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Abstract

Introduction/Aims: Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative

illness with great unmet patient need. We aimed to evaluate whether mesenchymal

stem cells induced to secrete high levels of neurotrophic factors (MSC-NTF), a novel

autologous cell-therapy capable of targeting multiple pathways, could safely slow

ALS disease progression.

Methods: This randomized, double-blind, placebo-controlled study enrolled ALS par-

ticipants meeting revised El Escorial criteria, revised ALS Functional Rating Scale

(ALSFRS-R) ≥25 (screening) and ≥3 ALSFRS-R points decline prior to randomization.

Participants received three treatments of MSC-NTF or placebo intrathecally. The pri-

mary endpoint evaluated efficacy of MSC-NTF through a responder analysis and

safety. A change in disease progression post-treatment of ≥1.25 points/mo defines a

clinical response. A pre-specified analysis leveraged baseline ALSFRS-R of 35 as a

subgroup threshold.

Results: Overall, MSC-NTF treatment was well tolerated; there were no safety con-

cerns. Thirty-three percent of MSC-NTF and 28% of placebo participants met clinical

response criteria at 28 wk (odds ratio [OR] = 1.33, P = .45); thus, the primary end-

point was not met. A pre-specified analysis of participants with baseline ALSFRS-

R ≥ 35 (n = 58) showed a clinical response rate at 28 wk of 35% MSC-NTF and 16%
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placebo (OR = 2.6, P = .29). Significant improvements in cerebrospinal biomarkers of

neuroinflammation, neurodegeneration, and neurotrophic factor support were

observed with MSC-NTF, with placebo unchanged.

Discussion: The study did not reach statistical significance on the primary endpoint.

However, a pre-specified subgroup suggests that MSC-NTF participants with less

severe disease may have retained more function compared to placebo. Given the

unmet patient need, the results of this trial warrant further investigation.
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ALSFRS-R, amyotrophic lateral sclerosis, biomarker, clinical trial, stem cells

1 | INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is an adult neurodegenerative

disease, characterized by progressive degeneration and loss of cortical

and spinal motor neurons. Neuroinflammation is believed to play a

prominent role.1-3

There is currently no cure for ALS, and no treatment halts or

reverses disease progression. A cell-based therapy that targets multi-

ple disease pathways has the potential to tackle the multifaceted

pathogenesis of ALS by supporting survival of diseased neuronal cells,

both by secreting neuroprotective factors and by modulating neuro-

inflammatory and neurodegenerative pathways.4

Mesenchymal stem cells (MSC) derived from adult bone marrow

were induced under proprietary ex vivo conditions to secrete high

levels of neurotrophic factors (MSC-NTF). MSC-NTF has been shown

to favorably modify neuroprotective and neuroinflammatory cerebro-

spinal fluid (CSF) biomarkers following single intrathecal administra-

tion5 with safety and preliminary efficacy demonstrated in prior

studies5,6 in ALS participants. Here, we report results of the BCT-002

phase 3 clinical trial conducted to evaluate whether repeat treatment

with MSC-NTF would safely slow the rate of ALS disease progression.

2 | METHODS

2.1 | Study design and participants

The BCT-002 study (NCT03280056), a parallel-group, randomized,

double-blind, placebo-controlled study, was conducted at six US aca-

demic centers. Informed consent was obtained and documented from

all participants, and the study was approved by the Institutional

Review Boards of all centers. After an 18-wk pre-treatment period,

including an outpatient bone marrow aspiration to harvest cells for

autologous product manufacturing, participants received study treat-

ment intrathecally at weeks 0, 8, and 16, followed by a 12-wk obser-

vation period (Supporting Information Figure S1, which is available

online).

Eligible participants were 18–60 y old with possible, laboratory-

supported probable, probable, or definite ALS per the revised-El

Escorial criteria,7 symptom onset ≤24 mo prior to screening, upright

slow vital capacity (SVC) ≥65% of predicted value and revised ALS

Functional Rating Scale8 (ALSFRS-R) total score ≥ 25 at screening.

Participants on a stable dose of riluzole were permitted. Prior stem

cell therapy and active participation in an ALS interventional study

were prohibited.

