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Efficacy and safety of ceftriaxone for amyotrophic lateral
sclerosis: results of a multi-stage, randomised, double-blind,
placebo-controlled, phase 3 study

Merit E Cudkowicz, Sarah Titus, Marianne Kearney, Hong Yu, Alexander Sherman, David
Schoenfeld, Douglas Hayden, Amy Shui, Benjamin Brooks, Robin Conwit, Donna
Felsenstein, David J. Greenblatt, Myles Keroack, John T Kissel, Robert Miller, Jeffrey
Rosenfeld, Jeffrey Rothstein, Ericka Simpson, Nina Tolkoff-Rubin, Lorne Zinman, and
Jeremy M. Shefner on behalf of the Ceftriaxone Study Investigators*

(M E Cudkowicz MD, S Titus MPH, M Kearney, H Yu, A Sherman MSc, D Schoenfeld PhD, D
Hayden PhD, A Shui MA, D Felsenstein MD, N Tolkoff-Rubin MD); Carolinas Medical Centre,
Charlotte, NC, USA (B Brooks MD); National Institutes of Neurological Disorders and
Stroke, Bethesda, MD, USA (R Conwit MD); Tufts University School of Medicine, Boston,
MA, USA (DJ Greenblatt MD); Eliot Health System, Manchester, NH, USA (M Keroack MD);
Ohio State University, Columbus, OH, USA (JT Kissel MD); California Pacific Medical
Centre, San Francisco, CA, USA (R Miller MD); University of California-San Francisco,
Fresno, CA, USA (J Rosenfeld MD); Johns Hopkins University, Baltimore, MD, USA (J
Rothstein MD); Methodist Hospital, Houston, TX, USA (E Simpson MD); Sunnybrook Health
Science Centre, Toronto, Canada (L Zinman MD); State University of New York, Upstate
Medical University, Syracuse, NY, USA (JM Shefner MD)

Abstract

Background—Glutamate excitotoxicity may contribute to the pathophysiology of amyotrophic
lateral sclerosis (ALS). Studies in ALS animal models show decreased excitatory amino acid
transporter 2 (EAAT?2) overexpression delays onset and prolongs survival, and that ceftriaxone
increases EAAT?2 activity in rodent brains. Phase 1, 2, and 3 clinical studies of ceftriaxone for
ALS were combined into a three-stage, nonstop study.

Methods—514 participants were randomised to ceftriaxone (n=341) or placebo (n=173); 66
participants were enrolled in stages 1 (pharmacokinetics) and 2 (safety) to determine cerebrospinal
fluid and blood pharmacokinetics and safety of two dosages: 2 grams and 4 grams/day of
ceftriaxone. All participants continued into stage 3 (efficacy) in blinded fashion with participants
who began treatment on the discontinued dose analysed in the same group as those on the dose
that that was continued. In stage 3, 44 participants previously assigned to 2 or 4 g ceftriaxone in
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stage 2 received 4 g ceftriaxone; 21 participants assigned to placebo in stage 2 continued on
placebo. 448 new participants were randomized in stage 3 to 4 g ceftriaxone or placebo (2:1).
Participants, family members and all site staff were blinded to treatment assignment.
Computerized randomisation sequence using permuted blocks of 3 was stratified by riluzole use
and blocked by site. Participants received 2g ceftriaxone or placebo BID via a central venous
catheter (CVC) administered in the home setting by a trained caregiver. To minimize biliary side
effects, participants assigned to ceftriaxone also received 300 mg ursodiol BID in a blinded
manner; those assigned to placebo received matched placebo capsules BID. The co-primary
efficacy outcomes were survival and functional decline, using the slope of scores on the ALS
Functional Rating Scale-Revised (ALSFRS-R). The first participant entered the trial on September
4, 2006 (stage 1); the first stage-3 participant entered on June 4, 2009. The trial was stopped in
July 2012.

Findings—During stages 1 and 2, ALSFRS-R functional decline was 0.5076+0.2440 units per
month slower in participants taking 4 g ceftriaxone versus those taking placebo (95% CI 0.0196,
0.9956, p=0.0416), yet in stage 3, functional decline differed only by 0.08975+0.07581 units per
month (95% CI —0.05919, 0.2387; p=0.2370). No significant differences were seen in stage 3
survival (hazard ratio, 0.904 [95% CI 0.710, 1.152]; p=0.4146). Adverse events rates were higher
in the ceftriaxone versus placebo group for gastrointestinal (72% [245/340] vs56% [97/173];
p=0.0004) and hepatobiliary events (62% [211/340] vs 11% [19/173]; p<0.0001). Add-on ursodiol
reduced these events in participants taking ceftriaxone. A significantly larger percentage of
ceftriaxone versus placebo participants experienced hepatobiliary serious adverse events (12%
[41/340] vs0% [0/173]).

