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ABSTRACT

Objective: To evaluate immune responses to neoantigen and recall antigens in healthy subjects
treated with teriflunomide.
Methods: This was a randomized, double-blind, placebo-controlled study. Subjects received oral
teriflunomide (70 mg once daily for 5 days followed by 14 mg once daily for 25 days) or placebo
for 30 days. Antibody responses were evaluated following rabies vaccination (neoantigen) applied
at days 5, 12, and 31 of the treatment period. Occurrence of delayed-type hypersensitivity (DTH)
to Candida albicans, Trichophyton, and tuberculin (recall antigens) was assessed before and at
the end of treatment to investigate cellular memory response. Safety and pharmacokinetics were
evaluated.
Results: Forty-six randomized subjects were treated (teriflunomide, n 5 23; placebo, n 5 23) and
completed the rabies vaccination. Geometric mean titers for rabies antibodies were lower with
teriflunomide at days 31 and 38 than with placebo. However, all subjects achieved sufficient
seroprotection following rabies vaccination (titers well above the 0.5 IU/mL threshold). Overall,
the DTH response to recall antigens in the teriflunomide group did not notably differ from
responses in the placebo group.
Conclusions: Following vaccination, geometric mean titers for rabies antibodies were lower with
teriflunomide than with placebo. However, teriflunomide did not limit the ability to achieve seroprotective titers against this neoantigen. Evaluation of DTH showed that teriflunomide had no
adverse impact on the cellular memory response to recall antigens.
Classification of evidence: This study provides Class II evidence that in normal subjects treated
with teriflunomide, antibody titer responses to rabies vaccination are lower than with placebo
but sufficient for seroprotection. Neurol Neuroimmunol Neuroinflamm 2015;2:e70; doi: 10.1212/
NXI.0000000000000070
GLOSSARY
CI 5 confidence interval; DTH 5 delayed-type hypersensitivity; KLH 5 keyhole limpet hemocyanin; MS 5 multiple sclerosis;
PPD 5 tuberculin purified protein derivative; ULN 5 upper limit of normal; WHO 5 World Health Organization.

Teriflunomide is a once-daily oral immunomodulator approved for the treatment of relapsingremitting multiple sclerosis (MS).1,2 Teriflunomide blocks de novo pyrimidine synthesis
through selective, noncompetitive, and reversible inhibition of dihydroorotate dehydrogenase,3–5 a mitochondrial enzyme expressed at high levels in proliferating lymphocytes.6 Through
this blockade, teriflunomide exerts inhibitory effects on activated T and B cells, limiting their
proliferation (without cytotoxicity) and thereby their involvement in the inflammatory processes
that contribute to MS activity.7 Resting and slowly dividing lymphocytes can use salvaged
pyrimidines from catabolic processes to satisfy metabolic needs and are therefore not affected
by teriflunomide.8 This difference explains how teriflunomide can exert immunomodulatory
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effects—by reducing proliferation of stimulated lymphocytes without obviously compromising lymphocyte homeostasis and protective
immunity.9,10
Medications that alter the immune system
have the potential to limit primary and secondary immune responses (e.g., the ability to mount
an effective immune response to vaccinations).11
We previously investigated the effects of teriflunomide on the immune response to seasonal
influenza vaccination in patients with relapsing
forms of MS.12 This vaccination was considered
a recall response, as most individuals had been
previously in contact with the virus or had been
vaccinated. This study showed that serologic
responses to influenza vaccine were preserved
in patients treated with teriflunomide.12
In the present study, we evaluated the antibody response to a neoantigen by using the
rabies vaccination in healthy subjects treated with
teriflunomide or placebo. Furthermore, we assessed delayed-type hypersensitivity (DTH) to
recall antigens as a global measure of cellular
memory responses.

