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Preclinical development and

first-in-human study of ATX-MS-1467 for

immunotherapy of MS
A

ABSTRACT

Objective: The study was designed to test the efficacy of ATX-MS-1467 in a relevant preclinical
model and to assess its safety for the treatment of patients with secondary progressive multiple
sclerosis (SPMS).

Methods: ATX-MS-1467 was tested for its ability to suppress experimental autoimmune enceph-
alomyelitis (EAE) in the (Ob x DR2)F1 mouse both before and after disease onset. Safety was
assessed by clinical assessment, MRI analysis, and the measurement of immune responses to
self- and nonself-antigens in patients with SPMS.

Results: ATX-MS-1467 displayed a dose-dependent inhibition of EAE and was more effective
than glatiramer acetate in the treatment of ongoing disease in humanized mice. A phase
1 open-label dose-escalating study demonstrated that ATX-MS-1467 was safe and well-
tolerated in a group of 6 patients with SPMS, up to a dose of 800 pg.

Conclusions: The results of this study support further development of ATX-MS-1467 in a clinical
trial powered to investigate the immunologic and clinical benefits of treatment in relapsing-
remitting MS.

Classification of evidence: This study provides Class |V evidence that ATX-MS-1467 is safe and tol-
erated in a group of 6 patients with SPMS. Neurol Neuroimmunol Neuroinflamm 2015;2:e93; doi: 10.1212/
NX1.0000000000000093

GLOSSARY

AE = adverse event; APC = antigen-presenting cells; BCG = bacillus Calmette-Guérin; EAE = experimental autoimmune
encephalomyelitis; EDSS = Expanded Disability Status Scale; GA = glatiramer acetate; HLA = human leukocyte antigen;
IFN = interferon; IL = interleukin; IMP = investigational medicinal product; MBP = myelin basic protein; MHC = major
histocompatibility complex; MS = multiple sclerosis; PBMC = peripheral blood mononuclear cells; PPD = purified protein
derivative; SPMS = secondary progressive MS.

By focusing on pathogenic mechanisms, emerging therapies for multiple sclerosis (MS) promise to
be more potent than currently approved drugs, although they retain the potential for serious
adverse effects." The exception to this is antigen-specific immunotherapy, since this aims to
reinstate tolerance to the protein causing the disease.” This approach has been applied in the field
of allergy for more than 100 years; however, it has not transferred successfully to autoimmunity
because of complications arising from immune responses to the administered antigens. We have
shown that these complications are avoided by use of CD4" T-cell epitopes for tolerance induc-
tion.” We have shown that peptides must mimic the naturally processed T-cell epitope to induce
tolerance® and have defined the term apitope (antigen processing independent epitope) for pep-
tides that bind directly to major histocompatibility complex (MHC) class II on immature den-
dritic cells,” the cells responsible for peripheral tolerance in the immune system.® Treatment with
soluble peptides inhibits both Th1l and Th2 immune responses,” enhances interleukin (IL)-10
secretion,® and induces a negative feedback regulatory mechanism.” Antigen-specific immuno-

SIO—IZ

therapy with peptides suppresses CNS inflammation in rodent models of M and is showing
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promise in the clinic."> We showed previously
that T cells from patients with MS respond to
epitopes from 8 regions of myelin basic protein
(MBP),"* with 5 regions being recognized most
frequently. Here we show that 4 of these epit-
opes behave as apitopes. A cocktail of these
peptides (ATX-MS-1467) can suppress experi-
mental autoimmune encephalomyelitis (EAE)
in a humanized mouse model. Furthermore,
a phase 1 trial of antigen-specific immunother-
apy with ATX-MS-1467 has shown that treat-
ment with this apitope cocktail is safe and
well-tolerated in a group of 6 patients with sec-

ondary progressive MS (SPMS).

METHODS Primary research questions. The study was
designed to test the efficacy of ATX-MS-1467 in a relevant
preclinical model and to assess its safety for the treatment of

SPMS.

