ORIGINAL ARTICLES

Trial of Celecoxib in Amyotrophic
Lateral Sclerosis

Merit E. Cudkowicz, MD, MSc,'? Jeremy M. Shefner, MD, PhD,?> David A. Schoenfeld, PhD,*
Hui Zhang, MSc,” Katrin I. Andreasson, MD,> Jeffrey D. Rothstein, MD, PhD,’> Daniel B. Drachman, MD,’
and the Northeast ALS Consortium

Objective: To determine whether chronic treatment with celecoxib, a cyclooxygenase-2 inhibitor that has been shown to be
beneficial in preclinical testing, is safe and effective in amyotrophic lateral sclerosis (ALS).

Methods: A double-blind, placebo-controlled, clinical trial was conducted. Three hundred research subjects with ALS were
randomized (2:1) to receive celecoxib (800mg/day) or placebo for 12 months. The primary outcome measure was the rate of
change in upper extremity motor function measured by the maximum voluntary isometric contraction strength. Secondary end
points included safety, survival, change in cerebrospinal fluid prostaglandin E, levels, and changes in the rate of decline of leg
and grip strength, vital capacity, ALS Functional Rating Scale-Revised, and motor unit number estimates.

Results: Celecoxib did not slow the decline in muscle strength, vital capacity, motor unit number estimates, ALS Functional
Rating Scale-Revised, or affect survival. Celecoxib was well tolerated and was not associated with an increased frequency of
adverse events. Prostaglandin E, levels in cerebrospinal fluid were not elevated at baseline and did not decline with treatment.
Interpretation: At the dosage studied, celecoxib did not have a beneficial effect on research subjects with ALS, and it was safe.
A biological effect of celecoxib was not demonstrated in the cerebrospinal fluid. Further studies of celecoxib at a dosage of

800mg/day in ALS are not warranted.
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Amyotrophic lateral sclerosis is a neurodegenerative
disorder characterized by loss of motor neurons in the
motor cortex, brainstem, and spinal cord. Median sur-
vival is 3 to 5 years and is modestly prolonged by ri-
luzole, an inhibitor of neuronal glutamate release.!
There are no other known effective pharmacological
treatments. The cause of ALS is unknown; however,
several lines of evidence suggest that glutamate excito-
toxicity, inflammation, and oxidative toxicity may play
important roles in the pathogenesis of sporadic and fa-
milial ALS.>? Recent evidence demonstrates that up-
take of neuronally released glutamate by astrocytic
transporters is impaired in ALS. In addition to taking
up glutamate, astrocytes synthesize and release gluta-
mate. Astrocytic release of glutamate is stimulated by
prostaglandins via a calcium-dependent pathway. Re-
leased transmitter triggers further astrocytic glutamate
release by a positive feedback mechanism and increases
neuronal glutamate release.” Prostaglandin synthesis

within the central nervous system (CNS) is dependent
on the catalytic action of cyclooxygenase-2 (COX-2).
Because cyclooxygenase inhibitors markedly reduce as-
trocytic glutamate release, they may have a therapeutic
effect in ALS. COX-2 activity also results in inflamma-
tion and the production of free radicals that may play
an important role in the pathogenesis of ALS.?
Celecoxib, a 1,5-diaryl-substituted pyrazole deriva-
tive containing a sulfonamide substituent, is a US
Food and Drug Administration-approved COX-2 in-
hibitor agent for arthritis that blocks prostaglandin
synthesis. Levels of COX-2 messenger RNA and its
product prostaglandin E, (PGE,) are increased in
transgenic mice with a form of ALS due to mutant
superoxide dismutase-1 (SOD1).%” Increased levels of
both COX-2 expression® and PGE, levels® have been
reported in human postmortem spinal cords and in ce-
rebrospinal fluid (CSF) of patients with sporadic
ALS.*” We demonstrated that COX-2 inhibition pro-
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tects motor neurons in culture from excitotoxic cell
death'® and prolongs survival in the mutant SODI1
mouse model of ALS by 25 to 30%."" Mice treated
with celecoxib had reduced levels of spinal cord
COX-2 messenger RNA and PGE, and protection of
motor neurons.

Based on these preclinical data, we conducted a con-
trolled clinical trial to determine whether celecoxib
slows disease progression and whether it is safe and
well tolerated in research patients with ALS.

Subjects and Methods
General Study Design

A randomized, double-blind, placebo-controlled trial of cele-
coxib in 300 patients with ALS treated for 12 months was
performed. The institutional review boards of each partici-
pating institution approved the protocol and consent forms.
Eligible subjects were randomized at a ratio of 2:1 to receive
treatment with celecoxib or placebo. A 2:1 randomization
plan was chosen to enhance enrollment and to obtain more
safety information on the use of celecoxib for 12 months in
subjects with ALS. We used a computer-generated random-
ization method to assign subjects to celecoxib or placebo
treatment, and subjects were stratified by clinical site to en-
sure that the treatment groups were balanced within each
site. All site investigators, coordinators, clinical evaluators,
and staff of the coordination and data management center
were blind to treatment assignment throughout the study.
Study medication, consisting of celecoxib or matching pla-
cebo, was given at a dosage of 400mg twice a day (800mg/
day). Research subjects who completed the study had the op-
tion to receive open-label celecoxib for up to 12 months or
until data analysis was complete.

