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Abstract

The objective of this study was to determine the potential usefulness of an ani-
mal model to predict the appropriate dose of newly developed drugs for treating
relapsing remitting multiple sclerosis (RRMS). Conversion of the lowest effective
dose (LEffD) for mice and rats in the experimental autoimmune encephalomyeli-
tis (EAE) model was used to predict the human effective dose utilizing the body
surface area correction factor found in the 2005 US Food and Drug Administration
(FDA) Guidance for Industry in selecting safe starting doses for clinical trials.
Predictions were also tested by comparison with doses estimated by scaling up
the LEffD in the model by the human to animal clearance ratio. Although initial
proof-of-concept studies of oral fingolimod tested the efficacy and safety of 1.25
and 5 mg in treating RRMS, the EAE animal model predicted the approved dose
of this drug, 0.5 mg daily. This approach would have also provided useful predic-
tions of the approved human oral doses for cladribine, dimethyl fumarate, ozani-
mod, ponesimod, siponimod, and teriflunomide, drugs developed with more than
one supposed mechanism of action. The procedure was not useful for i.v. dosed
drugs, including monoclonal antibodies. We maintain that drug development sci-
entists should always examine a simple allometric method to predict the thera-
peutic effective dose in humans. Then, following clinical studies, we believe that
the animal model might be expected to yield useful predictions of other drugs
developed to treat the same condition. The methodology may not always be pre-
dictive, but the approach is so simple it should be investigated.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Although it is well-recognized that experimental autoimmune encephalomyelitis
(EAE) activity can predict clinical efficacy of potential multiple sclerosis (MS)
drugs, the conversion of these data to predict effective doses in man has not been
previously demonstrated.
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INTRODUCTION

Prediction of the appropriate dose of a new molecular en-
tity (NME) is a confounding task that is a major concern
of the pharmaceutical industry. An enormous amount of
time and expense in the drug development process is de-
voted to this effort. In January 2018, we reviewed approved
drugs for treating relapsing remitting multiple sclerosis
(RRMS) and were struck by the finding that the initial
proof-of-concept study in 255 patients for fingolimod was
carried out with 1.25 and 5.0 mg single oral daily doses for
6 months,' but that the US Food and Drug Administration
(FDA) approved oral dose is 0.5 mg daily.> We could find
nothing in the literature that provided the rationale for
carrying out the initial proof-of-concept study at doses of
1.25 and 5.0 mg. The report of that study and a 227-patient
extension of that study indicated that the 1.25 mg dose was
as effective as the 5.0 mg dose related to relapse rate re-
duction, but that there were more adverse events with the
higher dose.! The authors wrote that these findings “pro-
vide evidence of a need to explore the effects of a lower
dose in future trials.” However, we could find no evidence
as to why the 0.5 mg dose was chosen. Because the final
approved dose was at most 10-fold lower than that tested
in the very expensive proof-of-concept study, we asked
could there have been methodology that would have sug-
gested that it would have been more appropriate to test
the 0.5 mg oral daily dose?

In today's era of rational drug design, there would
have been good reason for the sponsor of fingolimod,
a sphingosine 1-phosphate (S1P) receptor modulator,
to believe that this NME would be effective in treating
RRMS, whereas basic mechanism scientists would al-
ways attempt to develop, if possible, an animal model of
the disease. Experimental autoimmune encephalomyeli-
tis (EAE) is a commonly used animal model of multiple
sclerosis (MS) and could be a predictor of effective drug

WHAT QUESTION DID THIS STUDY ADDRESS?

Can EAE measurements of the lowest effective dose in animals be simply scaled-
up to humans by employing the US Food and Drug Administration (FDA) body
surface area conversion factor to convert animal doses to human doses?

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

Quite reasonable and very simple predictions of the effective dose of oral drugs
for MS can be obtained using animal EAE data.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

Sponsors of new oral MS drugs based on this publication will have a very good
idea prior to beginning human studies of the upper and lower limits they might
expect to find and can design their dose escalation studies during drug develop-
ment based on this information.

dosing.3 This led us, as we describe herein, to evaluate an-
imal scale up models to predict the effective human dose.
Finding that we could reasonably have predicted the ef-
ficacy of the 0.5 mg fingolimod oral daily dose based on
EAE studies, we hypothesized that we could have rea-
sonably predicted the human dose for other oral drugs
developed for treating RRMS where animal EAE data
were available. Since that time, we have been pleasantly
surprised with the consistency of the predictions for oral
MS drugs approved prior to early 2018 and especially for
drugs approved since that date. Here, in this paper, we
detail our continuing efforts.

