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Nephropathy from BK virus (BKV) infection is an evolving challenge in kidney transplant recipients. It is the consequence

of modern potent immunosuppression aimed at reducing acute rejection and improving allograft survival. Untreated BKV

infections lead to kidney allograft dysfunction or loss. Decreased immunosuppression is the principle treatment but

predisposes to acute and chronic rejection. Screening protocols for early detection and prevention of symptomatic BKV

nephropathy have improved outcomes. Although no approved antiviral drug is available, leflunomide, cidofovir, quinolones,

and intravenous Ig have been used. Retransplantation after BKV nephropathy has been successful.
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olyomavirus infection in kidney transplant recipients is
P of increasing interest and research. Although the two

human polyomaviruses, BK virus (BKV) and JC virus
(JCV), were reported in 1971 (1,2), their influence and impor-
tance were limited. The emergence of polyomavirus nephrop-
athy has coincided with the use of new potent immunosup-
pressive medications (3,4). It is usually associated with BKV,
affects up to 8% of recipients, and frequently results in allograft
loss or permanent dysfunction (5). It presents as an asymptom-
atic gradual rise in creatinine with a tubulointerstitial nephritis
that mimics rejection, producing a treatment dilemma. The
decrease in immunosuppression that is needed to treat infec-
tion is opposite to the increases that are needed to treat rejec-
tion.

Two studies in kidney transplant recipients who were treated
with prednisone and azathioprine in the early 1980s have pro-
vided the foundation for much of our current understanding of
polyomaviruses in transplant recipients. Hogan et al. (6) and
Gardner et al. (7) found that the pretransplantation seropreva-
lence was 80 to 88% for BKV and 54 to 55% for JCV. The
posttransplantation rates of polyomavirus infection were 18 to
44% for BKV and 30 to 35% for JCV. Most polyomavirus infec-
tions were asymptomatic and occurred within the first 3 mo
after transplantation. BKV infection was associated with a ris-
ing creatinine. More than 20 yr ago, Gardner et al. (7) warned,
“The detection of polyomavirus infection is important as in-
creased immunosuppression needs to be avoided to prevent
possible complications.”

Epidemiology

Three polyomaviruses—JCV, BKV, and SV40—cause disease
in humans. Humans are the natural host for JCV and BKV. On
the basis of serology, BKV is acquired during childhood, and
seroprevalence stabilizes or wanes with increasing age (8,9). In
contrast, JCV seroprevalence increases with age. The route of
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the primary infection may be fecal-oral, respiratory, transpla-
cental, or from donor tissue (10-13). Presumably, during a
viremic phase, the virus infects target tissues, including the
uroepithelium, lymphoid tissue, and brain (13,14), establishing
a latent or permissively lytic infection. SV40, a simian virus,
was introduced into the human population through contami-
nated polio and adenovirus vaccines (15). It can be acquired
through close contact with nonhuman primates and may
spread at a low rate from person to person (10,16,17). Although
SV40 has been identified in kidney transplant biopsies and
associated with native kidney diseases (18-21), its importance
in kidney transplantation is poorly defined and is not discussed
further.

Virology

BKV and JCV are small, nonenveloped viruses with an ico-
sahedral capsid and a core of circular double-stranded DNA in
association with histones (22). The genome is transcribed bidi-
rectionally. It encodes for the early regulatory proteins—small
t antigen and large T antigen—and the late structural pro-
teins—VP1, VP2, and VP3. The genome also contains a non-
coding control region that contains the origin of replication and
transcription factor binding sites. The agnogene and its protein
product help regulate the virus replication and disrupt host cell
processes (23-25). The capsid consists of 72 pentamers, each
with five VP1 proteins and a central VP2 or VP3 protein. VP1
binds the sialic acid residues of its receptor onto permissive
cells (26). The gangliosides GD1b and GT1b and «(2,3)-linked
sialic acids on N-linked glycoproteins can act as the receptor for
BKV (27,28), whereas «(2,6)-linked sialic acids and the seroto-
nin receptor 5HT2A can act as the receptor for JCV (29,30).
After attachment, BKV is internalized via caveolae-mediated
endocytosis, whereas JCV enters through a clathrin-dependent
endocytosis (31,32). Once inside the cell, the viruses traffic to
the nucleus and establish a latent or lytic infection. Although
JCV resides in the uroepithelium (33) and commonly reacti-
vates (6,7,34,35), it rarely causes nephropathy (36,37). There-
fore, the remaining discussion focuses on BKV nephropathy.
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Pathogenesis

Replication of BKV occurs during states of immune suppres-
sion. BKV viruria occurs in pregnancy, cancer, HIV infection,
diabetes, and transplantation (13). BKV viremia and BKV ne-
phropathy, however, are rare outside of kidney transplantation.
BKV viremia occurs in 13% and BKV nephropathy in 8% of
kidney transplant recipients (5). In a kidney transplant recipi-
ent, BKV reactivation can come from the donor or the recipient.
Recipients who had BKV infection and received a kidney from
the same donor have been shown to have identical BKV geno-
types, supporting donor transmission (12,38). Recipients whose
donors had higher BKV antibody titers were more likely to
develop BKV infection than those with lower titers, also sup-
porting donor transmission (12,39). Injury is also believed to
contribute to reactivation. In a mouse polyomavirus model,
mechanical or chemical injury allowed for initiation of acute
infection and also reactivation of latent polyomavirus (40). In
humans, injury could come from ischemia or stent placement,
or rejection could allow for new infection and reactivation of
latent infection in either the donor or recipient.

Once the virus has reactivated, an ascending infection via
cell-to-cell spread occurs (41-43). Without appropriate immu-
nologic control, a progressive lytic infection ensues (44). This
results in large nuclear and perinuclear virus-containing inclu-
sions in the tubule cells. Lysis of these infected cells results in
viral seepage into the tubule lumen and urine but also to the
interstitium and propagation to surrounding cells. Subsequent
tubular cell necrosis leads to cast formation and denudation of
the basement membrane. Destruction of tubular capillary walls
results in vascular spread of the virus. A heterogeneous inter-
stitial infiltration of inflammatory cells as well as tubulitis may
be absent, intermixed with the active infection, or noted in areas
that lack cytopathic changes. Collateral damage with necrosis
and apoptosis of noninfected tubule cells may occur. The re-
sultant effect of continued intragraft inflammation, tubular in-
jury, and upregulation of profibrotic mediators is allograft dys-
function and loss.

Early retrospective studies identified tacrolimus and myco-
phenolate mofetil (MMEF) as risk factors for BKV nephropathy
(4,43,45-47). More recent retrospective studies found BKV ne-
phropathy associated with the combination of tacrolimus levels
(>8 ng/ml) and MMF dosages (1.5 to 2 g/d) (48,49). BKV
nephropathy, however, has been reported with triple drug
regimens that include a calcineurin inhibitor (tacrolimus or
cyclosporine), an adjuvant agent (MMF, azathioprine, or siroli-
mus) and prednisone (45,49-53), calcineurin-free triple drug
therapy (54), double therapy with a calcineurin inhibitor and
sirolimus (50,55), tacrolimus monotherapy (56), and with or
without use of an induction agent (53). A prospective, random-
ized study showed that BK viruria and viremia were not dif-
ferent among those who received tacrolimus compared with
cyclosporine, azathioprine compared with MMF, and rabbit-
antithymocyte globulin induction compared with no induction
(57). The highest rates of viruria and viremia were among those
who received the combination of cyclosporine and azathioprine
or tacrolimus and MMF. Taken together, these studies suggest
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that it is the net state of immunosuppression and not a specific
drug that allows for development of progressive BKV infection.

Immunology

Although polyomavirus reactivation is common, clinically
significant disease is unusual. This is because most recipients
are able to control the viruses. Persistent viral infections, such
as polyomaviruses, cannot be completely cleared and require
continuous immune control (58-60). BKV replication typically
begins early after transplantation and after treatment of rejec-
tion when immunosuppression is greater and immune control
is reduced. The contribution of the humoral, cellular, and in-
nate immune compartments to the control is not well known.

Although 60 to 80% of recipients are BKV seropositive before
transplantation (5-7,39,57,61), the presence of these BKV-spe-
cific antibodies has not been shown to prevent development of
BKV infection. However, BKV-specific antibodies can inhibit
BKV infectivity (32,62), and a graded protective effect of the
titer of recipient BKV-specific antibodies before transplantation
has been suggested (63). BKV seronegativity is also a risk factor
for BKV viruria (61) and nephropathy (64) in children. In
adults, Shah (65) reported that seropositive donors and sero-
negative recipients (BKV D+ /R—) developed a serologically
defined BKV infection most frequently (43%). Bohl et al. (12)
found that seropositive donor and recipients (BKV D+ /R+)
developed BKV viruria most frequently (50%). In both studies,
only 10% of seronegative donors and recipients developed BKV
infection. Thus, BKV antibodies may play a role in the immune
response, but they also may indicate a risk for reactivation.