The primary outcome measure was change in the rate of
decline of maximum voluntary isometric contraction
(MVIC) strength of eight arm muscle groups (bilateral
shoulder and elbow flexion and extension). MVIC is a stan-
dardized, validated measurement tool developed to character-
ize disease progression in ALS.'” An outcome measure that
captures muscle strength is of high clinical relevance because
a main symptom in ALS is muscle weakness. Secondary end
points included the rate of decline of MVIC strength in 10
leg muscle groups (bilateral hip and knee flexion and exten-
sion, and bilateral ankle dorsiflexion), grip strength, vital ca-
pacity (VC), motor unit number estimates (MUNE), ALS
Functional Rating Scale-Revised (ALSFRS-R ,'> CSF PGE,
levels, and the safety and tolerability of celecoxib in this pop-
ulation. Survival was also evaluated as a secondary outcome
measure. Survival was defined as time to death, tracheos-
tomy, or permanent assisted ventilation. Ventilation was de-
fined as permanent when noninvasive or invasive ventilation
was used for more than 22 hours in a 24-hour period for 14
consecutive days. The date of permanent assisted ventilation
was the first day of the 14-day period. Prior to any site en-
rolling subjects into this trial, formal training was provided
on all outcome measures (details are provided in the online
supplementary material). An independent safety monitoring
committee reviewed the safety data approximately every 3
months throughout the study. The study was conducted un-

der an investigator investigational new drug (IND) applica-
tion (IND #62,176).

Patient Selection Criteria

Eligible subjects, 18 years or older, had a clinical diagnosis of
familial or sporadic ALS, a VC greater than or equal to 60%
predicted, and disease duration of no more than 5 years. Up-
per extremity strength had to be sufficient so that at least
four of eight muscle groups could be evaluated using MVIC.
Subjects were excluded if they had taken other investiga-
tional drugs in the preceding 4 weeks. Subjects were permit-
ted to continue to take riluzole if the dose had been stable
for at least 30 days before the baseline visit, but were not
allowed to change the dosage of riluzole during the trial.

Study Procedures

The study design and the informed consent procedure were
explained to all prospective subjects. Screening procedures
included signing of the consent form, assessment of eligibil-
ity criteria, a complete medical history, general physical ex-
amination, VC determination, medication review, and a
screening safety panel (complete blood count, electrolytes,
blood urea nitrogen, creatinine, serum glutamic-oxaloacetic
transaminase, serum glutamic-pyruvic transaminase, biliru-
bin, Helicobacter pylori antibody test, stool guaiac, urinalysis,
and a pregnancy test [for women only]). Subjects who tested
positive for H. pylori received standard antibiotic treatment
for H. pylori before the baseline visit. Baseline visit and ran-
domization took place within 14 days after the screening
Visit.

Before initiation of study medication, subjects were eval-
uated at the baseline visit using measurements of muscle
strength and VC, MUNE (163 subjects at 16 sites only), and
completion of ALSFRS-R. Participation in the CSF collec-
tion was optional. Subjects who consented underwent a lum-
bar puncture (LP), with removal of 5ml CSF for testing of
PGE,. A second LP was performed at the month 2 visit. The
CSF samples were coded and frozen in 1ml aliquots at
—80°C. At the end of the study, CSF samples were analyzed
for PGE, levels.

Study Intervention and Follow-up

The study medication consisted of capsules containing either
celecoxib or matching placebo supplied by the manufacturer
(Pharmacia, Gaithersburg, MD). The celecoxib dosage was
800mg/day, taken orally in two divided doses (capsule size =
200mg). Subjects were instructed to take two capsules in the
morning and two in the evening, preferably during or just
after a meal. Subjects returned monthly for the first 4
months, then every 2 months for up to 12 months. Assess-
ment of outcome measures was performed every 2 months.
At each visit, vital signs, drug accountability, reports of con-
comitant medications, and reports of adverse events were re-
corded. Safety laboratory testing was conducted monthly for
the first 4 months, then every 2 months throughout the
study (complete blood count, electrolytes, blood urea nitro-
gen, creatinine, serum glutamic—oxaloacetic transaminase, se-
rum glutamic-pyruvic transaminase, bilirubin, and urinaly-
sis). Stool guaiac tests were performed every month. Death,
tracheostomy, and permanent assisted ventilation were de-
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Table 1. Baseline Characteristics

Variable

Celecoxib (n = 201) Placebo (n = 99)

Mean age, yr (SD)

Male sex, %

Race, % white

Family history of ALS, %

Mean time since symptom onset, yr (SD)
Mean time since diagnosis, yr (SD)
Mean time from symptom onset to diagnosis, yr (SD)
Limb onset, %