Interpretation—Despite promising stage-2 efficacy data, the stage-3 ceftriaxone in ALS study
failed to show clinical efficacy. The adaptive design approach allowed for seamless movement
from one phase to another obviating the need for multiple grant submissions. CVC use in the
home setting was shown to be not only possible, but also safe.

Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder affecting motor
neurons of the brain and spinal cord, leading to progressive muscle atrophy and weakness,
respiratory failure and death.1:2 Median survival is 2—4 years; 5-10% of patients survive
beyond 10 years.34 One approved therapy, riluzole, provides a modest survival benefit,>-6
and there is an urgent need for more efficacious treatments. While the etiology of
neurodegeneration in ALS is not fully understood, evidence suggests that glutamate
excitotoxicity may be a factor in disease progression.”- Studies in ALS animal models and
human tissue have shown decreased excitatory amino acid transporter 2 (EAAT2; mouse
analog GLT-1), which clears synaptic glutamate.?-11 Riluzole inhibited glutamate release in
preclinical studies.1213 Conversely, overexpression of EAAT2/GLT-1 delays onset and
prolongs survival in ALS mice.14 Thus, targets that upregulate EAAT2 may be
neuroprotective in ALS.

Ceftriaxone, an FDA-approved beta-lactam antibiotic, significantly increases EAAT2
activity and GLT-1 expression in rodent brains.1516 Ceftriaxone also increases EAAT2
promoter activity and protects motor neurons from excitotoxicity in human astrocyte
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cultures.15:17.18 Ceftriaxone reduces glutamate excitotoxicity in animal models of spinal
muscular atrophy,1® Huntington’s disease, 20 ischemia?l:22 and multiple sclerosis.23
Ceftriaxone slowed disease progression and prolonged survival in ALS mice.1> When the
National Institute of Neurological Disorders and Stroke (NINDS) Neurodegeneration Drug
Screening Consortium screened 1040 compounds to identify candidate therapies for
neurodegenerative diseases, cephalosporin antibiotics were the only class of compounds
active in the majority of ALS-related assays.1°-18 Ceftriaxone has the longest half-life of
available cephalosporins and is thought to effectively penetrate cerebral spinal fluid
(CSF).24

Phase 1, 2 and 3 studies of ceftriaxone for ALS were combined into a three-stage, nonstop
study to expedite testing. Stage 1 pharmacokinetic and stage 2 safety results were previously
published.2® The objective of the current study was to evaluate the efficacy of ceftriaxone
versus placebo during stage 3 of testing, with the per-protocol hypothesis that intravenous
(IV) ceftriaxone would slow disease course in patients with ALS.

Study Design and Participants

This was a randomized, double-blind, placebo-controlled, multicentre, Phase I11 trial of the
efficacy and safety of ceftriaxone versus placebo for treating ALS. Eligible adults (>18
years) had a diagnosis of possible, laboratory-supported probable, probable or definite ALS,
vital capacity (VC) >60% of the normal predicted for age and height,28 and symptom
duration <3 years before enrolment. Participants were permitted to use riluzole if they were
taking a stable dose for =30 days. Participants were required to be medically able to undergo
central venous catheter (CVVC) placement. Screening assessments included medical history,
physical examination, concomitant medication review and laboratory tests. Key exclusion
criteria included known sensitivity to ceftriaxone, cephalosporins, penicillin, beta-lactams,
ursodiol or biliary salts; active biliary or gastrointestinal disease; known immune-
compromising illness, history of antibiotic-induced colitis and dependence on mechanical
ventilation. A complete listing of the study inclusion and exclusion criteria can be found in
webappendix A. Institutional review board (IRB) approval was obtained at each centre and
participants provided written informed consent before screening. The study adhered to the
International Conference on Harmonisation and Good Clinical Practice guidelines and was
performed in accordance with the Declaration of Helsinki. Per protocol, double-blind
treatment was planned to continue for all subjects until the last enrolled subject reached 52
weeks of participation. An independent Data Safety Monitoring Board (DSMB) worked
with the principal investigator and steering committee to evaluate safety and to establish and
revise safety stopping rules as necessary. The DSMB met before study start and after stages
1 and 2. Thereafter, the board met approximately every 6 months and at preplanned interim
analyses to make recommendations for modification or termination of the trial. The DSMB
was advisory to the NINDS and made recommendations independently from the funding
source. The NINDS policies on DSMBs for clinical trials were followed (http://
www.ninds.nih.gov/research/clinical_research/policies/data_safety monitoring.htm). No
voting members on the DSMB were from the NINDS.

