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Institute of Pharmacology1 and Institute of Organic Chemistry and Biochemistry,2 Academy of Sciences of
The Czech Republic, Prague, Czech Republic

Received 26 February 2001/Returned for modification 21 May 2001/Accepted 28 August 2001

Development of a novel group of antiviral agents, acyclic nucleoside phosphonates, has provided a new
perspective for treating human immunodeficiency virus (HIV) infection. One of the compounds, 9-(R)-[2-
(phosphonomethoxy)propyl]adenine (PMPA) (tenofovir), has been shown to confer complete protection
against AIDS in a simian model of the infection. The aim of our study was to investigate whether the antiviral
efficacy of PMPA, which depends mainly on inhibition of virus-induced DNA polymerase or of reverse
transcriptase, could be contributed by immunomodulatory potential of this drug. We screened for its ability to
activate production of cytokines and chemokines that are known to interfere with the replication and/or the
entry of HIV in cells. Using the in vitro test system of mouse macrophages and lymphocytes, it has been found
that PMPA stimulates macrophage secretion of interleukin-1� (IL-1�), IL-10, and tumor necrosis factor
alpha. Production of the chemokines RANTES and macrophage inflammatory protein 1� was activated in both
macrophages and lymphocytes, and also in human cell line U937. Other cytokines—i.e., IL-2, IL-12, IL-13, and
gamma interferon—remained uninfluenced by PMPA. The cytokines were stimulated in a dose-dependent
fashion, with rapid onset, and peak concentrations were achieved within 5 to 24 h. The findings contribute to
a more complex understanding of mechanisms of antiviral effectiveness of PMPA and support the view that this
drug could become a promising candidate for therapeutic exploitation in anti-HIV preventive medicine.

Acyclic phosphonate analogs are antiviral agents effective
against replication of both DNA and retroviruses (32), includ-
ing human immunodeficiency virus (HIV) (12, 16, 56), simian
immunodeficiency virus (SIV) (52), and feline immunodefi-
ciency virus (29). One of the compounds endowed with prom-
inent antiretroviral potential is 9-(R)-[2-(phosphonome-
thoxy)propyl]adenine (PMPA) (tenofovir). It has been found
to inhibit replication of HIV in vitro (3) and to significantly
reduce plasma RNA levels of HIV (17) and SIV (50). Obvi-
ously, the major mechanism of antiviral action of acyclic nu-
cleoside phosphonates is the inhibition of virus-induced DNA
polymerase or of reverse transcriptase (40, 55).

It is well recognized that various immune defense mecha-
nisms are activated during virus infections to combat the dis-
ease progression. A number of cytokines have been shown to
more or less effectively interfere with the virus replication. The
most anti-HIV efficient among them seem to be interleukin-13
(IL-13) (42) and IL-16 (24). IL-2 (1) and IL-12 (10) can restore
some cellular immune functions impaired by immunosuppres-
sive retroviral peptides in infected patients (28). Presumably,
the mechanism of antireplication action of cytokines is their
ability to modify expression of transcriptional factors, such as
NF-�B (27) and cyclic AMP response element-binding protein
(47), required for transcription of HIV gene.

Another tactic of activated anti-HIV immune defense appa-
ratus is restriction of the virus penetration in cells. The entry of
HIV-1 in the cells of the immune system is primarily mediated
by the CD4 receptor; however, the G-protein-coupled 7-trans-
membrane chemokine receptors, called coreceptors, are
needed to ensure a productive infection (7). Macrophage-
tropic isolates (R5) of HIV type 1 (HIV-1) mainly use CCR5
(36); lymphocytotropic viruses (R5X4) use CXCR4 receptor
(25). The native ligands for CCR5, which is used by both R5
and R5X4 (dualtropic) HIV-1 strains, are chemokines such as
RANTES, macrophage inflammatory protein 1� (MIP-1�),
MIP-1�, and MCP-2 (5, 7). Blocking the appropriate chemo-
kine receptors through binding to RANTES or MIP-1� or -1�
has been shown to prevent the HIV membrane fusion (22).
The HIV entry also can be indirectly influenced by certain
cytokines through regulation of chemokine receptors expres-
sion. Thus, IL-4 up-regulates CXCR4 (26) and favors entry of
X4-tropic HIV-1 strains in CD4� T cells (43). Conceivably,
down-regulation of CD4 expression by some cytokines, e.g., by
IL-16 (30) or gamma interferon (IFN-�) (20), contributes to
the inhibition of HIV fusion.

