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Abstract

We investigated if the antiviral drug tenofovir has immunomodulatory effects in macaques, similar to those described in murine models.
While in vivo experiments were complicated by high individual and temporal variability of immune parameters, tenofovir primed macaque
peripheral blood mononuclear cells in vitro for enhanced IL-12 secretion following exposure to bacterial antigens.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction IFN-a/B production Calio et al., 1994; Del Gobbo et al.,
1991 Otova et al., 1993a,b,c, 199Villani et al., 1994;

In murine systems, immunomodulatory effects have been Zidek et al., 199b Experiments in mice infected with
demonstrated extensively for the antiviral nucleotide ana- influenza A virus have shown that adefovir is partially pro-
logues tenofovir (9-[2-(phosphonomethoxy)propyl]ladenine; tective in reducing the mortality caused by this RNA virus,
PMPA) and adefovir (9-(2-phosphonomethoxyethyl)adenine; which is insensitive to the direct antiviral effect of adefovir
PMEA). In vitro studies with murine cells found that teno- in vitro (Villani et al., 1994. Both tenofovir and adefovir
fovir by itself did not affect nitric oxide production, but have been found to enhance NK cell activity in mi@aljo
increased the production of nitric oxide induced by exoge- et al., 1994 M. Ussery, personal communication).
nous interferon-gamma (IFN} through a post-translational Simian immunodeficiency virus (SIV) infection of
mechanismZidek et al., 2000, 2001, 20R3Tenofovir also macaques is a valuable animal model of HIV infection
stimulated secretion of tumor necrosis factor alpha (JF-  and AIDS. In comparison to other antiviral drugs, teno-
interleukin-10 (IL-10), IL-B, macrophage inflammatory fovir has been highly effective in this animal model
protein 1-alpha (MIPXx) and “regulated-upon-activation, to prevent infection, or treat established infectiovarg
normal T cell expressed and secreted” (RANTES) by peri- Rompay et al., 1996, 200%bSeveral unexpected obser-
toneal macrophages or splenocytes, but did not affect thevations in SIV-infected macaques suggest that tenofovir
production of other cytokines, such as IL-2, IL-12, and may have immuno-preserving or -stimulatory effects in
IFN-y (Zidek et al., 2001, 2003 Consistent with these vivo. First, even after the emergence of drug-resistant vi-
data, in vivo treatment of mice with tenofovir resulted in ral mutants, animals can maintain low or undetectable
increased serum levels of TNE-IL-10, and RANTES viremia for years due to the development of effective antivi-
(Zidek et al., 2001 In contrast, adefovir inhibited RANTES  ral CD8+ cell-mediated immune responseéafl Rompay
secretion and had no effect on nitric oxide production in et al., 2004 In addition, tenofovir treatment prolonged
vitro (Zidek et al., 1999, 2001, 20p3Adefovir has exten- disease-free survival of SIV-infected macaques even in the
sive in vivo immunomodulatory effects in murine models, presence of high viremia, suggesting improved defense
including anti-tumor and anti-arthritis activity and increased mechanisms against opportunistic infectiowar{ Rompay

et al.,, 1999, in pre$s To investigate whether direct im-

munomodulatory effects (i.e., independent of antiviral ac-
* Corresponding author. Teh:1-530-752-5281; faxt1-530-754-4411. tivity) of tenofovir may contribute to these observations
E-mail address; kkvanrompay@ucdavis.edu (K.K.A. Van Rompay). in SlV-infected macaques, several in vitro and in vivo
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experiments, mimicking the murine experiments, were per-
formed with rhesus macaques. All animals were SIV-free,
type D-retrovirus-free and healthy, and were housed in
accordance with American Association for Accreditation
of Laboratory Animal Care standards; we adhered to the
“Guide for Care and Use of Laboratory Animals” (National
Research Council, 1996).