Lancet Neurol. Author manuscript; available in PMC 2015 November 01.
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Randomisation and masking

Procedures

Biostatisticians at Massachusetts General Hospital (MGH) developed the randomisation plan
and documents for participating pharmacies. For stage 1, the computerized randomisation
sequence used permuted blocks of 3, where each block contained: placebo, ceftriaxone 2g
and ceftriaxone 4g. For stage 3, participants were randomised to 4 g ceftriaxone and placebo
in a 2:1 ratio. The permuted blocks of 3 contained: placebo, ceftriaxone 4g and ceftriaxone
4g. Randomisation was stratified by riluzole use and blocked by site to allow for a balanced
distribution of participants to treatment groups. Pharmacies received their randomisation
schedules and ID numbers used to identify participants’ source documents. Coordination
centre clinical trial staff, with the exception of the pharmacy monitor, remained blinded to
treatment assignments. Participants, investigators, study monitors, site coordinators and site
clinical evaluators also were blinded to treatment group assignment.

Study drug was masked to maintain the study blind. Pediatric multivitamin for infusion
(MV1) was used as the placebo to color-match the ceftriaxone syringes. Study drug syringes
were tinted semi-transparent orange to further protect the color blind. Frozen and liquid
syringes were tested for color, consistency, appearance and odor, and participants were not
able to distinguish between active and placebo. The ursodiol and placebo manufacturers
created capsules that appeared identical for both ursodiol and ursodiol placebo. Participants
were asked at time of study withdrawal what treatment assignment they thought they
received.

In stage 1, 66 participants from ten US-based sites were randomised to ceftriaxone 2 g,
ceftriaxone 4 g or placebo daily for seven days to determine whether one or both dosages
achieved a CSF trough concentration =1 pM in =80% of participants. In stage 2, all stage-1
participants continued their dosages for 20 weeks to determine the safety and tolerability of
ceftriaxone versus placebo. The DSMB and two members of the steering committee used
this information as well as efficacy data at 20 weeks to select the ceftriaxone 4-g dosage for
stage 3.25

The Phase 3 study (stage 3) was conducted at 58 sites in the United States and Canada.
Participants who completed stage 2 continued (blinded) to stage 3; new participants were
randomised to ceftriaxone 4 g or placebo (2:1). The DSMB approved the use of
ursodeoxycholic acid (ursodiol) to manage hepatobiliary adverse events associated with
ceftriaxone. Thus, participants randomised to ceftriaxone also received 300 mg ursodiol
twice daily. For all stages, placebo was a pediatric MVI matched to ceftriaxone. For stage 3,
placebo participants also received a matched ursodiol placebo capsule. Participants and
caregivers administered study drug via CVC twice daily. Participants and caregivers were
educated in catheter care and safety and underwent on-site evaluation of the proper catheter
care technique every 16 weeks and on-site written examinations annually. Typically, there
was one caregiver per study participant.

The co-primary endpoints were survival (time to death, tracheostomy or initiation of
permanent assisted ventilation [PAV]), and change in function after 1 year of treatment, as
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assessed using the slope of scores on the ALS Functional Rating Scale-Revised (ALSFRS-
R).27 Secondary endpoints included changes from baseline in VC and changes in upper- and
lower-limb muscle strength using hand-held dynamometry (HHD). Muscle groups included
in the upper and lower limb megascores included shoulder flexion, elbow flexion, elbow
extension, hip flexion, knee flexion, knee extension, wrist extension, first dorsal
interosseous contraction and ankle dorsiflexion. The ALS-Specific Quality of Life
(ALSSQOL) questionnaire?® was used to assess symptom severity, mood, intimacy and
social issues. The Caregiver Burden Inventory (CBI)2° was used to assess the quality of life
of caregivers in terms of social, emotional, physical, time and developmental aspects of their
relationships with the participant.

Safety assessments included physical examination, laboratory testing, abdominal
ultrasounds, CVC safety checks, vital signs and adverse event monitoring. Adverse events
and serious adverse events were categorized using the Common Terminology Criteria for
Adverse Events (CTCAE) and rated for severity and relationship to study drug.