Ethics statements. Animal experiments were carried out under
a UK Home Office Project License and were reviewed by the
University of Bristol Ethical Review Committee. Consent docu-
ments for the phase 1 trial were given by the Medicines and
Healthcare Products Regulatory Agency and the local research
ethics committee (EudraCT No. 2006-004329-27).

ATX-MS-1467. ATX-MS-1467, an equal parts mixture of syn-
thetic peptides ATX-MS1 (MBP30-44), ATX-MS4 (MBP131-
145), ATX-MS6 (MBP140-154), and ATX-MS7 (MBP83-99)
in phosphate- buffered saline (PBS), is manufactured by Bachem
(Bubendorf, Switzerland) and formulated by Nova Laboratories
(Wigston, UK). Peptides were characterized (table 1) by
measuring *H-thymidine incorporation of T-cell clones specific
for MBP' using live or paraformaldehyde-fixed antigen-
presenting cells (APC)'® or using the Proimmune REVEAL assay
(Oxford, UK).

Mice and EAE. (Ob x DR2)F1 mice'® were provided by Prof.
Lars Fugger and maintained at the University of Bristol. Mice were
immunized subcutaneously at the base of tail with an emulsion
composed of 100 g of spinal cord homogenate in Freund com-

plete adjuvant and Mycobacterium tuberculosis H37RA (4 mg/mL

final concentration) (Difco; Becton, Dickinson and Company,
Oxford, UK). This was followed by 200 ng of pertussis toxin
(Sigma-Aldrich, Gillingham, UK) in PBS injected intraperitoneally
on days 0 and 2. Groups of 10—20 mice were injected subcutane-
ously with 100 pL of clinical-grade ATX-MS-1467 twice weekly.
Experiments including both male and female mice had equivalent
numbers of age- and sex-matched animals in treatment and control
(PBS) groups. Treatment with ATX-MS-1467 was compared with
clinical-grade glatiramer acetate (GA), since GA is the only
approved peptide immunotherapy for MS. GA was given
subcutaneously at 2 mg daily. Clinical signs of EAE were scored
by 2 independent observers as follows: 0, no disease; 1, flaccid tail;
2, impaired righting reflex and/or partial hind leg paralysis; 3, total
hind limb paralysis; 4, fore and hind limb paralysis; 5, moribund or

dead."

Phase 1 study design. Adult patients with SPMS'” were re-
cruited from the MS Database at North Bristol NHS Trust.
Women of childbearing potential were to use 2 forms of medi-
cally acceptable contraception and were required to have a nega-
tive pregnancy test. Men were to use medically acceptable
contraception. Patients were excluded from the trial if they had
taken interferon (IFN) B or any other immune treatment within
the past 12 months, had received steroid treatment or had had a
documented relapse during the 3 months prior to screening, were
pregnant or breastfeeding, had MRI claustrophobia, had signifi-
cant medical or psychiatric conditions, had undergone major sur-
gery in the previous 4 weeks, had any other autoimmune disease
or a gadolinium allergy, or had participated in another clinical
trial in the 12 months prior to the first dose of ATX-MS-1467.
Six of 8 patients satisfied the inclusion criteria: 2 men and 4
women with a median age of 50 years (range 37-68 years), a
median duration since disease onset of 11.5 years (range 11-21
years), a median duration of the secondary progressive phase of
5.5 years (range 3—11 years), and a median Expanded Disability
Status Scale (EDSS) score' of 6.5 (range 5-7.5) at baseline.
Informed consent was obtained from all the participating
patients prior to screening.

Following screening (visit 1 at day —14), each patient received
6 intradermal injections of ATX-MS-1467 at different skin sites at
7- to 14-day intervals. Doses started at 25 g (visit 2) and then
escalated to 50, 100, 400, and 800 pg (visits 3—6), followed by a
second injection of 800 g (visit 7). Follow-up visits were at
1 month (visit 8) and 3 months (visit 9) after the last dose.