Following the first 12 wk in the pre-treatment period, one final

inclusion criteria was required prior to randomization, ie, a decline of

≥3 ALSFRS-R points. Once randomized, participants received intrathe-

cal MSC-NTF (NurOwn®, manufactured by Dana-Farber Cancer Insti-

tute, Boston, MA or City of Hope, Duarte, CA; see Supporting

Information Methods) or placebo by standard lumbar puncture.

In March 2020, the protocol was amended to allow remote visits

due to coronavirus disease 2019 (COVID-19), with a major impact on

the collection of SVC assessments.

2.2 | Randomization and masking

Eligible participants were randomized 1:1 to MSC-NTF: placebo.

Investigators, participants, and all personnel involved in the study con-

duct were blinded to treatment assignments except for the cell

manufacturing and site teams that administered treatment. These

unblinded personnel did not otherwise interact with participants.

2.3 | Primary and secondary objectives

The primary efficacy endpoint, a responder analysis based on change

in disease progression, was determined by the rate of change in

ALSFRS-R per month using linear regression, with a separate line fit

to pre-treatment and post-treatment data through week 28. A par-

ticipant was defined as a responder if their change in disease pro-

gression post-treatment compared to pre-treatment was

≥1.25 points/mo, reflecting slowing of decline or improvement of

function. Participants who died due to disease progression were

considered non-responders.

Key secondary endpoints were the percentage of participants

with post-treatment rate of decline improved by ≥100% as measured
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by ALSFRS-R slope, change from baseline to week 28 in ALSFRS-R,

the combined analysis of function and survival (CAFS),9 and SVC.

The safety objective was assessed through outcomes of adverse

events (AEs), the Columbia-Suicide Severity Rating Scale (CSSRS), and

laboratory, physical examination, vital signs, and electrocardiogram

(ECG) assessments. Secondary outcomes for survival included time to

death due to disease progression and for any cause through week 32.

2.4 | Statistical analysis

To calculate the sample size for the study, the PRO-ACT database and

phase 2 study BCT-001 (NCT02017912) were analyzed. It was esti-

mated that the true percentage of responders expected to improve by

≥1.25 points/mo was 35% MSC-NTF and 15% placebo. Using a chi-

square test with α = .05 (two-sided) and 90% power, 97 participants/

treatment were required.

The primary efficacy population was the modified intention-to-

treat population (mITT), which included participants who received at

least one treatment and had at least one pre-treatment, baseline and

at least one post-treatment ALSFRS-R assessment. The ITT population

included all participants who were randomized. The baseline

ALSFRS-R assessment is defined as the last ALSFRS-R prior to the

first treatment. Safety analyses were performed on the safety popula-

tion, which included all participants who received at least one treat-

ment. Deaths that occurred during the trial are also reported on the

ITT population, to capture all deaths following randomization.

Pre-specified analyses by subgroups were conducted including a

baseline ALSFRS-R threshold of 35 (the anticipated baseline average).

The value of 35 was identified and pre-defined during the planning

portion of the trial based upon the experience of the clinical investiga-

tors, data from phase 2 trial of MSC-NTF and analysis of a database

of prior clinical trial participants (PRO-ACT).

The primary efficacy endpoint and secondary efficacy endpoints

were tested sequentially to account for multiplicity and preserve over-

all type I error. No adjustments were made for multiple comparisons

in testing exploratory efficacy endpoints.

Given the higher than anticipated number of participants with

advanced ALS disease, post-hoc sensitivity analyses focused on par-

ticipants with baseline ALSFRS-R > 25 (77% of the trial participants).

To evaluate robustness of results additional baseline thresholds are

presented considering thresholds between 25 and 34 (ie, up to the

pre-specified threshold of 35).

Handling of missing ALSFRS-R data due to deaths or discontinua-

tions were pre-specified in the analysis plan. These analyses used mul-

tiple imputation methodology under assumptions of missing at

random (MI-MAR) and missing not at random (MI-MNAR). An addi-

tional post-hoc evaluation of deaths and missing data was undertaken

to better understand the impact of both on estimates of treatment

effects with the secondary endpoint, change from baseline to 28 wk

in ALSFRS-R.10

Safety was assessed based on the incidence of treatment-

emergent adverse events (TEAEs) and clinically relevant changes in

vital signs, clinical laboratory assessments, physical and neurological

examinations, and ECG tests.