Reduction in immunosuppression results in a significant in-
crease in BKV-specific IgG antibody titers (63,66,67), emergence
of BKV-specific cellular immunity (66), clearance of viremia,
and stabilization of graft function (57). The presence of BKV
antibodies seems to have a limited role. Comoli ef al. (66) found
that despite persistently elevated BKV antibody titers, recurrent
BKV viremia was associated with a low frequency of IFN-y—
producing cells. Chen et al (68) found that viremia and an
elevated creatinine persisted in most recipients who had BKV
nephropathy and developed high BKV antibody titers but weak
cytotoxic T lymphocyte responses. However, in recipients with
a strong cytotoxic T lymphocyte response but low antibody
titers, viremia cleared and creatinine returned to the pre-BKV
nephropathy baseline.

The cellular immune response may also contribute to allo-
graft dysfunction. Mannon et al. (50) found that the RNA tran-
scriptional profiles that were associated with BKV nephropathy
indicated a more intense CD8 functional response and more
profibrotic response than acute cellular rejection. Hammer et al.
(69) found that recipients with viral loads >250,000 copies/ml
had detectable BKV-specific CD4" T cells in peripheral blood,
but only the two recipients with BKV-specific CD8" T cells
>0.1% lost their allografts. The specificity of the cellular re-
sponse may also be detrimental. Recipients with greater donor
and recipient HLA mismatching had an increased incidence of
BKV nephropathy (70), possibly mediated by more episodes of
rejection, intense immunosuppression, and impaired cytotoxic-
ity in an allogeneic environment but less allograft loss (71). This



538 Clinical Journal of the American Society of Nephrology

suggests that lysis of allogeneic BKV-infected target cells is less
efficient with HLA-unrestricted T cells than with HLA-re-
stricted T cells. T cells recognize epitopes that are shared by
JCV and BKYV that may produce a cross-protective effect (72—
74).

Diagnosis

The diagnosis and the severity of BKV infection correspond
to our understanding of the pathogenesis of BKV nephropathy.
Viral replication begins early after transplantation and
progresses through detectable stages: Viruria then viremia then
nephropathy (5,57,75-77) (Figure 1). Viruria can be detected by
PCR for BKV DNA, reverse transcription-PCR for BKV RNA,
cytology for BKV inclusion—bearing epithelial cells termed “de-
coy cells,” or electron microscopy for viral particles (5,7,57,78).
These tests are sensitive for detecting active BKV infections but
lack specificity for nephropathy because the detected virus
could originate anywhere along the urinary tract. Detection of
BKV DNA in the plasma or of viremia may be a better indicator
of nephropathy. As the infection intensifies, the markers of viral
replication increase. Threshold values have been suggested to
predict BKV nephropathy, but considerable overlap of these
values exists among recipients without BKV nephropathy, ac-
tive BKV nephropathy, and resolved BKV nephropathy (79)
(Table 1), Therefore, a transplant kidney biopsy remains the
gold standard for diagnosing BKV nephropathy. Importantly,
the interstitial nephritis and tubular cytopathic changes of BKV
nephropathy can be focal or isolated to the medulla and missed
on one third of biopsies if only a single core is evaluated (80)
(Figure 2). Therefore, at least two cores including medulla
should be examined. If there are no cytopathic changes on
routine histology but there is a high clinical suspicion, then
adjunctive tests such as immunohistochemistry directed specif-
ically against BKV or cross-reacting SV40 large T antigen
should be performed because the histopathology of BKV infec-
tions may be misinterpreted (45). If the initial biopsy does not
confirm BKV nephropathy, then preemptive treatment or re-
peat biopsy can be considered.

Histology
The characteristic findings on light microscopy are intranu-
clear basophilic and gelatinous-appearing viral inclusions in

Viruria
30-40%

Decoy cells
20-30%

Nephropathy Graft loss
0-10% 0-5%

*Rare cases of nephropathy without viremia or viremia without viruria may occur

Figure 1. Type and prevalence of BK virus (BKV) infections in
kidney transplant recipients.
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epithelial cells of the urothelium (46,47,80). These are found in
the medulla or cortex and are multifocal with random distri-
bution. Three histologic patterns (A, B, and C) have been de-
scribed (80-82). In early disease (pattern A), the cytopathic
changes are present with little to no inflammation or tubular
atrophy. Pattern B consists of viral cytopathic changes with
varying degrees of inflammation, tubular atrophy, and fibrosis.
In late BKV nephropathy (pattern C), cytopathic changes often
are less apparent as a result of a background of tubular atrophy,
interstitial fibrosis, and chronic inflammatory infiltrate. The
degree of damage corresponds to the degree of allograft dys-
function and allograft outcome (80) (Table 2). The distinction of
BKV nephropathy from acute tubular necrosis, interstitial ne-
phritis, and acute cellular rejection is difficult and aided by
assessment of blood or urine PCR. Absence of definitive fea-
tures of acute cellular rejection such as endotheliitis and ab-
sence of C4d deposits in peritubular capillaries are helpful.
Other histopathologic changes include glomerular crescents (10
to 20%) (46,83), ischemic glomerulopathy (62%) (83), transplant
glomerulopathy (62%) (83), abundant plasma cell infiltrates (up
to 75%) (46,80,84), and tubular microcalcifications (25%) (81).
Features of calcineurin inhibitor toxicity such as striped fibrosis
(45,46,80,81), thrombotic microangiopathy (45,81), and tubular
isometric vacuolization (81) may also be present.

Treatment

The principal treatment for BKV nephropathy is reduction in
immunosuppression. Various strategies include reduction or dis-
continuation of the calcineurin inhibitor and/or adjuvant agent,
changing from MMEF to azathioprine, sirolimus, or leflunomide or
from tacrolimus to cyclosporine (38,49,52,53,55,85-87). Impor-
tantly, BKV nephropathy seems to develop less frequently with
maintenance protocols that involve steroid withdrawal (75,88).
When BKV nephropathy is diagnosed early within the first 6 mo
after transplantation and the creatinine is stable, survival is im-
proved compared with when the diagnosis is made later and the
creatinine is elevated.

Early or Presumptive BKV Nephropathy

Reduction in immunosuppression to clear the infection is
balanced against the risk for precipitating acute or chronic
rejection (Figure 3). Brennan et al. (57) showed that preemptive
withdrawal of the antimetabolite upon detection of viremia
prevented BKV nephropathy without significantly increasing
the risk for rejection. Viremia cleared in 22 (96%) of 23 recipi-
ents with only one episode of acute rejection directly related to
immunosuppression reduction. Of the 22 recipients whose vire-
mia resolved, 32% cleared before protocol decreases in immu-
nosuppression, 32% cleared after withdrawal of the antimetab-
olite, 9% cleared after reduction in the calcineurin inhibitor, and
27% required withdrawal of the antimetabolite followed by
reduction in calcineurin inhibitor for persistent viremia. Pro-
spectively screening pediatric recipients, Hymes and Warshaw
(89) cleared viremia in 58% of recipients with presumptive
nephropathy after a 50% reduction in the dosage of mycophe-
nolate or sirolimus and targeting tacrolimus troughs of 3 to 5
wng/dl. With BKV nephropathy diagnosed on surveillance bi-
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Table 1. Noninvasive tests for BKV nephropathy®
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Diagnostic Test Threshold Value PPV (%) NPV (%)
Plasma BKV DNA PCR (copies/ml) Presence to =10,000 50 to 85 100
(5,43,79,89)
Decoy cells (cells/cytospin)(5,43,81) Presence to =10 27 to 90 99 to 100
Urine BKV DNA PCR (copies/ml) (79) =1 x 107 67 100
Urine BKV mRNA RT-PCR (copies/ng =6.54 X 10° 75° 97°

total RNA) (78)

*BKV, BK virus; NPV, negative predictive value; PPV, positive predictive value; RT-PCR, reverse transcription-PCR.

PBased on BKV nephropathy biopsy prevalence of 28.6%.