2. Invitro studies with rhesus macaque cells
2.1. Effect of tenofovir on NK cell activity

Heparin-anti-coagulated blood was collected from healthy

rhesus macaques. Peripheral blood mononuclear cells

(PBMC) were isolated using standard ficoll-gradient sep-
aration techniques, washed and incubated in RPMI-1640
medium (Irvine Scientific, Santa Ana, CA), supplemented
with 10% heat-inactivated fetal bovine serum (Gemini
Bio-Products Inc., Calabasas, CA), penicillin/streptomycin
and r-glutamine (Gibco BRL, Grand Island, NY). In
some experiments, rhesus macaque monocyte-derive

macrophage cultures were obtained and maintained as de=|.

scribed previously Niller et al., 1999. In a first set of
experiments, PBMC were incubated overnight in the pres-
ence of different concentrations of tenofovir (0-104)
followed by a standard 4-h NK cell assa$!Cr release
assay with K562 cells). In a second set of experiments,
monocyte-derived macrophages incubated with tenofovir

overnight or their culture supernatants were added to freshly

isolated PBMC, and the next d&yCr-labeled K562 cells
were added for a standard NK cell assay. In both sets of
experiments, no significant effect of tenofovir on NK cell
activity was observed, while the addition of IL-2 (50 U/ml)
as a positive control increased NK cell activity significantly
(data not shown).

2.2. Effect of tenofovir on nitric oxide production

We investigated if tenofovir affects nitric oxide pro-
duction similarly to what has been described in murine
macrophagesZ{dek et al., 199¥ No nitric oxide could be
detected (i.e.<0.4p.M, measured using the Griess reagent;
Zidek et al., 199y in rhesus macaque monocyte-derived
macrophage cultures following in vitro stimulation with
human IFNsy (100 or 1000 U/ml; R&D, Minneapolis, MN),
lipopolysaccharide (LPS; dg/ml; from Escherichia coli;
Sigma), or both, for incubation times up to 6 days. The
addition of tenofovir to the macrophage cultures did also
not result in detectable nitric oxide levels. This difficulty to

detect nitric oxide in macaque macrophage cultures is con-
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2.3. Effect of tenofovir on cytokine secretion

Tenofovir (in concentrations ranging from 0 to 20M)
had no significant effect on RANTES secretion in rhesus
macaque PBMC (measured by the QuantiRineuman
RANTES ELISA kit, R&D Systems, Minneapolis, MN; data
not shown). In another set of experiments, rhesus macaque
PBMC or monocyte-derived macrophage cultures were in-
cubated with tenofovir (ranging from 0 to 5pM) and su-
pernatants were collected 2 days later and tested for the pres-
ence of IL-2, IL-4, IL-10, IL-12p40, IFNy, and TNFe by
commercially available rhesus macaque-specific ELISA kits
(Biosource International, Camarillo, California; U-CyTech,
Utrecht, the Netherlands). Tenofovir did not induce de-
tectable secretion of any of these cytokines. In the next set
of experiments, rhesus macaque PBMC were incubated with
tenofovir overnight, and then stimulated with SAC (Staphy-
lococcus aureus Cowan strain; 0.0075% wi/v; Calbiochem,
San Diego, CA), a known inducer of IL-12. Aliquots of
supernatant were collected either at 24 h or at multiple time
points after the addition of SAC, frozen at80°C and

