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BK virus (BKYV) is widely accepted to be the causative agent of polyomavirus nephropathy. In immunocom-
promised individuals, especially kidney transplant recipients, BKV can replicate in kidney epithelial cells,
causing loss of renal function and eventual destruction of the graft. Advances in immunosuppressive therapies
may be partially responsible for the increasing incidence of polyomavirus nephropathy among transplant
recipients by more effectively eliminating components of the immune system, such as gamma interferon
(IFN-v)-producing lymphocytes, that keep BKV infections at a subclinical level. In this study, we investigated
the role of IFN-v in regulating lytic infection by BKV. Treatment with IFN-vy inhibited the expression of the
viral early protein large tumor antigen (TAg) and the late protein VP1 in a dose-dependent manner. We
detected 1.6- and 12-fold reductions in TAg transcripts at 48 and 96 h postinfection, respectively, with 250 U/ml
IFN-v, suggesting that IFN-y-mediated inhibition occurs at the level of transcription. Furthermore, IFN-y
inhibited the level of viral progeny production as much as 50-fold at a multiplicity of infection (MOI) of 0.5 and
80-fold at an MOI of 0.1. The inhibitory effects of IFN-y were similar for three different strains of BKV

examined. These results indicate an important role for IFN-vy in regulating BKV lytic infection.

Polyomavirus nephropathy (PVN) results in renal dysfunc-
tion and graft loss in up to 10% of all kidney transplant recip-
ients (18). It is widely accepted that BK virus (BKV) is the
etiological agent responsible for the majority of cases of PVN,
which are typically diagnosed within the first year after trans-
plantation (19, 20). PVN is characterized by the lytic, destruc-
tive replication of BKV in proximal tubule epithelial cells in
the transplanted kidney and is normally diagnosed by renal
biopsy to assess histological effects of infection, PCR to deter-
mine viral presence and loads in the urine and blood, and the
detection of decoy cells, which are cells with distinct intranu-
clear inclusion bodies that are shed during active BKV repli-
cation, in the urine (reviewed in references 10, 17, and 30).
Since there are currently no effective antiviral treatments for
BKYV infection, the most common approach used to control
PVN is to decrease the patient’s immunosuppressive regimen.
However, such an approach increases the risk of graft rejection
and thus is not an appealing strategy. The prevalence of PVN
is increasing with the advent of new, more powerful immuno-
suppressive therapies, making it a growing concern for the
transplant community.

The human polyomavirus BKV was first isolated in 1971 in
the urine of a renal transplant recipient (11). BKV virions are
small (40 to 45 nm in diameter), nonenveloped, and icosahe-
dral and contain a circular, double-stranded DNA genome of
approximately 5.2 kb (reviewed in reference 29) which is asso-
ciated with cellular histones to form a chromatin-like structure
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(28). The genome encodes only six known proteins: the early
proteins, large tumor antigen (TAg) and small tumor antigen,
and the late proteins, VP1, VP2, VP3, and agnoprotein. BKV
infects nearly the entire population, with seroprevalence
reaching 60 to 80% by the age of 10 (reviewed in reference 23).
BKYV is thought to be contracted by respiratory transmission,
and the primary infection is typically subclinical. Following the
initial infection, BKV spreads to other cells of the body, most
notably peripheral blood mononuclear cells (9) and cells of the
kidney and urinary tract (4, 16, 39), in which the virus estab-
lishes a persistent, subclinical infection. It is at these sites in
immunocompromised patients that BKV reactivates to a lytic
infection, resulting in BKV-associated diseases, such as PVN.

Previously, we described an in vitro system that allows the
study of BKV lytic infection of primary human proximal tubule
epithelial cells (27). The functions of proximal tubule cells in
the kidney include facilitation of the recovery of blood prod-
ucts, maintenance of blood pressure and volume, and produc-
tion and release of cytokines and chemokines to communicate
with the host immune system (2, 6). Proximal tubule cells
remain in a differentiated state for up to six passages in tissue
culture (21) and thus provide an environment similar to that
which BKV encounters in an immunocompromised host. By
introducing individual elements of the immune system to this
model, we can begin to determine which components regulate
BKYV replication. In part because proximal tubule epithelial
cells are known to interact both with neighboring cells and with
the immune system through the production of cytokines and
chemokines, namely, interleukin-6 (IL-6), IL-8, IL-15, tumor
necrosis factor alpha (TNF-a), monocyte chemoattractant pro-
tein 1 (MCP-1), RANTES, and transforming growth factor
(6), we began to investigate the role of cytokines in mediating
the regulation of BKV replication.