Study design and subjects. This was a single-center,
randomized, double-blind, parallel-group, placebo-controlled
study conducted in Quebec, Canada. Forty-six healthy men and
women aged 18–60 years were enrolled. Health status was based
on a comprehensive clinical assessment, detailed medical history,
and complete physical examination. Vital signs, including blood
pressure and ECG readings, and laboratory parameters were
required to be within normal ranges. Included subjects could not
have been previously vaccinated against rabies.
Subjects had to have a positive DTH skin test to at least 1 of
the 3 recall antigens tested at screening: Candida albicans, Trichophyton, or tuberculin purified protein derivative (PPD). Per protocol, any subject with a positive PPD skin test also underwent a
follow-up blood interferon-g release assay test (QuantiFERON,
QIAGEN, Valencia, CA) to rule out latent tuberculosis infection.
If the QuantiFERON test was positive, the subject was excluded.
Any subject with signs of acute illness during screening was
excluded. Additional criteria prohibited use of over-the-counter
supplements (within 7 days of dosing) or exposure to any investigational drug (within 30 days of dosing). Women who were pregnant
or breast-feeding were also excluded.

Study assessments. The primary objective was to assess the
antibody response to rabies vaccine in subjects treated with teriflunomide compared with subjects treated with placebo. The primary
pharmacodynamic variable was the rabies-specific antibody level at
each scheduled visit during the treatment period. Antibody titers to
rabies vaccine were assessed using the rapid fluorescent focus
inhibition test at the predose visit and at days 12, 19, 31, and 38
(performed at The Rabies Laboratory, Kansas State University,
Manhattan, Kansas). The results were given in IU/mL compared
with a standard reference serum. Seroprotection was defined per
the World Health Organization (WHO) as a minimum
antirabies antibody titer of 0.5 IU/mL for rabies vaccination.13
The effect of teriflunomide on the immune response to recall
antigens was assessed as a secondary objective. A positive DTH
reaction was defined as a diameter of induration $2 mm measured
48 hours after intradermal administration of the antigen, indicating
an appropriate cellular memory response to recall antigens.14
Safety assessments included investigator- or subject-reported
adverse events, clinical laboratory tests, vital signs, and physical
examinations. Adverse event reports were collected throughout
the study. Vital signs were performed at screening, baseline, days
12, 19, and 31, and the end of the study. Laboratory testing,
including hematology, was conducted at screening, baseline, days
5, 12, 19, and 31, and every visit until the end of the study.
Plasma samples to measure teriflunomide concentrations were
collected on days 6, 12, 19, 31, 38, and 49 (end of the accelerated
elimination procedure).
Subjects could withdraw at any time. Per protocol, subjects
were required to discontinue if alanine aminotransferase values exceeded 3 times the upper limit of normal (ULN), if confirmed neutrophil counts were ,1,500 cells/mm3 with or without signs of
infection, or if confirmed platelet count was ,100,000 cells/mm3
with or without bleeding. Serum a-amylase or lipase values exceeding 2 times the ULN or a serum creatinine increase .150 mmol/L
that could not be rapidly reversed also required discontinuation.

Dosing and administration. The screening period of 2–21
days was followed by a 30-day active treatment period in which
subjects were randomized to teriflunomide or placebo. Subjects

Statistical analysis. A sample size of 20 subjects per group produces a 2-sided 90% confidence interval (CI) providing
approximately 38.5% maximum imprecision for the estimation