ubsequently tested by the rhesus macaque IL-12 specific
LISA (which measures both p40 and the p70 heterodimer).
he kinetics and peak of IL-12 production varied highly
among individual donor animals, and the often rapid decline
after the initial peak suggests uptake of IL-12 by the cells.
Similar to observations for human cells, SAC-induced IL-12
production in rhesus macaque PBMC was increased after
incubation with human IFNy (10 U/ml; data not shown).
Our experiments found that tenofovir induced a statistically
significant, dose-dependent increase in IL-12 secretion es-
pecially very early (2 h) and late (8—24 h) after the addition
of SAC, while at intermediate time points (such as 4h),
IL-12 levels could be in reverse ordeFi¢. 1A and B.
To investigate if tenofovir also primed IL-12 production to
bacterial antigens which induce IL-12 secretion through dif-
ferent cell receptorgjzinsky et al., 2000; Trinchieri, 1998
similar studies were performed with LPS(#&/ml). While
IL-12 secretion following exposure to LPS was slower and
of lower magnitude than that following SAC, similar prim-
ing effects of tenofovir were observeHi¢. 1C and D). Al-
though IFN+y was usually undetectable in supernatants col-
lected 24 h after SAC or LPS stimulation (i.e., it may require
longer incubation), the limited available data where HN-
levels were detectable suggest that the tenofovir-induced
increased IL-12 secretion following SAC stimulation was
associated with increased IFNlevels (data not shown).

A similar in vitro stimulation experiment was also per-
formed with rhesus macaque PBMC to measure cytokine
and chemokine mRNA levels. Freshly isolated PBMC were
incubated in 6-well plates in the absence or presence of teno-
fovir (50 M), and some cultures received SAC (0.0075%

sistent with observations for human macrophage culturesw/v) 4 h later. After different times of incubation, cells were

(Albina, 1995; Denis, 199 indicating that nonhuman pri-

harvested (including treatment of the wells with 0.02%

mates are closer models for human immunology than murine EDTA/PBS (Sigma) to detach adherent cells), washed, dis-

systems.

solved in Trizol reagent (Gibco BRL) and stored-=80°C.
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Fig. 1. In vitro immunomodulatory effects of tenofovir on IL-12 secretion. PBMC from SIV-negative rhesus macaques were incubated with tenofovir
overnight, and then stimulated with SAC or LPS. IL-12 levels in supernatant collected at different times after the addition of the bacterialexetigen w
measured using rhesus macaque-specific ELISA kits. While there are substantial differences in the timing and magnitude of peak IL-12 secretion by
PBMC among individual animals, the enclosed graphs are representative data derived from independent experiments with three SIV-negaBarsnimals.
represent the meahS.E.M. of triplicate cultures of one animal per graph. Within each graph, different color intensities represent different concentrations

of tenofovir (in wM) for a constant concentration of SAC or LPS. The concentration of SAC in the experiments of graphs in panels A and B was
0.0075% (w/v); for graphs in panels C and D, the concentration of LPS wagnil. P values for ANOVA and linear trend (for tenofovir concentration)

were calculated using Instat 3 (GraphPad Software Inc., San Diego, CA).

These samples were subsequently used for quantitation oftion of tenofovir) and also at least two-fold higher than the
cytokine and chemokine mRNA by real-time PCR, accord- levels in the untreated control cultures at the correspond-
ing to methods described previoushlel et al., 200 ing time point (to control for spontaneous cytokine mRNA
The cytokine/chemokine panel that was tested consistedinduction during the incubation process). In comparison
of TNF-a, MIP1-«, MIP1-3, IFN-a, IFN-B, Mx, oligoad- to placebo-treated PBMC cultures, tenofovir-exposed cul-
enylate synthetase (OAS), interferon-gamma-inducible tures did not have increased mRNA levels of any of these
protein 10 (IP-10), monokine-induced by IFN{MIG), cytokines and chemokines at any time point. While stimu-
IL-2, IL-4, IL-6, IL-10, and IL-12. In vitro incubation of lation with SAC induced expression of most cytokine and
PBMC (in medium containing 10% fetal bovine serum, but chemokine mRNA's, although with different temporal pat-
without tenofovir or SAC) for periods of 4-28h already terns (>10-fold increases in peak mRNA for TNE{FN-y,
induced >10-fold increased expression of most cytokine IFN-«, and IL-10; sed-ig. 2), tenofovir did not further in-
and chemokine mRNA's (with exception of IFj-and crease these cytokine mRNA levels. Although the positive
IL-10, which increased approximately two- to four-fold, effect of tenofovir on IL-12 secretion at the protein level
and IFN«, IL-2 and IL-4, which remained similar or de- (measured by ELISA) was not confirmed at the mRNA
creased slightlyFig. 2). This increased mRNA expression cytokine level, this is possible because of the complex reg-
is presumably due to stimulation of cells by the plastic ulation of IL-12 transcription, post-translational processing
surface of the tissue culture plates, or by the fetal bovine and secretion (reviewed Biyrinchieri, 2003. As mentioned
serum in the tissue culture medium. Based on experienceabove, tenofovir increased IFiHnduced nitric oxide pro-
with in vitro cytokine mRNA experiments, increases in cy- duction in murine cells also not at the level of transcription
tokine mRNA levels in PBMC cultures were considered to but through a post-translational mechanisfidék et al.,