2.5 | Biomarkers

CSF samples were collected seven times for each participant (Supporting

Information Figure S1) and were immediately centrifuged at 1750g for

10 min and stored at �80 �C. A pre-specified selection of biomarkers

important to ALS disease were specified in the statistical analysis plan,

including vascular endothelial growth factor (VEGF), monocyte chemo-

attractant protein-1 (MCP-1), and neurofilament light chains (NfL). VEGF

is a neurotrophic factor that has demonstrated motor neurons protec-

tion.12 Additionally, VEGF gene expression appears to be deficient in

ALS patient fibroblasts,13 and lower CSF VEGF levels are associated with

disease progression.11 MCP-1 is a β-chemokine involved in neuro-

inflammatory pathways that correlates with ALS progression and

reduced survival.14 NfL is a biomarker known to be increased several-

fold in ALS, reflecting the extensive damage of motor neurons and

axons,15 and correlate with ALS disease progression.16

Since biomarker data are highly skewed, data were log trans-

formed for analysis using a MMRM model with covariates from the

primary endpoint. A pre-specified stepwise regression model was

used to select biomarkers that were predictive of the primary end-

point, from a set of all biomarkers. Biomarkers with term P-values

<.05 were required to enter the model and to be retained in the final

model.

3 | RESULTS

3.1 | Baseline and disease characteristics

Between August 2017 to September 2020, 263 persons with ALS

were screened for eligibility; 196 were randomly assigned to treat-

ment group and 189 received at least one treatment (Figure 1). Seven

participants did not receive treatment. In the mITT population, more

than 75% of participants completed the treatment regimen. A total of

45 participants discontinued the study prematurely.

The mean age of study participants was 49 y, and 67% were male

(Table 1). Baseline characteristics between treatment groups were

generally well-balanced, indicating that randomization was effective.

The trial enrolled participants with advanced disease (ALSFRS-R ≤ 25)

resulting in an average baseline ALSFRS-R value of 31 and inclusion

of some participants starting the trial with a value of zero on

ALSFRS-R individual items, therefore unable to show disease progres-

sion on these items. In participants with baseline ALSFRS-R ≤ 25, Fine

and Gross Motor ALSFRS-R subscales had more individual items with

baseline scores of zero than other subscales, with 43%, 43%, and 39%

of participants with zero values on each Fine Motor item and 23%,

14%, and 75% on each Gross Motor item. For average number of par-

ticipants with zero values on items across subscales in this subgroup,

see Table 1.
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3.2 | Safety

Almost all participants experienced mild-to-moderate TEAEs (Table 2).

The most commonly reported TEAEs were predominantly associated

with pain, were transient, and many were related to the treatment

administration lumbar puncture procedure (Supporting Information

Table S1). Post-procedural AEs associated with study procedures (bone

marrow aspiration and/or lumbar puncture) were commonly seen in

active and placebo treated participants and were mostly mild to moder-

ate in severity. These AEs were reported more frequently in subjects

who had received MSC-NTF. Only one participant in each treatment

group had a related SAE, and more withdrawals due to TEAEs were

reported in the placebo group. A small percentage (2.1%) of participants

withdrew from the study due to AEs (Figure 1). There were no

instances of tracheostomy and permanent ventilation in the study.

There were no clinically significant differences between treatment

groups at any timepoint nor in change from baseline in clinical labora-

tory values, vital signs, physical examination findings, and ECG results

over the course of the study. Assessments of suicidal ideation and

behavior using the CSSRS were similar between treatment groups.

During the study, 16 participants died after being randomized to

treatment (Table 2). These participants had more advanced disease

than the broader study population. Fourteen participants died after

receiving treatment, two before. Most deaths occurred in participants

F IGURE 1 CONSORT diagram. Phase 3 randomized, placebo-controlled study to evaluate MSC-NTF effects on safety, tolerability,
biomarkers, and clinical outcomes in amyotrophic lateral sclerosis. CONSORT methodology is used for consistent documentation of the flow of
participants through a trial. The categories within each box are reported as they were captured on the electronic Case Report Form. There are
participants who discontinued the trial reasons other than death and then subsequently died. For a complete list of deaths for all participants
randomized in the trial, see Table 2
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with baseline ALSFRS-R scores ≤25. All except one were directly

attributed to disease progression. No deaths were reported as related

to study treatment by the investigator or the sponsor. Event free

probability for death due to disease progression and death due to any

cause for both treatments was >88% and were not statistically differ-

ent between treatments (Table 3). Overall, MSC-NTF was well toler-

ated. There were no safety concerns.

