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Abstract: BK polyomavirus is ubiquitous, with a seropositivity rate of over 75% in the adult population. Primary infection is
thought to occur in the respiratory tract, but asymptomatic BK virus latency is established in the urothelium. In immunocompro-
mised host, the virus can reactivate but rarely compromises kidney function except in renal grafts, where it causes a
tubulointerstitial inflammatory response similar to acute rejection. Restoring host immunity against the virus is the cornerstone of
treatment. This review covers the virus-intrinsic features, the posttransplant microenvironment as well as the host immune factors
that underlie the pathophysiology of polyomavirus-associated nephropathy. Current and promising therapeutic approaches to
treat or prevent this complication are discussed in relation to the complex immunopathology of this condition.

/

D olyomaviruses were first discovered by Ludwig Gross in

1953 as murine leukemia viruses. Notably, newborn
mice injected with cell-free extracts of murine leukemia tis-
sues developed adenocarcinomas of the parotid gland in ad-
dition to leukemia, suggesting that an infectious agent was
the cause of the malignancies." The infectious agent was
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named using the Greek words for many (poly) and cancer
(oma).” So far, about 30 species of polyoma viruses have been
identified in birds and mammals, including 13 in humans: BK,
JC, KI, WU, Merkel cell polyomavirus, H6, H7, H9, H10,
H12, STL, trichodysplasia spinulosa-associated polyomavirus,
and NJ.* BK polyomavirus was first isolated by Gardner
et al* in 1971 from the urine of a renal allograft recipient
and was named after the patient's name. Whether BK virus
is oncogenic is controversial, but a role in the development
of urothelial cancers has been proposed in immunocom-
promised patients.” In immunocompetent patients, the
presence of BK virus DNA was found in numerous cases
of bladder, urothelial’, and other tumors.®” However,
given the high prevalence of BK virus infection and latency
in those tissues, the detection of BK in tumors does not imply
a causal relationship.®

It is estimated that at least 75% of the adult population
is latently infected with BK virus.” Immunocompetent sub-
jects are usually asymptomatic, but immunocompromised
hosts can suffer BK-related complications. In kidney trans-
plant recipients, BK and possibly other polyoma viruses
can cause nephropathy and ureteral stenosis,'® whereas
hemorrhagic cystitis is prevalent in hematopoietic stem cell
transplantation (HSCT) patients.'? Rare cases of BK dis-
seminated disease (tubulointerstital nephritis, desquamative
pneumonitis, meningoencephalitis, and retinitis) have also
been described,'? especially in patients with acquired im-
mune deficiency syndrome.'?

Such wide range of presentations associated with BK virus
suggests that condition-specific interactions between host
and virus factors ultimately dictate the clinical complica-
tions related to BK virus reactivations. As an illustration,
polyomavirus-associated nephropathy (PVAN) in kidney
transplantation patients and hemorrhagic cystitis occur-
ring after HSCT are both associated with risk factors that
are specific for these conditions. In HSCT, risk factors
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notably include myeloablative conditioning,'* CMV vire-
mia,'* recipients of cord blood units,”* and acute graft-
versus-host disease,'® which may relate to 2 main factors,
urothelial damage (myeloablative conditioning) and profound
immunosuppression. Immunosuppression after kidney trans-
plantation is likewise necessary for the development of
PVAN as well as specific features uniquely associated with
renal transplants. As opposed to HSCT where BK reactiva-
tion occurs in host tissues, in kidney transplantation, the
virus reactivates in the graft and the infection is mostly
donor-derived.'® Bohl and colleagues'” have shown a con-
cordance in BK virus infection in receiving pairs from
the same donor, with a match in sequences of segments
of the 2 genes (noncoding control region [NCCR] and
virus-encoded protein [VP1]) in these patients compared
with recipients from different donors, strongly supporting a
donor origin of the virus in this case. Moreover, there is also
a higher rate of reactivation in recipients from BK
virus seropositive donors."®

This review focuses on the virology and BK-specific im-
munity in the context of renal transplantation, highlight-
ing the interplay between 3 major variables: the virus, the
kidney graft environment, and the immune system. The ra-
tionale and merit of actual as well as plausible future pre-
vention and treatment approaches for PVAN occurring
after BK virus reactivation are discussed in relation to
BK-associated immunopathology.

