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Discussion:

The pharm/tox reviewer did not recommend approval of this NDA based on the
nonclinical data. Renal toxicity in nonclinical species was the specific reason for
this conclusion. The pharm/tox supervisor agreed that the nonclinical studies
demonstrate the potential for renal toxicity. It is the pharm/tox supervisor's
understanding that dimethyl fumarate has demonstrated efficacy for treatment of
MS and that there is sufficient evidence of safety to support approval of DMF
based on the human safety data for dimethyl fumarate and the postmarketing
experience with a related drug (Fumaderm). The supervisor also noted that a
postmarketing study will be conducted in patients with close monitoring for renal
toxicity. The supervisor recommends approval with description of the nonclinical
renal toxicity findings in labeling.

Carcinogenicity studies of dimethyl fumarate were conducted in mice and rats.
These studies were reviewed by the Executive Carcinogenicity Assessment
Committee. The studies were found to be acceptable. Neoplasms of the
nonglandular stomach and kidney were initially identified in mice and rats.
Interstitial cell adenoma of the testes was determined to be drug-related in rats.
The sponsor subsequently submitted a re-examination of the microscopic slides
of the rat kidneys. In the re-examination, there was no drug-related increase in
renal neoplasms in rats.

Conclusions:

The pharmacology/toxicology reviewer and supervisor conducted a thorough
evaluation of the nonclinical information submitted in support of this NDA. | agree
that the results observed in the animal studies suggest a potential for renal
toxicity. Additional studies in animals are probably not necessary at this point
because the concern has already been identified. | agree that there are no clear
drug-related renal neoplasms in rat. | agree that this NDA may be approved for
the above indication based in part on an understanding that current and
additional clinical data will be adequate to address the potential for renal toxicity
in patients. | agree with the labeling changes suggested by the
pharmacology/toxicology supervisor. No established pharmacologic class has
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been proposed for labeling. This appears appropriate because the mechanism by
which dimethyl fumarate is effective in MS is unknown.
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MEMORANDUM

DEPARTMENT OF HEALTH & HUMAN SERVICES
Public Health Service
Food and Drug Administration

Division of Neurology Products (HFD-120)
Center for Drug Evaluation and Resear ch

Date: February 8, 2013

From: Lois M. Freed, Ph.D.
Supervisory Pharmacologist

Subject: NDA 204-063 (BG-00012, dimethyl fumarate, TECFIDERA)

NDA 204-063 was submitted by the sponsor (Biogen Idec) on February 24, 2012
(received February 27, 2012) for dimethyl fumarate (DMF) for the treatment of patients
with relapsing forms of multiple sclerosis (MS). A major amendment submitted on
October 2, 2012 (received October 5, 2012) extended the original PUDFA goal date by
three months, to March 27, 2013. Clinical development of DMF for MS was conducted
under IND 73061.

The sponsor conducted a full battery of nonclinical studies in support of NDA 204-063,
including chronic toxicity studies (rat, dog, monkey), reproductive and developmental
toxicity studies (rat, rabbit), carcinogenicity studies (mouse, rat), and investigative studies
in rat to further assess the nephrotoxicity observed in multiple species. These studies
were reviewed by Dr. Banks-Muckenfuss (cf. Pharmacol ogy/Toxicology NDA Review
and Evaluation, NDA 204063, Melissa K. Banks-Muckenfuss, Ph.D., 1/28/2013). Based
on that review, Dr. Banks-Muckenfuss recommends that the NDA not be approved
“...based on renal toxicity at clinically relevant doses (toxicity in all nonclinical species,
including tumors in rodents).” Dr. Banks-Muckenfuss acknowledges that nephrotoxicity
was not observed in humans during clinical development, citing the review of clinical
safety data (Clinical Review NDA 204063, Gerard Boehm, MD, MPH, 1/4/13), but states
that “...it is not clear from the nonclinical data that the monitoring conducted would be
able to detect the toxicity in humans (e.g. due to the marker used, sensitivity and/or the
duration of the exposures).”

This memo will briefly summarize the nonclinical findings (full details are provided in

the review by Dr. Banks-Muckenfuss) but will focus on selected toxicities, particularly
the signal for nephrotoxicity in the nonclinical studies conducted by the sponsor.
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Phar macology

Following oral administration of DMF in animals and humans, plasma levels of DMF are
low to undetectable, consistent with in vitro studies demonstrating rapid hydrolysis of
DMF in intestinal cells. A hydrolysis product, mono-methyl fumarate (MMF), is
detectable in plasma of animals and humans and was the drug-related compound
quantitated to assess systemic drug exposure. The sponsor conducted a series of in vitro
and in vivo studies to characterize the pharmacology of DMF and MMF; however, it is
the pharmacology of MMF that is most relevant to this application.

The sponsor hypothesizes that the ability to activate the nuclear factor (erythroid-derived
2)-like 2 (Nrf2) antioxidant response pathway is the mechanism by which orally
administered DMF exerts therapeutic (e.g., neuroprotective, anti-inflammatory) effects.
MMF was shown to induce Nrf2 activation in vitro in cells transfected with rat Keap-1.
Keap-1 is a protein which binds to Nrf2 and facilitates its proteolysis. By disrupting this
binding, MMF inhibits proteolysis of Nrf2, resulting in translocation of Nrf2 to the
nucleus and subsequent induction of antioxidant response genes. Treatment of cultured
CNS cells (astrocytes, neurons, oligodendrocytes) with MMF was demonstrated to
increase cell survival by increasing cellular Nrf2 levels and upregulating antioxidant
stress genes. In in vivo studies, oral administration of DMF induced transcriptional
markers of Nrf2 activation and demonstrated beneficial effects in a malonate-induced
striatal lesion model in rat and in a rat EAE model. Whether or not activation of the Nrf2
pathway underlies the therapeutic effect of DMF in patients with multiple sclerosis (MS)
is unclear. Although the pharmacodynamic effects of MMF in vitro and DMF in vivo
were shown to be, to some extent, dependent on Nrf2, the sponsor notes that “Nrf2
contributes to, but is not required for” some of these effects and that other mechanisms
may be involved. In addition, in vivo studies of oral DMF in rodent demonstrated
increases in transcriptional markers of pharmacodynamic effect (through Nrf2) in various
tissues (duodenum, jejunum, spleen, liver), which was tissue and dose dependent, but to a
substantially less extent in CNS tissue (spinal cord, cerebellum, forebrain).

Therefore, the mechanism(s) by which oral DMF exerts its therapeutic effect in MS
patients has not been established. Activation of the Nrf2 antioxidant response pathway
may be involved; however, the pharmacological activity of DMF or MMF was not fully
characterized. (Neither compound was tested in a battery of in vitro receptor binding
assays.) Published studies report that MMF (but not DMF) is a potent nicotinic acid
receptor agonist (Hanson J et al. J Clin Invest 120(8):2910-2919, 2010; Hanson J et al.
Pharmacol Therap 136:1-7, 2012), which is consistent with the flushing commonly
reported in humans during clinical development. DMF and/or MMF may have additional
pharmacological activity that has not yet been identified.

Dr. Banks-Muckenfuss discusses the possibility that some of the toxicities observed in
the nonclinical studies (e.g., forestomach lesions such as hyperkeratosis, renal toxicity
including tumors) may be mediated through DMF/MMF-induced activation of the Nrf2
pathway. Although this possibility is supported by published literature (e.g., Slocum SL,
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Kensler TW Arch Toxicol 85:273-284, 2011), the available data are not sufficient to
identify a mode of action for the toxicities observed.

PK/ADME

As noted, DMF, when administered orally, is rapidly hydrolyzed prior to systemic
absorption and exhibits little or no systemic exposure in animals or humans. MMF, an
active metabolite detected in plasma of animals and humans, was quantitated to assess
systemic drug exposure.

Tissue distribution of radioactivity following single doses of radiolabeled DMF to Long
Evans rats indicated rapid absorption and extensive distribution into all tissues examined,
except for “fat in the reproductive area.” At 0.5 hours postdose, highest levels of
radioactivity were detected in kidney, followed by stomach, liver, pancreas, and brain. At
72 hours postdose, radioactivity was still detectable in all tissues. However, since MMF
is extensively metabolized in vivo to fumaric acid, citric acid, and glucose and
considering that the major route of elimination was expired air (as C0,), the extent to
which MMF itself contributed to tissue radioactivity could not be addressed. Although
drug-related radioactivity distributed extensively to kidney, urine was not a major route
of elimination, accounting for only approximately 20% of dose in Long Evans rat.

Toxicology

The pivotal oral toxicity studies for DMF were conducted in CD-1 mouse (13-week + 4-
week recovery), Sprague-Dawley rat (3- and 6-month, both with 4-week recovery),
cynomolgus monkey (1-year + 4-week recovery), and Beagle dog (4-week + 14-day
recovery, 11-month + 1 month recovery).

Mouse: In CD-1 mouse, forestomach and kidney were the primary target organs for
toxicity. In the 13-week study (0, 50, 200, 400 mg/kg/day, by gavage), forestomach
lesions (including hyperkeratosis, squamous cell hyperplasia, subacute and chronic
inflammation, microabscess, ulceration) were observed at all doses in both males and
females, although findings were minimal at the low dose. Splenic changes
(extramedullary hematopoiesis) were minimal but noted at all doses in males and
females. Kidney weight was increased at all doses in males (11, 27, and 37%,
respectively) and at all but the low dose in females (15% at the MD and HD), but there
were no histopathological correlates. Only forestomach remained affected in recovery
animals (MD and HD).

In a 28-day dose-ranging study in B57BL/6 mouse (doses of 50, 100, 250, and 400
mg/kg/day, by gavage), changes in forestomach, spleen (increased extramedullary
hematopoiesis), testes (tubular degeneration/hypocellularity, tubular giant cells),
epididymides (sperm granuloma) were the primary findings. Effects on male reproductive
organs were not observed in the 13-week study in CD-1 mouse.

In the carcinogenicity study (0, 25, 75, 200, 600/400 mg/kg/day, by gavage; HD lowered
on Day 9), kidney and forestomach lesions were observed at all doses (discussed under
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Carcinogenicity); an increased incidence and/or severity of retinal degeneration was

detected in males and females at the two highest doses.

Rat: In rat, the primary target organs for toxicity were the forestomach, kidney, and male

reproductive organs. Microscopic changes in pancreas (including acinar epithelial cell

apoptosis and vacuolization) were only observed (but at all doses) in one 3-month study
(P00012-04-01). Liver necrosis and/or bile duct hyperplasia were detected in the 6-month
study, primarily in females. Kidney and forestomach findings were observed in the

majority of studies in rat, including the 3- and 6-month studies. Forestomach lesions

(similar to those in mouse) were observed at all doses in both 3-month studies and the 6-
month study. (The glandular stomach was also affected [e.g., minimal to mild

inflammation in the 6-month study] but to a lesser extent.) Forestomach tumors
(squamous cell carcinoma, papilloma) were observed in one 3-month study (P00012-04-
01; 1 M and 1 F at 250 mg/kg/day) and the 6-month study (1 MDM, 1 HDM).

Selected renal findings from the two 3-month studies are summarized below.

STUDY RENAL MALES FEMALES
FINDINGS 0 50 100 250 0 50 100 250
BUN - 11%4 4% 6% -- 12%4 8% 24%
serum creatinine - 14% 22%] 19%4 -- 19%4 -- 29%,
kidney wt (A-R) - 0-11%T | 19-21%T | 42-59%7T -- 12-17%71 | 22-20%7T | 24-38%7T
proteinosis
minimal 0/10 2/9 1/9 2/10 0/10 1/10 1/10 1/10
mild 0/10 0/9 0/9 2/10 0/10 0/10 0/10 0/10
tubular basophilia
3-month minimal 0/10 1/9 0/9 6/10 0/10 0/10 0/10 0/10
P00012- mild 0/10 0/9 1/9 3/10 0/10 0/10 0/10 0/10
04-01 tubular dilatation
minimal 0/10 0/9 0/9 2/10 0/10 0/10 0/10 0/10
mild 0/10 0/9 0/9 1/10 0/10 0/10 0/10 0/10
RECOVERY
proteinosis
minimal 0/5 - - 0/5 0/5 - - 1/5
tubular basophilia
minimal 0/5 - - 3/5" 0/5 - - 0/5
BUN - - - - - -
3-month serum creatinine -- 5% 14-16% - 7% 10-12%4
19416-05 | kidney wt (A-R) - 16-10%7T 40-52%1 - 0-11%T 20-18%1
histopathology no renal findings

*dosing stopped in HD animals after seven days of dosing and 5/sex were sacrificed (clinical chemistry prior to
necropsy); 5/sex were maintained for 4 weeks of recovery (terminal data for these not included due to lack of relevant
controls). “discrepancy in study report: narrative indicates 3/5, while tabulated data indicate 1/5.
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Selected renal findings in the 6-month study are summarized below.

MALES FEMALES
RENAL FINDINGS 0 [ 25 | 100 | 200 0 25 100 200

BUN no findings - - 12% 12%)
serum creatinine - - 13% 1% - 5% 9% 18%1
kidney wt (A-R) - 12-10%T | 50-53%T | 62-76%T - 0-2%T | 19-16%T | 31-34%T
nephropathy

minimal 7/15 9/15 5/14 5/15 7/15 6/15 7/15 8/15

mild 1/15 1/15 8/14 5/15 0/15 0/15 1/15 1/15

moderate 0/15 0/15 1/14 5/15 0/15 0/15 0/15 0/15
tubular dilatation

minimal 4/15 7/15 7/14 6/15 4/15 3/15 4/15 3/15

mild 0/15 1/15 5/14 6/15 0/15 0/15 0/15 0/15
hyaline droplet, tubule

minimal 0/15 4/15 6/14 7/15 0/15 0/15 3/15 3/15

mild 0/15 0/15 1/14 3/15 0/15 0/15 0/15 1/15
hypertrophy, Bowman’s capsule

minimal 1/15 7/15 6/14 3/15 0/15 0/15 1/15 0/15

mild 0/15 0/15 0/14 7/15 0/15 0/15 0/15 0/15
hypertrophy, tubule

minimal 0/15 2/15 11/14 13/15 0/15 1/15 12/15 15/15
regeneration, segmental, tubule

minimal 1/15 11/15 6/14 9/15 0/15 0/15 2/15 1/15

mild 0/15 1/15 7/14 6/15 0/15 0/15 0/15 0/15

RECOVERY

BUN no findings -- - - 41%7
serum creatinine -- -- -- 13%4 - -- -- 11%
kidney wt (A-R) - - 29-26%T | 34-39%T - - 8-12%T | 16-42%T
nephropathy

minimal 5/5 5/5 2/5 0/5 1/5 1/5 2/5 2/4

mild 0/5 0/5 3/5 4/5 0/5 0/5 0/5 1/4

moderate 0/5 0/5 0/5 1/5 0/5 0/5 0/5 0/4
dilatation, tubular

minimal 1/5 2/5 5/5 2/5 0/5 0/5 0/5 2/4

mild 0/5 0/5 0/5 3/5 0/5 0/5 0/5 0/4
hyaline droplet, tubule

minimal 1/5 0/5 2/5 4/5 0/5 0/5 0/5 0/4

mild 0/5 0/5 0/5 0/5 0/5 0/5 0/5 1/4
hypertrophy, Bowman’s capsule

minimal 1/5 3/5 5/5 3/5 0/5 0/5 0/5 0/4

mild 0/5 0/5 0/5 1/5 0/5 0/5 0/5 0/4
hypertrophy, tubule

minimal 2/5 1/5 5/5 5/5 0/5 2/5 5/5 4/4
regeneration, segmental, tubule

minimal 1/5 3/5 3/5 2/5 0/5 0/5 0/5 1/4

mild 0/5 0/5 1/5 3/5 0/5 0/5 0/5 0/4

Kidney toxicity (table below) was also demonstrated in the male fertility study in rat;
males were dosed for 70 days prior to mating and throughout mating until sacrifice.
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DOSES (mg/kqg)

STUDY RENAL FINDINGS ) S 250 375
dilatation, cortical tubules
minimal 4/25 18/25 14/25 11/25
mild 0/25 0/25 11/25 11/25
moderate 0/25 0/25 0/25 2/25
hyaline droplets, cortical tubules
minimal 7/25 15/25 17/25 10/25
mild 0/25 2/25 3/25 2/25
nephropathy
male minimal 18/25 21/25 17/25 16/25
fertility mild 0/25 1/25 5/25 4/25
moderate 0/25 0/25 0/25 2/25
nuclear/cellular hypertrophy, cortical tubular
minimal 0/25 1/25 20/25 8/25
mild 0/25 1/25 5/25 16/25
regeneration, tubular segmental
minimal 1/25 5/25 14/25 17/25
mild 0/25 3/25 7/25 3/25
moderate 0/25 0/25 0/25 2/25

At the higher doses tested in this study, glandular stomach (as well as forestomach) was
also affected; mucosal erosion, epithelial and glandular hyperplasia, and mixed cellular
inflammation were observed only in MD and HD males, with the majority of HDM being
affected.

In the carcinogenicity study (0, 25, 50, 100 and 150 mg/kg/day, by oral gavage), kidney
and forestomach changes were observed at all doses in males and females;
testicular/epididymal changes were evident primarily at doses >50 mg/kg/day (discussed
under Carcinogenicity). Testicular effects were also observed in the male fertility study,
i.e., a dose-related increase in incidence and severity of interstitial cell hyperplasia.
Additional findings in the carcinogenicity study were dose-related increased severity (but
not incidence) of cardiomyopathy, increased incidence and severity of atrial thrombosis,
and increased incidence and severity of chronic active inflammation of the arteries in a
number of organs (including kidney, testes, and epididymides).

Dog: In dog, DMF was administered at doses of 0, 50, 100, and 250 mg/kg/day (oral
gavage) for 4 weeks and at doses of 0, 5, 25, and 75/50 mg/kg/day (oral capsule) for 11
months. In the 4-week study (interim sacrifice on Day 13-15 for HD animals [4/sex]
only), microscopic changes in thymus (atrophy), bone marrow (hypocellularity),
stomach/esophagus (hemorrhage, erosion), and kidney (vacuolation of tubular
epithelium) were observed at the interim sacrifice; only the thymus effects appeared
dose-related in main-study animals sacrificed at the end of the 4-week dosing period.

In the 11-month study, the primary target organs for toxicity were the kidney, testis,
epididymis, and adrenal gland (hypertrophy of the zona fasciculata). The testicular effects
consisted of epithelial degeneration (1/4, 0/4, 1/4, and 3/4 at 0, 5, 25, and 75/50
mg/kg/day, respectively), with increased severity at the MD and increased incidence and
severity at the HD, and spermatid giant cells (only detected at the HD [2/4, both
minimal]). Hypospermia (epididymis) occurred only at the HD (3/4, all of moderate
severity). There was no evidence of GI irritation.
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Selected kidney findings are provided in the following table (the HD was lowered on Day

7).
MALES FEMALES
RENAL FINDINGS 0 5 25 75/50 0 5 25 75/50

UN - 0-11%4 12-30% | 29-55% - 7-18% | 13-25% | 31-59%
serum creatinine -- 0-12%4 14-20% | 18-30%{ -- 5-9% | 10-23% | 27-36%
kidney wt (A-R) 11-16%T | 41-38%T | 46-58%7T -- 2-10%T | 13-23%T | 54-55%7T
tubular hypertrophy

minimal 0/4 1/4 2/4 2/4 0/4 0/4 0/4 0/4

mild 0/4 1/4 1/4 204 0/4 0/4 0/4 0/4
total 0/4 2/4 3/4 404 0/4 0/4 0/4 0/4
cortical tubule dilation

minimal 0/4 1/4 0/4 3/4 0/4 1/4 0/4 3/4

mild 0/4 0/4 1/4 1/4 0/4 0/4 0/4 0/4
total 0/4 14 14 4/4 0/4 14 0/4 3/4
tubular regeneration

minimal 0/4 0/4 0/4 1/4 0/4 0/4 0/4 0/4

mild 0/4 0/4 1/4 1/4 0/4 0/4 0/4 0/4
total 0/4 0/4 1/4 2/4 0/4 0/4 0/4 0/4
cortical parenchyma atrophy

minimal 0/4 1/4 0/4 1/4 1/4 0/4 1/4 4/4

mild 0/4 0/4 1/4 2/4 0/4 0/4 0/4 0/4
total 0/4 14 14 3/4 14 0/4 14 4/4
infiltration, mixed cell, papilla

mild 0/4 0/4 0/4 0/4 0/4 0/4 0/4 1/4

moderate 0/4 0/4 0/4 1/4 0/4 0/4 0/4 0/4
total 0/4 0/4 0/4 14 0/4 0/4 0/4 14
hyperplasia, papillary urothelium

minimal 0/4 1/4 2/4 2/4 0/4 0/4 1/4 1/4

mild 0/4 0/4 0/4 2/4 0/4 0/4 2/4 3/4
total 0/4 14 2/4 4/4 0/4 0/4 3/4 4/4

RECOVERY

UN - 18%7T - 24%7 - 7%7T 7%7T 27%T
creatinine -- 6% -- 10%7T - 4%7T 4% 10%7T
kidney wt (A-R) -- 7-6%T 8-13% 3-6%4 - 26-30%T | 15-20%T | 31-34%T
tubular hypertrophy

minimal 0/4 2/4 0/4 0/4 0/4 0/4 0/4 0/4

mild 0/4 0/4 0/4 1/4 0/4 0/4 0/4 0/4
total 0/4 2/4 0/4 1/4 0/4 0/4 0/4 0/4
cortical tubule dilation

minimal 0/4 0/4 1/4 1/4 0/4 0/4 0/4 0/4
cortical parenchyma atrophy

minimal 1/4 1/4 0/4 1/4 0/4 0/4 0/4 0/4

mild 0/4 0/4 2/4 0/4 0/4 0/4 0/4 0/4
total 14 14 2/4 1/4 0/4 0/4 0/4 0/4
infiltration, mixed cell, papilla

minimal 0/4 0/4 0/4 0/4 0/4 0/4 0/4 1/4
tubular hypertrophy

minimal 0/4 0/4 1/4 1/4 0/4 0/4 1/4 0/4

mild 0/4 0/4 1/4 0/4 0/4 0/4 0/4 1/4
total 0/4 0/4 2/4 1/4 0/4 0/4 14 1/4

(b) (4)

The study pathologist’s characterization of selected

kidney findings:
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Hypertrophy of tubular epithelium: “...characterized by enlarged, cuboidal
epithelial cells with abundant eosinophilic cytoplasm lining cortical tubules. Some
of the cells also had enlarged nuclei. The altered cells appeared to involve
primarily convoluted tubules in the deep cortex.”

Regeneration of tubular epithelium in cortex: “...characterized by short segments
of columnar to cuboidal tubular epithelial cells with increased basophilia and
nuclear crowding sometimes overlying a thickened basement membrane.
Regeneration, epithelial hypertrophy and tubular dilation were often seen
concurrently.”

Atrophy of cortical parenchyma: “...characterized by atrophic tubules with or
without sclerotic/degenerate glomeruli usually with interstitial fibrosis and
mononuclear infiltrates. This change sometimes had a linear distribution radiating
outward from the inner cortex towards the capsular surface.”

Infiltration of mixed inflammatory cells in renal papillae: “...characterized by
numerous mononuclear cells, especially macrophages, and fewer neutrophils
within the intertubular interstitium at the tip of the distal papillae. Although this
finding was observed in only one male and one female from the high-dose
group..., it was considered to be treatment-related because it has not been seen as
an incidental finding.”

Hyperplasia of papillary urothelial cells lining the renal pelvis: “...characterized
by an increase in the number of cell layers and cell size. Distribution of this
change was either locally extensive or multifocal involving one or both kidneys.”

The TK (plasma MMF) data from the 11-month study (Day 330) are summarized in the

table below.
MALES FEMALES
PARAMETER 5 25 50 5 25 50
Crmax 2072 £ 837 10962 + 4526 9662 + 4080 1687 £ 385 9105 + 1566 14548 + 4476
(ng/mL)
AUC 5684 £ 1768 | 23998 £8800 | 52045%30758 | 6969 £4084 | 273367499 | 44785+ 12233
(ng*hr/mL)

A no-effect level for renal effects was not identified; however, findings at the LD were,

for the most part, minimal. Plasma exposure at the LD was similar to (Cpax) Or

approximately one-half (AUC) that in humans at the recommended human dose (480
mg/day; Cmax: 2.24-2.4 ug/mL; AUC: 10-11.3 pg*hr/mL).

Monkey: the only pivotal toxicity study conducted in monkey was a one-year oral
(gavage) study testing DMF at doses of 0, 5, 25, and 75 mg/kg/day. Kidney was the only
identified target organ.

At necropsy, macroscopic findings in kidney were described by the study pathologist
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“...mild bilateral pale discoloration in 4 of 4 males and 2 of 4 females, bilateral
increased size in 4 of 4 females, and watery consistency in 2 of 4 females given
75 mg/kg Dimethyl Fumarate. The gross changes correlated microscopically with
renal tubular epithelial regeneration.”

(b) (4)

also noted pale discoloration of the kidney, correlated with renal tubular
epithelial regeneration, in one HD male and one HD female at the end of the recovery
period. Increases in kidney weight in main-study animals were noted to be associated
with “treatment-related moderate regeneration of tubular epithelial cells”; in recovery

animals, increases in kidney weight were noted to be associated with “treatment-related
tubular epithelial regeneration and interstitial fibrosis in both animals.”

Selected clinical pathology and terminal findings are provided in the following table:

FINDING MALES FEMALES
0 5 25 75 0 5 25 75

BUN -- -- 23-38% | 16-35%1 - - 15-40% | 26-50%.
serum creatinine -- -- 12-21% | 0-10%! -- -- 8-12%4 4-27%4
kidney wt - 5%7T 7%7 7%7 - 13%T | 25%T 92%71
tubular necrosis, single cell

minimal 0/4 0/3 1/4 3/4 0/4 0/4 2/5 0/4

mild 0/4 0/3 0/4 0/4 0/4 0/4 0/5 4/4
total 0/4 0/3 14 3/4 0/4 0/4 2/5 4/4
tubular regeneration

minimal 0/4 0/4 0/4 1/4 0/4 0/4 2/5 1/4

mild 0/4 0/4 0/4 1/4 0/4 0/4 0/5 0/4

moderate 0/4 0/4 0/4 1/4 0/4 0/4 0/5 3/4
total 0/4 0/4 0/4 3/4 0/4 0/4 2/5 4/4

RECOVERY (W57)

BUN - 7%7 11%7T 39%7T - 28%1 7% 5%7
serum creatinine - 13%7T 13%4 27%7T - 5% 16%4 16%4
kidney wt - 28%1 15%T 100%T - - - 18T
tubular necrosis, single cell

minimal 0/2 0/2 0/2 1/2 0/2 0/2 1/1 0/2
tubular regeneration

mild 0/2 0/2 0/2 0/2 0/2 0/2 172 172

moderate 0/2 0/2 0/2 2/2 0/2 0/2 0/2 172
total 0/2 0/2 0/2 22 0/2 0/2 12 22
fibrosis, interstitium

mild 0/2 0/2 0/2 172 0/2 0/2 0/2 0/2

moderate 0/2 0/2 0/2 172 0/2 0/2 0/2 0/2
total 0/2 0/2 0/2 22 0/2 0/2 0/2 0/2
tubules, cortex, atrophy

mild 02 02 0/2 172 02 02 0/2 0/2

moderate 02 02 0/2 12 02 02 0/2 0/2
total 0/2 0/2 0/2 22 0/2 0/2 0/2 0/2

@@ characterization of the kidney findings in main-study and recovery animals:
In main-study animals: “...Single cell necrosis consisted of individual tubular
9
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epithelial cells in the cortex that were eosinophilic, shrunken, and had pyknotic or
karyorrhetic nuclei. Some affected cells remained adjacent to the tubular
basement membrane, while others had become detached and were in the tubular
lumen. The necrotic cells were in some cases widely scattered in the renal cortex,
although there were occasionally more than one affected cell in a single tubular
profile...Tubular regeneration affected entire tubular profiles in some cases, but
only segments in others, and consisted of scattered individual or clumps of
cortical tubules in which tubular epithelial cells had one or more of the following
changes: increased or decreased size, cytoplasmic basophilia, cytoplasmic
vacuolation, increased or decreased size of the nucleus, irregular shape of nucleus,
mitotic figures. The nuclei within the affected tubules were often irregularly
distributed, being sometimes clumped together and sometimes sparse. The lumen
of some affected tubules appeared large while others were small due to decreased
or increased size of affected epithelial cells. Small numbers of mononuclear
inflammatory cells were often in the interstitium adjacent to affected tubules and
probably represented an inflammatory response to the damaged tubular
epithelium. Both single cell necrosis of tubular epithelium and regeneration of
tubular epithelium were sometimes concentrated in the medullary rays.”

In recovery animals: “Treatment-associated histologic findings...in the
kidney...consisted of single cell necrosis and regeneration of cortical tubular
epithelial cells and fibrosis in the interstitium associated with mild to moderate
tubular atrophy. Single cell necrosis of cortical tubular epithelial cells was similar
to that observed at the Terminal Necropsy...Diffuse moderate interstitial fibrosis
affected 1 of 2 males given 75 mg/kg/Dimethyl Fumarate and mild multifocal
interstitial fibrosis affected the other male in this dose group. The change in these
2 males consisted of increased fibrous connective tissue around and between
tubules and was quantitatively significantly more severe than the small amounts
of focal interstitial fibrosis associated with small focal cortical scars. Mild or
moderate atrophy of tubules was associated with the interstitial fibrosis in these 2
males. Additional, minimal to mild fibrosis of Bowman’s capsule and mild
multifocal mononuclear infiltrates were secondary changes associated with the
interstitial fibrosis...The...findings indicate that single cell necrosis and
regeneration of renal cortical tubular epithelium did not resolve after a 4 week
drug-free interval. However, there was a decrease in incidence and severity of
single cell necrosis for both affected dose groups and a decrease in severity of
tubular epithelial regeneration for the [HD] females consistent with a trend
towards recovery for these changes in some dose groups. Additional, the 2 males
of the 4 animals given [HD] Dimethyl Fumarate had significant multifocal or
diffuse interstitial fibrosis, a morphologic indication of irreversible loss of tissue
and function. Renal fibrosis in the most severely affected animal (4006) was
associated with increased BUN and creatinine at weeks 38, 52, and 56.”

Selected individual data for the two HD recovery males, both exhibiting renal fibrosis,

are provided in the following table. As
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R notes, BUN and creatinine were
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increased in HDM-R 4006; however, HDM-R 4005 was also reported to have had loss of
renal tissue and function but had no changes in these parameters.

PARAMETER SA'\T"IFI:/'I'I'ENG CONTROL HDM-R 4005 | HDM-R 4006
-7 20.2+4.0 20 26
Day 1 23.043.3 20 26
Week 2 19.742.7 14 19
Week 6 18.842.6 18 17
BUN Week 12 23.842.8 16 17
Week 24 23.2+4.2 12 27
Week 38 23.743.7 16 46
Week 52 23.742.3 13 37
Week 56 22.0+4.2 18 43
-7 0.72+0.72 0.9 0.9
Day 1 0.8240.10 0.8 1.0
Week 2 0.751£0.08 09 09
Week 6 0.68+0.12 0.7 0.8
creatinine Week 12 0.63+0.08 0.6 0.7
Week 24 0.65+0.12 0.5 0.9
Week 38 0.70+0.06 0.6 1.4
Week 52 0.70+0.06 0.5 1.1
Week 56 0.75+0.07 0.6 1.3

kidney wt Week 57 14222 and 11.723 g 26.187 g 26.064 g

The TK (plasma MMF) data from the 1-year study (Week 52) are summarized in the

following table:
MALES FEMALES
PARAMETER 5 25 75 5 25 75
Conax 2.03+ 099 | 8.82+2.39 23.92+6.80 206039 | 11.79+4.85 | 31.47+12.30
(WmL)
/:UC 2324053 | 12214231 | 474241127 | 2734034 | 15584222 | 43.63+11.41
(ug*hr/mL)

A clear no-effect level for renal toxicity was not identified, based on increases in kidney
weight at the LD; however, the most severe effects were observed at the HD. Plasma
exposure at the MD was approximately 4 times higher (Cpax) or similar (AUC) to that in
humans at the RHD.

Investigative studies: Due to the evidence of kidney toxicity in multiple species,
investigative (14-day [4-week], 14-week [+ 4-week recovery], and evaluation of time
course) studies were conducted in Sprague-Dawley rat in an attempt to further
characterize the effects of DMF on the kidney.

In the 14-day study in male rats (DMF doses of 0, 250 mg/kg QD, or 83 mg/kg TID, by
oral gavage), DMF had no effect on K;-67 labeling (a marker of cell proliferation) in the
kidney, whereas gentamicin (50 mg/kg/SC) induced an almost 5-fold increase in labeling
over control. Gentamicin induced clear renal tubular injury, whereas DMF did not.

11
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However, DMF was associated with “minimal to mild nuclear hypertrophy in proximal
tubular epithelium throughout the outer two thirds of the cortex.” This finding was not
detected in gentamicin-treated or control animals. Nuclear hypertrophy was also observed
in the male fertility study (dosing for up to 14 weeks), in additional to a slight
exacerbation of nephropathy and tubular regeneration. DMF had no notable effect on
urinary protein but did induce a transient (Day 1 only) increase in KIM-1 and NAG when
given QD (not TID).

In the 14-week study, kidney weight was increased in males at all doses and in HD
females. Renal nephropathy and tubular/cortical regeneration were observed at all doses
(0, 50, 100, 250 mg/kg/day) in males; nuclear hypertrophy of the proximal tubule was
observed at all doses in males and females. The tubular findings were observed, with a
similar pattern, at the end of a 4-week recovery period. These histopathology changes
were associated with increased urinary albumin and K;-67 immunostaining of renal
(cortex, outer medulla) tissue in males. K;-67 positive cells were increased in females at
the MD and HD but to a lesser extent than in males. KIM-1 was significantly increased in
MD and HD females through Day 84. KIM-1 was not elevated in males, although kidney
histopathology was more notable in males than in females.

In the time course study, oral administration of DMF to males at a dose of 100 mg/kg for
75 days resulted in an increase in kidney weight and an increase in incidence and severity
of nuclear hypertrophy of the renal tubule and hyaline droplet accumulation. (There was
little evidence of nephropathy in DMF-treated or control animals.) These histopathology
findings were associated with an increase in K;-67 staining in kidney in 3 of 4 DMF-
treated males at terminal necropsy. Urinary microalbumin levels were clearly elevated
above control values in only one of ten DMF-treated males; levels remained elevated
throughout the recovery period in this animal. At the end of the recovery period,
histopathology findings were minimal and K;-67 staining was similar between DMF-
treated and control animals.

Comments: Regarding the potential for DMF-induced renal toxicity, the clear DMF-
induced exacerbation of chronic progressive nephropathy (CPN, or nephropathy) in rat,
particularly in the chronic studies, making interpretation of the renal histopathology
findings difficult. Although exacerbation of CPN was also observed in mouse in the
lifetime carcinogenicity study, the relationship between this effect and other renal
toxicities (including tumorigenicity) is less clear in this species.

In mouse, the only kidney-associated finding in the 13-week dose-range finding study
was an increase in kidney weight. Although this is suggestive of kidney injury, there were
no histopathology correlates. In the carcinogenicity study, the primary findings were
some exacerbation of CPN and a proliferative effect on renal tubules, including tubular
hyperplasia and tumors (adenoma and carcinoma).

In rat, evidence suggestive of nephropathy was noted as early as 3 month. For one 3-
month study, the study pathologist indicated that a direct effect could not be dismissed;
however, histopathology findings (including tubular basophilia) consistent with CPN
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were detected, primarily in HDM (not detected in control animals). In the 6-month study,
nephropathy was reported in control animals but was increased in incidence and severity
in treated males. However, tubular regeneration (suggestive of prior injury) and
hypertrophy were also reported. In females, the incidence of tubular hypertrophy was
greater than that of nephropathy. In males, the histopathology findings appeared
consistent with exacerbation of CPN; the study pathology did not attempt to distinguish
direct from indirect effects of DMF. In the 3- and 6-month studies, increases in kidney
weight, but decreases in BUN and/or creatinine, were observed in treated males and
females. In the carcinogenicity study, there was clear evidence of exacerbation of CPN in
both males and females.

Overall, there was no evidence of acute nephrotoxic effects in mouse or rat, and the
chronic studies in rat were confounded by a drug-induced exacerbation of CPN
(particularly in the carcinogenicity study). The shorter-tem studies, including the special
investigative studies, in rat suggest the possibility of a low level of direct kidney toxicity
with greater than 14 days of daily dosing. The data suggest, but do not conclusively
demonstrate, that urinary albumin might be a useful parameter for monitoring in humans.
Few data were available for other biomarkers (KIM-1 and NAG), but these were either
increased only acutely (Day 1) or not clearly correlated with histopathology findings.

The most compelling evidence of direct DMF-related renal toxicity was observed in the
chronic toxicity studies in cynomolgus monkey and Beagle dog. (A 4-week dose-ranging
study in dog demonstrated no clear effect on kidney; there were no shorter duration
studies in monkey that included histopathology.) In both non-rodent species, there was
evidence of low level chronic renal toxicity, which after approximately a year of dosing
resulted in irreversible toxicity (interstitial fibrosis) in some animals. For monkey, the
study pathologist stated that two recovery animals exhibited irreversible loss of kidney
tissue and function. In both species, BUN and creatinine were decreased (as consistently
observed in rodent studies) during the dosing period. In only one of the two most severely
affected monkeys were BUN and creatinine increased, and only beginning at Week 38 of
dosing. There were no urinalysis findings consistent with renal toxicity, and other
biomarkers of renal injury were not assessed in either monkey or dog. The LD tested in
monkey and dog, associated with relatively minimal renal toxicity, was associated with
plasma MMF similar to (Cyax) or less than (AUC) that in humans at the recommended
human dose.

Fumaderm: Since clinical data are available for Fumaderm (marketed in Europe for
treatment of psoriasis, apparently at oral doses providing DMF at daily doses higher than
the RHD of Tecfidera), a combination of DMF (55.6%) and various mono-ethyl fumarate
(MEF) salts, the available general toxicology studies of Fumaderm were briefly
reviewed. The pivotal studies were 52-week toxicity studies in Sprague-Dawley rat and
Beagle dog.

In rat, Fumaderm was administered orally (by gavage) at doses of 0, 65, 195, and 390
mg/kg/day (resulting in DMF doses of approximately 36-218 mg/kg/day), with a 4-week
recovery period. The final study report was amended to include additional histopathology
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data on kidney (LD and MD groups) and on stomach. No toxicokinetic data were
collected. Kidney findings included increase in kidney weight and numerous
histopathology findings (including increases in “chronic renal disease”, i.e., CPN, cortical
fibrosis, mixed cell infiltrates, and/or tubule dilatation) at all doses in males and females.
Exacerbation of CPN was evident primarily at the HD in males and females. In addition
to the kidney findings, forestomach and testicular toxicity was also evident. Forestomach
findings were similar to those reported in the DMF studies and included squamous cell
papillomas and carcinomas (18/30 and 6/30, respectively, in HDM and 16/30 and 2/30,
respectively, in HDF). Testicular toxicity consisted of degeneration of germinal epithelial
cells (HD) and Leydig cell tumors at the MD (12/25) and HD (20/25); these findings
should be described in appropriate section(s) of labeling.

In dog, Fumaderm was administered orally (by gavage) at doses of 0, 30, 60, and 120
mg/kg (HD given BID; resulting in DMF doses of 16.8-67 mg/kg/day) for 52 weeks, with
a 26-week interim sacrifice and a 4-week recovery period. No toxicokinetic data were
collected. Creatinine clearance was significantly increased at 26 and 52 weeks, but all
values were stated to be within the normal range. BUN and serum creatinine were
consistently decreased; urinalysis parameters were unaffected. There was a dose-
dependent (all doses) increase kidney weight at 52 weeks. Increased kidney weights were
stated to be correlated with a histopathology finding of “cloudy swelling”, indicative of
renal fluid retention. All renal changes were stated to be reversible.

The Fumaderm studies confirm forestomach, kidney, and testes as target organs.
However, the histopathological changes in kidney in dog were substantially less severe
than those reported in the chronic study of DMF in dog. No plasma exposure data are
available for either study of Fumaderm. PK studies comparing plasma exposures
following single doses of DMF, MEF, and Fumaderm were conducted in both species,
but these studies only provided C,,.x data and were not conducted at toxicologically
relevant doses. The Cyax data demonstrated fairly similar plasma MMF levels following
Fumaderm and DMF in rat (8.99 and 7.24 ug/mL, respectively) but slightly higher
plasma MMF levels following Fumaderm (7.17 pg/mL) than after DMF (5.05 pg/mL) in
dog. On a mg/kg basis, the doses of Fumaderm in both rat and dog provided similar doses
of DMF as used in the chronic studies of DMF. So, although direct comparisons between
the Fumaderm and DMF studies cannot be made, effects of Fumaderm on kidney were
less than for DMF in the dog but fairly similar in the rat.

Genetic Toxicology

A full battery of genetic toxicology studies was conducted on DMF and MMF. DMF was
tested in the following assays: in vitro bacterial reverse mutation (Ames) assay, in vitro
mammalian cell gene mutation (HPRT) assay, in vitro chromosomal aberration assays in
human peripheral blood lymphocytes, and in vivo micronucleus assay in Sprague-Dawley
rat. DMF was negative in the Ames assay and the in vivo micronucleus assay but positive
in the in vitro clastogenicity assays, in the absence of metabolic activation. DMF was
negative in the in vitro mammalian cell gene mutation assay; however, a fairly steep
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concentration-response for cytotoxicity prevented assessment at sufficiently cytotoxic
concentrations.

The genotoxic potential of MMF was assess in an in vitro Ames assay, an in vitro
chromosomal aberration assay in human peripheral blood lymphocytes, and an in vivo
micronucleus assay in Sprague-Dawley rat. MMF was negative in the Ames assay but
positive in the in vitro clastogenicity assay, in the absence of metabolic activation. MMF
was negative in the in vivo micronucleus assay; however, the study was inadequate as
conducted (an insufficient number of cells was examined per animal).

Carcinogenicity

The sponsor conducted lifetime carcinogenicity studies of DMF in CD-1 mouse and
Sprague-Dawley rat. Final study reports were discussed with the Executive CAC
(Minutes of September 25, 2012 Meeting, 10/1/2012).

In mouse, DMF was administered orally by gavage at doses of 0, 25, 75, 200, and
600/400 mg/kg/day. The HD was reduced on Day 9, following a brief dosing holiday,
due to deaths in HDM and HDF. Dosing was stopped prematurely (during Week 72 in
HDM or Week 82 in HDF), and all surviving HD animals were sacrificed prematurely
during Week 101. Tumor findings consisted of the following:

e Squamous cell carcinomas and papillomas of the forestomach in males and
females at 200 and 400 mg/kg/day; leiomyosarcomas of the forestomach in males
and females at 400 mg/kg.

e Renal tubule adenomas and carcinomas in males at 200 and 400 mg/kg/day and
renal tubule adenomas in females at 400 mg/kg/day.