METHODS Standard protocol approvals, registrations,
and subject consents. The study was conducted in accordance
with the 18th World Health Congress Recommendations, Declaration of Helsinki, and all applicable amendments. The study
protocol and informed consent forms were approved by an institutional review board before initiation, and complied with local
laws and regulations and applicable country guidelines. All subjects provided written informed consent.
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were randomized to treatment groups in accordance with the
randomization list that was generated by the sponsor.
Teriflunomide was administered as a loading dose of 70 mg
(5 14-mg tablets) once daily for 5 days (day 1–day 5) to reach
steady-state therapeutic concentrations more rapidly, followed by a
14-mg dose (1 tablet) once daily for 25 days (day 6–day 30) to
maintain steady-state concentrations (figure 1). Subjects
randomized to placebo received an equivalent number of matching
placebo tablets. Participants and study site personnel were blinded to
treatment assignment.
Rabies vaccine (Imovax Rabies 1 mL, Sanofi Pasteur, Lyon,
France) was administered as an IM injection on days 5, 12, and
31 after the start of the active treatment period (i.e., the time teriflunomide steady-state plasma concentration was reached).
Antigens of C albicans (1,000 units/mL, ALK Abello, Round
Rock, TX), Trichophyton (1,000 units/mL, ALK Abello), and
PPD (Tubersol, 5 tuberculin units per 0.1 mL, Sanofi Pasteur,
Ontario, Canada) were administered intradermally at screening
(inclusion criteria) and then on treatment day 28. Skin tests were
administered under a volume of 0.1 mL, spaced at least 5 cm
apart on the volar surface of the forearm to avoid interference.
At day 31, subjects started an 8-day drug-free period. On day
38, upon completion of the vaccination assessment, all subjects
underwent an accelerated elimination procedure for teriflunomide using orally administered cholestyramine 4 g 3 times daily
for 11 days.
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Figure 1

Study design

A screening period of 2–21 days was followed by an active treatment period of 30 days with teriflunomide 14 mg or placebo. The study was complete 12–17
days after the accelerated drug elimination phase. DTH 5 delayed-type hypersensitivity.

of the treatment ratio of geometric mean rabies antibody levels for
subjects treated with teriflunomide vs placebo. This assumes an
SD of 0.80. For the primary pharmacodynamic analysis, the
rabies-specific antibody levels were summarized with descriptive
statistics by treatment for each scheduled time point during the
treatment period. Such summaries were accompanied by a plot
of geometric mean titers of rabies-specific antibody levels over
time by treatment. For each scheduled visit, the ratio of
geometric mean levels for subjects treated with teriflunomide vs
placebo was provided along with the corresponding 90% CI.
The number of subjects (with percentage and by treatment
group) with positive and negative DTH reactions to recall antigens after treatment was summarized for subjects with a positive
DTH reaction at screening. A bar chart of the number of subjects

Figure 2

Subject disposition

with a positive DTH reaction was provided by antigen and treatment for screening and day 30.
Study drug levels were measured in teriflunomide-treated
subjects and summarized using descriptive statistics.
All subjects exposed to study medication were included in the
safety analysis. Safety was evaluated using descriptive statistics of
individual clinical laboratory data, vital signs, and physical examination data. Treatment-emergent adverse events were events that
occurred or worsened during the on-treatment phase (time from
when the first dose was administered until the last visit, figure 1)
and were assigned to the medication the subject was receiving at
that time.
RESULTS Subject disposition and baseline demographics.

The first subject was enrolled on August 2, 2012, and
the last subject completed the study on November 28,
2012. All 46 enrolled subjects (teriflunomide, n 5 23;
placebo, n 5 23) were randomized and treated, and all
subjects completed the rabies vaccination schedule
(figure 2). Two subjects in the teriflunomide group
and 1 subject in the placebo group discontinued early
because of treatment-emergent adverse events. Subject
demographics were well-balanced (table e-1 at
Neurology.org/nn). Most subjects were male (65.2%),
as commonly observed in trials including healthy
volunteers; the mean age (SD) was 39.9 (11.7) years
and all were white (100%).
Pharmacokinetic evaluation. In the teriflunomide group,
steady-state serum concentrations of teriflunomide
were reached by day 6 and maintained through the
end of treatment, with mean values ranging from 39.1
mg/mL on day 12 to 43.2 mg/mL on day 31. At day 38,
8 days after stopping treatment, teriflunomide
concentrations remained over 30 mg/mL, consistent
with the long half-life of the drug. Before release from
the study, all subjects underwent an accelerated drug
elimination procedure.
Immune response to neoantigen. Prevaccination, none

of the subjects had detectable antibodies to the rabies
virus. Measurable and seroprotective antibody levels
(according to the WHO definition, minimum
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Table 1

Treatment geometric mean ratio of rabies antibody level with 90% CI (teriflunomide vs placebo)