Epidemiology and Diagnosis of PVAN

Reactivation of BK virus in the transplant kidney can lead
to PVAN in up to 10% of kidney transplant recipients.'® BK
virus reactivation is first observed with the appearance of
decoy cells or BK virus DNA in the urine preceding viremia
by a median of 4 weeks.'® Decoy cells are virally infected
uroepithelial cells that can be observed with standard light
microscopy. They can be used as a screening method for
PVAN, but their positive predictive value is weak (11,.7%)."
These early findings are followed by BK viremia, which
precedes nephropathy by a median of 8 weeks. As such, vi-
remia has a better positive predictive value for nephropa-
thy than viruria, especially if viral load is more than
10 000 copies/mL,>**! with the caveat that BK virus poly-
merase chain reaction (PCR) assays are not standardized
across centers.”* Fifty percent of all detectable viremia oc-
curs in the first 2 months and 95% in the first 2 years after
transplant.'® This timing for reactivation may be related to
several factors including intense immunosuppression, tu-
bular injury and ensuing inflammation that characterize
the early posttransplantation period.

The intensity of immunosuppressive regimens is a risk fac-
tor for the development of PVAN.?* The occurrence of PVAN
correlates with the use and dosage of tacrolimus®*** and/or
mycophenolate mofetil,>*** antith%rmocyte globulin induc-
tion,”> and antirejection treatment.”® Other risks factors are
less consistently reported in the literature, but include various
recipient-related factors (older age, male sex*®), donor fac-
tors (degree of HLA mismatches and BK virus seropositive
status®’), and factors associated with renal injury (cold ische-
mia time, delayed graft function and ureteral stent place-
ment).>” The diagnosis of PVAN is highly suggested by the
detection of viral inclusion bodies on kidney biopsy but is
confirmed with immunohistochemical staining for simian
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virus 40 (SV40) large T antigen and/or in situ hybridization
for BK virus genetic sequences.”® According to the Banff
classification, the histopathological findings further cate-
gorize PVAN into 3 stages. Grade A refers to inflammatory
changes without acute tubular necrosis, while grade B is
defined by tubular epithelial cell lysis and acute tubular ne-
crosis. Finally, the presence of interstitial fibrosis characterize
grade C PVAN.?*>*° Graft prognosis correlates with PVAN
severity as 2-year graft survival is 90% for grade A, but
only 70% and 50% for grades B and C, respectively.®' Sev-
eral biomarkers have been developed to assess intrarenal
viral disease. The urinary polyomavirus-haufen test which
relies on the detection of urinary casts composed of
uromodulin, lysed tubular cell, and virions is reported to
predict PVAN onset, intrarenal viral activity, and resolu-
tion.>! Urinary VP1 messenger (m)RNA is also proposed
as a new biomarker to identify PVAN?Z which may be used
with granzyme B mRNA, proteinase inhibitor-9 mRNA,
and plasminogen activator inhibitor-1 mRNA to predict
graft failure risk.>*** Although promising, these tests require
further validation before widespread clinical use.>! Further-
more, granzyme B and proteinase inhibitor-9 mRNAs are
not specific for PVAN, and they were used as biomarkers in
the Clinical Trials in Organ Transplantation-04 study to pre-
dict acute cellular rejection.® Interestingly, the diagnostic
signature elaborated in this study was also associated with
BK virus infection,®® indicating that nonspecific surrogate
markers of immune activation can only be used in conjunc-
tion with other diagnostic information.

Virology and Pathogenesis of BK

BK polyomavirus genome shares about 72% nucleotide
homology with JC virus and 70% with SV40. It consists of
a single molecule of circular viral DNA of 5300 basepairs,
complexed with cellular histones (H2A, H2B, H3, H4) and
surrounded by an icosahedral capsid containing 3 virus-
encoded proteins, VP1, VP2, and VP3.3® BK virus genome
contains 3 functional regions: NCCR which regulates viral
replication and transcription, the early and the late regions.>”
The early region contains large tumor (LT) and small tumor
antigen proteins, which are derived by alternative splicing
of a common precursor®® and are believed to be the first pro-
teins expressed. The late region contains genetic information
for the 3 virus-encoded proteins (VP) and agnoproteins.®”