A re-examination of the slides of renal tissue by the sponsor’s expert consultant O
May 11, 2012) resulted in only one additional renal tumor (a

tubule adenoma in one control male) and, therefore, did not change the original

conclusions regarding renal tumors. Selected data are provided in the following tables:

Reference ID: 3258603

MALES FEMALES
RENAL FINDINGS 600/ 600/
0 25 75 200 400 0 25 75 200 400

tubular hyperplasia

minimal 1/75 | 4/75 | 13/75 | 27/75 | 7/75 0/75 5775 8/75 | 10/75 | 6/75

mild 0/75 3/75 3/75 | 13/75 | 7/75 0/75 | 2/75 0/75 | 2/75 7175

moderate 0/75 0/75 0/75 0/75 1/75 0/75 0/75 0/75 1/75 0/75
total V75 | 7/75 | 16/75 | 40/75 | 15/75 | 0O/75 | 7/75 | 8/75 | 13/75 | 13/75
tubular mineralization

minimal 14/75 | 20/75 | 27/75 | 34/75 | 15/75 | 2/75 3/75 3/75 | 13/75 | 27/75

mild 2/75 | 2/75 1/75 6/75 8/75 0/75 0/75 1/75 0/75 3/75

moderate 0/75 0/75 0/75 0/75 1/75 0/75 0/75 0/75 1/75 1/75
total 16/75 | 22/75 | 28/75 | 40/75 | 24/75 | 2/75 | 3/75 | 4/75 | 14/75 | 3175
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MALES FEMALES
RENAL FINDINGS 600/ 600/
0 25 75 200 400 0 25 75 200 400
nephropathy
minimal 18/75 | 14/75 | 8/75 3/75 2/75 | 13/75 | 34/75 | 14/75 | 21/75 | 13/75
mild 21/75 | 30/75 | 35/75 | 12/75 | 19/75 | 41/75 | 25/75 | 45/75 | 34/75 | 29/75
moderate 27/75 | 23/75 | 26/75 | 45/75 | 27/75 | 12/75 | 8/75 | 11/75 | 12/75 | 22/75
marked 2/75 | 2/75 3/75 | 12/75 | 10/75 | 3/75 3/75 2/75 | 2/75 2/75
total 68/75 | 69/75 | 72/75 | 72/75 | 58/75 | 69/75 | 70/75 | 72/75 | 69/75 | 66/75
tubular cyst (multifocal)
minimal 3/75 5/75 6/75 4/75 1/75 2/75 6/75 2/75 8/75 8/75
mild 5/75 | 16/75 | 17/75 | 6/75 4/75 5/75 8/75 | 10/75 | 17/75 | /75
moderate 15/75 | 16/75 | 27/75 | 41/75 | 26/75 | 6/75 7/175 5/75 | 11/75 | 19/75
marked 3/75 | 2/75 3/75 8/75 8/75 0/75 0/75 0/75 1/75 0/75
total 26/75 | 36/75 | 53/75 | 59/75 | 39/75 | 13/75 | 2175 | 17/75 | 37/75 | 34/75
adenoma, tubule V75 | 2/75 | O/75 | 5/75 | 3/75 | O/75 | O/75 | O/75 | 2/75 | 4/75
carcinoma, tubule O/75 | O/75 | 2/75 | 475 | 3/75 | O/75 | O/75 | O/75 | O/75 | 175
RE-EXAMINATION I
nephropathy
incidence 65/75 | 69/75 | 73/75 | 71/75 | 60/75 | 61/75 | 65/75 | 72/75 | 72/75 | 61/75
severity 2.0 1.9 2.4 3.0 2.8 1.5 1.7 2.1 22 2.4
atypical tubule hyperplasia | 0/75 0/75 2/75 3/75 0/75 0/75 0/75 0/75 1/75 1/75
adenoma, tubule 2075 | 2/75 | O/75 | 5/75 | 3/75 | O/75 | O/75 | O/75 | 2/75 | 475
carcinoma, tubule 0/75 | O/75 | 2/75 | 475 | 3/75 | O/75 | O/75 | O/75 | O/75 | 175
FORESTOMACH MALES = FEMALES e
FINDINGS 0 25 75 200 400 0 25 75 200 400
ulceration
mild 0/74 | 0/75 | 0/75 /75 | 5/75 | 0/75 | 0/75 | 0/75 1/75 | 2/75
moderate 0/74 | 0/75 | 0/75 | 0/75 /75 | 0/75 | 0/75 | 0/75 | 0/75 1/75
marked 0/74 | 0/75 1/75 | 0/75 | 8/75 | 0/75 | 0/75 | O/75 | 2/75 | 5/75
total 0/74 | O/75 | 175 | 475 | 14/75 | O/75 | O/75 | O/75 | 3/75 | 8/75
erosion
mild 0/74 | 0/75 | 0/75 | 0/75 /75 | 0/75 | 0/75 | 0/74 | 1/75 1/75
marked 0/74 | 0/75 | 0/75 | 0/75 | 0/75 /75 | 0/75 | 0/74 | 0/75 | 0/75
total 0/74 | O/75 | O/75 | O/75 | 175 | 475 | O/75 | O/74 | 475 | 475
necrosis
marked 0/74 | 0/75 | 0/75 | 0/75 | 13/75 | 0/75 | 0/75 | 0/74 | 0/75 | 13/75
hyperplasia
minimal 0/74 | 6/75 | 7/75 | 3/75 | 4/75 | 0/75 | 23/75 | 13/74 | 8/75 1/75
mild 1/74 | 5/75 | 31/75 | 23/75 | 16/75 | 0/75 | 8/75 | 29/74 | 24/75 | 8/75
moderate /74 | 1775 | 11/75 | 42/75 | 40/75 | 0/75 | 2/75 | 13/74 | 36/75 | 44/75
marked 0/74 | 0/75 | 0/75 | 0/75 | 0/75 | 0/75 | 0/75 1/74 | 2/75 | 5/75
total 2/74 | 12/75 | 49/75 | 68/75 | 60/75 | 0/75 | 33/75 | 56/74 | 70/75 | 58/75
hyperkeratosis
minimal 1/74 | 4/75 | 6/75 | 2/75 | 3/75 1/75 | 17/20 | 11/74 | 8/75 | 0/75
mild 4/74 | 9/75 | 26/75 | 22/75 | 11/75 | 2/75 | 20/75 | 22/74 | 17/75 | 9/75
moderate 1/74 | 2/75 | 31/75 | 45/75 | 49/75 | 2/75 | 2/75 | 29/74 | 48/75 | 48/75
marked 0/74 | 0/75 1/75 1/75 /75 | 0/75 | 0/75 1/74 | 2/75 | 5/75
total 6/74 | 15/75 | 64/75 | 70/75 | 64/75 | 5/75 | 39/75 | 63/74 | 75/75 | 62/75
16
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FORESTOMACH MALES — FEMALES —
FINDINGS 0 25 75 200 400 0 25 75 200 400

squamous cyst

mild 0/74 | 0/75 | 0/75 | 1/75 | 0/75 | 1/75 | 0/75 | 1/74 | 0/75 | 2/75

moderate 0/74 | 0/75 | 0/75 | 0/75 | 0/75 | 0/75 | 0/75 | 0/74 | 1/75 | 3/75
total 0/74 | O/75 | O/75 | Y75 | O/75 | 475 | O/75 | 474 | 175 | 575
sguamous papilloma 0/74 | 175 | 3/75 | 12/75 | 14/75 | 0/75 | O/75 | 3/74 | 6/75 | 16/75
squamouscell carcinoma | 0/74 | 175 | O/75 | 2/75 | 6/75 | O/75 | 175 | 174 | 5/75 | 12/75
leilomyosar coma 0/74 | O/75 | O/75 | O/75 | 3/75 | 0/75 | O/75 | O/74 | O/75 | 375
fibr osar coma 0/74 | O/75 | O/75 | O/75 | Y75 | 0/75 | O/75 | O/74 | O/75 | 2/75

Plasma AUC in mouse at the highest dose not associated with increased tumors (=10

ug*hr/mL at 75 mg/kg/day) is similar to that in humans (=10 pg*hr/mL) at the RHD.

In rat, DMF was administered orally by gavage at doses of 0, 25, 50, 100, and 150
mg/kg/day. Dosing was suspended in males in the two highest dose groups (Week 88 and
80, respectively) due to reduced survival; these groups were terminated prematurely
(Week 88 and 86, respectively). Tumor findings consisted of the following:

e Squamous cell carcinomas and papillomas of the forestomach in males and

females at all doses tested.

e Renal tubule adenomas in males and carcinomas in females at 150 mg/kg/day.
e Testicular interstitial cell adenomas at 100 and 150 mg/kg/day.

Forestomach and testicular findings are summarized below.

Reference ID: 3258603

MALES FEMALES
FORESTOMACH FINDINGS 0 25 50 100 150 0 25 50 100 150
inflammation, chronic active 3/75 | 11/75 | 24/75 | 48/75 | 51/75 | 4/75 | 8/75 | 13/75 | 40/75 | 55/75
mineralization 1/75 1/75 | 9/75 | 9/75 | 17/75 | 0/75 | 0/75 1/75 1/75 | 8/75
ulcer (epithelium) 0/75 | 0/75 | 0/75 | 0/75 | 0/75 | 4/75 1/75 | 0/75 | 6/75 | 16/75
ulcer 0/75 1/75 | 0/75 | 4/75 | 15/75 | 1/75 | 0/75 1/75 | 0/75 1/75
erosion (epithelium) 1/75 1/75 | 3/75 | 12/75 | 14/75 | 0/75 | 4/75 | 8/75 | 9/75 | 20/75
hyperplasia (squamous epithelium) 3/75 | V75 | 75/75 | 75/75 | 75/75 | 7/75 | 73/75 | T4/75 | 75/75 | 75/75
hyperkeratosis 2/75 | 69/75 | 75/75 | 75/75 | 75/75 | 6/75 | 63/75 | 74/75 | 75/75 | 75/75
squamous cyst(s) 2/75 | 9/75 | 28/75 | 53/75 | 64/75 | 1/75 | 0/75 | 11/75 | 45/75 | 62/75
squamous cell papilloma 0/75 | 22/75 | 24/75 | 46/75 | 49/75 | 0/75 | 11/75 | 21/75 | 31/75 | 24/75
squamous cell carcinoma 0/75 5/75 | 18/75 | 51/75 | 58/75 | 0/75 1/75 | 4/75 | 30/75 | 48/75
squamous cell papillomal/carcinoma | 0/75 | 22/75 | 34/75 | 68/75 | 70/75 | O/75 | 11/75 | 23/75 | 48/75 | 58/75
TESTICULAR FINDINGS 0 25 50 100 150
artery-chronic active inflammation 10/75 | 17/75 | 17/75 | 26/75 | 31/75
atrophy 12/75 | 16/75 | 19/75 | 17/75 | 29/75
germinal epithelial degeneration 7/75 | 8/75 | 5/75 | 19/75 | 15/75
interstitial cell hyperplasia 0/75 2/75 | 2/75 6/75 | 10/75
interstitial cell adenoma 3/75 | 3/75 | 2/75 | 9/75 | 19/75
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Regarding the renal tumors, a re-examination of the slides of renal tissue by the sponsor’s
expert consultant @@ May 11, 2012) resulted in
substantial changes in the tumor incidence. Both the original and revised renal tumor (and
nephropathy) data are provided below:

RENAL MALES FEMALES
FINDINGS 0 | 25 | 50 [ 100 [ 150 0 | 25 | 50 | 100 | 150
Original

nephropathy
incidence 68/75 | 75/75 | 75/75 | 75/75 | 75/75 | 49/75 | 55/75 | 68/75 | 69/75 | 73/75
severity 204 | 271 | 3.6 | 3.52 | 353 | 095 | 132 | 1.84 | 244 | 324

adenoma, tubule O/75 | O/75 | 475 | W75 | 4/75 | 175 | O/75 | O/75 | O/75 | 2175

carcinoma, tubule | 0/75 0/75 0/75 0/75 0/75 0/75 0/75 0/75 2/75 /75

Re-examination

nephropathy
incidence 73/75 | 75/75 | 75/75 | 75/75 | 75/75 | 67/75 | 70/75 | 74/75 | 70/75 | 74/75
severity 4.5 5.8 6.5 6.9 7.0 2.9 3.5 4.1 5.5 6.6

adenoma, tubule O/75 | O/75 | 475 | W75 | O/75 | 175 | O/75 | 475 | O/75 | 2175

carcinoma, tubule | 0/75 | 0/75 | 0/75 | 0/75 | O/75 | O/75 | O/75 | O/75 | 0/75 | 175

b) (4 . . . .
Based on ®@ re_examination, the incidence of renal tubule adenomas and/or

carcinomas is not increased at any dose in males and only minimally in females, at the
HD. Therefore, only the forestomach and testicular tumors are considered drug-related.

There was no dose not associated with an increase in tumors; plasma AUC at the lowest
dose tested (=3 pg*hr/mL) are substantially lower than that in humans at the RHD.

Reproductive and developmental toxicity: the sponsor conducted a full battery of oral
reproductive and developmental studies for DMF: separate fertility and general
reproduction toxicity studies in male and female Sprague-Dawley rat, embryo-fetal
development studies in Sprague-Dawley rat and New Zealand White rabbits, and a pre
and postnatal development study in Sprague-Dawley rat.

In the fertility study in male rats, oral doses of 0, 75, 250, and 375 mg/kg/day were
administered prior to and throughout the mating period. No effects on fertility were
observed; however, increases in non-motile sperm were observed at 250 and 375
mg/kg/day. In the fertility study in female rats, oral doses of 0, 20, 100, and 250
mg/kg/day were administered prior to and during mating and continuing to gestation day
7. Disruption of the estrus cycle and increases in embryolethality were observed at 250
mg/kg/day. The NOAEL for adverse effects was 75 mg/kg/day in males and 100
mg/kg/day in females.

In the embryo-fetal development study in rat, oral doses of 0, 25, 100, and 250 mg/kg/day
were administered throughout organogenesis; embryo-fetal toxicity (reduced fetal body
weight and delayed ossification) were observed at 250 mg/kg/day. In the embryo-fetal
development study in rabbit, oral doses of 0, 25, 75, and 150 mg/kg/day were
administered throughout organogenesis; increased embryolethality was observed at 150

18

Reference ID: 3258603



mg/kg. The NOAEL for adverse developmental effects was 100 mg/kg/day in rat and 75
mg/kg/day in rabbit.

In the pre and postnatal development study in rat, oral doses of 0, 25, 100, and 250
mg/kg/day were administered throughout organogenesis and lactation. Increased lethality,
persistent reductions in body weight, delayed sexual maturation (male and female pups)
and reduced testicular weight were observed in offspring at 250 mg/kg/day.
Neurobehavioral impairment was observed at all doses tested. Therefore, a NOAEL for
developmental toxicity was not identified.

Conclusions and Recommendations

The sponsor has conducted an adequate battery of nonclinical studies to support
marketing of DMF for treatment of patients with relapsing forms of multiple sclerosis.
Forestomach (mouse, rat), testes (mouse, rat, dog), and kidney (mouse, rat, dog, monkey)
were the primary and most consistently observed DMF-related target organs. While the
forestomach lesions and tumors were clearly drug-related and observed at all doses tested
(i.e., a no-effect dose was not identified in either species), the relevance to humans is
mitigated by the marked species differences in exposures between rodent and human. The
forestomach is a storage organ and is, therefore, exposed to higher concentrations of drug
than would be the esophagus or stomach in humans at the RHD and with the to-be-
marketed formulation (capsule ®@) DMF has been
reported to induced severe contact dermatitis in humans (Lefranc A et al. Arch Environ
Occup Health 66(4):217-222, 2011; Pastor-Nieto MA et al. Contact Dermatitis 68:117-
128, 2013; Rantanen T Brit J Dermatol 159:218-221, 2008), so it certainly has potential
to be irritating in humans, if, for example, the squamous mucosa of the esophagus
(similar to that of the forestomach in rodent) or other portions of the GI tract are exposed
to a sufficient concentration of DMF. (Upper abdominal pain is a common adverse effect
reported in humans.) However, it is likely that rodent would over predict the risk of GI
toxicity in humans at the RHD.

Testicular toxicity was observed in one strain of mouse and in rat and dog studies of
DMF, and in a 52-week study of Fumaderm in rat, and should be described in appropriate
sections(s) of labeling.

Dr. Banks-Muckenfuss has identified the renal toxicity of DMF as the basis for her
recommendation to not approve the NDA. Dr. Banks-Muckenfuss acknowledges that
there has been no signal for renal toxicity in humans during clinical development but is
concerned that humans were not exposed for a sufficient duration or monitored using
sensitive enough markers to rule out the potential for renal toxicity. Dr. Banks-
Muckenfuss recommends that the sponsor provide additional information, i.e., “...a
thoroughly-reasoned discussion of the potential mechanism of the toxicity...” and
“...Conduct further mechanistic studies to elucidate potential for this mechanism to result
in the observed tumors...”
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I agree with Dr. Banks-Muckenfuss that the data, particularly in monkey and dog,
demonstrate the potential for renal toxicity in humans. The data in these species suggest a
low level of chronic injury and repair that results, with prolonged exposure, in
irreversible injury. The clinical team acknowledges that monitoring during the clinical
trials of DMF may not have been sufficient to rule out the risk of a similar injury in
humans; however, DMF has demonstrated efficacy in humans with MS and the available
safety data for DMF and the postmarketing experience with Fumaderm provide sufficient
evidence of safety to support approval of DMF. In addition, there will be a postmarketing
requirement (PMR) to conduct a large 5-year observational study in MS patients, with
close monitoring for renal toxicity. Therefore, I have no objection to approval of the
NDA but do recommend that the renal toxicity in animals be described in appropriate
section(s) of labeling. I do not believe that the additional information or studies
recommended by Dr. Banks-Muckenfuss are necessary, since it is unclear what, if any,
clinical impact the data from such studies would have. The sponsor should, however, be
required to conduct, as a PMR, a juvenile animal toxicology study to support clinical
development of DMF for the pediatric population.

Labeling recommendations will be provided in a separate memo.
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1  Executive Summary

1.1 Introduction

Fumaric acid esters have been used in the treatment of psoriasis since 1959 (Ormerod
& Mrowietz, 2004). Dimethyl fumarate (DMF) is one component of Fumaderm®
(combination of fumaric acid esters [i.e., dimethyl fumarate and monoethylfumarate
salts]), an immunomodulatory therapy for psoriasis that was approved in Germany in
1994. Fumaderm?® is a systemic oral therapy; the most commonly reported side effects
are flushing, Gl disorders, and "mild forms of lymphopenia and leucopenia." It is not
approved in the US. Biogen Idec is developing BG-12 (120 mg DMF/capsule), a
second generation, single substance, fumaric acid ester with immunomodulatory
properties, to improve on overall tolerability compared to Fumaderm®. It is also notable
that DMF has been shown to be a severe irritant, and has been restricted from use as a
fungicide on products in the EU.

1.2 Brief Discussion of Nonclinical Findings

The mechanism by which DMF acts to treat multiple sclerosis is not fully understood,
though a number of mechanisms have been implicated, such as: activation of the
Nuclear Factor (Erythroid-derived 2)-like (NFE2L2 or Nrf2) antioxidant response
pathway, inhibition of NF-KB signaling, inhibition of cyclin-dependent kinase, promotion
of anti-inflammatory cytokine expression, and cytoprotection of CNS cells. In safety
pharmacology studies, DMF showed some liability for cardiovascular, but not
respiratory, toxicity; CNS toxicity was not directly evaluated. Following oral
administration, DMF is rapidly absorbed and drug-related material is widely distributed.
DMF is rapidly hydrolyzed by esterases and enzymes involved in the TCA cycle, and is
not generally observed in plasma. MMF is considered the "primary metabolite" (at ~5%
of the circulating drug-related plasma exposures); MMF was measured in the nonclinical
species and humans for the purpose of plasma exposure comparisons. Other
metabolic products include glucose (~50%), and fumaric and citric acid (~30%). DMF
and MMF are rapidly metabolized and are primarily eliminated in expired air; generally,
renal elimination plays a minor role. Although the benign metabolic disposition of DMF
might not suggest it, DMF was shown to cause many toxicities, including carcinogenicity
and some reproductive toxicity. DMF-related toxicity was observed in a number of
organs, including kidney, testes, stomach (nonglandular), pancreas, liver, thymus,
lymphatic system, and eye (retina). In several of the standard toxicological studies,
multiple species showed clear renal (rat, mouse, dog, and monkey) and testicular (rat
and dog) toxicity. Although toxicity in the nonglandular stomach of rodents was striking,
evidence of toxicity in the stomach (and/or esophagus) of other species was more
limited.

Renal toxicity was observed as damage (e.g., single cell necrosis, atrophy, nephropathy
leading to renal failure) and/or evidence of repair (e.g., regeneration) in multiple
species. Renal tubule regeneration was observed across species, with the dose
yielding toxicity decreasing as a function of increasing treatment duration (although
often without clear, direct evidence of damage in shorter term studies), usually without
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pronounced alterations in clinical pathology and other non/minimally-invasive methods.
Generally, reductions in serum creatinine and BUN were observed in most nonclinical
species, but urinary protein was only clearly increased in rats; investigative studies
demonstrated increased urinary albumin/microalbumin. Rodents clearly demonstrated
exacerbations of rodent CPN, which led to increased mortality in long-term studies.
While a few of the renal alterations in nonrodents demonstrated some recovery,
evidence of irreversible changes was observed in the chronic monkey study. Renal
neoplasias were observed in the 2-yr bioassays in rodents. Renal tumors demonstrated
in rats may reasonably be attributed in part to a species-related disorder (i.e.,
exacerbation of rodent CPN); however, the relationship between the neoplasias and
exacerbation of the species-related disorder (CPN) in mice is less clear. Some tumors
in mice were noted to arise from renal cysts, and unlike the tumors in the presence of
CPN-related changes, it is not clear whether tumors present in these circumstances
were related to an increased process of damage/repair.

Testicular seminiferous epithelium was a target tissue in both rats and dogs. The 2-
year carcinogenicity bioassay in rats showed Leydig cell hyperplasia and tumors.

Rodents demonstrated severe forestomach effects at most doses; the dose yielding
toxicity decreased as a function of treatment duration. In the 2-year bioassays in
rodents, the severe damage to the nonglandular stomach was accompanied by tumors
at all doses tested. And, although of lesser incidence, toxicity (e.g., degeneration) of
the glandular stomach was observed in the 2-yr bioassay in rats (the sponsor attributed
this, at least in part, to CPN-related renal failure and secondary hyperparathyroidism).
Some stomach effects (e.g., erosion, hemorrhage, or mononuclear cells) were also
seen in subchronic studies at relatively high doses (i.e., doses not tolerated in longer
studies) in the dog. Although the nonglandular stomach tumors were striking, the
relevance of these tumors, observed at below clinically relevant doses, is unclear; there
is no direct anatomical correlate in humans and the concentrative function of the rodent
organ combined with the irritancy of DMF could reasonably result in the toxicity.
However, this severe irritancy could prove problematic in humans when considered in
the context of a mechanism of action known to have potential tumor promotion effects
(i.e., Nrf2 activation, see discussion below). Itis possible that the irritancy could have
effects in the exposed portions of the Gl tract (esophagus and/or stomach, in particular),
especially given the potential for decades of twice daily exposure in the treatment of this
chronic disease. With regard to human experience, the clinical trials identified Gl and
upper Gl discomfort/pain as a common side effect.

The demonstrated organ toxicities, and most importantly the carcinogenic effects, may
be attributable to the pharmacology of the drug. Although the sponsor emphasized that
DMF has a short half-life, the distribution study data using radiolabeled DMF
demonstrated high exposures in tissues that showed toxicity. The primary mechanism
of action of DMF proposed by the sponsor (i.e., Nrf2 activation through direct effects on
KEAP1) is known to possess both protective and oncogenic effects, although the
reason for this duality has not been fully elucidated. It is possible that the mechanism
conferring a protective effect elicited by some stimuli (e.g., a genotoxic agent) may
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cause tumor formation/promotion when the pathway is activated constitutively (such as
that demonstrated by genetic knock-outs) or without elicitation by physiological demand.
The sponsor demonstrated that DMF and MMF alter KEAP1, activating the Nrf2
pathway; this modification was described in literature as irreversible (e.g., Lin et al.,
2012). It is known that increased intracellular fumarate levels (i.e., caused by a genetic
mutation in the gene encoding fumarate hydratase [FH]; see Adam et al., 2011) leads to
the disorder HLRCC, causing renal tumors, Leydig cell tumors (Renal Carvajal-
Carmona et al., 2006), and leiomyomas. Renal FH conditional knockout (KO) mice
develop renal cysts beginning at 13 weeks of age that is followed by ill health and/or
death from renal failure at 50-65 weeks (Pollard et al, 2007; Adam et al., 2011). Also, it
is notable that KEAP1 KO mice (resulting in constitutively hyperactive Nrf2 signaling)
was shown to be lethal, generally within in 3 weeks of birth, due to "obstructive lesions
mediated by hyperkeratotic outgrowth of the oesophageal and forestomach epithelial
cells" (see Martin-Maltalvo et al., 2011, Wakabayashi et al., 2003).

Limited drug-related reproductive toxicity was observed in standard nonclinical studies.
Some evidence suggested slight effects on fertility. Nonmotile sperm were slightly
increased in males, and dams showed reduced estrous cycling and increased
cohabitation times in the presence of maternal toxicity; however, these effects did not
translate into clear effects on fertility, as measured. The embryofetal development
(EFD) studies demonstrated maternal toxicity as well as effects on fetal viability and/or
development. MMF crossed the placenta, and fetal plasma concentrations were about
10% those of the rabbit does and 40-60% those of rat dams.

1.3 Recommendations

1.3.1 Approvability

From a Pharmacology/Toxicology perspective, and based solely on the nonclinical data,
this NDA is not recommended for approval at this time based on renal toxicity at
clinically relevant doses (toxicity in all nonclinical species, including tumors in rodents).
Renal toxicity was observed in multiple nonclinical species, with the dose yielding
toxicity decreasing as a function of increasing treatment duration and without a clear
pathway for clinical monitoring. While this recommendation is tempered by the fact that
renal toxicity monitoring was performed in the clinical trials and no significant results
were obtained (see the clinical safety review by Dr. Boehm, dated 1/9/13), it is not clear
from the nonclinical data that the monitoring conducted would be able to detect the
toxicity in humans (e.g. due to the marker used, sensitivity and/or the duration of the
exposures).

While the toxicity of DMF at or below clinically relevant exposures is notable (e.g.,
stomach toxicity, renal toxicity, liver toxicity, testicular toxicity), neither the majority of
the general toxicities nor the potential reproductive toxicity (i.e., effects on reproductive
parameters not generally reflected in rodent fertility measures and few effects on fetal
survival and development) would preclude approval because most approved therapies
for multiple sclerosis have a number serious toxicities. However, the seeming lack of a
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clear means to monitor for potential renal toxicity with longer durations of dosing is
notable; renal toxicity was demonstrated in 4 species (monkey, dog, rat, and mouse),
and showed a potential to cause irreversible tissue damage and loss of function in the
1-year monkey toxicity study at approximately 3 times the RHD (i.e., at clinically
relevant exposures). Although increased urinary albumin/microalbumin was observed
in rats (and thus considered an indicator of early renal tubule injury), increased urinary
protein was not clearly observed in dogs or monkeys (urinary albumin was not
specifically measured). DMF has also demonstrated carcinogenic potential in kidney
and nonglandular stomach at or below clinically relevant exposures (based on BSA
comparisons). In the 2-year carcinogenicity study in mice, the incidence of renal tubular
adenomas and carcinomas, and nonglandular stomach leiomyosarcomas, squamous
cell papillomas, and squamous cell carcinomas were increased at less than the RHD,
on a mg/m? basis. In the 2-year study in rats, increased incidences of nonglandular
stomach squamous cell papilloma and carcinoma (at less than the RHD, on a mg/m2
basis) and testicular interstitial (Leydig) cell adenomas (at 2 times the RHD, on a mg/m?
basis) were seen, and renal tubular neoplasias (at 3 times the RHD, on a mg/m? basis)
were suggested. Even in subchronic repeated dose studies in rats, nonglandular
stomach papillomas and/or carcinomas were observed with dosing durations as short
as 12-14 weeks (with dose-related incidence at mostly, although not exclusively, higher
doses; 1.5-8x the RHD). The relevance of these findings to human risk is unclear.

1.3.2 Additional Non Clinical Recommendations

The observed renal toxicity in multiple species is substantial and the relevance to
humans is unclear but reasonably predicted at clinically relevant exposures of MMF;
further work to identify a sensitive method for detecting renal toxicity in humans should
be conducted. For example, demonstration that increased urinary
albumin/microalbumin occurs at early time points in monkeys would strengthen the
validity of this biomarker in humans. Additionally, the relevance of DMF's, MMF's and
fumarate's activity at the Nrf2 transcriptional pathway in the elicitation of the observed
toxicities (especially tumors) for human use of BG-12 is unclear. In order to assist in the
tumor risk determination in humans and to obtain the information necessary to
adequately inform labeling, the sponsor should do the following:
= Provide a thoroughly-reasoned discussion of the potential mechanism of the
toxicity, providing data to support conclusions;
= Conduct further mechanistic studies to elucidate potential for this mechanism to
result in the observed tumors. This might include, for example, assessment of
intracellular levels of the fumarates in relevant tissues or whether blockade of the
Nrf2 transcriptional pathway can block the formation of the tumors.

1.3.3 Suggested Labeling

Final labeling requires discussion among the review team members, as well as with the
sponsor. This suggested labeling is provided in case the application moves to approval,
and represents the reviewer's current thoughts, but does not reflect final label wording.
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HIGHLIGHTS OF PRESCRIBING INFORMATION

TECFIDERA is indicated for the treatment of patients with relapsing multiple sclerosis (b) (4)
)]

——————— USE IN SPECIFIC POPULATIONS-------
Pregnancy: Based on animal data, may cause fetal harm (8.1)

8 USE IN SPECIFIC POPULATIONS

8.1 Pregnancy

Pregnancy Category C

There are no adequate and well-controlled studies in pregnant women with
TECFIDERA. Oral studies of TECFIDERA in animals demonstrated evidence of
embryolethality. TECFIDERA should be used during pregnancy only if the potential

benefit justifies the potential risk to the fetus.

Administration of dimethyl fumarate to pregnant rats and rabbits resulted in adverse
effects on offspring development, including embryolethality and developmental delays,
at doses approximately 5 and 6 times the recommended human dose (RHD) of 240 mg
BID.

When dimethyl fumarate was administered at oral doses of 25, 100 and 250 mg /kg
(approximately 0.5, 2, and 5 times the RHD on a mg/m? basis) to pregnant rats during
the period of organogenesis, maternal toxicity (i.e., reduced average body weights) and
embryotoxic effects (including delayed development, as demonstrated by decreased
fetal weights, increased overall alterations, and delayed ossification) occurred at 250
mg/kg/day. The no-effect dose for adverse effects on the embryo was approximately 2
times the RHD on a mg/m? basis). In pregnant rabbits treated during organogenesis
with dimethyl fumarate at oral doses of 25, 75, and 150 mg/kg (approximately 1, 3, and
6 times the RHD on a mg/m? basis), maternal toxicity (body weight loss) and increased
abortion occurred at 150 mg/kg. The no-effect dose for adverse effects on the embryo
was approximately 3 times the RHD on a mg/m? basis. Administration of dimethyl
fumarate to rats at oral doses of 25, 100, and 250 mg/kg (approximately 0.5, 2, and 5
times the RHD on a mg/m? basis) during the latter part of pregnancy and throughout

lactation produced maternal toxicity (decreased average body weight and target organ
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toxicity), decreased fetal viability, decreased fetal growth and delayed maturation, as
well as effects on learning and memory, at 250 mg/kg; the no-effect dose is

approximately 2 times the RHD on a mg/m? basis.

8.3 Nursing Mothers
There are no adequate and well-controlled studies in nursing women. It is not known

whether TECFIDERA is excreted in human milk. The effect of dimethyl fumarate on the
nursing infant is not known. Caution should be exercised when TECFIDERA is

administered to a nursing mother.

12.1 Mechanism of Action

The mechanism by which TECFIDERA exerts therapeutic effects in multiple sclerosis is
not fully understood. Dimethyl fumarate (DMF) has been shown to induce the nuclear
factor (erythroid-derived 2)-like 2 (Nrf2) transcriptional pathway, which is the primary
cellular defense system for responding to a variety of potentially toxic stimuli through
up-regulation of antioxidant response genes, and inhibit nuclear factor kappa B (NF-kB)-
dependent transcription. [The following statement should be vetted by clinical
pharmacology: TECFIDERA has also been shown to up regulate Nrf2-dependent
antioxidant genes in patients, confirming clinical pharmacodynamic activity in humans.]
Additionally, MMF (the primary metabolite of DMF) has been shown to be a nicotinic
acid receptor agonist.

13 NONCLINICAL TOXICOLOGY
13.1 Carcinogenesis, Mutagenesis, Impairment of Fertility

Carcinogenesis: Carcinogenicity studies of TECFIDERA were conducted in mice and
rats. In mice, dimethyl fumarate was administered at oral doses of 25, 75, 200, and 400
mg/kg/day for up to 2 years. The incidence of renal tubular adenomas and carcinomas,
and nonglandular stomach leiomyosarcoma, papilloma, and squamous cell carcinoma
were increased at less than the RHD, on a mg/m? basis. The relevance of these
findings to human risk is unknown.

In rats, dimethyl fumarate was administered at oral doses of 25, 50, 100 and 150
mg/kg/day for up to 2 years. In males, an increased incidence of interstitial (Leydig) cell
adenomas of the testes was observed at 2 times the RHD, on a mg/m? basis. The no-
effect level was approximately equal to the RHD, on a mg/m2 basis. The incidences of
squamous cell papilloma and carcinoma of the nonglandular stomach was increased at
less than the RHD, on a mg/m2 basis. The relevance of these findings to human risk is
unknown.
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Mutagenesis: DMF and MMF were negative in the in vitro bacterial reverse mutation
assay and the in vivo rat micronucleus assay. DMF and MMF were positive only in in
vitro chromosomal aberration assays in mammalian cells.

Impairment of fertility: Administration of dimethyl fumarate to male rats at daily oral
doses of 75, 250, and 375 mg/kg prior to and during mating had few effects on male
fertility up to the highest dose tested (8 times the RHD, based on mg/m?). However, the
number of nonmotile sperm was increased at 250 and 375 mg/kg (the no-effect level
was approximately 1.5 times the RHD). Administration of dimethyl fumarate to female
rats at daily oral doses of 25, 100, or 250 mg/kg/day prior to and during mating, and
continuing to Day 7 of gestation, reduced the number of estrus cycles, increased the
time spent in diestrus, and required slightly longer cohabitation times at 250 mg/kg.
Post-implantation loss, nonviable embryo count, and the number of dams with any
nonviable embryos were slightly increased, and viable embryo counts were slightly
decreased, at 250 mg/kg. The no-effect level was approximately 2 times the RHD on a
mg/m? basis.

13.2 Animal Toxicology and/or Pharmacology

Kidney toxicity was observed after repeated oral administration of dimethyl fumarate in
mice, rats, dogs, and monkeys. Renal tubule toxicity epithelial regeneration, suggestive
of tubule epithelial injury, was observed in all species. Treatment with DMF resulted in
severe exacerbation of a common rodent renal disorder, and renal tubular hyperplasia
and tumors were observed in rodents with lifetime dosing. Cortical atrophy was
observed in dogs and monkeys and, in monkeys, single cell necrosis of the renal
tubules and interstitial fibrosis were observed in animals that received daily oral doses
of dimethyl fumarate for at least 11 months. These findings occurred at or below the
RHD, on mg/m? basis.

Gl toxicity was clearly observed in rodents. In rodents, extensive damage to the
nonglandular stomach resulted in hyperplasia and tumor formation with as little as 3
months dosing. While humans do not have a direct anatomical correlate to the
nonglandular stomach, some damage was observed in the glandular stomach.

In the testes, degeneration of the seminiferous epithelium was seen in rats and dogs,
and interstitial hyperplasia and tumors were seen in rats. Findings were observed at
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less than the RHD in rats, and approximately 3 times the RHD in dogs (on a mg/m?
basis).

An increased incidence of retinal degeneration was observed in the 2-year mouse
carcinogenicity study at 200 and 400 mg/kg. The no effect level is less than the RHD,
on a mg/m? basis.

The relevance of these findings to humans is not known.

2  Drug Information

2.1 Drug
CAS Registry Number 624-49-7
Generic Name dimethyl fumarate
Code Name BG00012
BG-12
DIMF
FAG-201
Fumarsauredimethylester (German)
Chemical Name dimethyl (E)-butenedioate (IUPAC name)

dimethyl fumarate
trans-1,2-Ethylenedicarboxylic acid dimethyl
ester

(E)-2-Butenedioic acid dimethyl ester
fumaric acid, dimethyl ester
2-butenedioic acid, (2E)-, dimethyl ester
dimethyl (2E)-but-2-enedioate

Molecular Formula/Molecular Weight CsHgO4; 144.13

Structure or Biochemical Description

O
H D\
O H
O
Pharmacologic Class Immunomoduator

(No identified EPC)
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2.2 Relevant INDs, NDAs, BLAs and DMFs

IND 73,061 for Multiple Sclerosis, Relapsing-Remitting, Biogen Idec Inc. (Active

2.3 Drug Formulation

BG00012 drug product is formulated
(120 and 240 mg) for oral administration.

in gelatin capsules

2.4 Comments on Novel Excipients

The excipients used in the dru
formulation

roduct formulation are commonly used in oral tablet

. The excipients used

F are compliant wi and/or Ph. Eur. The amount of each excipient in the
rug product is below the highest level published in the FDA Inactive Ingredient Search

for Approved Drug Products.

2.5 Comments on Impurities/Degradants of Concern

No degradants or impurities were observed to be of concern. The potential formation of
*during the manufacturing process was discussed with the sponsor
uring development; monitoring for in the drug was performed on 17 commercial
size batches, and - was not found at the detection limit of

2.6 Proposed Clinical Population and Dosing Regimen

BG-12 is intended to be a first-line monotherapy for the treatment of relapsing forms of

. The starting dose is
ays, patients increase to the recommended dose of
240 mg twice a day orally.

2.7 Regulatory Background

BG-
12 was submitted under IND 73,061 for the treatment of multiple sclerosis on 7/12/06;
this IND remains active and is the supporting IND for this NDA.

12
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3 Studies Submitted

Reviewer: Melissa K. Banks-Muckenfuss

. . s
3.1 Studies Reviewed (excerpted from sponsor’s tables)
Overview Test Article: BG00012
Type of Study | Species and Method of Duration of Dosing | Doses GLP Testing Study Number
Strain Administration (mg/kg) Compliance Facility
Single-Dose NMRIHAN Bo | Oral Gavage Single 0,316,681, 1000, 1210, | Yes PDO05-27
Toxicity (SPF)Mice 1470
(3 M3 F/group)
Single-Dose Sprague Oral Gavage Single 681. 1470, 2150, 2610 (F | Yes PDO5-25
Toxicity Dawley/Tif only), 3160, 4640 (M
RAI£(SPF) only), 6810 (M only)
Crl:CD(SD)IGS
BR Rars
(3 M3 F/group)
Genotoxicity Saimonella In vitro In vitro Imitial and Confirmatory | Yes 540389
ophmuwrium | 2\ferabolic Assays:
strains; TA activation -59: 0,3.16, 10, 31.6,
1535, TA 1537, 100, 316, 1000, 3160
TA 1538, TA us'l;lm ) )
98, TA 100 +50:0,3.16, 10,31.6,
100, 316, 1000, 3160,
10000 pg/plate
Genotoxicity’ | Saimonella Invitro Invitro Initial Assay: Yes P00012-08-02
(TA98, TAL00, [ =)fersbolic =50:0, 1.6, 5, 16,50,
TA1535, activation 160, 500, 1600, 5000
TA1537), ug/plate
E. coli strain
(WP2inrA) Confirmatory Assay:
=59: 0, 50, 160, 500,
1600, 3330 5000 pg/plate
Genotoxicity Chinese Invitro In vitro Imitial Assay: Yes 5405/89
hamstercells | <)\fatabolic -$9:0.03,1,3,10,30
w79) activation pg/ml
+50: 0, 312.5, 625, 1250,
2500, 5000 ug/ml
Confimmatory Assay:
-59:0,03,1,3,10, 30
ug/ml
+50: 0, 312.5, 625, 1250,
2500, 5000 ug/ml
Genotoxicity Invitro In vitro In vitro Initial Assay: Yes’ 5407/89
Human =Metabolic -59:0, 1.56, 3.13,6.25,
peripheral activation 125,25 uyg/ml
Iymphocytes +50:0, 12,5, 25, 50, 100
ug/ml
Confimmatory Assay:
-59:0,3.13,6.25,12.5,
25.0 pg/ml
+50: 0, 6.25, 12.5, 25, 50,
100, 150 pg/ml

Reference ID: 3251055
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Genotoxicity Invitro Invitro In vitro Initial Assay: Yes 12-04-16
Cultured =Metabolic =50:0,208,29.7,42.4,
Human activation 60.5 pg/mL
Biood
Confirmatory Assay:
Lymphocytes
-59:0,0.938, 188, 3.75,
7.5 pg/mL
+59: 0, 30, 40, 50, 60
pg/ml
Gumon‘my‘ Invitro Invitro 3 hours Initial Assay Yes 12-08-03
Cultured =Metabolic -59:0, 153,312, 446
Human activation ug/ml
;:?:ﬂﬂ +50:0,74.9, 153, 218
B
Lymphocytes ze
21 Confirmatory Assay
-59:0,20.2,288.41.0
pg/ml
+59: 0, 100, 156, 196,
245 pzml
Genotoxicity Male Sprague Oral Gavage Single 0, 250, 500, 1000 Yes 12-04-04
Dawley
Cr.CD(SD)IGS
BR Rats
Carcinogenicity | CD-1 [Cr1:CD- | . 25, 75, 200, 2 years 0,25, 75,200, 600400 * | Yes 12-05-03
18(ICR)Br] 600/400"
Mice Oral Gavage
Carcinogenicity | Sprague Oral Gavage 2 Years 0,25, 50,100, 150 Yes P00012-04-11
Dawley
Crl:.CD(SD)IGS
BRRats
Reproductive Sprague Oral Gavage 70 days + 0,75, 250, 375 Yes P00012-04-03
Ferality Dawley cohabitation
1 Crl:.CD(SD)IGS
Segment BRRats
(meated males
and untreated
females)
Reproductive Sprague Oral Gavage 21 days prior to 0, 25, 100, 250 Yes P00012-10-01
Ferality Dawley cohabitation up to
1 Crl:.CD(SD)IGS DG7
Segmant BRRats
(meated females
and untreated
males)
Embryo-fetal Sprague Oral Gavage DG7-DG17 0,25, 100, 250 Yes P00012-06-02
Developmental | Dawley
Segment IT Crl.CD(SD)IGS
BRRats
Embryo-fetal New Zealand Oral Gavage DG7-DG19 0,25, 75,150 Yes P00012-06-01
Developmental | White Rabbits
Toxicity
Segment I
Pre-and Post- Sprazue Oral Gavage DG7-DL20 or 0,25, 100, 250 Yes P00012-09-02
natal Dawley DG24
Developmental | Crl:.CD(SD)IGS
Segment IIT BR Rats
OM Toxicity | Sprague Oral Gavage 14 Days 0,83 TID, 250 QD, No PD08-03
Studies Dawley 50 Gentamicin (QD 5C)
Investigative Crl.CD(SD)IGS
BR Rats
Other Toxicity | Sprague Oral Gavage 75 Days 0,100 No P00012-09-01
Studies Dawley
Investizative Crl:CD(SD)IGS
BR Rats
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Other Toxicity | Sprazue Oral Gavage 14 Weeks 0, 50 BID, 100 QD, Yes @ 5500120801
Smdies Dawley 250 QD
Investgative | CHLCD(SD)IGS

BR Rats

EXPERT REPORT ON HISTOPATHOLOGICAL RE-EVALUATION OF RAT AND
MOUSE KIDNEY FROM CARCINOGENICITY STUDIES WITH ORALLY
ADMINISTERED BG00012 (DIMETHYL FUMARATE) Non-GLP, report dated 5/11/12
(and requested individual and comparative data dated 10/20/12, submitted by request)

Studies briefly/previously reviewed (brief review undertaken and/or findings may
be summarized in this review):

All pharmacology and ADME studies were briefly reviewed. Other studies were

reviewed in brief to provide information on specific issues.

2.6.7.1. Toxicology
Overview Test Article: BG00012
Type of Study | Species and Method of Duration of Dosing | Doses GLP Testing Study Number
Strain Administration (mg/kg) Compliance Facility
Other Toxicity | Sprague Oral Gavage 14 Weeks 0,50 BID, 100 QD, Yas (6) @) P00012-08-01
Studies Dawley 250 QD
Investizative Crl:CD(SD)IGS
BRRats

The following local tolerance study using Fumaderm® was also briefly reviewed, as it
bears relevance to the irritancy potential of DMF, which has since been documented in
scientific and regulatory literature:

Study 6053/90: Examination of Fumaderm in a Skin Sensitization Test in Guinea-Pigs
According to Magnusson and Kligman (Maximisation Test)

These studies were briefly reviewed, as they were previously reviewed by
Dr. T. Peters under IND 76031:

2.6.7.1.

Toxicology

(b) (4)

Overview

Test Article: BG00012

Type of Study

Species and
Strain

Method of
Administration

Duration of Dosing

Doses
(mg/kg)

GLP
Compliance

Testing
Facility

Study Number

Repeat-Dose
Toxicity

C57BL/6 Mice
(6 M/6F /group)

Oral Gavage

28 Days

0. 50, 100, 250, 400

Yes

Repeat-Dose
Toxicity

CD-1[Crl:CD-
1®(ICR)Br]
Mice (20 M20
F/group main; 5
M/5 F/group
Tecovery)

Oral Gavage

13 Week

0. 50,200. 400

Yes

Repeat-Dose
Toxicity

Sprague
Dawley
Crl:.CD(SD)IGS
BR Rats

(10 M/10
F/group main; 5
M/5 F/group
recovery)

Oral Gavage

90 Days

0, 50 (no recovery), 100,

250, 500

Yes

Reference ID: 3251055
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Repeat-Dose
Toxicity

Cynomolgus
Monkey

(4 M/4 F/group
mam; 2 M2
F/group
Tecovery)

Oral
Nasogastric
Intubation

52 weeks

0,5,25,75

3.2 Studies Not Reviewed

Most studies investigating the toxicity of Fumaderm® were not considered relevant, and
were not reviewed here. Also, studies using different routes of administration or drug
combinations were not reviewed here.

P00012-05-08

Overview Test Article: BG00012
Type of Study | Species and Method of Duration of Dosing | Doses GLP Testing Study Number
Strain Administration (mg/kg) Compliance Facility
Smgle-Dose NMRLIHAN Bo | Intraperitoneal | Single 0,316, 464, 631, 825, Yes PDO05-24
Toxicity (SPF) Mice 1000, 1470
(3 M3 F/group)
Single-Dose Sprague Intraperitoneal | Single 316, 681, 825 (F only), Yes PD05-26
Toxicity Dawley/Tif: 1000, 1470 (M only)
RAI {(SPF)
Crl.CD(SD)IGS
BR Rats
(3 M/3 F/group)
Other Toxicity | Sprague Oral Gavage 90 Days 0, 100 BG00012, Yes P00012-07-02
Studies Dawley 0.5 methotrexate,
Combination | CH.CDEDNGS 25 BGO0012 + 0.5
Toxicity methowexate,
100 BG00012 + 0.5
methorexate
Other Toxicity | Cynomolgus Nasogastric 90 Days 0,25BG00012,0.5 Yes P00012-07-01
Studies monkeys Inmbation methomexate, 25
Combination BGO0012+0.5
Toxicity methotrexate, 5 BG0O0012
+ 0.5 methowexate

3.3 Previous Reviews Referenced

Under IND 73,061 for the Treatment of Multiple Sclerosis;
Dr. Peter's review dated 10/1/07

4 Pharmacology

4.1

A standard receptor binding assay was not submitted for BG-12. However, a number of
immunomodulatory effects have been described in in vitro and in vivo studies. The
exact mechanism by which DMF exerts its effect in the treatment of multiple sclerosis is
unclear. Mechanism of action modeling studies indicated that BG-12 is likely to act
through inhibition of nuclear factor kappa B (NF-kB) signaling and/or inhibition of cyclin-
dependent kinase. In vitro studies have shown effects on the Nrf2 transcriptional
pathway, the NF-kB-dependent transcription pathway, and kinase signaling pathways.

Primary Pharmacology
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Effects demonstrated have included reduced cytokine secretion, reduced inflammation,
and shifts in Th1 to Th2 T-helper cell responses.