METHODS

We reviewed data for all the MS drugs on the market
through 2021, either indicated or empirically used (off-
label) and determined the lowest effective dose (LEffD)
from their published rat and mouse EAE studies. We then
examined how these rodent EAE studies could be utilized
to predict effective human doses. There are many com-
plex methodologies to accomplish this end, but the easi-
est methodology to be tested is allometric scaling using a
body surface area conversion factor (BSA-CF) to convert
animal doses to human doses. We chose to use the FDA
2005 Guidance for Industry: Estimating the Maximum Safe
Starting Dose in Initial Clinical Trials for Therapeutics in
Adult Healthy Volunteers for converting animal safety data
to the maximum recommended starting dose for first-in-
human studies.* The BSA-CF in mg/kg for mice is 0.08
and for rats 0.16 for a 60 kg human.* These mean conver-
sion factors calculated across the mouse weight range of
0.018-0.033kg, the rat weight range of 0.09-0.40kg and
a human weight range of 50-80kg.* The human equiva-
lent effective dose (HEffD) was calculated by multiplying
the LEffD in published rat and mouse EAE studies by the
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BSA-CF and compared to the recommended daily dose in
the drug label.

We also collected, when available, animal and human
clearance data, calculated this ratio for each drug, and
divided it into the BSA-CFs. When studies used different
EAE doses, we evaluated the prediction with respect to
the dose range. The lowest effective EAE dose (LEffD) was
converted by the BSA-CFs to the HEffD using the follow-
ing equation: EAE dose (mg/kg) x BSA-CF x body weight
(kg) = HEffD (mg).

ANALYSIS AND RESULTS

Apart from interferon, there are 16 MS drugs on the
market, including five monoclonal antibodies, and two
off-label usages (cyclophosphamide and rituximab).
Daclizumab was withdrawn globally in March 2018 due
to severe and fatal hepatic injuries and inflammatory en-
cephalitis and meningoencephalitis. Of the 16 drugs, EAE
data for alemtuzumab were not found. As we detail sub-
sequently, eight drugs had mouse EAE data, and six drugs
reported rat EAE data, ofatumumab reported marmoset
data due to not binding to rodent CD20.> Glatiramer ac-
etate was evaluated in a variety of species, through vari-
ous routes of administration. Dalfampridine, a potassium
channel blocker, showed no effect in both prophylactic
and therapeutic treatment in the EAE model.® In Table 1,
we list the eight oral MS drugs evaluated for which mouse
or rat EAE studies were available, detailing each drug's
hypothesized mechanism of action (MOA), the approved
formulation, the LEffD in the EAE model, the calculated
HESfD based on the BSA-CF, the approved label daily dose
in humans and the ratio of HEffD/label doses. Table 2
lists the comparable information for the seven nonoral
MS drugs for which EAE data were available. In Table 3,

ASCPT

for the nine drugs where human and animal clearance
data were available, we list the human approved dose, the
HEffD/label value from Tables 1 or 2, the human type of
patients for which clearance was determined, the human
clearance value (CLy) in units of L/h/kg, the EAE animal
species and dose evaluated, the animal clearance value
(CL,) in units of L/h/kg, the clearance ratio (CLy/CL,)
and the BSA-CF value from the FDA Guidance* divided
by the clearance ratio. The detailed analysis information
for each drug is summarized below.

Oral drugs (in order of FDA approval date)
Dalfampridine (2010)

Dalfampridine was the first MS oral drug approved by
the FDA, but neither prophylactic nor therapeutic treat-
ment altered disease incidence or disease course of EAE
in mice.® Dalfampridine functions more like a neurofunc-
tional modifier and acts through improving conduction
in demyelinated axons, which may explain why dalfam-
pridine showed no effect in the EAE model.”* However,
in Table 3, clearance measurements in humans versus
rats were available with the ratio of the human clearance
to animal clearance for rats and mice very close to the
BSA-CF values in the Guidance.*

Fingolimod (2010)

Kataoka et al.’ reports that 0.1 mg/kg was the lowest
tested dose of fingolimod to have a therapeutic effect on
EAE in mice and rats. However, we could not identify
lower doses of fingolimod in rats that were not effective in
the EAE model. However, in mice, Webb et al.'° reported

