjects who were randomized and received an injection;
the FAS differs from the “intention-to-treat ideal” only by the
additional specification of the subject having received an
injection32.

For safety assessments, the number and percent of subjects
experiencing TEAEs were summarized by seriousness, severity, and
relationship for each treatment group.

Multiple Comparison Procedure-Modeling (MCP-Mod)33 is a
“fit-for-purpose” drug development tool34,35 that was used to es-
timate the dose responses of LOR comparedwith PBO using efficacy
outcomes. Instead of applying separate statistical tests to deter-
mine if a test drug has a doseeresponse relationship with an
outcome, what that doseeresponse relationship looks like, and
what the target dose for Phase 3 trials would be based on that
relationship, MCP-Mod is an efficient way to accomplish all 3 tests
at once without overly increasing the likelihood of false positive
errors. MCP-Mod is a two-step process: First, it tests several
candidate doseeresponse models for goodness of fit to the
collected data using multiple comparison adjustment to protect
against Type 1 (false positive) error inflation. If this (MCP) step
successfully identifies a good-fitting doseeresponse model, that
model is then used to estimate the candidate dose(s) for further
study in pivotal, confirmatory trials.

The responses used for the MCP step were estimated from the
Week 24, baseline-adjusted analysis of covariance (ANCOVA) tests
of the primary outcome measures (weekly average of daily Pain
NRS, WOMAC Pain, WOMAC Function, and mJSW), as these mea-
sures will be assessed in confirmatory trials to ultimately support
regulatory decision-making. The secondary efficacy outcome
(PtGA) was also examined using MCP-Mod for completeness.
Because MCP-Mod makes no assumptions about which model (if
any) will fit well with the data, both monotonic (e.g., linear) and
non-monotonic (e.g., beta-mod, quadratic, E-max) models were
used to explore the doseeresponse relationship based upon prior
doseeresponse modeling of the Phase 2a trial26. Model selection
from among only those models demonstrating statistically signifi-
cant goodness of fit was based upon the Akaike Information Criteria
(AIC)36.

As this Phase 2b trial was purposed to estimate and characterize
the dose responses of LOR and no formal hypotheses were tested,
no formal Type 1 error control mechanism was used for the
ANCOVA analysis; the efficacy dose response was modeled under
the error control utilized by MCP-Mod. Estimated least-squares
mean differences, unadjusted 95% confidence intervals, and P
values are reported for the ANCOVA analyses to allow for further
characterization of the dose response. Additionally, no imputation
strategy was used for the primary ANCOVA analyses, although
sensitivity analyses using both last-observation-carried-forward as
well as mixed-method-repeated-measures (MMRM) modeling
were conducted.

Results

Subject disposition and baseline characteristics

In total, 2,672 subjects were screened, and 700 (26.0%) sub-
jects were randomized. Within the randomized subject popula-
tion, 695 subjects were treated; 5 subjects discontinued prior to
dosing (Fig. 1). Groups of 116, 115, 115, and 116 subjects were
randomized to receive either 0.03, 0.07, 0.15, or 0.23 mg of LOR,
respectively. Additionally, 116 subjects were randomized into the
lorecivivint, a novel intra-articular CLK2/DYRK1A inhibitor and Wnt
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Fig. 1
Subject disposition and reasons for discontinuation. The number and percent of subjects are provided for
all treatment groups. The numbers are based on the planned treatment. Abbreviations e AE: Adverse event,
FU: Follow-up, LOR: Lorecivivint, NC: Noncompliance.
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PBO group, and 117 subjects were randomized into the Sham
group (Table I).