Statistical analyses

With DSMB and sponsor approval (July 2011) the original sample size of 600 participants
was recomputed to 500 based on a revision to the estimate for expected on-study mortality
based on the mortality data at that time and the fact that length of individual subject
participation was longer than initially planned. Enrolment of 500 provided 80% power to
detect a 50% increase in median time to death, tracheostomy or PAV. The primary analysis
was based on the intention-to-treat principle, and all participants were included regardless if
they stopped treatment before study end. Given that participants from all stages are included
in the stage-3 analysis, no alpha correction was deemed necessary. The only possible bias
was to underestimate any potential effect of treatment, as 22 participants on active treatment
initially received a lower dose (2g daily) than did participants ultimately enrolled in stage 3.

The effect of a 2:1 randomisation is to increase the sample size by a factor of 9/8. The
investigators felt that a 2:1 randomisation would aid in recruitment rate to more than
compensate for the additional participant accrual required.

One-year progression of ALSFRS-R, VC and other longitudinal variables, were analysed
using random slopes regression models, and survival was analysed using a log-rank test
stratified by riluzole use. For participants who discontinued active treatment, survival was
assessed on a bimonthly basis. Survival was assessed for all subjects, regardless of whether
study drug was discontinued. Participants who stopped treatment were nonetheless
encouraged to continue bimonthly study visits, and at that time, the site staff recorded the
date that the subject was seen. Participants who were unable to attend study visits at the site
were contacted via telephone to assess vital status.

The trial had a group sequential design and was monitored every six months for efficacy and
futility using pre-specified stopping rules (webappendix B). Statistical tests were two sided
and p-values were not corrected for multiple comparisons or sequential stopping rules. A
second analysis accounted for deaths using a shared parameter model.3° This model
reproduced the primary results (data not shown).

Lancet Neurol. Author manuscript; available in PMC 2015 November 01.
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Alpha levels were not corrected for co-primary outcome measures in the analysis. A
bonferroni correction for the two endpoints was considered, but was felt overly conservative
as the two endpoints are related. As this study was not performed for the purpose of
regulatory approval, the independent assessment of primary measures was felt to be the most
informative way to evaluate them. ALSFRS-R could have been employed as a secondary
endpoint; however, it would then not have been appropriate to include it in the futility
stopping rule.

Selected post hoc analyses were performed to explore the possibility that ceftriaxone versus
placebo may have conferred some beneficial effects not apparent from the results of the
primary analysis. To analyse the co-primary endpoints jointly, the Combined Analysis of
Function and Survival (CAFS) was used. CAFS ranks clinical outcomes based on survival
time and change in the ALSFRS-R score.3!

In July 2012, the study was stopped for futility by the DSMB before all participants had 1
year of treatment, as the last participant enrolled on December 14, 2011. Data evaluated at
that time are referred to as the interim analyses throughout. The final analyses represent data
combined from all three stages, and the results reported herein represent the final analyses
unless otherwise specified. The study is registered with ClinicalTrials.gov #NCT00349622.

Role of the funding source

Results

The study was conducted under an Investigational New Drug (68,892) and approved by the
MGH coordination centre IRB and all participating centre IRBs. NINDS provided a
cooperative agreement (5 U01-NS-049640) and participated in the Steering Committee
(Robin Conwit). The NINDS selected the members of the DSMB for the study. The NINDS
did not have any role in the data collection or analysis.

Participant disposition

The first participant entered the trial on September 4, 2006 (stage 1); the first stage-3
participant entered on June 4, 2009. The trial was stopped in July 2012. A total of 732
people were screened; 219 were excluded for not meeting the inclusion/exclusion criteria,
withdrawing consent or for other reasons (figure 1). Active biliary disease, including
gallstones, was the most frequently observed exclusion criterion (n=53); the most frequently
unmet inclusion criterion was VC >60% of the predicted normal value (n=45). The final
dataset was composed of 513 participants, 340 in the ceftriaxone group and 173 in the
placebo group. Follow-up for survival was >95% complete; 50% of participants survived
during the study. Participants in both groups were similar in age, gender distribution and
baseline characteristics (table 1). Of participants on taking ceftriaxone 46% (156/340)
continued on treatment until study end or an endpoint was reached. The 156 participants
who discontinued study medication early spent 51% of their time on study taking the
medication. The corresponding proportions in the placebo group were similar: 41% (71/173)
and 46%. In total, participants on ceftriaxone remained on drug for a mean (SD) of 14.2
(11.7) months while participants on placebo remained on drug for a mean (SD) of 12.3 (9.2)

Lancet Neurol. Author manuscript; available in PMC 2015 November 01.
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months. About 46% (84/184) of participants who stopped active treatment did so because of
an adverse event as did 31% (32/102) of participants who stopped placebo. In the active
arm, only 15 of these reported Gl or hepatobiliary/pancreatic events as the reason. This
accounts for <10% of participants who stopped treatment with ceftriaxone.