The sponsor focused primarily on effects on the Nrf2 transcriptional pathway. DMF and
MMF were shown to alkylate (although other research indicated that succination occurs;
see Adam et al., 2011) a key cysteine residue(s) in KEAP 1 (an inhibitory regulator of
Nrf2), which allowed Nrf2 to accumulate in the nucleus and go on to activate
transcription from antioxidant response element (ARE)-driven promoters. In astrocytes
and neuron cultures, DMF and MMF were shown to result in increased levels of active
Nrf2, with subsequent upregulation of antioxidant target genes; concentration-
dependent increases in cellular redox potential, glutathione, ATP levels, and
mitochondrial membrane potential were observed. In studies of LPS-induced
inflammation in macrophages and astrocytes, DMF was shown to suppress production
of inflammatory cytokines; transcription factor Nrf2 contributed to, but was not required
for, the demonstrated DMF-mediated effect on macrophages. In vitro, the
pharmacodynamic responses of genes NQO1 and AKR1B8 (i.e., Nrf2 target genes)
varied by tissue in rats and/or mice (NQO1 induced in lymphoid organs and AKR1B8
induced in Gl tissue, but neither showing induction in CNS); these effects were found up
to 24 hr post-DMF or MMF (mice only), at doses as low as 15 mg/kg.

Inhibition of NF-kB signaling has also been implicated as a mechanism by which
fumaric esters inhibit expression of pro-inflammatory cytokines and adhesion molecules
(see Vandermeeren et al., 1997; Loewe et al., 2001). In vitro studies in human
endothelial cells have shown an inhibitory effect of DMF on NF-kB-dependent
transcription of tumor necrosis factor-alpha (TNF-a) induced genes (Loewe et al., 2002).
In vitro studies in human fibroblasts showed dramatically increased succinate
dehydrogenase (SUDH) activity with DMF, and a lesser effect with MMF; it was
proposed that the exogenous fumarates could stimulate SUDH-activity and cause
accumulation of endogenous fumarate, leading to blockade of the citric acid cycle.

The sponsor briefly described in vivo experiments in several animal models; most
submitted studies were not conducted in compliance with GLP regulations. In a Brown
Norway rat MOG-induced experimental autoimmune encephalomyelitis (EAE) model of
multiple sclerosis, DMF showed a dose-dependent reduction in symptoms. The
sponsor indicated that the dose-response for efficacy corresponded with doses shown
to induce Nrf2 responsive genes in liver and spleen. DMF appeared to decrease
activation, as well as alter the morphology of, astrocytes and glia resulting from the
administration of MOG. A MOG-induced EAE mouse model of central nervous system
demyelination revealed preservation of myelin and axonal density in the plaque
following DMF treatment; further mechanistic studies suggested that this resulted from
an antioxidative mechanism of action via induction of the transcription factor Nrf2
(Linker et al, 2011).

4.2 Secondary Pharmacology

DMF is a lipophilic a,B-unsaturated ester that has been used both medically and
commercially. Medically, DMF has been used to treat psoriasis (e.g., as part of the drug
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Fumaderm®) and has also been proposed as a potential treatment for angiogenesis-
related malignancies. DMF has been shown to inhibit angiogenesis in vitro and in vivo;
it inhibits differentiation, proliferation and migration of endothelial cells (Garcia-Caballero
et al., 2011). Commercially, DMF is also used to inhibit growth of mold, mostly for
leather goods; this use has mostly been abandoned after it was found to be an allergic
sensitizer at very low concentrations (as low as 1 ppm). Since this discovery, the EU
has banned the use of DMF for consumer products (1998) and also the import of
products containing DMF (2009) as a biocide.

DMF reacts rapidly with glutathione, by Michael addition. It depletes intracellular
glutathione (GSH) by covalent bond formation in a reaction mediated by GSH-S-
transferase (Held, 1991).

In vitro, DMF has shown several immunomodulatory properties. It has been proposed
that DMF is the active component of fumaric acid ester (FAE) treatment (see Lehmann
et al., 2007). DMF and diethylfumarate (DEF), but not fumaric acid, MMF, or
ethylhydrogenfumarate, exhibited potent depression of inflammatory cytokine secretion
(e.g., tumor necrosis factora, IL-12, and IFNy) in activated human peripheral blood
mononuclear cells. Moreover, DMF and DEF inhibited T-cell proliferation in mixed
leukocyte reaction. Interestingly, these immunosuppressive effects were accompanied
by the strong induction of the anti-inflammatory stress protein heme oxygenase 1 (HO-
1). Supplementation with exogenous glutathione (GSH), which is known to bind DMF,
prevented both HO-1 induction as well as the anti-inflammatory effects of DMF.
Inhibition of HO-1 activity restored the diminished IL-12 and IFNy production after
fumaric acid ester (FAE) treatment. These results suggest that DMF acts as an active
compound within the FAE mixture, at least in part, by inducing the anti-inflammatory
stress protein HO-1 through functional depletion of reduced GSH.

In vivo studies have demonstrated immunomodulatory effects, with some evidence of
cytoprotection. In a Sprague-Dawley rat malonate-induced striatal damage model of
cytoprotection, reductions in malonate lesion volume and concomitant apomorphine-
induced behavioral manifestations (i.e., induced rotational behavior) were seen; neuron-
specific staining suggested some evidence of neuronal protection. The sponsor also
demonstrated anti-inflammatory effects (i.e., reduced paw swelling, reduced
inflammatory infiltration of macrophages, decreased cytokine expression) of DMF in a
collagen-induced rat arthritis model, and immunosuppressive effects (some
prolongation of allograft survival [nss], compared to [ss] result with calcium MMF salt) in
a rat kidney and heart transplant model.

DMF has a serum half-life of approximately 12 minutes, and is metabolized to MMF.
MMF, but not DMF, is a potent nicotinic acid receptor agonist. In a transfected (i.e.,
GPR109, Gqi9 and aequorin) CHO cell assay, MMF induced a dose-dependent Ca?*
signal, with an ECsp of 9.4 uM. And, MMF completely inhibited forskolin-induced cAMP
synthesis, with an ICs of 70 nM. Nicotinic acid receptor GPR109A is expressed in
immune cells (esp. neutrophils) and in human skin tissue (i.e., primary epidermal
keratinocytes). Similar to nicotinic acid, MMF causes a skin flush, which the author
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proposed similarly results from activation of GPR109A in epidermal Langerhans cells
(Tang et al., 2008); notably, flushing was observed in a large proportion of subjects in
the clinical trials.

4.3 Safety Pharmacology

The studies to address CNS safety pharmacology (i.e., hexobarbitone narcosis
[sleeping time], spontaneous motility, nociceptive behavior [writhing test], and reserpine-
reduced body temperature) were conducted using Fumaderm. DMF is one component
of this drug; however, these studies were considered inadequate to support the safety
of DMF (see pre-IND meeting minutes for the meeting held 9/1/05). Therefore, these
studies will not be discussed here.

Using DMF and/or MMF, the sponsor conducted tests for cardiovascular safety (2 in
vitro hERG assays, 2 in vitro cardiac action potential assays and an in vivo assessment
in dogs) and respiratory safety (an in vivo assessment in dogs).

DMF

Study PD03-17: Effects of FAG201 on Cloned hERG Channels Expressed in
Mammalian Cells ( ®® study Number: 030811.CJP)

GLP, QA @@ nitiated 9/2/03

The in vitro effects of FAG201 (i.e., DMF, lot F1177170, 99.6% pure, <0.1% MMF,
<0.1% fumaric acid) on ionic currents in voltage-clamped HEK-293 stably expressing
the hERG gene were determined (at near physiological temperature, 35 +2° C). See
the sponsor's summary Table 2, below, for concentrations tested and results. An ICsg
could not be estimated for DMF. The vehicle control was 0.1% DMSO. Under identical
experimental conditions, the positive control terfenadine (60 nM) inhibited hERG current
by 92.9%. Analysis of the test samples at 60, 180, and 600 uM were outside of the
acceptable limits of £+15% nominal; the actual concentrations were approximately 23,
135, and 510 uM. The highest tested concentration which did not significantly inhibit
hERG current was found to be within the acceptable range (1500 uM + 15%,
approximately 1275 uM).

Table 2: Summary statistics for FAG201 inhibition of hERG current.
Mean percentage of current inhibited at each FAG201 concentration (Mean), standard
deviation (SD), standard error of the mean (SEM), and number of cells (N).

ll‘ AG201 ((ﬁ)l\n’lc)entratlon Mein SD SEM N
0 0.1% 0.1% | 0.0% 4
60 0.3% 0.1% 0.1% 3
180 0.4% 0.2% 0.1% 3
| 600 1 03% | 02% | 0.1% 3
1500 3.6% 0.4% 0.2% 4
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Study PD03-18 ( ®® study 030820.CJP): Effects of FAG201 on Action
Potentials in Isolated Canine Cardiac Purkinje Fibers
GLP, QA @@ |nitiated 9/2/03

The in vitro effects of FAG201 (i.e., DMF, @@ 1ot F1177170, 99.6%
pure, < 0.1% MMF or fumaric acid) on cardiac action potentials in isolated canine
Purkinje fibers (taken from 2 male beagle dogs aged 36 weeks; kept at 37 + 1°C) were
determined. The vehicle control was Tyrode's solution with 0.1% DMSO. Three
concentrations of DMF (60, 600, and 1500 uM) were added sequentially to four fiber
preparations at three stimulus intervals (basic cycle lengths of 2, 1, and 0.5 s). DMF did
not induce a concentration-related, statistically significant prolongation of the action
potential duration or the resting membrane potential (see sponsor's summary for DMF in
Table 1 and for vehicle in Table 2, below). DMF significantly reduced action potential
amplitude (less than 10%) and maximum rate of depolarization (~30%). By contrast,
the positive control 100 uM sotalol produced significantly greater prolongation of the
APDgo and APDg at all stimulus intervals (approximately 20-40%). However, the
formulation analysis indicated that nearly all of the DMF samples taken at the start of
the study (with the exception of 3 of 4 samples of the 1500 uM reservoir and/or
perfusate samples on the first day and the perfusate samples of 1500 uM on the second
day) were outside the specification of £15% of nominal (range -36% to -40%, -20% to -
28%, and -7 to -19% at 60, 600, and 1500 uM, respectively). Sixty-day stability samples
indicated that DMF formulations were highly unstable (concentrations were 50-60% less
than nominal), with increases in MMF concentrations. Although a clear, concentration-
dependent effect on action potential duration was not demonstrated for DMF, the results
of the study are unreliable due to the formulation issues. Notably, DMF did appear to
evoke a concentration-independent reduction of the action potential amplitude and rate
of depolarization, which suggests an effect on sodium channels.
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Table 1. Summary of the Effects of FAG201 on Action Potential Parameters at 2 s,
1s and 0.5s BCL’s.

2s BCL
Concentration APDg A% APDyy, A% RMP, AmV APA, AmV Vmax, A%
Meant S.EM Meant S.EM | Meant SEM | Meant S EM | Meant S.E.M
60 UM 22420 2015 1.8+£2.8 -10.0+4.4 | -29.8% £+ 10.1
600 uM -09+19 0.6+ 1.8 2.6+ 1.2 -7.8%+3.4 -29.2+ 134
1500 UM -2.1+2.3 08+23 0.7+£0.8 96*+£4.0 | -351%+13.1
1s BCL
Concentration APDg A% APDgy; A% RMP, AmV APA, AmV Vmax, A%
Meanzt S.E.M Meant S.E.M | Meant S.E.M | Meant S.E.M | Mean:t S.E.M
60 pM 21+15 1.7+1.5 0.6+2.0 -6.5+3.7 -24.7+12.1
600 M 0.6+13 09+14 -1.3+ 0.7 -7.0+3.3 -27.5* 134
1500 p -1.3+2.5 1.4+ 2.7 12+ 1.0 -3.8+39 -31.0+14.1
0.5s BCL
Concentration APDg, A% APDg, A% RMP, AmV APA, AmV Vmax, A%
Meant S.E.M Meant S.EM | Meant S.E.M | Meant S.EM Meant
60 pM 2.7x1.1 2.7 1.0 0.1%1.5 -6.0+2.9 -21.2+10.8
600 LM 0.5+0.7 1.0+ 1.1 0.9+0.5 -74+23 -20.2% +
1500 uM -1.7+1.8 1.7 2.3 1.6+ 1.1 -§.9%¥+35 -30.6% +

BCL, Basic Cycle Length; APDg and APDsg, action potential duration measured at 60%
and 90% repolarization; A%, Percent change from baseline values; AmV, absolute change
from baseline in millivolts; RMP, resting membrane potential; APA, action potential
amplitude; Vmax, maximum rate of depolarization. * Denotes statistical significance
(p<0.05) when compared to time-matched vehicle control sequence.

Table 2. Summary of the Effects of Vehicle control on Action Potential Parameters
at2s, 1s and 0.5s BCL’s.

Vehicle 25 BCL
Control APDy A% APDy, A% | RMP, AmV APA, AmV Vmax, A%
Sequence " nt SEM | Meant SEM | Meant SEM | MeantS.EM | Meant S.EM
1 03+14 10 1.1 1.1 + 0.4 1.1+1.8 1.0+5.6
2 0.5 + 2.6 03+1.9 0.6+1.3 21412 4.6+4.7
3 0.7+2.4 0.9 +2.1 0.5+0.8 0.6 + 0.4 04441
Vehicle 1sBCL
Control APDg, A% APDyy A% RMP, AmV APA, AmV Vmax, A%
Sequence [\ WTSEM | Meant S.EM | Meant SEM | MeantSEM | Meant SEM
1 00+13 05210 04+08 11+1.1 20+52
2 04+18 04+13 04+07 1015 EEEE
3 09+1.5 02+15 09+06 04+04 04:48
Vehicle 0.5s BCL
Control APDyy, A% APDyy, A% RMP, AmV APA, AmV Vmax, A%
Sequence T L SEM | Meant S.EM | Meant S.EM | Meant SEM | Meant SEM
1 0.6+09 -024£05 -l5+1.6 1.0+£1.1 1.6+3.6
2 05+14 02+1.1 0111 04+17 6.6+27
3 0314 00+1.4 0.8+04 0.7£07 20+38

BCL, Basic Cycle Length; APDg and APDygy, action potential duration measured at 60%
and 90% repolarization; A%, Percent change from baseline values; AmV, absolute change
from baseline in millivolts; RMP, resting membrane potential; APA, action potential
amplitude; Vmax, maximum rate of depolarization.

21




NDA # 204063 Reviewer: Melissa K. Banks-Muckenfuss

Study PD03-19 ( ®® Study EBAW-0146): A Safety Pharmacology Study to Assess
Potential Cardiovascular and Respiratory Effects of FAG201 Administered Orally
to Beagle Dogs

GLP, QA @@ nitiated 8/28/03

The effects of FAG201 (DMF, Lot F1177170, 99.6% pure, <0.1% MMF or fumaric acid)
on hemodynamic parameters, respiratory parameters, and electrocardiographic activity
were investigated in conscious telemetered Beagle dogs (4 male Beagle dogs, o

). DMF or vehicle (0.8% hydroxypropyl methylcellulose) was
administered sequentially once per day (see sponsor's Text Table 1, below). After
dosing, animals were monitored via radiotelemetry for 24 hours (see ECG tracing info
below). Convenient summary data tables were not provided.

Text Table 1
Study Dezign
. L Dosage Daosage .

55 H ) 5 5 r
Eﬁmf; _:'UI.LDE:.?f Test Article | Lawvel Volume R.]:::'J.:Eu Route L T.[Ea: o
_ _ (mgkz) | mlkg) - i

1 d Dayv 1

2 10 Day &

2 A il -

3 4 FAG201 100 10 D 8 PO Day 13

4 10010 Day 12

Time Dhuration Timie PGLI:‘II Erz.gamd'Rep-nrrec
{ Approxinate)
Baseline = 24 bowrs Every 4 hows (6 fracmes)
Treatment to & hours postireatment Every 30 munutes (12 tracings)
At 17 and 7 — tmen
12 howrs posttreatment to 24 hours postireatment At12and _-1:, hﬂm.‘ pf&.ﬁma !
(2 racings)

DMF resulted in vomiting at 100 and 1000 mg/kg (at 8 min to ~2 hr postdose). Effects
on heart rate and arterial blood pressure were observed from approximately 3 to 9 or 12
hours postdose. Compared to vehicle-treated, heart rates in the three DMF-treated
groups were increased from approximately 3 hours post dose until approximately 9 to
12 hours post dose. Mean arterial blood pressure at 100 and 1000 mg/kg DMF was
decreased approximately 12% at 3 hours postdose (and showed some reduction at 10
mg/kg at 6 hr postdose), and remained reduced 10-20% through 13 to 15 hours
postdose. See sponsor's Figures 1 and 2, below. The timing of the heart rate and
blood pressure effects was similar, although a clear dose relationship was not observed
(the sponsor suggested that it may have been prevented by the vomiting observed at
the two highest dose levels). Sinus tachycardia was noted in two animals, second
degree AV block was noted in one animal, and ventricular premature complexes were
noted in one animal; however, the sponsor did not consider the conduction disturbance
and arrhythmias related to the administration of DMF. DMF did not cause QTc
prolongation (QTc [Fridericia] values ranged from -3.1% to +5.8% of baseline). Effects
on respiratory rate, peak thoracic pressure, body temperature, arterial blood gases, and
electrocardiogram parameters were not observed. Dose-related increases in plasma
DMF exposures were observed but were not dose-proportional (see sponsor's Table 1,
below). Formulation analysis indicated that all doses were within £15% of nominal.
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Figure 1
Heart Rate (beats per minute) — Group means of actual values
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Mean Arterial Pressure (mmHg) - Group means of actual values
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Table 1. Toxicokinetic parameters for FAG201 exposure in dogs after escalation of doses over
12 days.

Dase 10 mg'kg 100 mg'kg 1000 mg/ke
Subject | AUClast | Cmax | Tmax | AUClast | Cmax | Tmax | AUClast | Cmax | Tmax

1001 4344 3060 1 32208 | 35300 | 033 33570 | 42600 1
1002 0127 3000 | 033 38244 [ 26000 [ 033 50004 | 45300 033
1003 6377 3480 | 033 47640 [ 30400 [ 033 36705 | 41700 033

1004 7930 3630 | 033 36061 36200 | 033 71916 | 61300 033
N 4 4 4 4 4 4 4 4 4
Mean 045 3040 | 050 43561 31975 | 033 58071 | 47725 050
5D, 1965 1337 | 0.34 7692 4729 0 0617 0173 | 034

Iy CV 279 265 | 673 15.8 14.8 0.0 16.6 192 | 673

MMFE

Study PD03-21 ( ®®@study 030828.CJIP): Effects of Methyl Hydrogen
Fumarate on Cloned hERG Channels Expressed in Mammalian Cells
GLP, QA @@ |nitiated 9/12/03

The in vitro effects of methyl hydrogen fumarate @@ 1ot EF386206, 100.1%
pure) on ionic currents in voltage-clamped HEK-293 cells stably expressing the hERG
gene were determined at near-physiological temperature (i.e., 35 +2° C). The vehicle
control was 0.1% DMSO. MHF (i.e., MMF) did not inhibit the hERG current at
concentrations up to 1500 uM. Under identical experimental conditions, positive
controls E-4031 (500 nM) and terfenadine (60 nM) inhibited hERG current by 100% and
86.1 + 2.9%, respectively. Test concentration samples were within the acceptable limits
of £15% of nominal, with one exception at 1500 uM (-82%); however, only one of two
samples of that concentration was outside of acceptable limits (see sponsor’s table
below.)

Table 2: Summary statistics for methyl hydrogen fumarate inhibition of hERG
current.

Mean percentage of current inhibited at each methyl hydrogen fumarate concentration
(Mean), standard deviation (SD), standard error of the mean (SEM), and number of cells (N).

Methyl hydrogen
fumarate Mean SD SEM N
Concentration (LM)
0 0.2% 2.2% 1.3% 3
| 60 2 0 10k | 0% | 05% | 3 |
180 0.5% 0.6% 0.3% 3
600 1 01% | 0.6% 0.4% 3
1500 12% | 14% 0.8% 3
Study PD03-22 ®® study 030829.CJIP): Effects of Methyl Hydrogen
Fumarate on Action Potentials in Isolated Canine Cardiac Purkinje Fibers
GLP, QA O®@ nitiated 9/12/03
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The in vitro effects of MMF O® 1ot EF386206, 100% pure) on cardiac action
potentials in isolated canine Purkinje fibers (from 2 male Beagle dogs, 37 weeks of age,

®®) were determined. The vehicle control was
PFT with 0.1% DMSO. See sponsor's Figure 8.4.1 for the stimulus and solution
application schedule. The effects of MMF on action potential parameters were
compared to time-matched vehicle control sequences for statistical significance. MMF
did not induce statistically significant prolongation of APDgy and APDg at three stimulus
intervals, or statistically significant changes in resting membrane potential, action
potential amplitude, or the maximum rate of depolarization (Vmax). By contrast, the
positive control (sotalol, 100 pM) produced significantly greater prolongation of the
APDgo and APDgyq at all stimulus intervals. The formulation concentrations were within
£15% of nominal.

8.4.1 Stimulus and solution application schedule

Solution Approxi Measurement
mate
Duration
(minutes)
Vehicle Control Solution 25 Stabilization
Vehicle Control Solution 20 APD rate dependence (BCL=2,1, 0.5 s)
60 uM Methyl Hydrogen 20 Equilibration 60 uM Methyl Hydrogen
Fumarate Fumarate
60 uM Methyl Hydrogen 3 APD rate dependence (BCL=2, 1, 0.5s)
Fumarate
600 pM Methyl Hydrogen 20 Equilibration 600 pM Methyl
Fumarate Hydrogen Fumarate
600 uM Methyl Hydrogen 3 APD rate dependence (BCL=2,1,0.5s)
Fumarate
1500 pM Methyl Hydrogen 20 Equilibration with 1500 pM Methyl
Fumarate Hydrogen Fumarate
1500 uM Methyl Hydrogen 3 APD rate dependence (BCL=2,1,0.535)
Fumarate

5 Pharmacokinetics/ADME/Toxicokinetics

5.1 PK/ADME

The sponsor conducted a few studies of the ADME of DMF, MMF, and/or the
Fumaderm-forte compound. For the purposes of this review, the data on Fumaderm-
forte will not be considered.

Following ingestion, DMF is rapidly absorbed from the Gl tract and believed to be pre-
systemically hydrolyzed to MMF (its "primary metabolite"), which is further metabolized
in the citric acid cycle. In actuality, MMF does not appear to circulate in amounts large
enough to be considered a major human metabolite. In humans, the plasma circulating
metabolites included glucose (~60%), fumaric and citric acids (~30%), unknowns (~7%)
and MMF (5%). The sponsor stated that DMF has a short half-life, but the half-life of
MMF is up to approximately 36 hours. The metabolism of DMF is mediated by high
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capacity esterases and enzymes involved in the TCA cycle. DMF and MMF are rapidly
metabolized and are primarily eliminated in expired air; generally, renal elimination
plays a minor role.

Following a single oral dose administration of DMF (16.7 mg/kg) in SD rats, fumaric acid
(the sponsor indicated no substance-related rise in physiological range could be
detected) and MMF (Tmax at 0.25 hr and ty, ~10 min) but no DMF could be detected in
plasma from 0.25- 4 hr postdose. In another study, a single oral administration of 100
mg/kg MMF (as MMF and MMF-calcium salt) administered to SD rats was well
absorbed and yielded a Cpax of ~70-80 pug/mL and ti2 of 0.25-1.3 hr; at 15 minutes
postdose, skin showed a relatively high MMF concentration but MMF could not be
detected in liver or kidney. An SD rat study using single oral dose 1000 mg/kg MMF-
calcium salt found that bone marrow MMF exposure at 15 minutes postdose was similar
to that of skin; bone marrow tissue half-life was ~60 minutes. Little unmetabolized MMF
was excreted in urine (<15%), and no MMF was found in feces. Following a single oral
dose of 16.7 mg/kg DMF in beagle dogs, fumaric acid (the sponsor indicated no
substance-related rise in physiological range could be detected) and MMF (Tmax at 2 hr
and ty2 ~85 min), but no DMF, could be detected in plasma from 0.25 to 96 hr postdose.

The sponsor provided two radiolabeled-DMF ADME studies in Long Evans rats (one
dated 1987, the other 2008). The radiolabel was placed on the two central carbon
atoms for both studies. Following a single oral dose of 10.3 mg/kg, systemic
bioavailability was reported as ~120%, radioactivity peaked at ~0.5 hr (1% sampling
interval) and rapidly declined over 2 hr; widespread distribution was observed by 96 hr
postdose. The terminal elimination half-life was approximately 40 hr. The highest
concentrations of radioactivity were observed in liver, kidney, and adrenal gland. The
recovery of radioactivity was greatest in the residual carcass and liver. The majority of
the radioactivity (~80%) had been eliminated within 24 hr, with almost 50% being
eliminated in expired air within 4 hr. Within the 96 hr period, ~98% was recovered,
including: expired air (60-70%), urine (~20%), tissues (~5%), and feces (<5%). In the
more recent study, a single oral dose of 10 mg/kg was administered and the findings
were generally similar. The radioactivity peaked at the first sampling time (0.5 hr), and
the half-lives in blood and plasma were ~110 and ~40 hr, respectively; retention of
radioactivity in the cellular fraction of the blood was observed. Although the tubes
contained sodium fluoride to inhibit esterases, MMF was BLOQ at all but the first
timepoint. Radiolabeled-DMF was readily absorbed and the radioactivity was widely
distributed within 72 hr, with concentrations highest in the kidney, stomach, liver,
pancreas, brain, small intestine, and salivary glands. Tissue concentrations were
maximal at the first sampling time, except for reproductive fat. Selective melanin
binding was not observed. Over the 168-hr study period, ~60% was recovered in
expired air (~30% within the first 2 hr), ~20% was recovered in urine, ~10% was left in
the carcass, and <5% was recovered from feces. Labeled-DMF was extensively
metabolized. In rat plasma, the circulating metabolites included: glucose (~50%),
fumaric acid (~30%), citric acid (35%), and MMF (<1%). Cysteine or N-acetylcysteine
conjugates of monomethyl- and dimethyl- succinate were the major radioactive
components in urine (representing ~10% of the administered dose).
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The sponsor also provided some information on @@ formulations of DMF in
dogs. Oral administration of DMF to dogs was complicated by frequent emesis.
Generally, DMF concentrations were reported to be BLOQ, so PK analysis was based
on MMF. Plasma analyses were conducted by Biogen Idec labs. One study examined
the effects of administering a single 5 mg/kg DMF dose to specific regions of the Gl
tract (i.e., duodenum, jejunum, ileum, or colon). Observed clinical signs included
redness of the ears, neck, and eyes for approximately 2 hr. Generally, the absorption of
MMF was relatively consistent across the intestinal regions, although there was a trend
towards higher exposures (1.3-1.5x) in the duodenum and jejunum. Another study
examined the PK profiles of 6 different formulations, with and without| L
DMF in dogs; an ®® formulation was necessary to reduce Gl side effects.
Finally, the sponsor conducted a study to determine the PK and tolerability of the

®® commercial formulation of BG-12 in dogs; the sponsor's
summary Table 1, below, gives the summary PK data following a single administration.
Interpretation of the data was again limited by emesis observed in dogs; itching and
redness of the skin (e.g., ears, neck; generally lasting ~2 hr) were also observed.

of

Table 1: Individual and Mean (+ standard deviation) BG12 Pharmacokinetic Parameter Estimates
Following a Single Oral Dose to Male Beagle Dogs.

Dose AUC,,, CVF V/F
| (mg/kg) | (br*pg/mL) | (mL/hr) ty; (hr) Coax (Hg) | Tonax (hr) (mL/kg)
5 4.86 1030 0.639 2.79 0.5 947
5 6.53 764 0.601 2.42 25 663
5 6.54 764 0.73 5.81 ] 805
5 5.74 868 0.734 2.85 2.5 921
Average | 592+ 0.798 | 856+124 | 0.676+0.067 | 3.47+1.57 | 1.63+1.03 | 834+129
50 68.0 734 0.690 33.3 1.5 730
50 422 1170 0.590 12.6 1 995
50 43.9 886 2.73 14.4 25 3490
50 32.0 1490 0.805 17.9 1 1730
Average | 465+153 | 1070+334 | 1.20+1.02 | 19.6+9.43 | 1.50£0.707 | 1740 + 1250
75 54.7 1370 1.17 41.1 1 2310
75 46.2 1620 0.753 27600 1 1760
Average | 50.5+6.01 | 1490 £179 | 0.962+0.295 | 34.4+9.56 | 1.00£0.00 | 2040 + 389
100" 73.3 1360 0.990 322 1 1930
100° 118 839 0.680 45.4 35 824
Average | 957+31.6 | 1100 £365 | 0.834+0.217 | 38.8+9.33 | 2.25+1.77 | 13804782

Averages represent mean * standard deviation
"In the 100 mg/kg dose groups, one dog vomited (645 mg) at approximately 45 min
post dose, and the other dog vomited % ©®@ 114 mg) followed by a second episode

®® 9 mg) at approximately 3 hrs post dose.

® @ (b) (4)

Generally, the toxicokinetic analyses for MMF in the pivotal chronic toxicity and
carcinogenicity studies were conducted under GLP by validated methods (usually
protein precipitation extraction, HPLC-MS). One exception to this is the 11-month study
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in dog (not a validated method). A validated method was also used for plasma MMF
levels in the rabbit reproductive (embryofetal) study. In most cases, the calibration
range for MMF was 50- 5000 ng/mL. When measured, methods utilized for the
detection of formic acid and/or methanol in plasma were non-GLP. Even under
circumstances of validated methodology, there appeared to be issues (e.g., repeated
assays, failed runs) with the plasma sample analyses.

6  General Toxicology

6.1 Single-Dose Toxicity

The sponsor conducted GLP acute oral toxicity studies via PO and IP routes in rats and
mice (the IP studies will not be discussed here).

In rats (SD; mostly 3/sex/group), the maximum nonlethal dose was 2150 mg/kg
(minimal lethal dose was 2610 mg/kg and 3160 mg/kg in females and males,
respectively). Mortalities occurred within 24-48 hr (these animals showed reddened
gastric mucosa); surviving animals recovered within 24 hrs after dosing (no pathological
findings). At 1470 mg/kg, reduced food consumption was observed. At 2150 mg/kg,
weight gain was decreased. At 2610 mg/kg (F only), ataxia, muscular hypotonia, and
reduced mobility and respiratory rate were observed. The histopathology observed
included hemorrhagic erosions in the stomach, engorgement of the mucosa in the
forestomach, hemorrhages into the mucosa, and epithelial desquamation with edema at
3160 mg/kg, and minimal congestion of the forestomach at 6810 mg/kg.

In mice (NMRI; 3/sex/group), the LDsq (24 hr/14 d) was 1200 mg/kg in males and 1340
mg/kg in females. Death occurred within 90 min to 24 hr; surviving animals recovered
within 2 days after dosing (without pathological findings). The lowest toxic dose was
681 mg/kg in males and females, based on clinical signs of reduced mobility, ataxia,
dyspnea, muscular hypotonia, and cyanosis. At 1210 (and/or 1000, not clear from
report) mg/kg, tremor and abdominal position were also observed. At 1470 mg/kg,
Straub's phenomenon (seizure-related behavior) was also observed. Partially pale liver,
pale kidneys, fine-grain structured surface of the kidney, thin-walled stomach with
hemorrhagic foci or reddened/ severely reddened gastric mucosa, and bloody intestinal
contents were detected in animals that died. At 1470 mg/kg, minimal congestion in the
stomach was observed histologically.

6.2 Repeat-Dose Toxicity

The sponsor conducted repeated dose toxicity studies in mice, rats, dogs, and
monkeys. The longest duration toxicity studies will be reviewed and/or summarized
here. Shorter duration studies are summarized to support the maximum dose used in
the longer studies (as necessary) and/or to describe findings of importance observed at
doses not tested in the longer duration studies.
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Rodent

Although the sponsor conducted two 3-month studies in rats, one study (19416-005, in
CD rats) was not listed in the toxicology tabulated summary and was not discussed
further by the sponsor. Upon brief review, the primary purpose of this study appeared
to be testing 2 different vehicles (3% cornstarch suspension and 0.8% aqueous HPMC).
It tested DMF oral doses of 50 and 250 mg/kg in male and female Sprague Dawley rats
(10/sex/gp, S/sex/gp recovery), and showed generally similar toxicities as the pivotal 3-
month study. A transient (week 1 only) reduction in food consumption was observed at
250 mg/kg. Decreased body weights were observed at 250 mg/kg in males (up to 13%,
compared to controls), reticulocytes (up to 80%) and leukocytes were increased (HDM),
and creatinine was mildly decreased (6-16%) in males and females; generally, these
changes were not fully recovered after four weeks. Heart (7-15%, M), kidney (~10-
50%), liver (~10-30%), and stomach (20-160%) weights were increased in treated
males and/or females; increased stomach weights did not fully recover. Clear dose-
related toxicity was observed in the nonglandular stomach (hyperplasia, hyperkeratosis,
ulcer, inflammation, and subepithelial granulation) stomach, but glandular stomach
alterations (minimal-moderate glandular ectasia, as well as low incidence ulceration and
erosion) also occurred. The pathologist described nonglandular stomach "epithelial
hypertrophy ... of a papilloma-like structure..." Inflammation was observed in several
organs, and was associated with minimal-mild lymphoid hyperplasia in the spleen,
lymph nodes and GALT of the intestines. In the kidney, minimal fatty infiltration of the
tubular epithelial cells, hydronephrosis, basophilic tubular cells and hyaline tubular casts
were described and discounted as incidental findings.

The pivotal 3-month toxicity study (Study P00012-04-01; EBAW-0154) in Sprague-
Dawley rats with a 4-week recovery period was reviewed by Dr. See (see review dated
10/15/04). DMF oral doses of 0, 50, 100 and 250 mg/kg (an initial high dose group of
500 mg/kg was terminated on D8) in male and female Sprague Dawley rats (10/sex/gp;
5/sex control and 250 mg/kg recovery). No drug-related mortalities were reported (note
that the original HD was terminated early). Salivation was observed. Average mean
body weight reductions of >20% were observed at HD. RBC parameters appeared to
show slight reductions at HD. Stomach (up to ~2x), kidney (up to ~50%) and liver (up to
~30%) weights were increased at MD and HD. Target organs included stomach
(nonglandular and glandular), pancreas, kidney, thymus and lymph nodes. The eye and
skin were potential targets. Clearly dose-related alterations were observed in the
nonglandular stomach (e.g., hyperkeratosis, inflammation, squamous hyperplasia, and
squamous carcinoma) in all treated groups. Notably, squamous cell carcinoma of the
nonglandular stomach was observed in 2 HD animals (1/sex; 6.7%); the pathologist
described these as, "focal areas of squamous cell carcinoma, which infiltrated the
submucosa and was typically associated with a scirrhous response." Additionally, rats
that received 500 mg/kg for 8 days showed necrotizing, ulcerative gastritis of the
nonglandular mucosa, "frequently" with similar findings present in the glandular mucosa
near the junction of the nonglandular and glandular portions. The pathologist described
these findings as, "gastritis consisted of areas of mucosal necrosis with abundant
infiltrates of neutrophils with variable proliferation of reactive fibrovascular tissue within
the submucosa (i.e., granulation tissue). In the pancreas, a dose-related increased
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incidence and/or severity of acinar epithelial cell apoptosis and vacuolization and/or
pancreatic heterophagia was observed in treated groups. In the kidney, dose-related
(all treated groups) minimal-mild tubular basophilia and dilatation was observed in
males, as was mineralization in females and proteinosis in males and females.
Transcript profiling of kidney samples was also performed. Genes upregulated in
association with DMF treatment in both genders of rats included the glutathione-S-
transferase mu 1 Yc subunit, glutathione peroxidase, and NADPH dehydrogenase.
These are consistent with the expected pharmacology of DMF to induce Phase Il
metabolic enzymes. Alterations in expression of genes related to kidney injury and
tubular regeneration were also identified: Kim-1 was upregulated in both males and
females, while clusterin was induced only in male rats. Decreased expression of
cytochrome P450 2C and 2B was observed in males and females; since testosterone
levels affect the expression of clusterin and cytochrome P450 2C, the sponsor believed
that alterations in their expression may reflect changes in testosterone levels. Minimal-
mild thymic atrophy was observed in many rats but was clearly increased in HD
animals. Lymphoid hyperplasia was observed at the HD, and plasmacytosis was
observed in a few HDF. Although of unclear importance, retinal atrophy was observed
in 1 HDM and retinal dysplasia in 1 MDF. An undifferentiated sarcoma was observed in

1 HDM.
Study title: A 6-Month Oral (Gavage) Toxicity Study of Dimethyl Fumarate in
CD®IGS Rats
Study no.:  P00012-04-06, CRO Study EBA00016
Study report location: EDR
Conducting laboratory and location: o

Date of study initiation:  8/16/04
GLP compliance: Yes, pg. 2 (except TK and drug
characterization)
QA statement:  Yes, pgs. 3-4
Drug, lot #, and % purity:  DMF (BG00012), Lot Nos. F1177170 and

Lot No. 1102642 33004998, 99.6% and
100.2% pure respectively (MMF < 0.1%
or 0.02%, respectively)

KEY FINDINGS
= No NOAEL in males or females due to changes in the forestomach and kidney
= Target organs included: stomach, kidney, and liver in males and females
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Methods (see the sponsor's summary table, below)
Frequency of dosing: QD for 26 weeks, then no dosing for a-4 week
recovery period
PO, gavage
Sprague Dawley Crl:CDe(SD)IGSBR rats

(b) (4)

Route of administration:
Species/Strain:

Age:
Weight:
Deviation from study protocol:

Approximately 8 weeks

266-344 g (M); 157-235 g (F)

Dosing was not performed on 2 days due to
inclement weather (12/23/04 and 1/6/05).

No. of Animals Concentration
(Recovery) of Dosing Dosing
[Satellite TK] Dose Level Solution Volume
Group Male Female Test Material | (mg/kg/day) (mg/mL) (mL/kg)
1 15 (5) [8] 15 (5) [8] Vehicle 0 0 10
2 15 (5) [8] 15 (5) [8] BGO0O0O12 25 2.5 10
3 15 (5) [8] 15 (5) [8] BGO0OO12 100 10 10
4 15 (5) [8] 15 (5) [8] BG00012 200 20 10
Note: The vehicle utilized was 0.8% HPMC in RODI water.

Observations and Results

Mortality [2x/day]

There were no drug-related deaths. One MDM died on D91; the sponsor attributed the
death to an interim bleeding for evaluation of clinical pathology parameters. Also, one
recovery HDF was found dead on D197; the sponsor attributed this death to a urinary
tract disorder.

Clinical Signs [daily, detailed exams weekly]

Drug-related clinical signs included salivation (prior to dosing and post-dose), hairloss,
scab(s), tail enlargement, ocular discharge, and red material around the mouth or eyes.
Salivation was the only frequent finding. Salivation prior to dosing was observed at the
HD; struggling was sometimes observed. Dose-related increases in the incidence and
frequency of post-dose salivation were observed in MD and HD animals. Few signs
were still evident during the recovery period. See excerpts from the sponsor's summary
tables for details.

MALES SUMMARY OF SURVIVAL AND CLINICAL OBSERVATIONS (FREQUENCY/ANIMALS)
CROUP: 1 2 3 1
LEVEL: MC/KC/DAY o 25 100 200

DAY O to 183

ACCIDENTAL DEATH 0/ o 0/ 0 1/l 0s 0
EODY

HATRLOSS 15/ 2 237 2 1/ 1 TS &

SCAR(S) 1/ 2 174 2 26/ 8 5¢ 4
(THER

SALIVATION PRIOR TOD DOSING o/ 0 o/ 0 0s 0 13710

STRUGCLED DURING DODSING o/ 0 1/ 1 151 14 1
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POST-DOSE OBS

SALIVATION (L] 0/ 0 63711 137715
RED MATERIAL AROUND MOUTH 0 0 0s 0 141 2/ 1

DAY 184 to 210

BODY
HATRLOSS as 0 o/ 0 s 0 571
SCAR(S) ] 141 5/ 2 2751
FEMALES SUMMARY OF SURVIVAL AND CLINICAL OBSERVATIONS (FREQUENCY/ANIMALS)
GROUP - 1 2 3 1
LEVEL: MC/KG/DAY o 25 100 200
DAY 0 to 183
BODY
HATRLOSS 44/ 6 117+ 8 81/ 5 6/ 2
TAIL ENLARCEMENT 1/ 1 o/ 0 05 0 145 2
EYE(S)
OCULAR DISCHARCE 1/ 1 0/ 0 a2 4/ 2
DARK MATERIAL ARDUND EYE(S) 1/ 1 1/ 1 15/ 4 15/ &
OTHER
SALIVATION PRIOR TD DOSING 0/ 0 0/ 0 os 0 105 5
STRUCCLED DURING DODSING 0/ 0 1/ 1 0s 0 47 4
POST-DOSE OBS
SALIVATION 0/ o 0/ 0 T/ 4 121515
RED MATERIAL AROUND MOUTH 0/ 0 0/ 0 s 0 111
DAY 184 to 210
FOUND DEAD o/ 0 0/ 0 0s o
EYE(S)
OCULAR DISCHARGE 05 0 0/ 0 31 o/ 0
DARK MATERIAL ARDUND EYE(S) 050 o/ 0 541 2/ 1

Body Weights

Reduced average body weights were observed in HDM from D7 on, reaching statistical
significance between D112 and D181 (differences of 6.8% to 9.6%); during the recovery
period, MDM and HDM tended to gain more weight than controls. While HDF showed
reduced average weight gain during the first week (-63%), treated females generally
had average body weights that were within 5% of those of controls. The sponsor
reported that apparent decreases in average body weights observed in LDF and HDF
during the recovery period were artifactual. HDF lost weight (20 g) over days 189-196;
the reason for this substantial change was not clear. See the sponsor's summary
figures for males and females, below.
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Figure 1. Male Group Mean Body Weights
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Figure 2. Female Group Mean Body Weights
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Food Consumption

Despite some statistically significant differences in food consumption among groups, the
sponsor reported that food consumption was generally comparable among all groups.
However, during the first 2 weeks, HD animals consumed less than controls (8 to 7% in
HDM, and 20 to 5% in HDF). MDM and HDM tended to eat slightly more than controls

and LDM during the recovery period.

Ophthalmoscopy

Corneal crystals were observed in the eyes of several animals among all groups,
including controls; the veterinary ophthalmologists (2) indicated that these were
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compatible with the species and age of the animals, and reported no drug-related ocular
findings. A moderate cortical cataract of the lens was observed in 1 HDM. No other
ocular abnormalities were reported.

Hematology

The sponsor reported no toxicologically meaningful drug-related differences in
hematological or coagulation parameters in males or females; however, there were
some clear dose-related differences in RBC and WBC parameters. On D91/92, treated
males showed a 7-8% reduction in RBC parameters (erythrocyte count, hemoglobin,
and hematocrit); generally, these parameters were similar to controls on D182/183 and
D210. Generally, these parameters were within 5% of controls in females. In males,
platelets were increased on D91/92 (19% at HD), D182/183 (25-32% at MD and HD),
and D210 (21% at HD). In HDF, platelets were increased 19% on D91/92 and 30% on
D182/183. Platelet clumps were observed in 1 MDF and 1 HDF. Although variability
was notably large in all groups (including controls), activated PTT time was decreased
up to 27% on D182/183 and 15% on D210 in treated females.

WBC counts showed dose-related increases in treated males and HDF. On D182/183,
increases were observed in leukocytes (1.2-1.6x), lymphocytes (1.2-1.4x), segmented
neutrophils (1.1-2x; 21% at HD on D91), eosinophils (1.6-3.6x), and basophils (HD only,
4x) in males. In HDF, leukocytes (21% on D182/182, 39% on D210), lymphocytes (23%
on D182/183), segmented neutrophils (27% on D182/183, 24% on D210 excluding 1
recHDF at ~3x), eosinophils (2x on D182/183, 4x on D210), and basophils (on
D182/183 and D210) were increased.

Clinical Chemistry

The sponsor reported no toxicologically meaningful treatment-related differences in
clinical chemistry parameters in males or females but noted there were a number of
statistically significant differences in clinical chemistry parameters observed throughout
the course of the study. According to the sponsor, notable changes included very slight
decreases (<5%) in sodium and chloride in MD and HD animals on D91/92 and
D182/183, and small elevations (up to 11%) in potassium levels in HD animals
D182/183.

Other notable changes were observed. Effects on liver enzymes showed a sex-related
difference (this resulted primarily from 3 HDF, the increased values correlating with
findings of minimal focal-multifocal liver necrosis and minimal bile duct hyperplasia). In
HDF, AST was increased 36% on D91/92 (9% in MDF), 29% on D182/183 (although
this primarily due to high values for 2 individuals, #3606 and 3614), and 58% on D210
(although this was due to 1 individual with 3.5x, #3618). For ALT, increases were also
observed (87% on D91/92, 14% on D182/183- due to the same 2 animals, and 2.4x on
D210 due to the same animal). GGT was also increased by 20-30% in HDF at
D182/183 and D210, due to the same animals. On D210, drug-related decreases in
AST and ALT were observed in treated males (24-45% for AST and ~50% for ALT).
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Cholesterol was increased 10-26% in MDF and HDF on D91/92, 27-21% in MDF and
HDF on D182/183, and 8-45% in treated females on D210; cholesterol was increased
1.5-1.7x in MDM and HDM on D182/183. Total bilirubin was increased 9-16% in MDF
and HDF on D91/21, 7% in HDF on D182/183, and 10-24% in treated females on D210;
bilirubin was only increased 6-8% in HDM across all days. Changes that would indicate
renal toxicity were not clearly observed, except in a few individuals. In HDM, BUN was
increased 14% on D182/183 (although this was mostly due to <2x increases in 2
animals, correlating with moderate nephropathy), but BUN was decreased (up to 18%)
in MDF and HDF on all days (except for HDF #3617 on D210, with a 2.5x increase,
correlating with mild nephropathy). Creatinine was decreased 11-17% in MDM and/or
HDM on all days, and decreased 9-18% in MDF and HDF on all days (also decreased in
LDF on D91/92). Increased phosphorus was observed on D91/92 (9-12%) in MD and
HD animals, and on D182/182 (13-35%) in LDF and MD and/or HD animals. Creatine
kinase was decreased (~50%) in MDF, HDF and HDM on D210. In MDM and HDM,
small increases in total protein (~7% on D182/183 and 4% at HD on D210) and globulin
(10-11% on D182/183, 9% at HD on D210) resulting in a slightly reduced A/G ratio (6-
7% on D182/183, 6-10% on D210); very slightly increased total protein and globulin (8-
10%, respectively) were noted in HDF on D210.