Mean (±SD) age and BMI at enrollment were 59.0 (±8.5) years
and 28.97 (±4.01) kg/m2, respectively. Overall, 406 (58.4%) of
enrolled subjects werewomen, 517 (75.5%) wereWhite, 394 (57.3%)
had KL grade 3 radiographic changes in the target knee, and 370
(53.2%) were classified as having unilateral symptomatic disease.
Subjects’ baseline characteristics were similar across the 6 treat-
ment groups.
Lorecivivint

0.03 mg 0.07 mg

N 116 115
Age at Consent (Years)* 57.9 (7.9) 59.9 (8.6)
BMI (kg/m2)* 29.2 (3.8) 29.1 (3.6)
Female 76 (65.5) 66 (57.4)
Race
White 85 (73.3) 83 (72.2)
Black 24 (20.7) 22 (19.1)
Asian 5 (4.3) 5 (4.3)

KL Grade 3 63 (54.3) 74 (64.3)
Unilateral Symptomatic 59 (50.9) 62 (53.9)
Widespread Pain (WPI <4) 92 (79.3) 93 (80.9)

Abbreviations e PBO: Vehicle placebo injection group, BMI: Body Mass Index, KL: Kel
* Mean (SD) reported. Otherwise, n (%) reported.

Table I Subject characteristics

Please cite this article as: Yazici Y et al., A Phase 2b randomized trial of
pathway modulator for knee osteoarthritis, Osteoarthritis and Cartilage,
Efficacy: primary and exploratory outcomes

For all tested doses including PBO, baseline scores with standard
deviations for each PRO, baseline mJSWs, and estimated changes
from baseline with 95% CIs for each 4-week timepoint fromWeeks
4 to 24 are presented in Table II. Statistically significant differences
are described below.

Pain NRS: At Week 24, treatment with 0.07 mg and 0.23 mg LOR
demonstrated significant (�0.70 [�1.34, �0.06], P ¼ 0.031
and �0.82 [�1.51, �0.12], P ¼ 0.022, respectively) improvements in
0.15 mg 0.23 mg PBO Sham

115 116 116 117
58.4 (8.3) 58.5 (9.0) 60.1 (9.0) 59.0 (8.0)
29.4 (4.1) 28.5 (4.4) 28.6 (4.3) 29.0 (3.8)
69 (60.0) 61 (52.6) 64 (55.2) 70 (59.8)

84 (73.0) 89 (76.7) 90 (77.6) 86 (73.5)
25 (21.7) 21 (18.1) 17 (14.7) 24 (20.5)
6 (5.2) 5 (4.3) 6 (5.2) 3 (2.6)
68 (59.1) 63 (54.3) 72 (62.1) 58 (49.6)
63 (54.8) 63 (54.3) 61 (52.6) 62 (53.0)
90 (78.3) 93 (80.2) 93 (80.2) 94 (80.3)

lgreneLawrence, WPI: Widespread Pain Index.

Osteoarthritis
andCartilage
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Dose Baseline* Week-4 Changey Week-8 Changey Week-12
Changey

Week-16 Changey Week-20 Changey Week-24 Changey

Pain NRS PBO 6.2 (1.0)
0.03 mg 6.2 (1.1) �0.15 (�0.67, 0.36) �0.21 (�0.78, 0.36) �0.58 (�1.18, 0.03) �0.45 (�1.09, 0.18) �0.45 (�1.13, 0.23) �0.46 (�1.13, 0.21)
0.07 mg 6.1 (1.1) �0.28 (�0.80, 0.24) �0.54 (�1.12, 0.03) �0.96 (�1.54, �0.37)x �0.69 (�1.30, �0.09)z �0.66 (�1.32, 0.01) �0.70 (�1.34, �0.06)z
0.15 mg 6.1 (1.0) �0.14 (�0.66, 0.38) 0.11 (�0.48, 0.70) �0.12 (�0.75, 0.50) �0.15 (�0.78, 0.48) �0.10 (�0.78, 0.58) �0.14 (�0.81, 0.52)
0.23 mg 6.1 (1.0) �0.16 (�0.70, 0.39) �0.51 (�1.10, 0.08) �0.78 (�1.39, �0.17)z �0.90 (�1.52, �0.28)x �0.92 (�1.60, �0.23)x �0.82 (�1.51, �0.12)z

