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Abstract

Neuropsychiatric adverse events have been reported in influenza patients with and without
exposure to oseltamivir (Tamiflu®), triggering speculation as to whether oseltamivir may be
interacting with any human receptors and contributing to such neuropsychiatric events. In this
study, the in vitro selectivity profile of oseltamivir prodrug and active metabolite was investigated.
Both compounds lacked clinically relevant pharmacological activities on human, rodent and
primate neuraminidases and on a panel of 155 other molecular targets, including those relevant for
mood, cognition and behavior. Neuropsychiatric adverse events observed in influenza patients are
likely a phenomenon caused by the infection rather than by oseltamivir.
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1. Introduction

Oseltamivir (Tamiflu®) is a widely used antiviral medication for the treatment and
prophylaxis of infections with influenza A and B subtypes, including the A/H5N1 virus.
Following oral administration, oseltamivir phosphate (oseltamivir phosphate = oseltamivir
prodrug; F. Hoffmann-La Roche Ltd.) is rapidly converted by high-capacity esterases to the
active metabolite, oseltamivir carboxylate (Supplementary Fig. S1) (He et al., 1999). In
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influenza patients, oseltamivir carboylate (oseltamivir carboxylate D-tartrate= oseltamivir
active metabolite; F. Hoffmann-La Roche Ltd.) potently inhibits the viral neuraminidases
(NA) that are essential for the release of progeny viruses from infected host cells (Moscona,
2005), which substantially reduces the severity and duration of the symptoms of influenza,
or prevents their onset (Oxford, 2005). In adults, the standard oseltamivir treatment regimen
of 75 mg twice daily for 5 days achieves steady-state plasma Cyax Values of 185.7 nM and
1.3 uM for oseltamivir phosphate and oseltamivir carboxylate, respectively. In contrast,
central nervous system (CNS) exposure is much lower, with extrapolated brain Cyax levels
of ~ 6.7 nM and ~ 77 nM for oseltamivir phosphate and oseltamivir carboxylate,
respectively. Plasma pharmacokinetics are similar in Caucasian and Japanese subjects
(Schentag et al., 2007).

During the 2005/06 and 2006/07 influenza seasons, an increased number of neuropsychiatric
adverse events was reported in influenza patients with and without exposure to oseltamivir.
Although rare, events were most commonly reported in Japan and were most frequently
observed in children and young adolescents. While no causality could be demonstrated,
these findings generated discussions around the CNS tolerability of oseltamivir (Okumura et
al., 2006; Goshima et al., 2006). Roche, the manufacturer of oseltamivir, explored possible
reasons for the increased reporting (Toovey et al., 2008). These investigations involved: a
review of the company’s preclinical and clinical datasets; an assessment of all post-
marketing spontaneously reported neuropsychiatric adverse events in the Roche Global
Safety Database; and an assessment of the available epidemiological data on the incidence of
neuropsychiatric adverse events in patients with and without influenza and/or exposure to
oseltamivir. From this review, it could be concluded that the incidence of neuropsychiatric
adverse events in influenza patients receiving oseltamivir was no higher than in those who
did not receive oseltamivir (Wilcox and Zhu, 2007; Blumentals and Song, 2007), and that
there was no plausible mechanism by which oseltamivir phosphate or oseltamivir
carboxylate could induce or exacerbate these events (Toovey et al., 2008).

As part of the above review, existing data on the pharmacological activity of oseltamivir
phosphate and oseltamivir carboxylate were reexamined. As dictated by its rational design
based on the X-ray crystal structure of the influenza virus NA (Lew et al., 2000), oseltamivir
carboxylate was shown to be a potent and selective inhibitor of influenza virus NAs (He et
al., 1999; Mendel et al., 1998). In a series of new experiments, the existing selectivity profile
of oseltamivir was further extended to include previously unexplored targets. Here, we
describe the conduct and outcomes of these experiments.