Scheduled day

Teriflunomide GMT
(min–max), IU/mL

Placebo GMT (min–max),
IU/mL

Treatment ratio

90% CI

Day 19

11.51 (2.6–42.0)

15.40 (0.4–86.0)

0.75

0.49, 1.13

Day 31

7.82 (0.6–43.0)

12.47 (2.0–160.0)

0.63

0.41, 0.97

Day 38

15.19 (4.3–50.5)

28.85 (10.0–77.0)

0.53

0.35, 0.81

Abbreviations: CI 5 confidence interval; GMT 5 geometric mean titer.
Treatment ratios are of geometric means. Day 12 (1 week after the first rabies vaccination) results are not shown because
22 of 23 subjects (95.7%) receiving teriflunomide and 18 of 22 subjects (81.8%) receiving placebo had antibody levels
below the limit of quantification.

antirabies antibody titer) were induced following
rabies vaccination in all subjects. However, geometric
mean antibody titers were lower in the teriflunomide
group than in the placebo group at days 19, 31, and
38 (table 1).
Seven days after the first rabies vaccination, 1 subject in the teriflunomide group and 2 subjects in the
placebo group had detectable antibodies. One week
after the second vaccination (day 19), all subjects
had measurable antibody levels. Geometric mean
antibody titers increased to 11.51 IU/mL in the teriflunomide group and 15.4 IU/mL in the placebo
group. Two weeks after the second rabies vaccination
(day 31), geometric mean antibody titers decreased to
7.82 IU/mL in the teriflunomide group and 12.47
IU/mL in the placebo group, with a significant
between-group difference based on the 90% CI.
However, at this time point all subjects had achieved
seroprotection, as defined by the 0.5 IU/mL
Figure 3

Immune response to neoantigen: Geometric mean titers of antirabies
antibody levels over time

At days 31 and 38, all subjects achieved antibody titers above the 0.5 IU/mL threshold for
seroprotection. Error bars show SD for each data point.
4

threshold (titers ranged from 0.6 IU/mL to 43.0
IU/mL in the teriflunomide group and from 2.0
IU/mL to 160.0 IU/mL in the placebo group; figure 3
and tables 1 and 2).
Following the cessation of active treatment and
1 week after the third rabies vaccination (day 38), geometric mean antibody titers increased but were still significantly lower (based on the 90% CI) in the
teriflunomide group (15.19 IU/mL) than in the placebo
group (28.85 IU/mL). However, all titers remained well
above the 0.5 IU/mL threshold for seroprotection,
ranging from 4.3 IU/mL to 50.5 IU/mL in the teriflunomide group and from 10.0 IU/mL to 77.0 IU/mL in
the placebo group (figure 3 and tables 1 and 2).
Delayed-type hypersensitivity to recall antigens. The
number of subjects with positive DTH at screening
and at day 30 is displayed in figure 4. By the end of
treatment, the number of subjects with a positive
DTH response to C albicans or Trichophyton was
slightly lower than at screening in both the teriflunomide and placebo groups. The number of subjects
with a positive DTH to PPD at screening was low
and was unchanged with teriflunomide or placebo
treatment. Overall, the responses to recall antigens
in the teriflunomide group, both before and at the
end of treatment, did not differ notably from responses in the placebo group (figure 4), an outcome
supported by descriptive statistics.
Safety and tolerability. There was a low incidence of
treatment-emergent adverse events in the teriflunomide
(17.4%) and placebo (30.4%) groups (table e-2). All
events were mild to moderate in intensity, and no
serious adverse events were reported.
Three subjects had lipase increase .2 times the
ULN (2 subjects in the teriflunomide group and 1 subject in the placebo group). No cases of lipase increase in
either group were associated with other laboratory
abnormalities, and values normalized within 5 days.
All occurrences were asymptomatic and pancreatic
ultrasound showed no abnormalities. Per protocol,
treatment was discontinued for any subject with lipase
increase .2 times the ULN. One subject receiving
teriflunomide with lipase increase of 4.4 times the
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Table 2

Proportion of subjects achieving seroprotection (antibody titers of ‡0.5 IU/mL)
Seroprotection, n/N (%)