Several data show that the early treatment with PMPA con-
fers protection against AIDS in a simian model of the infection
(6, 51, 53). This prompted us to investigate whether this effect
could be at least partially contributed by immunomodulatory
interventions. The aim of the study was therefore to analyze, in
an in vitro system of mouse macrophages and lymphocytes, the
potential of PMPA to activate the secretion of cytokines (IL-1,
IL-2, IL-10, IL-12, IL-13, tumor necrosis factor alpha [TNF-�],
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and IFN-�) and chemokines (RANTES and MIP-1�) that in-
terfere with replication and/or cell entry of HIV. Preliminary
data on immunostimulatory activity of several related acyclic
nucleoside phosphonates have been published recently (64,
65).

MATERIALS AND METHODS

Test compound. PMPA, i.e., 9-(R)-[2-(phosphonomethoxy)propyl]adenine
(Fig. 1), was synthesized according to a previously described procedure (31).
Stock 10 mM solution of its sodium salt (obtained by neutralization of the
suspension of free acid form with NaOH) was prepared in incomplete phenol
red-free RPMI 1640 medium containing NaHCO3 (Sigma, St. Louis, Mo.). It was
sterile filtered using nonpyrogenic 0.22-�m-pore-size filters (Costar, Cambridge,
Mass.). Working concentrations were prepared by diluting the stock solution in
complete RPMI 1640 (described below) and used fresh. The possible presence of
endotoxin was determined using a chromogenic Limulus amoebocyte lysate assay
(Kinetic-QCL; BioWhittaker, Walkersville, Md.); the samples contained �0.1
endotoxin units/ml at a PMPA concentration of 100 �M.

Animals, cells, and cell cultures. Female C57BL/6 mice, purchased from
Charles River, Sulzfeld, Germany, were used as donors of peritoneal macro-
phages and splenocytes. Animals, killed by cervical dislocation, were intraperi-
toneally injected with sterile saline. Collected and pooled lavage cells from 5 to
12 mice were washed, resuspended in culture medium, and seeded into 96-well
flat-bottom microplates (catalog no. 3595; Costar) in 100-�l volumes containing
2 � 105 cells. Adherent peritoneal cells (macrophages) were isolated by incu-
bating the cells for 2 h at 37°C with 5% CO2 and three times vigorously shaking
the plate and washing to remove nonadherent cells. They were further cultured
for indicated time intervals in complete RPMI 1640 medium. Lymphocytes were
prepared from pooled spleens. After removal of erythrocytes using red blood cell
lysing buffer and subsequent thorough washing, the cells in complete RPMI 1640
medium were seeded into 96-well round-bottom microplates (catalog no. 3799;
Costar) at 5 � 105/well in final volume of 100 �l. The human promonocytic cell
line U937 was obtained from the Institute of Microbiology, Academy of Sciences,
Prague, Czech Republic. The complete culture medium contained 10% heat-
inactivated fetal bovine serum, 2 mM L-glutamine, gentamicin (50 �g/ml), and
2 � 10	5 M 2-mercaptoethanol (all from Sigma). PMPA was added immediately
after setting the cells into microplates. All experimental variants were run in
triplicate. All protocols used in the experiments were approved by the Commis-
sion for the Laboratory Animal Welfare of the Czech Academy of Sciences.

Antibodies and cytokine assays. When indicated, antibodies against murine
TNF-� or IL-10 (R&D Systems; Abingdon, United Kingdom) were added at a
concentration of 1 �g/ml, 30 min before the application of PMPA. The cytokines
in supernatants of macrophages and lymphocytes, stored at 	70°C until used,
were determined using enzyme-linked immunosorbent assay detection kits pur-
chased from R&D Systems.

In vivo administration of PMPA. A fresh solution of PMPA was prepared in
sterile saline. It was applied subcutaneously, at a concentration of 5 mg/kg of
body weight, either as a single injection or repeatedly for consecutive 5 days (n 


4, each group). Mice (C57BL/6) were sacrificed 5 h after the last injection, and
the obtained serum was analyzed for concentrations of RANTES, TNF-�, and
IL-10.