TABLE 1 Human equivalent effective dose and label dose comparison for oral MS drugs

HESffD
Drug MOA Formulation EAE LEffD from EAE Label daily dose HEffD/label
Cladribine IMST IR 9.6-16 mg/kg in mice 46.1-76.8mg  10-20mg 2.3-3.8
Dalfampridine K+ Delayed release  No effect / / /
Dimethyl fumarate ER 100-200mg/kg in mice  480-960mg  Maintenance: 480mg  1-2
Fingolimod S1P IR 0.1 mg/kg in mice 0.48mg 0.5mg 0.96
Ozanimod S1P IR 0.2mg/kg mice 0.96 mg 0.92mg 1.04
Ponesimod S1P IR 6mg/kg b.i.d. in mice 57.6mg 20mg 2.88
Siponimod S1P IR 0.3mg/kg in rats 2.88mg 2mg 1.44
Teriflunomide DHO-DH IR 3mg/kg in rats 28.8mg 7 or 14mg 2.1-4.1

Abbreviations: DHO-DH, dihydroorotate dehydrogenase; EAE, experimental autoimmune encephalomyelitis; ER, extended release; HEffD, human equivalent
effective dose; IMST, immunosuppressant; IR, immediate release; K+, potassium channel; LEffD, lowest effective dose; MOA, mechanism of action; MS,

multiple sclerosis; S1P, sphingosine 1-phosphate.
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TABLE 2 Human equivalent effective dose and label dose comparison for non-oral MS drugs

HEffD
Animal from EAE  Label daily dose HESfD/
Drug MOA RoA EAE LEffD (mg) (mg) label
Cyclophosphamide*  IMST iv. Rat: 5mg/kg 48 400 0.12
Glatiramer acetate Immune system  i.v. GP: 0.29 mg/kg (prevent) 3.82 20 s.C. 0.19
modifier GP: 2.9 mg/kg (suppress) 38.2 1.91
Rabbit: 2.67 mg/kg 51.2 2.56
p.o. Rat: 4mg/kg 38.4 1.92
Mice: 4mg/kg 19.2 0.96
RM: 2mg/kg 38.4 1.92
CM: 2.22mg/kg 4.7 2.14
Mitoxantrone IMST i.p. Rat: 0.25mg/kg 2.4 ~20 (12mg/m?) 0.12
Natalizumab IgG4x iv. Rat: 4-6.4 mg/kg 38.4-61.44 300 0.128-0.2
Ocrelizumab CD20 iv. Mice: 200 pg 38.4 300 0.128
Ofatumumab CD20 s.C. Marmoset: 5mg/kg 48 20 2.4
Rituximab® CD20 iv. Mice: 4mg/kg 19.2 ~600 (375mg/m?)  0.03
p.o., s.C. Mice: 0.04-0.4mg/kg 0.192-1.92 0.0003-0.003

Abbreviations: CM, Cynomolgus monkey; EAE, experimental autoimmune encephalomyelitis; GP, Guinea pig; HEffD, human equivalent effective dose; IMST,
immunosuppressant; LEffD, lowest effective dose; MOA, mechanism of action; MS, multiple sclerosis; RM, Rhesus monkey; ROA, route of administration.

20Off-label use.

that 0.3 mg/kg was effective in fingolimod EAE studies,
but that a dose of 0.03mg/kg was ineffective. Using the
BSA-CF of 0.08 for mice, the 0.1 mg/kg lowest tested ef-
fective dose would convert to 0.08 mg/kg in humans or
0.48 mg using the 60kg human basis for this BSA-CF.
This value is almost exactly the label daily dose, yielding a
HEffD/label dose ratio of 0.96 as listed in Table 1.

Because exposure is based on drug clearance, we com-
pared the fingolimod human drug oral clearance reported
by Kahan et al.'! with the rat fingolimod oral clearance
(CL/F) reported by Meno-Tetang et al.,'> because no clear-
ance data were available in mice. Kahan et al.'* reported
mean CL/F values at various oral doses to be 7.7, 23.7, 7.4,
9.5, 13.4, and 9.4 L/h. If we consider the 23.7 value as an
outlier, then these values coalesce around a CL/F of 9 L/h
for 80.7+13.5 kg patients. Meno-Tetang et al.'* provide
the rat fingolimod data to estimate CL/F following oral
dosing as 1.05L/h/kg (calculated from the reported i.v.
clearance of 0.748 L/h/kg divided by the rat bioavailability
of 0.71). That is, the rat to human clearance conversion
factor is 0.104 as given in Table 3, reasonably close to the
0.16 value of the FDA BSA-CF for rats.

