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The immunomodulatory drug leflunomide is frequently used for treating polyomavirus-associated nephrop-
athy, yet its antiviral mechanism is unclear. We characterized the effects of the active leflunomide metabolite
A771726 (LEF-A) on the polyomavirus BK (BKV) life cycle in human renal tubular epithelial cells. LEF-A at
10 �g/ml reduced the extracellular BKV load by 90% (IC90) but with significant host cytostatic effects. BKV
genome replication, late protein expression, and virion assembly and release were inhibited with visible
disruption of the nuclear replication architecture. Both host cell and antiviral effects were largely reversed by
uridine addition, implicating nonspecific pyrimidine depletion as the major anti-BKV mechanism of
leflunomide.

Polyomavirus BK (BKV) is associated with two major diseases,
hemorrhagic cystitis after bone-marrow transplantation and poly-
omavirus-associated nephropathy (PVAN) after kidney trans-
plantation. PVAN arises in 1 to 10% of kidney transplant recip-
ients due to uncontrolled BKV replication in the tubular
epithelial cells, often resulting in graft loss (11, 22). Since there
are no drugs with well-defined antipolyomavirus activity (23, 37),
the main treatment is reduction of immunosuppression at the
expense of an increased risk of rejection (21).

The active metabolite of the immunomodulatory drug le-
flunomide, A771726 (LEF-A), inhibitis mitochondrial dihy-
droorotate dehydrogenase (10), leading to pyrimidine deple-
tion and cytostasis, particularly in activated lymphocytes (7).
Tyrosine kinase (29), cyclooxygenase (18), and NF-�B signal-
ing (15) may also be affected at higher concentrations. Le-
flunomide has demonstrated antiviral activity toward human
immunodeficiency virus 1 (HIV-1) (38) and herpesviruses (25,
44) and is now also used in treatment of PVAN (2, 3, 6, 9, 12,
13, 24, 26, 30, 34, 39, 41, 47), although its clinical efficacy has
not been formally tested in controlled trials. For herpesviruses,
the antiviral effect is attributed to impaired nucleocapsid tegu-
mentation (25, 44). Since BKV lacks tegument, the putative
antiviral effect must be different. Two previous BKV studies
performed with WI-38 and Vero cells concluded that lefluno-
mide inhibits BKV replication (14, 24), but the detailed mech-
anism was not investigated. Here we report on effects of

LEF-A on the BKV replication cycle in primary human renal
proximal tubule epithelial cells (RPTECs).

To examine the effect of LEF-A on BKV progeny produc-
tion in RPTECs, LEF-A at 2.5 to 30 �g/ml was added 2 h
postinfection (h.p.i.) and extracellular BKV loads were mea-
sured by quantitative PCR (qPCR) 72 h.p.i. (5). LEF-A re-
duced BKV loads in a concentration-dependent manner (Fig.
1A). At 10 �g/ml (�37 �M) and 30 �g/ml (�111 �M), the
BKV load was about 1 log (92%) and 2 logs (99%) reduced,
respectively. Next, assessing cytotoxicity in BKV-infected cells,
we found that LEF-A at 10 �g/ml reduced cellular DNA rep-
lication (BrdU incorporation) (5) by about 50% and mitochon-
drial metabolic activity (WST-1 cleavage) (5) by 40% 72 h.p.i.
(Fig. 1B). LEF-A at 30 �g/ml reduced cellular DNA replica-
tion by 75% and mitochondrial metabolic activity by 47%. The
overall metabolic activity (resazurin reduction) was not af-
fected by LEF-A concentrations up to 25 �g/ml. In uninfected
cells, similar results were obtained. The LEF-A 90% inhibitory
concentration (IC90), 10 �g/ml, was used to determine the
influence on subsequent steps in the BKV life cycle.

To study the effect on viral entry, LEF-A was added: (i) 2 h
before, (ii) together with, or (iii) 2 h after BKV infection.
Comparing extracellular BKV loads 72 h.p.i. (Fig. 2A) or large
T-antigen (LT-ag) mRNA expression 24 h.p.i. by reverse tran-
scription (RT)-qPCR (5) (data not shown), no significant dif-
ferences were found, suggesting that BKV entry is unaffected
by LEF-A. To investigate the effect of LEF-A on early gene
expression, first LT-ag transcripts were measured. At 24 h.p.i.,
the levels were barely affected, whereas at 48 h.p.i., a reduction
of 43% was found (Fig. 2B). Similarly, LT-ag protein levels (5)
seemed unaffected at 24 h.p.i. but 46% reduced at 48 h.p.i.
(Fig. 2C). Immunofluorescence staining of LT-ag (5) 24 h.p.i.
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showed about the same proportion of LT-ag-stained cells in
untreated and LEF-A-treated cells (Fig. 2D). At 48 h.p.i.,
LEF-A-treated cells were fewer and weakly stained (Fig. 2D).
Nuclear DNA staining also revealed fewer cells, suggesting
reduced cell proliferation. Thus, LT-ag expression was not
significantly affected before the onset of BKV DNA replica-
tion.