3.3 | Primary endpoint

The study did not meet the primary endpoint. The percentages of par-

ticipants in the mITT population who met the criteria for clinical

response at 28 wk on the primary endpoint were 33% MSC-NTF and

28% placebo (odds ratio [OR] = 1.33, P = .45) (Table 3). As a result of

the planned hierarchical testing approach to control type I error, all

remaining P-values in the manuscript are nominal and not controlled

at the .05 level. A pre-specified sensitivity analysis accounting for all

deaths as non-responders had identical results. In a prespecified sub-

group of participants with less severe disease at baseline (ALSFRS-

R ≥ 35), MSC-NTF treated participants achieved 35% response versus

16% placebo, which was not statistically significant (Table 3). In partic-

ipants with more severe disease at baseline (ALSFRS-R < 35),

response rates were similar. When the observed baseline study mean

(ALSFRS-R ≥ 31) was used instead of the anticipated baseline study

mean (ALSFRS-R ≥ 35), MSC-NTF treated participants achieved

35.4% response versus 15.4% with placebo, which was nominally sta-

tistically significant (P < .05, Table 4).

Pre-specified analyses accounting for missing data through MI-MAR

and MI-MNAR resulted in increased confidence in the MSC-NTF treat-

ment effect from this trial in the presence of missing data and deaths.

When leveraging different approaches for handling missing data, treat-

ment differences favoring MSC-NTF increased by more than 45% and

the P-values substantially decreased (Supporting Information Table S2).

3.4 | Secondary endpoints

There were no statistically significant differences between treatment

groups on the secondary endpoints (Table 3). The analysis of

TABLE 1 Demography and baseline characteristics

Characteristic

MSC-NTF Placebo

(N = 95) (N = 94)

Age (y), mean (SD) 48.1 (9.71) 49.1 (8.38)

Sex

Female, nn (%) 27 (28.4) 35 (37.2)

Male, n (%) 68 (71.6) 59 (62.8)

Baseline ALSFRS-R, mean (SD) 30.3 (6.5) 31.4 (6.1)

≤25, n (%) 23 (24.2) 21 (22.3)

> 25, n (%) 72 (75.8) 73 (77.7)

Baseline SVC (% predicted), mean (SD) 76.2 (20.9) 75.0 (19.8)

Time from first symptom to first

treatment (mo), mean (SD)

19.6 (5.17) 19.1 (4.90)

Time from diagnosis (mo), mean (SD) 6.8 (4.35) 6.1 (4.80)

Site of disease onset

Limb, n (%) 80 (84.2) 73 (77.7)

Limb and bulbar, n (%) 15 (15.8) 21 (22.3)

El Escorial criteria

Possible, n (%) 6 (6.3) 6 (6.4)

Lab-supported probable, n (%) 15 (15.8) 23 (24.5)

Probable, n (%) 24 (25.3) 31 (33.0)

Definite, n (%) 50 (52.6) 34 (36.2)

Use of riluzole at baseline

Yes, n (%) 65 (68.4) 56 (59.6)

No, n (%) 30 (31.6) 38 (40.4)

ALSFRS-R
MSC-NTF Placebo
(N = 23) (N = 21)

Trial participants with ALSFRS-R total

score ≤ 25 at baseline

Average bulbar items with value of 0 at

baseline, %

7 6

Average fine motor items with value of

0 at baseline, %

49 33

Average gross motor items with value

of 0 at baseline, %

42 32

Average respiratory items with value of

0 at baseline, %

1 0

TABLE 2 Safety results

MSC-NTF Placebo

(N = 95) (N = 94)
n (%) n (%)

Safety overview, safety population

TEAEs 94 (98.9) 92 (97.9)

TEAE related to the study medication 76 (80.0) 66 (70.2)

Severe TEAEs 29 (30.5) 19 (20.2)

Severe-related TEAEs 7 (7.4) 3 (3.2)

Serious TEAEs 23 (24.2) 17 (18.1)

Serious-related TEAEs 1 (1.1) 1 (1.1)

Procedure-related TEAEs 89 (93.7) 82 (87.2)