Teriflunomide (2012)

A 3 mg/kg dose showed both prophylactic and thera-
peutic effects in the rat EAE model whereas 1 mg/kg

did not in studies'® published 3years prior to terifluno-
mide FDA approval. The 3 mg/kg rat dose converts to a
28.8 mg daily oral dose using BSA-CF versus the label
recommendation of 7-14 mg, a 2.1-4.1 overprediction, as
shown in Table 1. However, if EAE studies had been run
at doses between 1 and 3 mg/kg and shown to exhibit
prophylactic and therapeutic effects, the overprediction
would be decreased. The human/rat oral clearance ratio
was very low and gave even greater overpredictions, as
shown in Table 3.

Dimethyl fumarate (2013)

There are two mice studies reporting dimethyl fumarate
(DMF) in EAE models. Kihara et al.’* showed that DMF
could only prevent the development and severity of EAE
but when 100 mg/kg DMF was delivered b.i.d. near peak
clinical scores, DMF treatment had no effect on thera-
peutic clinical scores even after 14days of treatment.
Whereas Schulze-Topphoff et al.'> showed a 100 mg/kg
g.d. oral dose could inhibit the development of spontane-
ous EAE. These mice 100 and 200 mg/kg daily dose EAE
studies would translate to 480-960 mg in humans using
BSA-CF versus the label recommended maintenance
dose of 480 mg in humans, as shown in Table 1. DMF
is essentially a prodrug for monomethyl fumarate and
is not quantifiable in plasma due to rapid presystemic
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TABLE 3 (Continued)

>
)
o
]
-

BSA-CF value/
(CLy/CL,)

Clearance
ratio

CL,

EAE animal species

H
(L/h/kg)

CL

Human type

Label daily dose

CLy/CL,

(L/h/kg)
0.223%4

HEffD/label

(mg)

Drug

0.4

0.195
0.245
0.028

Mouse (25mg/kg SD)
Mouse (25mg/kg MD)
Rat (7.5mg/kg SD)

0.33
5.71
6.67

0.177%8

0.00782%4

MS (MD) 0.000216“¢

MS (MD)

2.1-4.1

7mg

Teriflunomide

0.024

0.000185%8

14mg

Abbreviations: AAV, adeno-associated virus; BSA-CF, body surface area conversion factor; CL,, animal clearance; CLy;, human clearance; EAE, experimental autoimmune encephalomyelitis; HEffD, human equivalent

effective dose; MD, multiple dose; MS, multiple sclerosis; NA, information not available; SD, single dose.

“Data from the US Food and Drug Administration (FDA) Clinical Pharmacology Review.

bOral clearance (CL/F)

dose/AUC,_,.

Corrected to body weight (BW) of 60kg.

4Data from the FDA Pharmacology Review.

€Calculated from available data.

Data from the FDA label.

8CL/F

dose/AUC

"Data from the European Medicines Agency (EMA) Assessment Report.

hydrolysis, thus no human or mouse clearance data for
DMEF are available.'®

Cladribine (2019)

Cladribine was approved by the European Medicines
Agency (EMA) in 2017 and the FDA in 2019. The EAE
dose of cladribine was reported by Musella et al.,'” in
which the investigators compared the oral dosing of
0.4 mg/mouse (16 mg/kg) and intracranial infusions of
0.24 mg/mouse (9.6 mg/kg). Both groups showed efti-
cacy in the EAE model induced in mice. Here, the dose
prediction based on EAE in mice was 2.3-3.8 greater
than the label dose (Table 1). In contrast, comparing
the mouse BSA-CF value to the human/mouse clear-
ance ratio the resulting value (0.67) was close to unity
(Table 3).

Siponimod (2019)

The second S1P modulator siponimod was approved for
RRMS by the FDA in 2019. Gergely et al.'® reported that
the LEffD of siponimod in the EAE rat model was 0.3 mg/
kg by oral administration, which could translate via the
BSA-CF to a HEffD of 2.88mg. This value is only 1.44
greater than the 2 mg label dose (Table 1). The oral clear-
ance comparisons were highly variable. Male rats gave a
ratio of BSA-CF/oral clearance ratio overprediction of al-
most 3, whereas female rats gave an underprediction of
0.39. Although no EAE data were available for oral dosing
in mice, mice clearance values yielded underpredictions
(Table 3).