To investigate whether BKV DNA replication was affected
by LEF-A, intracellular BKV loads at 24, 48, and 72 h.p.i. were
measured by qPCR and normalized to the cell number (5). In
untreated cells, BKV loads steadily increased from 24 h.p.i. In
LEF-A-treated cells, this increase was curtailed by 67% (2.6 �
103 copies/cell) at 48 h.p.i. and by 77% (2 � 104 copies/cell) at
72 h.p.i. (Fig. 2E). Thus, BKV genome replication is signifi-
cantly but not completely inhibited by the LEF-A IC90. To

investigate viral late expression, we compared VP1 and agno-
protein expression at 48 h.p.i. and found a 60% and 70%
reduction, respectively (Fig. 2F). Immunofluorescence staining
indicated a similar reduction of agnoprotein-stained (Fig. 2D)
and VP1-stained (data not shown) cells. Moreover, VP1 nu-
clear distribution and signal intensity were different in LEF-
A-treated cells. Confocal microscopy of untreated cells re-
vealed large nuclear inclusions with strong VP1 signals
surrounded by LT-ag staining (Fig. 3A). This characteristic
nuclear architecture of polyomavirus replication was absent in
the majority of LEF-A-treated cells. Instead, they showed
strong but dispersed VP1 staining mixed with LT-ag. When
immunoelectron microscopy (IEM) with gold-labeled VP1 an-
tibodies was performed, large nuclear clusters of viral particles
were observed in untreated RPTECs while two morphologies

FIG. 1. Effect of LEF-A titration on BKV load and RPTEC cytotoxicity. RPTECs (Lonza) (passage 4) were seeded in 24- or 96-well plates and
supernatant infected with BKV-Dunlop at 50% confluency from Vero cells (multiplicity of infection [MOI] of 1) or left uninfected. At 2 h.p.i., virus
or supernatant was removed, cells were washed, and medium with increasing LEF-A concentrations (A771726; Calbiochem) or without LEF-A was
added. (A) Supernatants were harvested 72 h.p.i., and extracellular BKV loads were measured by qPCR with primers and probe targeting the
LT-ag gene (5). Data are presented as Geq/ml (Geq � genome equivalents). (B) The cytotoxicity of LEF-A was monitored 72 h.p.i. by measuring
cellular DNA replication by cell proliferation enzyme-linked immunosorbent assay (ELISA), BrdU (Roche Applied Science) (5), mitochondrial
metabolic activity with cell proliferation reagent WST-1 (Roche Applied Science) (5), and total cellular metabolic activity (monotoring mitho-
chondrial, microsomal, and cytosolic enzymes) with the resazurin-based assay TOX-8 (Sigma-Aldrich). For all three assays, colorimetric mea-
surements were performed as described by the manufacturer. Absorbance for untreated cells was set as 100%.
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FIG. 2. Influence of LEF-A on different steps in the BKV life cycle. RPTECs were seeded and infected as described earlier. (A) The influence of
LEF-A on BKV adsorption and entry was monitored by comparing LEF-A addition 2 h before, together with, or 2 h after BKV infection. Supernatants
were harvested at 72 h.p.i., and extracellular BKV loads were measured by qPCR as described. (B) LT-ag transcription was measured 24 and 48 h.p.i.
Total RNA was extracted using the mirVana Paris kit (Ambion, Applied Biosystems) and treated with DNase turbo (Ambion, Applied Biosystems)
before cDNA was generated from 225 ng RNA per sample using the High Capacity cDNA kit (Applied Biosystems). LT-ag transcripts were quantified
by RT-qPCR and normalized to the levels of endogenous human hypoxanthine phosphoribosyltransferase (huHPRT) transcripts by the 2���C(T) method
(5, 28). Results are presented as the changes in LT-ag transcript levels, with the level in the untreated sample 24 h.p.i. arbitrarily set to 100%. (C) LT-ag
protein levels at 24 and 48 h.p.i. were examined by Western blotting. RPTECs were lysed in cell disruption buffer (mirVana Paris kit; Ambion), and
Western blotting was performed as described previously (5) using polyclonal rabbit anti-LT-ag serum (20) and a monoclonal antibody directed against
the housekeeping protein glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Abcam). The secondary antibodies used were IRDye800CW goat
anti-rabbit IgG (Rockland) and Alexa Fluor 680 goat anti-mouse IgG (Invitrogen). (D) Early and late protein expression was investigated by indirect
immunofluorescence staining. RPTECs were methanol fixed 24, 48, and 72 h.p.i., blocked with 3% goat serum in phosphate-buffered saline (PBS) for
30 min, and then treated as described earlier (27). The primary antibodies, SV40 LT-ag monoclonal (Pab416; Calbiochem) (red) and polyclonal rabbit
anti-agnoprotein serum (20) (green), and the secondary antibodies, Alexa fluor 568 goat antimouse (Invitrogen) and Alexa fluor 488 goat antirabbit
(Invitrogen), were used. Cell nuclei (blue) were stained with DRAQ5 (Biostatus). Images were collected using a Nikon TE2000 microscope equipped
and processed with the NIS Elements Basic Research software program, version 2.2 (Nikon Corporation). (E) Intracellular BKV DNA loads were
quantified from RPTECs harvested at 24, 48, and 72 h.p.i. After DNA extraction, BKV DNA loads were measured by qPCR and normalized for cellular
DNA using the aspartoacylase (ACY) qPCR (5, 35, 36). Data are presented as Geq/cell. (F) Late protein expression was detected by Western blotting
48 h.p.i. as described above (5), using as primary antibodies polyclonal rabbit anti-VP1 serum (17), polyclonal rabbit anti-agnoprotein serum (20), and
the monoclonal antibody directed against GAPDH (Abcam).
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FIG. 2—Continued.
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were seen in LEF-A-treated cells, either small virion clusters
(Fig. 3B) or scattered VP1 labeling without assembled viral
particles (data not shown). These results suggest that BKV
assembly is affected by LEF-A. To investigate virion release,
we compared infectious intracellular and extracellular BKV
titers at 48 h.p.i. by seeding cell lysates and supernatants on
RPTECs. We found a larger fraction of the total viral load
intracellularly in LEF-A-treated (84%) than in untreated
(73%) cells, suggesting that virion release also is affected.