Urinalysis

The sponsor reported no toxicologically meaningful treatment-related differences in
urinalysis parameters in males or females. There were only a few clear changes. The
presence of ketones, protein and leukocytes was observed. The incidence of increased
urinary ketones was increased in MD and HD animals (acetest confirmed in MDM and
HDM). Protein in the urine was clearly increased in incidence and severity in treated
males, and slightly increased in MDF and HDF. And, although resolved in most by
D210, small-large numbers of leukocytes were observed in the urine of treated males
and females. Other changes were less obvious. Although the amounts were clearly
variable, total urine volume was increased 1.7x in HDM on D182/183, and 1.4-3x in
MDF and/or HDF across days. The pH was slightly decreased in treated males on
D91/92 and D182/183. Hazy/cloudy urine was observed more frequently in HD animals
on D91/92. One HDF was noted to show red urine on D210. A large amount of
hemolyzed blood was observed on D91/92 in 3 HDF, and a small amount of bilirubin
was observed in the urine of 1 HDF on D182/183. Nitrite was observed in the urine of
treated females on D91/92. A few animals at HD were noted to show urinary RBCs
and/or epithelials, and increased casts and bacteria were noted in treated groups.

Gross Pathology

Gross necropsy observations indicated clear drug-related effects on the kidney,
stomach, and liver. Enlarged kidneys were observed at the end of the dosing period in
both males and females at MD and HD; the finding persisted in MDM and HDM at
recovery. At the end of the dosing period, gross necropsy findings of prominent
epithelials in the stomach were observed primarily in MD and HD animals; this
correlated with increased stomach weights. This finding persisted in HDF at recovery.
Liver showed foci and/or dark red color in MDF and HDF at the end of dosing; this was
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not observed in recovery females. Adrenal, lymph nodes, skin, thymus and urinary
bladder showed a few changes.

MAIN/RECOVERY | MALES FEMALES
N: 15/5 Con LD MD HD Con LD MD HD
KIDNEY
Enlarged - 1/0 7/1 12/1 - - - 1/0
Pitted 1/0 0/1 0/1 - - - 1/0 2/0
Dilated pelvis - 0/2 1/0 1/0 1/0 - - 0/2
Depressed area(s) - - - - - - - 0/2
STOMACH
Prominent - 1/0 15/0 15/0 - - 14/0 15/2
epithelials
Foci 2/0 - 1/0 1/0 - 1/0 3/0 11
Thickened - - - 0/2 - - 0/1 -
LIVER
Foci - - - - - - 4/0 3/0
Dark red - - - - - - - 1/0
ADRENAL
Foci - - - 1/0 - - - 1/0
LYMPH NODES,
ALL
Enlarged - 0/1 - 5/0 - - - 2/0
SKIN
Scabbing - 0/1 1/3 3/1 1/0 - - 0/2
THYMUS
Foci 7/0 6/4 6/2 4/1 11 4/0 6/2 1/0
URINARY
BLADDER
Calculi - -- - - - - - 0/1
Thickened - - - - - - - 0/1

Organ Weights

Drug-related changes in organ weights were observed for kidney, stomach, and liver.
Dose-related increases in relative (to body) kidney weights were observed at the end of
the dosing period (day 182/183) in treated males and females, compared to controls
(1.1x, 1.5x, and 1.8x in males, respectively; 16% and 34% in MDF and HDF); at
recovery, weights remained 1.3x and 1.5x controls in MDM and HDM, and 1.1x and
1.4x in MDF and HDF. At the end of the dosing period, dose-related increases in
relative (to body) stomach weights were observed in treated males and females (1.1x,
1.8x, and 2.4x in males; 1.5x and 2.2x in MDF and HDF). At recovery, increased
relative (to body) stomach weights persisted in treated animals (1.2x, 1.2x, and 1.3x in
males, respectively; 1.2x and 1.3x in MDF and HDF). Dose-related increases in relative
(to body) liver weights were observed on D182/183 in both treated males and females
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(1.1x, 1.3x and 1.4x in males, respectively; 13% and 23% in MDF and HDF); liver
weights were still increased 10-20% in MDF, HDM, and HDF at recovery.

Changes were also suggested for brain, lung, spleen, heart, and epididymides.
Absolute brain weight was reduced (8%) in recHDF. Relative (to body) lung weight was
increased 9% [ss] in HDM,; this increase remained (11%) at recovery in HDM. Relative
(to body) spleen weights were increased 10% in HDM; recovery spleen weights in
males and females were increased 10-20%. At recovery, relative (to body) heart weight
was increased 14% in HDF. At recovery, relative (to body) epididymides weight was
increased 30%.

Histopatholoqy

Adequate Battery Yes (bone marrow smears were taken but not examined)
Peer Review Yes, by Karrie Brenneman, DVM, PhD, DACVP of Biogen Idec

Histological Findings
Clear drug-related histopathological findings were observed in the kidney, stomach, and
liver.

Drug-related findings in the kidneys were often of greater incidence and severity in
treated males. An increased incidence and severity of nephropathy was clearly
observed in males, and suggested in MD and HD females. Additionally, according to
the pathologist, "other renal findings not classically associated with nephropathy,
including cortical tubular changes (diffuse dilation, hyaline droplet accumulation,
nuclear/cellular hypertrophy of epithelial cells, segmental epithelial regeneration) and
hypertrophy of the parietal epithelium of Bowman’s capsule" were observed in a dose-
related fashion in males. In females, hypertrophy, hyaline droplet accumulation, and
segmental regeneration in the tubule epithelium occurred at MD and HD. At recovery,
the pathologist indicated that the "character and severity of test article-related findings in
the kidney were generally similar to those at the main study time point," but noted that
the incidence was decreased in some dose groups. Tubular dilation was also observed
in HDF at recovery. See the sponsor's tables, below.
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Table 3 — Intergroup Comparison of Test Article-Related Kidney Findings

Main Study
Sex: Male Female
Growp: | 1 | 2 3[4 |12 ]34
Kidney #Ex: [ 15 |15 | 14 | 15 |15 15| 15 | 15
Nephropathy
minimal 7 9 5 5 716 7
mild 1 1 8 5 0 0 1 1
" moderate 0|0 1 5 O 0|00
Dilation, tubular |
minimal 4|7 7 6 | 4 3 4 3
| mild 0l 1 5 6 /0] 01010
Hyaline droplet, tubule, epithelium
minimal 0| 4 6 7 01013 3
mild 0 0 1 3 ] 1] 0] 1
Hypertrophy, Bowman’s capsule,
epithelium
minimal 1 7 6 3 (} 0 1 0
mild 0 0 0 7 0 0 0.0
Hypertrophy, tubule, epithelium
minimal 0 2011113 0 1 12 | 15
Regeneration, segmental, tubule,
epithelium |
minimal 1 11| 6 9 0 0 2 1
| mild 0 1 7 6 0 0 00

*Test material and dosage for each groups are defined in Table 1

Table 4 - Intergroup Comparison of Test Article-Related Kidney Findings

Recovery
! Sex: | Male Female
Growp | 1 [ 2 3[4 12|34

Kidney #Ex: | § 5 5 5 5 El 5 4
Nephropathy

minimal 5 5 2 0 1 | 2

mild 010 3 4 0 0 0 1

moderate 0 0 0 1 0 0 0 0
Dilation, tubular

minimal I 2]s[2lolojo]2

mild 0 0 0 3 0 0 010
Hyaline droplet, tubule, epithelium
" minimal 1ol 240 o0fo0o]o0

mild 0 1] 0 0 () 1} 0 1
Hypertrophy, Bowman’s capsule,

epithelium )

minimal 1 3 5 3 0 0 0 0
~ mild 0loloj1]ojo0lo0 0
Hypertrophy, tubule. epithelium

minimal 2 1 5 5 02 5 4
Pliegeneration, segmental, tubule, |

epithelium

minimal 1 3 3 2 0] 0|01
| mild Do 1 [{3]0]0]0]0]

* Test material and dosage for each groups are defined in Table 1
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At the end of the dosing period, most drug-related findings occurred in the nonglandular
portion of the stomach. These included increased incidence and severity of squamous
epithelial hyperplasia and hyperkeratosis (all treated, dose-related), minimal-mild
subacute inflammation (treated, dose-related), squamous cell carcinoma (1 HDM), and
squamous papilloma (1 MDM). In the glandular stomach, minimal-mild subacute
inflammation was observed (treated, roughly dose-related). At recovery, drug-related
findings continued to be observed in the stomach, generally occurring at much lower
incidence and severity than at the end of the dosing period. Nonglandular stomach
changes included minimal hyperkeratosis (MD and/or HD), minimal squamous epithelial
hyperplasia (treated, dose-related), keratinized cysts (HD), and subacute inflammation
(low incidence, roughly dose-related). Subacute inflammation also continued to be
observed in the glandular stomach (low incidence, roughly dose-related). See the
sponsor's summary tables, below.

Table 5 — Intergroup Comparison of Test Article-Related Stomach Findings

Reference ID:

Main Study
Sex: Male Female
Group: | 1 | 2 | 3 [ 4 | 1 [ 21374
| Nonglandular Stomach #Ex: | 15 | 15 | 14 | 15 15151515
Hyperkeratosis T |
minimal |0 8 0 0 019 301
mild o lo 8 6lo|o0 12]7
moderate o 6_ b 9 0 0 01 7
_ﬁv_pcrpﬁlsm sguamous epithelium [
minimal 09 100 |3 8§ 0
mild oo Jtwl1wlo 0o 7 15]
" moderate 003/ stolololo
Inflammation, subacute L i
minimal 0 38/ 8]0[0 8[9
" mild 0 0] 1 ]3]0 210
Squamous cell carcinoma | 0 | 0 | 0 1 O 10 1010
Squamous papilloma, benign 0 011 0 01 0] 00
Glandular Stomach ' o
Inflammation. subacute T
" minimal | 2l o 7 lwflo 364
" mild folol1 1 2]lofol 1|2

T Test material and dosage for each groups are defined in Table |
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Table 6 — Intergroup Comparison of Test Article-Related Stomach Findings

Recovery
Sex: Male |  Female
Growp: | 1 | 2 [ 3 | 4 1 2 13 4
Nonglandular Stomach #Ex: | 5 | 5|5 5555 4
Hyperkeratosis I ]
minimal oo [2]3J0]lo0o[1]0
Hyperplasia, squamous epithelium - e O
" minimal 0 1| 5 4 00 N
|ast keratinized L 000 ’.2 0ol o]0 2
T Test material and dosage for each groups are defined in Table |
T S L SR U L (R
Inflanmation, Subacuté; nenglandular ....... P [8] t:] (81 [g; L:) ((i]] {1] [gJ
MIRRL oo I 0 e 0 0 0 1 0o

At the end of the dosing period, lymphoid hyperplasia of pancreatic or abdominal lymph
nodes was seen in a few HD animals (see the sponsor's summary table, below); the
pathologist indicated that this finding may have been secondary to stomach
inflammation. Plasmacytosis in these lymph nodes was also observed at HD.

Table 9 — Intergroup Comparison of Test Article-Related Lymph Node Findings
Main Study

Sex: | ~ Male 1 Female
Growp: | 1 | 2 | 3 | 4 |1 23 4
#Ec [0 0 [0 [4 70 002

" Lymph node, pancreatic/
abdominal: Hyperplasia, lymphoid

minimal Q 0 O 110 0 0 0

mild B 0ojojof[2]o0o]0]0]2
I—‘Iasmacyiols-i's B —
~minimal ] foJolol1]Jololo]o
| mild ' tojojo[3flo 0072

T Test material and dosage for cach groups are defined in Table 1

Drug-related findings in the liver occurred primarily in females. At MD and HD,
histopathological findings at the end of the dosing period included minimal focal-
multifocal hepatic necrosis and minimal bile duct hyperplasia (also in 1 LDF). At the
end of the recovery period, minimal hepatic necrosis continued to be observed in MD
and HD females (with low incidence). The low incidence of bile duct hyperplasia was
not drug-related. See the sponsor's summary tables, below.
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Table 7 — Intergroup Comparison of Test Article-Related Liver Findings
Main Study

_ Sex: Male _Female
Group™: | 1 2 3 4 1 2 3 4
Liver #Ex: | 15 115 14 | 15| 15 | 15 | 15 | I5
Necrosis, focal/multifocal |
| minimal 0o o1l 1 Tolol4]5s
{ Hy'pt:rplﬂs‘id_,,-l;’l]ﬂ d'l.,ll’-.'rl_. . I |
| minimal fofJolof1tlof1]3]38

" Test material and dosage for each groups are defined in Table 1

Table 8 — Intergroup Comparison of Test Article-Related Liver Findings

Recovery

| Sex: | Male Female

Group™> | 1 | 2 | 3 | 4| 1|2 |3 4
Liver HEx: | 5§ 5 5 5 5 51| 5 4
_NE,L',_msis, foc;l_l.-"multifucal _ ] '
" minimal o ololololol1 |1
Hyperplasia, bile duct : ' .
| minimal 0 Ol ol 0]l 010 1

* Test material and dosage for each groups are defined in Table 1

Changes in a few other organs were observed, generally at lower incidence. In HD
animals, changes were observed in the adrenal gland, mammary gland, testis, and
parathyroid gland at the end of the dosing period. Increased alterations were also
observed in treated animals in spleen at the end of the dosing period. At the end of the
recovery period, these changes were either not noted or not dose-related. In treated
females, lung alterations were observed at low incidence. See excerpts from the
sponsor's summary tables, below, for details.

Eser'va(.'ians: Neo-Plastic and Mon Neo-Plastic —  mommsoseoses MALES - ----------- oos --- FEMALES S S
s0n: E Th i a 25 100 200 0 25 100 200
Removal Reason: Terminal Euthanasia wgikg ag/kg natka g/ kg ng/kg mg/kg mglkg ng/kg
Number of Animals on Study : 15 15 t4 15 15 15 15 15
Humber of Animals Completed: (15) [15) (RN (15) [15] (15) (15) (15}
ADEISE:I;"EIEAMD; ..................................................................... {15) (15) (14} 115 (15} (15} {15} (15)
ey e .
“ation; cy : T {1 (0} (1) {0} [y (o) 1w £
O mgmal or ¥ COTeR I i 0 i 0 i o 0 3
MAMMARY GLAND ; i
[T T - (18] (15} (14} {15) (15} (15) (15) (15)
Within Mormal Limits 14_ 15 13 14 15 15 13 14
Hyperplasia; FOCAL ... uuuiuusarenens s aranesssiaananaausanriosrsassranssssessatesiassnnn (a) {0} (1) (1) {0} (o) (1) {1
MIANIMAL o vwne e s s e s ottt e et ama s e e e e ceeaearereneean a 0 R B o 0 Rl B
TESTIS;
Examined [15) (15} 114} (15} (=) i-) {-) (=)
Within Normal Limits...... fevan 14 14 14 13
Hyperplasia; interstitial . . (1) {0} (0 (2) (=) [0} {-) (-3
T T 1 o a 2
PARATHYRCID GLAND; .
EXaMIABA. .. .. .. (12} (14 (10 (11} (zj (13} (11} 1z}
Within Normal LimitS..............c.n i2 4 10 12 13 11 11
Not Examined: MOT PRESENT 3 1 4 4 3 2 4 3
Hyperplasia ....eeverecoceeroenanenn (o) (o) (0] {0} (a) (0) (0} (1
T - A T T R R L 0 o o 0 a 0 o 1
SPLEEN;
[ D L (15) (15) (14) (15) (14) (15) (15) (15}
Withir Mormal Limits.. ... .. ... ...l . 8 2 1 4 a9 10 7 7
Not Examined: NOT PRESENT ... ..... ... ................ o o o o 1 o o 0
Hematcpoiesis; extramedullary . o (10} (13) (13) (11 (5 (4) (B) (8)
T a 13 13 Ll 5 4 B 8
MOQBFATE ..cic i iiaaratanaassonossasnsasesassnasanasssanessissatstasasosansostasananansoans 1 o o o Q o o o

BEST AVAILABLE COPY
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Observations: Neo-Plastic and Non Neo-Plastic

- MALES ----

Reviewer: Melissa K. Banks-Muckenfuss

------------------ FEMALES -----------

25 100

200 ) 25 100

200

Remaval Feason: Recovery Euthanasis mg/kg ng kg ma/ kg ma kg my/kg ng/ kg g/ kg ng kg
Mumber of Animals on Study : 5 5 5 ] 5 5 5 4
Number of Animals Completed: (5) (5) (8) (5) (5) (5} (s) (4)
LUNG WITH BROWCHI; .
EAILLIIED ¢ +n e oo eoee e e e+ & < 2t e et et e e e et e e e . (5) (5) i5) (5) (5) (5) (4)
Histooytosis .............. f e tm et aeeeiiiiiiiaieaaaateiaieceseseaeaecasatasaassasannannnsn (o) (o) (0} (0} i1 (2] (1)
o 0 o 0 1 2 1

L T 1 - 1 R

Toxicokinetics

DMF showed rapid and dose-independent absorption, as indicated by MMF exposures.
Control group and pre-dose MMF concentrations were BLOQ (i.e., no dosing of the
control group or MMF accumulation was observed). Tnax ranged from 15 to 30 minutes.
The AUC increased with dose in an approximately dose-proportional manner; however,
Cmax did not show a consistent dose-proportionality. Consistent sex differences in

exposure were indicated by AUC values at the end of the dosing period (D181), i.e.,

exposure in females were 1.2-2x those in males. The elimination half-life of MMF was
estimated to be 20-60 minutes. See the sponsor's summary table, below.

Table 3. Toxicokinetic parameter estimates of MMF on Days (0 and 181 after daily oral administration of

BGO00012 to Sprague Dawley rats for 6-month at 25, 100 or 100 mg/kg/day.

Study
Dose group Day Gender tiz Tmax Cax AUC, AUC,s
(mg/kg) (min) | (min) | (pg/mL) | (hr*pg/mL) | (hr*ug/mL)
Day 0 Female 24 15 3.7 2.7 2.9
25 Male 41 15 32 2.6 3.0
Femal
Day 181 emale 48 15 7.0 4.1 4.6
Male 51 15 3.6 2.4 2.7
Femal
Day 0 emale 30 30 16 14 16
100 Male 42 30 10 11 13
Female 50 15 41 24 27
Day 181
Male 40 15 12 10 13
Female 26 15 34 26 28
Day 0
200 Male 49 15 26 22 29
Female 60 15 48 36 46
Day 181
Male 57 15 56 30 17

Dosing Solution Analysis

The stability of BG00012 in 0.8% HPMC was established from 5 to 50 mg/mL when
stored at room temperature for 24 hours at 2 to 8°C for 11 days; the 2.5 mg/mL
concentration was found to be stable for 24 hours at room temperature and for ten days
when stored at 2 to 8°C. Formulations were prepared weekly. The homogeneity results
for week 0 were all within the acceptable range of <5% RSD for Groups 2 and 4.
Formulations for weeks 0, 1, 2, 3, 7, 11, 19, and 23 were within the acceptable limits of
+15% error (except for week 7 Group 3 samples, which were -17.9% of the expected
concentration).
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Non-Rodent

Monkey
To support the doses used in the pivotal chronic toxicity study in monkey, the sponsor

conducted a non-GLP 14-day dose-ranging study (Study P00012-05-07 [EBAQ00174]:
"BG00012: A 14 Day Dose Range Finding Study of Dimethyl Fumarate Suspension
Administered by Nasogastric Intubation to Cynomolgus Monkeys", conducted o

). DMF (Lot No. 1102643) in 0.8 % hydroxypropylmethylcellulose was orally
administered once daily to 16 non-naive female cynomolgus monkeys (4 F/group, 4-11
years old) at 0, 5, and 25 for 14 days and at 75 mg/kg for 8 days, followed by a 1-day
washout period, 100 mg/kg on the 10" day, and 125 mg/kg from D11 until D15. Only in-
life examinations were performed. DMF was generally well-tolerated at 0, 5, and 25
mg/kg for 14 days, and at 75 mg/kg for 8 days; a minimal average body weight loss was
observed at 75 mg/kg (<1%), and low food consumption and/or emesis were
sporadically observed. Beginning on D10 at HD, drug-related reductions in body weight
(<5% BW loss), episodes of low food consumption and/or emesis (1 to 3 of 4), and
emaciation (2 of 4) were observed. On D14, the HD animals showed minimally
decreased serum albumin concentrations. Monomethylfumarate (MMF) exposures
were confirmed for 2 hours at LD, for 2 to 6 hours at MD, and for 6 hours at HD; AUC
and Cmax exposures were dose-dependent and approximately dose-proportional. There
was no apparent accumulation of MMF in the systemic circulation for any DMF-treated
group during the dosing period. T12was in the range of 0.6 to 1.6 hours. The systemic
levels of methanol (MtOH) and FA were low, within two-fold of levels in the control
group. The sponsor considered the MTD to be at or near 75 mg/kg/day based on the
body weight and food consumption effects; however, it is unclear whether an MTD was
approximated.

To support registration, the sponsor conducted a 12-month chronic toxicity study in
monkeys (Study P00012-05-08 [EBA00176], entitled "BG00012: A 1 Year Chronic
Toxicity Study of Dimethyl Fumarate Suspension Administered by Nasogastric
Intubation to Cynomolgus Monkeys"; see review by Dr. Peters, dated 10/1/07).
Cynomolgus monkeys (Macaca mulatta; N=4/sex/gp main, 2/sex Con and HD satellite
TK) were administered 0, 5, 25, or 75 mg/kg/day b.i.d. DMF (lot 1102643 33004999) in
0.8% hydroxypropylmethylcellulose by oral gavage via nasogastric tube. The male
monkeys were noted (at histologic exam) to be sexually immature. Histologic peer
review was performed by Dr. Brenneman of Biogen Idec, Inc.

No drug-related deaths were reported. Decreased food consumption and body weight
gain were noted early (week one) in the study for HD males and females but normalized
for the remainder of the study. At MD and HD, decreased BUN and creatinine (females)
were observed in most animals, with concurrent decreases in phosphorus levels in
some HD animals. Mean kidney weight was increased in HDF (and in HDM after
recovery). Changes were observed in the kidneys at MD and HD. Grossly, kidneys
were described as enlarged and "pale" (4/4 males, 2/4 females); "watery" was also used
as a descriptor in 2 HDF. The renal lesions, including interstitial fibrosis with tubular
atrophy and/or regeneration in the HDM, were not consistent with the serum chemistry
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findings. Tubular regeneration and/or single cell necrosis of the epithelial cells were
reported at MD and HD (see table from review below), with increased incidence and
severity at HD. According to the pathology report, the observed tubular regeneration
"affected entire tubular profiles in some cases, but only segments in others, and
consisted of scattered individual or clumps of cortical tubules in which tubular epithelial
cells had one or more of the following changes: increased or decreased size,
cytoplasmic basophilia, cytoplasmic vacuolation, increased or decreased size of the
nucleus, irregular shape of nucleus, mitotic figures. The nuclei within affected tubules
were often irregularly distributed, being sometimes clumped together and sometimes
sparse. The lumen of some affected tubules appeared large while others were small
due to decreased or increased size of affected epithelial cells." The observed single cell
necrosis consisted of "individual tubular epithelial cells in the cortex that were
eosinophilic, shrunken, and had pyknotic or karyorrhexic nuclei. Some affected cells
remained adjacent to the tubular basement membrane, while others had become
detached and were in the tubular lumen. The necrotic cells were in some cases widely
scattered in the renal cortex, although there were occasionally more than one affected
cell in a single tubular profile." The report also indicated that both single cell necrosis of
tubular epithelium and regeneration of tubular epithelium were sometimes concentrated
in the medullary rays. Focal or multifocal cortical scars (described as "small cortical
scars characterized by small areas of a few tubules that were severely atrophic and had
peritubular interstitial fibrosis with a clear loss of tissue, also with sclerotic adjacent
glomeruli in some") were observed in two MDF and one HDM; according to Dr. Peters,
these are found not infrequently in control kidneys in monkey studies. Also, a slight
increase in the severity score (mild) for multifocal mononuclear cell infiltrates in the
cortical interstitium of 2 of 4 HDF was observed.

Incidence of Treatmenit-Related Renal Histologic Iesions at Terminal Necropsv

Males Females
Dose/ Lesion 0 5 25 75 0 S 25 75
Kidney- Tubular
NECrosis =4 =4 |N=4 |N=4 =4 =4 |N=5 |N=4
Minimal 0 0 1 3 0 0 2 0
Mild 0 0 0 0 0 0 0 4
Tubular regeneration
Minimal 0 0 0 1 0 0 2 1
Mild 0 0 0 1 0 0 0
Moderate 0 0 0 1 0 0 0 3

After 4 weeks recovery, the incidence and severity of the renal lesions were decreased,
although not completely recovered, at MD and HD (see table from review, below). Mild
to moderate tubular atrophy was observed in some recovery animals. According to Dr.
Peters, it is unclear whether these findings indicated "repair or simply discontinuation of
the insult." The two recovery HDM showed mild to moderate, multifocal to diffuse,
interstitial fibrosis with tubular atrophy (one of which also showed increased BUN
[~39%] and creatinine at weeks 38, 52 and 56); this is a sign of irreversible loss of
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tissue and function. Minimal to mild fibrosis of Bowman’s capsule and mild multifocal
mononuclear infiltrates were reported as secondary changes associated with the
interstitial fibrosis.

Incidence of Treatment-Related Renal Histologic Lesions at Recovery Necropsy

Males Females
Dose/ Lesion 0 5 25 75 0 5 25 75
Kidney- Tubular
necrosis N=2 |N=21 |N=2 |N=1 N=1 N=2 |N=1 |N=2
Minimal 0 0 0 1 0 0 1 0
Tubular regeneration
Minimal 0 0 0 0 0 0 1
Mild 0 0 0 2 0 0 0
Interstitial fibrosis
Mild 0 0 0 1 0 0 0 0
Moderate 0 0 0 1 0 0 0 0

The following TK data were provided (see tables from review and the sponsor, below)
for MMF, methanol, and formic acid. Dose-proportional increases in MMF C,.x were
observed, but MMF AUC..41r increased greater than dose-proportionally between MD
and HD. The terminal half-life was also prolonged at MD and HD. However,
accumulation was not observed. There were no statistically significant drug-related
changes in plasma methanol or formic acid. Plasma methanol exposures were
increased ~40% in MDM, HDF, and HDM at 26 weeks, and were again increased at HD
in week 52. Formic acid plasma exposures were similar among all groups, except for a
~30% decrease in HD animals at week 52.
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Table 2. Toxicokinetic parameter estimates of MMF on Day 1, Weeks 4, 26 and 52 after once daily
nasogastric intubation of BGO0012 to cynos at 5 mg/kg (Table 2A), 25 mg/kg (Table 2B) and 75 mg/kg
(Table 2C). (N=6 per gender in cach dose group)

Table 2A
Stud Cmax AUC 240 Tinax Vz/F CLIF T
Dose Dayl' Gendf’i (ug/ml) | (ng*hr/mb) | (hr) (Ukg) | (Uhrikg) | (hr)
Mean| 1.65 2.83 0.5 4.48 2.58 147
Female | SD 0.95 1.38 0 2.50 0.60 | 051
Day 1 |— CV%| 579 48.9 0 55.8 23.1 435
Mean| 203 282 | o052 | - | - -
Male | SD 047 | 059 | 0.04 - - =
CV%| 231 20.8 79 - I
Mean| 1.83 223 037 | 1985 | 232 0.58
Female | SD 0.33 025 | 041 0.37 0.24 0.08
Week CV%|  18.1 11.3 27.3 18.7 10,5 13.6
4 Mean|  1.88 1.99 0.33 1.74 2.70 0.46
Male | sD 0.35 0.44 0.15 0.63 0.77 0.19
5 CV%| 188 223 | 455 | 365 | 287 41.5
mglkg Mean|  2.46 251 | 033 | 165 2.09 0.53
Female | SD 0.85 04 0.13 0.83 0.34 017
Week CV%| 345 159 38.7 50.2 16.1 33.0
26 Mean| 1.99 2.05 0.36 1.93 2.68 0.52
Male | SD 0.44 0.56 0.13 0.59 0.86 0.16
B CV%| 222 27.4 348 | 308 | 320 30.1
Mean| 2.06 273 | 03 | 198 1.88 0.73
Female | SD 0.39 0.34 0.09 0.41 0.25 0.13
Week CV%| 181 12.5 28.5 20.8 134 | 180
52 Mean|  2.03 2.32 0.35 1.95 229 | 080
Male | SD 0.99 0.53 0.14 0.66 052 | 020
L 1 lcvwl 488 22.9 39.1 33.8 22.7 33,2
Table 2B
Study Cmn AUCg.zqm Tmax VzIF CL/IF Tq;z
Dose| pyqy | Gender (ng/mL) | (pg*he/ml) | (br) | (Lkg) |(Uhekg)|  (hr)
Mean| 7.03 11.6 0.5 2.91 2.50 0.84
Female [ SD [ 1.83 3.21 0 0.63 0.94 0.14
Day 4| CV%| 261 27.7 0 21.8 37.7 16.4
Mean| 9.89 14.43 0.5 2.37 1.88 | 092 |
Male | sD 1.76 324 0 | o082 0.50 0.41
CV%| 17.8 224 0 34.8 265 44.5
Mean| 9.71 12.9 0.54 1.71 2.03 0.58
Female | sSD 2.66 3.02 0.19 0.74 045 | 018 |
Week CV%| 274 | 234 | 347 | 431 22.2 316
4 Mean| 10.98 12.74 0.52 1.44 2.51 042 |
Male | sD 3.41 451 0.26 0.83 1.81 0.10
25 | levw| 3 354 49.2 575 | 722 237
mg/kg Mean| 11.62 15.26 0.51 1.55 1.72 0.62
Female | SD 3.1 2.56 0.14 0.78 0.30 0.30
Week CVo%| 287 16.8 28.1 4g.1 17.2 47.6
26 Mean| 10.92 14.57 0.54 1.95 201 0.80
Male | SD | 3.85 4.93 0.1 1.11 0.92 0.71
B CV%| 325 33.8 18.8 56.7 45.9 88.1
Mean| 11.79 15.58 0.58 2.14 1.69 0.88
Female | SD 4.85 2.22 0.26 0.97 0.26 0.39 |
Week CV%| 411 14.2 44.3 455 15.1 443
52 Mean| 8.82 12.21 0.43 2.68 217 0.89
Male | SD 2.39 2.31 _0.19 080 | 040 | 0.38 |
L1 lovw| 274 18.9 454 298 18.3 42.4
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Table 2C
Study Conax AUC 240 Tonax VziF CUF Tuz
Dose| | Gender (ngimL) | (ug*hrfml) | (ho) | (Ukg) |(Liheikg) | (hr)
Mean| 27.78 39.46 067 | 196 | 196 0.74
Female | SD 12.35 19.15 026 | 060 0.66 028 |
Day 1 CV% 44.5 48.5 38.7 30.7 334 7.8
Mean|  30.33 40.71 0.53 2.33 2.14 0.73
Male | SD 10.57 10.76 0.06 1.21 0.74 0.31
CVih| 348 26.4 1.7 521 34.5 423
Mean|  26.97 50.39 0.62 | 1.37 1.56 0.87
Female | SD 8.12 815 | 014 0.62 020 | 040 |
Week CV%| 304 | 16.2 219 331 | 129 | 462
4 [Mean|  31.95 58.41 0.86 1.71 1.32 0.90
Male® | SD 6.90 7 0.13 0.38 0.14 | 021 |
| ~jovw| 20 12 15.2 22.2 11.0 23.3
mglkg Mean| 3522 | 5321 | 0.69 1.81 1.48 0.84
Female | SD | 146 | 926 0.27 0.64 0.26 0.24
Week CV%| 414 17.4 395 | 32 | 176 28.0
26 Mean| 29 | 49.63 0.79 1.88 1.61 0.81
Male | 8D 9.14 12.09 0.19 0.50 0.37 0.11
CVe%h| 315 244 23.8 26.3 228 13.5
Mean|  31.47 43.63 054 | 253 1.87 0.91
Female | SD 12.3 M4 | 019 1.14 0.47 023 |
Week Cve%| 391 26.2 34.7 449 251 | 255 |
52 Mean|  23.92 47.42 1 2.60 1.73 1.04
Male | SD 6.8 11.27 052 | 091 0.50 0.15
_leves| 284 238 52.4 35.1 28.9 14,1
F WA
Mean Plasma MMF Concentrations on Weeks 13 and 39
Plasma | Time | Dose
MMF point | (mgkg) | 5 25 75
(pg/mL) | (hr) 0 mgkg mg'kg mg'kg
F M F M F M
Week 0 0 0 0 ] 0 0.02 0.03
13 (0.04) |(0.08)
1 0 0.94 0.76 5.29 4.97 20.33 21.88(4.7)
022) |17 (s |@a.26) | (B.27)
39 0 0 0 0 ] 0 0.01 0
(0.03)
1 0 0.98 0.82 5.94 5.33 16.61 23.17
0.23) |©.22) (96 |37 |@22) |6.72)
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Table 3. Thc.AUCO,Nh of methanol on Weeks 26 and 52 after once daily administration of BGO0012 at 0
(Control, Table 3A), 5 mg/kg (Table 3B), 25 mg/kg (Table 3C), and 75 mg/kg (Table 3D). (N=6 per
gender in each dose group)

Reference ID: 3251055

Table 3A
BG-12 Dose| Study Day| Gend AUC, 74 (ug*hr/mlL)
Mean | 19861
Female| SD | 1273
Week 26 CV% 64
Mean 206.27 |
Male SD 2284
Control CV% 11.1
Mean 341.81
Female | SD 136.11
Week 52 CV% 398
Mean 337.64
Male SD 115.6
CV% 34.2
Table 3B
BG-12 Dose | Study Day | Gend _AUC.z4 {pg*hrimL)
Mean 237.54
Female sD 37.08
Week 26 CV2% 16
Mean 206.29
Male SD 29.94
CV% 14.5
5 maglk —_— I
oka Mean 313.72
Female | SD 83
Week 52 CV% 265 -
Mean 3242
Male® | sD 101.88
CV% 326
Table 3C
BG-12 Dose | Study Day | Gender AUC,.4n (pg*hr/mL)
| Mean 232.69
Female | SD 6434
CV% 276 ]
Week 26 Mean 2842
Male SD 88.3
CV% 311 ]
2o malke | Mean | 310.32
Female | SD 90.52
CV% 29.2
Week 52 Mean 319.88
Male SD 7547
CV% 236
Table 3D
BG-12 Dose | Study Day| Gender | AUCq . (ng*hrfml) —|
Mean 283.54
Female | SD 37.93
CV% 13.4
Week 26 1~ “Mean 296.47
Male SD 84.6
CV% 28.5
75 mglkg Mean 349.05
Female | SD 515 o
CV% 14.8
Week 52 Mean 383.39
Male | SD | 88.03 ]
CV% 23 ]
" N=5
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Table 4. The AUCy a4, of formic acid on Weeks 26 and 52 after once daily administration of BGOOO12 at
0 (Control, Table 4A), 5 mg/kg (Table 4B), 25 mg/kg (Table 4C), and 75 mg/kg (Table 4D).

Table 4A.
BG-12 Dose| Study Day | Gender AUC, 20n (ng*hr/mL) |
| Mean 66.42
Female | SD 17.6
CV% 26.5
Week 26 Mean 73.33
Male sD | 22.27 ]
CV% 304
Contrel Mean 62.6
Female | SD 17.58 |
CV% 28.1
52
Week _Mean 58,39
Male sD - 13.38
- CV% 22.9
Table 4B
BG-12 Dose| Study Day | Gender N AUCz4n, (pg*hrimL)
Mean 5531
Female | 5D 12.82
V% 232
Week 26 Mean 5 B
Male sD 13.17
CV% 23.9
Smglkg = Mean 55.19
Female sD 4.72
CV% 8.5
Week 52 Mean 5758
Male® 5D 24.84
CV% 43.1
Table 4C
BG-12 Dose| Study Day | Gender | AUCq.291 (ng*hrimL)
Mean 60.13
Female | sD 15
CV% 24.9
Week 26 Mean 56.41
Male sD 6.58
CV% 11.3 ]
25 mgfkg 1 Moan 2064
Female | SD 13.46
CV% 277 |
Week 52 Mean 57.3
Male SD 898 |
. CV% 15.7
Table 4D
[BG-12 Dose| Study Day | Gender AUCs24n (ng*hrfml)
Mean 44.93
Female | SD 417
CV% 9.3 |
Week 26 Mean 51.6
Male sD 4.8
CV% 9.3
5 mgkg Mean 43.84
Female | SD 9.13
CV% 208
eek oz Mean X
Male sD | 13.91
CV% 239
" N=5

The NOEL for the study was 5 mg/kg/day, and the NOAEL was 25 mg/kg/day.
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Dog
Subchronic toxicity in dogs was assessed in a 3-week dose-escalation toxicity study

(Study P00012-05-04; EBA00132) and a 4-week (with 14-day recovery) oral gavage
study (Study P00012-04-05; EBA00014). Chronic toxicity was assessed in a 11-month
toxicity study of BG-12 using oral capsules (Study P0O0012-05-05).

In the 3-week dose-escalation study, oral doses (25-100 mg/kg, QD for one day, and
75-125 [37.5-62.5 mg/kg given twice], BID for 1-7 days) were administered by capsule
once daily from D1 to D4 (followed by a three-day recovery period) and twice daily
(approximately four hours apart) from D8 to D18 in male and female dogs (2/sex).
Dose-related emesis (= 50 mg/kg), inappetance (food and Science Diet™), and reduced
body weights were observed. All animals were "euthanized moribund”; average body
weight losses of 12% in males and 19% in females were observed at sacriﬂce.
Macroscopic findings were observed (see sponsor's summary Text Table 7, below).
The sponsor defined doses = 50 mg/kg as exceeding an MTD.

Text Table 7
Presence of Necropsy Findings

Presence of Finding
Necropsy Finding D347M D348M D349F D350F
Abnormal stomach content; one
(B)@ present
Abnormal jejunum content; two
B @) present
Abnormal colon content; yellow
mucoid material mixed with fecal +
materal
Discoloration of duodenum (entire

3=

-

length), reddened mucosal surface N N
Dehydration of carcass +
Small thymus + +
Abnormal gall bladder content +
Gall bladder foci +

In the 4-week oral gavage study, doses of 0, 50, 100, and 250 mg/kg were administered
once daily to male and female beagle dogs (4/sex/gp main; 3/sex/gp recovery). (A high-
dose Fumaderm comparator dose of 180/60 mg/kg was used but will not be discussed
here). One animal, a MDF, was found dead on D29, the death was attributed to
"confounding nutritional factors secondary to persistent postdose emesis related to test
article administration." Dose-related persistent emesis and "related" clinical
observations (e.g., thin, vomitus, loose skin, skin discolored, salivation, and decreased
activity) occurred, the severity increasing with dose. Due to the severity of the clinical
signs, the HD main study animals were sacrificed early (D13-15); the recHD animals
were sacrificed on D29, following a 14-day recovery period. Dose-related body weight
losses (5-18% in treated animals at week 1 and >20% in MD animals on D28) and
decreases in food consumption were observed; veterinary treatments (e.g., soft feed
and electrolytes) were provided. (Body weights increased during recovery.) MD and
HD animals were allowed dosing holidays on D11-12 and D17-19 (in males) or D10-11
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and D16-18 (in females). Decreased heart rate was observed, with concomitant
increases in RR, PR, and QT intervals. QTc prolongation reached a maximum of ~10%
(compared to controls; 20 and 18 ms in LDM and MDM) in treated males in week 1, and
remained for >1 week. Several pulse rate, blood pressure, hematological, and clinical
chemistry alterations were observed in the treated groups; the sponsor indicated that
these changes might have resulted from poor nutritional status. Macroscopic findings
were observed in the stomach (red foci, corresponding to mucosal hemorrhage in
some) and thymus (small, corresponding to lymphoid atrophy). Decreased thymus and
spleen weights, as well as increased adrenal weights, were observed at the MD and
HD. In HD animals, stomach erosion, mononuclear cells and hemorrhage, thymic
lymphoid atrophy (also MDM), and bone marrow hypocellularity (also MDM) were
observed. Vacuolation in the tubular epithelium of the kidney ("characterized by round,
clear cytoplasmic vacuoles in the tubules of the medullary rays in the deep cortex"; 3/4
HDM and 4/4 HDF at interim sacrifice, and greater severity in treated groups) was
observed; the sponsor (not the pathologist) considered this finding incidental because: it
was seen in several control animals, it was common in recovery females, and there was
little dose proportionality. The findings did not fully recover. No NOEL could be
defined. The histopathology NOAEL was 50 mg/kg.
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Table 3 — Incidence of Selected Histopathology Findings

_ Interim Sacrifice
Organ and Finding Males Females
Group* | 1 2 3 4 5 1 2 3 5
Mo Exarmaned 4 | 4
Thymus i
| Lymphoid atrophy P 4 4 1 |
Bone marrow, stermum i
Hypocellular 3 L 2 1
Bone marrow, fermur
Hypocellular 3 2
Kidneys
Vacuolation 31 4
Stomach
Hemorrhape 43 ] . 1
Mononuclear cells i I e T 4
Erosion R #q 3 | ou k“, o 0
Main Study Sacrifice
Organ and Finding Males Females ]
Growp™ | 1 | 2 [ 3 [ 4 | 5 ] 1 T 3145
Ho. Examined | 4 4 4 3 4 4 4 3 3 4
Thymus |
Lymphoid atrophy 0 0 4 3 2 0 1 2 0 2
Bone marrow, stermum
Hypocellular 0 0 3 0 1 o 0 1 0 1
Bone marrow, femur
Hypocellular 0 0 1 0 1 (] 0 1 10 2
Kidneys
WVacuolation 1 2 4 2 3 3 4 3 3 4
Stomach
Hemorrhage 2 0 0 1 0 2 0 [} V] o
Mononuclear cells 4 0 0 1 3 1] 1 1 3 1
Recovery Sacrifice
Organ and Finding Males Females .
Group* | 1 2 3 4 5 1 2 3 4 5
MNo. Exammed 3 3 L 3 E] 3 a
Thyrus il
Lymphoid atrophy 0 U 0 ol 0 2 0 |
Bone marrow, stermum
Hypocellular 0 0 1 2 0 a0 1 L
Bone marrow, formur
Hypocellular 0 0 1 2 0 0 1 0
Kidneys
Vacuolation 1} 0 1 1 k) E) 2 3
Stomach
Hemorrhage ] o 0 0 0 1 0 0
Mononuclear cells 3 0 1 L) 0 0 0 L1

* Group 1 = vehicle control

Group 2-4 = 50, 100, and 250 mg/kg BGO012, respectively

Group 5 = 1 B0 mg/kg Fumaderm

Study title: An 11-Month Toxicity Study of BG00012 Administered by the Oral
(Capsule) Route to Dogs with a 1-Month Recovery Period

Study no.:
Study report location:
Conducting laboratory and location:

Date of study initiation:

GLP compliance:
QA statement:
Drug, lot #, and % purity:

Reference ID: 3251055

P00012-05-05, EBAO0066
EDR,

(b) (4)

10/4/05

Yes, pg. 9 except Test article and TK
Yes, pg. 10-12

BG12 O® Lot 25700, 118
mg/capsule
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Methods (see design table from the sponsor's submission, below)
Frequency of dosing: BID, 4 hr apart

Route of administration:

Formulation/Vehicle: Torpac "Lock Ring" Size 13 capsules (porcine

Species/Strain:

Number/Sex/Group:

Significant Protocol
Amendments and Deviations

Age:
Weight:

PO, tablets

gelatin, methyl paraben, propyl paraben & S[?.,ﬁ}

Beagle dog, o

4/sex/gp main, 2/sex/gp recovery

(not provided)

M: 7759-9852 g; F: 6454-8203 g

There were a number of amendments and
identified deviations, including:

HD dogs received supplemental feeding (1 can
Science Diet per day) starting day 15, to
overcome inappetance.

A number of HD animals underwent dosing
holidays (based on a 20% body weight loss);
animals were not dosed until they regained to
within 10% of their day 1 weight.

The dosing period was shortened from 12 to 11
months (with other measures adjusted
accordingly).

A number of dogs, esp. HD, received veterinary
treatments for a few conditions (e.g., interdigital
cyst or mass, conjunctivitis, nailbed infection).

No. of Main Study Dos
o . ose
Group (Recovery) Animals Level Necropsy Day
No. Males Females Test Materal (mg/kg) (Recovery)
BG12 placebo 75/50°
1 4(2) 4(2) ® @ (0 mg/kg test | 332/333 (365)
article)
2 4(2) 4(2) BG12 ®) @) 5 332/333 (365)
3 4(2) 4(2) BG12 25 332/333 (365)
< 4(2) 4(2) BG12 75/50° 332/333 (365)
*Beginning on Day 7. due to adverse signs noted in Group 4 animals, the dose level for
Groups 1 and 4 was decreased to 50 mg/kg.

Reference ID: 3251055

53




NDA # 204063 Reviewer: Melissa K. Banks-Muckenfuss
Dosing Holiday
Group Animal Days of Dosing Day Dosing was
No. No./Gender Holiday Resumed

4 D458/M Days 26-28 Day 29

4 D462/M Days 32-34 Day 35

4 D458/M Days 35-62 Day 63

4 D459/M Days 38-48 Day 49

4 D460/M Days 38-55 Day 56

4 D462/M Days 38-48 Day 49

4 D480/F, D486/F, D493/F Days 38-41 Day 42

4 D458/M, D460/M Days 77-90 Day 91

4 D486/F? Days 82-91 Day 92

4 D458/M Days 98-118 Day 119

4 D458/M Days 126-139 Day 140

4 D458/M Days 147-167 Day 168

4 D458/M Days 175-181 Day 182

4 D458/M Days 189-202 Day 203

4 D458/M Days 210-216 Day 217
Note: Prior to Study Day 35, animals were placed on dosing holidays upon the
veterinarian’s recommendation based on the animal’s food consumption and clinical
signs. In order to provide more objective criteria for placing animals on dosing
holidays, effective Study Day 35, any animal with a 30% body welght loss was
placed on a dosing holiday until the animal achieved a body weight within 10% of
its Day 1 body weight. Group 4 females #D480, #D486, and #D493 received the
first dose of the day on Study Day 38 before being placed on dosing holiday.
“Group 4 female #1486 was placed on a dosing holiday since the animal was
treated with antibiotics due to an infection.