TEAEs leading to treatment withdrawal 1 (1.1) 3 (3.2)

Deaths, ITT population MSC-NTF Placebo
(N = 98) (N = 98)

AEs leading to death 10 (10.2) 6 (6.1)

Deaths related to study treatment 0 0

Cause of death

Disease progression 8 (8.2) 4 (4.1)

Other 2 (2.0) 2 (2.0)

Deaths by baseline ALSFRS-R score

Baseline ALSFRS-R ≤ 25 6 (6.1) 4 (4.1)

Baseline ALSFRS-R > 25 4 (4.1) 2 (2.0)

CUDKOWICZ ET AL. 295



TABLE 3 Efficacy results: primary and secondary endpoints at 28 wk, mITT population

All participants MSC-NTF Placebo

(N = 95) (N = 94)

Primary endpoint, through week 28

≥1.25 points improvement in

ALSFRS-R slope, n (%)

31 (32.6) 26 (27.7)

OR (95% CI), P-value 1.33 (0.63, 2.80), P = .45

Secondary endpoints, through week 28

≥100% improvement in ALSFRS-R

slope, n (%)

13 (13.7) 13 (13.8)

OR (95% CI), P-value 0.998 (0.42, 2.40), P = 0.997

ALSFRS-R Total score, LS mean change

from baseline (SE)

�5.52 (0.67) �5.88 (0.67)

LS mean difference (95% CI), P-value 0.37 (�1.47, 2.20), P = .69

CAFS, LS mean at week 28 (SE) 73.74 (5.21) 72.21 (4.89)

LS mean difference (95% CI), P-value 1.53 (�10.65, 13.72), P = .80

Slow vital capacity % predicted, LS

mean change from baseline (SE)

�12.94 (1.80) �11.55 (1.81)

LS mean difference (95% CI), P-value �1.39 (�6.15, 3.38), P = .56

Secondary endpoints, through week 32

Tracheostomy-free survival (no

tracheostomies during the study)

n/a n/a

Hazard ratio (95% CI) n/a

Event free probability (K-M) for deaths

due to disease progression

90.43 92.24

(95% CI), (81.71, 95.12) (70.98, 98.12)

P-Value versus placebo .21

Event free probability (K-M) for death

due to any cause

(95% CI) 88.32

(79.32, 93.56)

89.17

(69.08, 96.51)

P-Value versus placebo .11

ALSFRS-R ≥ 35 ALSFRS-R < 35

Pre-specified subgroup MSC-NTF Placebo MSC-NTF Placebo
ALSFRS-R Total baseline (N = 26) (N = 32) (N = 69) (N = 62)

Primary endpoint through week 28

≥1.25 ALSFRS-R slope improvement, n (%) 9 (34.6) 5 (15.6) 22 (31.9) 21 (33.9)

OR (95% CI), P-value 2.6 (0.45, 14.36), P = .29 0.87 (0.36, 2.07), P = .74

Secondary endpoints through week 28

≥100% improvement in ALSFRS-R slope, n (%) 7 (26.9) 5 (15.6) 6 (8.7) 8 (12.9)

OR (95% CI), P-value 1.80 (0.40, 8.15), P = .45 0.65 (0.21, 2.09), P = .47

ALSFRS-R Total score, LS mean change (SE) �1.77 (1.20) �3.78 (1.07) �6.87 (0.76) �6.96 (0.79)

LS mean difference (95% CI), P-value 2.01 (�1.06, 5.08), P = .20 0.09 (�2.00, 2.18), P = .93

CAFS, LS mean at week 28 (SE) 93.27 (10.24) 74.84 (9.11) 66.25 (6.34) 71.96 (6.29)

LS mean difference (95% CI), P-value 18.42 (�3.59, 40.44), P = .10 �5.71 (�20.12, 8.71), P = .44

Abbreviations: CI, confidence interval; K-M, Kaplan Meier.

Note: Results from secondary endpoints through week 32 do not include two deaths that occurred in participants randomized to placebo which occurred

prior to treatment.
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participants who achieved 100% improvement was 14% across both

treatment groups. The least squares (LS) mean change from baseline

to 28 wk treatment difference, and the average rank score on the

CAFS both favored MSC-NTF, but the difference was relatively small.

The change from baseline in % predicted SVC was smaller for placebo.