Finally, we investigated the role of pyrimidine depletion;
uridine at 100 �M was added 2 h.p.i. to BKV-infected cells
with or without LEF-A treatment. Addition of uridine almost
completely restored LEF-A (10 �g/ml)-mediated inhibition of
viral and cellular DNA replication and the extracellular BKV
load (Fig. 4). Uridine also reversed LEF-A-mediated reduc-

tion of late viral protein expression and restored the nuclear
replication architecture of VP1 and LT-ag (data not shown).
With LEF-A at 30 �g/ml, however, uridine at 100 �M could
neither restore cellular DNA replication nor extracellular
BKV loads, and microscopy revealed significant cytotoxic ef-
fects independently of uridine addition (data not shown).
Thus, the IC90 antiviral effect of LEF-A is caused mainly by
pyrimidine depletion and is, as such, closely linked to the
cytostatic effect of LEF-A caused by pyrimidine depletion.

In summary, our study shows that LEF-A inhibits BKV
DNA replication and changes nuclear VP1 and LT-ag distri-
bution and suggests that viral assembly and release are inhib-
ited. At the same time, host cell proliferation is affected. Since
LEF-A-mediated inhibition at 10 �g/ml (IC90) can be over-
come with uridine, it seems to depend upon pyrimidine deple-

FIG. 3. Influence of LEF-A on nuclear BKV replication architecture. (A) For confocal microscopy, RPTECs were seeded in fibronectin-coated
chamber slides, infected, and treated with LEF-A (10 �g/ml) as described earlier. At 72 h.p.i., cells were fixed in 4% paraformaldehyde, followed
by methanol permabilization and blocking with 3% goat serum in PBS for 30 min. Then, indirect immunofluorescence was performed as described
earlier (27) using as primary antibodies an SV40 LT-ag monoclonal (Pab416; Calbiochem) (red) and polyclonal rabbit anti-VP1 serum (17) (green)
and the secondary antibodies Alexa fluor 568 goat anti-mouse IgG (Invitrogen) and Alexa fluor 488 goat anti-rabbit IgG (Invitrogen). Cell nuclei
(blue) were stained with DRAQ5 (Biostatus). Confocal microscopy analysis was performed using a microscope (Axiovert 200; Carl Zeis, Inc.)
equipped with an LSM510 confocal module and processed using the LSM5 software program, version 3.2 (Carl Zeiss, Inc.). (B) For IEM analysis,
RPTECs were grown in 6 wells, infected, and treated with LEF-A (10 �g/ml) as earlier described. At 48 h.p.i., cells were fixed with 4%
formaldehyde, washed in 0.12% glycin, scraped off, and pelleted in 12% gelatin. The pellet was placed in 2.3 M sucrose overnight, cut in cubes,
mounted on cryo-pins, frozen by immersion in liquid nitrogen, and sectioned using a Leica EM UC6 ultramicrotome. The sections were submerged
in 1% cold-water fish skin gelatin overnight and incubated with polyclonal rabbit anti-VP1 serum (17) and then with protein A-gold (10 nm). The
specimens were contrasted with a mixture of uranyl acetate and methylcellulose and examined by using a Jeol 1010 transmission electron microscope.
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tion. Potential effects of higher LEF-A concentrations are dif-
ficult to study in RPTECs since host cell viability is severely
affected.