Mean weight, kg (SD)

Mean body mass index (SD)

Taking riluzole, %

Mean arm megascore (SD)

Mean leg megascore (SD)

Mean grip megascore (SD)

Mean VC % predicted (SD)

Mean ALSFRS-R score (SD)

Mean MUNE (SD)

54.5 (11.8) 55.0 (12.4)
64 67
90.0 91
45 10.0
1.85 (1.16) 1.91 (1.23)
0.77 (0.78) 0.82 (0.90)
1.08 (0.87) 1.08 (0.92)
82.1 82.8
79.21 (18.16) 80.13 (16.09)
27.37 (9.71) 26.95 (4.96)
67 71
0.76 (1.24) 0.83 (1.09)
0.62 (1.09) 0.66 (1.04)
1.37 (1.45) 1.43 (1.44)
88.39 (16.85) 85.36 (15.13)
42.88 (5.54) 43.24 (5.17)

55.25 (25.28) 49.93 (28.94)

There were no significant differences between the groups. SD = standard deviation; ALS = amyotrophic lateral sclerosis; VC = vital capacity;
ALSFRS-R = ALS Functional Rating Scale-Revised; MUNE = motor unit number estimates.

fined end points for the survival analysis. Serum samples
were obtained from all subjects at the screening visit and at
the 4- and 8-month visits, and they were stored at —80°C
for analysis of celecoxib levels at the end of the study.

Prostaglandin E, Analysis

We assayed PGE, by a commercial enzyme-linked immuno-
assay (PGE, HS correlate-EIA; Assay Designs, Ann Arbor
MI). Initial measurements of PGE, in the CSF samples from
ALS patients, using the above method and the Cayman
Chemical Prostaglandin E, method (Cayman Chemical, Ann
Arbor, MI), were below the limit of assay detection, requir-
ing a column extraction/concentration step. In other re-
spects, the manufacturer’s methods were followed (details are
provided in online supplementary material).

Sample Size and Statistical Analysis

The sample size was calculated from the average decline in
arm megascore and standard deviation obtained from the re-
cently reported trials of topiramate and creatine in ALS.'®"
Power analysis of these data showed that a cohort of 300
subjects (2:1 drug/placebo) studied for 12 months would
have an 81% chance of detecting a decrease in the rate of
decline of 35% with a 2-sided probability of 0.05. The 2:1
randomization required 12.5% more patients and was fac-
tored into the power calculation. In addition, active treat-
ment of 200 subjects for 1 year provides a 95% chance of
detecting at least 1 occurrence of any side effect that occurs
with a true frequency of 2% or more. Based on the intent-
to-treat principle, the data set for analysis included all ran-
domized subjects. Subjects who discontinued therapy were
encouraged to complete their remaining study visits until
month 12, and results from subsequent visits were used in
the analysis. Analysis of the primary and secondary outcome
variables used a mixed model analysis of variance. For the
analysis of mortality, survival curves were plotted using the
method of Kaplan—Meier and tested for a treatment effect
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using a log-rank test. The survival analysis was adjusted for
baseline covariates (Table 1) using a Cox proportional haz-
ards model. Comparison of spinal fluid PGE, levels at base-
line and at treatment month 2 was analyzed with a Wilcoxon
test. Further details of the statistical analysis are included in
the online supplementary material.

Results

Enrollment, Baseline Characteristics,
and Study Compliance
Between December 2001 and June 2003, 300 subjects
with ALS at 27 participating sites were randomized to
celecoxib (N = 201) or placebo (N = 99). Ninety
(27%) subjects participated in at least one LP. One
hundred and sixty-four subjects participated in the
open-label follow-up study. Demographic features,
clinical variables, and values of primary and secondary
outcome variables were comparable between the two
groups at baseline (see Table 1). There were no signif-
icant differences between the groups in the safety lab-
oratory test values performed at the screening visit.
The mean compliance (assessed by pill counts) was
similar in the 2 groups: 94.4 = 10.9% in the celecoxib
group, and 96.4 * 13.5% in the placebo group (p =
0.20, 7 test). After study completion, serum samples
from months 4 and 8 visits, taken from a randomly
selected cohort of subjects (29 from the placebo group
and 49 from the celecoxib group) were analyzed for
celecoxib levels. None of the subjects in the placebo
group had detectable serum levels of celecoxib at any of
the visits. Subjects in the celecoxib group all had mea-
surable drug levels at the months 4 and 8 visits, con-
firming good compliance with study medication. The
average serum levels of celecoxib were 1,286.8 =+
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Fig 1. The rate of decline in arm megascore (A), leg megascore (B), Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised
(ALSFRS-R) (C), or vital capacity (VC) percentage predicted (D) is shown. Open squares represent data from the celecoxib-treated

group; closed squares represent data from the placebo group.

827.5ng/ml (% standard deviation) at month 4 and
1,211.6 =741.1ng/ml at month 8.