2. Materials and methods

2.1. Drugs

Oseltamivir phosphate and oseltamivir carboxylate D-tartrate were from F. Hoffmann-La
Roche Ltd. (Basel, Switzerland). All other drugs were obtained at the highest available
purity from Sigma (Buchs, Switzerland), Tocris Bioscience (Bristol, United Kingdom) and
Invitrogen (Basel, Switzerland) unless otherwise stated.
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2.2. Neuraminidase assay with recombinant human neuraminidases and brain extracts

The cDNA of all four human NA genes were obtained from Origene Technologies Inc.
(Rockville, USA) and sequence verified by double stranded DNA sequence analysis
(Microsynth AG, Balgach, Switzerland). A cDNA encoding for the viral NA from the
oseltamivir-sensitive influenza strain A/Beijing/39/1975 H3N2 was generated by gene
synthesis (Sloning BioTechnology GmbH, Puchheim, Germany). The recombinant
neuraminidases were expressed either by in vitro translation using the Wheat Germ Rapid
Translation System (RTS; Roche Applied Biosciences, Rotkreuz, Switzerland; Neu3 and
Neu4) or by transient transfection (Neul, Neu2, viral NA) in Chinese Hamster Ovary (CHO)
cells. In vitro translation was performed essentially as described by the manufacturer, and
the enzymatic activities obtained by in vitro translation were used without further
purification for selectivity testing in appropriate dilutions of assay buffer (see Supplemental
methods). For transient transfection, CHO cells grown in serum-free suspension cultures
were transfected by nucleofection (AMAXA AG, Cologne, Germany) with NA cDNA in the
pcDNA3.1 Topo TA expression vector (Invitrogen, Basel, Switzerland) and cultivated for 1—
2 days under standard conditions (Neu2, viral NA) or for 5 days in the presence of 0.5 pg/ml
rapamaycin (Neul). Transient transfection controls included mock-transfected cells (no
plasmid) and cells transfected with NA-unrelated cDNA (encoding the G protein-coupled
receptor, vasopressin 1b). Lysates prepared from transfected cells were used directly for
selectivity testing.

For native non-human primate (Macaca fascicularis) brain NA activity, brain tissue extracts
were prepared from fresh brain tissue in buffer solution (320 mM sucrose, 5 mM HEPES,
pH 7.4, protease inhibitors) and subsequently separated into microsomal, membranous and
cytosolic fractions by differential centrifugations. Homogenates of microsomal,
membranous and cytosolic fractions were used for selectivity testing.

For all NAs, the selectivity of oseltamivir phosphate and oseltamivir carboxylate (F.
Hoffmann-La Roche Ltd.1, Basel, Switzerland) was assessed by a NA inhibition assay, as
described by Potier et al. (1979) with modifications (see Supplemental methods).

2.3. Pharmacological assays for non-NA assays

Oseltamivir phosphate and oseltamivir carboxylate were tested for pharmacological activity
on a panel of molecular drug targets either at two concentrations, 3 and 30 uM, respectively,
or in a dose-response manner up to 30 UM (metabotropic glutamate receptors, mGlu 2 and
5). Pharmacological tests in an electrophysiological GABAp patch-clamp assay, as well as
radioligand binding and functional tests on mGlu2 and mGIu5 were performed at F.
Hoffmann-La Roche Ltd. (Basel, Switzerland; see Supplemental information) and all other
pharmacological tests were performed at CEREP (Poitiers, France; see Supplementary Table
S1 and Supplementary Table S2 of Appendix A for full account of targets and assay
conditions). Results were expressed as the percent inhibition of specific binding (radioligand
binding assays) or the percent inhibition or stimulation of specific functional activity
(functional assays).
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3. Results

3.1. Selectivity of oseltamivir phosphate and oseltamivir carboxylate for human and non-
human primate neuraminidases

Four human NAs are known to be encoded in the human genome, each with a different
subcellular location: Neul occurs in lysosomes as part of a multi-enzyme complex; Neu2 is
a cytosolic protein; and Neu3 and Neu4 are membrane-associated enzymes (Monti et al.,
2002). The selectivity of oseltamivir carboxylate and oseltamivir phosphate for NAs,
previously established on the basis of extracts of influenza virus preparations and human
liver tissue (Mendel et al., 1998), was established with recombinant enzymes in order to
account for those NAs that might be insufficiently represented in liver. In addition, the
activity of oseltamivir carboxylate and oseltamivir phosphate was tested on a representative
viral NA with known sensitivity to oseltamivir (influenza strain A/Beijing/39/1975 H3N2).