During stages 1 and 2, functional decline was 0.51+0.24 (95% CI: 0.0196, 0.9956) units per
month slower in participants taking 4 g ceftriaxone versus those taking placebo (p=0.0416);
there were no other significant between-group differences. In stage 3, there was no
significant effect on functional decline after interim (p=0.196) or final analyses (p=0.237;
table 2). For survival, log-rank tests showed no significant differences after interim
(p=0.3680) or final analyses (p=0.4146) (figure 2).

For VVC, no significant between-group differences were noted during stages 1 and 2 or after
interim or final analyses. For the interim analysis, the between-group difference in slopes
was 0.33+0.24 (95% CI —0.15, 0.81) units per month (p=0.1764). The final analysis showed
no significant treatment effects on VC (table 2). HHD results for stages 1 and 2 showed that
leg strength but not arm strength declined at a slower rate in the ceftriaxone 4-g group
versus the 2-g group. The between-group difference was 0.310+0.243 (95% CI -0.167,
0.787) units per month (p=0.400). The between-group difference between the ceftriaxone 4-
g group and placebo was 0.038+0.0192 (95% CI —0.001, 0.076) units per month (p=0.0550).
Final analysis of HHD results showed no treatment effect on the percentage of baseline for
upper or lower extremities (table 2).

For the subjective assessments of participant and caregiver QoL, there were no significant
effects of treatment on the ALSSQOL and CBI, respectively. Results from the final analysis
are summarized in table 2.

Safety and tolerability

Overall, 99% (339/340) of ceftriaxone and 97% (167/173) of placebo participants
experienced =1 adverse event. The most frequently reported adverse events are summarized
in webappendix C). Adverse event rates were significantly higher in the ceftriaxone versus
placebo group for gastrointestinal (72% [245/340] vs56% [97/173]), hepatobiliary (62%
[211/340] vs11% [19/173]) and blood/bone marrow (18% [61/340] vs9% [15/163])
CTCAE categories. Between-group differences in adverse event rates for other categories
were minimal. The majority of hepatobiliary events was cholelithiasis, affecting 53%
(181/340) and 3% (5/173), of ceftriaxone-and placebo-treated participants, respectively
(p<0.0001).

Fifty-two percent (177/340) of ceftriaxone and 47% (80/173) of placebo participants
experienced =1 serious adverse event. The most frequent serious adverse events were
pulmonary. There was no significant difference in rates between the ceftriaxone and placebo
groups 26% (88/340) vs22% (38/173); dyspnea was the most frequently reported by
ceftriaxone 22% (74/340) and placebo participants 20% (34/173). A significantly larger
percentage of ceftriaxone versus placebo participants experienced hepatobiliary 12%
(41/340) vs0% (0/173) serious adverse events; significantly fewer ceftriaxone versus
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placebo participants had infection-related serious adverse events 9% (30/340) vs18%
(32/173). Catheter-related serious adverse event rates were low in both groups, with the
exception of infection, which was lower among ceftriaxone versus placebo participants 2%
(7/340) vs8% (14/173) (webappendix C).

In stages 1 and 2, 22 participants taking 4 g ceftriaxone but not ursodiol experienced 143
adverse events during a follow-up of period of 71 person-months, corresponding to an
adverse event rate of 2.01/month. In stage 3, 296 participants taking 4 g ceftriaxone and
prophylactic ursodiol experienced 3316 adverse events during a follow-up period of 3858
person-months, corresponding to an adverse event rate of 0.86/month. Several CTCAE
categories, including gastrointestinal and hepatobiliary events, showed significant reductions
in frequency between stages 1 and 2 and stage 3 after the addition of ursodiol (webappendix
C).