Screening at visit 1 included a comprehensive medical history,

physical and neurologic examinations, blood sampling for routine

Table 1 Characterization of individual peptide epitopes from MBP ]
MBP Presentation by  Presentation by HLA restriction of epitope-specific % Stabilization of relevant Apitope
epitope Peptide sequence live APC fixed APC T-cell clones HLA class Il molecule number

30-44  PRHRDTGILDSIGRF  + + DQ6 0 MS1

83-99 ENPVVHFFKNIVTPRTP + 4 DR2b 427 MS7
130-144 RASDYKSAHKGFKGV + 4 DQ6 0 MS4

140-154 GFKGVDAQGTLSKIF  + e DR2a + DR2b 0 (DR2a) + 0 (DR2b) MS6

156-170 LGGRDSRSGSPMARR + = NA NA NA

Abbreviations: APC = antigen-presenting cells; HLA = human leukocyte antigen; MBP = myelin basic protein; NA = not applicable.

This table summarizes the biochemical and immunologic properties of the peptide epitopes contained within ATX-MS-1467. Of the 8 antigenic regions in
MBP, 5 epitopes gave more frequent responses among peripheral blood mononuclear cell samples from patients with multiple sclerosis.® Four epitopes
(MS1, 4, 6, and 7) were presented by both live and fixed APC and are defined as apitopes. Presentation of apitopes to MBP-specific T-cell clones was either
HLA-DQ6 (MS1 and 4) or HLA-DR2 (MS 6 and 7) restricted. Surprisingly, however, only MS7 displayed sufficiently high affinity for major histocompatibility
complex to stabilize relevant HLA restriction elements according to the Proimmune REVEAL assay (Oxford, UK).
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hematology and clinical biochemistry, immunoassay for preexist-
ing antibodies against ATX-MS-1467, antinuclear and antithy-
roid autoantibodies, human leukocyte antigen (HLA) typing,
and discussion about contraception. The screening visits were
staggered to allow a minimum 7-day interval before first dosing
of subsequent patients. Vital signs, body weight, pregnancy test-
ing, and ECG were recorded at screening (visit 1) and repeated
prior to each dose (visits 2-7) and at follow-up (visit 8). The
patients remained in the ward for 24 hours after each dose. Vital
signs and ECG were recorded at 1, 3, 6, and 24 hours. Safety
blood tests for routine hematology and biochemical analysis, and
urinalysis were performed at 3-6 hours and at 24 hours. Auto-
antibody tests were performed at 24 hours. On discharge, the
patients were given a diary card to note any local injection site
reactions and any medications taken until the next visit. During
the dosing period, safety was assessed via a review of the adverse

events (AEs) and safety laboratory results.

Immunologic tests. The development of antipeptide antibodies
against ATX-MS-1467 during the course of the study was
measured by a solid-phase ELISA of plasma separated from
blood samples collected at visits 1, 8, and 9. Bound antibody
was detected with anti-human k light-chain antibody coupled
to horseradish peroxidase. HLA-DRB1 alleles were defined
by low-resolution typing using a standard single-strand
DNA
extracted from peripheral blood leukocytes. Changes in the

conformation  polymorphism PCR  technique on
immune response to self or foreign antigens following ATX-
MS-1467 dosing was monitored in a kinetic assay in vitro."
Peripheral blood mononuclear cells (PBMC) were isolated from
citrated blood samples collected at screening (visit 1), prior to
dosing at visits 3-7, and at follow-up (visits 8 and 9) and
stored under liquid nitrogen. PBMC were thawed, and cultures
(750,000 cells/well, 48-well plate) were established in the
presence of self-antigens human MBP (50 pg/mL), ATX-MS-
1467 (20 pg/mL), or
Mycobacterium tuberculosis (PPD, a component of the bacillus