WOMAC Pain PBO 59.0 (10.8)
0.03 mg 58.1 (12.6) �0.65 (�6.19, 4.89) �3.28 (�9.03, 2.46) �2.14 (�7.99, 3.72) �2.09 (�8.49, 4.31) �1.88 (�8.64, 4.87) �1.70 (�8.32, 4.91)
0.07 mg 57.8 (11.8) �3.62 (�9.40, 2.15) �6.29 (�12.26, �0.32)z �6.31 (�12.33, �0.29)z �5.90 (�11.92, 0.12) �6.20 (�12.82, 0.42) �4.01 (�10.47, 2.46)
0.15 mg 59.3 (11.4) �3.38 (�8.91, 2.15) �0.90 (�6.78, 4.98) 1.72 (�4.35, 7.79) 0.87 (�5.71, 7.45) �0.35 (�6.89, 6.19) 1.84 (�4.89, 8.57)
0.23 mg 58.1 (12.1) �6.28 (�12.02, �0.54)z �5.94 (�11.89, 0.01) �8.95 (�14.90, �3.01)x �7.54 (�13.88, �1.20)z �8.05 (�14.66, �1.43)z �7.36 (�14.03, �0.69)z

WOMAC Function PBO 59.2 (9.8)
0.03 mg 59.0 (10.9) 0.56 (�4.72, 5.83) �4.00 (�9.78, 1.79) �3.05 (�8.83, 2.73) �3.26 (�9.52, 3.00) �1.87 (�8.60, 4.86) �2.58 (�9.04, 3.88)
0.07 mg 58.1 (11.2) �3.29 (�9.01, 2.44) �6.68 (�12.67, �0.69)z �7.18 (�13.24, �1.12)z �6.63 (�12.67, �0.59)z �6.44 (�13.13, 0.25) �4.34 (�10.69, 2.02)
0.15 mg 57.7 (11.1) �2.65 (�8.20, 2.89) �1.19 (�7.13, 4.75) 1.29 (�4.75, 7.33) 1.24 (�5.23, 7.72) �0.40 (�7.06, 6.25) 1.19 (�5.33, 7.72)
0.23 mg 57.3 (11.4) �6.41 (�12.27, �0.54)z �6.54 (�12.63, �0.46)z �8.63 (�14.70, �2.55)x �7.95 (�14.29, �1.62)z �7.50 (�14.15, �0.84)z �7.99 (�14.54, �1.45)z

mJSW PBO 3.44 (1.31)
0.03 mg 3.30 (1.26) N/A N/A N/A N/A N/A 0.02 (�0.16, 0.21)
0.07 mg 3.16 (1.10) N/A N/A N/A N/A N/A �0.11 (�0.27, 0.04)
0.15 mg 3.26 (1.24) N/A N/A N/A N/A N/A �0.12 (�0.34, 0.09)
0.23 mg 3.27 (1.08) N/A N/A N/A N/A N/A �0.03 (�0.18, 0.12)

PtGA PBO 52.8 (18.2)
0.03 mg 53.2 (18.2) �4.74 (�10.17, 0.69) �5.03 (�10.78, 0.72) �3.32 (�9.04, 2.40) �1.80 (�7.92, 4.32) �2.62 (�9.24, 3.99) �2.13 (�8.36, 4.10)
0.07 mg 53.8 (15.6) �6.89 (�12.37, �1.41)z �10.60

(�16.28, �4.92)k
�6.86 (�13.10, �0.63)z �10.29

(�15.88, �4.70)k
�6.37 (�13.03, 0.29) �5.54 (�11.80, 0.72)

0.15 mg 48.0 (20.6) �4.43 (�9.60, 0.74) �1.02 (�6.28, 4.25) �1.46 (�7.20, 4.28) 0.59 (�5.36, 6.53) �2.12 (�8.32, 4.07) �1.94 (�8.36, 4.48)
0.23 mg 49.5 (16.7) �9.31 (�15.14, �3.49)x �10.00

(�15.62, �4.38)k
�7.62 (�13.41, �1.82)z �9.09 (�14.95, �3.22)x �7.85 (�13.99, �1.71)z �6.86 (�13.16, �0.56)z

mJSW: Medial joint space width, Pain NRS: Pain Numeric Rating Scale, PBO: Vehicle placebo injection group, PtGA: Patient Global Assessment.
N/A: Not applicable (per the trial protocol, measurements were not taken).

* Mean (SD) baseline score/medial joint space width.
y Estimated least-squares mean difference between LOR and PBO in the change in outcome from baseline using baseline-adjusted ANCOVA (95% confidence interval) applied to the full analysis set (all subjects who received

an injection).
z P < 0.05.
x P < 0.01.
k P < 0.001.