Statistical analysis. The data were evaluated by analysis of variance and
Dunnet’s test using the PRISM program (GraphPad Software, San Diego, Cal-
if.).

RESULTS AND DISCUSSION

The present results document the potential of the antiviral
agent PMPA to activate production of several cytokines. The
concentrations of IL-1�, IL-10, and TNF-� and the chemo-
kines RANTES and MIP-1� have been found to be substan-
tially increased in supernatants of mouse macrophages cul-
tured 5 h in the presence of PMPA (Fig. 2). Their secretion
was enhanced in a dose-dependent manner, the stimulatory
effects being apparent starting with 25 �M PMPA. This con-
centration equals 7.2 �g/ml, which is very close to the maxi-
mum concentration of drug in serum determined in HIV-
infected humans after the infusion of 3 mg/kg/day (17).
Incidentally, similar maximum concentrations of drug in serum
have been observed after intravenous dosing of other acyclic
nucleotide analogues such as cidofovir and adefovir applied in
doses of 3 mg/kg (15). It may be presumed that even higher in
vitro concentrations of PMPA (up to 100 �M) are relevant to
expected peak serum levels that can be generated by substan-
tially enhanced doses (20 to 30 mg/kg) given to SIV-infected
macaques (50, 51, 54). Production of IL-12 p70, IL-13, and
IFN-� remained uninfluenced. The stimulatory effects PMPA
are characterized by a dose-dependent mode of action and
rapid onset. Enhanced levels of IL-10 and TNF-� are detect-
able as early as 2 h following the 50 �M PMPA exposure (Fig.
3). Other cytokines, stimulated by PMPA, occurred at the 5-h
interval. The peak concentrations differed greatly among cyto-
kines, however. They were reached at 5 h (IL-10 and MIP-1�),
12 h (IL-1� and RANTES), or 24 h (TNF-�). While IL-1�,
IL-10, and MIP-1� declined rapidly thereafter, elevated con-
centration of TNF-� and RANTES persisted for the whole

FIG. 1. Chemical structure of PMPA
FIG. 2. In vitro production of cytokines by mouse peritoneal mac-

rophages (2 � 106/ml) cultured for 5 h in the presence of various
concentrations of PMPA. The drug stimulates production of IL-1�,
IL-10, and TNF-� and the chemokines RANTES and MIP-1-�. Secre-
tion of IL-12, IL-13, and IFN-� is uninfluenced. The individual points
represent means (� standard errors of the means [error bars]) of data
pooled from two independent experiments.
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observation period of 48 h. Rapid appearance of PMPA-in-
duced IL-10 is in contrast with its delayed secretion with re-
spect to secretion of many other cytokines, including TNF-�,
that are induced by various immune stimuli like lipopolysac-
charide (39). It has been found that 30- to 60-min pulsing of
macrophages with PMPA is sufficient to trigger the production
of cytokines (TNF-� and RANTES). The longer the prewash
(i.e., pulsing) cultivation period was, the higher the secretion of
cytokines achieved during the consecutive postwash 5 h later
was (Fig. 4). This pattern of the action might reflect the ability
of PMPA to cross the cell membrane and reach a critical
intracellular concentration. Whether or not PMPA has to be
phosphorylated to acquire immunomodulatory properties re-
mains unclear, however.

In response to in vitro PMPA exposure, splenocytes could be
activated as well, as shown by increased production of chemo-
kines RANTES and MIP-1 � (but not of other test cytokines,
including IL-2) at intervals of 24 and 48 h (Fig. 5). Importantly,
RANTES also was augmented in the human promonocyte cell
line U937 (Fig. 6). Furthermore, PMPA was found to be ef-
fective under in vivo conditions in mice. Applied as a single
dose or repeatedly on 5 consecutive days (5 mg/kg, subcutane-
ously), it increased concentration of RANTES and TNF-� in
serum. Also, the levels of IL-10 were greatly enhanced, but
only after the single dose of PMPA (Fig. 7).