Our interest in the effects of cytokines on BKV replication
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was initiated by clinical reports and observations that argued
for the importance of the cell-mediated immune response, as
opposed to other arms of the immune system, in controlling
BKYV persistent infection. First, it has been demonstrated that
up to 90% of the adult population has BKV-specific antibodies
(23) and that patients with levels of anti-BKV antibodies sim-
ilar to those of healthy individuals still develop PVN (12, 19).
Several reports detail the activation of the humoral immune
response in patients with PVN, although antibody levels are
shown to increase only after the stabilization of renal function
and a decrease in viral load (3, 5, 12). Furthermore, high titers
of BKV-specific antibodies in the donor correlate well with the
incidence of BKV reactivation in the recipient (1). These find-
ings suggest that the presence of BKV-specific antibodies does
not prevent the reactivation and development of PVN, al-
though they may be effective at controlling viremia (3). In
addition, the failure of the cytotoxic T-lymphocyte response to
eliminate all cells harboring BKV, as demonstrated by the
well-documented periodic shedding of virus in immunocompe-
tent individuals, indicates that another facet of the immune
system plays a role in controlling persistent infection. There
are studies demonstrating the correlation of low levels of BKV-
specific gamma interferon (IFN-y)-producing cells and the de-
velopment of viremia and PVN (3, 5). Furthermore, others
have reported the inhibitory effect of IFN-vy on the promoters
of simian virus 40, a related polyomavirus, and human cyto-
megalovirus, which lacks structural relatedness to BKV but has
similar epidemiological features, such as latency in the kidney
and reactivation upon immunosuppression (15, 34, 35). These
findings prompted us to investigate the potential regulation of
BKYV replication by IFN-y.

IFN-v is the sole member of the type II family of interferons
and is a secreted glycoprotein of ~25 kDa produced primarily
by natural killer cells during the innate immune response and
specific antigen-activated T lymphocytes during the adaptive
immune response (reviewed in references 31 and 37). Activa-
tion of the IFN-y cascade within a cell is initiated by the
binding of IFN-y to the cell surface receptor and subsequent
activation of the Jak-Stat signaling pathway. Jakl and Jak2
kinases, which are associated with the two chains of the IFN-y
receptor, IFNGR1 and IFNGR?2, respectively, become phos-
phorylated upon IFN-vy binding. As a result, Statl homodimers
are phosphorylated and subsequently translocated to the nu-
cleus, where they act as transcription factors to mediate the
regulation of IFN-vy-responsive genes (reviewed in references
31 and 37). IFN-y was first discovered by its antiviral activity
(42) and remains widely known as a potent antiviral cytokine.
Among the genes up-regulated by the IFN-y signaling cascade
are protein kinase R, which inhibits cellular translation by
phosphorylating and inactivating eukaryotic initiation factor 2,
2'-5'-oligoadenylate synthetase, which activates RNase L to
nonspecifically degrade mRNA transcripts and inhibit gene
expression, and interferon regulatory factor 1 (IRF-1), which
up-regulates the production of caspase 1 and promotes apop-
tosis of the cell. IFN-y also plays a major role in the activation
and recruitment of immune cells and up-regulates the expres-
sion of major histocompatibility complex class I and II mole-
cules on the cell surface. More generally, IFN-y significantly
(at least twofold) affects the expression of more than 100 genes
in mammalian cells (7). In addition, other genes may be reg-
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ulated indirectly by a group of IFN-y-responsive transcription
factors that perpetuate the signaling cascade. These transcrip-
tion factors may also act on viral promoters to inhibit viral gene
expression and replication.

In this report, we characterize the specific inhibitory effect of
IFN-y on BKV gene expression and replication during lytic
infection of proximal tubule cells. We were interested in de-
termining the points at which the viral life cycle is affected and
the conditions under which IFN-y has the strongest inhibitory
effect on viral replication. IFN-y inhibited BKV gene expres-
sion, both at the level of transcription and at the level of
translation, and reduced the level of viral progeny production
during lytic infection. These results are important for under-
standing the host immune response to BKV and, more specif-
ically, the role of cytokines in regulating BKV replication and
infection.

MATERIALS AND METHODS

Cell culture. Primary human renal proximal tubule epithelial (RPTE) cells
(Cambrex) were maintained for up to six passages in renal epithelial cell basal
medium (Cambrex) supplemented with human epidermal growth factor, fetal
bovine serum, hydrocortisone, epinephrine, insulin, triiodothyronine, transferrin,
and GA-1000 as indicated for renal epithelial cell growth medium (REGM)
(supplements obtained as REGM SingleQuots; Cambrex). RPTE cells were
grown at 37°C with 5% CO, in a humidified incubator.

Viruses. The genome of the TU strain of BKV was cloned into the EcoRI site
of pGEM-7Zf(—). Genomes of the Dunlop and Proto-2 strains of BKV were
cloned into the BamHI site of pBR322 (gift of P. M. Howley). BKV stocks were
prepared from these genomic clones: 4 pg plasmid DNA was digested with
restriction enzymes [EcoRI for BKV(TU) and BamHI for BKV(Dunlop, Proto-
2)], recircularized with T4 DNA ligase, and phenol-chloroform extracted, and
the resulting DNA was transfected into one T75 flask of 60% confluent RPTE
cells (~4 X 10° cells) using Effectene (QIAGEN). After 3 weeks, cells and
supernatants were collected and viral lysates were prepared by three freeze
(—80°C)-thaw (37°C) cycles. The resulting lysates were used to infect four T75
flasks of 70% confluent RPTE cells, and after 3 weeks, viral lysates were pre-
pared as described above. The resulting viral stocks were titrated by a fluorescent
focus assay, and the integrity of the noncoding control region (NCCR) was
confirmed by sequencing of PCR products.