Observations and Results

Mortality [2x/day]
There were no drug-related deaths.

Clinical Signs [daily, 30-120 min postdose: detailed exams 1x/week]

Drug-related clinical signs included: soft stools (HD), mucoid stools (MD and HD),
no/few feces (HDM), mucoid material in the tray (MD and HD), emesis (mostly HD), thin
appearance and/or dehydration (HD), and ocular discharge (HD). Soft stools, mucoid
stools, and no/few feces were observed throughout the dosing phase of the study but
were rarely observed during the recovery phase. Mucoid material in the tray also
occurred at the MD and HD. Post-dose diarrhea was occasionally observed at the HD.
According to the sponsor, emesis occurred primarily during the first 60 days of the
study, with the greatest frequency observed during the first 30 days. Science diet food
was offered to all HD animals throughout the dosing period; it was seldom given during
the recovery period. Ocular discharge was observed sporadically in 2 HDM and 3 HDF
during the dosing phase. Scabs occurred with greater frequency in the treated animals.
Raised and/or reddened area(s) occurred with greater frequency in MDF and HDF.
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Body Weights [weekly]

Clear drug-related decreased average body weights and average body weight gains
were observed in HD animals during the dosing phase. HDM lost 24% of their initial
body weight from D7 to D35 but regained some body weight starting D42. Dosing
holidays were given to a number of HDM due to weight decrements. HDF lost up to
17% of their initial body weight from D7 to D14 but regained some body weight starting
D70. Average body weight gains were variable in HD animals throughout the dosing
period. At the end of the dosing period, average body weight reductions in HDM, MDM,
and LDM were 19.4%, 7.5% and 8.2%, respectively, compared to controls. Average
body weight reductions in HDF, MDF, and LDF were 8.3%, 10.1%, and 2.4%,
respectively, compared to controls. See the sponsor's figures, below.

HD animals continued to gain weight during the recovery period. The average body
weights of the HDM, MDM, and LDM were 8.9% less, similar to, and 7.1% less than
controls, respectively, at the end of the recovery period. Average body weights of HDF,
MDF, and LDF were +5%, -1.4%, and +7.5% of controls, respectively, at the end of the
recovery period.

Male Group Mean Body Weights (g)

12000
A
10860 M‘W v

10290
4720
4150
8580 -
8010

L N X
6870 x\ 7{

{BDD T T T T T T T T T T T 1 1 17T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
-1 14 28 42 56 70 84 98 112 126 140 157 168 182 196 210 224 238 252 266 280 204 308 322 336 350 364
Study Day
—— Group 1 (0 mg/kg/day) —a— Group 2 (5 mg/kg/day)
—k— Group 3 (25 mg/kg/day) —s— Group 4 (75/50 mg/kg/day)
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Female Group Mean Body Weights (g)

10000
9630
9260
8890
8520
8150 4
1780
7410

v
6670 }C\x_
GSDU'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I
-1 14 28 42 56 70 B4 98 112 126 140 154 168 182 196 210 224 238 252 266 280 294 308 322 336 350 364
Study Day
—4—Croup 1 (0 mg/kg/day) ——CGroup 2 (5 mg/kg/day)
—— Group 3 (25 mg/kg/day) —— Group 4 (75/50 mg/kg/day)

Food Consumption [daily]

Drug-related inappetance was observed in HD animals beginning the first week,
resulting in substantially lower food consumption, early average body weight losses,
and later reductions in body weight gains. Decreased food consumption persisted until
the end of the dosing phase in HD animals; due to this effect, dietary supplements were
offered to HD animals (and to some MD animals). Beginning on D8, Nutrical was
offered to animals when dry food consumption intakes were < 150 grams. Beginning on
D15, all HD animals were offered one can of Science Diet® per day; qualitative
documentation of intake was provided in the clinical signs but is not reflected in the food
consumption calculations. Food consumption was similar to control for MD and LD
animals. On D338, all Nutrical and Science Diet® supplements were discontinued.
During the recovery period, food consumption showed a roughly dose-related increase
in treated animals.

Ophthalmoscopy [pre-dosing, end of treatment, end of recovery]

The sponsor reported no drug-related ophthalmic findings in the study. No ocular
abnormalities were observed pretest. A slight corneal scar on the left eye of 1 HDM
was observed at the end of the dosing period. No significant ocular lesions were found
at recovery.

ECG [2x pre-dosing, month 3, 6, and 9, end of dosing, end of recovery]

The sponsor reported no drug-related effects on ECG parameters or blood pressure.
All dogs maintained normal sinus rhythms throughout the study. A few deviations were
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noted during the study (e.g., atrial premature depolarization in a LDM on a single day
and left axis deviation across groups sporadically). No statistically significant
abnormalities were detected in heart rate or interval duration, with one exception. On
D178, the heart rate in HDF was increased compared to control females (mean
increase of 19 bpm, 27%), resulting in a reduced RR interval. Although these changes
were statistically significant, they were not considered toxicologically relevant due to the
relatively small magnitude of the difference and the isolated instances. Recovery traces
were reported as within normal limits.

Although blood pressure was assessed, the pretest data were extremely variable
(differing from controls by up to 23% in males and up to 55% in females). On D178,
diastolic pressures appeared decreased in MDM and HDM (39% and 47%, respectively,
less than controls). On D361 during recovery, decreased systolic pressure was
detected in HD (32%, compared to controls).

Hematoloqy [pre-dosing, days 31, 88, 179, 270, and 332/333 or 365]

The sponsor reported no "remarkable" drug-related findings, although there were
several statistically significant changes (see the sponsor's summary table, below). The
sponsor did not consider any of the noted differences toxicologically meaningful
because: the differences were small in magnitude, the statistically significant values
were within the "normalized" range of historical control values for each parameter,
and/or there were no consistent differences. Notably, the data were extremely variable
and interpretation was difficult. Slightly reduced (up to ~15% during dosing period, up to
~20% during recovery) erythrocytes, hemoglobin, and hematocrit were observed in HD
animals throughout the study, including pretest (up to ~5%). In treated males,
reticulocytes were decreased early in the dosing period and increased late in the dosing
period (differences pretest were reductions of up to 20%, and the control value at
recovery was nearly double other times); in HDF, reticulocytes were 2.3x controls on
D270, which resolved at recovery. Increases in platelets (up to ~40% in males and
~20% in females) were observed at HD from D88 to D365 and D88 to D270,
respectively, compared to controls. Monocytes were increased in MD and HD males
(20-30%) during D179-365. The observed decreases in eosinophils and increases in
monocytes in HDF, although statistically significant, did not appreciably differ from the
absolute pretest values. Segmented neutrophils were increased 15-50% in HDF from
D88 onward (absolute values decreased some during recovery).
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Statistically Significant Differences in Hematology Parameters

Statistically | Concurrent | Historical Control
Significant Control MNormalized
Gender Day Farameter Croup Value Walue Range
MCHC Croup 4 1 36.4 153 A6-373
. -“‘E‘:']._'fn‘__’l’i!"’“ Croup 4 | 626 653 60,30 - 72.20
Reficulocytes |k 2 4 b 0.97 0.07 - 0.85
- Group 4 | 0.33
Mean COMIS | Group 3 | 64.7 67.1 60.30 - 72.20
8 Reticulocytes Croup 2 | 0.57 113 0.07 - 0.85
Flatelets Croup 4 1 422 322 2340 - 362.0
Males Erythrocytes Group 4 | 6.78 T.80 6.270 - 7.690
Hemoglobin Group 4 | 15.6 184 14.80 - 18.30
Hematocrit Croup 4 | 44.1 322 41.80 - 51.20
179 MCH Group 3 | 226 233 22.70 - 2460
Mean COPIs | Group3 | 64.1 66.1 63 50 - 69.00
Reticulocytes Group 2 | 0.30 072 0.20 - 0.50
Platelets Group 4 1 364 284 226.0 - 372.0
270 Platelets Croup 4 1 374 ZB8 2260 - 384.0
332333 Platelets Croup 4 1 310 268 2260 - 394.0
Erythrocytes Group 4 | 591 6.79 5.220 - 7.200
Hemoglobin Group 4 | 13.6 15.5 11.90 - 16.40
a1 Hematocrit Croup 4 | jg.4 4348 34.20 - 48.50
Croup 2 | 0.14
Eosinophils Group 3 | 0.16 0.29 0.0-4.1
Group 4 | 0.05
S B8 MCHC Croup 3 1 35.3 48 31.70 - 37.10
Females — — - -
179 MCHC Group 3 1 358 144 34.80 - 3560
270 Reticulocytes Group 4 1 1.03 0.44 0.10-0.70
Monocytes Group 4 1 0.67 0.37 0.25 - 0.87
Erythrocytes Croup 4 | 627 6.93 3710 - 7.730
132/933 I_[Dmc:g'.t:'::ln Group 4 | 14.7 16.2 13.30 {ME‘D
Hematocrit Group 4 | 41.5 46.5 37.80 - 50.80
Monocytes Croup 4 1 0.67 0.37 0.22 - 087
Group 2 (3 mg/kgiday) Group 3 (25 mgkpiday) Group 4 (7550 mgkgiday)

Clinical Chemistry [pre-dosing, days 31, 88, 179, 270, and 332/333 or 365]

The sponsor reported several statistically significant changes (see the sponsor's
summary tables for males and females, below). The most notable changes in drug-
treated animals for most of the dosing period were decreased creatinine and BUN; the
sponsor considered all other changes incidental because they were minimal in
magnitude, did not exhibit a dose-response relationship, or were generally within the
"normalized" historical control ranges. Dose-related decreases in creatinine (~20-40%)
and blood urea nitrogen (20-60%) were observed at MD and HD in males and females.
After a 1-month recovery period, however, blood urea nitrogen and serum creatinine
levels had returned to control levels and, according to the sponsor, were consistent with
absolute pretest values for each individual animal. There were a few other changes that
reflected changes seen in studies in other species. Albumin was slightly increased in
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HDM during the dosing period (up to ~10%); this appeared to resolve. Globulin was
also slightly increased (~10-15%) in MDM and HDM at the end of the dosing period.
These alterations were reflected in a slightly decreased A/G ratio in HDM from D88
through recovery. ALT was increased in HDM but decreased in HDF (~20%), at the end
of the dosing period and during recovery (>20%; MDM increased 8% on D365). GGT
was increased (~10-40%) at the MD and/or HD throughout the dosing period but not at
the end of recovery. Cholesterol was increased in HDM throughout the dosing period
and recovery (~10-20%), and at the end of recovery only in HDF (50-70%). Increased
glucose (up to ~20%) was observed in MD and HD animals at the end of recovery.
Serum potassium was decreased in HD animals (up to ~10%) at the end of the dosing
period; this appeared to resolve at the end of recovery. Serum calcium was slightly
decreased in HDF (up to 7%) throughout the dosing period; this appeared to resolve.

Statistically Significant Differences in Male Clinical Chemistry Parameters

Statistically Concurrent Historical Control
Significant Control Normalized
Gender Parameter Day Group Value Value Range
Group 31 6.35 ~
il 5.73 4.814-6.103
Total Protein Group 4 | 5.19
270 Group 31 6.51 5.99 4.940-5.918
31 Group 4 | 2.79 311
2.341-3.123
Albumin 88 Group 4 | 2.88 3.21
179 Group 4 | 3.04 3.36 2.772 - 3.506
31 Group 31 3.05 2.62 2.276 - 3.260
Globulin
270 Group 31 317 2.76 2.082 - 2.674
) 88 Group 4 | L.02 1.16 0.795 - 1.245
AJG Ratio
270 Group 4 | 0.99 1.17 1.154 - 1.513
3| Group 4 | 10 17
Group 3 13 9.2-233
88 P3i 17
Group 4 | 12
Group 3 | 15
Urea Nitrogen 179 19
Group 4 | 11
270 Group 4 | 10 18 13.8-194
. Group 3 | 14
Males 332/333 20
Group 4 | 9
31 Group 4 | 0.66 0.80
Group 2 0.73
P24 : 0.54 - 0.897
88 Group 3 | 0.65 0.81
Group 4 | 0.66
179 Group 3 0.69
Creatinine p3L 0.85
Group 4 | 0.60
270 Group 3 | 0.66
0.82 0.68% - 1.026
Group 4 | 0.58
. Group 3 | 0.65
332/333 0.79
Group 4 | 0.62
Sodium 31 Group 31 149 144 140.9 - 148.4
Group 3 438
179 p3L 4.71
Potassium Group 4 | 4.05 4.064 - 4.538
270 Group 4 | 397 4.37
Glucose 270 Group 2 | 92 103 85.4 - 106.8
Triglyceride 88 Group 2 | 3z 13 14.9-57.5
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Statistically Significant Differences in Female Clinical Chemistry Parameters

Statistically Concurrent Historical Control
Significant Control Normalized
Gender Parameter Day Group Value Value Range
Total Protein 88 Group 4 | 5.27 5.78 4.750 - 5.957
88 Group 4 | 2.82 3.20 2372 -3.133
Albumin 179 Group 4 | 293 3.22
2.732 - 3.361
270 Group 3 1T 333 310
Group 3 12
3l piL 16
Group 4 | 11 92-227
88 Group 4 10 15
Urea Nitrogen piL
179 Group 4 | 8 17
270 Group 4 | 7 17 126 -21.4
332/333 Group 4 | 7 15
Group 3 0.65
3l p3l 0.78
Group 4 | 0.57
0.542 - 0.893
Group 3 | 0.63
88 0.77
Group 4 | 0.49
Group 3 0.61
Creatinine 179 p3l 0.76
Group 4 | 0.50
Group 3 | 0.56 N
Females 270 0.73 0.665 - 0.B63
Group 4 | 0.50
. Group 3 | 0.59 N
332/333 0.76
Group 4 | 0.50
| Group 4 | 10.98 11.47
Group 2 | 10.22
9.901 - 11.660
88 Group 3 | 10.18 10.62
Calcium Group 4 | 9.86
179 Group 4 | 10.00 10.68
270 Group 4 | 9.89 10.52 10.255 - 11.103
332/333 Group 4 | 10.02 10.50
3l Group 4 114 112 108.7 - 117.9
Chloride et !
270 Group 4 T 114 112 1136 - 118.1
ALT 179 Group 3 | 20 29 20.3 - 36.4
GGT 179 Group 2 T 4.27 324 2.586 - 5.588
Glucose 179 Group 2 | 84 a7 90.6 - 1078
Triglyceride 270 Group 3 1T 44 28 15.9 - 62.7
Potassium 332/333 Group 4 | 3.99 4.43 4.005 - 4.584
Group 2 (5 mg'kg/day) Group 3 (25 mg/kg/day) Group 4 (75/50 mg/kg/day)

Urinalysis [days 332/333 or 365]

The sponsor reported no drug-related, toxicologically meaningful differences in
macroscopic or microscopic urinalysis parameters. However, urine volumes at terminal
necropsy were increased in HD animals (6-7x; 2.5x in MDF), as compared to controls.
Decreased specific gravity (~3%, [ss]) was noted in HD animals on D332/333 only. At
the end of recovery, no differences in urine volume or specific gravity were observed.
Urine pH was slightly decreased in treated males. Small to moderate amounts of
bilirubin, ICTOTEST-confirmed, were observed in 3 LD and 3 MD animals (2M, 1F) at
the end of the dosing period (results in 1IMDM and 1 HDM were not confirmed). Slightly
increased leukocytes were observed in HDM. Macroscopically, hemolyzed blood was
observed at low incidence in treated females. Microscopically, slightly increased RBCs,
WBCs, epithelials, bacteria, and/or amorphous crystals (F) were observed at low
incidence in treated animals.
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Gross Pathology

Reviewer: Melissa K. Banks-Muckenfuss

Drug-related findings at terminal necropsy were observed in the kidney (MDM and
HDM) and the adrenal gland (HDM). Enlargement of the kidneys correlated with
increased kidney weight and hypertrophy of the tubular epithelium and diffuse cortical

tubular dilation. Adrenal enlargement correlated with enlargement of the zona
fasciculata.

Test Article-Related Gross Necropsy Findings for Main Study Animals

Gender | Day(s) Finding Group 1 | Group 2 | Group 3 | Group 4
_ . Adrenal - enlarged -- -~ - 2/4
Males | 332/333 Kidney — enlarged - 1/4 2/4

Group 1 (0 mg/kg/day) Group 2 (5 mg/kg/day) Group 3 (25 mg/kg/day)
Group 4 (75/50 mg/kg/day)

In addition to the sponsor-noted findings above, the following were also observed at
terminal necropsy: small prostate (1/4 MDM, 2/4 HDM) and discoloration and/or
adhesions of the spleen (1/4 HDF). Enlarged lymph nodes were observed in a few
treated animals. At recovery, a few findings were observed, including: hematocyst of
the heart (1/2 HDM), discoloration of the spleen (1/2 HDM), and swollen reproductive
tissues (2/2 LDF, 1/2 MDF, 2/2 HDF).

Organ Weights

Relative (to body) weight organ weights were not provided.

Clear drug-related changes in organ weight were observed for kidney (dose-related,
treated males and females), testis (HDM), and epididymides (HDM). Increased kidney
weights correlated with enlargement and microscopic findings of hypertrophy of the
tubular epithelium (males) and diffuse cortical tubular dilation (males and females).
Decrease testes weight correlated with degeneration of the seminiferous tubules, and
decreased epididymides weight correlated with hypospermia. The sponsor considered
other differences to not be toxicologically meaningful because the magnitude of the
differences was small, microscopic correlates were not present, and/or dose-related
trends were absent.

In addition to the findings above, a few other alterations were observed in absolute
organ weights (complicated by the lack of body weight-corrected data, in the presence
of clear body weight loss/reduction in MD and HD animals). In HDM, absolute brain
weight was decreased 8%. Prostate weight was decreased at HD. Ovaries and uterus
weights were decreased in treated females. Absolute adrenal (treated females, HDM),
thyroid (treated males, HDF), liver (MD and HD animals), spleen (treated females)
weights suggest an increased weight. Absolute thymus weight was increased in HDM
but decreased in treated females. At recovery, testes (HDM) and epididymides (MDM
and HDM) weights were still decreased. Ovaries and uterus weights were increased in
treated females. Spleen weight was decreased in treated males. Thymus (MDM, HDM,
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and treated females), thyroid (treated females), and liver (treated females) weights were
increased.

Histopatholoqy

Adequate Battery Yes
Peer Review Yes, Karrie Brenneman, DM, PhD, DACVP of Biogen Idec, Inc.

Histological Findings

Drug-related findings were observed at terminal necropsy in the kidney, testis,
epididymis, and adrenal gland. The pathologist stated that the incidence and/or severity
of the findings were generally greater in males than females. The sponsor considered
the effects in kidney and testis primary treatment-related effects but considered the
hypospermia observed in the epididymis secondary to the degeneration of seminiferous
tubules observed in the testis. Additionally, the sponsor considered the adrenal effects
(i.e., hypertrophy of the zona fasciculata) to be related to chronic stress.

Findings in the kidney occurred in both sexes (see the sponsor's summary table,
below); the pathologist provided the following descriptions of the findings.

Kidney:

Hypertrophy of tubular epithelium in the cortex was characterized by enlarged, cuboidal
epithelial cells with abundant eosinophilic cytoplasm lining cortical tubules. Some of the cells
also had enlarged nuclei. The altered cells appeared to involve primarily convoluted tubules in
the deep cortex.

Dilation of cortical tubules was characterized by diffuse expansion of tubular lumens.

Regeneration of tubular epithelium in the cortex was characterized by short segments of
columnar to cuboidal tubular epithelial cells with increased basophilia and nuclear crowding
sometimes overlying a thickened basement membrane. Regeneration, epithelial hypertrophy and
tubular dilation were often seen concurrently.

Atrophy of the cortical parenchyma was characterized by atrophic tubules with or without
sclerotic/degenerate glomeruli usually with interstitial fibrosis and mononuclear infiltrates. This
change sometimes had a linear distribution radiating outward from the inner cortex towards the
capsular surface. Other minimal foci near the periphery of the cortex were difficult to distinguish
from common background.

Infiltration of mixed inflammatory cells in the renal papillae was characterized by numerous
mononuclear cells, especially macrophages, and fewer neutrophils within the intertubular
interstitium at the tip of the distal papillae. Although this finding was observed in only one male
and one female from the high-dose group (75/50 mg/kg), it was considered to be treatment-
refated because 1t has not been seen as an incidental finding.

Hyperplasia of papillary urothelial cells lining the renal pelvis was characterized by an increase
in the number of cell layers and cell size. Distribution of this change was either locally extensive
or multifocal involving one or both kidneys.

Generally, the incidences were dose-related. Findings only in male dogs included

hypertrophy of the cortical tubular epithelium and regeneration of the cortical tubular
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epithelium; cortical thickening of Bowman's capsule basement membrane was observed
in 2HDM. Dilation of cortical tubules and hyperplasia of papillary urothelial cells were
observed in dogs of both sexes. Atrophy of the cortical parenchyma and infiltration of
mixed inflammatory cells in the renal papillae were predominantly observed in HD male
and females. Increased incidence and/or severity of tubular epithelium pigmentation

were observed in MD and HD animals. Following a 1-month recovery, the incidence

and/or severity of most renal findings were reduced or not observed suggesting a trend
towards recovery; however, papillary hyperplasia had not decreased in incidence.

Tubular epithelium pigmentation was also still observed at the end of recovery.

Incidence and Severity of Treatment-related Histopathology Findings at Terminal

Euthanasia (Days 332/333)

Males Females
Group I 3 4 1 2 3 4
Dose of BG12 (mgfkg) 0 5 25 U550 0 5 25 75150
No. animals examined 4 4 4 4 4 4 4 4
Kidney
Hypertrophy, tubular epithelium (0 (2) (3) (4} (0) {m (0 (0
Minimal 0 | 2 2 0 0 0 0
Mild O i i 2 0 0 4] i
Dilation, cortical tubules (8] (1) (1) (4) ({8} (1) (0 (3
Minimal O i 0 3 0 | 0
Mald 0 0 1 | 0 0 0 0
Regeneration, tubular epithelium (00 (0 (1) (2) ({0 (0 (0} ()
Minimal 0 0 0 1 0 0 0 0
Mild 0 0 1 | 0 0 0 0
Atrophy, cortical parenchyma (07 (1) (1) (3) (1 (0 (1) {4)
Minimal 0 i 0 i | 0 1 4
Mild 0 0 I 2 0 0 0 0
Infiltration, mixed cell, papilla (M () (0 (h (m {m {8)] (48]
Mild ] 0 i} 0 0 )] ] 1
Moderate ] 0 0 1 0 0 0 0
Hyperplasia, papillary wurothelium (0 (1) (2) 4 (0 {0} (3 (4)
Mimimal 0 | 2 2 0 0 | 1
~ Mild 0 0 0 2 0 0 2 3
*Total incidence of a finding is in parentheses ( )
m: Hésnc and Hon Neo P_l.:;.stlc MALES - -_-_I'Fﬁlg __________
Removal Reason: TERMINAL EUTHANASIA 1 2 3 4 ) 1 ) 2 3 4
pero oot i s P P S S S R
KIDNEY; - 7 - -
3T T T TeT {4) {4) (4) {4) 14} 14) {4 A4}
Pigmentation; tubular; Epithelium; bi 2) 2) (k)] {3 (0) (0) (1) (3)
. 2 3 o 1
k : X - X 0 0 1 o o 0 0 2
Thickening; cortical; Bowmans Caj (O} [0} (0} 12) (0} {0) [0} [0}
LD N o o a 1 1} (1] 1] o
5 0 o 8] 8] 1 i} 1] 0 0
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Incidence and Severity of Treatment-related and Adrenal Histopathology Findings at
Recovery Euthanasia (Day 365)

Males Females
Group I 2 3 4 i 2 3 4
Daose of BG12 (mg/kg) 0 5 25 75/50 0 5 25 T5/50
No. animals examined 2 2 2 2 2 2 2 2
Kidney
Hypertrophy, tubular epithelium 0y (2) ()] (1 (0 0) ()] (03
Minimal 0 2 0 0 0 0 0 0
Mild 0 0 0 1 0 0 0 0
Dilation, cortical tubules (m (m (1 (1) )] {m m [0
Minimal 0 0 1 1 0 0 0 0
Atrophy, cortical parenchyma o (n (2) (1) ()] ()] (0) (m
Minimal 1 | 0 1 0 0 0 0
Mild 0 0 2 0 ] 0 0] 0
Infiltration, mixed cell, papilla (M (0) (0) (0) ()] [(0)] m (1)
Minimal 0 0 0 0 0 0 0 1
Hyperplasia, papillary urothelium ()] (0) (2) (1 (0) {8} (1 (1
Minimal 0 0 1 1 0 0 1 0
Mild . 0 0 | 0 0 0 0 |
* Total incidence of a finding is in parentheses ( )
Observations: Meo-Plastic and Mon Heo-Plastic - TMALES e FEMALES -~ -- oo
Removal Reason: RECOVERY EUTHANASIA 1 2 3 4 1 2 E] 4
Number of Animals on Study : 2 2 2 2 2 2 2 2
Humber of Animals Completed: (2) (2) (2) {2) {2} (2) (2) (2)
KIDNEY ;
Examined. .. .. .. ... ....... P e e e (2) (2) {2) (2) 2y (2y (2) (2]
Pigmentation; tubular; Epithelium; bilateral; multifocal ......... . ..oooiiioinn e ianan.nn it (o) (0 (2 {0) (0} (o) (2)
5 1T P 1 i 0 1 o 0 0 1
T R P 0 0 0 1 0 [ 0 1

Findings in the testis included degeneration of the seminiferous tubular epithelium and
the presence of spermatid giant cells in the lumen of the seminiferous tubules in MDM
and HDM at the end of the dosing period and at the end of the recovery period. The
pathologist provided the following descriptions of the testis findings (see excerpt below).
However, the incidence and/or severity of seminiferous tubular degeneration were
generally reduced at the end of recovery. The only microscopic finding in the
epididymis was hypospermia (described by the pathologist as "characterized by a
decreased number of spermatozoa in the tubules") in HDM; hypospermia was not
observed at the end of the recovery period. 1 MDM showed unilateral moderate
spermatid giant cells in the epididymides at the end of recovery.

Testis:

Degeneration of seminiferous epithelium was characterized by a decrease in all stages of
germinal epithelial cells with retention of Sertoli cells. Degeneration of epithelium was
sometimes accompanied by increased numbers of spermatid giant cells in the affected tubules.

Spermatid giant cells was a finding characterized by large, multinucleated cells in the lumen of
seminiferous tubules. This finding was frequently associated with degeneration of seminiferous
tubules.
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Incidence and Severity of Treatment-related Histopathology Findings at Terminal
Euthanasia (Days 332/333)

Males Females
Group I 2 3 4 1 2 3 4
Dose of BG12 (mg/kg) 0 5 25 7550 0 5 25 75/50
No. animals examined 4 4 4 4 4 4 4 4
Testis
Degeneration, epithelium (1) (m (n [} -
Minimal 1 0 0 0 - - - -
Mild 0 0 I 2 - - - -
Moderate 0 0 0 | - - - -
Spermatid giant cells (0 (0 () (2) - - - -
_ Minimal 0 0 0 2 -
Epididymis
Hypospermia {0y ()} (m (3) - - - -
Moderate 0 0 0 3 - - - -

*Total incidence of a finding is in parentheses ( )

Incidence and Severity of Treatment-related and Adrenal Histopathology Findings at
Recovery Euthanasia (Day 365)

Males Females

Group 1 2 3 4 1 2 3 :
Dose of BG12 (mg/kg) 0 5 25 75/50 0 5 25 T5/50
No. animals examined 2 2 2 2 2 2 2
Testis

Degeneration, epithelium [{0)} (0 (n {0 - - - -
Minimal 0 0 1 0 - - - -
Spermatid giant cells {0 (0 (0)y (2) - . - -

Minimal 0 (] 0 2 - - - .

* Total incidence of a finding is in parentheses [ )

Adrenal gland showed minimal to moderate hypertrophy of the zona fasciculata in MD
and HD animals. The pathologist described the adrenal hypertrophy as, "characterized
by expansion of the zona fasciculata by large, finely vacuolated cells." At the end of
recovery, minimal hypertrophy of the zona fasciculata was still observed in HD dogs but
was not considered drug-related by the sponsor because the incidence was similar in
control dogs.

Incidence and Severity of Treatment-related Histopathology Findings at Terminal
Euthanasia (Days 332/333)

Males Females
Group L 2 3 4 1 2 3 4
Dose of BG12 (mg/kg) 0 5 25 7550 0 5 25 75/50
No. animals examined 4 4 4 4 4 4 4 4
Adrenal Gland

Hypertrophy, zona fasciculata (m [(3)] (2) (1) (m (0 (2) (2)
Minimal 0 0 1 0 0 0 2 2

Mild 0 0 0 L 0 0 0 0
Moderate 0 0 1 0 0 0 0 0

* Total incidence of a finding is in parentheses ( )
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Incidence and Severity of Treatment-related and Adrenal Histopathology Findings at
Recovery Euthanasia (Day 365)

Males Females
Group 1 2 3 4 1 T2 3 4
Dose of BGIZ (mg/kg) 0 5 25 T75/50 0 5 25 T5/50
No. animals examined 2 2 2 2 2 2 2 2
Adrenal Gland
Hypertrophy, zona fasciculata (1 ) (m (n (0 {m (m i
Minimal 10 0 1 0 0 0 1

* Total incidence of a finding is in parentheses ( )

A few other findings were observed at low or increased incidence. Changes were
observed in brain, heart, mammary gland, prostate, spleen, stomach, thyroid, urinary
bladder, and uterus. Lymph node findings of lymphoid hyperplasia, hemorrhage, and/or
hemosiderin pigmentation were observed sporadically.

BEST AVAILABLE COPY

Observations: Neo-Plastic and Non Heo-Flastic - S MALES ----eieiies cieiioiooos FEMALES -----------
Removal Reason: TEAMINAL EUTHANASTA 1 2 3 4 1 2 3 4
Numbar of Animals on Study 3 4 4 4 4 4 4 4 4
Humber of Animals Completed: P4 (4 (4] i4) (4} (4) (£ (4}
BRAIN;
EXAMINRI . L. oo ottt e e e e e e s B, e (4) (4) (4) {4) {4) (4) (4) (4]
Within Hormal 1imits. . . . ... - - e a a 3 a a 4 4 4
Infiltration, Mononuclear Gell; meningeal; focal ..., .. ... e iiiniieaiiaie e iaianaannn (ay () (1 {1} {0} (0} (0} (0]
L [i] [u] 1 1 0 0 0 4
HEART; .
0 (4 4) {4} (4) (4) (4} (4) (4]
WATRLA NOPMAL LAMITS .. ottt e ittt et e st e a s st ia e 4 4 4 3 4 4 4 4
Increased Thickness; Atrioventricular Valve ... ... .. ... iiiiiiiiuiiiarnianainnrieeiinennns {0) (0} {0) () (o) (o) (0) (0)
0 E. a 0 0 1 o 1} 0 0
MAMMARY GLAND;
Examined. . ... (2) (3) (4) (4) (4) (4] (4) (4}
Galactocele; (o) (0} (o) (o) i1 {2) {3) (2}
minimal 0 o a a 4] 1 o
MALA i 0 0 0 a o 1 2 1
MOAEFALEE « ot vt uia i e s nma s as s s om s as s e ias s e s s asaastatasssssnanarassnarsssssnnrsssones o 0 a Q 1 1] 1
FROSTATE GLAND;
EXAMANEO. .. oo v e unanannansannnsnsnanransnnnssnmssnnssssstnsssssressbonatatatnassnanananans (4) 4 {4) {4) {-1 -1 (-1 {
Within Normal Limits.. 4 4 0 3
Tmmature ............. a a 1 a -
pDilation; glandular; 10} {a) 2] (o) (-} (-4 (-] -1
minimal ...... a [t} 1 o -
mild 1} Q 1 o - -
Dilation; glandular; Acinus; multifocal ........ (0} (0] R} (1} (-1 (-} (-) (-
1 T ) Q [} 1 - -
Infiltration, Mononuclear Gell; interstitial; multifoecal (0} {0 (1 (0} (-1 (- (- {
e 1} 1] 1 o - -
SPLEEN;
L8 T T e (4} 4] {4} (4) (E3] (4 {4 (4)
Within Normal LAMITs ... .. i a i e e ] 0 o ] 2 0 Q L]
Congestion; vastular; MBd PULP .. e e ean e rnnee e eanenesareeniseeenirrarooasanaianas (4] (4} (4) (4} 2y (4) i4) (2]
L0 3 z 3 1 2 1 2
mild ....... 1 2 1 3 o o 3
Adhesion; focal (o) (o) (o) (o) (0} {a) 10} {1}
L ] o 0 o 0 a 0 1
STOMACH ;
Examined.......................... (4} (4} (4) (4) (4) (4) (4) (4)
Within Nermal Limits.............. 4 4 4 4 4 4 4 3
Hyperplasia; Fundus; Parietal Cell; diffuse (o) (0} (o) (o) () () {0} (1
ML L e e e e e e e o o ] ] ] a i) 1
THYROID GLAND;
Examined. ... ... ... .. ... .. ... ..iiiaiaoia.. e el (4) [EH [E3] (4] (4] {4} (4} (4)
Metaplasia; sgquamous cell; unilateral; focal [0y (o) (1) 1) () {0 (0} (1)
mLlg Ll s o ) 1 ) 0 Y 0 1
Dilation; follicular; bilateral; multifocal B e e s (0} (o) (ay (1 () {0) 10} (0}
L L o o o 1 a 1] o o
Dilation; follicular; unilateral; FOCAL . .o...uoii et e e e e iaie e aar s aaaean [0}y (o) (o) (1) (o) (L)) {0} (o)
0 ] 0 1 1] (1] o o

LT
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BEST AVAILABLE COPY

Observations: Neo Flastic and Non Neo-Flastic  meeeeeeeeees MALES ---oommnne +- - FEMALES -----------
Removal Reasan: RECOVERY EUTHANASIA 1 2 3 4 1 2 3 4
Munber of Animals on Study : 2 2 2 2 2 2 2 2
Mumber of Animals Completed: i2) 2) i2) i2) (2 2y i2) i2)
MAMMARY GLAND ;
L0131 [ I (2) 12) i1 12} (2] (&) (2) (2)
Hyperplasia; alveolar; epithelial; diffuse ... ... . e {0) {0) {0) {0} {0} {0y (1) {2y
L 1] 0 o 0 0 ] 0 1
T S P 0 Q 0 0 0 0 i 1
OVARY ;
111 = (-} -) (-} (-} (2) (2 {2) {2)
Within Mormal LImLTS. . ..o . i ittt sa s et i - - - 2 Q 0 O
Corpus Luteum; brlateral; mulTIple .. ... oronia i rama s iana e naia et 0 2 2 2
PROSTATE GLAND;
3T T P (2 (2} (2) (2) (- () {-) {-)
Within Normal Limits . B - e e 1 1 2 1 - -
Dilation; glandular; Acinus; focal ........ (o) [0y (o) (1) (- i) {-) {-)
moderate .........ciiniiiiaannans 0 1
URINARY BLADDER;
Examined......... (2) 2) (2) (2) (2) (2) (2) (2)
Within Normal Lim 2 2 2 2
Mineralization; Periarteri: (0} (0} (0} (0) (0} (o) (0) (1)
mild 0 o (1] 0 ] 1
UTERUS;
L LT (-1 (-} {-) {-} (2) (2) (2) (2)
WAEhLn Mormal LAMEES. . ...t r e r e re e e et ettt e - - - - 2 1 1 0
Dilation: Lumen; bilateral o (-} (=) (-) i) (o) (0) (1) (2)
minimal ... - - 0 1 0
Mild ooi i it i [ o 0 1
moderate ............... e m e e e eme e emaseaaeeseasaisesemssasdabib ettt [1] [} 0 1
L] 1 1] Q

Retained Placental Tissuwe; unilateral ...... e e e e maaaa e eanee e nana e

Toxicokinetics [days 1, 91, 182, 273 and 330]

The plasma analysis assay was not reliable. While all analytical results were within
acceptable limits, the study overall had a high number of failed batches (especially
during the month of November 2005). It was later determined that the analysis of
human plasma (from

Project Number EBA00182MX) interfered with the analysis of dog plasma when
analyzed in that order. Subsequently, analyses of MMF in human and dog plasma
samples were performed on different LC/MS/MS instruments. The assay's LLOQ was
50 ng/mL.

(b) (4)

The TK portion of the study was not conducted under GLP. On days 1, 182, and 330,
samples were taken pre-dose and at 0.5, 1, 2, 4 (prior to second dose), 4.5, 5, 6, 8, and
24 hours post-dose (after first dose). On days 91 and 273, samples were taken pre-
dose (prior to first and second doses), and at 1 and 5 hours post-dose (after first dose).
TK samples were analyzed for MMF concentration.

MMF concentrations were BLOQ in controls at all timepoints, and pre-dose exposures

in treated animals were BLOQ, with one exception (Animal 462 on D330 with 133 ng/mL
MMF). Exposure was confirmed in all treated animals throughout the 11-month study
interval. Plasma Tnax was 0.5-4 hours postdose. AUC and Cya« increased with dose.

In most animals, AUC and C,.x decreased between D1 and D182; exposures then
remained level until D330. The reason for the decrease in exposures between D1 and
D182 is unknown. Exposures were not sex-dependent. See the sponsor's summary TK
table, below.
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Table 2. Toxicokinetic parameter estimates of MMF on Days 1, 182 and 330 after twice-daily oral
administration of BGR0012 to dogs for 11 months at 5, 25, 50 or 75 mg/kg/day.

Dose per day Gender Study_Day PK Paramter AUC(S-2thr) Cmax Tmax
hr*ng/ml. ng'mlL hr
Mean 9837 2892 1.5
Day | S0 4992 726 2.4
[ 51 25 @4
Mean 5697 1152 13
Femnale Day 182 D 1311 593 21
CWig 32 2 %5
Mean 6909 1687 30
Dy 330 D 484 AR5 249
CV% 59 23 97
Smeke Mean 3544 610 | 43
Day 1 S0 2339 1333 28
CV% 27 51 65
Mean 805 2406 1.7
Male Dy 182 s 12492 ang 1.6
CV% 22 38 b8
Mean 5684 2072 33
Day 330 SD | Tol 337 7
OV il Eh] &2
Mean 49076 11388 37
Day 1 5D 12691 4686 23
CV% 26 41 6l
Mean 22413 8033 38
Female Day 182 SD 31406 4162 26
CV% 15 52 L]
Mean 17336 o105 3.2
Day 330 S0 T4 | 366 24
CV% ry 17 76
2 mpie Mean 40250 1 | 28
Day | SD 11605 1495 2.1
VY% 29 31 75
Mean 21037 8613 EN )
Male Dy 182 S0 6BIFE 2465 15
CVo% n 8 &1
Mean 13004 10962 15
Day 330 S0 REOO 4526 22
) oV 7 al %
Mean 34996 13563 14
Day 182 D 11076 5540 0.7
F | CV% 32 41 47
e Mean 44785 s | L1
Day 330 D 12233 44T 03
CVg 27 31 45
0 meke Mean 42250 12380 | 2.5
Day 182 i) rrr 5482 2.1
Male CV% (1] 4d 83
Mean 51045 9662 1.9
Day 330 sSD 758 4080 1.2
CV% 59 42 63
Mean TI0RE 24850 34
Female Day | S 10718 5355 22
TV 12 2 64
75 my'ke Mean 74632 12933 7
Bale Day | D 9371 ARG 23
CV% 13 39 BT

Dosing Solution Analysis

Dose sample analysis was not performed for this study.

Reference ID: 3251055

68




NDA # 204063 Reviewer: Melissa K. Banks-Muckenfuss

Histopathology inventory

Study 04-06, 6 mo 05-08, 12 mo 05-05, 11 mo
Species Rat Monkey Dog
Adrenals X* X* X*
Aorta X X X
Bone Marrow smear X, femur (not assessed) X X, from 7" rib
Bone (femur) X, wistifle X, 7" rib X
Brain X* X* X*
Cecum X X X
Cervix X, w/uterus X X
Colon X X X
Duodenum X X X
Epididymis X* X* X*
Esophagus X X X
Eye X, w/optic nerve X X
Fallopian tube
Gall bladder N/A X X
Gross lesions X X X
Harderian gland X
Heart X* X* X*
lleum X X X, with Peyer's Patch
Injection site
Jejunum X X X
Kidneys X X* X*
Lachrymal gland X, exorbital X
Larynx X
Liver X* X* X*
Lungs X X* X*
Lymph nodes, cervical
Lymph nodes X X X
mandibular
Lymph nodes, X X X
mesenteric
Mammary Gland X, w/skin X X
Nasal cavity
Optic nerves X X X
Ovaries X*, w/oviducts X* X*
Pancreas X X X
Parathyroid X, withyroid X X
Peripheral nerve
Pharynx
Pituitary X X* X*
Prostate X X X*
Rectum X X X
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Salivary gland X, submandibular X X*, mandibular
Sciatic nerve X X X
Seminal vesicles X X
Skeletal muscle X, thigh X, psoas & diaphragm X, thigh
Skin X, w/mammary X X, mammary
Spinal cord X, cervical, midthoracic, X, cervical, thoracic, X, cervical, thoracic,
lumbar lumbar lumbar
Spleen X S X
Sternum X, w/marrow X
Stomach X* X X, cardiac, fundic,
pyloric
Testes X* X* X
Thymus X X* X
Thyroid X* X* (wt with X* (wt with
parathyroids) parathyroids)
Tongue X X X
Trachea X X X
Urinary bladder X X X
Uterus X, w/cervix X xX*
\Vagina X X X
Zymbal gland
X, histopathology performed
*, organ weight obtained
Also: RAT: popliteal lymph nodes
MONKEY:: femoral-tibial joint (gross, no histology), ureter
DOG: femoral-tibial joint
7  Genetic Toxicology
7.1 In Vitro Reverse Mutation Assay in Bacterial Cells (Ames)
Study title: MUTAGENICITY STUDY OF DIMETHYLFUMARATE IN THE
AMES SALMONELLA/MICROSOME PLATE TEST (IN VITRO)
Study no.:  5403/89
Study report location: EDR
Conducting laboratory and location: N

Date of study initiation:
GLP compliance:

QA statement:

Drug, lot #, and % purity:

9/8/89, protocol dated 4/21/89

Yes, FDA, page 3

Yes, page 4

Dimethylfumarate, batches 8660686 and
L980737, 100.6% (0.26% fumaric acid)
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Methods
Strains: Salmonella typhimurium strains TA 98, TA
100, TA 1535, TA 1537, and TA 1538
Concentrations in definitive study: -S9: 0, 3.16, 10, 31.6, 100, 316, 1000 &
3160 ug/plate
Repeat: 10, 31.6, 100, 316, 1000, 3160 &
10000 pg/plate
+S9: 0, 3.16, 10, 31.6, 100, 316, 1000 &
3160 pg/plate
Repeat: 10, 31.6, 100, 316, 1000, 3160 &
10000 pg/plate
Basis of concentration selection: Cytotoxicity at 1000 pg/plate without
metabolic activation
(Little if any cytotoxicity with metabolic
activation)
Negative control: DMF, 100 pl
Positive control: +S9:
2-aminoanthracene in DMSO (2 ug/plate)
-S9:
TA 100 & 1535- sodium azide (10 ug/plate)
TA 98 & 1538- 2NF (10 ug/plate)
TA 1537- 9-aminoacridine (50 ug/plate)
Formulation/Vehicle: DMF
Incubation & sampling time: 48 hr at 37°C

Study Validity

The study is lacking a strain for the detection of cross-linking mutagens, S. typhimurium
TA 102 or a repair-proficient E. coli strain. 2-aminoanthracene was the only positive
control used in the presence of metabolic activation; that is, was the sole indicator of
efficacy of the S9 mix. Two separate experiments were conducted using the plate
incorporation method (triplicate platings), with and without metabolic activation (Aroclor
1254-induced rat liver S9 fraction). Eight concentrations (ranging from 3.16- 10000 ug)
of dimethylfumarate/plate were tested. Cytotoxicity was observed at 1000 ug/plate
without metabolic activation, but very little cytotoxicity was observed with metabolic
activation (up to a concentration of 10000 ug/plate). A positive result was reported
when: 1) the number of revertants was significantly increased (Mann-Whitney)
compared to control by 2-3 fold, 2) a significant dose-related effect was demonstrated,
and 3) the result was reproducible. The formulations were 99-102.1% of nominal.
Historical controls were not provided.