Figure 2. BKV nephropathy. Immunohistochemistry shows
characteristic nuclear staining isolated to the medulla.

opsy before an elevation in creatinine, Buehrig et al. (51) found
that creatinine remained stable and the number of BKV-posi-
tive tubules on follow-up biopsy significantly decreased after a
step-wise reduction in MMF plus reduction in tacrolimus or
conversion to cyclosporine. Conversion from tacrolimus to cy-
closporine may lower MMF levels if dosages of MMF remain
the same (90). It is interesting that cyclosporine in vitro but not
tacrolimus in vitro has been shown to inhibit BKV reactivation
(91). Although complete cessation of MMF may be necessary if
viremia persists, MMF may limit proinflammatory and profi-
brotic cytokines (92,93).

Late BKV Nephropathy

The diagnosis of BKV nephropathy in the setting of allograft
dysfunction often indicates more severe histologic changes, and
renal function may only stabilize or may continue to progress
despite treatment (48,49,51,53,79,80,86,94,95). Also, not treating
or inadvertently treating with an antilymphocyte antibody of-
ten will lead to progression of disease (96). Whether to reduce
or discontinue one or more components of the maintenance
regimen is not clear (77,86,94). Ramos et al. (53) found no
difference in graft survival whether immunosuppression was
reduced or continued or between reduction and discontinua-
tion of tacrolimus or MMF among 67 recipients with BKV
nephropathy. Vasudev et al. (86) used an empiric immunosup-
pression scale based on drug dosage, not drug level, and found
that improvement in renal function after diagnosis of BKV
nephropathy correlated with reduction in the calcineurin inhib-
itor rather than total immunosuppression. Vasudev et al. (86)
also found that renal function declined by 4.8 ml/min per mo

before the diagnosis of BKV nephropathy and slowed to 0.7
ml/min per mo after a 40% reduction in overall immunosup-
pression. Renal recovery or stabilization was delayed and oc-
curred at a median of 112 d after diagnosis. Thiry-six percent
progressed to allograft loss. This was more common when the
creatinine was >2.2 mg/dl at diagnosis. Rocha ef al. (49) re-
ported no allograft loss and clearance of viruria in seven pa-
tients after discontinuation of MMF and reduction in cal-
cineurin inhibitor dosage despite a mean creatinine of 3.2
mg/dl at diagnosis compared with persistent viruria and allo-
graft loss in two recipients after only reduction in MMF and
modification of calcineurin inhibitor. Dosage reduction of the
adjuvant agent and calcineurin inhibitor in pediatric patients
failed to clear viremia with 50% graft loss (89). Dosage reduc-
tion of the adjuvant agent and calcineurin inhibitor in adults
failed to improve tubular BKV burden with a rising mean
creatinine (51). Josephson et al. (55) reported only a 15% allo-
graft loss in recipients who had BKV nephropathy and were
treated with discontinuation of MMF, dosage reduction of ta-
crolimus, and addition of leflunomide, an immunosuppressive
drug that inhibits BKV, in vitro. However, several factors have
limited enthusiasm for the use of this drug: (1) High dosages of
leflunomide (=40 mg/d) are required to afford efficacy, (2) the
relationship between the drug dosage and level is unpredict-
able, (3) drug levels are not available, and (4) the immunosup-
pressive potency of leflunomide is weak and the effect that is
seen from its use may simply reflect lower immunosuppres-
sion.

Adjuvant Therapies

On the basis of in vitro activity against BKV, cidofovir, quin-
olones, and intravenous Ig (IVIG) have been reported as treat-
ment options for BKV nephropathy. Although cidofovir, a cy-
tosine analogue and viral DNA polymerase inhibitor, inhibits
BKYV replication, the mechanism is unclear because BKV lacks a
viral polymerase gene (97-99). Rather than a direct effect on
BKYV replication, cidofovir may restore the function of p53 and
PRB, targets of the large T antigen, and permit BKV-infected
cells to undergo apoptosis (22,99). When used for treatment of
BKV nephropathy, cidofovir has been given at dosages ranging
from 0.25 to 1 mg/kg every 1 to 3 wk with generally favorable
results (55,89,95,100-108). However, most studies were obser-
vational, and cidofovir was used in conjunction with immuno-
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Table 2. Histologic patterns of BKV nephropathy
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Histologic Pattern Biopsy Findings (()Elstlc{(bn)lf Differential
A Intranuclear viral inclusions 13% Normal
Minimal inflammation tubular cell Coexisting diagnosis
necrosis fibrosis
B Intranuclear viral inclusions 55% Interstitial nephritis
Moderate to severe interstitial
inflammation
Tubular cell necrosis
Minimal tubular atrophy and fibrosis Acute tubular necrosis
Acute rejection
C Intranuclear viral inclusions
Moderate to severe tubular atrophy 100% Chronic allograft nephropathy

and fibrosis

Modified from Li ef al. (74).

Immune Suppression

Inadequate Excessive
v ‘
Rejection BKV Nephropathy
TS g
dysfunction
Tubulointerstial
nephritis
Fibrosis

Figure 3. Impaired immune suppression balance. Inadequate
immune suppression results in rejection, whereas excessive
immune suppression results in BKV nephropathy. Both condi-
tions present as allograft dysfunction with tubulointerstitial
nephritis and progression to fibrosis.

suppression reduction. In a cohort of 21 recipients with BKV
nephropathy, Kuypers et al. (102) reported no graft loss in eight
recipients who agreed to treatment with cidofovir but a 70%
graft loss in the 13 who did not receive cidofovir. Cidofovir
should be used with caution, frequent monitoring, and in-
formed consent because of the potential complications
(109,110).

Quinolones, DNA gyrase inhibitors, may interfere with the
large T antigen helicase activity (111) and have in vitro and in
vivo activity against BKV (112-114). Two months after a 10-d
course of gatifloxacin, seven of 10 recipients with active BKV
replication had reduction in viremia or urinary decoy cells
(115). Thamboo et al. (116), however, did not find improvement
in viral clearance after a 10-d course of ciprofloxacin.

IVIG has been used for treatment for BKV nephropathy
because of its immunomodulatory (117) as well as potential
anti-BKV properties (118). Although IVIG contains BKV-spe-
cific antibodies, seropositive recipients as well as recipients

with active BKV infections may have high BKV-specific anti-
body titers, suggesting that antibody-mediated neutralization
does not contribute to viral control. Nevertheless, in combina-
tion with immunosuppression reduction, IVIG (2 to 3.5 g/kg
over 2 to 7 d) treatment was used as initial treatment for BKV
nephropathy (119,120) and BKV nephropathy with concurrent
acute rejection (95). Although Sener et al. (119) reported that
only one (13%) of eight recipients who were treated with IVIG
returned to dialysis, half had persistent viremia. Wadei et al.
(95) found that compared with unmatched control subjects who
were not treated with IVIG, IVIG treatment did not improve
graft survival. Because of the cost (121), potential adverse ef-
fects (122), and unproven efficacy, IVIG use for BKV nephrop-
athy should be limited until controlled studies suggest benefit.

Postinfection Monitoring

Failure to clear BKV leads to worse graft function and out-
comes. Because histologic clearance of the virus (79) and dis-
appearance of decoy cells (87) precede clearance from the
blood, monitoring should be performed with quantitative as-
says, preferably BKV PCR, until the viral level is undetectable
or at least falls below the threshold value that is associated with
BKV nephropathy. On the basis of kinetic models (123) and
prospective monitoring (57,79,87,123), viremia clears in 7 to 20
wk, but the initial decrease may be delayed by 4 to 10 wk after
immunosuppression reduction. If viremia persists, then further
reduction of current maintenance therapy, conversion to siroli-
mus, or addition of leflunomide can be considered. Twelve
weeks after the initial immunosuppression reduction, Wali et al.
(87) described three recipients who had persistent viremia and
responded to further reduction in immunosuppression by con-
version to sirolimus (target level 10 to 12 ng/ml) and low-
dosage prednisone (2.5 mg every other day).

Retransplantation

BKV nephropathy shortens allograft survival. Tubulointersti-
tial damage from direct and indirect effects of the virus and
rejection after immunosuppression reduction lead to early graft
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loss or chronic dysfunction (46,48,51,53,80,86,94,95,124). In re-
cipients who have advanced kidney disease or who have re-
turned to dialysis from BKV nephropathy, retransplantation
has been successful (125-130). In most cases, transplant ne-
phrectomy and/or studies to confirm no active viral replication
have been performed. However, in the setting of active viremia,
viral levels become undetectable within 14 d after preemptive
retransplantation with simultaneous allograft nephrectomy de-
spite antibody induction (129). BKV viruria (131), viremia (129),
nephropathy (128,132), and graft loss (132) can recur. Because
of the long duration after transplantation, intervening negative
studies for BKV, and genomic differences, these recurrent BKV
infections likely reflected new BKYV infections. Therefore, BKV
nephropathy is not a contraindication for retransplantation but
has recurred in two (12%) of 17 reported recipients. Allograft
nephrectomy may not be necessary. In the setting of active viral
replication, it seems prudent. Evidence of BKV-specific immu-
nity can be evaluated before retransplantation (125) but in the
setting of a resolved infection can be inferred. However, for
preemptive transplantation in recipients of combined organ
transplants, for whom reduction in immunosuppression is lim-
ited, evidence of no active viral replication or BKV-specific
immunity should be determined.