Cytokines and chemokines. Recombinant human IFN-y, IL-6, IL-8, MCP-1,
RANTES, and TNF-a were purchased from PeproTech, Inc. and reconstituted
according to the manufacturer’s recommendations. Recombinant human IFN-a
was purchased from Sigma and supplied as a solution in phosphate-buffered
saline (PBS). The doses used to treat BKV-infected RPTE cells were as follows:
IL-6, IL-8, MCP-1, and TNF-a were used at 100 ng/ml, RANTES was used at 300
ng/ml, IFN-a was used at 50 or 250 U/ml, and IFN-y was used primarily at 50 or
250 U/ml, with the exception of the dose-response experiment in which six
fivefold dilutions were used, starting from 1,250 U/ml.

Infections. Unless otherwise stated, 70% confluent RPTE cells were infected
with the TU strain of BKV at a multiplicity of infection (MOI) of 0.5 and
incubated for 1 hour at 37°C. The viral lysate used for the infection was replaced
with fresh medium (REGM), and cytokines were added at 3 to 6 hours postin-
fection.

Western blotting. Unless otherwise stated, total cell protein was harvested at
4 days postinfection using E1A lysis buffer (14) supplemented with 5 pg/ml
phenylmethylsulfonyl fluoride, 5 pg/ml aprotinin, 5 pg/ml leupeptin, 0.05 M
sodium fluoride, and 0.2 mM sodium orthovanadate. The Bio-Rad protein assay
was used to determine the protein concentration of each lysate, and 8 pg of
protein was electrophoresed on an 8% sodium dodecyl sulfate-polyacrylamide
gel. Proteins were transferred to a nitrocellulose membrane in 1X Towbin buffer
(25 mM Tris, 192 mM glycine, 20% methanol) for 12 to 14 h at 60 V (constant)
and 4°C. The following primary antibodies were diluted in PBS containing 0.1%
Tween and 5% nonfat dry milk: pAb416 (13) for the detection of TAg expres-
sion, P5G6 (gift of D. Galloway) for the detection of VP1 expression, and
Ab8245 (Abcam) for the detection of glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) expression as a loading control. Blots were washed in PBS
containing 0.1% Tween, probed with horseradish peroxidase-conjugated anti-
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TABLE 1. Sequences of primers and probes used in this study

Primer or , ,
Gene probe Sequence (5’ to 3")
TAg Forward primer AAAAATGGAGCAGGATGTAAAGGT
Reverse primer TCTTCTGTTCCATAGGTTGGCA
Probe AGCTACTCCAGGTTCCAAAATCAG
GCTGA
GAPDH Forward primer GCCTCAAGATCATCAGCAAT
Reverse primer CTGTGGTCATGAGTCCTTCC
Probe AAGGTCATCCATGACAACTTTGGT
ATCG

mouse immunoglobulin G secondary antibody (Sigma), and developed using
ECL Plus reagent (Amersham) and exposure to film.

Fluorescent focus assay. Viral lysates were harvested at time zero (after 1 hour
of adsorption at 37°C) and at 4 days postinfection (or at time zero and 1, 2, 3, 4,
and 6 days postinfection for the viral growth curve) by collecting and preparing
infected cells and supernatants by three freeze-thaw cycles, as described above.
Seventy percent confluent RPTE cells in 24-well plates were infected with 10-fold
dilutions of viral lysates for 4 days at 37°C. Cells were fixed with 50% methanol-
50% acetone for 10 min at room temperature, air dried for 15 min, wrapped in
parafilm, and stored overnight at —20°C as an antigen retrieval step. Plates were
thawed briefly at room temperature, rehydrated with PBS, and incubated for 1
hour at 37°C with pAb416 in PBS, followed by fluorescein isothiocyanate-con-
jugated anti-mouse immunoglobulin G secondary antibody (Sigma) in PBS with
0.005% Evans blue staining. The titer was determined by counting five random
fields in at least three replicate wells and is expressed as infectious units per ml
(TU/ml). Statistical significance was determined using a two-tailed Student ¢ test
assuming unequal variance, and P values of <0.05 were considered significant.

RNA extraction and cDNA synthesis. Total cell RNA was harvested at 2 or 4
days postinfection using TRIzol reagent (Invitrogen) according to the manufac-
turer’s instructions. RNA samples were treated with DNase I (Promega) to
reduce contaminating DNA, and the integrity of the RNA was confirmed by
electrophoresis on an agarose gel. To generate cDNA, a reverse transcription
(RT) reaction was performed using 1 pg RNA as the template and an iScript
cDNA synthesis kit (Bio-Rad) according to the manufacturer’s instructions.