Efficacy of Celecoxib
The intent-to-treat analysis showed that arm strength
megascores of celecoxib-treated subjects declined at the
same rate as megascores of subjects taking placebo
(0.09519 = 0.006 vs 0.09011 *= 0.0084U/month;
p = 0.63; Table 2; Fig 1A). There was no effect of
celecoxib on decline in leg or grip strength, VC per-
centage predicted, ALSFRS-R score (see Table 2 and
Fig 1), MUNE, or tracheostomy-free survival (p =
0.59, log-rank test). The additional analysis with last
observation carried forward imputation of missing data
resulted in no significant difference in any outcome
measures between the two groups. There was no evi-
dence that the treatment effects varied significantly
among the centers or were affected by riluzole use (data
not shown).

Baseline VC percentage predicted, ALSFRS, subject

age, and time from symptom onset to screening were
important predictors of survival (Table 3). Higher
baseline VC percentage predicted values, greater base-
line ALSFRS-R scores, younger age, and longer time
from symptom onset were predictors of longer survival.

Tolerability and Safety

Celecoxib was as well tolerated as the placebo. Treat-
ment assignment did not affect the likelihood of study
completion (p = 0.17, log-rank test; hazard ratio,
1.36). There were no differences in the number of dose
reductions or dose suspensions in the two treatment
groups. The flow of subjects is shown in Figure 2. Two
hundred subjects completed the 12-month study. The
probability of continuing to take the study medication
was similar for the treatment groups (p = 0.55, log-
rank test; hazard ratio, 1.13). A total of 109 subjects
from the celecoxib group and 55 from the placebo
group elected to enroll in the open-label study. The
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Table 2. Treatment Effects

Slope Percentage
Outcome Measure Celecoxib (U/mo) Placebo (U/mo) Difference Difference p
Mean arm megascore (SE) —0.09519 (0.0060) —0.09011 (0.0084) —0.0051 5.6 0.63
Mean leg megascore (SE) —0.06539 (0.0050) —0.06595 (0.0069) 0.00056 0.8 0.95
Mean grip megascore (SE) —0.1144 (0.0078) —0.09655 (0.01098) —0.01781 18.4 0.19

Mean VC % predicted (SE) —2.3447 (0.1571)

—2.1947 (0.2202) —0.15 6.8 0.58

Mean ALSFRS-R (SE) —1.0773 (0.06448) —1.0783 (0.9071) 0.001071 0.1 0.99
SE = standard error; VC = vital capacity; ALSFRS-R = ALS Functional Rating Scale-Revised.

Table 3. Survival: Cox Proportional Hazard Model

Variable HR Lower 95% CI Upper 95% CI ?
Treatment group 1.124 0.625 2.023 0.70
Baseline VC % predicted maximum 0.963 0.942 0.984 0.0007
Baseline total ALSFRS-R score 0.921 0.878 0.966 0.0007
Subject age at screening 1.054 1.029 1.081 <0.0001
Time from symptom onset to screening, yr 0.564 0.404 0.878 0.0007

HR = hazard ratio; CI = confidence interval; VC = vital capacity; ALSFRS-R = ALS Functional Rating Scale-Revised.

395 Subjects Screened J

95 Excluded

42 Did not meet inclusion criteria

2 Did not meet exclusion criteria

300 eligible subjects 36 Other
randomized

15 Declined participation

[

201 (67%) assigned to
Celebrex

129 (64%) Completed trial
126 Completed on drug
3 Stopped drug early

I
99 (33%) assigned to
Placebo

71 (72%) Completed trial
65 Completed on drug
5 Stopped drug early

72 (36%) Did not complete trial
42 Subject Choice
18 Deaths
13 Adverse event
10 Subject non-compliance
9 Other reasons

28 (28%) Did not complete trial
16 Subject Choice
9 Deaths
4 Adverse event
5 Subject non-compliance
2 Other reasons

201 Included in analysis

99 Included in analysis

Fig 2. Flow chart for research subjects. The number of subjects completing the study and the number who died or withdrew partici-
pation is shown by treatment group assignment. Subjects could identify more than one reason for not completing trial.

open-label study was discontinued on October 19,
2004, when results of the blinded study were analyzed.

There were no differences in frequency of adverse
events (serious or nonserious) in the treatment groups.
Eighty-five percent of subjects had at least one adverse
event (85.6% in celecoxib group and 84.8% in placebo
group; p = 0.86). Twenty-cight percent of subjects
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had at least one serious adverse event (28.4% in cele-
coxib group and 27.3% in placebo group; p = 0.89).
The most commonly reported adverse experiences in
both treatment groups included infection, headache,
diarrhea, constipation, depression, nausea, and dyspep-
sia (see Supplementary Table 1). Of these events, nau-
sea (14.4 vs 7.1%; p = 0.09) and dyspepsia (23.9 vs



6.1%; p = 0.08) were slightly more common in the
celecoxib-treated group. These adverse events are ex-
pected side effects of celecoxib. The most common se-
rious adverse events were respiratory failure, dyspnea,
pneumonia, and hospitalization for percutaneous endo-
scopic gastrostomy. Forty-seven deaths occurred during
the study; 33 deaths were in the celecoxib group and
14 were in the placebo group (16.4 vs 14.1%).