Results: Negative, but inadequate

(Lacks a cross-link detector strain and 2-AA was the only positive control with

S9.)
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In the first experiment without S9, DMF showed at least double the number of revertants
at 3.16 - 316 mg/plate (the highest value was at the lowest concentration, and was due
to 1 of 3 cultures); however, this was not seen in the repeat experiment. Cytotoxicity
was seen at 3160 &/or 10000 pg/plate. No clearly mutagenic effect was observed for
dimethylfumarate tested up to 10000 ug/plate in any of the tester strains in two
independent experiments with and without activation.
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Mutagenicity test with Dimethylfumarate in the AMES

TABLE 2
Salmonella/microsome plate test {in witre)
Summarized data
without metabolic activation
Substance revertants per plate
(pg/plate} T4 1535 TA 1537 TA 1538 TA 93 TA 100
lst experiment
Dimethylfumarate:
3160.0 - | 0.0 7.0 1.3 2.7 14.3
+SD 0.0 3.6 1.5 1.2 &. B
1000.0 - | 4.0 5.7 23.3 23.0 70.0
+5D 1.0 1.5 4.0 5.3 4.0
316.0 M 7.7 7.7 27.7 34.0 106.0
+*5D 0.6 D.6 6.0 8.2 5.3
100.0 H .0 6.3 1%.3 37.7 122.3
+SD 1.0 1.5 3.1 4.5 1.2
31.86 M 7.7 6.3 25.0 33.3 122.7
+SD 1.5 1.5 5.3 2.5 12.9
10.0 M 8.3 5.0 22.0 30.7 109.0
+5D 2.1 2.0 7.5 7.6 7.8
3.16 M 11.7 6.0 22.3 38.0 112.7
*5D 8.3 2.0 5.9 7.9 12.1
Solwvent control:
100 gl DMF/
plate )| &4.0 4.7 23.7 32.3 120.0
+sD 1.7 1.5 8.0 10.1 3.5
Positive control:
substance Sodium- 9-Amino 2-Nitre- 2-Nitro- Sodium-
' azide acridine 9H- 9H- azide
fluorene fluorene
Concentration
(ug/plate) 10 50 10 10 10
H 4132.7 B79.7 1634.7 2099.3 1765.7
+5D 952.7 122.2 152.1 247 .6 118.4
M = - mean number of revertants
Eh = standard deviation
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TABLE 2 Mutagenicity test with Dimethylfumarate in the AMES
Salmonella/microscme plate test {(in witra)
Summarized data
without metabolic activation
Substance revertants per plate
(pg/place) TA 1535 TA 1537 TA 1538 TA 98 Ta 100
2nd experiment
Dimethylfumarate:
10000.0 M 0.3 0.0 0.0 0.0 0.0
+5D 0.6 0.0 0.0 0.0 0.0
3160.0 M 0.0 0.0 0.7 0.3 2.7
+5D 0.0 0.0 0.6 0.6 1.5
1000.0 ). | 2.0 6.7 15.3 14.3 6l.0
+5D 1.0 2.3 1.2 5.1 5.2
316.0 M 7.0 3.7 20.7 14.3 64.0
+5D 1.0 2.3 4.0 0.6 4.6
1l00.0 M 7.0 3.3 23.0 20.7 90.0
+5D 4.6 1.5 4.4 6.7 14.8
31.6 M 9.3 6.0 22.3 23.7 104.7
5D 2.1 2.0 B.1 4.0 7.6
10.0 M 8.3 3.3 22.7 28.0 122.0
+5D 2.1 0.6 5.8 6.1 11.5
Solvent control:
100 pl DMF/
plate M 8.7 4.7 22.0 21.0 80.0
+5D &.7 1.2 3.6 5.6 4.4
Positive control:
substance Sodium- 9-Amino 2-Nitre- 2-Nitro- Sodium-
azide acridine 9H- 9H- azide
flucrene fluorene
Concentration
(pug/plate) 10 50 10 10 10
H 1995.3 946.0 1251.7 1279.3 1267.3
+5D 25.1 58.8 73.7 238.4 57.4
M = mean number of revertants
SD =  standard deviation
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TABLE 2 Mutagenicity test wirh Dimethylfumarate in the AMES
Salmonella/microscme plate test (in witro)

Summarized data
with metabolic activation
Substance revertants per plate
(pg/plate) TA 1535 TA 1537 Ta 1538 TA 98 Ta 100
!
15t experiment
Dimethylfumarate:
3160.0 M 11.3 6.7 35.0 454.3 82.3
+5D 0.8 3.8 7.0 0.6 10.1
1000.0 H 12.7 4.3 34.7 39.7 96.3
+5D 5.1 2.3 5.9 5.0 6.4
316.0 M 8.7 12.0 31.7 34.7 103.3
+5D 2.1 2.0 2.5 7.4 11.8
100.0 M 8.3 9.0 31.0 52.7 104.0
*+5D 5.7 3.6 3.0 4.0 7.9
31.6 M 10.0 11.0 31.3 40.3 113.7
+5D 6.1 3.6 7.4 2.5 8.1
10.0 M g.a 8.7 39.0 45.3 107.0
+5D 1.7 3.2 3.6 6.8 9.5
3.16 M 8.3 8.3 31.0 38.3 104.7
+5D 6.7 1.5 &.0 5.7 6.0
Solvent control:
100 ul DME/
plate M 11.0 8.0 3.7 36.7 110.3
+3D 6.1 2.6 3.5 8.6 11.4
Positive control:
substance 2_Aaninoanthracene
Eanceﬁtration
{ug/plate) 2 2 2 2 2
H 302.3 190.0 426.3 1137.0 1110.0
£5D 56.4 19.7 114.% 275.0 147 .8
H = mean number of revertants
5D = standard dewviacion
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TABLE 2 Mutagenicity test with Dimethylfumarate in the AMES
Salmonella/microsome plate test (in witro)
Summarized data
with metabolic activation
Substance revertants per plate
(ug/plate) TA 1535 TA 1537 TA 1538 TA 98 TA 100
Znd experiment
Dimethylfumarate:
10000.0 M 5.3 7.0 34.0 33.0 111.3
*5D 3.2 1.7 7.2 8.2 7.0
3160.0 M 6.3 5.7 28.3 34.3 134.0
+5D 1.2 0.6 5.0 3.8 2.0
1000.0 M 13.7 9.3 33.3 £2.7 124.3
*+=2D 4.0 3.2 5.5 7.4 10.1
316.0 - | 13.7 7.0 45.7 45.0 137.0
=D 1.2 3.0 4.7 7.9 13.0
100.0 M 16.0 10.3 356.0 48.0 140.7
+5D 1.7 2.5 3.5 7.8 11.1
31.6 H 6.7 8.3 37.0 53.7 142.0
*SD 2.3 1.2 5.3 4.9 13.9
10.0 M 10.3 6.3 41.0 48.0 129.3
+5D 3.8 2.5 5.6 5.3 15.6
Solvent control:
100 x1 DMF/ .
Plate o 8.7 g.7 40.0 45.0 134.0
5D 2.1 2.1 6.6 8.5 6.6
Fositive control:
substance 2-Aninocanthracene
Ceoncentration
(pg/plate) 2 2 2 2 2
M 261.3 226.7 453.7 1254.7 10443
+5D 17.9 i.s 49.9 313.0 148.7
H '= mean number of revertants
ED = standard deviation
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In Vitro Reverse Mutation Assay in Bacterial Cells (Ames)

Study title: Bacterial Reverse Mutation Assay with a Confirmatory Assay
Study no.:  P00012-08-02 ; @@ 6538525
Study report location: EDR
Conducting laboratory and location:
Date of study initiation:  2/9/10
GLP compliance: Yes, page 2, except GMP of test article

QA statement:  Yes, Page 3

Drug, lot #, and % purity:  Mono-methyl fumarate (MMF) 97%; CAS
2756-87-8; lot 75798MJ; 97.5% pure

(b) (4)

Key Study Findings

Methods
Strains: S. typhimurium TA98, TA100, TA1535, and
TA1537, and E. coli WP2uvrA
Concentrations in definitive study: Initial

+S9: 1.60, 5.00, 16.0, 50.0, 160, 500, 1600,

and 5000 pg/plate

-S9: 1.60, 5.00, 16.0, 50.0, 160, 500, 1600,
and 5000 pg/plate

Confirmatory

1+S9: 50.0, 160, 500, 1600, 3330, and 5000
Mg/plate

Basis of concentration selection: Limit dose
Negative control: Dimethylsulfoxide (DMSO); CAS 67-68-5;
lots 07796KK & 35596LK >99%
pure
Positive control: See Table | from sponsor, below
Formulation/Vehicle: DMSO
Incubation & sampling time: incubated for 52 + 4 hours at 37 £+ 2°C

Tahle I
Positive Control Articles

Tester Strain(s) 59 Positive Control Dose (ug/plate)  CAS No. Lot No.

TA93 - 2-nitrofluorene 1.0 607-57-8 01508BE
TAL100, TA1535 - sodinm azide 20 26628-22-8  01TED136
TA1537 - ICR-191 20 17070-45-0  116K1026
WEZinvrA —  4-pitroquinoline-N-oxide 1.0 56-37-3 117K1485
TA0Z + benzo[a]pyrene 25 50-32-8 087TEN733
TAL00, TA1535, TA1537 + 2-amincanthracene 25 613-13-8 12317CE
WEXinrA + 2-aminoanthracene 250 613-13-8 12317CE
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Study Validity

Duplicate plates using the plate incorporation method were used in the initial assay, but
the confirmatory assay (also plate incorporation) was plated in triplicate. Test article
was freely soluble at all doses with and without S9. Male rat liver homogenate (S9) was
purchased @@ (Lot No. 2538, containing 34.2 mg/mL
protein). Growth inhibition was observed at 5000 and/or 1600 ug/plate (and 23330
ug/plate in the confirmatory assay). A positive response was defined as: 1) a dose-
dependent increase in revertant frequency that is 22.0-fold vehicle control values for
tester strains TA98, TA100, and WP2uvrA, or 23.0-fold vehicle control values for tester
strains TA1535 and TA1537, and 2) reproducible. Tested formulations were 96.3 to
103% of nominal.

Results- Negative

MMF did not cause an increase in revertant frequency in any of the strains tested (see
sponsor's summary, below). The sponsor also provided historical data (see the
sponsor's table, below).

ERevertant Colony Counts (AMean £ 5D)
Daze Strain
Tesi Article (pz'plate) TA%S [ TALM [ TALS3S [ TAL237 [ WElurrdA
Without Metabohe Actrvation
DMS0 S0ul'plate 131 100 +3 19+4 5=1 13+0
Mono-methy] fumarate 1.60 1M+1 Bl+é6 23+4 9+3 17+1
5.00 14+2 00+6 26+3 62 151
16.0 12+3 B9+3 23+4 3+0 15+£2
50.0 155 06+35 14£3 30 130
160 166 102+0 17+7 4=0 12+7
500 14+2 109+13 15+4 4+1 15+1
1600 10+ 6 BEx 6 15+4 Fx1F 15+6
5000 00" 349" 4=1" 227 133"
J-wtofinorens L0 287+ 18
sodium azide 20 947 + 49 733+27
ICR-191 20 199+21
4-nitroquinolne-N-oxide 1.0 227+ 54

GLP = Good Laboratory Prachice
Po=itrve response (Increase over correspondmg control): 2-fold for TASS, TAL00, and WP2unvrA; 3-fold for TAL1535 and TAL13537
" Reduced backzround bacterial lawn

With Metabolic Activation
DRSO 50l 'plate 18+2 119+11 14+4 10+2 19+6
Mono-methy] fimarate 1.60 AN+l 91+4 1442 8+4 17+1
5.00 21+5 105+ 30 Bz6 9x1 19+6
16.0 24£16 106+3 11+0 60 18+ 6
500 2+1 114+ 6 12+4 6+1 W+l
160 17+3 101 =16 151 10+4 15+£3
500 264 105+4 1211 8x1 17+£5
1600 17+4 1009 10£7 T+2 l6+1
5000 H=0F N+ 11+27 2+17 11+3"
benzo[alpyrens 25 330101
2-amincanthracene 25 953 £ 57 131 =487 B9+13
2-aminoanthracens 250 595+ 16

GLP = Good Laboratory Practice
Positve response (Increase over comresponding control): 2-fold for TA93, TA100, and WP ; 3-fold for TA1535 and TA1537
" Reduced backzround bacterial lawm
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Revertant Colony Counts (Mean T S
Daze Strain
Test Article (pz/plate) TA8 [ TALDD [ TALS35 [ TA1237 [ WPwrrd
Without Metabohe Activation
DMSO S0yl'plate 16+2 91+5 1553 T+2 135£3
Mono-methy] fumarate 500 11+2 88=17 13+4 4£3 9=2
160 101 Bl+2 13+£3 9+2 14+3
500 144 B3+6 12+2 T3 16+2
1600 121 73=10 1243 8x1 17=10
3330 6+3% 60+ 107 63" 41" 101"
5000 527 4217 7=2F 1+1" 121"
2-mhofiuorens 10 186+12
sodium azide 20 093+ 78 689+ 54
ICR-191 20 1108
4-whoquinolme-N-oxide 1.0 123+34

GLP = Good Laboratory Practice
Positve response (increase over comrespondmng control): 2-fold for TA93, TAL00, and WP2inwA ; 3-fold for TA1535 and TAL537
" Reduced backgzround bacterial lawn

With Metabolic Activation

DRSO 50 'plate 2T+4 104+5 13+3 B+3 17+4

Mono-methy] fimmarate 0.0 232 10011 11+3 B+l W+l
160 2+4 115+5 9+2 6+3 15+4
500 20+5 102+ 10 10+3 B+2 12+3
1600 2+1 T8+8 11+1 T+2 11+2
3330 20+4 74+8 53 63 13+£2
5000 15+4 B4+5 5£2 6+2 I11+1

benzo[alpyrens 15 337112

2-aminoanthracens 25 993+9 14517 91+7

2-amincanthracens 250 S04 +74

GLP = Good Laboratory Practice
Pomitrve response (ncrease over comrespondme control): 2-fold for TA9S, TAL100, and WP2uwA; 3-fold for TAL535 and TA1537
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Historical Control Data for Bacterial Mutagenicity Studies

Plate Incorporation Method - Report Period 012007 through 12/2007

Vahicla Controls with 59 Mix
Strain TA93 TAL0O TA1535 | TAIS37 | WPlmra
vfean Revenants per Plate 12 106.4 12§ 20 17.3
Standard Devision 59 216 55 40 50
B 56 184 41 35 En
R — g 50 2 5
Coumt 715 723 73 7 506
Wahicla Conmrols withour 59 Wix
Strain TA9Z TALLO TA1535 | TALS37 | WPowrA
lean Reverants per Plate 147 280 11.9) 65 145
Standard Devision 5 2.6 54 38 0
Maimm 4 274 47 2 33
M 2 47 1 0 2
Count 733 722 T 711 696
Pasitive Controls with 59 Mix®
Strain TA9Z TALLO TA1535 | TALS37 | WPowrA
Mean Revertants per Plate 3951 8545 1272 M9 4179
Standard Deviation 109.9 3237 46.] &7.1 126.1
S [mirn 765 006 603 071 840
- Lot 102 108 # 10 20
Count 721 721 707 710 605
Positive Conmols withowt 59 Wi
Strain TA9Z TALLO TA1535 | TALS3T | WPlowrd
Mean Revertants per Plate H#H1 11216 826.1 4314 2854
Standard Devistion Hig 207.7 163 4 2456 126.3
2 mirn 3446 147 1439 147 1283
- Lot 68 117 278 43 34
Coumt 732 721 600 701 605
a TASE ‘henzofalpyrens 1.5 ug/plate b TASE 2-nirofluorens 1.0 pg/plate
TAL0G Z-aminosnthracens 1.5 ug/plate TAL0D sodinm azide 2.0 ug'plate
TAl535  I-aminoanthracens 2.5 ug/plate TA1535 sodinm aride 2.0 pg'plare
TAI537 -amincandhracene 1.5 ug'plate TA1537  ICE-191 2.0 ug/plate
WPinrA l-aminosnthracene 2350 ug'plate WP2nrA  4-uitroquineline-N-oxide 1.0 ugplate

7.2 In Vitro Assays in Mammalian Cells

Study title: IN VITRO MUTATION ASSAY OF DIMETHYLFUMARATE IN

CHINESE HAMSTER CELLS (V79)

Study no.:
Study report location:

Conducting laboratory and location:

Date of study initiation:
GLP compliance:

QA statement:

Drug, lot #, and % purity:

Reference ID: 3251055

5405-89
EDR

Page 4

9/4/89, protocol dated 4/21/89
Yes, Page 3, FDA
Yes,
DMF, lots 8660686 & L980737, 100.6%

pure (0.26% fumaric acid)
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Methods
Cell line: V79 Chinese Hamster lung cells
Concentrations in definitive study: +S9: 312.5, 625, 1250, 2500 & 5000 pg/mL
-S9: 0.3, 1, 3, 10 and 30 pg/mL
Basis of concentration selection: Cytotoxicity
Negative control: DMSO, Lot 025350
Positive control: -S9: Ethyl methanesulfonate (EMS)
+S59: 9,10-dimethyl-1,2-benzanthracene
(DMBA)
Formulation/Vehicle: DMSO

Incubation & sampling time: +S9 exposed for 2 hr
-S9 exposed for 24 hr
Plates are incubated for 8 days (evaluate
plating efficiency) or 12 days (selection
mutants).

Study Validity

Triplicate plates were used in 2 independent experiments in a gene mutation assay in
cultured mammalian cells (V79, genetic marker HGPRT) both in the presence and
absence of metabolic activation (rat liver Aroclor-1254-induced S9 mix). The top
concentrations exerted cytotoxic effects (= 5 ug/mL for +S9 and 21000 pg/mL for -S9).
A positive result was defined as a dose-dependent increase in the mutation frequency in
both independent experiments (at similar concentrations) to at least 2-fold solvent
control and a count of at least 20 x 10°° both in the presence and/or absence of S9 mix.
Formulations were 98.5-103% of nominal.

Results: Negative, but inadequate (inadequate cytotoxicity)

According to the sponsor, DMF tested up to cytotoxic concentrations, in the absence
and presence of metabolic activation, in two independent experiments was negative in
the V79 cell mutagenicity test under conditions where the positive controls exhibited
potent mutagenic effects. However, although increases in revertant frequencies were
not seen, the tests did not evaluate cultures with adequate cytotoxicity (RTGs ~20%);
the report only provided PEs (see the sponsor's summary data tables below).
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BEST AVAILABLE COPY

Results of the im vitro V79 HGEFRT point mutation assay of Dimethylfumarate

ABLE 2 {lst expariment) without 89 mix
empound Solvent Plating Thicguanine- Total nuaber of Hukatlon
pg/ml) (ul/plate) Efficlencies resistant wiable cells ex- Eraquency
PEy FEs colonles posed to thig- % 10°¢
(a) (v) (e} guanins x 10 (e}
(d)
imethyl-
umeTate DHEO
0 300 0.82 0.84 6 11 14 13 10 4.20 12,9
0.3 300 1.07 0.73 3 L] 3 '] 3 3,55 &4
1 100 0.69 0,86 g 4 5 1 8 4,30 £.1
3 00 0.89 0.77 § 12 13 1w 13 3.88 14.8
10 100 0.00 # ' i fi
30 100 0.00 # fi i fl
HE DHS0
100 Loo 0. 40 0.39 539 58% 523 570 428 1.95 1358,5
oo . 100 0.31 0.45 520 579 589 608 606 2.25% 1289.8

for e, b, ¢, d, e please ses page 15

¥ concentratlion 100% cytotoxie, not carrled through beyond the initisl treatmesmt

Results of the in vitro V79 HGPRT polnt mutatlion assay of Dimethylfumarate

TABLE 3 (lst experiment) without 89 mix
Compound Solvent FPlating Thioguanina- Total number of Hutatien
(ug/mL) {pl/plate) Efficiencies reasistant vieble cells ex- freguency
FEy PEa coloniss poasd to thig- x 1079
{a) (b) {e) guanine x 10° (&)
(d)
Dimethyl-
fumacrate DHSO
) 300 .82 1.03 8 7 2 12 5 £.20 .5
0.3 300 0.73 Q.91 14 12 & 17 12 §.55% 13.4
1 300 0.89 1.08 13 7 [ 8 18 5.40 9.6
1 300 0.96 0.92 15 17 13 12 13 4,60 . 15.2
Lo 300 0.00 0.71 10 13 10 ] 1€ 1.58 16.1
30 00 0.00 it it i i
EHS DHE0
600 100 0.55 .45 152 337 332 331 345 2.25 Th4.2
700 100 0.31 0.25 212 312 311 348 35T 1.25 1248.0

for a, b, ¢, d, ¢ pleans ses page 15

fi concentration L0OY% cytotoxle, not carried through beyond the Initial trestment
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Results of the fn vitgo V7% HGPRT point mutation assay of Dimethylfumarate
ABLE & {lat experiment) with 5% mix
ompound Solvent Plating Thicguanina- Total numbar of Mutatien
pg/ml) (uel/plate) Efficiencies rasiscant wvisble calls ex- frequency
FE, PEz colonies posed to thig- x 1079
{a) (v} {e) guenine x 10 (e)
(d)
Dimethyl=
furfarate DHSO
1] 180 0.98 o.82 5 & ] 4 ] 4,10 5.9
312.5 L&D 0.67 0.75 & 10 g 15 10 3.75 12.5
625 180 0.95 0,86 10 11 12 12 9 .30 12.6
L250 180 0. 40 0.66 ] 8 10 4 13 3.30 10.3
2500 180 0,09 0.78 8 B 16 11 ] 3.90 13.3
5000 180 0.00 ff ff i i
DMEA DHEO
20 180 0.9% 0.59 259 231 270 248 ff 2,95 427 .6
30 ) 180 0.82 0.73 345 348 B4 335 328 3,63 476.7
for &, b, ¢, 4, & pleass see page
fi soneentration 100% eytotoxic, not carried through beyond the Initlal treatment
Besults of tha In witpo V79 HOPRT point mutatclon assay of Dimethylfumarate
TABLE 5 {Znd experiment) with 59 mix
Compound Solvent Flating Thioguanine- Total number of Hutation
{pg/ml) (pl/plate) Efficlencies reslstant viable cells ex- fragusncy
FE; PEz colonies posed to th!.s- ¥ 107°
(a) (1] {e) guanine x 10 {a)
(d)
Dimethyl-
fumarate DHBO
Q 180 0.74 0.84 7 [ 5 11 B &.20 9.8
32,5 180 0.93 0.90 24 10 g 15 16 4,50 16.4
625 180 0.72 0.75 10 ] 8 12 ] 3,75 12.0
1250 180 0,33 1.00 8 11 10 B 14 5,00 0.2
2500 180 0,36 0.64 12 7 13 7 8 1,20 14,7
5000 180 0.02 il il # it
DHEA ' DHEO
0 180 0.58 0.76 495 520 419 428 462 3. 80 El4 .2
30 180 0.45 0.64 430 465 393 408 459 3.0 673.4
for &, b, ¢, 4, & please gee page 15
il ':.Q'n:erl;;:l.tivﬁ. 1L00% eytotoxle, not carried through beyond the initlsl treatment

83
Reference ID: 3251055




NDA # 204063 Reviewer: Melissa K. Banks-Muckenfuss

Study title: IN VITRO ASSESSMENT OF THE CLASTOGENIC ACTIVITY OF
DIMETHYLFUMARATE IN CULTURED HUMAN PERIPHERAL LYMPHOCYTES
Study no.:  5407-89
Study report location: EDR

Conducting laboratory and location: o

Date of study initiation:  9/25/89, protocol dated 4/21/89
GLP compliance: Yes, page 3, FDA
QA statement:  Yes, page 4
Drug, lot #, and % purity: DMF, lot 8660686 L980737,
100.6% pure

Methods
Cell line: Cultured human peripheral blood
lymphocytes
Concentrations in definitive study: -S9: 1.56. 3.13. 6.25, 125, 25.0 & 50.0
ug/mL
+S9: 6.25, 125, 25.0, 50.0, 100.0 & 150.0
ug/mL
Basis of concentration selection: Preliminary cytotoxicity assay showed
toxicity at 50 ug/mL in -S9 and >5 ug/mL in
+S9 (assay was not reliable).
Negative control: DMSO, lot 025350
Positive control: -S9: mitomycin C
+S9: cyclophosphamide
Formulation/Vehicle:
Incubation & sampling time: -S9: 24 hours at 37°C
+S9: 2 hours at 37°C

Study Validity

Human peripheral blood was obtained by venipuncture from 2 healthy donors that were
medication-free and collected in heparinized tubes. In this study, DMF was tested up to
cytotoxic concentrations both in the absence and presence of metabolic activation (rat
liver Aroclor-1254 induced S9). One thousand lymphocytes per culture were examined
to determine cytotoxicity. Two hours before termination, cell division was arrested with
colcemid. Two slides were made from each culture. For each treatment and culture,
100 metaphases were counted. In the positive control groups treated with mitomycin C
or cyclophosphamide, a significant (p< 0.05) increase in aberrant metaphases occurred.
The formulations were 97.7 - 101% of nominal.

Results: Positive, but inadequate assay

The incidence of chromosomal aberrations was increased at cytotoxic concentrations in
the absence of metabolic activation. At 12.5 ug DMF/mL, there was a concentration-
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related significant (p< 0.05; by Chi-Square) increase in the frequency of aberrations
(excluding gaps), compared to the solvent control cultures for both independent tests.
Excessive cytotoxicity was observed in both assays at the highest concentration tested
(25 ng DMF/mL). The mean incidence of chromosomal aberrations (excluding gaps) for
DMF in the presence of metabolic activation ranged from 0.0% to 3.0% in the two

independent tests. These results are within the normal range of the solvent control. For
details, see the sponsor's summary tables, below.

Dimethylfumarate

Chromosome analysis in human peripheral lymphocytes-in witro
Table 2 ¢ lst experiment without metabolic activation (8% mix)
Treatment Mitotic Number of % of cells with % of cells with % of cells with Significance
(ug/ml) index metaphases gaps sberrations asberrations chi? - test
scored including gaps excluding gaps (aberrations
excluding gaps)
Dimethyl-
fumarate
] 1.00 100 4.0 5.0 1.0
1.56 1.33 100 3.0 5.0 2.0 n.s
3.13 0.75 100 3.0 6.0 3.0 n.s,
6.2% 0,67 100 5.0 8.0 3.0 n.s,
12,5 0.29 100 12.0 27.0 1.0 5,
25.0 0.33 100 99 sut of 100 metaphases pulverised s,
Hitomyein G
4 0.1 0.50 ' 100 20.0 31.0 18.0 5.
1
n.s. not significant et p = 0.03 8. significant at p = 0.05 f} solvent control = 1,00

BEST AVAILABLE COPY
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Dimethylfumarate
Chromosome analysis in human peripheral lymphocytes in vitro

Table 3 ¢ 2nd experiment without metabolic activation (S% mix)
Treatment Hitotlc Humber of % of cells with % of cells with % of cells with Significance
(pg/ml) indexf} metaphases gaps aberrations aberrations chi? - test

scored including gaps excluding gaps (aberrations

excluding gaps)

Dimethyl-
fumarate

0 C1,00 100 4.0 4,0 0.0 -

3.13 0.85 100 1.0 2.0 1.0 n.s.
625 1.00 00 1.0 3.0 2.0 n.s.
12,5 0.31 691Ht b4 11.6 7.3 s
25,0 0.23 4k - - - -
Hitomyein C
= 0.1 0.62 100 1.0 36,0 21.0 s

n.s. not significant at p s 0.05 8.
# solvent control = 1,00

{H} no more metaphases of sufficlent quality for evaluation due to cytotoxicity of Dimethylfumarate

significant at p s 0,05

Dimechylfumarate
Chromosome snalysis in human peripheral lymphoeytes in vitro
Table & ¢ 1st experiment with metabolic activation (59 mix)
Treatment Hitotic NHumber of % of cells with % of cells with % of cells with Significance
{pg/ml) index{} metaphases gaps aberrations aberrations chi? - test
scored ineluding gaps excluding geps {aberrations
excluding gaps)
Dimethyl-
fumarate
0 1.00 100 3.0 4.0 1.0 -
12.5 1,23 100 3.0 3.0 0.0 n.s.
25.0 1.08 100 3.0 3.0 0.0 n.s.
50,0 . 1.23 100 5.0 5.0 0.0 n.s.
100.0 0.69 100 5.0 7.0 2,0 . s,
Cyclophos-
phamide
10.0 1.69 100 9.0 25.0 18.0 s
n.s. not significant at p s 0.05 s, significant at p s 0.05
. {l solvent control = 1.00
1

BEST AVAILABLE COPY
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Dimethylfumarate
Chromosome analysis in human peripheral lymphocytes in vitro
Table 3 ¢ 2nd expariment wyith metabolic activation (59 mix)
Treatment Hitotie . Humber of .f: ‘of cells with % of caells with % of calls with Significance
(pg/ml) index{} metaphases gaps aberrations abarrations chi? - test
scored including gaps excluding gaps (aberrations
excluding gaps)
Dimethyl-
fumarate
0 1.00 100 4.0 4.0 0.0
6.25 0,91 100 9.0 : 12,0 3.0 n.s
12.5 1.25 100 8.0 9.0 1.0 n.s,
T 25.0 ' 1.00 100 5.0 6.0 1.0 n.s
-.50.0 0.83 100 4.0 6.0 2.0 n.s
100.0 0.17 100 2.0 4.0 2.0 n.s
150.0 0.25 231 8.7 13,0 4.3 n.s
Cyclophos-
phamide
10.0 0.83 100 12.0 28.0 22,0 8.
n.s, not significent at p = 0.05 s, significant at p < 0,05 ff solvent control = 1.00
i} no more metaphases of sufficient quality for eveluation dus to cytotoxicity of Dimethylfumarate

BEST AVAILABLE COPY

Study title: Chromosomal Aberrations in Cultured Human Peripheral Blood

Lymphocytes
Study no.:
Study report location:
Conducting laboratory and location:
Date of study initiation:
GLP compliance:
QA statement:
Drug, lot #, and % purity:

Methods
Cell line:

Concentrations in definitive study:

Reference ID: 3251055

P00012-04-16, @@ 6538-357
EDR

(b) (4)
11/29/04
Yes, page 3, FDA
Yes, page 2
DMF (dimethyl fumarate, BG00012), Lot
1102643 33004999, 99.8% (0.03%
methylhydrogen fumarate)

Cultured human peripheral blood
lymphocytes

Initial Assay (3 hours, = S9):

Tested 10.2, 14.5, 20.8, 29.7, 42.4, 60.5,
86.5, 124, 176, 252, 360, 515, 735, 1050,
and 1500 pg/mL

20.8, 29.7, 42.4, and 60.5 pg/mL analyzed
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Confirmatory Assay (3 hr +S9, 22 hr -S9)
+S9: 30, 40, 50 and 60 ug/mL
-S9: 0.938, 1.88, 3.75 and 7.50 ug/mL
Basis of concentration selection: Cytotoxicity in initial assay

The highest dose used in the study, 1500
ug/mL DMF, was slightly >10 mM DMF
(molecular weight 144.13, 10 mM=1441
ug/mL DMF), the high dose recommended
by the OECD Testing Guidelines at the time
the study was conducted.

Negative control: DMSO, ®®@ | ots A019540701
and A019779001

Positive control: +S9: cyclophosphamide
-S9: mitomycin C
Formulation/Vehicle: DMSO
Incubation & sampling time: 3 hr £ S9, 22 hr -S9 at 37 [12(1C
Deviations Samples were not saved for homogeneity

from the lowest dose formulation; the
sponsor indicated that this had no impact
on the study.

Study Validity

Human venous blood from a healthy, adult donor (nonsmoker without a history of
radiotherapy, chemotherapy, or drug usage, and lacking current viral infections) was
collected; whole blood cultures were initiated. The S9 fraction was purchased

( @@ | ot No. 1722). To arrest the cell cycles, 0.1 ug/mL
Colcemid was present during the last 2 + 0.5 hours of incubation. Replicate cultures
were used at each concentration. One hundred cells, if possible, from each duplicate
culture from four concentrations of the test article, the negative and vehicle controls,
and one dose level from the positive control cultures were analyzed for the different
types of chromosomal aberrations. Mitotic index was evaluated from the negative
control, vehicle control and a range of test article concentrations by analyzing the
number of mitotic cells in at least 1000 cells per culture, if available, and the ratio
expressed as a percentage of mitotic cells. Percent polyploidy and endoreduplication
were also analyzed by evaluating 100 metaphases per culture, if available, and
tabulated. A test article was considered positive for inducing chromosomal aberrations
if a significant increase (the difference was considered significant when p < 0.01) in the
number of cells with chromosomal aberrations was observed at one or more dose
levels. The linear trend test evaluated the dose-responsiveness. If a significant
increase was seen at one or more dose levels, a dose-response should be observed.
Precipitate was observed at = 735 ug/mL DMF, with and without metabolic activation.

Results: Positive without metabolic activation
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The results of the initial assay without metabolic activation are presented in sponsor's
Table 2, below. A significant increase in cells with chromosomal aberrations was
observed in the cultures treated with 42.4, and 60.5 ug/mL DMF. No significant increase
in polyploidy or endoreduplication was observed at the concentrations analyzed.

Table 2: Chromosomal Aberrations in Human Lymphocytes -
Without Metabolic Activation - 3-Hour Treatment, ~22-Hour Harvest

Assay No.: 26208-0-4490ECD Trial No.: Bl Date: 12/15/04 Lab No.: CY121604 Test Article: DMF

# Cells Numbers and Percentages of Cells
#Cells % Mitotic  Scorad Judge- Showing Structural Chromosome Aberrations Judge-
Scored for Index for #ofpp #ofer ment simple Totals® ment
Aberrations Reduction® ppander  Cells Cells (+=k gaps breaks chite chre mab g g+ G+
Controls
Negative: EPMI 1640 A 100 100 0 0 1 1 3 4 5
B 100 100 0 0 1 2 3 3
Total 200 200 1 1 4 2 7 g
Average % - 0.0 0.0 0.5 0.5 2.0 10 35 4.0
Vehicle:  DMSO 100 pLml. A 100 100 0 0 2 1 1 3
B 100 100 0 0 1 ] 1
Total 200 200 3 1 1 4
Average % ] 00 0.0 15 0.5 0.5 0
Positive:  MMC 1.00 pg/mL A 25 100 0 0 1 7 3 9 9
B 25 100 0 0 2 b] 3 1 2 10
Total 50 200 3 12 6 1 17 19
Average % - 0.0 0.0 - 6.0 4.0 110 0 340 38.0 +
Test Article 20.8 pg/ml A 100 100 0 0 3 ] 3
B 100 100 0 0 1 1 1 2
Total 100 200 4 1 1 5
Average % - 0.0 0.0 - 0 0.5 0.5 15
29.7 pg/mL A 100 100 0 0 1 b) b) 6
B 100 100 0 0 1 2 2 4 5
Total 200 200 2 7 2 9 11
Average % 1 0.0 0.0 - 10 35 1o 45 55
424 pg/ml A 25 100 0 0 8 1 8 g
B 100 100 0 0 5 15 1 3 19 23
Total 115 200 5 23 2 3 27 31
Average % 41 0.0 0.0 - 40 184 16 4 24 156 +
60.5 pg/mL A2 100 0 0 7 8 15 15
B 25 100 ] 0 1 9 2 3 13 13
Total 50 200 1 16 2 1 28 28
Average % 56 0.0 0.0 - 10 310 4.0 120 56.0 6.0 +
chte: chromatid exchange chre: chromosome exchange mab: nmultiple aberrations. greater than 4 aberrations pp: polyploidy er: endoreduplication

9%, Mitotic index reduction as compared to the vehicle control

b Significantly greater in % polyploidy and % endoreduplication than the vehicle control, p < 0.01.

f-g= #or % of cells with chromosome aberrations; +g= # or % of cells with chromosome aberrations +# or % of cells with gaps.

3 Significantly greater in -g than the vehicle control, p<001  RPMI 1640 = culfure medium  DMSO = dimethylsulfoxide ~ MMC = Mitomycin C

The results of the initial assay with metabolic activation are presented in sponsor's
Table 4, below. No significant increase in chromosomal aberrations, polyploidy, or
endoreduplication was observed at the concentrations analyzed.
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Table 4: Chromosomal Aberrations in Human Lymphocytes -
‘With Metabolic Activation - 3-Hour Treatment, ~22-Hour Harvest

Assay No.: 26208-0-4490ECD Trial No.: Bl Date: 12/15/04 Lab No.: CY121604 Test Article: DMF
# Cells Numbers and Percentages of Cells
#Cells % Mitotic  Scored Judge- Showing Structural Chromosome Aberrations Judge-
Scored for Index for #ofpp #ofer ment simple Totals® ment
Aberrations Reduction® ppander  Cells Cells ()P gaps breaks chte chre mab g g+ -
Controls
Negative: RPMI 1640 A 100 100 0 0 2 2 2 4
B 100 100 0 0 2 2 2 4
Total 200 200 4 2 2 4 g
Average %o - 0.0 0.0 0 1o Lo 20 4.0
Vehicle:  DMSO 10.0 pL/'mL A 100 100 0 0 o 0
B 100 100 0 0 1 0 1
Total 200 200 1 o 1
Average % 0 0.0 0.0 0.5 0.0 0.5
Posiive:  CP 250 pg/ml A 50 100 0 0 13 4 19 19
B 50 100 0 0 1 14 3 17 18
Total 100 200 1 29 7 36 37
Average % - 0.0 0.0 - 10 00 70 36.0 KRN +
Test Article 20.8 pg/mL A 100 100 1 0 2 0 2
B 100 100 0 0 1 1 1 2
Total 200 200 3 1 1 4
Average %o 5 0.5 0.0 - 15 0.5 0.5 0 -
29.7 pg/ml A 100 100 0 0 1 0 1
B 100 100 0 0 0 0
Total 200 200 1 0 1
Average %o 12 0.0 0.0 - 0.5 0.0 05 -
424 pg/ml A 100 100 0 0 1 o 1
B 100 100 0 0 2 0 2
Total 200 200 3 0 3
Average % 48 0.0 0.0 - 15 0.0 15 -
60.53 pg/ml A 100 100 0 0 3 1 1 4
B 100 100 0 0 1 0 1
Total 200 200 4 1 1 5
Average % 56 0.0 0.0 - 0 0.5 0.5 25 -
chte: chromatid exchange chre: chromosome exchange mab: nmultiple aberrations, greater than 4 aberrations pp: polyploidy er: endoreduplication

9, Mitotic index reduction as compared to the vehicle control.

® Significantly greater in % polyploidy and % endoreduplication than the vehicle control. p < 0.01.

f-g= #or % of cells with chromosome aberrations; +g= # or % of cells with chromosome aberrations +# or % of cells with gaps.

4 Significantly greater in -g than the vehicle control, p< 0.01.  RPMI 1640 = culture medium  DMSO = dimethylsulfoxide ~ CP = Cyelophosphamide

The results of the confirmatory assay without metabolic activation are presented in
sponsor's Table 6, below. No significant increase in cells with chromosomal
aberrations, polyploidy, or endoreduplication was observed in the cultures analyzed.
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Table 6: Chromosomal Aberrations in Human Lymphocytes -
‘Without Metabolic Activation - ~22-Hour Treatment, ~22-Hour Harvest

Assay No.: 26208-0-4490ECD Trial No.: C1 Date: 02/09/05 Lab No.: CY020705A Test Article: DMF
# Cells Numbers and Percentages of Cells
#Cells % Mitotic  Scored Judge- Showing Structural Chromosome Aberrations Judge-
Scored for Index for #ofpp  #ofer ment simple Totals® ment
Abemations Reduction® ppander  Cells Cells (G gaps breaks chte chre mab g- gt !
Controls
Negative: FPMI 1640 A 100 100 0 0 4 0 4
B 100 100 0 0 1 0 1
Total 200 200 3 0 3
Average % - 0.0 0.0 15 0.0 2.5
Vehicle:  DMSO 10.0 pL/mL A 100 100 0 a 1 0 1
B 100 100 0 0 1 1 1
Total 200 200 1 1 1 2
Average % 0 0.0 0.0 0.5 0.5 0.5 Lo
Positive: ~ MMC 0300 pg/ml A 50 100 0 0 5 1 5 25 29
B 50 100 0 0 3 17 3 19 n
Total 100 200 8 38 3 44 30
Average %o - 0.0 0.0 - 8.0 350 3.0 440 0.0 +
Test Article 0938 pg/ml A 100 100 0 0 1 2 2 3
B 100 100 0 a 2 2 2 4
Total 200 200 3 4 4 7
Average % b3 | 0.0 0.0 - 15 0 0 35
188 pg/ml A 100 100 0 0 2 0 2
B 100 100 0 0 1 0 1
Total 200 200 3 0 3
Average % 25 0.0 0.0 - 15 0.0 15
375 pgml A 100 100 0 0 2 0 2
B 100 100 0 a 1 0 1
Total 200 200 3 0 3
Average % 3% 0.0 0.0 - 15 0.0 1.5
750 pgml A 100 100 0 0 1 3 3 4
B 100 100 0 0 2 2 2
Total 200 200 1 5 5 6
Average % 58 0.0 0.0 - 0.5 15 15 30
chte: chromatid exchange chre: chromosome exchange mab: multiple aberrations. greater than 4 aberrations pp: polyploidy er: endoreduplication

9 Mitotic index reduction as compared to the vehicle control.

® Significantly greater in % polyploidy and % endoreduplication than the vehicle control, p < 0.01

“-g= #or % of cells with chromosome aberrations; +g= # or % of cells with chromosome abefrations + # or % of cells with gaps.

4 Significantly greater in -g than the vehicle control, p<0.01.  RPMI 1640 = culture medium ~ DMSO = dimethylsulfoxide  MMC = Mitomycin C

The results of the confirmatory assay with metabolic activation are presented in
sponsor's Table 8, below. Due to toxicity, only 87 metaphases were available from one
of the cultures treated with 60.0 ug/mL DMF and 113 metaphases were evaluated from
the duplicate culture. Given this issue, the cultures at 75 mg/mL with a similar mitotic
index reduction should have been analyzed. No significant increase in cells with
chromosomal aberrations, polyploidy, or endoreduplication was observed in the cultures
analyzed.
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Table 8: Chromosomal Aberrations in Human Lymphocytes -
With Metabolic Activation - 3-Hour Treatment, ~22-Hour Harvest

Assay No.: 26208-0-4490ECD Trial No.: C1 Date: 02/09/05 Lab No.: CY020705A Test Article: DMF

# Cells Numbers and Percentages of Cells
#Cells % Mitotic  Scored Judge- Showing Structural Chromosome Aberrations Judge-
Scored for Index for #ofpp Fofer ment simple Totals® ment
Abemations Reduction® ppander  Cells Cells +)° Zaps breaks chie chre mab g- o+ [
Controls
Negative: RPMI 1640 A 100 100 ] o 0 0
B 100 100 0 ] 1 0 1
Total 200 200 1 0 1
Average % - 0.0 0.0 0.5 0.0 0.5
Vehicle:  DMSO 100 pL/ml. A 100 100 0 ] 0 0
B 100 100 0 ] 2 0 2
Total 200 200 2 0 2
Average % L1} 0.0 0.0 1o 0.0 10
Positive: (P 250 pg/ml A 50 100 0 ] 3 23 1 24 26
B 50 100 0 ] 1 18 1 13 19
Total 100 200 4 41 2 42 45
Average % - o 0.0 - 40 410 0 42.0 450 +
Test Article 300 pgmL A 100 100 a 0 1 1 1 2
B 100 100 0 ] 1 1 1
Total 200 200 1 2 2 3
Average % - 0.0 0.0 - 0.5 Lo 10 15
400 pgmL A 100 100 a 0 4 4 4
B 100 100 0 ] 3 2 2 5
Total 100 200 3 6 6 9
Average % 15 o 0.0 - 15 30 30 45
300 pg'mL A 100 100 ] o 7 4 4 10
B 100 100 0 ] ] 2 2 7
Total 200 200 13 6 6 17
Average 37 o 0.0 - 6.5 30 30 8.5
60.0 pg/ml A 87 100 0 ] 1 4 4 5
B 113 81 0 ] 4 0 4
Total 200 181 5 4 4 9
Average % 54 0.0 0.0 - 1.5 0 20 45
chte: chromatid exchange chre: chromosome exchange mab: nmitiple aberrations, greater than 4 aberrations pp: polyploidy er: endoreduplication

#% Mitotic index reduction as compared to the vehicle control.
? Significantly greater in % polyploidy and % endoreduplication than the vehicle control. p < 0.01.

“-g= #or % of cells with chromosome aberrations; +g= # or % of cells with chromosome aberrations = # or % of cells with gaps.

4 Significantly greater in -g than the vehicle control, p<001.  RPMI 1640 = culture medium ~ DMSO = dimethylsulfoxide — CP = Cyclophosphantide

DMF is considered positive for inducing chromosomal aberrations with a 3-hour
treatment under non-activation conditions, but negative with a prolonged treatment
(when greater cytotoxicity occurred at lower concentrations) and under conditions with
metabolic activation. DMF is considered negative for inducing polyploidy or
endoreduplication under non-activation conditions. The negative and vehicle control
cultures had <3.5% cells with aberrations, which is within the range of the historical
control data (sponsor's table included below). The positive control results were
statistically significant (p £0.01) compared to vehicle controls.
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HISTORICAL CONTROL DATA

Chromosome Aberrations In Human Lymphocytes
~22 Hour Harvest - 7/2003 through 12/2003

YaEndore-
% %o % Polyploid duplicated

Activation -z +g Cells Cells

Negative Control Without MIN 0.0 0.0 0.0 0.0
3 Hour Treatment MAX 45 80 0.0 0.0
AVG g il 0.0 0.0

5D ) 1.03 250 0.00 0.00
N 20 20 20 20

Wehicle Control (Pocled) Without MIN 0.0 0.0 0.0 0.0
3 Hour Treatment MAX i0 115 035 0.0
AVG 06 23 0.0 0.0

5D () 0.76 235 010 0.00

N 23 23 23 2

Positrve Control - MMC Without MIN 213 30.7 0.0 0.0
3 Hour Treatment MAX 63.0 66.0 035 0.0
AVG 411 476 0.0 0.0

SD (1) 9.74 10.10 0.10 0.00

N 23 23 23 2

Negative Control Without MIN 0.0 0.0 0.0 0.0
Continmous Treatment MAX io o0 035 0.0
AVG 07 23 00 0.0

SD 1) 087 214 0.13 0.00
N 14 14 14 14

Vehicle Control (Pocled) Without MIN 0.0 0.0 0.0 0.0
Continmous Treatment MAX io o0 1.0 0.0
AVG 1.1 il 01 0.0

SD 1) 082 246 0.24 0.00
N 20 20 20 20
Positive Control - MMC Without MIN 187 242 0.0 0.0
Conhmuous Treatment MAX 36.0 36.0 00 00
AVG 345 40.6 0.0 0.0

SD 1) 10.45 oTE 0.00 0.00
N 20 20 20 20
Negative Control With MIN 0.0 0.0 0.0 0.0
3 Hour Treatment MAX 1.5 a0 035 0.0
AVG 05 24 0.0 0.0

SD L) 0449 183 0.09 0.00
N 34 34 34 34
Vehicle Control (Pooled) With MIN 0.0 0.0 0.0 0.0
3 Hour Treatment MAX i5 T3 035 0.0
AVG 0.6 26 0.0 0.0

SD L) 0.80 211 0.11 0.00
N 42 42 42 42
Positrve Control - CP With MIN 189 287 0.0 0.0
3 Hour Treatment MAX 490 62.0 10 0.0
AVG 368 444 0.0 0.0

SDx) 721 7.66 0.17 0.00
N 42 42 42 42

N = Number of trials
MMC = Mitomycin C

CP = Cyclophosphamide
-g =% of cells with chromosome aberrations
+g =% of cells with chromosome aberrations + % of cells with gaps
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Study title: Chromosomal Aberrations in Cultured Human Peripheral Blood

Lymphocytes
Study no.:
Study report location:
Conducting laboratory and location:
Date of study initiation:
GLP compliance:
QA statement:
Drug, lot #, and % purity:

Methods
Cell line:
Concentrations in definitive study:

Basis of concentration selection:

Negative control:

Positive control:
Formulation/Vehicle:

Incubation & sampling time:
Deviations

Reference ID: 3251055

P00012-08-03, ®® 6538526
EDR

(b) (4)
2/9/10
Yes, page 2, FDA
Yes, page 3
mono-methyl fumarate (MMF), 97%, CAS
2756-87-8, lot 75798MJ, 97.5% pure

Cultured HPBL
Initial assay (3 hrs + S9)

-S9: 153, 312, and 446 ug/mL
+S9: 74.9, 153, and 218 pg/mL

Confirmatory assay (22 hr -S9, 3 hr +S9)

-S9: 2.50, 5.00, 10.0, 20.2, 28.8, 41.0, 58.0,
80.0, 100, 125, 156, 196, 245, 350, and
500 pg/mL

+S9: 64.0, 80.0, 100, 125, 156, 196, 245,
and 350 pg/mL

2" Confirmatory assay

-S9: 20.2, 28.8, and 41.0 yg/mL

+S9: 100, 156, and 245 pg/mL

The highest concentration tested in the
assay was 1300 pg/mL, which was
approximately 10 mM of MMF (molecular
weight 130.10).