The results of the recombinant human and influenza virus experiments are presented in Fig.
1. In summary, for all 4 human NAs no inhibition was observed up to a concentration of
oseltamivir phosphate and oseltamivir carboxylate of 1 mM, with partial inhibitions (about
20-40%) at higher concentrations. For Neul (Fig. 1A), oseltamivir phosphate and
oseltamivir carboxylate showed no inhibitory activity at concentrations up to 1 mM and a
partial inhibition at higher concentrations. For Neu2 (Fig. 1B) and Neu3 (Fig. 1C),
oseltamivir phosphate and oseltamivir carboxylate showed no inhibition at concentrations up
to 5 mM and a partial inhibition at higher concentrations. Against Neu4 (Fig. 1D), neither
oseltamivir phosphate nor oseltamivir carboxylate had an inhibitory activity at
concentrations up to 2 mM and a trend for an inhibitory activity at higher concentrations. In
contrast to the mammalian NAs, influenza virus NA (Fig. 1E) was inhibited by oseltamivir
carboxylate with an 1Csq of 0.3 nM, in full agreement with 1Cs values recorded with the
NA activity derived from influenza virus preparations (Mendel et al., 1998).

In parallel with these recombinant protein studies, the selectivity of oseltamivir phosphate
and oseltamivir carboxylate for the NAs present in non-human primate (M. fascicularis) and
rat brain tissue was examined. Phylogenetic analysis (see Supplementary Fig. S2) suggests
that human and primate NAs (Neul—-4) are very similar. Indeed, sequence alignments (see
Supplementary Fig. S3) revealed that amino acid residues of human and macaque Neu?2 are
identical in a region within 5 A of the Neu2 sialic acid binding site. In contrast, phylogenetic
and sequence analyses demonstrated substantial differences between the human and rodent
NAs. In non-human primate brain tissue, NA activity was detected in the microsomal
fraction and the membrane fraction. No activity was present in the cytosolic fraction (data
not shown). With both oseltamivir phosphate and oseltamivir carboxylate, no inhibition was
detected in the microsomal and membrane fractions at concentrations up to 10 mM. A
partial inhibition was observed at higher oseltamivir phosphate and oseltamivir carboxylate
concentrations (Fig. 1F). In rat brain-derived tissue, no inhibitory activity was detected at
concentrations up to 1 mM (data not shown). It cannot be excluded that the partial inhibition
of recombinant human Neul-4 by oseltamivir carboxylate and oseltamivir phosphate
observed at higher concentrations represents a non-specific effect of both compounds, as
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suggested by the equal potency of oseltamivir carboxylate and oseltamivir phosphate for
each of the human enzymes.

3.2. Selectivity of oseltamivir phosphate and oseltamivir carboxylate for non-
neuraminidase targets

In a second series of experiments, the selectivity of oseltamivir phosphate and oseltamivir
carboxylate against a comprehensive panel of 155 molecular targets unrelated to NAs was
evaluated. The panel was composed of ion channels, receptors and enzymes, and included
targets with high relevance for mood, cognition and behavior (e.g. neurotransmitter receptors
and transporters for dopamine, serotonin, glutamate and GABA), cardiovascular function
(e.g. adrenergic and purinergic receptors, hERG and other ion channels), endocrine and
metabolic functions (e.g. androgen, estrogen and progesterone receptors, glucocorticoid and
insulin receptors) and general cellular function (e.g. phosphodiesterases 1-6, MAP kinase,
Na*/K* ATPase, cathepsins D & L, caspases 3 and 8) (see Supplementary Table S1 and
Supplementary Table S2 of Appendix A for a full list of targets).