During the course of the study, there were no dif-
ferences between groups in the events of tracheostomy,
feeding tube placement, or noninvasive positive pres-
sure ventilation use. Three subjects underwent trache-
ostomy (1 subject receiving celecoxib and 2 receiving
placebo), 60 (20%) underwent feeding tube placement
(18% receiving celecoxib and 23% receiving placebo;
p = 0.36), and 76 (25%) began treatment with non-
invasive positive pressure ventilation (22% receiving
celecoxib and 31% receiving placebo; p = 0.12). Vas-
cular events were infrequent and occurred in both
treatment groups (2% of celecoxib group and 2% of
placebo group). All but one of these subjects had pre-
existing stable cardiovascular disease or relevant risk
factors. The percentage of subjects who developed ab-
normalities in laboratory safety studies was similar in
the two groups for all tests. The most common adverse
events in the open-label component of the study were
respiratory failure, depression, constipation, dysphagia,
and insomnia (see Supplementary Table 2).

Prostaglandin E., Levels

Ninety subjects from 16 sites had a LP at baseline visit.
Of these, 63 agreed to a second LP at month 2. Sub-
ject choice was the most common reason for not hav-
ing a second LP. For the PGE, comparison from base-
line to month 2, only CSF levels from subjects
receiving study medication who had given two CSF
samples (baseline and month 2) were included in the
analysis. There was no difference in the PGE, levels at
baseline between subjects receiving celecoxib or pla-
cebo. The mean PGE, level was 12.4 * 8.9pg/ml
(range, 0.10—-64.2pg/ml) in 62 subjects assigned to
celecoxib, and 11.2 = 5.8pg/ml (range, 4.13-31.7pg/
ml) in 28 subjects assigned to placebo (p = 0.44). The
overall mean PGE, level in 90 subjects with ALS was
12.0 = 8.0pg/ml. There was no difference in the
PGE, levels at baseline between subjects with limb or
bulbar disease onset.

Forty-one subjects assigned to celecoxib had repeat
LP at month 2; all were taking study drug. Twenty-
two subjects assigned to placebo had a second LP, but
two of the subjects had discontinued treatment before
the second LP. At 2 months, PGE, levels did not de-
crease more in subjects assigned to the celecoxib group
than in subjects assigned to the placebo group. The
mean change in PGE, level was —1.4 = 9.0pg/ml
(range, —47.4 to +17.5pg/ml) in the celecoxib-treated

group and —0.7 * 6.1pg/ml (range, —22.7 to
+9.2pg/ml) in the placebo-treated group (Fig 3).
There was no difference in distribution of change in
PGE, levels (p = 0.46, Wilcoxon test). There were no
differences in baseline characteristics between subjects
taking celecoxib or placebo who participated in the
CSF study. A subset analysis of subjects taking cele-
coxib who had a decrease in PGE, levels with treat-
ment (n = 22) compared with those taking celecoxib
without a decrease in PGE, levels (n = 19) did not
demonstrate any significant differences in the outcome
measures. There was no difference in the rate of de-
cline in the outcome measures between subjects with
serum celecoxib levels greater than or equal to
1,110ng/ml and those with serum celecoxib levels less
than 1,110ng/ml.

Discussion

The main outcome of this carefully designed and exe-
cuted controlled trial is that treatment of ALS patients
receiving celecoxib at the dosage given did not result in
a beneficial effect on any of the disease parameters
measured. Neither the primary outcome measure, a
change in the rate of decline of arm strength over time,
nor any of the other parameters measured, including
leg and grip strength, VC, ALSFRS-R, MUNE, and
survival, differed in the celecoxib-treated group com-
pared with the placebo control group. Moreover, the
treated patients had no more adverse effects than the
control subjects. Thus, celecoxib neither helped nor
hurt patients with ALS.

Month2 PGE2 (po/ml)
100

T T T
1 10 100
Baseline PGE2 {pg/ml}

Treatment + + + Celebrex © @< Placebo

Regression line for Lelobrex ~~—~ Regression line for placebo

Fig 3. The prostaglandin E, (PGE,) levels at baseline and
month 2 are shown. There was no treatment effect on this
measurement. The regression line for the celecoxib (Celebrex)
treatment group (plus signs) is shown as a solid line; the