Pharmacokinetics

A repeated measures analysis of variance, controlling for mean ceftriaxone dose over the
previous 5 days, showed no effect of riluzole use on plasma levels of ceftriaxone. The least
squares geometric mean ceftriaxone level among all stage-3 participants taking riluzole was
29.7 (95% CI 23.8, 37.1) pg/mL and was 28.8 (95% CI 19.9, 41.7) pg/mL among those not
taking riluzole (p=0.8911).

Post-hoc analyses

Post hoc analysis of ALSFRS-R, VC and HHD endpoints among completers showed no
significant differences between the treatment groups (ALSFRS-R, p=0.4622; VC, p=0.3925;
HHD upper extremities percentage of baseline, p/=0.5025; HHD lower extremities
percentage of baseline, p=0.5259). Post hoc CAFS result showed no significant difference
between the ceftriaxone and placebo groups (p=0.5972).

Although ursodiol was associated with reductions in plasma levels of ceftriaxone of ~26%
overall, levels varied among participants. Among those participants taking ursodiol, mean
plasma levels were similar in stages 1 and 3.

When participants discontinued treatment, study investigators asked them what treatment
group they thought they were assigned to. Among those taking ceftriaxone and willing to
take a guess (66% [193/292]), 92% (177/193) guessed correctly. Among participants taking
placebo and willing to guess (58% [90/154]), 70% (63/90) guessed correctly. This group,
however, may not be representative of all study participants.

Discussion

Like many compounds that preceded it, the beta-lactam antibiotic ceftriaxone showed
promising neuroprotective effects against glutaminergic excitotoxicity in preclinical studies
but failed to show clinical efficacy in this study of individuals with ALS. Further, the
promising dose-dependent effects of ceftriaxone versus placebo on the ALSFRS-R and
HHD observed at the end of stage 2 was not present in stage 3. During Stages 1 and 2,

Lancet Neurol. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Cudkowicz et al.

Page 9

functional decline slower in participants taking 4 g ceftriaxone versus those taking placebo;
there were no other significant between-group differences.

In general, phase 2 trials in ALS are not expected to provide definitive efficacy data, as the
primary goal is to monitor safety, enrolment is typically <200, and trial duration is usually
<12 months. In multi-stage, adaptive study designs, however, data from earlier stages are
used to design subsequent stages, and data collected during early stages are used in the
analyses at the final stage.32 The ceftriaxone study was conducted in this way. PK and safety
data from stages 1 and 2, respectively, were used to determine whether to proceed with stage
3 and safety and interim efficacy data from stage 2 were used to determine the ceftriaxone
dosage for stage 3.

In stage 1, ceftriaxone demonstrated linear PK and there was no effect of riluzole on PK
parameters.2> This persisted through stage 3. As expected, ceftriaxone versus placebo
treatment was associated with higher rates of cholelithiasis, which was well managed with
optional use of ursodiol.?® In stage 3, when all ceftriaxone-treated participants also received
blinded add-on ursodiol, rates of hepatobiliary events and other adverse events showed
further reductions.

The CVC was well tolerated; thirty serious adverse events were definitely or probably
related to the catheter. Although the rate of line infections was higher in placebo versus
ceftriaxone participants (0.366 v50.174/1000 catheter-days), the overall rate was lower than
the CDC- reported rate for catheter care in the home setting (2.9-11.3/1000 catheter-
days).33 To our knowledge, this is the first report of non-healthcare specialists providing
intravenous treatment in the home setting for this duration of time. The results reflect the
level of excellence in training and monitoring procedures, the high calibre of the nursing
staff, and the commitment of family members and caregivers.

Despite the failure of ceftriaxone to show clinical efficacy, much was learned from the
study’s innovative, adaptive design. The protocol contained clear, detailed stopping and
futility rules and provided for pre-specified interim analyses. Some individuals participated
in the study up to 4.5 years, demonstrating that C\VVC use in the home setting is not only
possible, but also safe. Finally, validated but simple outcome measures were selected for
ease of use.