Real-time PCR: Tagman assay. Primers and probes were designed using
Primer3 software (36) to amplify 90- and 105-base-pair fragments of the TAg and
GAPDH genes, respectively; sequences are shown in Table 1. Primers were
synthesized by Invitrogen, and probes, tagged with 6-carboxyfluorescein as the
reporter dye at the 5’ end and 6-carboxytetramethylrhodamine-Sp as the
quencher dye at the 3’ end, were synthesized by Integrated DNA Technologies,
Inc. Reactions were performed in a total volume of 25 pl using 2X TagMan
Universal PCR master mix (Applied Biosystems), 2.5 ul cDNA template, 500 nM
of each primer, and 200 nM probe. Amplification was performed in 96-well PCR
plates (Bio-Rad) using the iCycler iQ5 real-time detection system (Bio-Rad)
with the following PCR program: 2 min at 50°C; 10 min at 95°C; 40 cycles of
denaturation at 95°C for 15 s, and annealing and extension at 56°C for 1 min.
Results are presented as the changes (n-fold) in TAg transcript levels, with
the levels in samples treated with 250 U/ml IFN-y arbitrarily set to 1. Results
were normalized to the levels of GAPDH transcripts present using the
27 AACM (Livak) method (25). Statistical significance was determined using a
two-tailed Student ¢ test assuming unequal variance, and P values of <0.05
were considered significant.

RESULTS

IFN-v inhibits the expression of viral genes during infection
with BKV. To begin our investigation of the role of cytokines
and chemokines in regulating BKV infection, we examined the
effect of several molecules on viral gene expression during
infection of RPTE cells. The cytokines and chemokines used in
this experiment were chosen for their well-known antiviral
effects (IFN-a and IFN-v) or because they are produced by
proximal tubule epithelial cells following injury or stimulation
(6). RPTE cells were infected with BKV, treated with IFN-y,
IFN-a, IL-6, IL-8, MCP-1, RANTES, or TNF-«, and total cell
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protein was harvested at 4 days postinfection. As a control, the
ability of each cytokine to stimulate RPTE cells was analyzed
by Western blotting: phosphorylation of Statl was observed for
IFN-vy and IFN-«, while phosphorylation of extracellular sig-
nal-regulated kinases 1 and 2 was observed for IL-6, IL-8,
MCP-1, and TNF-a; results for RANTES were inconclusive
(data not shown). Western blot analysis of lysates probing for
the viral proteins TAg, representing early gene expression, and
VP1, representing late gene expression, revealed that only
IFN-y had a significant effect on viral gene expression (Fig.
1A). Similar levels of GAPDH, a cellular housekeeping gene,
were detected in all samples, showing that the inhibitory effect
on viral gene expression was specific and could not be attrib-
uted to the known nonspecific cellular effects of IFN-vy,
namely, the induction of antiproliferative and proapoptotic
pathways (Fig. 1A). Comparable results were obtained when
samples were normalized to the total number of cells per lysate
(data not shown). Although both IFN-a and IL-6 appeared to
have a slight inhibitory effect on TAg and VP1, the potential
roles of these cytokines in regulating BKV replication were not
pursued at this time. The dramatic inhibition of viral protein
expression with IFN-y treatment is the subject of further in-
vestigation in this study.

To determine whether IFN-y exerts an inhibitory effect on
BKV gene expression in a dose-dependent manner, RPTE
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FIG. 1. Dose-dependent IFN-vy inhibition of BKV gene expression.
RPTE cells were infected with the TU strain of BKV at an MOI of 0.5
and treated with cytokines at 3 to 6 hours postinfection, and total cell
protein was harvested at 4 days postinfection. Samples were analyzed
by Western blotting, probing for TAg, VP1, and GAPDH. (A) Infected
cells were treated with 50 or 250 U/ml IFN-y or IFN-a, 100 ng/ml IL-6,
IL-8, MCP-1, or TNF-«, or 300 ng/ml RANTES. (B) Infected cells
were treated with the indicated concentrations of IFN-y. Mock, mock-
infected samples with no cytokine treatment; untreated, BKV-infected
samples with no cytokine treatment; T = 0, samples harvested directly
after 1 hour of adsorption with BKV.
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cells were infected with BKV and treated with fivefold dilu-
tions of IFN-y. Total cell protein was harvested at 4 days
postinfection and analyzed for TAg, VP1, and GAPDH ex-
pression by Western blotting (Fig. 1B). At the three higher
doses (1,250, 250, and 50 U/ml IFN-vy), levels of TAg were
undetectable, while at the three lower doses (10, 2, and 0.4
U/ml IFN-y), TAg expression approached the level of the
untreated sample. At higher doses, VP1 expression was detect-
able but greatly reduced compared to that of the untreated
sample, and levels of VP1 increased as the dose of IFN-y
decreased. Samples harvested directly after the initial infection
(1 hour of incubation with viral lysates), denoted time zero,
were analyzed to determine the amount of detectable VP1
from input virions, which was negligible (Fig. 1B). Thus, levels
of VP1 in all samples corresponded to de novo protein expres-
sion during infection. Levels of GAPDH were similar for all
samples, indicating equal protein loading and accounting for
the general cellular effects of IFN-y.

