
ARTICLES

Volker Limmroth, MD
Frederik Barkhof, MD,

PhD
Nuket Desem, MBA
Mark P. Diamond, MBA
George Tachas, PhD
For the ATL1102 Study

Group

Correspondence to
Dr. Tachas:
george.tachas@antisense.com.au

Editorial, page 1776

Supplemental data
at Neurology.org

CD49d antisense drug ATL1102 reduces
disease activity in patients with
relapsing-remitting MS

ABSTRACT

Objective: This study evaluated the efficacy and safety of ATL1102, an antisense oligonucleotide
that selectively targets the RNA for human CD49d, the a subunit of very late antigen 4, in
patients with relapsing-remitting multiple sclerosis (RRMS).

Methods: In a multicenter, double-blind, placebo-controlled randomized phase II trial, 77 patients
with RRMS were treated with 200 mg of ATL1102 subcutaneously injected 3 times in the first
week and twice weekly for 7 weeks or placebo and monitored for a further 8 weeks. MRI scans
were taken at baseline and weeks 4, 8, 12, and 16. The primary endpoint was the cumulative
number of new active lesions (either new gadolinium-enhancing T1 lesions or nonenhancing
new or enlarging T2 lesions) at weeks 4, 8, and 12.

Results: A total of 72 patients completed the study and 74 intention-to-treat patients were as-
sessed. ATL1102 significantly reduced the cumulative number of new active lesions by
54.4% compared to placebo (mean 3.0 [SD 6.12] vs 6.2 [9.89], p 5 0.01). The cumulative
number of new gadolinium-enhancing T1 lesions was reduced by 67.9% compared to placebo
(p 5 0.002). Treatment-emergent adverse events included mild to moderate injection site
erythema and decrease in platelet counts that returned to within the normal range after dosing.

Conclusions: In patients with RRMS, ATL1102 significantly reduced disease activity after
8 weeks of treatment and was generally well-tolerated. This trial provides evidence for the first
time that antisense oligonucleotides may be used as a therapeutic approach in neuroimmunologic
disorders.

Classification: This study provides Class I evidence that for patients with RRMS, the antisense
oligonucleotide ATL1102 reduces the number of new active head MRI lesions. Neurology®

2014;83:1780–1788

GLOSSARY
ALAT 5 alanine aminotransferase; CI 5 confidence interval; EDSS 5 Expanded Disability Status Scale; Gd 5 gadolinium;
ITT 5 intention-to-treat; MS 5 multiple sclerosis; PML 5 progressive multifocal leukoencephalopathy; PP 5 per-protocol;
RRMS5 relapsing-remitting multiple sclerosis; SC 5 subcutaneously; TEAE5 treatment-emergent adverse event; VLA-45
very late antigen 4.

Relapsing-remitting multiple sclerosis (RRMS) is an immune-mediated disease that damages the
myelin in CNS, causing neurologic impairment and frequently severe disability.1 Currently most
treatments act as immunosuppressors or immunomodulators. The monoclonal antibody natalizu-
mab that targets the adhesion molecule very late antigen 4 (VLA-4), thought to interfere with the
transmigration of leukocytes into the CNS, significantly reduces brain lesions,2 relapse frequency,
and the progression of disability in patients with RRMS.3 Natalizumab, however, can cause
progressive multifocal leukoencephalopathy4 with a high lethality, which has impacted on its use.

ATL1102 is a second-generation antisense oligonucleotide to CD49d RNA, the a chain of
VLA-4. ATL1102 binds CD49d RNA by Watson-Crick base pairing and recruits intracellular
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RNase H leading to degradation of the RNA
strand of the RNA:DNA duplex.5,6 ATL1102
selectively reduces CD49d RNA and VLA-4
expression in primary human cells and in sev-
eral human cell lines and inhibits cell adhe-
sion. ATL1102 is rapidly cleared from the
blood after administration and distributes to
tissues including lymphoid organs that contain
lymphocytes that express VLA-4. The aim of
this proof-of-concept trial was to evaluate
whether ATL1102 treatment was able to
reduce brain lesion activity and to determine
its safety profile in patients with RRMS.