Some issues in the trial could not be fully resolved. The blinding was imperfect probably
due to the adverse event profile of ceftriaxone. Our attempt to prevent gallstones in stage 3
by giving everyone assigned to ceftriaxone ursodiol or those assigned to placebo (MV1),
ursodiol placebo did decrease the rate of symptomatic gallstones, but was not entirely
effective in preventing possible unblinding. It also may have reduced the effective dose of
ceftriaxone somewhat by decreasing blood levels of ceftriaxone. However, in stage 1, CSF
ceftriaxone concentrations at 2 grams daily were greater than the pre-specified levels
determined from preclinical studies. The 26% reduction in plasma levels at 4 grams daily is
clearly above this threshold as well. The potential reduction in symptomatic gallstones with
the use of ursodiol is likely to have more than compensated for this reduction in plasma
levels. Thus, the co-administration of ursodiol was likely beneficial at the 4-g per day dose.
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Another issue affecting trial performance was the unanticipated long duration of the study.
This may have increased the proportion of time that participants were off study drug,
reducing its intent-to-treat effect. All participants were asked to stay in the study until the
last participant completed 12 months of treatment. As ALS progresses, it is harder for
participants to continue on study medication, even if follow up visits are conducted by
phone or in the home. We were sensitive to this possibility and monitored this during the
trial. An alternative design would have been a shorter trial with more participants; however,
this approach would be harder to generalise to the long-term treatment that ALS will require.
Another alternative would have been a high-dose trial with cholecystectomy to remove the
gallstone risk with an observation control group treated without placebo.

As there were no pharmacodynamic markers of ceftriaxone effect on CNS EAAT2 mRNA
or protein at the time of this study, it was not possible to determine if the drug activated its
target. The lack of a pharmacodynamic marker for target engagement by ceftriaxone renders
us unable to conclude that upregulation of glutamate transport is a failed therapeutic target.
Further study of drugs that impact glutamate transport and uptake may still be warranted. To
this end, EAAT?2 positron emission tomography ligands are in development to potentially
assess the efficacy of drugs alerting astroglia EAAT2 (Dr. Rothstein, unpublished
observations). An effective pharmacodynamic reporting tool will be critical for future ALS
clinical trials for the astroglia transporter, and more generally for any new ALS therapeutic.

Research in context

Systematic review

We searched PubMed for articles reporting the results of phase 3 clinical trials for
“amyotrophic lateral sclerosis” published in English during the past 10 years. This time
period starts approximately when the preclinical data supporting ceftriaxone were known.
Ten articles were identified, including the report of the stage 1 and stage 2 findings from the
ceftriaxone study.?> Two papers evaluated clinical trial methodology, including the
feasibility of sniff nasal inspiratory pressure as an outcome measure34 and the reliability of
database controls rather placebo patients in some ALS trials.3 The remaining seven articles
evaluated the efficacy of investigational compounds versus placebo in patients with ALS,
including dexpramipexole,3® lithium,37 ursodeoxycholic acid,38 insulin-like growth factor
type I [IGF-1],3% minocycline,*0 TCH346,4! and xaliproden.#2 Most reports cited
neuroprotective effects in preclinical studies (minocylcine, lithium)3740 and/or some
survival benefit in a pilot (lithium)37 or phase 2 study (dexpramipexole) of ALS patients.3®
For IGF-1, preclinical and clinical results have been inconsistent. In all seven studies, the
agents were generally well tolerated, but none showed clinical efficacy versus placebo on
pre-specified primary or secondary endpoints.

Interpretation

It has been 20 years since the phase 3 studies of riluzole reported a modest survival benefit
for patients with ALS. In the interim, many phase 3 trials reporting negative efficacy results
were published. Ideally, phase 3 trials are expected to yield positive results, as they are
performed only after evidence of potential efficacy is gathered from preclinical research and
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phase 2 studies. For neurological disorders including ALS however, there is a high rate of
failure in phase 3, most likely because of the challenges in phase 2 where there often is a
lack of pharmacodynamic and efficacy surrogate biomarker. To date, phase 2 studies are
deemed positive often based on non-significant trends in the same endpoints ultimately
employed in Phase 3. The predictive value of such studies is clearly less than what would be
expected if more sensitive pharmacodynamic markers were available and showed clear
effects of treatment. The current study reinforces the need to develop such markers and use
them to design more predictive Phase 2 studies.

Despite the lack of benefit of ceftriaxone demonstrated in this study, valuable lessons were
learned. Study rationale was based on a novel approach led by the NIH to screen all
marketed drugs for preclinical signals of efficacy and to select one that worked in the most
assays for human testing. Our negative results do not invalidate this approach. This was the
first ALS study to incorporate a Phase I-to-111 adaptive design. There is growing use such
types of adaptive designs in neurology clinical trials, and knowledge and experience in their
value and challenges are important.