IFN-vy does not affect the kinetics of BKV replication. To
determine whether IFN-y-mediated inhibition of viral gene
expression was the result of a delay in the progression of
infection or a reduction in the level of gene expression, we
infected RPTE cells with BKV, treated with 50 or 250 U/ml
IFN-v, and harvested total cell protein at 12-h intervals over 4
days (Fig. 2A). Samples were assayed for TAg, VP1, and
GAPDH expression by Western blotting. In both untreated
samples and samples treated with 50 U/ml IFN-y, TAg expres-
sion was first detected at 36 h postinfection, while VP1 expres-
sion was first detected at 48 h postinfection, indicating that
there was no delay in the initiation of viral gene expression.
Similar results were obtained from the analysis of samples
treated with 250 U/ml IFN-y (data not shown). An interesting
pattern of viral gene expression was apparent in treated sam-
ples: the levels of TAg and VP1 peaked at 72 and 84 h postin-
fection, respectively, and then decreased at 96 h postinfection
(Fig. 2A). This level of inhibition of viral gene expression was
maintained up to 13 days postinfection (data not shown).

To examine the effect of IFN-y on the timing and level of
viral progeny production, viral lysates were harvested at time
zero and at 1, 2, 3, 4, and 6 days postinfection from BKV-
infected RPTE cells either untreated or treated with 50 or 250
U/ml IFN-y. The titer of each lysate was determined by a
fluorescent focus assay, which detects the expression of TAg in
newly infected cells (Fig. 2B). Increases in viral titers of un-
treated and IFN-y-treated samples were similar during the first
48 h of infection, after which the untreated samples abruptly
increased in viral titer whereas the IFN-y-treated samples
maintained the lower rate of increase seen in the first 48 h.
Interestingly, the viral titers of both untreated and IFN-vy-
treated samples reached a plateau at 4 days postinfection;
however, the titers of the IFN-y-treated samples were approx-
imately 16- and 20-fold lower (for 50 and 250 U/ml IFN-vy,
respectively) than those of the untreated samples at 6 days
postinfection. The timing of viral protein expression and that
of progeny production were similar for untreated samples and
samples treated with 50 or 250 U/ml IFN-y, and comparable
results were obtained when cells were treated with IFN-y prior
to infection (data not shown). These data suggest that IFN-y
inhibits the level of viral gene expression and does not delay
the progression of infection. This finding rules out a block at
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FIG. 2. BKV replication kinetics in the presence of IFN-y. RPTE
cells were infected with the TU strain of BKV at an MOI of 0.5 and
treated with 50 U/ml (A and B) or 250 U/ml (B) IFN-vy at 3 to 6 hours
postinfection. (A) Total cell protein was harvested every 12 h for 4
days. Samples were analyzed by Western blotting, probing for TAg,
VP1, and GAPDH. Untreated, BKV-infected samples with no IFN-y
treatment; M, mock-infected samples; hpi, hours postinfection; 0 hpi,
samples harvested directly after 1 hour of adsorption with BKV.
(B) Viral lysates were harvested at 0, 1, 2, 3, 4, and 6 days postinfec-
tion, and progeny production was determined by a fluorescent focus
assay. Data are represented as the log of the viral titer in IU/ml, and
samples were assayed in triplicate. Error bars are too small to be seen
for some samples.

entry or trafficking to the nucleus as the mechanism of IFN-y
inhibition.

Treatment with IFN-y results in a reduction in the level of
early region transcripts. The previous experiments demon-
strated the inhibitory effect of IFN-y on the level of viral
protein expression and progeny production. To determine
whether IFN-y-mediated inhibition occurs at the level of tran-
scription or translation, we examined the effect of IFN-y on
viral transcript production. Total cell RNA was harvested at 48
or 96 h postinfection from RPTE cells infected with BKV and
treated with 50 or 250 U/ml IFN-y. RNA samples were ana-
lyzed by real-time RT-PCR to detect the levels of TAg tran-
scripts. By designing the TAg primers and probe set to amplify
a 90-base-pair amplicon across the splice site of the early
region, amplification was limited to the amplicon produced
from the TAg cDNA template, as opposed to that from the
small tumor antigen or unspliced cDNA template. Results
were normalized to the levels of GAPDH transcripts to ac-
count for the nonspecific cellular effects of IFN-vy, using the
274ACM method, and are presented as the changes (n-fold) in
TAg transcript levels, with the levels in samples treated with
250 U/ml IFN-y arbitrarily set to 1.
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FIG. 3. Effect of IFN-y on viral early region transcript levels.
RPTE cells were infected with the TU strain of BKV at an MOI of 0.5
and treated with 50 or 250 U/ml IFN-y at 3 to 6 hours postinfection,
and total cell RNA was prepared at (A) 48 or (B) 96 h postinfection.
The level of TAg transcripts in each sample was determined using
real-time RT-PCR, with normalization to the level of GAPDH tran-
scripts; the levels of samples treated with 250 U/ml IFN-y were arbi-
trarily set to 1. Each bar represents the average from two (A) or three
(B) independent experiments analyzed in triplicate in the same assay.
Mock, mock-infected samples with no IFN-y treatment; untreated,
BKV-infected samples with no IFN-y treatment.