purified protein  derivative of

Calmette-Guérin [BCG] vaccine, 50 pg/mL). Negative control
wells contained no antigen. Responses to antigens were
monitored over a period of 10 days. At days 2, 4, 6, 8, and 10,
duplicate aliquots of the cell suspensions were removed and
pulsed with *H-thymidine to assess cell proliferation, as
previously described.® At the same time points, samples of
culture supernatant were collected to determine the level of
secreted cytokines (CBA human Th1/Th2 cytokine kit, BD
Biosciences, Oxford, UK). RNA was extracted from the
remaining cells with TRIzol (Life Technologies, Paisley, UK)
and reverse transcribed with Superscript III Rnase H™ Reverse
Transcriptase (Life Technologies), and copy number of IFN-y,
tumor necrosis factor a, and IL-10 cytokines was estimated by
quantitative real-time PCR.*' To account for differences in RNA
input copy number and complementary DNA synthesis, cytokine
gene induction was expressed as relative copy number normalized
to the housekeeping gene -2 microglobulin.

MRI. Gadolinium-enhanced MRI brain scans to monitor
inflammation of the CNS were performed at screening (visit 1)
and repeated prior to the fifth and sixth doses (visits 6 and 7),
with a further scan 1 month after the last dose (visit 8), according
to local clinical practice. All patients were scanned on a 1.5T Phi-
lips Gyroscan ACS-NT (Philips Healthcare, Guildford, UK).
Conventional T2-weighted axial views of the whole brain were
obtained in all patients together with gadolinium-enhanced
T1-weighted scans. The scans were assessed by a consultant
neuroradiologist, and each scan was compared with previous

images to detect evidence of new disease activity.

Statistical analysis. EAE. Time to onset of disease was defined
as the first day with a nonzero disease score; statistical analysis was
by the log-rank test. Disease duration was defined as the number
of days between the first and last nonzero disease scores. Animals
that did not get discase during the study period were excluded;
statistical analysis was by the log-rank test. The mean maximum
disease score was calculated for each treatment group; statistical
analysis was by exact Wilcoxon rank sum tests and compared each
treatment group to PBS.

First-in-human study. Summary statistics by dose level were
produced for vital signs, ECG, clinical chemistry, autoantibody
analysis, hematology, and urinalysis together with changes from
baseline. The small cohort of 6 patients limited statistical analysis

of the immunology data.

Classification of evidence. This study provides Class IV evi-
dence that ATX-MS-1467 is safe and tolerated in a group of 6
patients with SPMS.

RESULTS ATX-MS-1467 a combination of apitopes
from MBP. HLA restriction of MBP-reactive T-cell
clones, derived from HLA-DR2—positive individuals,**
was tested for recognition of ATX-MS-1467 epitopes
using L-cell fibroblasts transfected with DQ6, DR2a,
or DR2b genes. Among the 5 regions of MBP most
frequently recognized by T cells from patients with
MS (table 1), 4 peptides were presented to relevant
T-cell clones by both live and fixed APC and were
defined as apitopes. The exception was the epitope
within the 150-170 region. T cells specific for the
156170 epitope did not respond to peptide presented
by fixed APC. T-cell clones specific for MS1 and MS4
DQ6  Lecell

transfectants, whereas MS7-specific T cells were

recognized antigen presented by
restricted by DR2b. T-cell clones specific for peptides
from the 135-159 region recognized 2 distinct minimal
epitopes (140—148 or 142-152); these were restricted by
DR2b and DR2a, respectively.

Peptides MS1, 4, 6, and 7 were tested for stabiliza-
tion of MHC class II alleles using the Proimmune
REVEAL binding assay. It is important that neither of
the DQB1*0602-binding epitopes, MS1 or 4, demon-
strated detectable binding to this allele (table 1). Fur-
thermore, while MS6 contains epitopes recognized by
T cells restricted by either DR2a or DR2b, this MHC
binding assay did not detect any significant binding of
this peptide to either DR2a (DRB5*0101) or DR2b
(DRB1*1501). In marked contrast, MS7 was shown
to bind well to various class II alleles, including
DRB1*1501, indicating that MS7 behaves as a pan-
DR binding epitope. These results show that MS1, 4,
and 6 bind their known restriction elements (table 1)
with an affinity that is below the level of detection for
this peptide-MHC binding assay.