METHODS ATL1102. ATL1102 is a single-stranded second-
generation antisense oligonucleotide designed to hybridize to the

39-untranslated region of human CD49d RNA. ATL1102 is

20 bases in length, with a molecular weight of 7230 Da. It is

the 19-sodium salt of a 39/59 phosphorothioate oligonucleotide

20-mer with a 3-9-8, 29-O-(2-methoxyethyl) gapmer design

to support an RNase H antisense mechanism of action.

The ATL1102 sequence is 59-MeCMeUG AGT MeCTG

TTT MeUMeCMeC AMeUMeU MeCMeU–39, with the first 3 and

last 8 bases 29-O-(2-methoxyethyl) modified and cytosine and

uracil bases 59methylated (Me).

Study protocol approvals, registrations, and patient
consents. The trial is registered with the Australian New Zealand

Clinical Trials Registry as trial number ACTRN12608000226303.

Written informed consent was obtained from all patients before ini-

tiating study-related procedures. The conduct of the trial was

approved by each country’s regulatory authority and independent

ethics committees of each participating center.

Trial design. This phase II trial in patients with RRMS was con-

ducted as a randomized, multicenter, double-blind, placebo-

controlled study. The study comprised 3 periods as follows:

1. 2-week screening period (visit V1, day 214 to 0), during

which 95 patients were screened;

2. 8-week treatment period involving a 1-week induction phase

(visit V2, day 1; visit V3, day 2) where 200 mg of ATL1102

was administered on days 1, 4, and 7 followed by a 7-week

maintenance phase (visit V4, day 14; V5, day 28; V6, day 56)

with 2 doses of 200 mg ATL1102 administered weekly on

days 4 and 7; and an

3. 8-week follow-up period (visits V7, day 84; V8, day 112).

At visit V2, 77 eligible patients were randomly allocated in a

ratio of approximately 1:1 to either the ATL1102 group (n 5

36) or placebo group (n 5 41) as outlined in appendix e-1 on

the Neurology® Web site at Neurology.org. Study medication was

administered subcutaneously (SC) by the investigator or the

patient, blinded to treatment assignment. Each dose of ATL1102

contained 200 mg of ATL1102 in water for injection adjusted to

pH7.4 and was administered as 2 100-mg SC injections.

Patient inclusion and exclusion criteria. Male and female

patients were eligible for inclusion in the study if they were aged

18–55 years and had RRMS; at least 9 T2 lesions or at least 4

T2 lesions if one was gadolinium (Gd)-enhancing, with at least one

relapse in the previous 12 months, but no relapses in the previous

4 weeks; and Expanded Disability Status Scale (EDSS) score 0–6.0.

For patients previously treated with immunosuppressive drugs or

immunomodulating drugs, there was a 6- or 2-month prestudy

washout period, respectively.

Patients were excluded if they were HIV-positive or had

detectable levels of JC virus in the blood as measured by quanti-

tative PCR.

Detailed eligibility criteria are available on the Australian New

Zealand Clinical Trials Registry, number ACTRN12608000226303.

MRI of T1 and T2 lesions. MRI sites were selected based on

successful performance of a dummy run and all in-study scans

were subjected to a quality control procedure at the Image

Analysis Centre in Amsterdam for central blinded assessment. The

MRI protocol included T2-weighted images and T1-weighted

images before and after standard-dose Gd. Five MRI scans were

performed per patient and were taken at baseline (between

day -14 and -7), week 4 (after 9 doses), week 8 (after 17 doses),

week 12, and week 16. In case of relapse, an additional MRI scan

was performed.

The following MRI efficacy assessment was done by an expe-

rienced reader blinded to treatment allocation:

• Number of new T1 Gd-enhancing lesions indicating

blood–brain barrier disruption

• Number of new/enlarging T2 hyperintense lesions

• Total volume of enhancing lesions

Scans were also reviewed by a board-certified neuroradiologist

for progressive multifocal leukoencephalopathy (PML) indepen-

dently of the team assessing the scans for efficacy.