At 48 h postinfection, there was a modest 1.6-fold decrease
in TAg transcript levels with 50 and 250 U/ml IFN-y (Fig. 3A).
These results were confirmed by Northern blot analysis, using
a probe specific for the entire BKV early region to detect levels
of all species of early region transcripts (data not shown). A
similar level of inhibition was observed at 48 h postinfection at
the level of protein expression (Fig. 2A). At 96 h postinfection,
there was a more dramatic and highly significant inhibitory
effect with IFN-y treatment, such that treatments with 50 and
250 U/ml IFN-y resulted in 6.6-fold (P < 0.005) and 12.1-fold
(P < 0.004) reductions in TAg transcript levels, respectively
(Fig. 3B). These findings are consistent with our previous ob-
servations of the protein levels at 96 h postinfection (Fig. 2A).
The relative correlation of real-time RT-PCR data (measuring
the effect of IFN-y on the steady-state level of TAg mRNA)
and observations made from Western blot analysis (showing
the effect of IFN-y on the level of viral protein expression)
suggest predominately IFN-y-mediated effects on transcrip-
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tion. However, IFN-y may also mediate an inhibitory effect at
the level of translation. Future studies on the mechanism of
inhibition will provide more insight on this subject.

Effect of IFN-y during infections with different MOIs. To
investigate whether the inhibitory effect of IFN-y is dependent
on levels of input virus, RPTE cells were infected with fivefold
dilutions of BKV. These infections of various MOIs may rep-
resent different stages of BKV infection in the host. For ex-
ample, an infection at an MOI of 0.1 might be similar to the
subclinical state of persistence seen in immunocompetent
hosts, while an infection at an MOI of 12.5 might be more
similar to the reactivation and lytic infection of BKV preceding
the development of PVN in immunosuppressed hosts. Infected
cells were treated with 50 or 250 U/ml IFN-y, and total cell
protein was harvested at 2, 3, and 4 days postinfection for
analysis of viral protein expression by Western blotting (Fig.
4A and B). Regardless of the MOI used during the infection,
TAg and VP1 expression levels were strongly inhibited with
IFN-y treatment and peak protein levels occurred at 3 days
postinfection, similar to the pattern seen in previous experi-
ments. Not surprisingly, levels of TAg and VP1 expression
were higher in samples from infections with more input virus,
but IFN-vy-treatment still mediated a strong reduction in viral
gene expression compared to untreated samples under the
same infection conditions. These data suggest that IFN-y-me-
diated inhibition may be important for controlling BKV repli-
cation in both immunocompetent and immunosuppressed
hosts.

Viral lysates were harvested at 4 days postinfection from
cells infected under these same conditions and analyzed for
viral progeny production using a fluorescent focus assay. While
significant inhibitory effects mediated by IFN-y were seen in all
treated samples (for MOIs of 12.5, 2.5, and 0.5, P < 0.05; for
an MOI of 0.1, P = 0.05), the effect was greater when less input
virus was used during the infection (Fig. 4C). Cells treated with
IFN-y and infected at an MOI of 0.1 showed an almost 80-fold
reduction in viral progeny production, while cells infected at
MOIs of 12.5 (7-fold reduction), 2.5 (13-fold reduction), and
0.5 (53-fold reduction) were affected less severely by IFN-y
treatment. A comparison of viral titers of IFN-y-treated sam-
ples with those of input virus (time zero) showed that BKV
progeny was produced in the presence of IFN-vy. This suggests
that, despite the inhibitory effects observed, IFN-vy is not driv-
ing BKV infection into a state of latency, in which the complete
absence of late gene expression and progeny production would
be expected.