In Table 1, the findings of the selectivity profiling on targets of high relevance for mood,
cognition and behavior are presented. Against these targets and those in the wider profile
(see Supplementary Table S1 and Supplementary Table S2 of Appendix A), no relevant
pharmacological activity was detected for either oseltamivir phosphate or oseltamivir
carboxylate. For eleven targets, low levels of activity were observed (20-41% inhibition/
stimulation for oseltamivir phosphate and 20-27% inhibition for oseltamivir carboxylate at
either 3 uM or 30 pM). In view of the intrinsic variability of single point measurements,
50% inhibition/stimulation was defined as a priori cut-off below which the observed activity
was considered not relevant. For GABA, oseltamivir phosphate and oseltamivir carboxylate
revealed no significant activity in three different radioligand binding assays each employing
a different radioligand (Table 1). Further examination in an electrophysiological patch-clamp
assay revealed the lack of any significant, inhibitory, excitatory or modulatory activity of
oseltamivir phosphate and oseltamivir carboxylate on the endogenous ligand GABA and
pentobarbital (Fig. S4 of Appendix A).

4. Discussion

The testing of oseltamivir phosphate and oseltamivir carboxylate for pharmacological
activity on recombinant human NAs Neul-4, native non-human primate brain NA activity
and viral NA confirmed the high selectivity of oseltamivir carboxylate for influenza virus
NA. Of note, the assays involving the recombinant human NAs revealed no inhibition of NA
activity by oseltamivir phosphate and oseltamivir carboxylate at concentrations up to 1 mM
for Neul, 5 mM for Neu2 and Neu3, and 2 mM for Neu4. Likewise, no inhibition of the NA
activity present in macaque or rat brain tissue was identified with oseltamivir phosphate and
oseltamivir carboxylate at concentrations up to 10 mM and 1 mM, respectively. In contrast
with these findings, an ICsq of 0.3 nM was identified for oseltamivir carboxylate on the
recombinant influenza virus NA, demonstrating a >3,000,000-fold separation between the
potencies of oseltamivir carboxylate on the influenza virus and human host NAs,
respectively; the weak inhibitory activity of oseltamivir phosphate on viral NA with an ICg
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of about 10 uM was likely due to traces of oseltamivir carboxylate in the oseltamivir
phosphate preparation employed (which contains <0.05% oseltamivir carboxylate), as well
as minor hydrolysis of oseltamivir phosphate, which might have occurred under the assay
conditions. When considering the clinical relevance of these findings, it is noteworthy that,
in comparison to the steady-state Cax levels of oseltamivir phosphate and oseltamivir
carboxylate achieved with the standard dosage regimen, the lowest inhibitory oseltamivir
phosphate and oseltamivir carboxylate concentrations identified (1 mM) represents an
excess of ~ 5000-fold (oseltamivir phosphate) and ~ 750-fold (oseltamivir carboxylate) for
the plasma concentrations (oseltamivir phosphate: 185.7 nM; oseltamivir carboxylate: 1.3
uM) and an excess of ~ 150,000-fold (oseltamivir phosphate) and ~ 13,000-fold (oseltamivir
carboxylate) for the extrapolated brain tissue concentrations (oseltamivir phosphate: ~6.7
nM; oseltamivir carboxylate: ~77 nM).

Recently, Hata et al. (2008) reported a thorough study on the inhibitory activity of NA
inhibitors (including oseltamivir carboxylate) on recombinant human NAs, revealing 1Csq
values for oseltamivir carboxylate of > 10 mM (human Neul, Neu3, and Neu4) and >6mM
(human Neu?2), respectively. At concentrations up to 1 mM no or negligible inhibitory
activity of oseltamivir carboxylate on any of the human NAs was observed. On NA activity
of different viral strains, oseltamivir carboxylate showed a potent inhibitory activity, with
ICsq values in the range of 1.6—7.1 nM. Our data are in full agreement with the data reported
by Hata et al. Li et al. (2007) reported an inhibitory activity of oseltamivir carboxylate on
multi-histidine tagged recombinant human wild type Neu2 expressed in £. coli and
subsequently purified by Ni-NTA and gel filtration chromatography. The potency of
oseltamivir carboxylate on this Neu2 preparation was reported with Michaelis constant (Km)
=2.136 mM and inhibition constant (Ki) = 0.432 mM. However, as no ICsg values were
provided, no direct comparison with the datasets in this study and in Hata et al. can be made.