Since TNF-� and IL-10 have been found to precede the
production of all other cytokines, their presumptive subsidiary
effects on the overall cytokine production in the test system
were analyzed. Removal of PMPA-induced IL-10 by means of
its neutralization with anti-IL-10 antibody greatly enhanced
expression of concomitantly produced TNF-� (by �300%) and

RANTES (by �500%), but this treatment had no effect on
MIP-1� secretion. Administration of anti-TNF-� antibody
only marginally decreased PMPA-induced RANTES and re-
mained without any influence on MIP-1� and IL-10 produc-
tion (Fig. 8). It follows, therefore, that production of IL-10 and
RANTES is virtually independent on PMPA-induced TNF-�,
whereas PMPA-induced IL-10 significantly diminishes both
TNF-� and RANTES. Completely independent on both
TNF-� and IL-10 is the PMPA-activated secretion of MIP-1�.
The data thus prove that all these cytokines are directly stim-
ulated by PMPA. In accordance with generally accepted view
on the down-regulatory immune activity of IL-10, this cytokine
has a negative feedback function in the system. On the other
hand, our findings are at variance with some data claiming
TNF-� to be an up-regulator of chemokine secretion (61).

The transduction pathways and transcriptional mechanisms

FIG. 3. Dynamics of in vitro cytokine secretion by mouse perito-
neal macrophages (2 � 106/ml) stimulated with 100 �M PMPA. The
supernatant concentrations of cytokines and chemokines were assayed
at the indicated times after addition of the compound. The earliest
onset of the stimulatory response was recorded for TNF-� and IL-10
(2 h), followed by those for IL-1�, RANTES, and MIP-1� (5 h). The
peak concentrations were attained within the interval of 5 h (MIP-1�)
to 24 h (TNF-�). IFN-� remained nonstimulated irrespective of the
length of cultivation. Enhanced concentrations of several cytokines
(from most to least: TNF-�, RANTES, and IL-10) could be detected
as late as the 48-h interval, while others (IL-1� and MIP-1�) declined
rapidly toward the interval of 24 h. All experimental variants were run
in triplicate. The data are representative of one of two identical ex-
periments.

FIG. 4. In vitro secretion of TNF-� and RANTES by mouse peri-
toneal macrophages (2 � 106/ml) cultured for indicated the time in-
tervals in the presence of 50 �M PMPA. PMPA was then thoroughly
washed out (at time zero), and the cells were kept for the consecutive
5 h in PMPA-free medium. Error bars, standard errors of the means.

FIG. 5. In vitro production of chemokines RANTES and MIP-1� is
enhanced in mouse splenocytes upon stimulation with PMPA
(100�M). No changes in secretion of other cytokines—including IL-
1�, IL-2, IL-10, TNF-�, and IFN-�—were observed. The cells were
cultured at a density of 5 � 106/ml, in triplicate for each experimental
variant. Error bars, standard errors of the means.
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underlying the immunostimulatory effects of PMPA are pres-
ently under investigation. Herein, we have focused on discuss-
ing the possible relevance of the cytokine- and especially che-
mokine-enhancing potential to the established antiviral
effectiveness of PMPA. It should be stressed that all cytokines
that have been found to be stimulated by PMPA are known to
influence viral immunity, including defense mechanisms
against retroviruses, notably HIV.

The major role in therapeutic approaches against HIV is
generally considered to be played by �-chemokines. The data
accumulated so far suggest that RANTES and MIP-1� and -1�
are prominent inhibitors of HIV infection of both T cells (11,
22, 62) and macrophages (8, 18, 63). Another antiviral agent,
very efficient in many viral infections, is TNF-�. However, it
has been found either to stimulate (23, 45) or inhibit (38, 60)
HIV infection. Anti-HIV activity of TNF-� may be related to
the chemokine system, because TNF-� can delay and down-
modulate expression of CCR5 receptor in human monocytic
cells (38) and in peripheral blood lymphocytes, particularly in
synergism with IL-13 (2). This action may be at least partially
mediated by RANTES and MIP-1� and -1� themselves (33).
Most reports support the view on the inhibitory effects of IL-10
upon HIV infection (35, 48, 49, 59), though it occasionally
exerts the opposite effect. Namely, IL-10 was found to reduce
the ability of CD8� from HIV-infected patients to suppress
HIV replication (4) and to enhance cytokine-induced HIV-1
expression in monocytes (58) and in T cells (46). The data on
the effects of IL-1 suggest that it rather up-regulates HIV
infection (13, 44). With respect to the ability of IL-1� to stim-
ulate secretion of RANTES and MIP-1� and -1� (41), the
possibility that under some conditions this cytokine also could
suppress entry of HIV in cells cannot be excluded.