Response of various BKV strains to IFN-y treatment. To
determine whether the inhibitory effect of IFN-y on viral rep-
lication and gene expression is consistent for different strains
of BKV, we infected RPTE cells with the TU strain, which was
used throughout the above-described experiments, and two
additional strains, Dunlop and Proto-2. Cells were treated with
50 or 250 U/ml IFN-y, and total cell protein was harvested at
2, 3, and 4 days postinfection for analysis of viral protein
expression by Western blotting (Fig. SA). For each strain, TAg
and VP1 expression levels were strongly inhibited by treatment
with 50 U/ml IFN-y, and as described before, viral protein
levels in treated samples peaked at 3 days postinfection (Fig.
5A). Results were similar for samples treated with 250 U/ml
IFN-y (data not shown). These data suggest that all strains of
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FIG. 4. Effect of IFN-y during infections with different MOIs.
RPTE cells were infected with the TU strain of BKV at an MOI of
12.5, 2.5, 0.5, or 0.1 and treated with 50 U/ml (A to C) or 250 U/ml
(C) IFN-y at 3 to 6 hours postinfection. (A and B) Total cell protein
was harvested at 2, 3, and 4 days postinfection and analyzed by West-
ern blotting, probing for TAg, VP1, and GAPDH. The analysis of total
cell protein harvested from infection at an MOI of 0.5 was repeated for
panel B for direct comparison to samples from infection at an MOI of
0.1. M, mock-infected samples with no IFN-y treatment; dpi, days
postinfection. (C) Viral lysates were harvested at time zero and at 4
days postinfection, and viral progeny production was determined by a
fluorescent focus assay. Data are represented as the log of the viral
titer in IU/ml, and samples were assayed in triplicate. Untreated,
BKV-infected samples with no IFN-y treatment.

BKYV may respond similarly to IFN-vy. In addition, viral lysates
were harvested at the initiation of infection (time zero) and at
4 days postinfection from RPTE cells infected with the three
BKYV strains and treated with 50 or 250 U/ml IFN-y (Fig. 5B).
IFN-y treatment significantly inhibited progeny production for
each of the strains (P < 0.05): viral titer was reduced in the
presence of IFN-y as much as 456-fold for infection with the
Dunlop strain, 114-fold for infection with the Proto-2 strain,
and 53-fold for infection with the TU strain (Fig. 5B).
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FIG. 5. Response of various BKV strains to IFN-y treatment.
RPTE cells were infected with the TU, Dunlop, or Proto-2 strain of
BKYV at an MOI of 0.5 and treated with 50 U/ml (A and B) or 250 U/ml
(B) IFN-y at 3 to 6 hours postinfection. (A) Total cell protein was
harvested at 2, 3, and 4 days postinfection and analyzed by Western
blotting, probing for TAg, VP1, and GAPDH. M, mock-infected sam-
ples with no IFN-vy treatment; dpi, days postinfection. (B) Viral lysates
were harvested at time zero and at 4 days postinfection, and viral
progeny production was determined by a fluorescent focus assay. Data
are represented as the log of the viral titer in IU/ml, and samples were
assayed in triplicate. Untreated, BKV-infected samples with no IFN-y
treatment.

DISCUSSION

Polyomavirus nephropathy is a complication associated with
kidney transplantation, resulting from the reactivation of BKV.
Our knowledge about the immune response to BKV is limited,
making the management of PVN difficult. The experiments
described in this paper begin to characterize the inhibitory
effect of IFN-y on the lytic infection of proximal tubule epi-
thelial cells by BKV. We have shown that IFN-y specifically
inhibits viral gene expression and progeny production in a
dose-dependent manner. In addition, infected cells exposed to
IFN-y have lower levels of TAg transcripts than untreated
cells, suggesting that IFN-y-mediated inhibition occurs at the
level of transcription. Cells infected with different MOIs of
BKYV responded similarly to treatment with IFN-y; however,
the more virus present, the weaker the inhibitory effect. In
addition, IFN-v had a significant inhibitory effect on viral gene
expression and progeny production during infections with
three different strains of BKV. These findings suggest that
IFN-vy plays an important role in regulating BKV infection.

It is important to note that samples treated with IFN-y
maintained detectable de novo viral gene expression and prog-
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eny production. It is unclear whether this is a result of a low
level of viral replication in all cells due to incomplete inhibition
by IFN-y or a normal level of replication in a fraction of cells
that were unresponsive to IFN-v. In the latter scenario, IFN-y
may force BKV into a state of latency in responsive cells.
However, the finding that viral replication continued to some
extent in the presence of IFN-y correlates well with the obser-
vation that healthy immunocompetent individuals shed BKV
in their urine periodically throughout their lives. A reduction
of IFN-y production by antigen-specific T lymphocytes in im-
munosuppressed patients may be, in part, responsible for the
reactivation and subsequent development of BKV-associated
disease.

An interesting pattern of viral gene expression was noted in
samples exposed to IFN-y: protein levels, though severely re-
duced compared to those of untreated samples, peaked at 3
days postinfection and then declined until a steady, low level of
expression was reached. We hypothesize that treatment with
IFN-y may either shorten the duration of TAg expression or
force the virus into a persistent or latent state. Since we ob-
served progeny production at times when TAg expression was
either very low or undetectable by Western blotting, a minimal
threshold level of TAg seems to be sufficient to facilitate the
progression of a productive BKV infection.