be relevant only if the levels were at least two-fold higher 2000, 2001, 20083 Accordingly, further research is needed
than the baseline level at time zero (i.e., prior to the addi- to elucidate these mechanisms.
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Fig. 2. In vitro effects of tenofovir on cytokine and chemokine mRNA expression in rhesus macaque PBMC. Freshly isolated PBMC of a rhesus macaque
were added to wells of 6-well tissue culture plates (time zero) and immediately thereupon tenof@uif)(60 placebo (phosphate-buffered saline) was

added. Some cultures received SAC (0.0075% w/v) 4 h later (dotted line). Cells were harvested at different times (one sample per experimental conditi
and per time point). Levels of cytokine and chemokine mRNA were measured by real-time PCR techniques (using duplicate testing of each RNA sample,
with standard errors less than 5%) and are expressed relative to those of the sample collected at time zero. The same legend as indicated fapthe IL-12 gr
applies to the other graphs. Tenofovir had no significant effect on mRNA levels, including those af IPNEO, Mx, OAS and MIG (data not shown).

a.m. (to minimize the effect of any potential diurnal pat-
terns). Standard flow cytometry techniques were used to

We evaluated whether tenofovir treatment induces in- measure lymphocyte counts, including NK cells (defined as
creased NK cell activity and plasma IL-12 levels in primates. CD3—CD8+ lymphocytes), CD&CD3+ T lymphocytes,
To control as much as possible for potential stress-inducedCD4+-CD3+ T lymphocytes, and CD2pCD3— B lym-
immunologic changes associated with drug administration, phocytes Yan Rompay et al., 2003NK cell activity was
seven SlV-seronegative juvenile rhesus macaques weremeasured on freshly isolated PBMC using the stanef%td
started on daily subcutaneous placebo injections (sterilerelease assay with K562 cells. Plasma was tested by the rhe-
0.9% NaCl). Two weeks later, for five of these seven an- sus macaque-specific cytokine ELISA’s described above.
imals, the placebo injection was replaced by tenofovir While plasma levels of TNfe, IFN-y, IL-2, IL-4, and
(10mg/kg, once daily subcutaneously) for 2 weeks, fol- IL-10 were all below the limit of detection throughout the
lowed by 4 weeks of placebo, then another 3-week treatmentwhole study period, IL-12 could be detected in all plasma
course of tenofovir (30 mg/kg once daily subcutaneously), samples. During tenofovir treatment, no significant changes
followed by another 4 weeks of placebo. The other two were observed for IL-12 levels in plasma, counts of lym-
animals received daily placebo injections throughout the phocytes and their subsets (including NK cells), or NK cell
whole experiment. Heparin-anti-coagulated blood samplesactivity, but the considerable temporal and individual vari-
were collected weekly, each time between 8.00 and 9.00ation that was observed for each of these parameters even

3. In vivo studies in macaques
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among the placebo-treated control animals (of an outbred,and contribute to the observed efficacy of tenofovir in the

stress-prone species) would not have allowed the detec-SIV-macaque model, or in HIV-infected patients.

tion of subtle changes (data not shown); similar variability

has previously been reported for other immune markers of
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