Table II Baseline scores and changes from baseline at each timepoint for all lorecivivint dose groups Osteoarthritis
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Fig. 2

Group means and statistical analysis of Pain NRS scores for the FAS (A) Group means of Pain NRS scores
for the vehicle (PBO) group and all LOR dose (0.03, 0.07, 0.15, and 0.23 mg) groups at each timepoint.
Lower scores indicate symptomatic improvements (B) Groupwise analysis of estimated least-squares mean
differences in changes in the weekly average Pain NRS scores by ANCOVA after adjusting for baseline
values. Statistical significance was set at P < 0.05. Abbreviations e ANCOVA: Analysis of covariance, FAS:
Full analysis set, LOR: Lorecivivint, Pain NRS: Pain Numeric Rating Scale.
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Fig. 3

Group means and statistical analysis of WOMAC Pain scores for the FAS (A) Group means of WOMAC Pain
scores for the vehicle (PBO) group and all LOR dose (0.03, 0.07, 0.15, and 0.23 mg) groups at each
timepoint. Lower scores indicate symptomatic improvements (B) Groupwise analysis of estimated least-
squares mean differences in changes in the average WOMAC Pain scores by ANCOVA after adjusting for
baseline values. Statistical significance was set at P < 0.05. Abbreviations e ANCOVA: Analysis of
covariance, FAS: Full analysis set, LOR: Lorecivivint, WOMAC: Western Ontario and McMaster Universities
Osteoarthritis Index.
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Fig. 4

Group means and statistical analysis of WOMAC Function scores for the FAS (A) Group means of WOMAC
Function scores for the vehicle (PBO) group and all LOR dose (0.03, 0.07, 0.15, and 0.23 mg) groups at each
timepoint. Lower scores indicate symptomatic improvements (B) Groupwise analysis of estimated least-
squares mean differences in changes in the average WOMAC Function scores by ANCOVA after adjusting
for baseline values. Statistical significance was set at P < 0.05. Abbreviations e ANCOVA: Analysis of
covariance, FAS: Full analysis set, LOR: Lorecivivint, WOMAC: Western Ontario and McMaster Universities
Osteoarthritis Index.
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Pain NRS compared with PBO (Fig. 2). Significant improvements in
Pain NRS compared with PBO were also observed at Week 12
(�0.96 [�1.54, �0.37], P ¼ 0.001) and Week 16 (�0.69
[�1.30, �0.09], P ¼ 0.025) in the 0.07 mg group and at Week 12
(�0.78 [�1.39, �0.17], P ¼ 0.012), Week 16 (�0.90 [�1.52, �0.28],
P ¼ 0.005), and Week 20 (�0.92 [�1.60, �0.23], P ¼ 0.009) in the
0.23 mg group. No significant differences compared with PBO were
observed in either the 0.03 mg or 0.15 mg group at any tested
timepoint.
Fig. 5

Pain NRS doseeresponse
curves from the (A) primary
(E-max P ¼ 0.027) and (B)
sensitivity (E-max P ¼ 0.003)
MCP-Mod analyses.

Osteoarthritis
andCartilage
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WOMAC Pain and Function: The 0.23 mg dose of LOR demon-
strated significant improvements in WOMAC Pain (Fig. 3) at Week
24 (�7.36 [�14.03, �0.69], P ¼ 0.031) compared with PBO. Signif-
icant improvements were also identified at Week 12 (�8.95
[�14.90, �3.01], P ¼ 0.003), Week 16 (�7.54 [�13.88, �1.20],
P ¼ 0.02), and Week 20 (�8.05 [�14.66, �1.43], P ¼ 0.017). The
0.23 mg dose demonstrated significant improvements compared
with PBO in WOMAC Function (Fig. 4) at Week 24 (�7.99
[�14.54, �1.45], P ¼ 0.017) as well as Week 12 (�8.63
[�14.70, �2.55], P ¼ 0.006), Week 16 (�7.95 [�14.29, �1.62],
P ¼ 0.014), and Week 20 (�7.50 [�14.15, �1.45], P ¼ 0.027).