BKV Nephropathy and Acute Rejection

The treatment of recipients whose biopsy shows rejection
with concurrent BKV nephropathy or early after reduction of
immunosuppression to treat BKV nephropathy remains prob-
lematic. More than half of biopsies may show tubulitis
(5,43,47,80), and reduction in immunosuppression can precipi-
tate rejection in 10 to 30% of recipients (51,53,57,86,108,124). The
infiltrating mononuclear cells may represent a BKV-specific
and/or allospecific response, and treatment is debatable
(133,134). Studies that compared BKV nephropathy with acute
rejection have identified differences in the proportion and type
of infiltrating cell (80,84,85), protein expression (43,80) and
proteomic profiles (135), and gene expression profiles (50).
However, these differences have not been characterized serially
after modification in immunosuppression. Clinically, reports
have described improved, stable, and worse graft function after
steroid pulses (5,45,51,94). Comparing recipients who initially
received increased immunosuppression with those whose im-
munosuppression was decreased, Celik ef al. (94) found no
significant short- or long-term improvement in tubulitis or
creatinine with brief steroid therapy. On biopsies that were
performed within the first 8 wk, the histologic viral load had
improved significantly with initially decreased compared with
increased immunosuppression but was similar on later biop-
sies. Therefore, in contrast to others (82), we favor initial reduc-
tion in immunosuppression without a steroid pulse. However,
the presence of atypical features such as strong peritubular
capillary C4d staining, vasculitis, glomerulitis, or interstitial
hemorrhage would support rejection (84,136) and require an
individualized approach. The delayed improvement in creati-
nine after reduction in immunosuppression likely reflects the
slow resolution of the cellular infiltrate. On follow-up biopsy,
we consider a cellular infiltrate with or without tubulitis in the
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setting of persistent BKV viremia consistent with resolving
BKV nephropathy and continued monitoring. McGilvray et al.
(137) found severe tubulitis, mild intimal arteritis, and no viral
inclusions on a biopsy 1 mo after reduction in immunosuppres-
sion. Despite no adjustment to immunosuppression, the pa-
tient’s creatinine gradually improved. Once BKV nephropathy
and viremia have cleared, the benefit of uptitrating immuno-
suppression to prevent chronic rejection or late acute rejection
remains unknown.

Screening

It has been recommended that screening for BKV should be
performed every 3 mo for the first 2 yr after transplantation,
then annually through the fifth year, when allograft dysfunc-
tion occurs and when a transplant kidney biopsy is performed
(82). Screening should be based on a urinary assay for decoy
cells, BKV DNA, or BKV RNA. A positive screening test should
be confirmed within 4 wk along with a quantitative assay.
Recipients with persistent high viral levels for >3 wk should
undergo biopsy and intervention. Monitoring should continue
every 2 to 4 wk until the viral level falls below threshold values
and preferably to undetectable levels.

These recommendations are guidelines and should vary on
the basis of assay availability and cost, recipient risk, and local
incidence of BKV nephropathy. With a low incidence of BKV
nephropathy, high false-positive testing rates, or high occur-
rence of acute rejection or chronic allograft dysfunction after
reduction in immunosuppression, screening could produce
greater cost and harm than not screening (138). Screening pro-
tocols should be used in centers with higher incidences of BKV
nephropathy, using triple-drug therapy including tacrolimus
and MMF, and with clinical trials to evaluate new therapeutic
agents.

At our institution, we screen plasma monthly for the first 6
mo and at months 9 and 12 after transplantation, at the time of
a transplant kidney biopsy, and after augmentation in immu-
nosuppression (Figure 4). BKV viremia with stable allograft
function triggers empiric immunosuppression reduction and
continued monitoring, with the realization that viral levels
should decline and clear within 1 to 6 mo (57). An allograft
biopsy is performed for allograft dysfunction or persistent
high-level viremia. This strategy has resulted in only one case

Months 1-6, 9, and 12 and Allograft dysfunction
PCR + l
Stable Creatinine Biopsy

I i

Decrease immunosuppression No BKV BKV nephropathy

and monitor PCR biweekly PCR + Nephropathy +/- tubulitis
until undetectable
I PCR + Consider
IVIG
Persistent Viremia Cidofovir
Leflunamide
Quinolones

Figure 4. Screening protocol based on plasma BKV DNA PCR.
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of BKV nephropathy in >700 new transplants in the past 5 yr,
with an overall acute rejection rate of <10% at 1 yr.

Conclusion

BKV nephropathy remains a significant posttransplantation
complication. Modern potent immunosuppressive medications
have reduced acute rejection rates, improved early kidney al-
lograft survival, and expanded the potential transplant popu-
lation. For an individual recipient, however, the increased im-
munosuppression may be excessive and predispose to BKV
nephropathy. No clinical risk factors clearly identify the recip-
ients who will develop BKV nephropathy. Screening all recip-
ients for replication of BKV and targeted reduction of immu-
nosuppression can resolve the infection with stable renal
function. However, this method of early detection and treat-
ment is costly, compliance dependent, and potentially detri-
mental. Once a tubulointerstitial nephritis has developed, pro-
gression or resolution to tubular atrophy and interstitial fibrosis
results in permanent allograft dysfunction. Treatment of BKV
nephropathy is problematic. No antiviral medication is ap-
proved, and none has been appropriately studied in a random-
ized manner. Decreasing immunosuppression to allow a BKV-
specific immune response to control the infection is the
principle treatment. One potential consequence is the develop-
ment of an allospecific immune response and rejection. Because
monitoring for BKV-specific immunity is not widely available,
monitoring for declining viral loads is used as a surrogate. With
diffuse parenchymal involvement, resolution of viremia and
improvement in creatinine may not occur for months. Although
BKYV infection is an area of active investigation in kidney trans-
plantation, much of the data are derived from retrospective
case-control studies. Prospective, randomized studies to ad-
dress immunosuppression protocols, immune monitoring for
BKV-specific and allospecific responses, and treatment proto-
cols are needed. Until reliable measures of immunosuppression
or novel agents that specifically target BKV are available, BKV
infections in kidney transplantation will remain a challenge.

Acknowledgments
D.C.B. is supported by a grant from the National Institute of Diabetes
and Digestive and Kidney Diseases (K24-DK-002886).

Disclosures
None.

References

1. Gardner SD, Field AM, Coleman DV, Hulme B: New hu-
man papovavirus (B.K.) isolated from urine after renal
transplantation. Lancet 1: 1253-1257, 1971

2. Padgett BL, Walker DL, ZuRhein GM, Eckroade R], Dessel
BH: Cultivation of papova-like virus from human brain
with progressive multifocal leucoencephalopathy. Lancet 1:
1257-1260, 1971

3. Purighalla R, Shapiro R, McCauley ], Randhawa P: BK
virus infection in a kidney allograft diagnosed by needle
biopsy. Am | Kidney Dis 26: 671-673, 1995