Antigen-specific immunotherapy in the (Ob x DR2)F1
transgenic mouse. The (Ob x DR2)F1 mouse'® serves as
an appropriate model to test ATX-MS-1467 since
it expresses the MS-associated HLA-DR2b molecule

Neurology: Neuroimmunology & Neuroinflammation 3



and the Ob.1A12 T-cell receptor from a patient-
derived T-cell clone specific for the DR2b-bound
84-102
Lymphocytes from control mice responded to
MBP 83-99 (MS7) in vitro by undergoing cell
division and secreting IFN-y, IL-17, and
granulocyte-macrophage  colony-stimulating ~ factor

immunodominant ~ MBP peptide.”

(data not shown). Furthermore, studies showed that
subcutaneous treatment with MS7  consistently
suppressed T-cell proliferation and secretion of these
3 proinflammatory cytokines.

We tested the ability of the ATX-MS-1467 pep-
tide cocketail to both prevent and treat ongoing disease
in the (Ob x DR2)F1 mouse. As shown in figure 1, A
and B, subcutaneous administration of ATX-MS-
1467 suppressed the mean maximum EAE in both
male (p < 0.001) and female mice (p << 0.004) while
delaying mean day to onset (p < 0.001 for both
sexes). Treatment with ATX-MS-1467 after disease
onset markedly inhibited mean maximum EAE (p <
0.011 [10 pgl, p < 0.001 [33 and 100 pg]) and
similarly reduced disease duration (p < 0.089
[10 pgl, p < 0.009 [33 upgl, and p < 0.001
[100 pgl) in a dose-dependent manner (figure 1C).
Most importantly, treatment with ATX-MS-1467
reduced both mean maximum score (p < 0.001) and

disease duration (p < 0.001), whereas treatment with
GA did not affect either mean maximum score (p <

0.310) or disease duration (p < 0.324) (figure 1D).

Phase 1 clinical trial of antigen-specific immunotherapy
in SPMS: Clinical assessments. Six patients with SPMS
entered the trial with EDSS scores ranging from 5 to
7.5; all patients completed the treatment regimen.
The patients expressed a broad distribution of HLA-
DR alleless—DRB1*01, DRB1*04, DRB1*07,
DRB1*11, DRB1*13, DRB1*14, and DRB1*15—
representing 77% of Caucasian HLA haplotypes.
ATX-MS-1467 was well-tolerated in all patients,
with no major local reactions noted. AEs reported
during the study are shown in table 2. These were
not linked consistently to the time of injection, and
the patients continued to receive the investigational
medicinal product (IMP) with no further recurrence
of the described AEs. Two of the 14 AFEs, muscle
spasms and decreased ability in both legs (affecting
1 patient), were possibly related to the study but
resolved within 2 days. The remaining AEs were
considered to be unrelated to the study drug.

One serious AE was reported during the trial and
involved hospitalization of a male patient with a
urinary tract infection (attributed to intermittent

[ Figure 1 Treatment with ATX-MS-1467 suppresses EAE when given before or after disease onset ]

Mean EAE score

Mean EAE score

6 8 10 12 14 16 18 20 22 24 26 28 30

6 8 10 12 14 16 18 20 22 24 26 28

Days post-EAE induction

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

M“A“AA P 9%

Days post-EAE induction

Male (A), female (B) (n = 10 per treatment or control group), or mixed groups (n = 19-20) (C, D) of (Ob x DR2)F1 mice were treated subcutaneously with
phosphate-buffered saline (PBS) or ATX-MS-1467 twice weekly or glatiramer acetate (GA) daily from the indicated day (arrow) after experimental autoim-
mune encephalomyelitis (EAE) induction. Treatments included PBS (open circles) or 100 ng ATX-MS-1467 (filled circles) (A, B) and 10 pg (filled squares),
33 pg (filled triangles), or 100 p.g ATX-MS-1467 (open triangles) (C). In D, mice received PBS (open circles) or 100 pg ATX-MS-1467 (filled circles) twice
weekly or 2 mg GA daily (gray squares). Results depict mean disease score + SEM.
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[ Table 2 Summary of adverse events