placebo group (open diamonds) regression line is a dashed
line. CSF = cerebrospinal fluid.
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It is worth analyzing this disappointing result to
consider possible explanations why it may have failed,
and what can be done in future trials. First, it should
be emphasized that the underlying rationale, as well as
the experimental evidence from preclinical studies,
strongly supported testing celecoxib treatment in pa-
tients with ALS. Celecoxib is a potent and selective in-
hibitor of the enzyme COX-2. Inhibition of COX-2
interferes with two processes thought to play important
roles in the pathogenesis of neuronal damage in ALS:
glutamate-induced ~ excitotoxicity'® and  inflamma-
tion."”” COX-2 has been shown to be present in the
CNS in neurons and astrocytes,'®'? as well as in mac-
rophages and microglia.”® > COX-2 catalyzes the syn-
thesis of prostaglandins from arachidonic acid and also
plays a pivotal role in inflammatory processes in the
CNS.*? Prostaglandins, especially PGE,, stimulate the
release of glutamate by astrocytes, via a calcium-
dependent pathway.” Inhibitors of COX have been
shown to reduce astrocytic glutamate release markedly*
and should therefore counteract the role of this major
source of the excitotoxic neurotransmitter glutamate.
Another mechanism by which COX-2 inhibitors may
be protective in ALS is by interruption of inflamma-
tory processes that cause the production of reactive ox-
ygen species, free radicals, proinflammatory cytokines,
and other toxic molecules.>*?’ Importantly, reported
studies of postmortem spinal cords of 29 patients who
died of ALS, and of mice with the mutant SODI
G93A transgenic form of ALS, showed markedly in-
creased levels of messenger RNA for COX-2, COX-2
protein, and/or increased levels of PGE,.®'"*¢

Experimental studies showed that inhibition of
COX-2 protected motor neurons from excitotoxic
damage in an organotypic spinal cord culture model of
ALS. In this model, threohydroxyaspartate added to
the spinal cord cultures inhibits uptake of glutamate by
astrocytes, resulting in excitotoxicity and progressive
loss of motor neurons. Inhibition of COX-2 in this
system prevented motor neuron loss.'"® Although this
beneficial effect may be due to prevention of prosta-
glandin synthesis, there is evidence that prostaglandins
may be “double agents” and may also exert a protective
role in this model system (see later).

Transgenic mice with human mutant SOD1 exhibit
progressive weakness and death due to loss of motor
neurons. Histopathological study of their spinal cords
demonstrates astrocytic and microglial activation typi-
cal of ALS. Treatment of these mice with celecoxib de-
layed the onset of weakness and weight loss, prolonged
survival by greater than 25%, and diminished astro-
gliosis and microglial activation."" Celecoxib treatment
also inhibited the production of PGE, in the spinal
cords of these mice. The observation that COX-2 in-
hibitors have beneficial effects in SOD mutant trans-
genic mouse models of ALS has been confirmed in sev-
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eral laboratories using celecoxib, rofecoxib, or
nimesulide.”?”"*® Of interest, when rofecoxib was ad-
ministered only three times per week, the beneficial ef-
fect was less pronounced than in studies where it was
fed continuously, and the spinal cord PGE, levels were
not reduced.”®

Given this rather extensive body of positive informa-
tion, we anticipated at least some beneficial effect in
the human trial; the negative results led to reexamina-
tion of a number of the theoretical and practical factors
in the trial.

First, dosage was reexamined. We wondered whether
the dosage of celecoxib used to treat the subjects was
comparable with the effective dose in the mouse
model. The average dosage of celecoxib ingested by
20gm mice, eating 3 to 4gm chow per day containing
1,500 parts per million of celecoxib, was approximately
4.5 to 6mg/day or 225 to 300mg/kg body weight per
day. Although this dosage is more than 20-fold greater
than the 800mg/day dosage given to a patient of aver-
age weight, there is evidence that the metabolism of
celecoxib is much more rapid in mice than in humans
(Peter Isakson and Walter Smith, personal communi-
cations). Plasma levels of celecoxib in mice fed the
chow ad libitcum were 0.68 to 1.35ug/ml, which is
similar to the serum levels in our celecoxib-treated sub-
jects at 4 (1.28pg/ml) and 8 months (1.21g/ml).
Thus, the dosage used in this study produced circulat-
ing levels of celecoxib comparable with those in the
mouse studies. From a practical point of view, we used
the maximum dosage of celecoxib (800mg/day) that
was approved by the US Food and Drug Administra-
tion for various indications, whereas higher doses
would have posed problems in undertaking the treat-
ment trial.

Second, pharmacological action in the CNS was re-
examined. Celecoxib is lipophilic, and it has been
shown to penetrate the CNS in rodents® and hu-
mans.”>?! Its penetration into the CNS of transgenic
SOD mutant mice was sufficient to inhibit PGE, pro-
duction in the spinal cord.”'" To determine whether
celecoxib treatment was effective in inhibiting COX-2
in the CNS of subjects with ALS in this study, we
sought to use CSF levels of PGE,, a main product of
the enzymatic activity of COX-2, as a surrogate mea-
sure of the pharmacological effect of celecoxib treat-
ment. Based on two previous studies,”*® we expected
that the PGE, levels would be elevated in the CSF of
ALS subjects and anticipated that effective inhibition
of COX-2 in the CNS should result in reduction of
PGE, in the CSF. However, there was no reduction in
the PGE, levels in patients treated with celecoxib, and
an additional set of 10 CSF samples from ALS patients
and 10 disease control patients did not show signifi-
cant differences in levels of PGE, (data not shown).
The discrepancy in results between our subject group