Efficacy assessments. The primary objective of this trial was to

evaluate whether ATL1102 treatment was able to reduce brain

lesion activity compared to placebo in patients with RRMS and

Class I evidence is provided. The primary efficacy endpoint was

the cumulative number of new active lesions (either new T1

Gd lesions or nonenhancing, new, or enlarging T2 lesions) on

MRIs at weeks 4, 8, and 12 in ATL1102 compared to placebo-

treated patients.

A secondary efficacy endpoint was the cumulative volume of

all T1 Gd lesions on MRIs at weeks 4, 8, and 12 in the ATL1102

compared to placebo-treated patients.

Additional assessments included the cumulative number of

T1 Gd lesions on MRIs taken at weeks 4, 8, and 12, and in a post

hoc analysis, the cumulative number of new T1 Gd lesions at

weeks 4, 8, and 12 in the ATL1102-treated patients compared

to placebo. Also assessed were the total number of multiple scle-

rosis (MS) relapses, the total number of patients with no relapse,

and the EDSS.

Safety data. Safety was evaluated on the basis of adverse events,

laboratory data, vital signs, MRI assessment for PML, physical

examination, 12-lead ECG, and local tolerance. Adverse events

were reported by the patient or noted by the investigator over

the entire study period.

Statistical procedures. Efficacy analyses were carried out for

the intention-to-treat (ITT) population (randomized patients

who received at least one injection of study medication, had a

valid baseline MRI scan, and at least one valid postbaseline

MRI scan), the ITT subset population (patients with valid

postbaseline MRI brain lesion counts at weeks 4, 8, and 12),

and the per-protocol (PP) population (patients with no major

protocol violations).

The primary efficacy variable (cumulative number of new

active lesions on MRI at weeks 4, 8, and 12) was analyzed using

a negative binomial regression model. The secondary efficacy
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variable (cumulative volume of T1 Gd lesions onMRI at weeks 4,

8, and 12) was analyzed using a nonparametric rank analysis of

covariance model. The primary and secondary efficacy analyses

used treatment, sex, and country (pooled centres) as factors,

and age and number or volume of enhancing lesions on screening

MRI as covariates, respectively. One-sided p values, point esti-

mates, and 2-sided 90% confidence intervals (CIs) for the differ-

ences between treatment groups were determined. For the

primary efficacy analysis, a 1-sided significance level of 0.05

was specified in the study protocol. The sample size justification

and powering are outlined in appendix e-1.

Missing MRI data due to causes other than relapse were re-

placed by the median lesion count of all new active lesions on

MRIs taken at the same planned week for all patients within

the same treatment group. Of the patients in the ITT population,

2 patients in the placebo group had one missing postbaseline scan

each and one patient in the ATL1102 group had 3 missing scans

postbaseline scan, all for reasons other than relapse.

RESULTS Study patients and conduct. Of the 95
patients screened, 77 were randomized and treated
with study medications. The patient demographic data
were summarized for each treatment group (table 1).
Overall, the treatment groups were well-balanced with

respect to demographic data. There were no clinically
relevant differences with previous or concomitant
medical conditions or medications. The median
duration of history of MS prior to enrollment was
lower in the placebo group (1.8 years, range 0.0–
15.7) than in the ATL1102 group (3.0 years, range
0.0–25.8).

Five patients withdrew prematurely and 72 com-
pleted the study. Patients who discontinued the study
still underwent the final examinations. The ITT
population consisted of 74 patients, the ITT subset
71 patients, and the PP population 68 patients
(figure 1). The mean (SD) duration of study medica-
tion in the randomized population was slightly higher
in the placebo group, 55 (7.06) days, compared to
ATL1102 group, 53.3 (9.32) days.

Efficacy. The cumulative number of new active lesions
for weeks 4, 8, and 12 (primary outcome measure)
was 54.4% lower in the ATL1102 group than in
the placebo group (figure 2A); mean (SD) number
of new active lesions 3.0 (6.12) vs 6.2 (9.89), 1-sided

Table 1 Patient demographic and MS history data of the randomized population

Characteristic
Placebo
(n 5 41)

ATL1102
(n 5 36)

Total
(n 5 77)

Age, y, mean (SD) 38.0 (9.90) 39.6 (8.78) 38.8 (9.37)

Sex, n (%)

Female 25 (61.0) 26 (72.2)