DMSO, CAS 67-68-5, lots 35596LK &
02896BM, 99.92% & 99.97% pure,
respectively

-S9: mitomycin C

+S9: cyclophosphamide

DMSO

3 hrs and/or 22 hrs, incubated at 37 + 2°C
Documentation that the test article was
characterized under GLP or GMP
conditions is not available. The sponsor
indicated that the test article was provided
by a reputable, high quality commercial
vendor; therefore, is not likely to have an
adverse impact upon the integrity of the
study or the conclusions derived from it.
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Study Validity

Human venous blood samples were collected from healthy, adult donors (nonsmokers
without a history of radiotherapy, chemotherapy, or drug usage, and lacking current viral
infections). The vehicle control cultures were in the historical control range for cells with
chromosomal aberrations and the positive control cultures had significant increases in
cells with chromosomal aberrations as compared with the vehicle control cultures. The
high doses selected for analysis in the assay had a 250% reduction in mitotic index, as
recommended for this assay by the OECD Testing Guidelines. The formulations in the
2" confirmatory assay were 92.8-103% of nominal.

Results: Positive without metabolic activation

The initial chromosomal aberrations assay treated the cultures for 3 hr, without and with
metabolic activation. Concentrations of 8.82, 12.6, 18.0, 25.7, 36.7, 52.5, 74.9, 107,
153, 218, 312, 446, 637, 910, and 1300 pg/mL were tested without and with metabolic
activation. Of those concentrations, 153, 312, and 446 pg/mL without metabolic
activation and 74.9, 153, and 218 ug/mL with metabolic activation were analyzed for
chromosomal aberrations. Without metabolic activation, statistically significant
increases in cells with chromosomal aberrations were observed at 312 and 446 ug/mL
(at 39% and 56% reductions in the mitotic index, respectively). With metabolic
activation, no significant increases in cells with chromosomal aberrations, polyploidy or
endoreduplication were observed. However, the formulation analyses showed that the
formulations used were only 60.7-98.9% of nominal (most between 60-76%). See the
sponsor's summary table, below.

Table 11 Genotoxicity: In Vitro Report Title: Chromosomal Aberrations in Cultured Human Test Article: mono-methy] fumarate

Peripheral Blood Lymphocytes
Number of Independent Assays: 3
Number of Replicate Cultures: 2

Test for Induction of: Chromosome aberrations
Strains: Pnmary lnman lymphocytes

Study Number: 6538326

Sponsor Reference Number:

PO0012-08-03

Metabolizing System: Aroclor™-induced rat liver 39 Number of Cells Analyzed/Culture: 100 Location in CTD: Vel Page
(or 225 if =25% cells with aberrations)

Vehicles: Test Article: Dimethylsulfoxide (DMSO) Positive Controls: Water

Treamment: Pulse treatment 3 hr and recovery time 19 br with and without 59.

Cytotoxic Effects: Dose-related decreases m mitotic indices.

Genotoxic Effects: Statistically significant increase in the percent aberrant cells without activation only.

GLP Compliance: Yes
Date of Treatment: 24-Feb-2010

. 1ﬁmﬁ'.: Aberrant Cells . Eudlm'e-
Dose Total Cells Suppression® Polyploidy duplicate
Test Article (pg/mL) Analyzed Mean %o Mean?o -o Mean%o +g Mean %o Mean %o
3-Hour Treatment Without Metabolic Activation
Vehicle DM30 10.0 uL/'mL 200 100 0.5 5.0 1.0 0.0
mone-methyl fumarate 153 200 100 10 40 0.0 0.0
312 200 61 6.0* 12.0 2.0 0.0
446 200 44 8.5* 15.0 5.0 1.5
Mitomycin C 1.00 75 - 37.3* 453 0.0 0.0
3-Hour Treatment With Metabolic Activation
Vehicle DM30 100 pl/mL 200 100 05 20 0.0 0.0
mone-methy] fumarate 740 200 100 0.0 15 0.0 0.0
153 200 58 00 20 0.0 0.0
218 200 41 40 0.5 30 0.0
Cyclophosphamide 250 100 - 44 0% 400 0.0 0.0

GLF = Good Laboratory Practice; -g = % of aberrant cells excluding those with gaps only: +g = % of aberrant cells plus % of cells with gaps only.
* Significantly greater in -z than the vehicle control, p = 0.01
* Mitotic suppression = [One minus the quotient (mean test article mitotic index/mean vehicle control mitotic index)] x 100.
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In the first confirmatory chromosomal aberrations assay, the treatment period was for
22 hours without metabolic activation (2.50, 5.00, 10.0, 20.2, 28.8, 41.0, 58.0, 80.0, 100,
125, 156, 196, 245, 350, and 500 ug/mL) and 3 hours with metabolic activation (64.0,
80.0, 100, 125, 156, 196, 245, and 350 yg/mL). The sponsor indicated that this assay
was discontinued due to low metaphase frequency.

A repeat confirmatory chromosomal aberrations assay was conducted under identical
conditions. Concentrations of 20.2, 28.8, and 41.0 pg/mL without metabolic activation
and 100, 156, and 245 ug/mL with metabolic activation were analyzed for chromosomal
aberrations. Statistically significant increases in cells with chromosomal aberrations
were observed at 41.0 ug/mL without metabolic activation (at 54% reduction in mitotic
index; though the sponsor indicated that this may be a statistical anomaly due to O
aberrant cells in the concurrent vehicle control) and at 245 pg/mL with metabolic
activation (at 56% reduction in the mitotic index). No significant increase in cells with
polyploid or endoreduplication was observed in the cultures analyzed. The sponsor
believes that the increases observed at the single high doses are probably induced as
effects secondary to cytotoxicity rather than a true clastogenic potential; the small
increases (almost all of which were simple breaks) were at relatively cytotoxic dose
levels (~50% reduction in mitotic index), with no increase observed at the less cytotoxic
dose levels. See the sponsor's summary table below.

Table 12 Genotoxicity: In Vitro Report Title: Chromosomal Aberrations in Cultured Human Test Article: mono-methyl fumarate
Peripheral Blood Lymphocytes

Test for Induction of: Chromosome aberrations Number of Independent Assays: 3 Study Number: 6538526
Strains: Prnmary human ymphocytes Number of Replicate Cultures: 2 Spensor Reference Number:
P00012-08-03

Metabolizing System: Aroclor™.-induced rat liver 9 Number of Cells Analyzed/Culture: 100 Location in CTD: Vol Page

(or 225 if =25% cells with aberrations)
Vehicles: Test Article: Dimethylsulforxide (DMSO) Positive Controls: Water
Treamment: Continmous 22 br without 59; pulse treatment 3 hr and recovery time 19 hr with 59. GLF Compliance: Yes
Cytotoxic Effects: Dose-related decreases in mitotic indices. Date of Treatment: 07-Apr-2010

Genotoxic Effects: Without activation statistically significant due to lack of aberration in concurrent vehicle control, however not significant from the
historical control viewpoint and also biologically insignificant. With activation, weak positive at cytotoxic dose levels only.

M.itori!: Aberrant Cells Endore-
Dose Total Cells | Suppression® Polyploidy duplicate
Test Article (ug/mL) Analyzed Mean %o Mean% -g | Mean% +g Mean % Mean %o
22-Hour Treatment Without Metabolic Activation
Vehicle DMSO 10.0 ul/ml 200 100 0.0 1.0 0.0 0.0
mono-methyl fumarate 20.2 200 03 135 5.0 0.0 0.0
28.8 200 68 3.0 9.0 0.0 00
41.0 200 46 4.0% 115 0.0 0.0
Mitomycin C 0300 100 - 46.0% 58.0 0.0 0.0
3-Howr Treatment With Metabolic Activation
Vehicle DMSO 10.0 pL/mL 200 100 0.0 0.3 0.0 0.0
mono-methyl fumarate 100 200 o8 0.0 2.0 0.5 00
156 200 56 0.5 3.5 0.0 0.0
245 200 44 6.0% 11.0 25 05
Cyclophosphamide 25.0 100 46.0% 61.0 0.5 0.0

GLP = Geod Laboratory Practice; -g =% of aberrant cells excluding those with gaps only; +g = % of aberrant cells plus % of cells with gaps enly.
* Significantly greater in -g than the vehicle contrel, p = 0.01
* Mitotic suppression = [One minus the quotient (mean test article mitotic index/mean vehicle control mitotic index)] x 100.

Mono-methyl fumarate was positive in the initial (B1) assay in the absence of metabolic
activation, yielding positive results at concentrations of 312 and 446 ug/mL. In the
confirmatory assay, either in the presence or absence of metabolic activation, positive
results were at the maximum concentration used (>50% cytotoxicity).
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7.3 In Vivo Clastogenicity Assay in Rodent (Micronucleus Assay)

Study title: In Vivo Rat Micronucleus Assay of DMF
Study no:  P00012-04-04; ®® #6538-337
Study report location: EDR
Conducting laboratory and location:
Date of study initiation:  6/9/04

GLP compliance: Yes, page 2
QA statement:  Yes, Page 3
Drug, lot #, and % purity: BG00012, Lot F1177170, 99.6% pure

(b) (4)

Methods- See Sponsor's table, below.
Frequency of dosing: 1x
Route of administration: PO via gavage
Dose volume: 10 ml/kg
Formulation/Vehicle: 0.8% hydroxypropylmethylcellulose in reverse
osmosis deionized water
Species/Strain: Male Crl:CD (SD)IGS BR rats
8 weeks of age, 245-277 g
Basis of dose selection: The maximum dose used (1000 mg/kg)
depressed the PCE/NCE ratio (caused bone
marrow toxicity).

Target AnimalsHarvest Timepoint
Diose Level 24 Hour 48 Hour
(mg'ks) Male Male
Positive Control 6 -
Wehicle Control 6 6
250 6 -
500 6 -
1000 [i] [i]

*  Positive Control = Cyclophosphamide (60mg/kg)

Study Validity: questionable maximum dose

The formulation analyses indicated that the test doses were within £15% of nominal
(85.8 - 93%). DMF did not induce signs of clinical toxicity or mortality in the animals at
any dose tested; however, the sponsor indicated that bone marrow toxicity was
detected at 1000 mg/kg (see sponsor's Tables 4 & 5, below). The evidence of
cytotoxicity demonstrated was weak; in fact, individual animals in the vehicle group
demonstrated lower PCE/NCE ratios than animals in the HD group at the 24 hr
timepoint, and the effect was not clearly dose-related. Evidence of cytotoxicity at the
48-hr timepoint was a little more convincing, but not strong. Bone marrow was
extracted and at least 2000 PCEs per animal were analyzed for the frequency of
micronuclei. Cytotoxicity was assessed by scoring the number of PCEs and NCEs in at
least 500 total erythrocytes for each animal. The historical background frequency of
micronuclei in the rat strains at this laboratory is 0.0 - 0.4%.
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Table 4: Micronucleus Assay — 24-Hour Male Individual Animal Data

Assay No.: 26208-0-4540ECD
Test Article: DMF
TInitiation of Dosing: 21 June 2004

#MN
Animal PCE/ Ratio
Treatment Dose Number 2000 PCE PCE:NCE
Vehicle Control (0.8% HPMC) 0 mg'kg 3807 1 0.79
5812 0 1.00
5817 1 091
3818 2 0.97
5837 0 0.67
Positive Control (CP) 60 mg'ks 5808 73 0.78
5825 77 0.76
5832 22 0.84
3833 57 0.95
5835 67 0.76
Test Article 250 mg'kg 5802 3 0.97
5806 2 0.78
5809 1 0.67
5814 2 0.89
5821 1 0.81
500 mg/ke 5820 0 1.20
5822 1 1.05
5827 1 1.07
5828 2 0.78
5839 0 0.74
1000 mg/'kg 5803 0 0.81
38035 0 1.07
5811 1 0.80
5823 2 0.70
5834 1 0.77

HPMC = Hydroxypropylmethlycellulose
CP = Cyclophosphamide

PCE = Polychromatic erythrocyte

MN PCE = Micromucleated PCE

NCE = Normochromatic erythrocyte

Table 5: Micronucleus Assay — 48-Hour Male Individual Animal Data
Assay No.: 26208-0-4540ECD

Test Article: DMF
Initiation of Dosing: 21 June 2004

#MN
Animal PCE/ Ratio
Treatment Dosze MNumber 2000 PCE PCE:NCE

Vehicle Contrel (0.8% HPMC) Omgkg 5801 0 1.17
5804 1 1.15

5810 1 1.04

5815 0 097

5816 0 095

Test Article 1000 mg/'kg 5813 0 0.92
5819 2 0.97

5824 1 0.74

5830 2 0.75

5831 1 0.84

HPMC = Hydroxypropylmethlyeellulose
PCE = Polychromatic erythrocyte

MN PCE = Micromucleated PCE

NCE = Nermochromatic erythrocyte
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Results: negative, but maximum dose defined by questionable cytotoxicity

DMF did not induce statistically significant increases in micronucleated PCEs. The
sponsor indicated that DMF was cytotoxic to the bone marrow, as evidenced by a
statistically significant decrease in the PCE:NCE ratio at the HD at the 48 hr timepoint.
This evidence is not convincing; it appears that a higher dose could have been used.
(In an acute oral toxicity study in rat, a single dose up to 2150 mg/kg was achieved
without mortality in males [the only clinical sign was inhibition of body weight gain].)

Table 3: Micronucleus Assay — Summary Table

Assay No.: 26208-0-4540ECD
Test Article: DMF
Initiation of Dosing: 21 June 2004

% Micronucleated PCEs
Mean of 2000 per Eatio PCE:NCE
Harvest Animal + 5 E. Mean + 5. E.
Treatment Dose Time Males Males
Controls
Vehicle 0 mg'ks 2 hr 0.04 =002 0.87=0.06
(0_8%HPMC)
48 hr 002001 1.06 =0.04
Positive (CP) 60 mg/kg 2 hr 206+ 0.49* 0.82=0.04
Test Article 250 mg'kg 2 hr 0.09 =002 0.82=0.05
500 mg'kg 2 hr 004002 0.97=0.09
1000 mg'kg 2 hr 004002 0.83=0.06
48 hr 006002 0.84 = 0.04**

* Significantly greater than the corresponding vehicle control, p < 0.01.
** Significantly less than the corresponding velicle control, p < 0.05.
HPMC = Hydroxypropylmethlycellulose

CP = Cyclophosphamide

PCE = Polychromatic erythrocyte

NCE = Nommochromatic erythrocyte
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Historical Control Data

Rat Micronucleus - 1/2003 through 12/2003

Appendix 4

Reviewer: Melissa K. Banks-Muckenfuss

%4 Micronucleated PCEs
From 2000 PCEs per Animal PCE:NCE Ratio
Mean = S E. Mean= S E.
Males Males
Pocled Vehicle Controls
24 howr harvest Mininmum 0.00 049
Maximum 0.35 1.91
Average 0.085 £ 0.007 09160023
N 1035 105
48 hour harvest Mininmm 0.00 045
Maximum 0.30 242
Average 0.073 £0.007 0.909 +0.035
N 73 75
Positive Controls — Cyclophosphamude, 0 mg/kg
24 hour harvest Mininmm 0.15 033
Maxinmm 6.35 238
Average 2801 +0.127 0.840 £ 0038
N 102 102

PCE = Polychromatic erythrocyte
NCE = Normochromatic erythrocyte
N =Number of animals

In Vivo Clastogenicity Assay in Rodent (Chromosome Aberration)

Study title: IN VIVO BONE MARROW CYTOGENETIC TEST OF
METHYLHYDROGEN FUMARATE AS CALCIUM SALT BY ORAL

ADMINISTRATION IN SPRAGUE-DAWLEY RATS (Chromosomal Analysis)
9337/1/95

Study no:
Study report location:
Conducting laboratory and location:

Date of study initiation:
GLP compliance:

QA statement:

Drug, lot #, and % purity:

Reference ID: 3251055

EDR

(b) (4)

8/14/95, 8/21/95 (main); protocol 7/17/95

Yes, pg 3, FDA

Yes, pg 4
MMF as calcium salt, lot 2305681, 99.7-
99.9 % pure
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Methods
Doses in definitive study: 0 and 1000 mg/kg
Frequency of dosing: One dose; assessments at 6, 24 and 48 hours
after administration
Route of administration: PO
Dose volume: 20 ml/kg
Formulation/Vehicle: 0.8% aqueous hydroxypropyl- methylcellulose
gel
Species/Strain: Rat, Sprague-Dawley/Crl: CD®BR
Number/Sex/Group: 5/sex/gp
Basis of dose selection: Preliminary assay: Doses of 400 and 800 mg/kg
MMF Calcium salt PO caused slight toxicity,
while 1600 mg/kg resulted in moderate toxicity
lasting for 3 hours.
Negative control: 0.8% aqueous hydroxypropyl- methylcellulose
gel
Positive control: Cyclophosphamide (27 mg/kg IP), dissolved in
0.9% NaCl solution

Study Validity

This is a nonstandard study. Only one dose-level was used; this dose resulted in
clinical signs (i.e., reduced mobility, ataxia and dyspnea) at 1 - 3 hr postdose. From the
preliminary assay, it appears that a higher dose could have been used. Two hours prior
to the sampling time, the animals received Colcemid (IP). The mitotic index was
determined by counting the number of metaphases per 1000 cells in each cell
preparation. The mean mitotic index of 10 animals (both sexes combined) was
compared with the mean mitotic index of the negative control (mitotic index: 1.0). The
analysis for structural aberrations (chromosome- and chromatid type) was carried out in
50 cells per animal; the OECD guideline indicates that 100 cells/animal should be
analyzed. Cells with an incomplete number of centromeres or insufficient spreading
were not used for analysis.

Results: inadequate, negative

The mitotic index in bone marrow was not affected. The mean incidence of
chromosomal aberrations (excluding gaps) of the cells treated with MMF calcium salt
was not increased above the negative control range (0.4 - 1.2% at all three sampling
time-points, compared to the normal range of the negative control [0.6%]). The number
of cells with gaps was also within the range of the negative controls (treated groups:
2.8% to 4.8%; controls: 2.8%). Cyclophosphamide, the positive control, induced
significant levels of chromosomal aberrations.
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Hethylhydrogen fumarate as Calcium salt
Rat bone marrow cytogenetic test, chromosomal analysis

Table 1 Summary
Compound Sampling Number of  Mitotic % of cells % of cells % of cells Siggif‘icance
mg/kg b.w. time metaphases index* with gaps with aberrations with aberrations chi®-test

p.o. (h) analysed including gaps excluding gaps (aberrations
; excluding gaps)

0.8% aqueous hydroxypropyl-methylcellulose gel

(20 ml/kg
b.w. p.o.} 24 500 1.00 2.8 3.0 0.6

Hethylhydrogen fumarate as Calcium salt

1000 6 500 1.12 2.8 3.8 1.2 n.s.
1000 24 500 0.93 1.6 3.6 0.4 n.s.
1000 48 500 0.86 4.8 5.2 0.6 n.s.
Cyclophosphamide

g?wmgikg 24 500 0.42 22.2 40.0 28.0 5,

n.s. not significant
5. significant at p = 0.05
* negative control = 1.00

7.4 Other Genetic Toxicology Studies

Study 5409-89: MICRONUCLEUS TEST OF FUMADERM (FD) ACTIVE AGENTS IN
BONE MARROW CELLS OF TREATED NMRI MICE

Conducted A
GLP, QA, protocol signed 4/21/89

Fumaderm, lot 905412, analysis from sponsor (below)

Tests Requirements Results
Contents

Fumaric acid free 1.1 % maximum 0.88 %
CaMg/Zn menosthyifumarate 39.8-4B.6 % 43.1 %
Dimethylfumarate 50.2-61.3 % 5E5.5 %
Calcium monosthylfumarats 35.5-44.5 % 39.8 %
Magnesium monoethylfumarate 2.1-2.5 % 2.4 %
Zine manoethylfumarate 1.26-1.54 % 1.49 %

Formulations were 94.8-97.5% of nominal.

Fumaderm® was orally administered once at 300, 600 and 1200 mg/kg (40 ml/kg in
0.8% aqueous hydroxypropyl-methylcellulose gel). Three sampling times were used:
16, 48 and 72 hours after administration of Fumaderm. MMS (130 mg/kg) served as a
positive control. The MMS group was assessed at 48 hours postdose. One thousand
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PCE per animal were scored for the incidence of micronuclei. The ratio of PCE to NCE
was determined for each animal by counting a total of 1000 erythrocytes.

The highest tested dose (1200 mg/kg) was, according to the sponsor, "in the range of
the MTD" by the sponsor; all animals showed reduced mobility, ataxia and dyspnea. (In
a preliminary study in 2 female mice, animals showed reduced mobility, ataxia, and
dyspnea at 1000 mg/kg [reported as "slight" symptoms], decreased muscle tone and
tremor at 2000 mg/kg ["moderate"], and abdominal position and clonic convulsion at
4000 mg/kg ["severe"].) Clinical signs were not reported at the low dose levels (300 and
600 mg/kg). No substance-related increase in micronucleated PCE was observed in
the treated groups compared to controls. The positive control group exhibited a
significant increase in the number of micronucleated PCE.

As conducted, Fumaderm® was negative in the mouse micronucleus assay. Methyl
methanesulfonate was clearly clastogenic.

8 Carcinogenicity

Study title: A Two Year Oral (Gavage) Carcinogenicity Study in Rats with
BG00012
Study no.: P00012-04-11; ®© Study EBA00009
Study report location: =~ EDR, 4.2.3.4.1

Conducting laboratory and location: Gl

Date of study initiation: ~ 10/12/04
GLP compliance: Yes, pg. 9; except TK and test article
characterization
QA statement:  Yes, pgs. 10-13
Drug, lot #, and % purity:  BG00012 (2 lots)

Lot 1102642 33004998, 100.2% pure,
with 0.02% MMF

Lot 1102643 33004999, 99.8% pure,
with 0.03% MMF

CAC concurrence: Yes, see FAX dated 10/6/04

Key Study Findings

Dosing was discontinued early for HDM (week 80) and HMDM (week 82).

Early termination occurred for HDM (week 86) and HMDM (week 88).
Dose-related reduction in survival was observed in males (not F).

Dose-related reductions in body weight were observed (M & F).

Dose-related exacerbation of chronic progressive nephropathy was observed in
males and females; this was a common cause of death, especially in males.
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Adequacy of Carcinogenicity Study

The study is acceptable, based on MTD; an MTD was exceeded in males, based on
decreased survival at 100 and 150 mg/kg. The sponsor received FDA ExecCAC
concurrence on the doses of 0, 25, 50, 100, and 150 mg/kg BG-12. The ExecCAC
noted that concurrence was contingent upon "there being no substantive differences
between the draft report and the final report of the 90-day study" (Study EBAW-0154).

Appropriateness of Test Models

The Sprague-Dawley rat is an acceptable rodent species for nonclinical toxicity testing.
Oral route of exposure was selected since it is the intended clinical route of
administration.

Evaluation of Tumor Findings

Tumors were observed in:
= Nonglandular stomach- SC carcinoma & papilloma (treated M & F)
» Kidney- renal adenoma (M & F) and carcinoma (F)
» Testes- interstitial cell adenoma (HMDM, HDM)
= Parathyroid- adenoma (HDM)
= Brain- granular cell tumor (HDM)
= Mammary gland- carcinoma (HDF)
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Methods (see details in sponsor's table below)
Frequency of dosing: QD
Route of administration: PO, oral intubation
Basis of dose selection: Study EBAW-0154, 90 day study in rats
Species/Strain: Sprague Dawley rat, Crl:CD(SD)IGS BR
Age and weight: Main:

~6 weeks of age at the time of randomization;
154-202 g (M) and 126-163 g (F)

TK:

7 weeks of age at the time of randomization,
180-214 g (M) and 157-186 g (F)

Animals were individually housed.

Food and water were provided ad libitum
throughout the study

There were 14 protocol amendments.

Animal housing:
Paradigm for dietary restriction:

Deviation from study protocol:

One notable deviation from the original protocol
was the use of 5 sentinel animals/sex at 26, 52,
78 and 105 weeks. Pinworms (Syphacia muris)
were detected in the sentinel and study
animals. According to the sponsor, no definitive
lesions attributable to the worms were
recorded; therefore, the presence of pinworms
was not considered to have had a significant
negative impact on either the animals or the
study.

Experimental Design for the Carcinogenicity and Toxicokinetic Phases

No. of Animals
) ‘ . Dosage Dosage Dosage
Group (TK Satellite Animals) Dosage Level Conc. Volume
No. Male Female Material (mg/kg/day) (mg/mL} (mL/kg)
| 75 (15) 75 (13) HPMC® 0 ] 10
2 75 (15) 75 (15) BGOOO12 25 2.5 10
3 75 (15) 75 (15) BGO0012 50 b 10
4 75 (15) 75 (15) BGOOO12 100 10 10
& 75 (15) 75 (15) BGOOO12 150 15 10
"Toxicokinetic phase animals began dosing during Week 24 of the carcinogenicity phase. The first day of
dosing was designated Day 1. The duration of the toxicokinetic phase was a minimum of 180 days.
*Hydraxypropylmethylcellulose or Hypromellose (3,500-5,600 cps), 0.8% wiv in reverse osmosis
deionized water.
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Observations and Results

Mortality [2x daily]

A dose-related reduction in survival was observed for males (31%, 27%, 17%, 13%, and
13%, respectively; see sponsor's summary table and Figure 1, below). Dosing was
suspended early in HDM (D547, week 80) and HMDM (D564, week 82) in an attempt to
prolong survival; however, this was unsuccessful, and these groups were terminated
early (HDM on week 86 and HMHDM on week 88). Although the LMDM group was
terminated at scheduled euthanasia, this group also demonstrated reduced survival
compared to controls. Survival was not significantly affected in LDM or in females
(33%, 37%, 27%, 31% and 31%, respectively; see sponsor's summary table and Figure
2, below).

Summary of Male Mortality during Weeks 1-105

Reference ID:

Males Group 1 Group 2 Group 3 Group 4 Group 5
No. Found Dead 31 22 35 43 40
No. Euthanized Moribund 21 32 26 22 25
No. Accidental Death 0 1 1 0 0
No. Surviving® 23 20 13 10 10

Group 1 (D mg/kg/day) Group 2 (25 mg/kg/day) Group 3 (50 mg/kg/day) Group 4 (100 mg/kg/day)
Group 5 (150 mg/kg/day)

*Surviving males in Group 5 were euthanized during Week 86 and surviving males in Group 4 were
euthanized during Week 88.

Study No. EBA9
Biogen Idec Inc. PO0012-04-11 A Two Year Oral (Gavage) Carcinogenicity Study
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Figure 1. Summary of Male Mortality
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Summary of Female Mortality during Weeks 1-105

Females Group 1 Group 2 Group 3 Group 4 Croup 5
No. Found Dead 21 21 25 28 21
No. Euthanized Moribund 29 26 30 25 31
No. Surviving 25 28 20 22 23
Croup 1 (0 mghkgiday) Group 2 (25 mgkg/day) Group 3 (50 mgkg/day) Group 4 (100 mg/kg/day)
Croup 5 (150 mg/kg/day)

Study No. EBA9
Biogen Idec Inc. PO0012-04-11 A Two Year Oral (Gavage) Carcinogenicity Study
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Figure 2. Summary of Female Mortality

Clinical Signs [Cage-side, 1x/daily at 2-3 hr postdose; Detailed 1x/week]

Few treatment-related clinical signs were reported, and mostly at the HMD and HD;
these included thin appearance, "pale skin," and "pale eyes." HMD and HD animals
were reported to struggle during dosing. Dose-related increases in "Cool to touch" were
observed in treated males and females. Hunched posture and decreased activity were
also observed in treated females. There was no apparent difference between groups for
palpable masses. A few notable signs were reported at low incidences. An increased
incidence in abnormal colored urine was observed in HDF (16/3 vs. 6/2 ConF).
Convulsions were reported in ConM, ConF, LMDM, HMDM, and HMDF
(observations/animals; 1/1, 1/1, 1/1, 2/2, and 9/2, respectively); one HMDM showed
convulsions prior to dosing. Head tilt was observed in 2 LMDM, 3 HMDM, and 1 HDM
but there was no clear dose-related effect in females.

Body Weights [Day 1, Weekly for 13 wks, then 1x/4 wks and Week 104]

Dose-related body weight reductions (often [ss]) were observed in treated males and
females (see sponsor's Figures 3 and 4, below), with larger effects in males. Generally,
LDM and LMDM showed average body weights similar to controls (difference < 10%,
except 10-11% at weeks 97 & 101 in LMDM). At week 104, average body weight
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reductions of 4% and 8% were observed in LDM and LMDM. Average body weights of
HMDM began to significantly differ from those of controls by week 57 (>10% by week
61), while those of HDM differed by week 2 (>10% by week 37). By week 85
(termination), average body weights of HMDM and HDM were reduced 16-17%.

Effects on body weight were less pronounced in treated females. Average body
weights of LDF and LMDF were similar to controls; average body weights of HMDF
were similar to controls through week 69, but were reduced 3-8% in weeks 73-104.
Average body weights of HDF differed from controls by <10% through week 65 but were
reduced 12-17% during weeks 69-104. At week 104, average body weights were +1%,
+1.5%, -7.7%, and -12.4% those of controls for LDF, LMDF, HMDF, and HDF.

Study No. EBAS

Biogen [dec Inc. PO0012-04-11 A Two Year Oral (Gavage) Carcinogenicity Study
in Rats
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Week
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Figure 3. Summary of Male Body Weight Data
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Study No. EBAS
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Figure 4. Summary of Female Body Weight Data

Food Consumption [Weekly for 13 wks, then 1x/4 wks and Week 104]

Food consumption was comparable across groups; differences between controls and
treated animals were generally £ 10%. See sponsor's Figures 5 and 6, below.

Study No. EBA9
Biogen Idec Inc. PO0012-04-11 A Two Year Oral (Gavage) Carcinogenicity Study
in Rats
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Figure 5. Summary of Male Food Consumption Data
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Study No. EBAQ
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Figure 6. Summary of Female Food Consumption Data

Clinical Patholoqgy [at hecropsy]

Only hematological parameters were assessed. Clear drug-related effects on red cell
parameters were not observed in males; however, reductions in reticulocytes were
observed in LMDM, HMDM, and HDM (30%, 38% and 43%, respectively at weeks 105,
88 and 86, compared to controls at week 105). Treated females showed reduced red
cell parameters (8-15% RBC, 7-12% hemoglobin, 6-10% hematocrit, 1-3% MCHC) and
increased reticulocytes (28-49%), MCV (4-9%), and platelets (14-18%, not clearly dose-
related). See the sponsor's summary table for details, below. One to three females in
each treated group exhibited slight to moderate macrocytosis, polychromasia, and
anisocytosis. Also, nucleated RBC counts were increased in HDF (17 vs. 0 in all other

groups).

HDM showed increased mean leukocytes (1.7x), lymphocytes (1.5x), and segmented
neutrophils (2x) at week 86, compared to controls (week 105); these WBC elevations
were outside of the historical control ranges for the majority of the HDM. Although not
noted by the sponsor, increases were also observed for average eosinophil (2.4x) and
basophil (2x) counts; decreased LUC counts were observed (~60% reduction). HDF
demonstrated significant increases in total leukocytes (45%), lymphocytes (16%),
monocytes (62%), segmented neutrophils (71%), and LUCs (55%), as compared to
controls (for details, see sponsor's summary table, below).
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Statistically Significant Differences in Hematology Parameters

Reviewer: Melissa K. Banks-Muckenfuss

Statistically Concurrent
Significant Control
Sex Week Parameter Group Value Value
Erythrocytes Group 5 | 6.15 7.24
MCHC Group 5 | 36.3 375
Mean Corpus Volume Group 57 58.6 538
G 4 235.69
Females 105 Reticulocytes roup 41 _D 169.96
Group 5 T 253.73
Leukocytes Group 5 T 14.00 9.69
Monaocytes Group 5 T 0.94 0.58
Segmented Neutrophils Group 57 7.95 4.63

Group 4 (100 mg'kg/day) Group 5 (150 mg/kg/day)

Gross Pathology [at necropsy]

According to the sponsor, dose-related findings were observed in the stomach, kidney,

and testes. See the sponsor's summary table, below.
Test Article-Related Gross Pathology Findings

No. of Animals with Findings®
Gross Finding Sex | Groupl | Group2 | Group 3 | Group 4 | Group 5
Male 1 11 20 35 48
Enlarged kidney
- Female 0 3 3 13 21
Male 10 13 30 49 54
Roughened surface, kidney
: Female 1 i T 23 37
Mal i 12 14
Discoloration, kidney e
: Female 4 18
Mal 0 32 64 74 73
Prominent epithelial surface, stomach i -
Female 1 11 58 73 73
Small testes Male G 9 11 18 28
Soft testes Male 8 11 14 19 24

Group 5 (150 mg/kg/day)
‘Includes all deaths.

Group 1 (0 mg/kg/day) Group 2 (25 mg/kg/day) Group 3 (50 mg/kg/day) Group 4 (100 mg/kg/day)

Other organs were noted to show dose-related effects. Additional selected gross
findings are provided in the following table:

Reference ID: 3251055
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MALE

FEMALE

Con | LD

ABDOMINAL
CAVITY

Adhesion(s)| 0 | 0 | 0 [ 0 | 4 | O | O] O] O] 5 |

BLOOD

Thin and watery

LMD | HMD | HD

11

Con (LD LMD | HMD | HD

BLOOD VESSEL

Enlarged

BONE

Brittle

CARCASS/GROSS

Body fat depletion

Discoloration

EPIDIDYMIS

Small

Soft

HEART

Enlarged

Foci

KIDNEY

Cyst

Dilated pelvis

Pitted

LIVER

Enlarged

Discoloration

Nodules

LYMPH NODES
(ALL)

Enlarged

PARATHYROID

PITUITARY

Enlarged

Discoloration

Focus/Foci

PROSTATE

Firm

Discoloration

THYMUS

Small

Reference ID: 3251055
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Histopatholo at necrops

Peer Review Yes, all neoplasms and all tissues from 10% of Con & HD animals
Neoplastic
Dose-related increases in tumors were observed in the stomach (nonglandular; treated
M and F), kidney (HDF and M, trend), parathyroid, (HDM), brain (HDM), and testes
(HMDM and HDM). The pathologist's report stated that the "treatment-related early
morbidity and mortality were associated with earlier onset and/or progression of
treatment-related tumors and related toxicities." The sponsor's pathologist reported the
tumorigenic potential as follows:
BGO00012 had tumorigenic potential in Sprague Dawley rats, inducing squamous epithelial
hyperplasia, squamous cell papillomas and squamous cell carcinomas in the nonglandular
mucosa of the stomach, renal tubular hyperplasia, adenoma, and carcinoma in the kidneys and
testicular interstitial (Leydig) cell hyperplasia and adenoma. Secondary renal
hyperparathyroidism resulted in parathyroid adenoma. The tumorigenic effects of BG00012 on
Sprague Dawley rats were dose-related and increased in incidence and/or severity with
increasing dose and duration of treatment.

The nonglandular stomach was a target organ at all doses; both toxicity and proliferative
changes were clearly observed. Statistically significant increases were observed in
papillomas and carcinomas (see the sponsor's summary table, below). By the
pathologist's descriptions, the benign papillomas were "seen as exophytic growths into
the lumen" and the malignant carcinomas were "usually invasive neoplasms associated
with chronic active inflammation and degenerative changes." Although the sponsor did
not mention proliferative changes in the glandular stomach, these also occurred with
low incidence (see excerpts from the sponsor's summary data, below).

Incidence of Proliferative Changes in Nonglandular Stomach

Sex Males Females
Group 1 2 3 4 5 1 2 3 4 5
Dose (mg/kg/day) 0 25 50 100 150 0 25 50 100 150
Hyperplasia, squamous 3 71 75 75 75 7 73 74 75 75

epithelium (0.05
Squamous Cell Papilloma
(including multiple)
Squamous Cell Carcinoma 0 5 18 51 58 0 1 4 30 48
Note: The average severity of grade (score: 0-4, ranging from absent to marked) is shown in parentheses.

—

(2.32)| (299)| (3.57)| (3.88)| (0.23)| (1.8D)| (2.75)| (3.37)| (3.76)
22 24 46 49 0 11 21 31 24

=

GLANDULAR STOMACH

MALE FEMALE

-
o

Hyperplasia 0 0 0 0 1 1 1

Con [ LD (LMD | HMD | HD Con LD [LMD | HMD | HD
2
0

Adenoma 0 0 1 - - - - -

Although a dose-related exacerbation of rodent-specific chronic progressive
nephropathy (CPN) was clearly observed in males and females (generally, CPN is of
greater incidence and severity in males), a number of other changes, not typical of
CPN, also occurred in the kidney. A low incidence of proliferative changes in the kidney
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was also observed (see the sponsor's summary table, below). The pathologist noted
that the incidence of hyperplasia/neoplasia was greatest in animals that did not have the
more severe exacerbations of CPN, and therefore were able to survive for longer
durations, allowing time for the neoplasia to present. Regardless, the exacerbated CPN
resulted in renal failure in a number of animals, and was believed to have led to
secondary hyperparathyroidism (and its related effects); a low incidence of parathyroid
neoplasia was also noted (see the sponsor's summary table, below). Although low,
these incidences exceeded the concurrent control, as well as historical control

incidences.
Incidence of Proliferative Changes in Renal Tubule
Sex Males Females
Group 1 2 3 4 5 | 2 3 4 5

Dose (mg/kg/day) 0 25 50 100 150 0 25 50 100 150

Hyperplasia 0 5 5 15 11 0 0 4 4 9
(0.00) [ (0.11)] (0.13)]| (0.44)| (0.35)| (0.00)| (0.00)] (O.11)| (0.05)| (0.21)

Adenoma 0 0 1 1 4 1 0 0 0 2
Carcinoma 0 0 0 0 0 0 0 0 2 g

Note: The average severity of grade (score: 0-4, ranging from absent to marked) is shown in parentheses.
" = Animal E700 (Group 5 female) exhibited both Renal Tubule Adenoma and Renal Tubule Carcinoma.

Incidence of Treatment-Related Parathyroid Findings

Sex | Males Females
Group 1 2 3 4 3 1 2 3 4 5
Dose (mg/kg/day) 0 25 50 100 150 0 25 30 100 150
Hyperplasia 9 16| 32| 42| 48 0 4 5 11 22
0.25)] (0.48)| (1.00)] (1.3D] (L61)| (0.00)| (0.09)] (0.14)| (0.33)| (0.68
Adenoma (including 0 ] 1 0 3 0 0 0 o} 0
bilaterally)

Note: The average severity of grade (score: 0-4, ranging from absent to marked) is shown in parentheses.

Drug-related, dose-dependent toxicity (i.e., atrophic and degenerative lesions) and
proliferative changes were also observed in the testis. Interstitial cell (Leydig cell)
hyperplasia and adenomas were observed. For interstitial cell adenoma, there was a
statistically significant increase for the trend and pairwise comparisons for HMDM and
HDM.

Incidence of Proliferative Changes in Testes

Sex Males
Group 1 2 3 4 5
Dose (mg/kg/day) 0 25 50 100 150
Interstitial Cell -Hyperplasia 0 2 2 6 10
(0.00)| (0.05)| (0.07| (0.17)| (0.28)
Interstitial Cell ~Adenoma (including 3 3 2 9 19
bilaterally)

Nate: The average severity of grade (score: 0-4, ranging from absent to marked) is shown in
parentheses.
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Granular cell tumors were observed in the brains of 2 HDM (compared with no
occurrences in any other group), which yielded a statistically significant trend. The
sponsor did not consider these tumors treatment-related because the incidence was
within the historical control incidence (0-4%) for this tumor in Sprague-Dawley rats;
however, it should be noted that these tumors are very rare.

The sponsor reported all other observed tumors as "spontaneous, incidental tumors,
common ... in aging Sprague Dawley rats of this stock." Increased tumor incidences
were suggested for mammary gland carcinoma (19 in HDF vs. 10 in ConF) and vaginal
endometrial stromal polyps (1 HMDF, 2 HDF); these were not statistically significant.

Non Neoplastic

There were numerous non-neoplastic changes in several organ systems; the most
common cause of death or euthanasia in the study was a dose-related exacerbation of
chronic progressive nephropathy (CPN), especially in males (see the sponsor's
summary table, below). BG-12 induced a dose-related exacerbation of the incidence
and/or severity of changes (described as "characteristic of CPN"), including: glomerular
hypertrophy, glomerular atrophy and sclerosis, Bowman’s capsule hyperplasia,
adhesions, basophilic tubules, thickened basement membranes, interstitial inflammation
and fibrosis, tubular cysts, and tubular casts. According to the pathologist, these
changes were not individually diagnosed, but were given the summary diagnosis of
CPN and an overall grade. The pathologist stated that the severe CPN led to uremia
with secondary hyperparathyroidism, and then yielded many secondary systemic effects
in numerous organs as expected in chronic renal failure (such as parathyroid
hyperplasia and adenomas, fibrous osteodystrophy of bones, mineralization of
numerous vessels and soft tissues, and degeneration, erosions and mineralization of
the glandular mucosa of the stomach).

However, in addition to the dose-related exacerbation of CPN, some dose groups
developed renal tubule proliferative lesions including tubular hyperplasia, adenomas
and/or carcinomas. According to the pathologist, these proliferative changes were seen
in both sexes, but were "most evident in the females that had not developed CPN as
severely as the males and thus had better longevity and more time to develop renal
tubular hyperplasia and tumors." In addition to the hyperplasia observed in the renal
tubules, hyperplasia was also noted to occur with increased incidence in the pelvis in
HMDM and HDM (see excerpt from the sponsor's summary data, below). The
pathologist also noted that "another treatment-related renal change, not directly related
to CPN, was the increased incidence and severity of venous thrombosis and
mineralization." See the sponsor's summary table, below. Other important findings
were observed in the kidney, although at lower incidence; see the excerpts from the
sponsor's summary data, below.
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Incidence of Treatment-Related Kidney Findings

Sex Males Females
Group| 1 2 3 4 5 1 2 3 4 5
Dose (mg/kg/day)| 0 25 50 100 | 150 0 25 50 100 | 150
Nephropathy, Chronic 68 75 75 75 75 49 55 68 69 73

Progressive (2.04) | (2.71) | (3.16) | (3.52) | (3.53) | (0.93) | (1.32) | (1.84) | (2.44) [ (3.24)

Vein - Thrombosis 2 6 14 16 24 | 2 | 8 21
(0.07) | (0.23) ] (0.55) | (0.55) | (0.91) | (0.05) | (0.09) | (0.04) | (0.33) [ (0.85)

Vein - Mineralizatlon 2 4 g g 11 0 2 | 7 13

(0.05) | (0.11) | (0.32) | (0.21) | (0.31) | (D.00) | (0.05) | (D.03) | (0.23) | (0.32)
Note: The average severity grade (score: 0-4) is shown In parentheses.

WEEKS OM TEST: ALL SEX: MALE
INCIDENCE OF NEOPLASTIC and NON-WEOPLASTIC MICROSCOPIC FINDINGS

GROUP: 1 2 3 4 5
(D] (2) (3) (4) (5)

NUMBER OF ANIMALS: 75 75 75 75 75
KIDNEYS # EX 75 75 (& 75 75
PELVIS- TRANSITIOMAL EPITHELIUM- HYPERPLASIA 27 19 23 3 32
CYST(S) 27 34 44 54 58
MINERALIZATION 13 8 19 19 22

WEEKS ON TEST: ALL SEX: FEMALE

INCIDENCE OF NEOPLASTIC and NON-NEOPLASTIC MICRDSCOPIC FINDINGS

GROUP 1 2 3 & 5

(1 (23 (3) (4) (5

NUMBER OF AMNIMALS: 75 75 75 7o 75
K-I-D—NE'\'S # EX 75 ] 75 75 75
CYST(S) ] 9 13 33 55
MIMERALIZATION & & 5 6 8
PELVIS- DILATATION 14 21 24 24 35
RENAL TUBULE- HYALINE DROPLETS 1 2 1 2 2
ARTERY- MINERALIZATION 0 2 0 5 &

The stomach, both nonglandular and glandular, was identified as a target organ. The
nonglandular mucosa of the stomach was a treatment-related target tissue in all treated
groups. A dose-related progression of lesion severity and tumor development was
observed. Proliferative lesions, squamous cysts, and hyperkeratosis were observed,
frequently associated with chronic active inflammation, ulceration, erosions,
mineralization and inflammation of the submucosal tissues and vessels through the
serosa. Similar changes were also observed in the glandular stomach (e.g.,
proliferative lesions, degeneration, edema, inflammation, mineralization, ulceration),
although with lower incidence. Generally, the sponsor interpreted these changes as
secondary effects resulting from the hyperparathyroidism resulting from exacerbated
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CPN. Given the effects on the nonglandular stomach, it is not clear whether the
toxicities seen in the glandular stomach are entirely secondary effects.