In the pre-specified subgroup analysis, the treatment difference

observed with MSC-NTF participants with less severe baseline dis-

ease (≥35, Table 3) was more pronounced compared to the analysis of

all participants. For example, MSC-NTF participants progressed on

average two points less on the ALSFRS-R compared to placebo, while

for participants with more advanced disease the change from baseline

to week 28 was similar between treatment groups. In the participants

with more severe baseline disease (<35) the treatment groups were

generally more similar across endpoints, with placebo participants

having a higher CAFS rank.

Analysis of the ALSFRS-R subscales showed changes in each sub-

scale favored MSC-NTF, except for the Respiratory subscale, which

favored placebo (Supporting Information Figure S2A). The largest dif-

ferences between MSC-NTF and placebo were seen in the Fine

Motor subscale and Gross & Fine Motor subscales combined. Similar

to the analysis of the ALSFRS-R total score, treatment differences

across the subscales were larger in participants with less severe dis-

ease at baseline (Figure S2B and S2C).

Pre-specified analyses for the LS mean change from baseline to

28 wk accounting for missing data through MI-MAR and MI-MNAR,

in addition to a post hoc model estimating the joint impact of survival

and missing data treatment, confirmed the MSC-NTF treatment effect

from this trial in the presence of missing data and deaths (Supporting

Information Tables S3 and S4).

3.5 | Post hoc efficacy analyses

Given the higher-than-expected number of participants randomized

with more advanced ALS, in order to better understand the difference

between the pre-specified subgroups and to include a higher percent-

age of participants in the subgroup analysis of participants with

less severe disease (ALSFRS-R > 25, 77% participants versus

ALSFRS-R ≥ 35, 31% participants) we conducted a post-hoc analysis

in participants with baseline ALSFRS-R score > 25 for all endpoints

(Supporting Information Figure S3). The percentage of these partici-

pants who met the primary endpoint response criteria at 28 wk were

35% MSC-NTF and 21% placebo (OR = 2.53, Table 4). In this same

subgroup, the secondary endpoint of >100% response showed a

higher response rate with MSC-NTF than placebo, a larger treatment

difference from baseline to 28 wk on the ALFSRS-R and the average

rank score on the CAFS of 12 points higher.

Further sensitivity analysis aimed at exploring the consistency of

treatment effect across subgroup thresholds progressing from base-

line scores of >25 (≥26) up to ≥34, were conducted (Table 4). On the

primary endpoint, a consistent response rate was observed in the

MSC-NTF treatment group, with an average MSC-NTF response rate

above 34.5% across all thresholds. In contrast, the placebo responseT
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F IGURE 2 Longitudinal
changes in biomarkers (log
transformed). CI, confidence
interval. Longitudinal changes in
biomarkers (log transformed) over
the course of the study in least
square mean cerebrospinal fluid
levels of VEGF (A), MCP-1 (B),
and NfL (C). *P < .05
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was inconsistent across baseline thresholds with the highest response

rate observed with the threshold containing participants with the

most advanced disease at baseline (20.5%, baseline >25) and decreas-

ing by 5% at the threshold of 34 (15.4%, baseline ≥34). The difference

in response rates between treatments across baseline thresholds all

favored MSC-NTF, exceeding placebo response by 14% to 23%

(Supporting Information Figure S4A, Table 4).

On the secondary endpoint, change from baseline to week 28 in

the ALSFRS-R, the LS mean for MSC-NTF participants across baseline

thresholds varied by baseline severity with participants with less

advanced disease at baseline losing less function compared to those

with more advanced disease. LS means for placebo exhibited far less

spread in the LS mean (range) change compared to MSC-NTF across

baseline thresholds: MSC-NTF (�1.58, �4.61), placebo (�4.32,

�5.81), meaning placebo-treated participants lost 4–5 points on aver-

age in 28 wk across baseline thresholds while MSC-NTF-treated par-

ticipants lost less function at higher compared to lower baseline

levels. Comparison of the treatment groups across baseline thresholds

highlighted that MSC-NTF-treated-participants lost on average,

2 points of function less compared to placebo-treated-participants,

which was maintained or became larger through the prespecified

threshold of 35 (Supporting Information Figure S4B, Table 4, Table 3).