The ability to successfully complete our study demonstrates that drugs available for other
uses can be successfully studied in ALS. As was the case in previous studies of minocycline,
creatine, and lithium, our study successfully enrolled, though the recruitment phase was
likely longer than for drugs only available within the context of a study. Such studies are
particularly important as patients risk being exposed to harm without benefit by taking off-
label medications. Our study further demonstrated that daily home IV infusion can be
performed safely in the ALS population, which may inform design of future studies. The
knowledge gained regarding management of adverse events of ceftriaxone may also
translate to future research. The information from this trial will be helpful for clinicians and
scientists in ALS, other neurological disorders and in non-neurological fields.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1

Baseline demographic and clinical characteristics

Characteristic Ceftriaxone (n=340) Placebo (n=173)  All (N=513)
Mean + SD age at screening, years 56 + 10 55+ 10 55+ 10
Mean + SD years from symptom onset to screening 1.49+0.7 150+0.7 149+0.7
Mean + SD years from diagnosis to screening 0.56 £0.5 0.58+0.5 0.57+0.5
Mean + SD years from symptom onset to diagnosis 0.93+0.6 0.92+0.6 0.92+0.6
Male, n (%) 209 (61) 101 (58) 310 (60)
Race, n (%) (n=339) (n=171) (n=510)
White 320 (94) 163 (94) 483 (94)
Black/African American 8(2) 3(2) 11 (2)
Asian 6 (2) 5(3) 11 (2)
Other 5(1) 0(0) 5(1)
Ethnicity, n (%) (n=337) (n=171) (n=508)
Hispanic or Latino 17 (5) 6(3) 23(5)
Family history of ALS, n (%) (n=333) (n=169) (n=502)
Yes 26 (8) 8 (5) 34(7)
Site of onset, n (%)
Limb 257 (76) 137 (79) 394 (77)
Bulbar 75 (22) 35 (20) 110 (21)
Both 8(2) 1(0.6) 9(2)
Riluzole use (yes), n (%) 249 (73) 128 (74) 377 (73)
Mean + SD VC % predicted maximum 88 +17 91+18 89 + 17
Mean + SD ALSFRS-R score 36.5+6.0 36.9+54 36.7+5.8
Mean + SD total ALSSQOL * 39864 39764 39864
Mean + SD total CBI 147+114 145+11.8 14.6+ 11.6

Page 19

ALS=amyotrophic lateral sclerosis; ALSFRS-R=Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised; ALSSQOL=Amyotrophic
Lateral Sclerosis-Specific Quality of Life Questionnaire; CBI=Caregiver Burden Inventory; VC=vital capacity.

*
Maximum possible score is 550.
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Table 2

Summary of results * for primary and secondary endpoints

Ceftriaxone Placebo Difference (95% CI) p value
ALSFRS-R -1.13+0.04 -1.22 +0.06 0.09 £ 0.08 0.2370
(-1.22,-1.05) (-1.34,-1.10) (-0.06, 0.24)
VC -2.77+0.14 -3.08 £0.20 0.31+0.24 0.2016
(-3.05, -2.49) (-3.47,-2.70) (-0.17,0.79)
HHD
Upper limb, % baseline -5.27+0.22 -5.55+0.30 0.28 £0.37 0.4560
(-5.70, -4.85) (-6.15, -4.96) (-0.46, 1.01)
Lower limb, % baseline -4.15+0.26 -4.48 +0.36 0.33+0.45 0.4623
(-4.66, -3.64) (-5.19, -3.77) (-0.55, 1.20)
Upper limb, z score -0.080 + 0.004 -0.077 £ 0.005 -0.003 + 0.007 0.6765
(-0.088, -0.073)  (-0.088, —0.067) (-0.016, 0.010)
Lower limb, z score -0.065 + 0.003 -0.063 + 0.004 -0.002 + 0.005 0.7104
(-0.072,-0.059)  (-0.072, -0.055) (-0.013, 0.009)
ALSQOL -3.51+0.33 -3.44 £0.46 -0.068 + 0.568 0.9045
(-4.16, -2.86) (-4.35,-2.53) (-1.185, 1.048)
CBI total score 1.39+0.08 1.31+0.11 0.08 £0.14 0.5538
(1.23,1.54) (1.09, 1.53) (-0.19, 0.35)

*
Mean change from baseline through one year of follow up in units per month + SE (95% CI)

ALS=amyotrophic lateral sclerosis; ALSFRS-R=Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised; ALSSQOL=Amyotrophic
Lateral Sclerosis-Specific Quality of Life Questionnaire; CBI=Caregiver Burden Inventory; ClI, confidence interval; HHD, hand-held
dynamometry; SE, standard error; VVC=vital capacity.
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