Activation of the IFN-vy signaling cascade as a result of
IFN-y binding to the surface receptor has a multitude of effects
on the cell (reviewed in references 37 and 38). IFN-y has
overall antiproliferative and proapoptotic effects, mediated
primarily by protein kinase R and IRF-1, respectively. In our
studies, we have accounted for these nonspecific cellular effects
by normalizing each sample to the levels of a housekeeping
gene, GAPDH, or to cell number. IFN-vy signaling also plays a
major role in activating and recruiting cells of the immune
system, for example, by up-regulating the surface expression of
major histocompatibility complex class I and II molecules and
inducing expression of inflammatory cytokines. However, the
system we used to study the lytic infection of BKV does not
incorporate cells of the immune system and thus eliminates
immune activation from the potential mechanisms of IFN-y-
specific inhibition of BKV replication. In addition, IFN-vy sig-
naling activates the type I IFN cascade, which establishes a
general antiviral environment within the cell. However, the
direct treatment of infected cells with IFN-« has little effect on
viral gene expression (Fig. 1A). The last major category of
IFN-v signaling effects involves the activation or repression of
transcription factors that regulate the expression of genes. We
speculate that the mechanism by which IFN-y inhibits BKV
replication employs regulatory transcription factors that act on
the early and late viral promoters. However, regulation of the
early promoter to inhibit TAg expression alone would be suf-
ficient to explain a decrease in levels of TAg, VP1, and viral
progeny production, since TAg is a key mediator of the pro-
gression of the BKV life cycle. IFN-y-activated transcription
factors include members of the Stat and IRF families, IFN-
stimulated gene factor 3, c-Myc, and c-Jun, as well as other
factors affected by downstream elements of the IFN-vy signal-
ing cascade and subsequently regulated at a later time (7, 8).
We are currently investigating candidate IFN-y-regulated fac-
tors that may be responsible for the inhibitory effects on BKV.

The NCCR is the region of greatest variability between

J. VIROL.

different strains of BKV. Rearrangements of the transcription
factor binding blocks (designated O-P-Q-R-S in the archetypal
BKYV strain WW) occur frequently in tissue culture systems
and seem to arise in individuals with high viral loads or reac-
tivation. We examined the responses of three different strains
of BKV to IFN-y treatment during lytic infection. BKV TU
(NCCR  structure, O-P-Q-R;_;,-P16.65-Q1.35-Rs55.63-S) and
BKV Dunlop (O-P-P,_;.,4.45-P1.64-S) are strains commonly
found in immunocompetent individuals, while BKV Proto-2
(O-P-P_7.56.65-P-Q;.25-S7.43) was isolated from the urine of
human immunodeficiency virus-infected patients (9, 29, 40,
41). The observation that IFN-vy is able to inhibit viral gene
expression and progeny production of three different strains of
BKYV with dissimilar NCCR structures suggests that our find-
ings may be applicable to all strains of BKV. Therefore, we
speculate that transcription factor binding sites common to all
three NCCRs (and potentially to most BKV strains) mediate
the inhibitory effect of IFN-y on the viral promoters.

It is still not understood what factors cause certain kidney
transplant patients to undergo reactivation of BKV and de-
velop PVN while others on the same immunosuppressive reg-
imen do not. One possibility involves differences in host genet-
ics. For example, genetic polymorphisms of the IFNG gene
may render some patients more susceptible to BKV reactiva-
tion than others. Polymorphisms are frequent in the promoter
region of the IFNG gene and affect the level of IFN-y normally
produced in the body (32, 33). Recent reports attempt to
establish a correlation between certain JFNG polymorphisms
and susceptibility to various diseases, including human papil-
lomavirus-induced cervical cancer (24), tuberculosis (26), and
parvovirus B19 infections (22). It is possible that kidney trans-
plant patients with JFNG polymorphisms resulting in lower
levels of IFN-y production are naturally more susceptible
to reactivation of BKV under immunosuppressive therapies.
Screening of patients for such polymorphisms may help to
determine the appropriate level of immunosuppression re-
quired to prevent graft rejection but still maintain the ability of
the immune system to repress BKV reactivation. In addition,
treatment with IFN-y may prove to be beneficial as an alter-
native to reducing immunosuppressive therapies upon detec-
tion of active BKV replication. There are precedents for suc-
cessful interferon therapy: IFN-a has been used to treat a wide
range of cancers, hepatitis B virus, and hepatitis C virus, while
IFN-y has proven to be effective against chronic granuloma-
tous disease (reviewed in reference 31).

In conclusion, IFN-y has potent inhibitory effects on BKV
gene expression, both at the level of transcription and at the
level of translation, and viral progeny production in proximal
tubule cells. These effects are similar for the three different
strains of BKV examined and are more effective at inhibiting
gene expression and progeny production in the presence of
less virus. The exact mechanism of IFN-y-mediated inhibi-
tion is not yet known, but we speculate that the activity of
the BKV promoters is regulated by IFN-y-responsive tran-
scription factors. These findings expand the characterization
of the host immune response to BKV and may lead to new
approaches for the prevention of BKV reactivation in kid-
ney transplant recipients.
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