Ozanimod (2020)

Ozanimod, a selective modulator of SIPR1 and S1PRS5,
was approved by both the FDA and the EMA in 2020.
Ozanimod showed efficacy at 0.2 mg/kg in a mouse
EAE model,"” yielding an excellent prediction of a
HEffD of 0.96mg, only 1.04-fold the 0.92mg label
dose (Table 1). However, dosing predictions based on
human and mouse clearance measurements were very
poor (Table 3).

Ponesimod (2021)

Ponesimod is a selective SIPR1 modulator with high affin-
ity to S1P receptor 1. It was approved both by the FDA and
the EMA in 2021. According to the pharmacology review,
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6 mg/kg b.i.d. is effective in the mouse EAE model.”° The
dose could be converted to 57.6 mg daily dose, which is
2.88-fold of the label dose (Table 1). No mice clearance
data are available.

Non-oral drugs (in order of FDA approval
date)

Glatiramer acetate (1996)

Glatiramer acetate (Copolymer 1, Cop 1, and Copaxone) is
a synthetic amino acid copolymer composed of L-alanine,
L-glutamic acid, L-lysine, and L-tyrosine.*! Glatiramer ac-
etate has been studied for more than 30years, tested in sev-
eral species and through various route of administration,
including oral, intramuscular, intraperitoneal, and intrave-
nous. The approved route of administration is subcutane-
ous. Although oral dosing was studied in monkeys, and the
HESfD calculated from the oral dosing studies fell around
two-fold label dose (Table 2), clinical trials of oral doses
failed to show significant positive effects on the clinical and
magnetic resonance outcomes in patients with RRMS.*
The authors suggest that oral dosing may not reach an ef-
fective bioactive form to achieve clinical efficacy,22 because
pharmacokinetic (PK) studies with glatiramer acetate do
not give relevant measurable parameters.

According to the FDA's Clinical Pharmacology and
Biopharmaceutics review, glatiramer acetate PK studies
in humans have not been performed, and clinical trial
data showed that only nine out of 17 subjects who re-
ceived the drug exhibited quantitatively detected con-
centrations, with areas under the concentration-time
curves varying from 1644 to 67,532ngmin/ml. The re-
sults indicate that a small fraction of glatiramer ace-
tate is absorbed from the site of injection and rapidly
removed from the circulation. Therefore, clearance data
are not available.

Mitoxantrone (2000)

Mitoxantrone is a synthetic antineoplastic cytotoxic drug
that also has immunosuppressive effects. It has been
shown in vitro to decrease the proliferation of damaging B
cells, T cells, and macrophages.” It has been tested in vari-
ous species and showed efficacy in different types of EAE
models, with 0.25mg/kg intraperitoneal administration
shown to suppress acute EAE in rats.***> The approved
dosage in humans is 12mg/m? given as a short intrave-
nous infusion every 3 months. Mitoxantrone was 10-20
time more potent than cyclophosphamide in the suppres-
sion of EAE.?® The HEffD/label given in Table 2is 0.12, the

ASCPT

CLy/CL, ratio is 0.03 yielding a ratio of BSA-CF/(CLy/
CL,) even more disparate from the HeffD/label ratio than
cyclophosphamide (Table 3).

Alemtuzumab (2001)

Alemtuzumab has not been examined in EAE studies due
to the lack of cross-reactivity between human and mouse
CD52.27% However, the effect of an anti-muCD52 was
evaluated in an EAE model, exhibiting efficacy.*

Natalizumab (2004)

Natalizumab was first tested in a rat EAE model, in which
1.0-1.6 mg/rat showed comparable efficacy in preventing
paralysis.*® Taking 250g as average rat weight, the rat dos-
age equivalent is 4-6.4 mg/kg, as cited in later reviews.*"*?
The ratio of human equivalent dose (HED) to the label dose
is 0.128-0.2 (Table 2). Rat clearance data were not found.