Further evidence for selectivity is provided by the pharmacological profiling of oseltamivir
phosphate and oseltamivir carboxylate on a panel of targets unrelated to NAs, in which
neither had a relevant activity on any of the molecular targets tested. The test concentration
of 30 UM in this selectivity screen corresponds to a ~ 160-fold (oseltamivir phosphate) and
~23-fold (oseltamivir carboxylate) excess of the therapeutic plasma levels, and to a ~4500-
fold (oseltamivir phosphate) and ~ 400-fold (oseltamivir carboxylate) excess of the
extrapolated therapeutic brain tissue levels. The weak pharmacological activities observed
on a small subset of targets at 30 UM are not clinically relevant in view of the therapeutic
levels of oseltamivir phosphate and oseltamivir carboxylate in humans.

The results of the selectivity screening are further supported by a recent report by Satoh et
al. (2007). In this study, neither oseltamivir phosphate nor oseltamivir carboxylate at
concentrations up to 100 uM had any effect on dopamine, serotonin or norepinephrine
uptake or release from rat brain synaptosomes. In addition, Satoh et al. (2007) reported that
oseltamivir phosphate and oseltamivir carboxylate had no effect on [3°S]-GTP-yS binding
on whole rat brain membranes, demonstrating that neither oseltamivir phosphate nor
oseltamivir carboxylate activate any of the Gai- and Gas-linked G protein-coupled receptors
present in membranes prepared from whole rat brains.
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In line with the absence of sedative or proconvulsive properties of either prodrug or drug
(Toovey et al. 2008), both oseltamivir phosphate and oseltamivir carboxylate at
concentrations up to 30 pM lacked a significant activity on GABA, in radioligand binding
assays employing rat cerebral cortex membranes, expressing most of the physiologically
relevant receptor isoforms at different levels (Sieghart and Sperk, 2002), and three different
radioligands (3H-GABA, a subtype unselective agonist ligand; 3H-flunitrazepam, a high
affinity radioligand interacting with the benzodiazepine binding sites; 3°S-TBPS, binding
within the GABA chloride channel pore). The lack of an agonistic, antagonistic or
modulatory activity of oseltamivir phosphate and oseltamivir carboxylate on the endogenous
ligand GABA or a representative benzodpazepine was demonstrated using patch-clamp
recordings on recombinant a1f,y2 GABAA receptor, representing the most abundantly
expressed subunit composition in brain tissue (Fig. S4 of Appendix A; Whiting, 2003). Even
though oseltamivir phosphate and oseltamivir carboxylate have not been tested individually
on each possible GABA subunit combination, our data collectively provide strong evidence
for a lack of pharmacological activity of prodrug and drug on GABA, even at
concentrations substantially above therapeutic levels.

Taken together, the above findings confirm that oseltamivir is a highly selective inhibitor of
influenza virus NA and that both oseltamivir phosphate and oseltamivir carboxylate lack
clinically relevant activities on human and rodent NAs and a broad range of NA-unrelated
molecular targets. Moreover, in view of the reported neuropsychiatric adverse events in
influenza patients, no relevant activity against molecular targets with high importance for
mood, cognition and behavior was observed. The lack of off-target activities revealed by our
pharmacological data support the notion that oseltamivir phosphate and oseltamivir
carboxylate are unlikely to be involved in the genesis or exacerbation of neuropsychiatric
adverse events in influenza patients, and that these neuropsychiatric adverse events represent
a disease—rather than drug-related phenomenon (Toovey et al., 2008; Okumura et al., 2006;
Goshima et al., 2006).
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Assessment of oseltamivir phosphate and oseltamivir carboxylate for inhibitory activity
against recombinant human NAs Neul-4, recombinant influenza virus NA, and brain extract
NA activity. Human (A-D) and influenza (E; strain A/Beijing/39/1975 H3N2) NAs were
expressed by in vitro translation or by transient transfection in CHO cells. Brain extracts (F)
were prepared from fresh Macaca fascicularis brain tissue. NA assays as described by Potier
et al. (1979) with modifications (see Supplemental methods for assay details). For the
transient transfection, the separation between the NA activity present in lysates of CHO cells
either mock transfected or transfected with human or influenza NAs was ~ 3-fold for Neul,
~ 10-fold for Neu2, and > 10-fold for influenza NA. Background: Signal obtained with
mock in vitro translation (C and E) or with the reaction mixture lacking cell or tissue lysates
(A, B, E, and F).“% control’: Calculated as‘% control’ = 100 x RFU (test sample) /RFU
(reference sample), with RFU = relative fluorescent unit; test sample = mixture of NA
activity, substrate, and oseltamivir phosphate/oseltamivir carboxylate; reference sample =
mixture of NA activity and substrate without oseltamivir phosphate or oseltamivir

carboxylate.
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Activity of OP and OC against molecular targets of high relevance for mood, cognition and behavior in

binding or functional assays.