Obviously, the interference of certain cytokines with repli-
cation of viruses, notably with HIV, is ambiguous. The ultimate
direction of the action may be governed by multiple functional
interactions among them. Noteworthy, anti-inflammatory
IL-10 and pro-inflammatory TNF-� are frequently produced

concomitantly upon various immune stimuli, and they can re-
ciprocally influence secretion of each other, as well as secretion
of many other cytokines. Thus, TNF-� enhances expression of
IL-10 (57) and IL-1� (21), while IL-10 in turn inhibits produc-
tion of both TNF-� and IL-1� (19). TNF-� also is a potent
activator of secretion of chemokines RANTES and MIP-1�/�
(61). Synthesis of them has been found either uninfluenced
(61) or inhibited by IL-10 (34). Biological actions of TNF-� are
influenced by the capability of IL-10 to modify both negatively
and positively expression of TNF-� receptor (37). Further-
more, IL-10 enhances expression of a natural antagonist of
IL-1, i.e., IL-1Ra (9), which has been suggested to have a
perspective in treatment of HIV infection (13).

Altogether, the ability of cytokines to regulate virus infec-
tivity and/or disease progression depends primarily on the
mode of their intrinsic immune potential. Cytokines such as
TNF-� and IL-10 reduce HIV infection at the stage of virus
replication. Chemokines, e.g., RANTES and MIP-1� mainly
function as inhibitors of the virus entry, though some of them,

FIG. 6. PMPA stimulates secretion of chemokine RANTES by hu-
man monocyte leukemia cells U937. The concentration of RANTES
was determined in supernatants of cells (2 � 106/ml) cultured in
triplicate for 5 h in the presence of various concentrations of PMPA.
The data are means � standard errors of the means (error bars). of
two identical experiments.

FIG. 7. PMPA administered in vivo stimulates production of RAN-
TES, TNF-�, and IL-10. The drug was administered subcutaneously to
C57BL/6 mice as a single injection or repeatedly on five consecutive
days, always at a dose of 5 mg/kg (n 
 4, each group). The animals
were sacrificed 5 h subsequent to the last injection, at which time
serum concentrations of the cytokines were determined. Error bars,
standard errors of the means.
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namely macrophage-derived chemokine may suppress HIV
replication as well (14). The ultimate effect results undoubtedly
from an integration of synergistic and antagonistic actions of
individual cytokines.

Herein we document that PMPA (tenofovir) stimulates pro-
duction of several cytokines that interfere with HIV replication
(TNF-�, IL-10, and IL-1�) and chemokines (RANTES and
MIP-1�) that inhibit entry of HIV in cells. The data provide
new insights contributing to a more complex understanding of
mechanisms of PMPA protective effects against immunodefi-
ciency virus infection. Ancillary to the antimetabolic activity,
which is the main mode of antiviral effectiveness of various
acyclic nucleoside phosphonates, immunomodulatory poten-
tial, especially chemokine-stimulatory potential, of the drug
could be of therapeutic importance. The present findings favor
the view that PMPA could become a promising candidate for
therapeutic exploitation in anti-HIV preventive medicine.
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naerts, and A. Holý. 1990. Inhibition of herpes simplex virus DNA polymer-
ase by diphosphates of acyclic phosphonylmethoxyalkyl nucleotide ana-
logues. Antiviral Res. 13:209–218.

41. Miyamoto, N. G., P. S. Medberry, J. Hesselgesser, S. Boehlk, P. J. Nelson,
A. M. Krensky, and H. D. Perez. 2000. Interleukin-1� induction of the
chemokine RANTES promoter in the human astrocytoma line CH235 re-
quires both constitutive and inducible transcription factors. J. Neuroimmu-
nol. 105:78–90.

42. Montaner, L. J., A. G. Dozle, M. Collin, G. Herbein, P. Illei, W. James, A.
Minty, D. Caput, and P. Ferrara. 1993. Interleukin 13 inhibits human im-
munodeficiency virus type I production in primary blood-derived human
macrophages in vitro. J. Exp. Med. 178:743–747.