and those previously reported remains unexplained, but
may, in part, be due to a change in the assay kit cur-
renty available, or to the larger sample size in our
study (n = 90) compared with those of the two pre-
vious studies (n = 17 and 9, respectively). Our mea-
surements (performed in K.I.A’s prostaglandin labora-
tory) indicated that the PGE, levels in CSF from ALS
and control patients were below the limit of detection
in both commercially available assay platforms that are
used for this purpose (Prostaglandin E,-monoclonal
EIA [Cayman Chemical] and PGE, HS correlate-EIA
[Assay Designs]). This necessitated concentration of
our CSF samples for measurement. Moreover, there
was no reduction of PGE, levels in subjects treated
with celecoxib for 2 months compared with their pre-
treatment levels, or with placebo control subjects. Be-
cause the pretreatment PGE, levels were not elevated
in our large sample of patients, COX-2 inhibition
would not be expected to result in further lowering of
the levels. This leaves open whether celecoxib treat-
ment actually exerted its pharmacological effect of in-
hibiting COX-2 in the CNS, which is the most prob-
lematic aspect of this study. That we did not find
elevated levels of PGE, in the CSF samples from our
groups of patients with ALS may also suggest that the
degree of inflammation at the stage of the disease stud-
ied here may not be dramatically increased, or that the
CSF levels of PGE, do not necessarily reflect COX-2
activity in the CNS.

Third, the relevance of preclinical models was reex-
amined. Although both the “excitotoxicity” model us-
ing an organotypic spinal cord culture system and the
transgenic mutant SOD1 mouse model showed
marked beneficial responses to COX-2 blockade, it is
not clear how well these models predict the effect of
treatment in humans with ALS. As is the case with
celecoxib, another intervention, creatine, which signif-
icantly slowed the disease course in the transgenic
mouse model,”” failed to alter the course of disease in
human patients with sporadic ALS when administered
at 5 and 10gm/day. In the mouse studies, treatment
was begun before the onset of weakness, whereas pa-
tients were of necessity treated affer onset, when the
disease is established. Moreover, the course of the ge-
netic disease in transgenic mice is reasonably predict-
able, whereas that of humans with sporadic ALS is
much more variable, and indeed, the clinically defined
disease may encompass a variety of different disorders.
Currently, the decision to test a treatment in ALS re-
mains based on a rational hypothesis and supportive
preclinical data. New developments in high-throughput
models for testing potential therapeutic agents are in
progress. A number of promising therapeutic agents
being studied in high-throughput screens have already
been studied in the ALS transgenic mice. The value of
high-throughput screening may also lie in establishing

more potent drugs that inhibit already established
pathways of neurodegeneration.

Fourth, the role of PGE, in pathogenesis of ALS was
reexamined. The rationale for a pathogenic role of
PGE, in ALS is outlined ecarlier. However, prostaglan-
dins (PGE, and prostaglandin D,) may also have a
paradoxical neuroprotective function, which has been
demonstrated in the in vitro “excitotoxic” model of
ALS?® and in models of stroke.>*** It is therefore the-
oretically possible that PGE, production could actually
be protective in ALS, whereas inhibition might be
harmful. However, the celecoxib-treated patients in our
study did not have a more rapidly progressive course
than the control patients, largely discounting this pos-
sibility.

Fifth, trial design and execution was reexamined.
The design of this study used the measures of discase
progression that have been shown to be most reliable
in previous studies of ALS, and they were conducted
rigorously and accurately. This study was powered to
detect a 35% decrease in the rate of decline of arm
strength with a probability of 81%. In the mouse
model, celecoxib treatment resulted in approximately a
25% prolongation of survival, and a smaller delay in
onset of reduced rotarod function. However, that nei-
ther the primary outcome measure nor any of the sec-
ondary measures showed even a trend toward benefit
makes it highly improbable that an important thera-
peutic effect was missed.

Currently, we cannot definitively explain the failure
of celecoxib to benefit patients with ALS. The most
important gap in our understanding of this negative
result is the lack of evidence whether the experimental
treatment actually inhibited COX-2 in the CNS. In
future studies of therapy, it will be important to have a
more robust measure of the pharmacological action of
the therapeutic agent. The negative results of this trial,
as well as the trial of creatine in ALS, raise questions
concerning the reliability of the transgenic SOD1 mu-
tant mouse as a test model for therapy of ALS. Metab-
olism of the therapeutic agent, time of administration
in the course of the disease process, and penetration
into the relevant part of the nervous system may differ
in mice and humans. Although many of the patholog-
ical processes that occur in sporadic human ALS are
replicated in the transgenic mouse model, the differ-
ences clearly make it difficult to generalize results from
mouse to human. Indeed, the problem of access of
therapeutic agents to motor neurons and the surround-
ing CNS poses an important hurdle in the treatment of
ALS. Finally, the magnitude of the therapeutic effect
presents a challenge in powering a human trial. Based
on the available data, we calculated that a change in
the rate of decline of just 35% required a major trial
involving 300 patients in 27 institutions treated for 1
year. This means that a modest pilot trial would have