We have previously shown that the nucleoside analogue
cidofovir acts almost exclusively at the level of cellular and
BKV DNA replication and that the IC90 also inhibits BKV
DNA replication by at least 90% (5). Similarly, LEF-A inhib-
ited BKV DNA replication as the first step, but the LEF-A
IC90 gave only a 67% reduction, suggesting inhibition of addi-
tional steps downstream of DNA replication. LEF-A reduced
late protein levels by 60 to 70%, most likely resulting from
fewer available DNA templates for late gene transcription (8).
However, our data implicate inhibition of virion assembly and
release, with altered nuclear distribution of VP1 and LT-ag.
This could be caused by modified signal transduction pathways
or posttranslational modifications of VP1, i.e., phosphoryla-
tions, acetylation, and methylation (32). Furthermore LEF-A
may inhibit Ca2� mobilization (46), which plays an important
role in viral assembly (33). Finally, the changed nuclear archi-
tecture may result from lower BKV DNA levels, since DNA
may act as a scaffold, increasing the local VP1 concentration or
changing the tertiary structure of VP1 as earlier reported for
simian virus 40 (SV40) (42).

LEF-A inhibition of BKV replication coincided with a 50%
reduction in cellular DNA replication, and microscopic evalu-
ation of the RPTECs revealed a lower cell number. The cells
maintained integrity, and the overall metabolic activity was not
significantly affected even though mitochondrial metabolic ac-
tivity was decreased by 40%. In agreement with our results,
uridine has been reported to restore cellular DNA replication
in other leflunomide-treated cells (4, 31). Pyrimidines are pre-
cursors for RNA and DNA synthesis, membrane lipid biosyn-
thesis, protein glycosylation, energy metabolism, intracellular
messengers, and enzyme cofactors and therefore essential for

proliferation (19). Since kidney tubule regeneration seems to
rely on division of differentiated, normally slowly cycling cells
(43), we may assume that the cytostatic effects of LEF-A are
negligible in a healthy kidney. However, a PVAN-afflicted kid-
ney probably requires higher cell cycling and faster pyrimidine
synthesis to regenerate the integrity of the tubular epithelium
(16), which may be jeopardized by leflunomide. In fact, a
delayed recovery was recently described for 7 patients on le-
flunomide therapy (1).

How do our observations compare with those of other stud-
ies? The IC90 of LEF-A found for BKV-infected RPTECs, 10
�g/ml, could yield only a 50% inhibitory concentration (IC50)
in Vero cells (24) and in lung fibroblast lines (14). Interest-
ingly, uridine addition was not found to affect the LEF-A
anti-BKV activity in Vero cells (24), while HIV inhibition in
peripheral blood mononuclear cells was completely abolished
(38). Blood LEF-A levels of 	40 �g/ml have been suggested to
be required to significantly decrease BKV loads in kidney
transplant patients (45), but the concentration inside the renal
tubule and its cells is unknown (40). A confounder of the
clinical effect is the concomitant reduction in immunosuppres-
sion, since typically mycophenolate mofetil is replaced by le-
flunomide.

We conclude that LEF-A inhibits the BKV life cycle in
primary human RPTECs at the level of DNA replication and,
to a lesser extent, at the level of virion assembly and release.
These effects are closely linked to the cytostatic properties of
LEF-A, which at 10 �g/ml seem mainly to involve pyrimidine
depletion. While inhibition of viral DNA replication was some-
what greater than that of cellular DNA replication, the mar-
ginal difference may be either weakened or strengthened in
vivo depending on the proliferative status of the tubular epi-
thelial cells.

FIG. 4. Impact of uridine on BKV replication and cellular viability in LEF-A-treated RPTECs. RPTECs were seeded and infected as earlier
described. At 2 h.p.i., virus was removed and replaced with LEF-A-containing medium with or without exogenous uridine at 100 �M. For
intracellular DNA measurements, cells were harvested 48 h.p.i., and for extracellular BKV load, supernatants were harvested 72 h.p.i. BKV and
cellular DNA loads were measured by qPCR as described earlier, and BKV loads of untreated cells were set as 100%. In addition, RPTEC cellular
DNA replication was measured by cell proliferation ELISA, BrdU, and total cellular metabolic activity determined using TOX-8 at 48 h.p.i. as
described earlier. Absorbance for untreated cells was set as 100%.
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