Male 16 (39.0) 10 (27.8)

Duration of MS, y, mean (SD) 3.76 (4.14) 5.67 (6.48)

Median (range) 1.8 (0.0–15.7) 3.0 (0.0–25.8) 2.5 (0.0–25.8)

MS relapses within previous year, n (%)

1 32 (78.0) 22 (61.1) 54 (70.1)

2 8 (19.5) 10 (27.8) 18 (23.4)

3 0 4 (11.1) 4 (5.2)

4 1 (2.4) 0 1 (1.3)

Meana 1.27 1.50 1.38

Time since most recent prestudy relapse, d, median (range) 129.0 (59–365) 126.0 (53–357) 128.0 (53–365)

EDSS score at screening, mean (SD) 2.83 (1.42) 2.49 (1.17)

Median (range) 2.5 (1.0–6.0) 2.0 (0.0–5.5) 2.5 (0.0–6.0)

T1 Gd lesions at baseline, mean (SD) 1.1 (2.28) 1.2 (2.58)

T1 Gd lesion volume at baseline, mean (SD) 121 (305.7) 151 (370.6)

Previous medication, n (%)b n 5 37 n 5 34 n 5 71

Glucocorticoids 34 (91.9) 31 (91.2) 65 (91.5)

Interferons 5 (13.5) 7 (20.6) 12 (16.9)

Other centrally active 4 (10.8) 5 (14.7) 9 (12.7)

Other immunosuppressive 4 (10.8) 4 (11.8) 8 (11.3)

Abbreviations: EDSS 5 Expanded Disability Status Scale; MS 5 multiple sclerosis.
aMean numbers of MS relapses within past year.
bMost common previous medications for MS taken by 8 or more patients. Includes all medications stopped prior to first
injection of study medication. Percentage is based on the total number of patients with previous medication.
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p value 0.0050 (90% CI 1.2855, 20.2840) (ITT
population). A significant difference between the 2
treatment groups was present at the end of the
active treatment phase (week 8); mean (SD)
number of new active lesions 2.6 (5.75) vs 3.6
(5.49), 1-sided p value 0.0456 (90% CI 21.0005,
20.0133) (ITT population). Similar results were
found in the ITT subset and PP populations.

The cumulative T1 Gd lesion volume for weeks 4,
8, and 12 (secondary outcome measure) was lower in
the ATL1102 group than the placebo group: 358
(1,028.4) mm³ vs 589 (1,107.6) mm³, with a clear
trend towards significance (1-sided p 5 0.0534)
(90% CI 20.129, 12.863). ATL1102 significantly
reduced T1 Gd lesion volume by 84.4% at week 12

compared to placebo (2-sided p5 0.0172; Wilcoxon
2-sample test) (figure 3A).

ATL1102 reduced the cumulative number of T1
Gd lesions for weeks 4, 8, and 12 by 66.7% com-
pared to placebo, mean (SD) 2.9 (7.92) vs 6.1
(11.13), 1-sided p value 0.0010 (ITT) (figure 3B),
and reduced the cumulative number of new T1 Gd
lesions for weeks 4, 8, and 12 by 67.9% compared to
placebo, mean (SD) 2.1 (5.55) vs 5.2 (9.40), 1-sided
p value 0.0008 (ITT) (figure e-1A). Notably,
ATL1102 significantly reduced T1 Gd and new T1
Gd lesion numbers by 88.5% and 90.5%, respec-
tively, at week 12 compared to placebo (2-sided
p value 5 0.010 and 0.005, respectively; Wilcoxon
2-sample test) (figure 3B and e-1B).

Figure 1 Number of patients in each stage of the study starting from all screened patients

ITT 5 intention-to-treat.
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ATL1102 treatment led to an absolute increase of
24.8% (p 5 0.0332) and relative increase of 51%
(risk reduction 5 73.5/48.7 5 1.51) in the percent-
age of T1 Gd lesion-free patients compared to pla-
cebo measured at 8 and 12 weeks combined (x2,
figure 4).