Scheduled day

Teriflunomide (N 5 23)

Placebo (N 5 22)

Difference (90% CI),
teriflunomide vs placebo

Day 12

0/23 (0)

2/22 (9.1)

20.09 (20.24, 0.03)

Day 19

23/23 (100)

21/22 (95.5)

0.05 (20.07, 0.18)

Day 31

21/21 (100)

22/22 (100)

NA

Day 38

21/21 (100)

22/22 (100)

NA

Abbreviations: CI 5 confidence interval; NA 5 not applicable (no difference [90% CI] reported).
Two subjects in the teriflunomide group discontinued early and are therefore not included in day 31 and day 38 summaries.
One subject in the placebo group is not included postbaseline due to discontinuation of the study drug after 7 days of
treatment. At days 31 and 38, all subjects achieved antibody titers above the 0.5 IU/mL threshold for seroprotection.

ULN at day 19 and 1 subject receiving placebo with
lipase increase of 2.6 times the ULN at day 7 were
therefore discontinued. The additional subject with
lipase increase in the teriflunomide group had levels
increase to 2.2 times the ULN at day 31, 1 day after
the last dose was administered.
Low neutrophil values (grade 2 or greater: ,1,500
cells/mm3) were reported for 5 subjects receiving teriflunomide. For 4 of these subjects, values normalized
within a few days while they remained on treatment.
One subject had a subsequent neutrophil value of
980 cells/mm3 (grade 3) at day 25 and was withdrawn
from treatment per protocol requirements. There
Figure 4

were no infections reported for any subject with
abnormal neutrophil counts. Laboratory analysis also
showed that mean changes from baseline in neutrophil and lymphocyte counts were small in magnitude
(figures e-1a and e-1b).
No safety concerns were associated with rabies vaccination. Only 2 occurrences of local pain or erythema
at the injection site were reported in the placebo group.
DISCUSSION Our results demonstrate that healthy
subjects exposed for 1 month to a therapeutic level
of teriflunomide were able to mount seroprotective
immune responses against the rabies vaccine, used

Number of subjects with positive DTH response to recall antigens before and at the end of treatment

A positive delayed-type hypersensitivity (DTH) reaction was defined as a diameter of induration $2 mm measured 48 hours
after intradermal administration of the antigen. Three subjects (2 receiving teriflunomide, 1 receiving placebo) had positive
DTH for at least one antigen at baseline but discontinued prematurely from the study and did not have DTH testing at the
end of treatment. These subjects are not included. C. albicans 5 Candida albicans; PPD 5 tuberculin purified protein
derivatives.
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as a neoantigen. Although antibody levels for rabies in
general were lower over time in the teriflunomide
group than in the placebo group, all subjects achieved
titers well above the 0.5 IU/mL threshold, defined by
the WHO as appropriate seroprotection following
rabies vaccination.13
Several neoantigens, such as the Phi-X-174, a viruslike bacteriophage, or the keyhole limpet hemocyanin
(KLH) protein, have been used in either healthy subjects or patients to investigate the impact of a
disease-modifying therapy (efalizumab,14 fingolimod,15
rituximab or methotrexate,16 or natalizumab17) on the
immune response. We considered the rabies vaccine a
more practical neoantigen for our study because it has a
well-defined vaccination schedule, does not contain
live virus, requires no extemporaneous preparation to
use, and is well-tolerated, even in patients with
humoral or cellular deficiency.18–20 Previous studies
have also found the rabies vaccine to be a useful tool
to investigate the immune response in healthy subjects
or patients.20–23 Unlike the Phi-X-174 or KLH neoantigens, the rabies vaccine provides a threshold reference
for seroprotection (antibody titer of 0.5 IU/mL13),
allowing for a biologically relevant evaluation of the
effect of teriflunomide on the functional immune
response.
In addition, we assessed in parallel the occurrence of
DTH reactions—a global measure of cellular memory
responses—before and at the end of treatment. We
found that teriflunomide had no deleterious impact
on the cellular responses to a sample of recall antigens
(C albicans, Trichophyton, PPD). These findings supplement those of a previous phase 2 trial (the TERIVA
study; NCT01403376) in which patients with relapsing MS receiving teriflunomide mounted effective
humoral antibody responses to seasonal influenza vaccination.12 Safety data from teriflunomide clinical studies also support this view, since general immune
competence did not seem to be significantly altered
in phase 3 double-blind treatment periods (as measured by mild decreases in neutrophil and lymphocyte
counts that remained within normal range with no
associated infection)24 and over long-term extensions
with up to 12 years of continuous exposure.25,26 In
addition, several preclinical studies have demonstrated
that teriflunomide does not exert cytotoxic effects and
preferentially inhibits proliferative activity of strongly
stimulated adaptive immune cells, providing further
support for the selective impact of this agent on
immune responses.9,27
One potential limitation of our study is the relatively short exposure period (30 days), raising the question of generalizability of our findings to patients with
longer-term exposure to teriflunomide in the clinical
setting. By using a loading dose, our regimen achieved
steady-state teriflunomide plasma concentrations after
6