Changes in ALSFRS-R over time showed how quickly the MSC-NTF

diverged from placebo, across baseline thresholds, using the pre-

specified MMRM model and the post-hoc sensitivity analysis that

accounted for death and missing data (Supporting Information

Figure S5).

These post hoc analyses suggest that MSC-NTF participants with

less advanced disease may have retained more function compared to

placebo.

3.6 | Biomarkers

CSF collected from all participants revealed large and statistically sig-

nificant CSF biomarker improvements from baseline with MSC-NTF

treatment, particularly in biomarkers related to neuroinflammation,

neurodegeneration, and NTF, while placebo remained unchanged. At

week 20, CSF VEGF increased two-fold from baseline in the MSC-

NTF group and was significantly higher than placebo at all visits

(P < .05, Figure 2A), with MSC-NTF values 258% of placebo at week

20, an overall treatment effect P-value of P < .0001. At all timepoints,

CSF MCP-1 was significantly reduced with MSC-NTF relative to pla-

cebo (P < .05, overall treatment effect P < .0001), with week 20 MSC-

NTF values 74% of placebo (Figure 2B). At week 20, NfL levels with

MSC-NTF were 82% relative to placebo (Figure 2C). Statistical models

demonstrated that these biomarkers, in addition to MSR1, Fetuin-A,

change in MCP-1, change in Fetuin-A and the ENCALS model term,

were important predictors of the treatment response in this trial

(Table 5). The estimates and P-values associated with each term

retained in the final model and the receiver operating characteristic

curve (ROC) both highlight strong performance (82.5% accuracy) of

the biomarker data in the model predicting clinical response

(Supporting Information Figure S6). This model supports the hypothe-

sis that MSC-NTF treatment impacted ALS disease progression and

provides additional evidence linking the mechanism of action to MSC-

NTF's impact on ALS disease progression. A thorough analysis of bio-

marker data will be published separately.

4 | DISCUSSION

The primary and secondary efficacy endpoints of this phase 3, pla-

cebo-controlled, randomized trial were not statistically significant;

however, the study provided significant information about the study

design and potential biomarkers of treatment response for use in

future clinical trials, in addition to important information about MSC-

NTF. This trial confirmed the safety of repeat intrathecal administra-

tion of autologous mesenchymal stem cell therapy in patients with

ALS and demonstrated statistically significant improvements across

multiple biomarkers of neuroinflammation, neurodegeneration, and

NTF support with MSC-NTF.

Overall, participants enrolled in this study had more advanced dis-

ease than in other late phase ALS trials, which may have had a dilution

effect, reducing the ability to show a treatment effect in the overall

study population. In a pre-specified subgroup with baseline ALSFRS-

R ≥ 35, there was a higher response rate on the primary endpoint with

MSC-NTF compared to placebo along with a larger treatment effect

across all endpoints with MSC-NTF compared to placebo, both of

which did not reach statistical significance. This subgroup threshold

was selected as the anticipated baseline mean; however, because the

participants enrolled had more advanced ALS disease, only 31% of

TABLE 5 Biomarker terms with significant explanatory value for
the primary endpoint

Biomarker (post baseline) Estimate P-Value

BMKCHG-Fetuin-A 1.31 <.0001

BMKCHG-MCP-1 1.33 .0002

Fetuin-A �0.50 .0089

ENCALS 0.71 <.0001

MCP-1 �1.03 <.0001

MCP-1*treatment �0.53 .0074

MSR1 �0.65 <.0001

NfL �0.59 .0006

Treatment 3.72 .0027

VEGF-A �0.25 .0248

Note: A stepwise forward regression model using the primary endpoint as

dependent variable and all the biomarkers as independent variables or

predictor variables was performed, in the attempt to build a potential

composite index that can predict the outcomes more efficiently than being

performed one by one. Along with CSF biomarkers, the European

Network to Cure ALS (ENCALS) risk profile18 was also included as a

possible model term. The ENCALS risk profile is a criterion to evaluate the

risk of a patient dying (a measure of severity).

Abbreviations: BMKCHG, change in biomarker across the treatment

period.
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participants had baseline ALSFRS-R ≥ 35, reducing power associated

with the statistical test. Using the observed baseline study mean

(ALSFRS-R ≥ 31), the difference in the percentage of MSC-NTF ver-

sus placebo responders increased, and the increase in sample size pro-

duced a nominally significant P -value (P < .05, Table 4). A 2.39-point

treatment difference was observed at this threshold in the change

from baseline to week 28 on the ALSFRS-R, also with a nominally sig-

nificant P -value (P = .045).