43. Penn, M. L., J.-C. Grivel, B. Schramm, M. A. Goldsmith, and L. Margolis.
1999. CXCR4 utilization is sufficient to trigger CD4� T cell depletion in
HIV-1-infected human lymphoid tissue. Proc. Natl. Acad. Sci. USA 96:663–
668.

44. Poli, G., A. L. Kinter, and A. S. Fauci. 1994. Interleukin 1 induces expression
of the human immunodeficiency virus alone and in synergy with interleukin
6 in chronically infected U1 cells: inhibition of inductive effects by the
interleukin 1 receptor antagonists. Proc. Natl. Acad. Sci. USA 91:108–112.

45. Poli, G., A. L. Kinter, J. S. Justement, J. H. Kehrl, P. Bressler, S. Stanley,

and A. S. Fauci. 1990. Tumor necrosis factor � functions in an autocrine
manner in the induction of human immunodeficiency virus expression. Proc.
Natl. Acad. Sci. USA 87:782–785.

46. Rabbi, M. F., A. Finnegan, L. Al-Harthi, S. Song, and K. A. Roebuck. 1998.
Interleukin-10 enhances tumor necrosis factor-� activation of HIV-1 tran-
scription in latently infected cells. J. Acquir. Immune Defic. Syndr. Hum.
Retrovirol. 19:321–331.

47. Rohr, O., C. Schwartz, D. Aunis, and E. Schaeffer. 1999. CREB and
COUP-TF mediate transcriptional activation of the human immunodefi-
ciency virus type 1 genome in Jurkat T cells in response to cyclic AMP and
dopamine. J. Cell. Biochem. 75:404–413.

48. Saville, M. W., K. Taga, A. Foli, S. Broder, G. Tosato, and R. Yarchoan.
1994. Interleukin-10 suppresses human immunodeficiency virus-1 replication
in vitro in cells of the monocyte/macrophage lineage. Blood 83:3591–3599.

49. Schuitemaker, H. 1994. IL4 and IL10 as potent inhibitors of HIV1 replica-
tion in macrophages in vitro: a role for cytokines in the in vivo virus host
range? Res. Immunol. 145:588–592.

50. Silvera, P., P. Racz, K. Racz, N. Bischofberger, C. Crabbs, J. Yalley-Ogunro,
J. Greenhouse, J. B. Jiang, and M. G. Lewis. 2000. Effect of PMPA and
PMEA on the kinetics of viral load in simian immunodeficiency virus-in-
fected macaques. AIDS Res. Hum. Retrovir. 16:791–800.

51. Tsai, C.-C., K. E. Follis, A. Sabo, T. W. Beck, R. F. Grant, N. Bischofberger,
R. E. Benveniste, and R. Black. 1995. Prevention of SIV infection in ma-
caques by (R)-9-(2-phosphonylmethoxypropyl)adenine. Science 270:1197–
1199.

52. Tsai, C.-C., K. E. Follis, A. Sabo, R. F. Grant, C. Bartz, R. E. Notte, R. E.
Benveniste, and N. Bischofberger. 1994. Preexposure prophylaxis with of
9-(2-phosphonylmethoxyethyl)adenine against simian immunodeficiency vi-
rus infection in macaques. J. Infect. Dis. 169:260–266.

53. Van Rompay, K. K. A., C. J. Berardi, N. L. Aguirre, N. Bischofberger, P. S.
Lietman, N. C. Pedersen, and M. L. Marthas. 1998. Two doses of PMPA
protect newborn macaques against oral simian immunodeficiency virus in-
fection. AIDS 12:F79–F83.

54. Van Rompay, K. K. A., M. D. Miller, M. L. Marthas, N. A. Margot, P. J.
Dailey, D. R. Canfield, R. P. Tarara, J. M. Cherrington, N. L. Aguirre, N.
Bischofberger, and N. C. Pedersen. 2000. Prophylactic and therapeutic ben-
efits of short-term 9-[2-(R)-(phosphonomethoxy)propyl]adenine (PMPA)
administration to newborn macaques following oral inoculation with simian
immunodeficiency virus with reduced susceptibility to PMPA. J. Virol. 74:
1767–1774.
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