The number of patients with MS relapses in the 2
treatment groups were 8 (19.5%) patients in the pla-
cebo group vs 6 (16.7%) patients in the ATL1102
group; however, the difference did not reach signifi-
cance. Mean EDSS scores decreased slightly during
the study in both groups but the difference between
the groups was not statistically significant. Frequen-
cies of patients with increases or decreases in EDSS
were comparable in the 2 treatment groups.

Safety. The most common treatment-emergent
adverse events (TEAEs) in the ATL1102 group
were injection site erythema (25.0% patients), alanine
aminotransferase (ALAT) increases (19.4%), MS
relapses (16.7%), aspartate aminotransferase increases
(11.1%), headache (11.1%), and thrombocytopenia
(22.2%) (table e-1). MS relapse was the most
frequent TEAE in the placebo group (19.5%
patients). Injection site erythema, ALAT increases,
and thrombocytopenia were more frequent in the
ATL1102 group than in the placebo group
(difference $5%). Serious TEAEs were MS relapses
and one case of grade 2 thrombocytopenia in the
ATL1102 group. No JC virus in the blood or PML
was observed.

Figure 2 (A) Cumulative number of new active lesions and (B) number of new active lesions (mean 6 SEM)
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DISCUSSION The ATL1102 trial conducted in pa-
tients with RRMS met its primary efficacy endpoint,
reducing cumulative number of new active lesions at
weeks 4, 8, and 12 by 54% vs placebo after 8 weeks of
dosing and the cumulative number of new T1 Gd
lesions by 67.9% vs placebo.

Treatment of patients with RRMS with natalizu-
mab with 2 injections over 2 months resulted in reduc-
tions in the cumulative number of new active lesions
over 12 weeks of 50% vs placebo and the cumulative
number of new T1 Gd lesions by 52% vs placebo.2

Treatment of patients with MS with other drugs reg-
istered for RRMS have shown reductions in brain le-
sions over the first 12-week treatment period,7–12 albeit
with different, generally lower, levels of activity. Pair-
wise meta-analysis comparisons between marketed

treatments in longer randomized controlled trials indi-
cate that natalizumab may have better relative effec-
tiveness on the parameters of “patients without MRI
progression” and “patients free of relapse.”13

ATL1102 demonstrated an increasing effect over
time with T1 Gd lesion reductions by week 8 and
the greatest T1 Gd lesion reductions observed at week
12, 4 weeks after the last dose. This extended duration
of activity postdosing of ATL1102 was potentially
related to the time course for the formation-turnover
of new enhancing lesions and the drug’s long (.3
weeks) tissue half-life.14 The extended duration of
action supports the proposition of less frequent or
lower dosing in longer-term studies than the twice-
weekly 200-mg dosing employed in the current trial.
Pharmacometric modeling suggests 200 mg once

Figure 3 (A) T1 gadolinium (Gd) lesion volume and (B) T1 Gd lesion number (mean 6 SEM)
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weekly, every other week, and every 3 weeks over 6
months has the potential to significantly reduce MRI
brain lesions and to minimize side effects including
platelet reductions.15 This dosing schedule could be
employed in longer-term clinical trials.

TEAEs with a frequency of more than 10% in the
ATL1102 group vs a lower frequency (difference of
.5%) in the placebo group were mild to moderate
injection site erythema, mild increases in liver enzyme
ALAT, and a decrease in platelet count that was
reversible after treatment interruption and not
accompanied by any clinical consequences.

There were fewer patients with relapses in the
ATL1102 group; however, this study was not pow-
ered to detect significant differences in relapses or
neurologic disability as assessed by the EDSS, the
view being that longer duration and larger studies
are needed to see changes in these clinical parame-
ters.2,7–11 MRI brain lesion reductions in longer-
term studies are associated with reductions in these
clinical parameters.16,17

ATL1102, like other antisense oligonucleotides of
the same class, has a short half-life of 4.8 hours in the
blood.14 There was no significant change in blood
leukocyte CD49d RNA levels with ATL1102,14

which may reflect the short exposure of these cells
to ATL1102 in the blood and poor cellular uptake.
Animal studies have shown that like other antisense
drugs,18 ATL1102 distributes rapidly to the bone
marrow, spleen, and lymph nodes in relatively high
drug concentrations.14 An antisense fully comple-
mentary to murine CD49d RNA reduced VLA-4

expression in inflamed lymph nodes and spleen.
Accordingly, ATL1102 may be reducing CD49d
RNA and VLA-4 expression on immune cells in these
lymphoid tissues in patients with RRMS. Supporting
this hypothesis, ATL1102 treatment produced a
;10% reduction in the number of CD191 (pre) B
cells with detectable levels of VLA-4 expression in the
blood at 8 weeks14 (appendix e-2). A small number of
leukocytes are known to migrate from the secondary
lymphoid tissues via the blood,19 which may be the
source of these VLA-4–negative CD191 cells in the
blood.