There were a few limitations for this study providing learning for

future trials. We recently highlighted the difficulty in ALS trials

because of disease heterogeneity.17 This phase 3 trial is one of a few

that included a sizeable group of participants with advanced ALS at

baseline and is more representative of the broader patient population.

While a strength in some ways, one lesson learned is that it perhaps

makes this trial more subject to the impact of the floor effect in the

ALSFRS-R scale. A key question is whether the insensitivity of the

scale, particularly in participants with the lowest ALSFRS-R scores

who were close to this floor, could result in an apparent improvement

that was, in fact, a misclassification of response given the primary

endpoint was defined by slowing of progression.

Had the inclusion criteria of baseline ALSFRS-R > 25 been used

at baseline instead of screening, post-hoc power calculations reveal

that the same sized trial (n = 196 randomized) in this set of partici-

pants would have likely been underpowered, given conventional

levels for a phase 3 trials. (ie, leveraging the response rate observed in

the trial from the subgroup of participants with ALSFRS-R > 25

[34.7% response MSC-NTF, 20.5% response placebo], the estimated

power would have been 60%).

Another observation is the primary endpoint, a threshold-based

analysis, appears to be more greatly influenced by participants at the

lower end of the scale. The likelihood of meeting the threshold of

1.25 points/mo is influenced by the rate of decline (associated with

baseline level), eg, a patient losing 3 points/mo is more likely to achieve

a 1.25 point/mo improvement than someone losing 1 point/mo. A

more homogeneous set of participants would have likely resulted in

more consistent properties with this endpoint. The threshold-based

sensitivity analysis for the primary endpoint shows that placebo partici-

pants with lower values had higher rates of clinical response while

MSC-NTF had more stable rates of clinical response across these same

thresholds. However, a similar sensitivity applied to average changes

on the ALSFRS-R highlights that placebo participants were consistently

losing far more function over time than MSC-NTF, with the range of LS

means on placebo being much tighter (�4.32, �5.81) across 28 wk

compared to MSC-NTF (�1.58, �4.61). This analysis reveals patterns

more typical of a placebo arm in a clinical trial and suggests that partici-

pants earlier in their disease course had a more evident treatment

response on MSC-NTF than those that were further progressed, a pat-

tern one would expect from an effective treatment.

Biomarker data from this study provide important information

about disease mechanism of action, which targets multiple path-

ways including neuroprotection, neuroinflammation, and neu-

rodegeneration. These significant, robust, and sustained changes in all

MSC-NTF-treated participants in many neuroinflammatory and

neurodegenerative biomarkers, including MCP-1 and NfL, were con-

sistent with earlier trials5 and provide support for a treatment associ-

ated with disease progression. Statistical modeling of CSF biomarker

data and the ENCALS model term provides evidence linking a targeted

therapeutic mechanism of action and prediction of personalized prog-

nosis18 to the preservation of ALS function.19 The authors acknowl-

edge that additional data, adding to the data in this trial, will increase

the acceptance of these biomarkers and their utility in predicting clini-

cal response.

In summary, we present a thorough analysis of MSC-NTF phase

3 data, demonstrating a potential treatment effect on ALS disease

progression linked to target biomarker changes and confirming treat-

ment safety. While the primary and secondary endpoints failed to

reach statistical significance in the overall study population, a pre-

specified subgroup suggests across endpoints that MSC-NTF partici-

pants with less severe disease may have retained more function

compared to placebo. Pre-specified and post-hoc analyses that

accounted for the ALSFRS-R floor effects, missing data, and deaths

suggest a potential treatment effect with MSC-NTF across the pri-

mary and secondary efficacy (change from baseline to 28 wk) out-

comes. Pre-specified biomarker analyses provide evidence for target

engagement that is compatible with a proposed mechanism of action of

MSC-NTF therapy relevant to multiple known ALS disease pathways.

These data will contribute to advancing the role of MSC-NTF cell ther-

apy in ALS, the relationship between biomarkers and disease progression

and to further benefit the broader ALS community. Given the unmet

patient need, the results of this trial warrant further investigation.
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