4. Binet I, Nickeleit V, Hirsch HH, Prince O, Dalquen P,

Clin ] Am Soc Nephrol 2: S36-546, 2007

Gudat F, Mihatsch M], Thiel G: Polyomavirus disease un-
der new immunosuppressive drugs: A cause of renal graft
dysfunction and graft loss. Transplantation 67: 918-922,
1999
5. Hirsch HH, Knowles W, Dickenmann M, Passweg J, Klim-
kait T, Mihatsch M], Steiger J: Prospective study of poly-
omavirus type BK replication and nephropathy in renal-
transplant recipients. N Engl | Med 347: 488-496, 2002
6. Hogan TF, Borden EC, McBain JA, Padgett BL, Walker DL:
Human polyomavirus infections with JC virus and BK
virus in renal transplant patients. Ann Intern Med 92: 373—
378, 1980
7. Gardner SD, MacKenzie EF, Smith C, Porter AA: Prospec-
tive study of the human polyomaviruses BK and JC and
cytomegalovirus in renal transplant recipients. | Clin Pathol
37: 578-586, 1984
8. Knowles WA, Pipkin P, Andrews N, Vyse A, Minor P,
Brown DW, Miller E: Population-based study of antibody
to the human polyomaviruses BKV and JCV and the sim-
ian polyomavirus SV40. | Med Virol 71: 115-123, 2003
9. Stolt A, Sasnauskas K, Koskela P, Lehtinen M, Dillner J:
Seroepidemiology of the human polyomaviruses. | Gen
Virol 84: 1499-1504, 2003
10. Vanchiere JA, Nicome RK, Greer JM, Demmler GJ, Butel JS:
Frequent detection of polyomaviruses in stool samples
from hospitalized children. | Infect Dis 192: 658 -664, 2005
11. Bofill-Mas S, Formiga-Cruz M, Clemente-Casares P,
Calafell F, Girones R: Potential transmission of human
polyomaviruses through the gastrointestinal tract after ex-
posure to virions or viral DNA. | Virol 75: 10290-10299,
2001
12. Bohl DL, Storch GA, Ryschkewitsch C, Gaudreault-Keener
M, Schnitzler MA, Major EO, Brennan DC: Donor origin of
BK virus in renal transplantation and role of HLA C7 in
susceptibility to sustained BK viremia. Am | Transplant 5:
2213-2221, 2005
13. Reploeg MD, Storch GA, Clifford DB: BK virus: A clinical
review. Clin Infect Dis 33: 191-202, 2001
14. Eash S, Tavares R, Stopa EG, Robbins SH, Brossay L,
Atwood WJ: Differential distribution of the JC virus recep-
tor-type sialic acid in normal human tissues. Am | Pathol
164: 419-428, 2004
15. Shah KV: Simian virus 40 and human disease. | Infect Dis
190: 2061-2064, 2004
16. Paracchini V, Garte S, Pedotti P, Poli F, Frison S, Taioli E:
Molecular identification of simian virus 40 infection in
healthy Italian subjects by birth cohort. Mol Med 11: 48-51,
2005
17. Engels EA, Switzer WM, Heneine W, Viscidi RP: Serologic
evidence for exposure to simian virus 40 in North Ameri-
can zoo workers. | Infect Dis 190: 2065-2069, 2004
18. Li RM, Branton MH, Tanawattanacharoen S, Falk RA, Jen-
nette JC, Kopp JB: Molecular identification of SV40 infec-
tion in human subjects and possible association with kid-
ney disease. ] Am Soc Nephrol 13: 2320-2330, 2002
19. Milstone A, Vilchez RA, Geiger X, Fogo AB, Butel JS,
Dummer S: Polyomavirus simian virus 40 infection asso-
ciated with nephropathy in a lung-transplant recipient.
Transplantation 77: 1019-1024, 2004
20. Li RM, Mannon RB, Kleiner D, Tsokos M, Bynum M, Kirk
AD, Kopp JB: BK virus and SV40 co-infection in polyoma-
virus nephropathy. Transplantation 74: 1497-1504, 2002



Clin ] Am Soc Nephrol 2: S36-546, 2007

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Butel JS, Arrington AS, Wong C, Lednicky JA, Finegold MJ:
Molecular evidence of simian virus 40 infections in chil-
dren. | Infect Dis 180: 884-887, 1999

Imperiale MJ: The human polyomaviruses: An overview.
In: Human Polyomaviruses: Molecular and Clinical Perspec-
tives, edited by Khalili K, Stoner GL, New York, Wiley-Liss,
2001, pp 53-71

Akan I, Sariyer IK, Biffi R, Palermo V, Woolridge S, White
MK, Amini S, Khalili K, Safak M: Human polyomavirus
JCV late leader peptide region contains important regula-
tory elements. Virology 349: 66-78, 2006

Khalili K, White MK, Sawa H, Nagashima K, Safak M: The
agnoprotein of polyomaviruses: A multifunctional auxil-
iary protein. | Cell Physiol 204: 1-7, 2005

Suzuki T, Okada Y, Semba S, Orba Y, Yamanouchi S, Endo
S, Tanaka S, Fujita T, Kuroda S, Nagashima K, Sawa H:
Identification of FEZ1 as a protein that interacts with JC
virus agnoprotein and microtubules: Role of agnoprotein-
induced dissociation of FEZ1 from microtubules in viral
propagation. | Biol Chem 280: 2494824956, 2005

Gee GV, Tsomaia N, Mierke DF, Atwood WJ: Modeling a
sialic acid binding pocket in the external loops of JC virus
VP1. | Biol Chem 279: 49172-49176, 2004

Low JA, Magnuson B, Tsai B, Imperiale MJ: Identification
of gangliosides GD1b and GT1b as receptors for BK virus.
J Virol 80: 1361-1366, 2006

Dugan AS, Eash S, Atwood WJ: An N-linked glycoprotein
with alpha(2,3)-linked sialic acid is a receptor for BK virus.
J Virol 79: 14442-14445, 2005

Elphick GF, Querbes W, Jordan JA, Gee GV, Eash S, Man-
ley K, Dugan A, Stanifer M, Bhatnagar A, Kroeze WK, Roth
BL, Atwood W]J: The human polyomavirus JCV, uses se-
rotonin receptors to infect cells. Science 306: 1380-1383,
2004

Komagome R, Sawa H, Suzuki T, Suzuki Y, Tanaka S,
Atwood W], Nagashima K: Oligosaccharides as receptors
for JC virus. | Virol 76: 12992-13000, 2002

Pho MT, Ashok A, Atwood W]J: JC virus enters human glial
cells by clathrin-dependent receptor-mediated endocyto-
sis. J Virol 74: 2288-2292, 2000

Eash S, Querbes W, Atwood W]J: Infection of vero cells by
BK virus is dependent on caveolae. | Virol 78: 11583-11590,
2004

Boldorini R, Veggiani C, Barco D, Monga G: Kidney and
urinary tract polyomavirus infection and distribution: Mo-
lecular biology investigation of 10 consecutive autopsies.
Arch Pathol Lab Med 129: 69-73, 2005

Muller A, Beck B, Theilemann K, Stapenhorst L, Licht C,
Michalk D, Franzen C, Hoppe B: Detection of polyomavi-
rus BK and JC in children with kidney diseases and renal
transplant recipients. Pediatr Infect Dis | 24: 778781, 2005
Randhawa P, Uhrmacher J, Pasculle W, Vats A, Shapiro R,
Eghtsead B, Weck K: A comparative study of BK and JC
virus infections in organ transplant recipients. | Med Virol
77: 238-243, 2005

Wen MC, Wang CL, Wang M, Cheng CH, Wu M], Chen
CH, Shu KH, Chang D: Association of JC virus with tubu-
lointerstitial nephritis in a renal allograft recipient. | Med
Virol 72: 675-678, 2004

Kazory A, Ducloux D, Chalopin JM, Angonin R, Fonta-
niere B, Moret H: The first case of JC virus allograft ne-
phropathy. Transplantation 76: 1653-1655, 2003

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

BKV Nephropathy and Kidney Transplantation 543

Vera-Sempere FJ, Rubio L, Felipe-Ponce V, Garcia A,
Sanahuja MJ, Zamora I, Ramos D, Beneyto I, Sanchez-
Plumed J: Renal donor implication in the origin of BK
infection: Analysis of genomic viral subtypes. Transplant
Proc 38: 2378-2381, 2006

Andrews CA, Shah KV, Daniel RW, Hirsch MS, Rubin RH:
A serological investigation of BK virus and JC virus infec-
tions in recipients of renal allografts. | Infect Dis 158: 176—
181, 1988

Atencio IA, Shadan FF, Zhou X]J, Vaziri ND, Villarreal LP:
Adult mouse kidneys become permissive to acute poly-
omavirus infection and reactivate persistent infections in
response to cellular damage and regeneration. | Virol 67:
1424-1432, 1993

Meehan SM, Kraus MD, Kadambi PV, Chang A: Nephron
segment localization of polyoma virus large T antigen in
renal allografts. Hum Pathol 37: 1400-1406, 2006
Drachenberg CB, Papadimitriou JC, Wali R, Cubitt CL,
Ramos E: BK polyoma virus allograft nephropathy: Ultra-
structural features from viral cell entry to lysis. Am | Trans-
plant 3: 1383-1392, 2003

Nickeleit V, Hirsch HH, Zeiler M, Gudat F, Prince O, Thiel
G, Mihatsch MJ: BK-virus nephropathy in renal trans-
plants-tubular necrosis, MHC-class II expression and rejec-
tion in a puzzling game. Nephrol Dial Transplant 15: 324 -
332, 2000

Low J, Humes HD, Szczypka M, Imperiale M: BKV and
5V40 infection of human kidney tubular epithelial cells in
vitro. Virology 323: 182-188, 2004