ATL1102 treatment reduced the number of circu-
lating CD191 (pre) B cells (53%) and granulocytes
(43%) at 8 weeks compared to treatment with placebo;
T cells were less significantly reduced (;25%), but
ATL1102 treatment had no effect on monocyte or
NK lymphocyte numbers14 (appendix e-2). VLA-4
has a role in the maturation, apoptosis, activation,
adhesion, and migration of B and T cells.20–25

ATL1102 may be having an effect on one or more
of these activities on CD191 (pre) B and T cells
within the lymphoid tissues of patients with RRMS,
thereby reducing leukocyte number and activity in
blood, and in turn the CNS, and subsequently reduc-
ing the number and volume of MS brain lesions in this
RRMS study.

Natalizumab interferes with transmigration of
VLA-41 leukocytes and disproportionately increases
circulating B cells more than other lymphocytes and
monocytes in blood of patients with RRMS.26,27 The
44% of disease-free natalizumab-treated patients with

Figure 4 Percentage of patients without T1 gadolinium (Gd) lesions at screening and weeks 4, 8, 12, and 16
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RRMS are characterized by a substantial reduction of
CD191 B cells, particularly the CD51 subset, and
plasmablasts in the CNS.28 The therapeutic effects of
CD20 antibodies that deplete CD201 blood B cells
also point to the importance of reducing proinflam-
matory B cells in CNS in RRMS.29

More analysis is required to characterize the pharma-
cologic and pharmacodynamic action of ATL1102.
This also extends to ascertaining the profile of
ATL1102 with respect to the risk of PML. Natalizu-
mab increases the release of CD341 hematopoietic
stem/progenitor cells and CD191 pre B cells and
CD201 B cells into the blood, which carry latent
low copy JC virus,30,31 including in individuals who
are seronegative.31 Latent JC virus activation is theo-
rized to involve B-cell differentiation, including B-cell
DNA-binding protein Spi-B, which increases JCV tran-
scription.30 Natalizumab has a long half-life in the
blood (6 days), and a broad VLA-4 antagonist effect,
and can impair JC virus immunosurveillance, leading to
PML.4,30

Preliminary data have shown ATL1102 treatment
increases CD341 RNA 50% at week 8 vs baseline,
though its effects at the CD341 cell level need to be
explored14 (appendix e-2). The reduction of CD191
(pre) B cells with ATL1102 treatment suggests that
release of lymphoid precursors into the blood may be
low or they do not survive, potentially reducing the
pool of cells that may carry latent virus. ATL1102 does
not bind cell surface VLA-4. Natalizumab binding to
VLA-4 induces intracellular signaling–associated
proinflammatory effects, leading to poor outcomes in
patients with PML following treatment suspen-
sion.30,32 The short ATL1102 half-life in plasma of
4.8 hours14 potentially limits exposure of circulating
leukocytes to drug, which may better preserve blood
leukocyte VLA-4–mediated immunosurveillance and
therefore be at less risk of causing PML. IFN-b1 treat-
ment of RRMS reduces blood mononuclear cell
CD49d RNA33 and VLA-4 expression on CD81 lym-
phocytes34 and CD41CD45RO1 primed memory T
cells, while preserving other blood leukocyte VLA-4
function.35 IFN-b1 has not been associated with PML.

ATL1102, which employs a unique antisense mech-
anism to reduce VLA-4 expression, has in this study
substantially reduced disease activity in RRMS at doses
that are generally well-tolerated. Longer-term trials are
required to confirm its potential as a valuable additional
therapeutic option in the treatment of RRMS.
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