Role of the Viral Proteins

BK polyomavirus binds to the target cells through interac-
tion with 2 ganglioside receptors, GT1b and GD1b and then
uses caveolae-mediated endocytosis to reach the endoplasmic
reticulum®® (Figure 1). After partial uncoating of the virus by
reduction and isomerization of the disulfide bonds that link
VP1 proteins, BK virus retrotranslocates to the cytosol for a
second rearrangement of the capsid, thereby enabling a liai-
son to the nuclear pore and passage of viral DNA into the cell
nucleus,*” possibly facilitated by nuclear localization signals
on the minor capsid proteins, VP2 and VP3.*° After infection
of human kidney epithelial cells in vitro, LT expression is
observed at 36 hours before VP1 expression and viral
DNA replication*! and is required for viral DNA replica-
tion and expression of the late genes.** It can also induce
an oncogenic effect by specifically binding and inactivat-
ing tumor suppressor proteins, including retinoblastoma
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FIGURE 1. BK polyomavirus cell entry and infection. Representation of mechanisms of viral cell entry, trafficking, and infection highlighting ac-

tion on the cell cycle machinery.

family genes and p53 (Figure 1). Thus, it can promote the
transition of the cell into the S phase.*? In an elegant study,
Seemayer and colleagues** demonstrated with indirect im-
munofluorescence that the enlargement of nucleus seen in
polyomavirus-infected tubular cells is associated with viral
replication, large T antigen expression and p53 accumula-
tion. This observation correlates with an activation of the
cell cycle, as seen by the expression of Ki67. Viral replica-
tion can also lead to cellular demise. The absence of cas-
pase 3, bcl-2 as well as a regular distribution of nuclear
DNA indicates that cells die mostly by necrosis and not ap-
optosis, in accordance with the previous observation made
in PVAN patients by light and electronic microscopy.*

Viral Strains

We can classify BK virus as “archetype” or “rearranged”
types, based on the genotype of the NCCR. The NCCR reg-
ulates viral replication and transcription.*® The rearranged
variant implies numerous mutations in the NCCR region
which can amplify the replication potential,*” a phenomenon
that has been validated in vivo.*® In their meta-analysis,
Sharma and colleagues*® concluded that there is a correla-
tion between the rearranged variant and the development
of nephritis. Two hypotheses have been suggested to ex-
plain this relationship: (1) the rearranged variant is more
virulent and leads easily to nephritis, or (2) nephritis is as-
sociated with a more rapid viral turnover which favors the
development of mutations.*” Chatterjee et al***° found
both virus types can be found in peripheral blood cells of
healthy individuals. Hence, they proposed that leukocytes
may play a role in the NCCR rearrangement process and
transport of BK virus.

Transmission

The exact route of transmission from human to human is
unknown.>! Oral transmission has been proposed,®* but
the most accepted hypothesis is that BK is spread through

the respiratory tract.’* Primary infection is indeed associated
with upper respiratory symptoms in one third of children.**
Moreover, Goudsmit et al*> have demonstrated that BK sero-
conversion is present in 8% of children admitted to the hos-
pital for any upper respiratory tract illness, compared with
15% for adenovirus, influenza A, parainfluenza, respiratory
syncytial virus, and mycoplasma pneumoniae combined fur-
ther strengthening the hypothesis that primary BK infection
occurs through the respiratory tract.

Latency

After primary infection, BK virus persists mostly in the
renal tubular epithelial cells and the uroepithelium, in a
latent form. BK virus DNA was found in 33% of kidneys
by DNA-DNA hybridization in normal subjects®® and in
25% of fresh frozen prostate specimens of patients with
prostate adenocarcinoma, using nested PCR.>® It was also
found in 2 of 67 autopsy brain specimens with Southern
blot*” and in 17 of 18 healthy donors peripheral blood
leucocytes by PCR amplification with in situ hybridiza-
tion.’® Interestingly, Dolei and colleagues®® detected BK
virus NCCR DNA by nested PCR in 22% of healthy donors,
but the presence of VP1 DNA in only 7% of subjects, a prev-
alence that was declining with age. Noncoding control
region—positive prevalence in peripheral blood monocytes
cells was 37.5% in the younger than 20 years old group, to
12.5% in the 21 to 40 years, and 0% in the older than
40 years. Therefore, they hypothesized that blood cells do
not host biologically active BK virus for a long time after
acute infection or reactivation.’”