Howell DN, Smith SR, Butterly DW, Klassen PS, Krigman
HR, Burchette JL Jr, Miller SE: Diagnosis and management
of BK polyomavirus interstitial nephritis in renal trans-
plant recipients. Transplantation 68: 12791288, 1999
Nickeleit V, Hirsch HH, Binet IF, Gudat F, Prince O,
Dalquen P, Thiel G, Mihatsch MJ: Polyomavirus infection
of renal allograft recipients: From latent infection to man-
ifest disease. | Am Soc Nephrol 10: 1080-1089, 1999
Randhawa PS, Finkelstein S, Scantlebury V, Shapiro R,
Vivas C, Jordan M, Picken MM, Demetris AJ: Human
polyoma virus-associated interstitial nephritis in the allo-
graft kidney. Transplantation 67: 103-109, 1999

Mengel M, Marwedel M, Radermacher J, Eden G, Schwarz
A, Haller H, Kreipe H: Incidence of polyomavirus-ne-
phropathy in renal allografts: Influence of modern immu-
nosuppressive drugs. Nephrol Dial Transplant 18: 1190—
1196, 2003

Rocha PN, Plumb TJ, Miller SE, Howell DN, Smith SR: Risk
factors for BK polyomavirus nephritis in renal allograft
recipients. Clin Transplant 18: 456-462, 2004

Mannon RB, Hoffmann SC, Kampen RL, Cheng OC,
Kleiner DE, Ryschkewitsch C, Curfman B, Major E, Hale
DA, Kirk AD: Molecular evaluation of BK polyomavirus
nephropathy. Am | Transplant 5: 2883-2893, 2005

Buehrig CK, Lager DJ, Stegall MD, Kreps MA, Kremers
WK, Gloor JM, Schwab TR, Velosa JA, Fidler ME, Larson
TS, Griffin MD: Influence of surveillance renal allograft
biopsy on diagnosis and prognosis of polyomavirus-asso-
ciated nephropathy. Kidney Int 64: 665-673, 2003

Hirsch HH, Mohaupt M, Klimkait T: Prospective monitor-
ing of BK virus load after discontinuing sirolimus treat-
ment in a renal transplant patient with BK virus nephrop-
athy. ] Infect Dis 184: 1494-1495, 2001



S44

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Clinical Journal of the American Society of Nephrology

Ramos E, Drachenberg CB, Papadimitriou JC, Hamze O,
Fink JC, Klassen DK, Drachenberg RC, Wiland A, Wali R,
Cangro CB, Schweitzer E, Bartlett ST, Weir MR: Clinical
course of polyoma virus nephropathy in 67 renal trans-
plant patients. ] Am Soc Nephrol 13: 21452151, 2002
Lipshutz GS, Flechner SM, Govani MV, Vincenti F: BK
nephropathy in kidney transplant recipients treated with a
calcineurin inhibitor-free immunosuppression regimen.
Am ] Transplant 4: 2132-2134, 2004

Josephson MA, Gillen D, Javaid B, Kadambi P, Meehan S,
Foster P, Harland R, Thistlethwaite R], Garfinkel M, At-
wood W, Jordan J, Sadhu M, Millis M]J, Williams J: Treat-
ment of renal allograft polyoma BK virus infection with
leflunomide. Transplantation 81: 704-710, 2006

Randhawa PS, Gupta G, Vats A, Shapiro R, Viscidi RP:
Immunoglobulin G, A, and M responses to BK virus in
renal transplantation. Clin Vaccine Immunol 13: 1057-1063,
2006

Brennan DC, Agha I, Bohl DL, Schnitzler MA, Hardinger
KL, Lockwood M, Torrence S, Schuessler R, Roby T, Gau-
dreault-Keener M, Storch GA: Incidence of BK with tacroli-
mus versus cyclosporine and impact of preemptive immu-
nosuppression reduction. Am | Transplant 5: 582-594, 2005
Dorries K: Molecular biology and pathogenesis of human
polyomavirus infections. Dev Biol Stand 94: 71-79, 1998
Kemball CC, Lee ED, Vezys V, Pearson TC, Larsen CP,
Lukacher AE: Late priming and variability of epitope-
specific CD8+ T cell responses during a persistent virus
infection. | Immunol 174: 7950-7960, 2005

Randhawa PS, Popescu I, Macedo C, Zeevi A, Shapiro R,
Vats AN, Metes D: Detection of CD8+ T cells sensitized to
BK virus large T antigen in healthy volunteers and kidney
transplant recipients. Hum Immunol 67: 298-302, 2006
Ginevri F, De Santis R, Comoli P, Pastorino N, Rossi C,
Botti G, Fontana I, Nocera A, Cardillo M, Ciardi MR,
Locatelli F, Maccario R, Perfumo F, Azzi A: Polyomavirus
BK infection in pediatric kidney-allograft recipients: A sin-
gle-center analysis of incidence, risk factors, and novel
therapeutic approaches. Transplantation 75: 1266-1270,
2003

Flaegstad T, Traavik T, Christie KE, Joergensen J: Neutral-
ization test for BK virus: Plaque reduction detected by
immunoperoxidase staining. | Med Virol 19: 287-296, 1986
Bohl DL, Ryschkewitsch C, Major EO, Storch GA, Brennan
DC: BK virus antibody titers markedly increase with vire-
mia [Abstract]. Am | Transplant 5: 273, 2005

Smith JM, McDonald RA, Finn LS, Healey PJ, Davis CL,
Limaye AP: Polyomavirus nephropathy in pediatric kid-
ney transplant recipients. Am | Transplant 4: 2109-2117,
2004

Shah KV: Human polyomavirus BKV and renal disease.
Nephrol Dial Transplant 15: 754-755, 2000

Comoli P, Azzi A, Maccario R, Basso S, Botti G, Basile G,
Fontana I, Labirio M, Cometa A, Poli F, Perfumo F, Lo-
catelli F, Ginevri F: Polyomavirus BK-specific immunity
after kidney transplantation. Transplantation 78: 1229-1232,
2004

Hariharan S, Cohen EP, Vasudev B, Orentas R, Viscidi RP,
Kakela J, DuChateau B: BK virus-specific antibodies and
BKV DNA in renal transplant recipients with BKV nephri-
tis. Am | Transplant 5: 2719-2724, 2005

Chen Y, Trofe ], Gordon ], Du Pasquier RA, Roy-

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Clin ] Am Soc Nephrol 2: S36-546, 2007

Chaudhury P, Kuroda MJ, Woodle ES, Khalili K, Koralnik
IJ: Interplay of cellular and humoral immune responses
against BK virus in kidney transplant recipients with poly-
omavirus nephropathy. J Virol 80: 3495-3505, 2006
Hammer MH, Brestrich G, Andree H, Engelmann E,
Rosenberger C, Tillmann H, Zwinger S, Babel N, Nickel P,
Volk HD, Reinke P: HLA type-independent method to
monitor polyoma BK virus-specific CD4 and CD8 T-cell
immunity. Am | Transplant 6: 625-631, 2006

Awadalla Y, Randhawa P, Ruppert K, Zeevi A, Duquesnoy
RJ: HLA mismatching increases the risk of BK virus ne-
phropathy in renal transplant recipients. Am | Transplant 4:
1691-1696, 2004

Drachenberg CB, Papadimitriou JC, Mann D, Hirsch HH,
Wali R, Ramos E: Negative impact of human leukocyte
antigen matching in the outcome of polyomavirus ne-
phropathy. Transplantation 80: 276-278, 2005

Sharma MC, Zhou W, Martinez J, Krymskaya L, Srivastava
T, Haqg W, Diamond D], Lacey SF: Cross-reactive CTL
recognizing two HLA-A*02-restricted epitopes within the
BK virus and JC virus VP1 polypeptides are frequent in
immunocompetent individuals. Virology 350: 128-136,
2006

Krymskaya L, Sharma MC, Martinez ], Haq W, Huang EC,
Limaye AP, Diamond D], Lacey SF: Cross-reactivity of T
lymphocytes recognizing a human cytotoxic T-lymphocyte
epitope within BK and JC virus VP1 polypeptides. | Virol
79: 11170-11178, 2005

Li J, Melenhorst J, Hensel N, Rezvani K, Sconocchia G,
Kilical Y, Hou J, Curfman B, Major E, Barrett AJ: T-cell
responses to peptide fragments of the BK virus T antigen:
Implications for cross-reactivity of immune response to JC
virus. | Gen Virol 87: 2951-2960, 2006