WEEKS ON TEST: ALL SEX: MALE
INCIDENCE OF MEOPLASTIC and NOM-NEOPLASTIC MICROSCOPIC FINDINGS

GROUP = 1 2 3 & ]
(4D (2) (3) (4) (5)
NUMBER OF ANIMALS: 75 73 75 75 75
STOMACH # EX I 75 75 75 75
SERDSA- INFLAMMATION, CHRONIC ACTIVE 1 1 3 10 18
GLANDULAR- DEGEMERATION 3 a8 20 18 21
GLANDULAR- EDEMA 1 1 1] 0 &
GLANDULAR- INFLAMMATION, CHRONIC ACTIVE 1 2 5 8 13
GLANDULAR- MINERALIZATION 5 4 15 15 24
GLANDULAR- ULCER 0 1 0 1 1
NONGLANDULAR- ARTERY- INFLAMMATION, CHRONIC ACT 2 2 11 12 19
NONGLANDULAR- EDEMA & 1 3 2 1
NONGLANDULAR- EPITHELIUM- EROSION 1 1 3 12 14
NONGLANDULAR- HYPERPLASIA, SQUAMOUS EPITHELIUM 3 n 75 IE] 75
NONGLANDULAR- HYPERKERATOSIS 2 69 ] 75 75
NONGLANDULAR- SQUAMOUS CYST(S) 2 9 28 53 64
NONGLANDULAR- INFLAMMATION, CHRONIC ACTIVE 3 1" 24 48 51
NONGLANDULAR- MINERALIZATION 1 1 9 @ 17
NONGLANDULAR- SQUAMODUS CELL CARCINOMA 0 5 18 51 58
NONGLANDULAR- SQUAMOUS CELL PAPILLOMA 0 22 23 &6 49
NONGLANDULAR- SQUAMOUS CELL PAPILLOMA, MULTIPLE 0 0 1 0
NONGLANDULAR- ULCER 0 0 &4 15
ARTERY- MINERALIZATION 0 0 3
WEEKS ON TEST: ALL SEX: FEMALE

INCIDENCE OF NEOPLASTIC and NON-NEOPLASTIC MICROSCOPIC FINDINGS

GROUR: 1 2 3 b 5
(4} (2) (3) (4) (5)
NUMBER OF ANIMALS: 75 [ 75 75 75
STOMACH # EX 75 ] 75 75 7
SEROSA- INFLAMMATION, CHRONIC ACTIVE 0 0 2 & 23
GLANDULAR- DEGENERATION 0 4 1 B8 14
GLANDULAR- EROSION 1 3 3 & 5
GLANDULAR- GLAMD- CYST(S) 54 65 66 66 73
GLANDULAR- INFLAMMATION, CHRONIC ACTIVE 0 0 0 0 2
GLANDULAR- MINERALIZATION 0 3 2 -] "
GLANDULAR- ULCER 0 1 0 0 2
WONGLANDULAR- ARTERY- INFLAMMATION, CHRONIC 0 ] 0 1 2
WONGLANDULAR- ARTERY- INFLAMMATION, CHRONIC ACT 0 0 2 0 1
NONGLANDULAR- EPITHELIUM- ULCER & 1 0 6 16
NONGLANDULAR- EPITHELIUM- EROSION 0 8 9 20
NONGLANDULAR- HYPERKERATOSIS ] 63 Th [ 75
NONGLANDULAR- SQUAMOUS CYST(S) 1 Q 1 45 62
ARTERY-MINERALIZATION 0 1 1 3 &
NONGLANDULAR- INFLAMMATION, CHRONIC ACTIVE 4 8 13 40 55
NONGLANDULAR- MINERALIZATION 0 0 1 1 8
NONGLANDULAR=- SQUAMOUS CELL CARCINOMA 1] 1 & 30 48
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Other Gl organs were also affected. The esophagus was noted to show hyperkeratosis,
particularly in HDM. Although the sponsor stated that their presence did not affect the
study, observations in the intestines (such as inflammation) may have been confounded
by the presence of pinworms in the colony (recorded as oxyuriasis). Effects such as
edema, inflammation, erosions, ulcers, and necrosis were observed with relatively low
incidence in HMDM and/or HDM.

WEEKS OM TEST: ALL SEK: MALE
INCIDENCE OF MEOPLASTIC and NOM-NEOPLASTIC MICROSCOPIC FINDINGS

GROUP = 1 2 3 & 5
(1 (2) (3) (4) (5)
NUMBER OF ANIMALS: 75 73 75 75 75
ESOPHAGUS # EX 75 75 75 75 ™
HYPERKERATOSIS 0 1 2 0 5
RECTUM # EX 74 75 =] 74 Th
OMYURIASIS 5 5 7 [ 5
INFLAMMATION, CHRONIC ACTIVE 0 0 0 1 0
COLON # EX T4 75 75 7O Té
OXYURIASIS 7 & 5 3 11
EDEMA 0 1] [u] i} 2
INFLAMMATION, CHRONIC ACTIVE 0 0 0 2 3
EROSION o] 0 0 0 2
ULCER 0 0 0 0 1
CECUM # EX 73 68 68 65 70
OXYURIASIS & 1 5 & 5
DILATATION 0 0 1 0 2
EDEMA 1 0 3 0 A
EROSTON 1 0 0 1 2
INFLAMMATION, CHRONIC ACTIVE 0 0 0 & 5
MINERALIZATION 0 0 0 2 1
ULCER 1} 0 1 [} 1
NECROSIS 0 0 1 0 1
INFARCTION u] ] 0 2 0
WEEKS ON TEST: ALL SEX: FEMALE

INCIDENCE OF NEOPLASTIC and NON-NEOPLASTIC MICROSCOPIC FIMDINGS

GROUP = 1 2 3 & 5

1 (2) (3) (4) (5)

NUMBER OF ANIMALS: 75 75 75 75 (]
COLON # EX 75 75 75 ] 75
OXYURIASIS T & [A 7 14
CECUM # EX 75 75 75 75 75
OXYURIASIS 1 1A 2 5 &

Findings were also observed in the heart and the cardiovascular system. A dose-
related increased severity of cardiomyopathy and an increased incidence and severity
of thrombosis of the atrium were observed (see summary table from the sponsor,
below). The sponsor interpreted a number of these findings as secondary effects (due
to the previously discussed effects leading to morbidity/mortality). In the aorta and
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heart, arteriosclerosis, dilatation, mineralization, and/or necrosis were observed (see
excerpts from the sponsor's summary table, below). In addition to these findings, dose-
related increases in the incidence and severity of chronic active inflammation of the
arteries throughout numerous organs (to include the pancreas, thymus, spleen, kidneys,
intestine, and lymph nodes; stomach and epididymides should have been included)
were observed; see the sponsor's summary table, below. This was often accompanied
by mineralization. In some animals with chronic blood loss and/or severe inflammatory
lesions, an increased incidence of extramedullary hematopoiesis in the spleen and
erythroid and/or myeloid hyperplasia of the bone marrow were noted. Other arterial
effects were also noted in a few organs, with low incidence, including: hypertrophy,
medial hypertrophy, mineralization, and/or thrombosis.

Incidence of Treatment-Related Heart Findings

Sex Males Females
Group 1 2 3 4 5 1 2 3 4 5
Dose (mg/kg/day) 0 25 50 100 150 0 25 50 100 150
Atrium - Thrombosis 1 2 3 5 6 0 2 1 2 9
(0.04)| (0.09)| (0.15)] (021)] (0.21)| (0.00)| (0.08)| (0.04)| (0.08)| (0.35)
Cardiomyopathy 70 68 73 74 71 63 63 68 64 66
(2.04) | (2.05)| (2.28)| (2.49)| (259 (1.52)] (1.57)| (1.51)] (L.65)| (1.87)

Note: The average severity grade (score: 0-4, ranging from absent to marked) is shown in parentheses.

WEEKS ON TEST: ALL SEX: MALE
INCIDENCE OF MEOPLASTIC and NON-NEOPLASTIC MICROSCOPIC FINDINGS

GROUP 1 2 3 & 5
(D] (2) (3) (&) (5)
MUMBER OF AMNIMALS: 75 75 75 75 75
AORTA # EX 75 75 75 75 75
ARTERIOSCLEROSIS 2 3 8 7 é
DILATATION 3 4 7 6
MINERALIZATION [ 4 12 8 15
HEART # EX ] 75 75 75 75
ARTERY- ARTERIOSCLEROSIS 2 3 9 5 g
ARTERY- MINERALIZATION & 3 12 14
MINERALIZATION 5 3 10 12 a
VALVE- MINERALIZATION 1 1] 0 1 2
MYOCARDIUM- NECROSIS 2 1 1 1 1
NECROSIS 2 2 5 8 3
BONE MARROW (FEMUR) # EX 75 Td 75 74 74
DEPLETION, CELLULAR 2 2 & " 5
HYPERPLASIA, MYELOID 1 10 12 11
HYPERFLASIA, ERYTHROID 2 ] 8 & 19
BONE MARROW (STERMNUM) # EX 75 74 75 Té T4
HYPERFLASIA, MYELOID 11 a8 12 11 10
HYPERFLASIA, ERYTHROID 2 7 7 [ 18
DEPLETION, HEMATOPOIETIC CELLS 1 2 & 1" ]
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WEEKS ON TEST: ALL SEX: FEMALE
INCIDENCE OF NEOPLASTIC and NON-NEOPLASTIC MICROSCOPIC FINDINGS

GROUP 1 2 3 4 5
) @) (3 (4) (5)
NUMBER OF ANIMALS: 75 75 75 75 75
ARTER10SCLEROSIS 0 [ 0 6
DILATATION 0 0 0 5
MINERALIZATION 0 3 1 ] ]
HEART # EX 75 75 75 75 75
ARTERY- ARTERIOSCLEROSIS 0 4 1 6 6
ARTERY- INFLAMMATION, CHRONIC ACTIVE 0 1 0 1 1
ARTERY- MINERALIZATION 0 3 1 6 &
PERICARDIUM- INFLAMMATION, CHRONIC ACTIVE 1 0 1 3 2
NECROSIS 0 1 0 1 0
VENTRICLE- THROMBOSIS 0 1 0 1 1
BONE MARROW (FEMUR) # EX 75 75 75 75 75
HYPERPLASIA, MYELOID 6 8 10 19 27
HYPERPLASIA, ERYTHROID 4 7 4 6 10
BONE MARROW (STERMUM) # EX Th 75 75 75 75
HYPERFLASIA, MYELOID 6 7 6 16 15
HYPERPLASIA, ERYTHROID 5 5 3 3 10
Sponsor's Table of Sites of Chronic/Active Inflammation of the Arteries
Male Female
Dose level (mg/kg) Dose level (mg/kg)
Organ/tissue 0 25 30 100 150 0 25 5 100 150
Thymus 1 0 3 5 5 ND ND ND ND ND
Pancreas il 10 13 20 22 4 4 3 11 10
Spleen 1 1 1 2 5 0 0 0 | 0
Kidney 2 1 1 4 5 1 0 0 1 0
Intestine-jejunum 2 1 | 1 4 1 ] 0 l 1
Intestine-duodenum 4 5 7 0 13 1 1 1 3 2
Intestine-cecum 1 0 2 2 11 1 U] ] 1 0
Lymph node-mesenteric | 1 3 9 16 21 2 2 1 3 7
Lymph node-pancreatic 2 3 3 8 7 U] 0 ] 1 |
Testls 10 | 17 17 26 3 NA NA NA NA NA
NI - not described.
NA - not applicable.

Male reproductive organs were also identified as target organs. In addition to the
proliferative lesions of the testes previously discussed, an increased incidence and
severity of inflammation of the testicular and epididymal arteries, atrophy of the
epididymides, and degeneration or atrophy of the testis were observed. Specifically,
BG-12 induced dose-related degeneration and atrophy of the testicular tubular
epithelium. When testicular atrophy was observed, it was usually associated with
atrophy of the epididymides. In prostate and seminal vesicles, atrophy, abscess, and/or
inflammation were observed at LMD, HMD, and/or HD.
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WEEKS OM TEST: ALL SEX: MALE
INCIDENCE OF NEOPLASTIC and NON-NEOPLASTIC MICROSCOPIC FINDINGS
GROUP: 1 2 3 4 5
(1) (2) 3) (4) 5)
NUMBER OF ANIMALS: 75 75 75 75 75
TESTES # EX 75 75 75 75 [
ARTERY- INFLAMMATION, CHRONIC ACTIVE 10 17 17 26 31
ATROPHY 12 16 15 17 29
GERMINAL EPITHELIUM- DEGENERATION 7 8 5 19 15
EPIDIDYMIDES # EX 75 75 75 75 75
ARTERY- INFLAMMATION, CHRONIC ACTIVE 4 5 9 9 15
ATROPHY 13 16 17 29 42
PROSTATE # EX 73 74 75 75 75
ABSCESS(ES) 0 0 1 1 2
ATROPHY 2 2 5 14 8
SEMINAL VESICLES # EX Té 75 (] 7 s
ATROPHY 8 10 10 30 28
INFLAMMATION, CHRONIC ACTIVE 10 16 8 9 17

In addition to the observed brain neoplasia in HDM, there was a low incidence of
necrosis and gliosis in males and females. See excerpts from the sponsor's summary
data, below.

WEEKS OM TEST: ALL SEX: MALE
INCIDENCE OF NEOPLASTIC and NON-NEOPLASTIC MICROSCOPIC FINDINGS
GROUP: 1 2 3 4 5
(M (2) 3) (4) {5
NUMBER OF ANIMALS: 75 75 75 75 75
# # # # i
BRAIN # EX 73 75 75 75 T4
CEREBELLUM- DEGEMERATION 1 0 0 0 0
CEREBELLUM- GLIOSIS 0 0 0 2 0
CEREBELLUM- MECROSIS 0 ] ] 2 ]
CEREBRUM- DEGENERATION 0 0 0 1 0
CEREBRUM- GRANULAR CELL TUMOR, BENIGN 0 0 i] 0 2
CEREBRUM- GLIOSIS 0 ] 2 1 2
CEREBRUM- NECRDSIS 1 0 4 1 3
WEEKS ON TEST: ALL SEX: FEMALE
INCIDENCE OF MEOPLASTIC and MON-MEOPLASTIC MICROSCOPIC FIWDINGS
GROUP; 1 2 3 4 5
(1 2) (3) (4 (5)
NUMBER OF ANIMALS: 75 75 75 75 [E]
BRAIN # EX 75 75 75 75 75
CEREBELLUM- GLIDSIS 0 1 0 0 0
CEREBELLUM- WECROSIS 0 1 0 0 1
CEREBRUM- GLIOSIS 0 o 0 1 Z
CEREBRUM- MECROSIS 1 0 i} 1 1
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A few other findings of relatively low incidence, but appearing potentially treatment-
related, were observed. In addition to the renal findings, there was an increased
incidence in urinary bladder findings. In addition to the hyperplasia noted by the
sponsor, necrosis was also observed in the parathyroid in HDM. Related to the
hyperplasia of the parathyroid, and discussed by the sponsor as a marker of secondary
hyperparathyroidism, bone was noted to show fibrous osteodystrophy. As a general
body condition finding, fat atrophy and/or necrosis was observed to occur across sites.
Skeletal muscle (thigh) also showed atrophy and damage. Changes were also
observed in the liver of MD, MHD and HD animals (often showing more in females).
Thymus and skin were altered in both sexes. In males, changes were also observed in
Harderian gland, lymph nodes, and spleen. In females, changes were observed in
pituitary, thyroid (LD and LMD females, but these animals were on drug for a longer
duration than HMDF and HDF), and female reproductive organs.

WEEKS ON TEST: ALL SEX: MALE
INCIDENCE OF WEOPLASTIC and NON-NEOPLASTIC MICROSCOPIC FINDINGS

GROUP : 1 2 3 (A 5
{13 (2} (3) (&) (5)
NUMBER OF ANIMALS: 75 73 75 75 75
URINARY BLADDER # EX T4 75 75 s i
INFLAMMATION, CHRONIC ACTIVE 9 8 7 8 1
MINERALIZATION 0 0 0 2 1
TRANSITIONAL EPITHELIUM- CARCINOMA 0 1 0 1] 0
TRANSITIOMAL EPITHELIUM- HYPERPLASIA 9 7 8 8 14
PARATHYROID # EX 68 70 71 70
NECROSIS 0 0 0 0 3
FEMUR WITH JOINT # EX 75 T4 73 75 74
FIBROUS OSTEODYSTROPHY 6 8 20 29 36
STERNUM # EX 75 Té 75 T4 T
FIBROUS OSTEODYSTROPHY 5 5 14 23 24
BONE # EX 2 1 1 0 0
FIBROUS OSTEODYSTROPHY 0 o 1 0 0
HYPEROSTOSIS 0 0 1 0 0
HEAD # EX 1] 0 1] 1 1
NASOTURBIMATE- FIBROUS OSTEODYSTROPHY 0 0 ] 1 0
CAVITY, ABDOMINAL # EX & & 8
FAT- NECROSIS 2 1 0
FAT-ATROPHY 0 1 1
CAVITY, THORACIC # EX 1 3 1 0 0
FAT- ATROPHY 1 1 0 0 0
FAT # EX 1 1 2 1] 3
ATROPHY 0 0 2 0 3
SKELETAL MUSCLE (THIGH) # EX 75 75 75 75 75
ATROPHY 13 18 17 19 31
DEGENERATION 2 3 3 8 3
MINERALIZATION 1 0 5 & 3
NECROSIS 0 0 0 1 1

(continued on next page)
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HARDERIAN GLAND
INFILTRATING CELL, LYMPHOCYTE

INFILTRATING CELL, MIXED
THYMUS
EPITHELIUM- HYPERPLASIA
HEMORRHAGE
LYMPH NODE, MANDIBULAR
DEPLETION, LYMPHOID
ERYTHROPHAGOCYTOSIS
HYPERPLASIA, LYMPHOID
LYMPH NODE, MESENTERIC

LYMPHANGIOECTASIA
HYPERPLASIA, LYMPHOID
ERYTHROPHAGOCYTOSIS

DEPLETION, LYMPHOID

LYMPH NODE, MEDIASTINAL
HYPERPLASIA, LYMPHOID

DEPLETION, LYMPHOID
LYMPH NODE, PAMCREATIC

HYPERPLASIA, LYMPHOID
LYMPHANGIDECTASIA
ERYTHROPHAGOCYTOSIS
LYMPH NODE, RENAL
HYPERPLASIA, LYMPHOID
DEPLETION, DEPLETION
ERYTHROPHAGOCYTOSIS
LYMPHANGIOECTASIA
LYMPH NODE, ILIAC
LYMPHANGIOECTASIA
HYPERPLASIA, LYMPHOID
LYMPH NODE, AXILLARY
HYPERPLASIA, LYMPHOID
LYMPHANGIQECTASIA

SPLEEN
CONGESTION
DEPLETION, LYMPHOID
FIBROSIS

LIVER

CONGESTIOM, CENTRILOBULAR
VACUOLIZATION, CENTRILOBULAR

VACUOLIZATION, PERIPORTAL
CAPSULE- FIBROSIS

SKIN
HAIR FOLLICLE- ATROPHY
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WEEKS ON TEST: ALL SEX: FEMALE
INCIDENCE OF NEOPLASTIC and NON-NEOPLASTIC MICROSCOPIC FINDINGS
GROUP: 1 2 3 & 5
(1) (2) (3) (4) (5)
NUMBER OF ANIMALS: 75 s 75 75 75
URINARY BLADDER # EX 75 75 75 (] 75
INFLAMMATION, CHRONIC ACTIVE 0 2 3 & 5
TRANSITIONAL EPITHELIUM- HYPERPLASIA 1 2 3 &
FEMUR WITH JOINT # EX 75 Th 75 T4 5
FIBROUS OSTEODYSTROPHY 0 2 2 8 15
STERNUM # EX 74 75 75 75 75
FIBROUS OSTEODYSTROPHY 0 2 0 5 8
SKELETAL MUSCLE (THIGH) # EX 75 75 Th Th 75
ATROPHY 7 9 -] 9 17
THY:I‘_IL_IS_ # EX 75 75 74 75 75
EPITHELIUM- HYPERPLASIA 35 34 45 50 43
PITUITARY # EX 75 75 74 [ 75
PARS DISTALIS- ANGIECTASIS 8 7 18 12 16
PARS INTERMEDIA- CYST(S) 1 2 3 3 2
PARS DISTALIS- HYPERPLASIA 1 1 12 16 16
LYMPH NODE, MESENTERIC # EX s [F] 75 75 ]
DEPLETION, LYMPHOID & 3 1 2 IA
LYMPH MODE, PANCREATIC # EX 2 2 3 10 24
HYPERPLASIA, LYMPHOID 0 0 2 10 23
LYMPHANGIOECTASIA 0 0 1 8 21
ERYTHROPHAGOCYTOSIS 0 0 1 2 T
LYMPH NODE, REMAL # EX 2 2 0 5 1
LYMPHANGIDECTASIA 0 1 0 4 8
ERYTHROPHAGOCYTOSIS 0 1 0 5 6
HYPERPLASIA, LYMPHOID 0 0 0 5 8
SPLEEN # EX [E] 73 73 75 [iE]
EXTRAMEDULLARY HEMATOPOIESIS, INCREASED 24 30 21 39 52
NECROSIS 1] 0 1 0 2
PIGMENT 0 0 1 0 1
THYRDID # EX 75 75 75 75 73
C CELL- HYPERPLASIA 8 12 17 @ &
LIVER # EX 75 [ 75 75 75
EXTRAMEDULLARY HEMATOPOIESIS 11 12 10 13 13
BILE DUCT- CYST(S) v} 3 & 6 7
BILE DUCT- HYPERPLASIA 38 43 50 bb 43
CAPSULE- FIBROSIS 1 1 1 1 g
VACUDLIZATION, CENTRILOBULAR 3 & 12 10 25
CONGESTION, CEMTRILOBULAR 2 1 [ 4 10
NECROSIS, CENTRILOBULAR 0 1 3 3 5
OVARIES # EX 75 75 75 7 75
FOLLICLE- CYST(S) 15 17 16 17 26
PERIOVARIAN TISSUE- CYST 8 1 1" 13 7

(continued on next page)
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GROUP : 1 2 3 [ 5
(1) (2) (3) (%) (5)
NUMBER OF ANIMALS: 75 75 75 75 l]
VAGINA # EX 75 75 75 [} 75
INFLAMMATION, CHRONIC ACTIVE [3 5 1 1 12
SKIN # EX 75 75 75 75
HAIR FOLLICLE- ATROPHY 3 1 0 3 ]

Toxicokinetics

The sponsor stated that DMF undergoes rapid and extensive metabolism by non-
specified esterase and was not detectable in the majority of in vivo and in vitro ADME
studies; therefore, MMF (the primary, active, metabolite) was measured in these
studies. Exposure to BG00012 was confirmed through plasma concentrations of MMF.
MMF exposures demonstrated a rapid peak (Tmax = 15-30 minutes) and elimination (t1/2
= 26-60 minutes). Cnax and AUC,, values were highly variable across study days in
each group. No consistent trend in dose proportionality was seen either over sex or
dose; only the Cax values of both males and females on Day 1 and AUC,, values for
females exhibited dose proportionality. In general, higher exposures were observed in
females than in males across all groups. Trough (pre-dose) concentrations of MMF on
D90 and D180 were BLOQ, consistent with no evidence of accumulation of MMF with
once daily administration. See sponsor's summary Table 4, below, for details.

Table 4. Toxicokinetic parameter estimates of MMF on Days 1, 90, and 180 after once-daily oral
admimstration of BG00012 to Sprague Dawley rats for 6 months at 25, 50, 100 or 150 mg/kg/day.

Dose Gender | Study Day Tin Toee Coae AUC,, AUC,: CUF Vz/F
| (mg/ke) (min) (min) | (pg/mL)| (hr*pg/mL)| (hr*pg/mL) (mL/hr/kg)| (mL/kg)
1 52 15 5.5 33 34 7392 9187

Female 90 26 15 5.6 31 33 7537 4777

25 180 34 15 113 74 7.5 3356 2759
1 31 15 45 32 32 7822 5754

Male 90 47 15 31 1.8 22 11347 12689

180 47 15 33 4.0 4.2 5998 6860

1 31 15 10.0 8.6 8.6 5818 4303

Female 90 29 30 83 715 7.5 6643 4675

50 180 28 15 18.2 16.6 16.6 3009 2027
1 47 15 9.2 7.5 7.5 6649 7587

Male 90 54 15 34 43 45 11062 14293

180 49 15 8.2 8.7 9.1 5502 6491

1 35 15 214 221 223 4477 3837

Female 90 41 15 11.2 147 147 G787 6712

100 180 47 30 242 229 230 4352 4919
1 42 30 201 201 202 4962 5007

Male 90 53 30 73 715 78 12752 16391

180 56 30 10.6 119 12.1 8299 11244

1 62 15 31.0 337 343 4370 6481

Female 90 37 30 17.5 231 231 G488 5815

150 180 55 15 37.8 37.6 384 3911 5140
1 52 30 293 330 332 4517 5626

Male 90 53 15 256 19.1 19.5 7680 9857

180 52 15 512 30§ 309 4857 6072
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Dosing Solution Analysis

Samples for analysis were prepared from dosing formulations weekly until week 4, then
every 4 weeks until week 20, weekly until week 24, and every 4 weeks until week 104.
Generally, the samples were within acceptable limits of £15% error. Homogeneity was
determined for all dose formulation concentration levels during Weeks 1 and 2; all
results were within the acceptable range of <5% RSD.

EXPERT REPORT ON HISTOPATHOLOGICAL RE-EVALUATION OF RAT AND
MOUSE KIDNEY FROM CARCINOGENICITY STUDIES WITH ORALLY
ADMINISTERED BG00012 (DIMETHYL FUMARATE)
Non-GLP, Performed by ks
on March 16-29, 2012, report dated 5/11/12.
Individual and comparative data tables dated 10/20/12, were provided upon Agency
request
®® generated new data based on the re-examination of the renal histopathology
occurring in the rat (and mouse; see review for mouse following the review of the mouse
2-yr bioassay) carcinogenicity study of DMF. The sponsor requested that o
"identify the nature of the lesions reported, and to attempt to determine key
histopathological events that would support mode(s) of action underlying the
development of renal tubule tumors in... [the] carcinogenicity studies." The observed
renal tumors were assessed to determine whether any exhibited an amphophilic-
vacuolar (A-V) morphology, which has since been determined to be of spontaneous
origin (Hard et al., 2008). And for the hyperplasia and tumors observed in the study, the
hyperplasia was evaluated for the atypical tubule hyperplasia (ATH) form, which is
accepted as being on the continuum with renal tubule adenoma and carcinoma (Hard,
1987, Lipsky and Trump, 1988; Dietrich and Swenberg, 1991; Nogueira et al., 1993).

The previously prepared histology slides of rat kidney stained with hematoxylin and
eosin (H&E) were examined. @@ ysed the criteria recommended by the Society of
Toxicologic Pathology (Hard et al., 1999) to diagnose rat kidney lesions. The criteria of
Hard et al. (2005, 2006) were used for identifying "non-biologically significant,
proliferative lesions occurring in chronic progressive nephropathy (CPN) and
distinguishing them from ATH and adenoma." @@ graded CPN on a 0 to 8 scale,
based on the progressive development of the disease (Hard et al., 2012). He stated that
" ...for expediency, the numbers of foci in the lower grades were not counted, and
grades 1-4 were combined as they were not significant to the outcome of the review."
See the sponsor's summary tables of the original pathologist's findings and Rl
re-evaluation, below.
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Incidence (and Severity) of Nephropathy, Renal Hyperplasia, Adenoma and Carcinoma in
Rats of 2-Year Carcinogenicity Study — Results from the Final Study Report

Gender Male Female

Dosage (mg/kg/day) | 0 25 50 | 100 | 150 0 25 50 100 | 15
Nephropathy, Incidence 68 | 75 75 75 75 49 55 68 69 73
Average severity score * 204 | 271 316 | 352 | 353095 | 132 | 184 [ 244 [ 324
Hyperplasia, tubule 0 5 5 15 11 0 0 4 4 9
Adenoma, tubule 0 0 1 1 4 1 0 0 0 2
Carcinoma, tubule 0 0 0 0 0 0 0 0 2 4
a: Average seventy score based on following grades: 0 =absent, 1= mimmal, 2 = mld, 3 = moderate, 4 = marked

Incidence (and Severity) of Nephropathy, Renal Hyperplasia, Adenoma and Carcinoma in

Rats of 2-Year Carcinogenicity Study — Results from O@E valuation
Gender Male Female

Dosage (mg/kg/day) 0 25 50 100 150 0 25 50 100 150
CPN. Incidence 73 75 75 75 75 67 70 74 70 74
Average severity score ° 45 58 6.5 6.9 7.0 29 35 41 55 6.6
Hyperplasia (ATH). tubule 0 0 1 1 1 0 0 1 0 2
Adenoma. tubule 0 0 1 1 0 1° 0 1 0 2
Carcinoma, tubule 0 0 0 0 0 0 0 0 0 1
A-V Hyperplasia, tubule ® 0 1 0 1 1 0 0 1 0 2
A-V Adenoma, tubule 0 0 0 0 2 0 0 0 0 0
A-V Carcinoma, tubule 0 0 0 0 0 0 0 0 1 1

a: The severity grades for CPN (chronic progressive nephropathy) were averaged based on 0-8 for the rat where
Grades 1 to 4 represented increasing numbers of countable foci of CPN; Grade 5 represented focal CPN in which the
foci were too numerous to quantify; Grades 6 to 8 represented the progressive coalescence of CPN foci into a
contmuous network of affected tissue. culminating in end-stage kidney disease (Grade 8).

b: Slide missing (result mamtained from the original evaluation).

c: Hyperplasia noted were described as atypical tubule hyperplasia (ATH).

d: A-V = amphophilic-vacuolar proliferation (spontaneous entity).

Renal tubule cells with no or low grade CPN did not show evidence of cytotoxicity. %

concluded that there was clear evidence of exacerbation of CPN by BG-12. The
advanced severity of the CPN was a risk factor for a low incidence of low-grade renal
tubule tumor development (cf. Hard et al., 2012). CPN has no counterpart in humans
and, therefore, chemical exacerbation of CPN is likely to have no relevance for humans
(Hard et al., 2004, 2009). After exclusion of A-V ATH/tumors and other differences from
the original study pathologist's diagnoses (e.g., non-renal secondary growths from the
mammary gland), the "ATH and tumor incidence in the rat carcinogenicity study of
BG00012 was not significantly increased, but the majority of lesions were closely
associated with CPN of advanced grade and linked to the CPN exacerbation associated
with BG00012 administration." Only 1 HDF (No. 700) was observed to show both an
adenoma and an early carcinoma that were not associated with CPN.
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Study title: Two-Year Oral (Gavage) Carcinogenicity Study in Mice with

BG00012
Study no.:  P00012-05-03; CRL No. P00012-05-03
Study report location:  Electronic,
Conducting laboratory and location: O

Date of study initiation:  6/16/05
GLP compliance: Yes, pg. 9, except:
e Animals were received prior to
protocol signing
e Characterization and stability were
conducted with GMP compliance
e "Toxicokinetic interpretation was
not conducted in compliance with
the GLP regulations."
QA statement:  Yes, pg. 10-13
Drug, lot #, and % purity:  BG00012 (dimethyl fumarate), lot
1102642 33004998, 100.2% pure (MMF
0.02%)
CAC concurrence:  No, concurrence was not obtained

Key Study Findings

= The HD was reduced from 600 mg/kg (D1-D5) to 400 mg/kg on D9 (dosing
holiday D6-D8), due to deaths on D5-D8 (15 HDM and 13 HDF).

= Dosing was suspended in HDM in week 72 (day 503) and in HDF in week 82
(day 571).

= Survival was reduced at HMD and HD; the HD groups were terminated during
week 101.

= Average body weight was reduced at HD before the dose reduction (D9);
afterward, average body weight was similar to controls.

= Target organs were kidney, stomach, and eye:

o Kidney: dose-dependent increase in nephropathy (esp. males), other
changes not typically noted in nephropathy (i.e., changes in the outer
stripe and medullary rays), and increased adenomas and/or carcinomas in
both sexes (HMDM, HDM, & HDF)

o Stomach, nonglandular: dose-dependent increase in squamous cell
papillomas and carcinomas and leiomyosarcomas in males and females,
and a number of lesions such as squamous cysts, squamous hyperplasia,
hyperkeratosis, ulcers, erosions, and inflammation that extended into the
submucosa and serosa (HMD & HD)

o Eye: dose-related increase in the severity and/or incidence of retinal
degeneration (HMD & HD)
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Adequacy of Carcinogenicity Study

The study is acceptable based on MTD; the mortality at 600 mg/kg/day, necessitating
the reduction in the dose to 400 mg/kg/day (which still resulted in increased mortality in
males), demonstrated that a maximally tolerated dose was achieved/exceeded.

The sponsor did not receive FDA ExecCAC concurrence (communications dated

6/15/05 and 8/9/05) on their proposed 2-year bioassay protocol because the submitted

13-week study in mice (Study EBA00044) was not adequate to define an MTD.

Furthermore, the Agency had the following comments on the sponsor's proposal (from

communication dated 8/9/05): ) . B
The Agency cannot comment upon the suitability of an exposure of 600 mg/kg/day in the proposed
bioassay, as aequate data have not been submitted to support selection of that exposure level. It is, again,
recommende that the sponsor obtain fully adequate data conceming exposure of mice for at least 13 weeks
to the test maierial at levels of exposure that induce dose-limiting toxicity (or adequately support dosage
selection through means other than the MTD, as discussed in the ICH S1C document, "Dose Selection for
Carcinogenicity Studies of Pharmaceuticals", and related documents) if concurrence of the exec-CAC is
desired. Those data should be obtained under conditions identical to those proposed for use in the two-year
study, including use of the same strain of mouse. The sponsor is, of course, free to conduct a study without
having received concurrence from the committee, In that case, the study would be evaluated upon
submission as if the protocol had not been submitted for concurrence.

— -

Appropriateness of Test Models

According to the sponsor, the CD-1 mouse was chosen as the animal model for this
study as it is a preferred rodent species for oral toxicity studies. The mouse is a
standard model used in 2-year bioassay carcinogenicity testing. The oral route of
exposure was selected since this is the intended clinical route of administration.

Evaluation of Tumor Findings

» Kidney: adenomas and/or carcinomas in both sexes (HMDM, HDM, & HDF)
= Stomach, nonglandular: squamous cell papillomas and carcinomas (MHD & HD)
and leiomyosarcomas (HD) in both sexes
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Methods (see details in sponsor's summary table, below)

Frequency of dosing:
Route of administration:
Basis of dose selection:

Species/Strain:
Age:

Animal housing:
Satellite groups:

Deviation from study protocol:

Reference ID: 3251055

QD

PO, gavage

According to the sponsor, the doses were
"selected by the Sponsor according to FDA-
CDER recommendations as a June, 2005
Executive CAC response..." The selected
doses were based on the marked dose-
dependent increase in stomach weights and
gross and histological changes in the
forestomach in treated animals, compared to
control animals, in a 90-day dose range-finding
study in CD-1 mice. The sponsor estimated
that MHD of 200 mg/kg would be the
approximate maximum tolerated dose (MTD),
based on the dose range-finding study. The
HD of 600 mg/kg/day was added based on "the
FDA CDER CAC response to evaluate higher
doses than 200 mg/kg in order to determine an
MTD within the mouse study (June 2005)."
CD-1 [Crl:CD-1R(ICR)Br] mice, 61

8 weeks at randomization, 27-35 g (M) and 22-
29 g (F)

individually in suspended stainless steel cages
TK

Sentinel animals (20/sex) were also
maintained. Many sentinel, main study and TK
animals were affected by and treated for Staph.
aureus infections. The number of treatment
days varied, but began on D64 and continued
for up to 104 weeks. Although the sponsor
indicated that this had no bearing on the study,
there is some question as to the general health
and well-being of the animals on study.

A few animals were replaced; for main study
animals, the following replacements were
made:

HDF 937 with 1055 on D3, gavage error

LDM 104 with 1060 on D14, found dead

ConM 17 with 1064 on D21, found dead
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Experimental Design for the Carcinogenicity and Toxicokinetic Phases

No. of Animals BG00012 BG00012 BG00012
Group (Toxicokinetic Phase) Dosage Dose Level Dose Volume Dose Cone.
No. Males Females Material (mg/'kg/day) (mL/kg) (mg/mlL)

| 75(12) 75(12) HPMC® 0 10 0

2 75 (30) 75 (30) BGOOO12 25 10 25

3 75 (30) 75 (30) BGO0O0O12 75 10 7.5

4 75 (30) 75 (30) BG00012 200 10 20

5 75 (30) 75(30) BGOOO12 600/400° 10 60/40"

“Hydroxypropylmethylcellulose or Hypromellose (3,500-5,600 cps), 0.8% w/v in reverse 0smosis
deionized water.

"Due to moriality observed in the high-dose group, the dose level for Group 5 was decreased to
400 mg/kg/day (40 mg/mL) beginning on Day 9.

Observations and Results

Mortality [2x daily]

Survival was reduced at the HMD and HD in both sexes, in a dose-dependent fashion.
See sponsor's Figures 1 and 2, and the sponsor's summary survival tables, below.
Initial decreases in survival at the HD (15 HDM and 13 HDF were found dead during
D5-8) were not resolved by the reduction in dose after the first week (HD was reduced
from 600 mg/kg to 400 mg/kg on D9, after a dosing holiday D5-8); increased mortality
was clearly observed between approximately week 40 (M) or 60 (F) and week 70. Final
survival rates in males were 47%, 35%, 25% and 13% at LD, LMD, HMD, and HD,
compared to 32% in controls; final survival rates in females were 36%, 38%, 32% and
13% at LD, LMD, HMD, and HD, compared to 45% in controls.
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Study No. EBA124

Biogen ldec Inc. PODO12-05-03 Two-Year Oral { Gavage) Carcinogenicity Study
in Mice
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Figure 1. Summary of Male Mortality

Summary of Male Mortality during Weeks 1-107

Males Group 1 Group 2 Group 3 Group 4 Group 5
No. Found Dead 39 30 33 46 49
No. Euthanized Moribund 12 10 16 10 16
No. Surviving® 24 35 26 19 10

Group 1 (0 mg/kg/day) Group 2 (25 mg/kg/day) Group 3 (75 mg'kg/day) Group 4 (200 mg/'kg/day)
Group 5 (600/400 mg/kg/day)
*Surviving males in Group 5 were euthanized during Week 101.
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Study No. EBA124
Biogen Idec Inc. PO0O012-05-03 I'wo-Year Oral { Gavage) Carcinogenicity Study
in Mice
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Figure 2. Summary of Female Mortality
Summary of Female Mortality during Weeks 1-107
Females Group 1 Group 2 Group 3 Group 4 Group 5
No. Found Dead 30 31 35 28 38
No. Euthanized Moribund 11 17 10 22 27
No. Accidental Death 1 0 2 1 0
No. Surviving® 33 27 28 24 10
Group 1 (0 mg/kg/day) Group 2 (25 mg/kg/day) Group 3 (75 mg/'kg/day) Group 4 (200 mg/'kg/day)
Group 5 (600/400 mg'kg/day)
*Surviving females in Group 5 were euthanized during Week 101.

Clinical Signs [2x daily: detailed obs pre- and weekly thereafter, with mass check]

Although the sponsor stated that there were no clearly dose-related (d-r) clinical signs, a
few findings were slightly increased, mostly at the HD. The incidence and number of
animals affected were slightly increased for distended abdomen (d-r M, HDF), rough
coat (d-r M, HMDF, and HDF), few feces (d-r M), cool to touch (HMDF and HDF), tail
enlargement (HMDF and HDF), decreased activity (HD), thin appearance (HDF), and
wobbly gait (HD).

Body Weights [pre-, weekly for 13 weeks, and 1x/4 weeks until week 104]

The HD groups demonstrated average body weight reductions, compared to controls,
during the first two weeks, prior to the dose reduction (5.0 - 7.3% in HDF and HDM,
respectively, [ss], compared to controls); in HDM, this reflected a 3% average body
weight loss between weeks 1 and 2. Following a brief dosing holiday (i.e., D6-8) and a
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reduction in dose to 400 mg/kg/day, the average body weights of the HD animals were
comparable to those of controls. See the sponsor's Figures 3 and 4, below. The HDF
actually weighed approximately 4 - 9% more than controls during Weeks 3-49;
otherwise, average body weight gains were fairly similar across groups.

Study No. EBA124
Biogen ldec Inc. PODD12-05-03 T'wo-Year Oral (Gavage) Carcinogenicity Study
in Mice
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Figure 3. Summary of Male Body Weight Data
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Figure 4. Summary of Female Body Weight Data

Food Consumption [weekly for 13 weeks, and 1x/4 weeks until week 104]

Food consumption was reduced in HD animals prior to the dose reduction; afterwards,
food consumption was slightly greater at HD. Overall, food consumption data were
fairly similar among groups. See the sponsor's summary Figures 5 and 6, below.

134
Reference ID: 3251055



NDA # 204063 Reviewer: Melissa K. Banks-Muckenfuss

Study No. EBA124

Biogen ldec Inc. PO0012-05-03 T'wo-Year Oral (Gavage) Carcinogenicity Study
in Mice
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Figure 5. Summary of Male Food Consumption Data
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Figure 6. Summary of Female Food Consumption Data

Clinical Pathology- Hematoloqgy [at necropsy]

There were few significant hematological findings; the largest changes occurred in WBC
parameters. HMDM and HDM showed reduced erythrocytes counts, hemoglobin, and
hematocrit (~9-10%) compared to controls. Treated males also had reduced
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reticulocyte counts (~10-20%). HMDM showed increased platelets (~30%). HDF
showed increased reticulocytes (~20%). HDM and HDF had increased total leukocytes
(~1.5-1.7x), lymphocytes (~1.5x), segmented neutrophils (1.4-1.8x), monocytes (~1.5-
2x), and eosinophils (~2-3x) compared to controls (statistical significance was not
assessed due to the difference in time of necropsy). However, the sponsor indicated
that none of the observed increases appeared to deviate from the historical control
range for CD-1 mice at this facility. There were no clear drug-related differences in red
cell morphology.

Gross Pathology [at necropsy]

Clearly dose-related gross observations were found in the stomach and kidney (see the
sponsor's summary table, below). The sponsor noted that most gross observations
were correlated with histological findings. Prominent epithelial surface of the stomach
was observed in LMD, HMD, and HD animals of both sexes; the sponsor indicated that
this correlated with microscopic findings of squamous epithelial hyperplasia, squamous
cell papilloma, and squamous cell carcinoma of the nonglandular forestomach. Kidney
findings were prevalent in LMDM, HMDM, and HDM, whereas the kidney was less
affected in females.

There were also some findings that suggested a dose relationship that the sponsor did
not note (see reviewer's table, below). Additional findings in stomach at HD included:
reddened, distended, thickened and/or rupture. In kidney, cysts and foci were also
noted. General body fat depletion and abdominal cavity adhesions were observed at
HD. Scabbing of the skin was noted at HD. Alterations of male and female
reproductive organs were also observed.

Test Article-Related Gross Pathology Findings

No. of Animals with Findings®
Gross Finding Sex | Groupl | Group2 | Group 3 | Group4 | Group 5
. ) ) Male ] 5 11 15 14
Discoloration, kidney
Female 11 8 0 6 6
_ , Male 6 6 16 19 23
Enlarged kidney
Female 2 0 1 1 3
- Male 6 1 13 10 6
Roughened surface, kadney
Female 5 1 3 6 8
) L . Male 3 2 15 49 50
Prominent epithelial surface, stomach
Female 1 6 21 51 47
Group I (0 mg/kg/day) Group 2 (25 mg'kg/day) Group 3 (75 mg/kg/day) Group 4 (200 mg'kg/day)
Group 5 (600/400 mg/kg/day)
“Includes all deaths.
136

Reference ID: 3251055



NDA # 204063 Reviewer: Melissa K. Banks-Muckenfuss

MALES FEMALES
Con| LD ([LMD|HMD | HD |Con | LD |LMD | HMD | HD
CARCASS
Body fat depletion | 10 10 12 6 14 9 13 10 14 18
ABDOMINAL
CAVITY
Adhesion 6 1 3 3 36 2 3 4 3 39
KIDNEY
Cysts | 20 22 36 43 29 8 3 3 6 7
Focus/Foci 0 0 2 1 3 0 0 0 1 0
SEMINAL VESICLE
Enlarged | 14 17 20 23 3
SKIN
Scabbing | 12 6 6 12 19 4 9 5 3 16
STOMACH
Reddened 1 0 0 0 14 0 0 0 0 12
Distended 1 0 0 0 2 1 0 0 0 8
Thickened 2 0 5 4 4 0 0 1 2 3
Rupture | O 0 0 0 1 0 0 0 0 0
TESTES
Small 4 1 4 8 4
UTERUS
Polyp(s) 6 7 16 11 8
Histopatholo at necrops
Peer Review- Yes, for all target organ tissues, all neoplasms, and all tissues from
10% of the control and HD groups.
Neoplastic

Dose-related neoplastic findings were observed in the nonglandular stomach and
kidney; the pathologist stated that "these .. tumorigenic changes increased in incidence
and/or severity with increasing dose and duration of exposure to the test compound.”

The nonglandular mucosa of the stomach was a target tissue in both sexes and in all
DMF-treated groups. A dose-related increase in epithelial lesion incidence and severity
and progression to tumor development was observed in all treated groups. The
observed chronic-active inflammation and epithelial ulceration was associated with
squamous epithelial hyperplasias, hyperkeratosis, squamous papillomas, and
squamous cell carcinomas. The path