Ocrelizumab (2017)

Ocrelizumab is a humanized anti-CD20 antibody and is
the first agent approved for the use in patients with pri-
mary progressive MS. Weber et al.* tested ocrelizumab
in hCD20 transgenic mice and showed that 200 pg/mouse
could prevent or reverse EAE induced by mouse myelin
oligodendrocyte glycoprotein. Taking 25g as the average
mouse weight, the 8 mg/kg dose could convert to 38.4 mg
HESffD, which is 12.8% of the 300 mg label dose (Table 2).
No mice clearance data are available for ocrelizumab.

Ofatumumab (2020)

Ofatumumab is a full recombinant human anti-CD20 an-
tibody, first approved in 2009 for the treatment of patients
with chronic lymphocytic leukemia, and more recently
approved for the treatment of relapsing forms of MS. As
with ocrelizumab, ofatumumab binds only to human and
nonhuman primate CD20° and was not developed from an
EAE model. However, experiments with marmoset EAE
models have been reported.**** In those studies, a 20 mg/
kg initial dose followed by 5mg/kg weekly maintenance
regimen was applied, which significantly prevented the
development of clinical signs. The translated HeffD of the
initial dose is 48 mg, 2.4-fold of the label dose (Table 2).
However, no lower doses were identified for the determi-
nation of LeffD. No marmoset clearance data are available
for ofatumumab.
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Drugs utilized but not presently approved
for MS by the FDA

Rituximab

Rituximab is a chimeric human/mouse IgG1l antibody,
which has been tested in a mouse EAE model. Rituximab
4 mg/kg administration (route not mentioned) rapidly
depleted peripheral B cells and strongly reduced EAE se-
verity in a mouse EAE model.*® In addition, Brod et al.*’
studied the oral administration of rituximab, 1 pg (0.04 mg/
kg) and found that this dose exhibited the most effect and
reduction of disease severity, better than 10 pg (0.4 mg/
kg) oral and 1 pg (0.04 mg/kg) subcutaneous dosing. As
shown in Table 2, very low HeffD/label ratios result.

Cyclophosphamide

Cyclophosphamide was tested and compared with mi-
toxantrone.”® Doses of 5 mg/kg cyclophosphamide sup-
pressed the clinical and histological lesions associated
with developing EAE. Although the HeffD/label is only
0.12, the CLy/CL, ratio is 0.067-0.093, about 42%-58% of
the BSA-CF.

Daclizumab (May 2016-June 2018)

Daclizumab was approved for the treatment of adult pa-
tients with RRMS. Because of its safety profile, the rec-
ommended usage was limited to patients who had an
inadequate response to two or more drugs.*® However, it
was withdrawn in 2018 due to reports of serious inflam-
matory brain disorders associated with the drug use.*
Although many studies investigated the role of anti-CD25
antibodies on the disease progression, we could not iden-
tify useful EAE studies with daclizumab. The animal EAE
data showed either no effect or an exacerbated effect.**°

DISCUSSION

The initial human dose selection is one of the most im-
portant steps in the clinical development of investiga-
tional new drugs. Different approaches are applied and
tend to generate the most conservative starting dose.*’™
However, better estimation of the potential HEffD would
be helpful in proposing dose escalation in clinical trials
and provide a target reference in selecting phase II/III
doses.

Assuming that the pharmacodynamic (PD) model
used in animals correlates well with PK/PD relationship

in humans, the basis of dose conversion between species
is believed to be a function of the differences of metabolic
rate of an animal that is reflected in its size. Therefore,
predicting human drug clearance is an important task,
and a commonly used method for predicting human clear-
ance is the simple allometric approach, Y = aW?, where a
is a constant, W the animal/human body weight, and b is
the allometric exponent.* In Table 1, for approved oral MS
drugs, the HEffD provided remarkably consistent predic-
tions for dimethyl fumarate, fingolimod, ozanimod, and
siponimod, with predictions for the remaining three drugs
falling between two- and four-fold over prediction. EAE
measurements did not provide a meaningful therapeutic
under prediction for any of the seven oral RRMS drugs.
There was no indication in any of the drug development
histories that the sponsor was aware of a potential use-
ful allometric approach. Of the eight oral drugs, dalfam-
pridine showed no efficacy in an EAE model. It could be
due to the MOA of dalfampridine, as a potassium channel
blocker, that no anti-inflammatory effect is observed in
the EAE model.