While there was no significant improvement in either WOMAC
Pain or Function at Week 24 in the 0.07 mg group, significant im-
provements were seen at Week 12 (�6.31 [�12.33, �0.29],
P ¼ 0.04) in the WOMAC Pain score (Fig. 3) and at Week 12 (�7.18
[�13.24, �1.12], P ¼ 0.021) and Week 16 (�6.63 [�12.67, �0.59],
P ¼ 0.032) in the WOMAC Function score (Fig. 4). Neither the
0.03 mg nor the 0.15 mg group demonstrated a significant differ-
ence compared with PBO in either WOMAC score at any tested
timepoint.

mJSW: No groups demonstrated statistically significant differ-
ences in mJSW at Week 24 compared with PBO (Supplemental
Fig. 1). The mean change from baseline in mJSW at Week 24
was þ0.02 mm in the 0.03 mg group, �0.11 mm in the 0.07 mg
group, �0.11 mm in the 0.15 mg group, and �0.03 mm in the
0.23mg group, whereas themean change from baseline atWeek 24
was�0.01mm in the PBO group. No changes in any group exceeded
the minimum detectable difference of 0.13 mm29.

Efficacy: secondary outcomes

PtGA: For all tested doses including PBO, baseline scores with
standard deviations and estimated changes from baseline with 95%
CIs for each 4-week timepoint fromWeeks 4 to 24 are presented in
Table II. Compared with PBO, treatment with 0.23 mg LOR
demonstrated significant improvements in PtGA at Weeks 12, 16,
20, and 24 (P ¼ 0.01, 0.003, 0.013, and 0.033, respectively); 0.07 mg
LOR significantly improved PtGA scores at Weeks 12 and 16
(P ¼ 0.031 and P < 0.001, respectively) compared with PBO (Sup-
plemental Fig. 2). Neither 0.03 mg nor 0.15 mg LOR demonstrated a
significant difference in PtGA compared with PBO at any tested
timepoint.

Sensitivity analyses

Neither of the sensitivity analyses provided a different overall
inference from the primary analysis. Between-group comparisons
of daily NSAID/acetaminophen usage showed no significant dif-
ferences between any pairing. Of note, the MMRM analysis, which
modeled all timepoints in the analysis while adjusting for the
within-subject correlation, indicated that 0.07 mg established a
statistically significant improvement compared with PBO starting
at Week 5 (�0.57 [�1.09, �0.05], P ¼ 0.032) that persisted through
Week 24 (�0.66 [�1.20, �0.12], P ¼ 0.016) in Pain NRS; no other
dose demonstrated the same treatment pattern (Supplemental
Table 1).

MCP-Mod analysis

The initial MCP-Mod analysis of Pain NRS at Week 24 estimated
that 0.01 mg and 0.03 mg could be considered the 80%- and 90%-
effective doses, respectively, under the E-max model
(AIC ¼ 2,150.41, P ¼ 0.042, Fig. 5(A)). The MCP-Mod analyses of
additional endpoints (WOMAC Pain, WOMAC Function, and mJSW
at Week 24) failed to provide a candidate dose-relationship model.
lorecivivint, a novel intra-articular CLK2/DYRK1A inhibitor and Wnt
https://doi.org/10.1016/j.joca.2021.02.004



TEAEs Reported [#TEAE/n (%)] Lorecivivint (LOR) PBO* n ¼ 114 Sham n ¼ 120 All Subjects* N ¼ 695