Table 1

Inhibition (% control)

OoP ocC

3uM  30puM  3pM  30uM
Radioligand binding assays
GABA (non-selective)@ nid.  nid. nid. nid.
GABA,4 (central, BZD)? nid. nid  nid  nid.
GABA,4 (TBPS site)? 6 nid. nid. 2
Dopamine D; receptor nid. n.id. nid. 8
Dopamine Dyg receptor 11 11 10 1
Dopamine D3 receptor 1 n.i.d. nid. 1
Dopamine D, receptor (D, 4 variant) nid. n.id. nid. 3
Dopamine Ds receptor nid. 2 2 n.i.d.
AMPA-type glutamate receptor 4 17 nid. nid.
Kainate-type glutamate receptor nid. 14 10 10
NMDA-type glutamate receptor (PCP) 14 23 21 12
NMDA-type glutamate receptor nid. 6 12 10
Glycine-site on NMDAR (strychnine-insensitive) nid.  nid. 1 24
Metabotropic glutamate receptor 22:¢ nid.  nid. nid.  nid.
Metabotropic glutamate receptor 52:¢ nid. nid. nid.  nid.
Serotonin 5-HT 5 receptor nid. nid. nid. n.id.
Serotonin 5-HT,g receptor 10 4 nid. nid.
Serotonin 5-HTp receptor nid. nid. nid. nid.
Serotonin 5-HT,4 receptor 4 13 15 n.i.d.
Serotonin 5-HT g receptor nid. nid. nid. n.id.
Serotonin 5-HT ¢ receptor nid. nid. nid. n.id.
Serotonin 5-HT; receptor nid. n.id. 1 n.i.d.
Serotonin 5-HT e receptor nid. 13 nid. n.id.
Serotonin 5-HTs, receptor 6 n.i.d. nid. n.id.
Serotonin 5-HTg receptor 6 3 3 6
Serotonin 5-HT receptor nid. n.id. nid. n.id.
Norepinephrine transporter nid. nid. 5 11
Dopamine transporter 8 7 3 7
GABA transporter 15 15 nid. 17
Choline transporter (CHT1) 9 5 14 14
Serotonin transporter nid.  nid. 4 n.i.d.
L-type Ca2* channel (DHP site) nid. nid. nid. 3
L-type Ca2* channel (diltiazem site) 14 41 10 9
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Inhibition (% control)

OoP ocC

3uM  30puM  3pM  30uM
L-type Ca2* channel (verapamil site) nid. 5 nid. nid.
N-type (voltage dep.) Ca?* channel 7 n.i.d. nid. n.id.
SK Ca?* channel (non-selective) nid. 2 nid. n.id.
ATP sensitive K* channel (Kir6.2) 20 9 16 14
Voltage gated K* channel (a-DTX) nid. nid nid. -8
Nicotinic acetylcholine receptor (a4p3, BGTX insensitive) 5 n.i.d. nid. 11
Na* channel (site 2) 11 38 nid. 9
Functional assays
Acetylcholinesterase nid. 1 nid. nid.
Monoaminoxidase A nid.  nid. nid. nid.
Monoaminoxidase B nid.  nid. 3 n.id.
Metabotropic glutamate rec. 2664 nid. nid.  nid. nid

nid.  nid. nid. nid.

Metabotropic glutamate rec. sbed

n.i.d.: No inhibition detected.

aBinding data complemented with electrophysiological data on human GABAA a1B2y2, Fig. S4 of Appendix A.

Page 11

b " . . .
Assay performed at F. Hoffmann-La Roche Ltd.; all other assays performed at CEREP, Poitiers, France Laboratories, Le bois I’Evéque, 86600

Celle I’Evescault, France.
cAssay performed in dose-response up to 30 uM.

d . . . .
Functional assay run in agonist and antagonist mode.
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