Cudkowicz et al: Celecoxib in ALS 29



to be remarkably effective to show a definite benefit.
The design of future trials of potential therapeutic
agents in ALS should consider these concerns.
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Appendix

Members of the Northeast ALS consortium include (affilia-
tion at time of study): Participating Site Investigators, Coor-
dinators, and Clinical FEvaluators—Peter Donofrio, MD,
James Caress, MD, Carolyn Ashburn, RN, Terrie Walker,
RN, and Bonnie Dryman, Wake Forest University School of
Medicine; James Taft, PA, and Christine Lu, SUNY Upstate
Medical University; Noah Lechtzin, MD, MHS, Lora Claw-
son, MSN, CRNP, and Richard Kimball, MSN, MPH, RN,
Johns Hopkins University; Hiroshi Mitsumoto, MD, Maura
Del Bene, MS, NP, and Vanessa Battista, Columbia Univer-
sity; Michael Graves, MD, and Juliana Albu, MD, Univer-
sity of California, Los Angeles; Walter Bradley, DM, FRCP,
and Julie Steele, LPN, University of Miami; Alan Pestronk,
MD, Julaine Florence, DPT, Betsy Malkus, MHS, PT, Jea-
nine Schierbecker, MHS, PT, Renee Renna, RN, and Bar-
bara Abrams, RN, Washington University School of Medi-
cine; James Russell, DO, and Stephanie Scala, Lahey Clinic;
Kourosh Rezania, MD, and Elizabeth Shaviers, University of
Chicago Medical Center; Robert Pascuzzi, MD, Lisa Haas,
RN, and Angi Micheels, PT, Indiana University; Lauren
Bradbury, RN, Kimberly Ferrante, BA, and Mary O’Brien,
MPH, PT, Massachusetts General Hospital; Erik Pioro,
MD, PhD, and Kim Law, Cleveland Clinic Foundation;
Rup Tandan, MD, and Jessy Gardner, University of Ver-
mont; William David, MD, PhD, and Shirley Conn, RN,
Hennepin County Medical Center, Berman Center for Out-
comes and Clinical Research; Terry Heiman-Patterson, MD,
and Kellie Lind, Drexel University College of Medicine; Car-
layne Jackson, MD, and Pam Kittrell, RN, University of
Texas Health Science Center at San Antonio; Jerry Belsh,
MD, and Barbara Belsh, DPM, UMDN]J-Robert Wood
Johnson Medical School; George Sachs, MD, PhD, and
Brigid Crabtree, RN, Rhode Island Hospital; Jonathan Glass,
MD, and Meraida Polak, RN, Emory University, Center for
Neurodegenerative Disorders; David Lacomis, MD, and
Danielle Doerfler, RN, University of Pittsburgh; Richard
Barohn, MD, April McVey, MD, and Laura Heberlin, Uni-
versity of Kansas Medical Center; Jeffrey Rosenfeld, MD,
PhD, and Ruth King, Carolinas Medical Center,
Neuromuscular/ALS-MDA Center; Elizabeth Raynor, MD,
Seward Rutkove, MD, and Rachel Rich, MPH, Beth Israel
Deaconess Medical Center; Catherine Lomen-Hoerth, MD,
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PhD, Dallas Forshew, RN, and Sara Cassella, University of
California, San Francisco; Kevin Felice, DO, and Candace
Kiely, RN, University of Connecticut Health Center; Ed-
ward Kasarskis, MD, Megan Thompson, Robert Anthony
English, University of Kentucky; Carmel Armon, MD, Laura
Nist, MD, and Dee Moses, RN, Loma Linda University
School of Medicine. Steering Committee—Merit Cudkowicz,
MD, MSc, Massachusetts General Hospital; Daniel Drach-
man, MD, Johns Hopkins University; Jeremy Shefner, MD,
PhD, SUNY Upstate Medical University; Jeffrey Rothstein,
Johns Hopkins University; David Schoenfeld (Biostatisti-
cian), Massachusetts General Hospital. Coordination and
Data Management Staff: Project Management Team—Hannah
Lilja Johnson, MPH, Mary O’Brien, MPH, PT, Meredith
Fantasia, MPH, Sadie MacMillan, BA, Hong Yu, MPH, M.
Muddasir Qureshi, MD, Kathyrn Miosi, BA, Alex Sherman,
Massachusetts General Hospital; James Taft, PA, Christine
Lu, SUNY Upstate Medical University; Lora Clawson,
MSN, CRNP, Johns Hopkins Medical Center. Pfizer—Neil
Hounslaw, MRCP, FFPM (Pfizer); Andrew Brugger, MD
(Pharmacia). Prostaglandin E, Measurements—Katrin Andre-
assen, MD, Tracy Hand, Department of Neurology, Johns
Hopkins University.
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