Although the allometric relationship presented above
is based on animal body weight, it might be expected that
human versus animal clearance values would also provide
a useful human dose prediction. Such data when available
are presented in Table 3. For the oral RRMS drugs, good
predictions are obtained for cladribine, dalfampridine
(where no EAE effect could be measured), and fingolimod.
However, very poor predictions were observed using the
clearance data for ozanimod, siponimod, and terifluno-
mide. We suspect that this may be due to comparing CL/F
versus CL in making the predictions, because bioavailabil-
ity is known to differ between animals and humans and
not necessarily correlating with clearance differences.

For the seven non-oral drugs, including four monoclo-
nal antibody-based therapeutics, as listed in Table 2, the
BSA-CF prediction does not work well and perhaps we
should rather conclude that the methodology does not ap-
pear useful for antibody therapeutics. This suggests that
for antibodies the PD model in animals does not correlate
with the PK/PD relationship in humans. For the three
nonoral drugs where comparable human and animal
clearance data are available, poor predictions are found
for mitoxantrone and rituximab, but a 1.7 to 2.4-fold over-
prediction is observed for cyclophosphamide, where the
HEffD/label prediction in Table 2 for cyclophosphamide
exhibited marked underprediction. It is interesting to see
that for glatiramer acetate, the acetate salts of synthetic
polypeptides, the HEffD does appear to be well-predicted
for oral doses in EAE studies in rat, mice, rhesus, and cy-
nomolgus monkeys compared to the human 20mg s.c.
dose, but clinical studies show that glatiramer acetate is
not effective orally.
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From the data available to us in the literature, we found
supportive results for our hypothesis that an animal model
of a disease that usefully predicts the dose of an effective
therapeutic agent in humans may have the potential to
predict the human dose of other drugs using this animal
model when actual effective doses differ by almost 1000-
fold. However, we are not recommending or suggesting
that sponsors immediately test the EAE/BSA-CF derived
dose in clinical studies for new oral MS drugs, rather than
follow the accepted methodology of beginning with a very
low dose and escalating doses to determine the effective
and safe regimen. None of the HEffD/label ratios are less
than one so that sponsors of new oral MS drugs based on
this publication have a very good idea prior to beginning
human studies of the upper and lower limits they might
expect to find and can design their dose escalation studies
based on this information. We believe having a reasonable
expectation of the efficacious dose prior to beginning the
dose escalation would provide significant advantages.

Readers should recognize that the FDA HED, as pub-
lished in the FDA Guidance,* predicts the translation of
animal toxicity to potential human toxicity. We hypothe-
sized that if the FDA HED reasonably predicted toxicity,
might it also be able to predict efficacy. There is no expec-
tation in the FDA Guidance® that the HED methodology
can be used to predict efficacy. That is why we believe this
approach is unique and holds potential for examination
in other drug classes. It is well-recognized that therapeu-
tic ratios (toxic dose/effective dose) differ markedly from
drug to drug. Thus, knowing the HED from animal toxicity
studies provides no prediction of the efficacious dose until
one identifies an animal model efficacy predictor and then
test whether the HED will correctly predict HEffD. The
FDA expects the sponsor to begin human studies with at
least a 10-fold lower dose than the animal toxicity HED
and then dose escalate following a protocol proposed by
the sponsor and approved by the FDA to determine the
efficacious dose. Here, we show for oral drugs approved
for treating RRMS that the methodology provides very
reasonable predictions.

We recognize there are many limitations for our study.
First, there are several drugs for which we could not iden-
tify the LEffD. Only dimethyl fumarate and teriflunomide
have been tested at a lower dose that exhibited insufficient
efficacy, whereas for the other drugs, we had to use the
lowest dose tested. Second, there is very little quality con-
trol of PK/PD studies in terms of dose and dosing regimen
selection. Except for fingolimod, we are unsure if the other
MS drugs were tested to determine the LEffD. However,
because none of our HEffD/label values for the oral MS
drugs were markedly <1.0, the analysis here would sug-
gest that this was not an issue. Third, models can always
be developed that fit the available data. However, the

ASCPT

potential usefulness of the relationship, we believe, is
very intriguing, and could markedly benefit drug devel-
opment timelines and costs, as well as assist regulatory
evaluations.

CONCLUSION

The present study showed that BSA-CF could have a po-
tential role in predicting effective dose for MS drugs, es-
pecially when orally dosed, indicating the BSA-CF could
also be used in predicting HEffDs, to provide references in
dose selection in drug development.
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