Bressollette-Bodin C, Coste-Burel M, Hourmant M, Sebille
V, Andre-Garnier E, Imbert-Marcille BM: A prospective
longitudinal study of BK virus infection in 104 renal trans-
plant recipients. Am | Transplant 5: 1926-1933, 2005
Limaye AP, Jerome KR, Kuhr CS, Ferrenberg J, Huang ML,
Davis CL, Corey L, Marsh CL: Quantitation of BK virus
load in serum for the diagnosis of BK virus-associated
nephropathy in renal transplant recipients. | Infect Dis 183:
1669-1672, 2001

Nickeleit V, Klimkait T, Binet IF, Dalquen P, Del Zenero V,
Thiel G, Mihatsch MJ, Hirsch HH: Testing for polyomavi-
rus type BK DNA in plasma to identify renal-allograft
recipients with viral nephropathy. N Engl | Med 342: 1309—
1315, 2000

Ding R, Medeiros M, Dadhania D, Muthukumar T, Kracker
D, Kong JM, Epstein SR, Sharma VK, Seshan SV, Li B,
Suthanthiran M: Noninvasive diagnosis of BK virus ne-
phritis by measurement of messenger RNA for BK virus
VP1 in urine. Transplantation 74: 987-994, 2002

Randhawa P, Ho A, Shapiro R, Vats A, Swalsky P, Finkel-
stein S, Uhrmacher J, Weck K: Correlates of quantitative
measurement of BK polyomavirus (BKV) DNA with clin-
ical course of BKV infection in renal transplant patients.
] Clin Microbiol 42: 1176-1180, 2004

Drachenberg CB, Papadimitriou JC, Hirsch HH, Wali R,
Crowder C, Nogueira J, Cangro CB, Mendley S, Mian A,
Ramos E: Histological patterns of polyomavirus nephrop-
athy: Correlation with graft outcome and viral load. Am |
Transplant 4: 2082-2092, 2004



Clin ] Am Soc Nephrol 2: S36-546, 2007

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Drachenberg RC, Drachenberg CB, Papadimitriou JC,
Ramos E, Fink JC, Wali R, Weir MR, Cangro CB, Klassen
DK, Khaled A, Cunningham R, Bartlett ST: Morphological
spectrum of polyoma virus disease in renal allografts—
Diagnostic accuracy of urine cytology. Am | Transplant 1:
373-381, 2001

Hirsch HH, Brennan DC, Drachenberg CB, Ginevri F, Gor-
don J, Limaye AP, Mihatsch MJ, Nickeleit V, Ramos E,
Randhawa P, Shapiro R, Steiger J, Suthanthiran M, Trofe J:
Polyomavirus-associated nephropathy in renal transplan-
tation: Interdisciplinary analyses and recommendations.
Transplantation 79: 1277-1286, 2005

Celik B, Randhawa PS: Glomerular changes in BK virus
nephropathy. Hum Pathol 35: 367-370, 2004

Meehan SM, Kadambi PV, Manaligod JR, Williams JW,
Josephson MA, Javaid B: Polyoma virus infection of renal
allografts: Relationships of the distribution of viral infec-
tion, tubulointerstitial inflammation, and fibrosis suggest-
ing viral interstitial nephritis in untreated disease. Hum
Pathol 36: 12561264, 2005

Ahuja M, Cohen EP, Dayer AM, Kampalath B, Chang CC,
Bresnahan BA, Hariharan S: Polyoma virus infection after
renal transplantation. Use of immunostaining as a guide to
diagnosis. Transplantation 71: 896—-899, 2001

Vasudev B, Hariharan S, Hussain SA, Zhu YR, Bresnahan
BA, Cohen EP: BK virus nephritis: Risk factors, timing, and
outcome in renal transplant recipients. Kidney Int 68: 1834 —
1839, 2005

Wali RK, Drachenberg C, Hirsch HH, Papadimitriou J,
Nahar A, Mohanlal V, Brisco MA, Bartlett ST, Weir MR,
Ramos E: BK virus-associated nephropathy in renal allo-
graft recipients: Rescue therapy by sirolimus-based immu-
nosuppression. Transplantation 78: 1069-1073, 2004

Matas AJ, Kandaswamy R, Humar A, Payne WD, Dunn
DL, Najarian JS, Gruessner RW, Gillingham KJ, McHugh
LE, Sutherland DE: Long-term immunosuppression, with-
out maintenance prednisone, after kidney transplantation.
Ann Surg 240: 510-516, 2004

Hymes LC, Warshaw BL: Polyomavirus (BK) in pediatric
renal transplants: Evaluation of viremic patients with and
without BK associated nephritis. Pediatr Transplant 10: 920
922, 2006

Filler G, Zimmering M, Mai I: Pharmacokinetics of myco-
phenolate mofetil are influenced by concomitant immuno-
suppression. Pediatr Nephrol 14: 100-104, 2000

Acott PD, O’'Regan PA, Lee SH, Crocker JF: Antiviral prop-
erties of immunosuppressant drugs in primary and latent
BK virus infection in kidney cells [Abstract]. Transplanta-
tion 82: 683, 2006

Morath C, Schwenger V, Beimler J, Mehrabi A, Schmidt J,
Zeier M, Muranyi W: Antifibrotic actions of mycophenolic
acid. Clin Transplant 20[Suppl 17]: 25-29, 2006

Allison AC, Eugui EM: Mechanisms of action of mycophe-
nolate mofetil in preventing acute and chronic allograft
rejection. Transplantation 80[Suppl]: S181-5190, 2005

Celik B, Shapiro R, Vats A, Randhawa PS: Polyomavirus
allograft nephropathy: Sequential assessment of histologic
viral load, tubulitis, and graft function following changes
in immunosuppression. Am | Transplant 3: 1378-1382, 2003
Wadei HM, Rule AD, Lewin M, Mahale AS, Khamash HA,
Schwab TR, Gloor JM, Textor SC, Fidler ME, Lager DJ,
Larson TS, Stegall MD, Cosio FG, Griffin MD: Kidney

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

BKV Nephropathy and Kidney Transplantation 545

transplant function and histological clearance of virus fol-
lowing diagnosis of polyomavirus-associated nephropathy
(PVAN). Am | Transplant 6: 1025-1032, 2006

Hussain S, Bresnahan BA, Cohen EP, Hariharan S: Rapid
kidney allograft failure in patients with polyoma virus
nephritis with prior treatment with antilymphocyte agents.
Clin Transplant 16: 43-47, 2002

Farasati NA, Shapiro R, Vats A, Randhawa P: Effect of
leflunomide and cidofovir on replication of BK virus in an
in vitro culture system. Transplantation 79: 116-118, 2005
Andrei G, Snoeck R, Vandeputte M, De Clercq E: Activities
of various compounds against murine and primate poly-
omaviruses. Antimicrob Agents Chemother 41: 587-593, 1997
De Clercq E: Clinical potential of the acyclic nucleoside
phosphonates cidofovir, adefovir, and tenofovir in treat-
ment of DNA virus and retrovirus infections. Clin Microbiol
Rev 16: 569-596, 2003

Tong CY, Hilton R, MacMahon EM, Brown L, Pantelidis P,
Chrystie IL, Kidd IM, Tungekar MF, Pattison JM: Monitor-
ing the progress of BK virus associated nephropathy in
renal transplant recipients. Nephrol Dial Transplant 19:
25982605, 2004

Araya CE, Lew JF, Fennell RS 3rd, Neiberger RE,
Dharnidharka VR: Intermediate-dose cidofovir without
probenecid in the treatment of BK virus allograft nephrop-
athy. Pediatr Transplant 10: 32-37, 2006

Kuypers DR, Vandooren AK, Lerut E, Evenepoel P, Claes
K, Snoeck R, Naesens L, Vanrenterghem Y: Adjuvant low-
dose cidofovir therapy for BK polyomavirus interstitial
nephritis in renal transplant recipients. Am | Transplant 5:
1997-2004, 2005

Lim WH, Mathew TH, Cooper JE, Bowden S, Russ GR: Use
of cidofovir in polyomavirus BK viral nephropathy in two
renal allograft recipients. Nephrology (Carlton) 8: 318-323,
2003

Keller LS, Peh CA, Nolan J, Bannister KM, Clarkson AR,
Faull RJ: BK transplant nephropathy successfully treated
with cidofovir. Nephrol Dial Transplant 18: 1013-1014, 2003
Kadambi PV, Josephson MA, Williams J, Corey L, Jerome
KR, Meehan SM, Limaye AP: Treatment of refractory BK
virus-associated nephropathy with cidofovir. Am | Trans-
plant 3: 186-191, 2003

Vats A, Shapiro R, Singh RP, Scantlebury V, Tuzuner A,
Saxena M, Moritz ML, Beattie T], Gonwa T, Green MD,
Ellis D: Quantitative viral load monitoring and cidofovir
therapy for the management of BK virus-associated ne-
phropathy in children and adults. Transplantation 75: 105-
112, 2003