5 days, which are comparable to those documented
with longer-term teriflunomide 14-mg dosing in patients with MS.28 Teriflunomide levels remained stable
in our teriflunomide-treated cohort throughout the 25
days of 14-mg dosing, during which time we also
observed a mild decrease in neutrophil and lymphocyte
counts, similar in magnitude to the mild decreases
observed in the clinical setting in patients with MS
treated with teriflunomide.24 Together, these pharmacokinetic and pharmacodynamic observations provide
some reassurance regarding the generalizability of our
findings. Also noteworthy are the previously described
clinical observations,25,26 including safety profiles
related to immune competence, which support the
view that longer-term administration of teriflunomide
had no cumulative immune suppressive effect. While
an immune response to rabies neoantigen does not
necessarily indicate response to other antigens, our results are further supported by the TERIVA study results, in which patients continuously treated with
teriflunomide for more than 2 years were able to
mount effective responses toward multiple influenza
vaccine strains.12 To ensure our results are not interpreted beyond the context of these studies, we refer to
the teriflunomide prescribing information,1,2 which
recommends avoiding live vaccines, and note that
although no general concern has been identified, vaccination success might be quantitatively and qualitatively affected by teriflunomide.
Our current study was performed in healthy subjects, not in patients with MS. Based on a lack of information on responses to rabies vaccination in patients
with MS and the lack of a clear protective benefit from
a rarely encountered infection, we felt that a study in
healthy volunteers was more appropriate and the most
practical and acceptable option to assess immune responses to rabies vaccination in humans. Nevertheless,
patients with MS have been described as having responses to vaccinations that are similar to those
observed in healthy subjects, with no obvious deficits
in immune responses.29 Therefore, our findings are
likely to remain relevant to the MS population.
Since infections may increase the frequency of MS
activity30 and MS relapses associated with infections
have been related to more severe long-term neurologic
sequelae,31 establishing safe and effective vaccination
practices for patients receiving immune-targeted MS
therapies is important. In our cohort of teriflunomidetreated individuals, the rabies vaccination was
well-tolerated, with a safety profile consistent with previous studies.24,25 Our findings, supplemented by the
TERIVA study,12 thus support the view that vaccinations with either inactivated neoantigen or recall antigens are effective while taking teriflunomide and that
treatment with teriflunomide need not be interrupted if
vaccination is deemed appropriate.
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Our findings indicate that teriflunomide does not
limit the ability to achieve adequate seroprotection
against neoantigen, an indicator of the capacity to
mount primary adaptive humoral immune responses,
as all subjects achieved titers above the 0.5 IU/mL
threshold following rabies vaccination. Furthermore,
teriflunomide did not interfere with the cellular response
to recall antigens, as demonstrated using DTH with 3
different recall antigens over a 1-month observation
period. These results are consistent with the emerging
view that teriflunomide selectively modulates immune
responses, thereby limiting auto-aggressive immune responses involved in MS disease activity without functionally compromising a broad range of host
protective immune responses.
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