Dosing
AEs 25pg 50pg 100 pg 400 png 800 pg(l)
No. AEs 0 3 1 3 3
Fatigue 0 12 0 0 s
Gait 0 (0] 0 12 0
disturbance
Herpes simplex O 0 0 0 ab
Urinary tract 0 0 0 1¢ 0
infection
Muscle spasms 0O 0 12 0
Musculoskeletal 0 12 0 0 0
chest pain
Vertigo, 0 0 0 0 12
positional
Fecal 0 0 0 0 0
incontinence
Joint sprain, 0 0 12 0 0
ankle
Dizziness 0 0 0 0 0
Solar urticaria 0 12 0 0 0

Possibly
Total no. No. patients related to
800 pg () AEs reporting AE study drug
4 14 5
22 4 g No
0 1 1 Yes
0 1 1 No
0] 1 1 No
0 1 1 Yes
0 1 1 No
0 1 1 No
qlls 1 1 No
0 1 1 No
> 1 1 No
0 1 1 No

Abbreviations: AE = adverse event; | = 1st dose of 800 pg at visit 6; Il = 2nd dose of 800 pg at visit 7.
AEs were coded according to the Medical Dictionary for Regulatory Activities.

2Moderate AE.
b Mild AE.
¢Severe AE.

self-catheterization) with an accompanying worsening
of mobility. He recovered to his previous condition
with antibiotic treatment and continued to receive
further doses with no recurrence. The event was con-
sidered unrelated to the IMP. No suspected unex-
pected serious adverse reactions were reported.

Clinical monitoring of vital signs showed no signifi-
cant change following drug administration and during
follow-up; safety blood parameters remained within nor-
mal limits; serial ECGs obtained within 24 hours after
individual doses showed no clinically significant changes;
and PR, QRS, and QTc intervals showed no consistent
deviation from normal after individual doses. The study
did not undergo any major protocol amendment.

An improvement in visual acuity in both eyes was
demonstrated in 1 patient at the first follow-up visit
and persisted throughout (baseline acuity: 6/24 right
eye, 6/9 left eye; visit 8: 6/9 right eye, 6/6 left eye).
No other significant differences in neurologic find-
ings recorded at screening and at follow-up visits were
observed. The EDSS scores for each patient were
unchanged at the end of the trial.

Serial MRIs showed no evidence of worsened dis-
ease activity; 5 patients remained unchanged from
baseline. An indication of a radiologic improvement
was noted in 1 patient at visit 8, but this was not asso-
ciated with any improvement in the clinical symp-
toms of MS (data not shown).

Immunologic analyses. None of the patients displayed
an antibody response to ATX-MS-1467 at screening;
furthermore, no antipeptide antibodies were detected
at the end of treatment (data not shown). This
lack of
complications or allergic manifestations during the
trial.

The immunologic status of each patient was as-

correlates with the injection  site

sessed by measuring lymphocyte responses (cell pro-
liferation, cytokine RNA expression, and secretion)
to MBP, and this was compared to the response to
PPD from the BCG vaccine. Although there was
some variation in the response to PPD, there was
no evidence that the observed changes were associated
with treatment (figure 2, A-E). The response to MBP
was relatively low, with only 3 of 6 patients showing a
strong response to MBP at trial entry. Of note, there
was no evidence that treatment with ATX-MS-1467
enhanced the response to MBP (figure 2F). None of
the individuals who responded weakly to MBP at visit
1 showed an enhanced response to the protein after
the trial; therefore, there is no evidence that this treat-
ment leads to immunologic priming of MBP-specific
T cells. The 3 individuals who responded strongly to
MBP at visit 1 all showed a reduction in the response
to the protein at visit 8, as reflected in the reduced
variation in response at this time point (figure 2F).
Taking all of the patients together, there was a