Bjorang O, Tveitan H, Midtvedt K, Broch LU, Scott H,
Andresen PA: Treatment of polyomavirus infection with
cidofovir in a renal-transplant recipient. Nephrol Dial Trans-
plant 17: 2023-2025, 2002

Burgos D, Lopez V, Cabello M, Sola E, Gutierrez C, Garcia
I, Siles ], Florez P, Gonzalez MM: Polyomavirus BK ne-
phropathy: The effect of an early diagnosis on renal func-
tion or graft loss. Transplant Proc 38: 2409-2411, 2006
Lopez V, Sola E, Gutierrez C, Burgos D, Cabello M, Garcia
I, Florez P, Lopez J, Gonzalez-Molina M: Anterior uveitis
associated with treatment with intravenous cidofovir in
kidney transplant patients with BK virus nephropathy.
Transplant Proc 38: 2412-2413, 2006

Lalezari JP, Stagg RJ, Kuppermann BD, Holland GN,



546 Clinical Journal of the American Society of Nephrology

Kramer F, Ives DV, Youle M, Robinson MR, Drew WL,
Jaffe HS: Intravenous cidofovir for peripheral cytomegalo-
virus retinitis in patients with AIDS. A randomized, con-
trolled trial. Ann Intern Med 126: 257-263, 1997

111. Stenlund A: Initiation of DNA replication: Lessons from
viral initiator proteins. Nat Rev Mol Cell Biol 4: 777-785,
2003

112. Leung AY, Chan MT, Yuen KY, Cheng VC, Chan KH,
Wong CL, Liang R, Lie AK, Kwong YL: Ciprofloxacin
decreased polyoma BK virus load in patients who under-
went allogeneic hematopoietic stem cell transplantation.
Clin Infect Dis 40: 528537, 2005

113. Randhawa PS: Anti-BK virus activity of ciprofloxacin and
related antibiotics. Clin Infect Dis 41: 1366-1367, 2005

114. Portolani M, Pietrosemoli P, Cermelli C, Mannini-Palen-
zona A, Grossi MP, Paolini L, Barbanti-Brodano G: Sup-
pression of BK virus replication and cytopathic effect by
inhibitors of prokaryotic DNA gyrase. Antiviral Res 9: 205—
218, 1988

115. Chandraker A, Ali S, Drachenberg CB, Wali R, Hirsch HH,
DeCaprio ], Ramos E: Use of fluoroquinolones to treat BK
infection in renal transplant recipients [Abstract]. Am |
Transplant 4: 587, 2004

116. Thamboo TP, Jeffery KJ, Friend PJ, Turner GD, Roberts IS:
Urine cytology screening for polyoma virus infection fol-
lowing renal transplantation: The Oxford experience. ] Clin
Pathol December 8, 2006 [epub ahead of print]

117. Kazatchkine MD, Kaveri SV: Immunomodulation of auto-
immune and inflammatory diseases with intravenous im-
mune globulin. N Engl ] Med 345: 747-755, 2001

118. Puliyanda D, Radha RK, Amet N, Hilo L, Jordan SC: IVIG
contains antibodies reactive with polyoma BK virus and
may represent a therapeutic option for BK nephropathy
[Abstract]. Am ] Transplant 3: 393A, 2003

119. Sener A, House AA, Jevnikar AM, Boudville N, McAlister
VC, Muirhead N, Rehman F, Luke PP: Intravenous immu-
noglobulin as a treatment for BK virus associated nephrop-
athy: One-year follow-up of renal allograft recipients.
Transplantation 81: 117-120, 2006

120. Cibrik DM, O’Toole JF, Norman SP, Shah R, Johnson K,
Arenas ], Meier-Kriesche HU: IVIG for the treatment of
transplant BK nephropathy [Abstract]. Am | Transplant 3:
370, 2007

121. Jordan SC, Vo AA, Peng A, Toyoda M, Tyan D: Intrave-
nous gammaglobulin (IVIG): A novel approach to improve
transplant rates and outcomes in highly HLA-sensitized
patients. Am ] Transplant 6: 459 —-466, 2006

122. Orbach H, Katz U, Sherer Y, Shoenfeld Y: Intravenous
immunoglobulin: Adverse effects and safe administration.
Clin Rev Allergy Immunol 29: 173-184, 2005

123. Funk GA, Steiger J, Hirsch HH: Rapid dynamics of poly-
omavirus type BK in renal transplant recipients. | Infect Dis
193: 80-87, 2006

124. Trofe ], Roy-Chaudhury P, Gordon J, Wadih G, Maru D,
Cardi MA, Succop P, Alloway RR, Khalili K, Woodle ES:
Outcomes of patients with rejection post-polyomavirus ne-
phropathy. Transplant Proc 37: 942-944, 2005

125. Ginevri F, Pastorino N, De Santis R, Fontana I, Sementa A,

Clin ] Am Soc Nephrol 2: S36-546, 2007

Losurdo G, Santopietro A, Perfumo F, Locatelli F, Maccario
R, Azzi A, Comoli P: Retransplantation after kidney graft
loss due to polyoma BK virus nephropathy: Successful
outcome without original allograft nephrectomy. Am ] Kid-
ney Dis 42: 821-825, 2003

126. Lipshutz GS, Mahanty H, Feng S, Hirose R, Stock PG, Kang
SM, Posselt AM, Freise CE: BKV in simultaneous pancreas-
kidney transplant recipients: A leading cause of renal graft
loss in first 2 years post-transplant. Am | Transplant 5:
366-373, 2005

127. Poduval RD, Meehan SM, Woodle ES, Thistlethwaite JR,
Haas M, Cronin DC, Vats A, Josephson MA: Successful
retransplantation after renal allograft loss to polyoma virus
interstitial nephritis. Transplantation 73: 1166-1169, 2002

128. Ramos E, Vincenti F, Lu WX, Shapiro R, Trofe J, Stratta R],
Jonsson ], Randhawa PS, Drachenberg CB, Papadimitriou
JC, Weir MR, Wali RK: Retransplantation in patients with
graft loss caused by polyoma virus nephropathy. Trans-
plantation 77: 131-133, 2004

129. Womer KL, Meier-Kriesche HU, Patton PR, Dibadj K, Bucci
CM, Foley D, Fujita S, Croker BP, Howard R], Srinivas TR,
Kaplan B: Preemptive retransplantation for BK virus ne-
phropathy: Successful outcome despite active viremia.
Am [ Transplant 6: 209-213, 2006

130. Al Jedai AH, Honaker MR, Trofe J, Egidi MF, Gaber LW,
Gaber AO, Stratta RJ: Renal allograft loss as the result of
polyomavirus interstitial nephritis after simultaneous kid-
ney-pancreas transplantation: Results with kidney retrans-
plantation. Transplantation 75: 490-494, 2003

131. Azzi A, De Santis R, Salotti V, Di Pietro N, Ginevri F,
Comoli P: BK virus regulatory region sequence deletions in
a case of human polyomavirus associated nephropathy
(PVAN) after kidney transplantation. | Clin Virol 35: 106—
108, 2006

132. Boucek P, Voska L, Saudek F: Successful retransplantation
after renal allograft loss to polyoma virus interstitial ne-
phritis. Transplantation 74: 1478, 2002

133. Nickeleit V, Mihatsch M]J: Polyomavirus allograft nephrop-
athy and concurrent acute rejection: A diagnostic and ther-
apeutic challenge. Am | Transplant 4: 838—-839, 2004

134. Randhawa P, Shapiro R: Conceptual problems in the diag-
nosis and therapy of acute rejection in patients with poly-
omavirus nephropathy. Am | Transplant 4: 840, 2004

135. Jahnukainen T, Malehorn D, Sun M, Lyons-Weiler ], Bigbee
W, Gupta G, Shapiro R, Randhawa PS, Pelikan R, Hauskre-
cht M, Vats A: Proteomic analysis of urine in kidney trans-
plant patients with BK virus nephropathy. ] Am Soc Nephrol
17: 3248-3256, 2006

136. Drachenberg CB, Papadimitriou JC: Polyomavirus-associ-
ated nephropathy: Update in diagnosis. Transpl Infect Dis 8:
68-75, 2006

137. McGilvray ID, Lajoie G, Humar A, Cattral MS: Polyoma-
virus infection and acute vascular rejection in a kidney
allograft: Coincidence or mimicry. Am | Transplant 3: 501-
504, 2003

138. Kiberd BA: Screening to prevent polyoma virus nephrop-
athy: A medical decision analysis. Am | Transplant 5: 2410—
2416, 2005