0.03 mg n ¼ 106 0.07 mg n ¼ 104 0.15 mg n ¼ 106 0.23 mg n ¼ 106

Total TEAEs/Unique Subjects (%)** 62/36 (34.0) 63/40 (38.5) 61/30 (28.3) 71/32 (30.2) 64/36 (31.6) 61/39 (32.5) 405/223 (32.1)
Arthralgia 6/6 (5.7) 8/7 (6.7) 2/2 (1.9) 12/9 (8.5) 3/3 (2.6) 7/7 (5.8) 42/37 (5.3)
URTy Infection 2/2 (1.9) 5/5 (4.8) 0/0 (0.0) 3/3 (2.8) 4/4 (3.5) 5/4 (3.3) 20/19 (2.7)
Sinusitis 1/1 (0.9) 1/1 (1.0) 1/1 (0.9) 3/3 (2.8) 1/1 (0.9) 4/4 (3.3) 11/11 (1.6)
Urinary Tract Infection 1/1 (0.9) 1/1 (1.0) 1/1 (0.9) 1/1 (0.9) 1/1 (0.9) 4/4 (3.3) 10/10 (1.4)
Viral URTy Infection 2/2 (1.9) 2/2 (1.9) 0/0 (0.0) 1/1 (0.9) 3/3 (2.6) 1/1 (0.8) 9/9 (1.3)
Osteoarthritis 2/2 (1.9) 2/2 (1.9) 1/1 (0.9) 1/1 (0.9) 1/1 (0.9) 1/1 (0.8) 8/8 (1.2)
Bronchitis 3/3 (2.8) 1/1 (1.0) 1/1 (0.9) 1/1 (0.9) 0/0 (0.0) 0/0 (0.0) 7/7 (1.0)

Bold font represents the proportion of total treatment-emergent adverse events and total number of unique subjects per treatment group, also expressed as a percentage in
parentheses.

* PBO: Vehicle placebo injection group. All subjects: Includes those who received an unspecified dose of LOR (n ¼ 39).
** The totals include TEAEs reported at a rate of <1%.
y URT: Upper respiratory tract.

Table III Number of treatment-emergent adverse events (#TEAEs) �1% with number (n) and percent (%) of
reporting subjects by group
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The complete MCP-Mod results table and analysis of the secondary
outcome are provided in Supplemental Table 2.

Safety

No clinically significant differences between active treatment
and PBO groups were noted for TEAEs (Table III), clinical laboratory
results, or vital signs. All doses appeared to be well tolerated.

Six serious adverse events (SAEs) were reported: nephrolithiasis
(1 event/1 subject, 0.9% of the group) and supraventricular tachy-
cardia (1/1, 0.9%) in the 0.03mg group; breast cancer (1/1, 0.9%) and
nephrolithiasis (1/1, 0.9%) in the 0.23 mg group; coronary artery
disease (1/1, 0.9%) in the PBO group; and perforated appendicitis (1/
1, 0.1% of all subjects) in a subject who received an unspecified dose.
All SAEs from this study were assessed as “not related” or “unlikely
related” to study medication by the investigators. There were no
deaths reported in this 24-week trial.

Discussion

In this 24-week Phase 2b trial, 0.07 mg and 0.23 mg LOR
demonstrated clinically meaningful and statistically significant
improvements in pain and function compared with PBO in subjects
with knee OA at Week 24. Both doses also met many of the addi-
tional clinical endpoints at other timepoints (Weeks 12, 16, and 20)
on all 3 scales, indicative of clinically relevant (>MCID) subject-
reported benefits compared with PBO. LOR demonstrated a good
safety profile with no serious drug-related adverse events and no
differences in TEAEs from the control groups.

While providing evidence that LOR is therapeutically beneficial
was an important aspect of this Phase 2b trial, its key goal was to
narrow the candidate doses to be studied in Phase 3 trials.
Employing the MCP-Mod approach allows for accomplishment of
this goal with statistical rigor35. When the results of this trial were
explored using MCP-Mod, the dose modeling suggested that LOR
could be efficacious at all tested doses; that is, the model identified
0.03 mg LOR as potentially being the 90%-effective dose. However,
the primary analyses demonstrated that while the 0.03 mg and
0.15 mg doses of LOR could produce clinically meaningful
(>MCID29) improvements, only the 0.07 mg and 0.23 mg doses
Please cite this article as: Yazici Y et al., A Phase 2b randomized trial of
pathway modulator for knee osteoarthritis, Osteoarthritis and Cartilage,
were significantly more efficacious than PBO. A sensitivity analysis
on the MCP-Mod results subsequently estimated the lowest
candidate dose achieving clinically meaningful benefits to be
0.07 mg.