Neurology: Neuroimmunology & Neuroinflammation 5



Figure 2 PBMC proliferation and cytokine secretion in response to self- and
nonself-antigens following treatment with ATX-MS-1467
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Peripheral blood mononuclear cells (PBMC) isolated from patients throughout the trial
(visit 1-visit 9) were stimulated in vitro with either purified protein derivative (PPD)
(nonself-antigen, A-E) or myelin basic protein (MBP) (self-antigen, F-J). Peak proliferative
responses (A for PPD and F for MBP) and peak cytokine secretion (B-E for PPD and G-J
for MBP) were recorded for each patient at each visit. Responses to PPD were characterized
by high proliferation throughout (A), high interferon (IFN)-y (B), and low interleukin (IL)-10 (C)
secretion. IFN-y secretion in response to MBP (G) was very low compared to the level of
proliferation (F), but IL-10 secretion was enhanced (H). Secretion of tumor necrosis factor «
(TNF-q) did not increase from pretrial levels in response to either antigen (D, 1) and was very
low with MBP stimulation. The box-and-whisker plot for each visit represents the peak re-
sponses from 6 patients.
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reduction in the response to MBP from visit 1 (prior
to dosing) to visit 8 (1 month after the last dose).

Analysis of cytokine RNA levels revealed no over-
all change in the response to PPD (figure 3, A-C).
Induction of RNA for inflammatory cytokines was
relatively weak in response to MBP (figure 3, D
and F). Analysis of IL-10 RNA revealed 3 patterns
of response to peptide treatment. A DRB1¥1501-
expressing patient showed a dose-dependent increase
in IL-10 copy number in response to MBP (figure
3G). This peaked after treatment with the highest
dose of peptide and was sustained 1 month after the
last dose. A similar pattern was observed in a DR13/
14 patient, with the increase in IL-10 RNA seen in
response to the ATX-MS-1467 peptide cocktail
rather than MBP (figure 3H). Some patients re-
sponded weakly to either MBP or the peptide cockrail
(figure 3I).

DISCUSSION Treatment with a cocktail of MBP
peptides can prevent EAE when given prior to disease
onset. Effective treatment was associated with sup-
pression of inflammatory cytokines and T-cell prolif-
eration, as previously described in other mouse
models.®** Previous attempts to use peptides for
treatment of ongoing disease have been complicated
by allergic responses to the administered antigens.?*>¢
Mice immunized with peptides in strong adjuvant
and then treated with soluble peptide were shown
to have symptoms of anaphylaxis. This is not the case
in our experiments because we induced EAE using
protein antigen rather than peptide. Immunization
with peptide antigen will result in the induction of
peptide-specific immunoglobulin E and anaphylaxis
on subsequent exposure to soluble peptide.
Presumably this happens with peptide rather than
protein antigen because peptides can adopt
conformations that are distinct from the native
protein structure and are therefore not subject to
tolerance mechanisms.

GA is a random copolymer of 4 amino acids and is
thought to modify the function of MBP-reactive T
cells. GA reduces relapse rate and improves disability
in patients with relapsing- remitting MS* and re-
duces the severity of disease in mouse models of
EAE.***? In our double transgenic model, daily injec-
tion of GA did not have a significant effect, whereas
treatment with ATX-MS-1467 at 1/20th the dose led
to an immediate inhibition of disease progression.
Previously, GA has been most effective in inhibiting
EAE when combined with antigen in the same inoc-
ulum, implying that it functions by either direct
MHC blockade or modulating T cells cross-reactive
with MBP to the Th2 phenotype. Administration of
specific antigens, such as ATX-MS-1467, is clearly