The ability of a study population to discriminate pain between
target and non-target knees is critical within a knee OA clinical trial
to accurately assess changes in target knee pain. In the current
study, this was addressed by enrolling subjects who had more pain
in the target knee compared with the non-target knee based on
Pain NRS cutoff points. The PRO results from other knee OA studies
have been potentially compromised due to subjects’ inability to
discriminate target knee pain from bilateral knee pain37 or from
comorbid widespread pain due to conditions such as fibromyal-
gia15. In a previous Phase 2a trial, LOR failed to achieve the primary
endpoint of Week 13 improvement inWOMAC Pain compared with
PBO for the FAS, which did not exclude subjects with bilateral
symptoms and comorbid pain26. However, when those results were
analyzed using a prespecified subject subgroup of “unilateral
symptomatic knee OA” and a post hoc “unilateral symptomatic knee
OA without widespread pain” subgroup, the 0.07 mg dose
demonstrated significantly improved WOMAC Pain and Function
scores compared with PBO from Week 26 to 52. The enrollment
stratification used in this Phase 2b trial allowed for prospective
evaluation of specific subject-selection criteria, specifically with
regard to bodily pain outside the target knee. Briefly, the effects of
unilateral vs bilateral symptomatic knee OA appeared to be
ameliorated by using Pain NRS cutoffs between knees during
screening. Similar to the effects seen in the Phase 2a trial, subjects
withWPI �4 and SSQ2 �2 showed better treatment discrimination
than those above these thresholds. Overall, when the stratifications
were considered, they revealed previously obscured distinctions
between groups, suggesting population enhancements that could
benefit future studies of LOR. Prospectively testing these eligibility
criteria by trial stratification validated them for such studies.
Similar selection criteria have been employed to enhance subject
selection and enrichment in other OA clinical trials29,38.

Treatment with IA injection produced clinically meaningful
improvements from baseline in pain for LOR (all doses, ~50%
improvement in Pain NRS and 55e57% in WOMAC Pain) and PBO
(~33% improvement in Pain NRS and 43% in WOMAC Pain)
lorecivivint, a novel intra-articular CLK2/DYRK1A inhibitor and Wnt
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injections. The placebo effects observed replicated typical placebo
effects in other IA knee OA studies30. However, the 0.07 mg and
0.23 mg doses of LOR significantly improved pain and function
PROs compared with PBO at several timepoints. Importantly, this
trial was conducted on a background of NSAID analgesia, unlike
most other trials in which background analgesia washout designs
are employed. Thus, LOR was tested as an “add-on” analgesic
treatment, reflecting likely use in clinical practice. Analysis of
background analgesic usage found no significant differences be-
tween any treatment groups, which suggests that the observed
efficacy responses of LOR compared with the PBO group were not
related to subjects’ analgesic usage. Furthermore, no imputation
was conducted for missing data; the placebo effects seen at Week
24 may have been impacted by an increase in PBO subjects leaving
the trial due to lack of efficacy at that timepoint.

There were no significant differences in mJSW compared with
PBO in this 24-week study, which was too short of an interval to
detect significant changes in radiographic mJSW. These subjects are
being followed up in a long-term extension that will include further
X-rays. Also, this study excluded subjects with BMI >35 kg/m2,
which may have decreased the rate of group mean structural pro-
gression39. Future studies of longer duration will further evaluate
the structure-modifying potential of LOR with regard to mJSW
changes.

Concerns exist regarding the long-term safety of many currently
prescribed systemic pharmacologic treatments for OA5 and other
drug interactions due to the high rate of comorbidities40 that
accompany OA. LOR appeared well tolerated in this Phase 2b trial,
and no major safety signals have been identified to date. As pre-
vious studies of LOR41 have detected no systemic exposure after a
single injection, its localized pharmacokinetics likely limit off-
target effects and other drug- and comorbidity-related in-
teractions42. However, longer-term exposure data are needed to
establish the drug's safety profile.

In this 24-week Phase 2b trial, LOR met primary clinical end-
points and appeared safe and well tolerated. As a confirmatory trial
of a previous proof-of-concept Phase 2a trial26, the results identi-
fied a potential target population for future studies and provided
further evidence that LOR improved symptoms of knee OA
compared with either baseline or PBO. MCP-Mod analysis deter-
mined that the 0.07 mg LOR dose should be the lowest dose
considered for future studies. Based on the totality of the data from
preclinical studies19 and Phase 1 and 2 trials of LOR, the 0.07 mg
dose is being advanced into pivotal efficacy and safety studies,
which are ongoing.
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