more effective in the treatment protocol tested here,



[ Figure 3 Cytokine gene expression in PBMC stimulated with PPD or MBP in vitro
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Cytokine messenger RNA transcripts were isolated from peripheral blood mononuclear cell (PBMC) cultures described in figure 2 and analyzed by quan-
titative real-time PCR (A-F). The box-and-whisker plot for each visit represents the peak responses from 6 patients. High levels of interferon (IFN)-y and
tumor necrosis factor « (TNF-a) gene expression (A, C) correlated with high levels of secreted cytokines in response to purified protein derivative (PPD). Low
transcript levels of IFN-y (D) and TNF-« (F) in response to myelin basic protein (MBP) and interleukin (IL)-10 (B) in response to PPD reflected the low levels of
cytokine secretion. Analysis of individual patient responses to either MBP or ATX-MS-1467 revealed that only 1 individual, expressing DRB1#15, tran-

scribed IL-10 in response to both MBP and ATX-MS-1467 (G-I).

in which the desired effect is to modify the function
of previously primed rather than naive lymphocytes.

The dosing regimen for the phase 1 clinical study
was based on successful protocols from the field of
allergy. Doses of peptide mixtures escalating to 50
or 100 pg have been administered safely with clear
therapeutic efficacy.®>®" T cells specific for self-
antigens, such as MBP, will have been subjected to
repertoire selection in the thymus such that the resid-
ual repertoire of cells specific for self-antigens will be
of low avidity. Three of the 4 MBP peptides in ATX-
MS-1467 display low affinity for MHC (table 1).
This is not unexpected based on previous work from

our own*? and other groups®*3*

showing that T cells

specific for low-affinity epitopes escape purging in the
thymus. MS7 is a clear exception to this rule; how-
ever, this epitope contains a processing site for aspar-
agine endopeptidase. Central tolerance to this
pathogenic epitope is reduced because destructive
processing limits its display in the thymus.” We rea-
soned that, given the low avidity of MBP recognition,
it would be necessary to administer relatively high
doses of ATX-MS-1467. A further consideration
for effective immunotherapy is peptide solubilicy—
peptides must be soluble to induce effective tolerance,
as shown in models of hemolytic anemia.*® We chose
800 pg per treatment as the upper dose to ensure
absolute solubility and hence safety of the protocol.

Neurology: Neuroimmunology & Neuroinflammation 7



The phase 1 trial in a group of 6 patients with
SPMS was successful;
tolerated and there were changes in some patients

the treatment was well-

consistent with a clinical effect of treatment. In con-
trast to previous peptide studies,***” treatment with
ATX-MS-1467 did not result in any unexpected
safety signals, enhance disease, or induce allergic com-
plications. Administration of an analogue of the MBP
83-99 peptide (NBI-5788) caused an immediate
hypersensitivity reaction following repeated dosing
at greater than 5 mg per dose. ATX-MS-1467 also
includes MBP 83-99; however, no unexpected side
effects arose in this study. There are 2 explanations.
First, ATX-MS-1467 administration followed a dose-
escalation protocol. As explained elsewhere, peptide
dose escalation induces a sequential desensitization
of antigen-specific lymphocytes.*® This allows the
safe administration of high doses of antigen while
protecting the recipient from side effects. Second,
the maximal dose of each individual peptide in
ATX-MS-1467 was >25-fold lower than that previ-
ously used in the NBI-5788 trials.

Immunologic analysis of PBMC from this phase
1 study did not reveal any surprising changes. The fact
that responses to PPD remained robust demonstrates
that ATX-MS-1467 does not have a nonspecific
immunosuppressive effect. The immune response to
MBP was neither dramatically enhanced nor in-
hibited; however, the proliferative response to MBP
was reduced at visit 8, 1 month after the last dose,
and then increased at 3 months. This correlated with
a trend toward higher levels of IL-10 gene expression
at visit 8. However, this study group is too small to
draw conclusions concerning the efficacy of this treat-
ment in humans.

ATX-MS-1467 has been shown to be effective for
both prevention and treatment of disease in a human-
ized mouse model of MS. Furthermore, the treatment
protocol described was safe and well-tolerated in a
group of 6 patients with SPMS and therefore warrants
further investigation in the relapsing-remitting form

of MS.
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