Reactivation

Seroprevalence in general population is about 50% in
children aged 4 years and more than 75% in adults.”
Newborns have maternal antibodies that decline with a
nadir at 6 months.” Viruria, which may represent the first
evidence of reactivation, can be detected in both healthy
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and immunocompromised subjects. Pregnant women can
have asymptomatic viruria,®® a possible consequence of
hormones (mostly glucocorticoid and the combination
of oestrogen and progesterone) on viral replication.®!
Viruria has also been noted in 7% of asymptomatic
healthy blood donors®® and in more than 60% in immu-
nocompromised patients.®® Indeed, in addition to kidney
transplant and hematopoietic stem cell transplant recipi-
ents, viral reactivation has been described in patients with
HIV,"? lupus erythematosus patients,®* Wiskott-Aldrich
syndrome,” hyperimmunoglobulin M immunodeficiency,®®
cartilage-hair hypoplasia, and Hodgkin's disease,’® in
nonrenal solid transplant®” and in multiple sclerosis pa-
tients receiving Natalizumab therapy.®®

In kidney transplant recipients, the virus initially replicates
in the distal tubular epithelial cells, leading to necrosis and
initiation of local damage and inflammation. The spread of
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virus in the adjacent environment will result in viruria and
the infection of adjacent cells. After this initial insult, denu-
dation and dissolution of the tubular basement membrane
occurs, allowing infection to spread in the intertubular
space and by peritubular capillaries resulting in viremia*
(Figure 2). This is followed by recruitment of inflamma-
tory cells in the tubulointerstitial space and viral spreading
to proximal cells. Infection control will normally occur
with the reestablishment of immune competence. A 2-hit
phenomenon is usually required for BK virus associated
nephropathy development: environmental factors promot-
ing viral replication and immunodeficiency.

Environmental Factors and the Inception of PVAN
Polyomavirus-associated nephropathy occurs early after

transplant, likely in the context of a “perfect storm” where im-

munosuppression is at its peak and active tubular lesions from
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FIGURE 2. Physiopathology of PVAN. Depiction of PVAN development form latency in the uroepithelium (top) to the development of renal in-

flammation and fibrosis (bottom).
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ischemia-reperfusion or surgical trauma coincide. Indeed, elec-
tron microscopic data of kidney biopsies from patients with
BK nephropathy demonstrated extensive tubular necrosis,
even of the noninfected cells. Therefore, the question is whether
tubular injury can trigger BK-mediated nephritis or does PVAN
require an environment conducive to tubular injury?*

Mouse model of polyomavirus infection demonstrated
that kidney damage, either chemical or ischemic, can pro-
mote viral replication.®” Viral replication is controlled by
the NCCR and can be regulated by numerous cellular
transcription factors, including nuclear factor I, Sp1, NFAT,
AP1, Smad3, estrogen response element, glucocorticoid re-
sponse element, and/or progesterone response element,
p53, NF-kB, C/EBP, and maybe PEA3, AP-2, CREB and
GM-CSF (as reviewed by Liang and colleagues).”® Several of
these molecules articulate numerous pro or anti-inflammatory
pathways that are active after kidney injury and that could
link ischemia/reperfusion, as well as inflammatory responses,
to BK virus replication. As examples are factors, such as
TGF-p and tumor necrosis factor «, that can directly enhance
transcriptional activity and promote viral replication.”® Mi-
croenvironmental factors can therefore explain the particular
vulnerability of the transplanted kidney. In addition, immuno-
suppression strategies could also directly activate viral replica-
tion. Hence, glucocorticoid pulses often used for treatment of
acute rejection are well-known risk factors for BK virus reacti-
vation.”® Independent of their effects on the immune system,
steroid hormones can increase virus transcription by their ac-
tion on glucocorticoid response element, and/or progesterone
response element and estrogen response element transcription
factors on NCCR.”! Once the virus has started to replicate, it
must be held in check by a proficient immune system.

Immunology of PVAN

Cellular

T cells, especially CD8+, are pivotal to the anti-BK re-
sponse and surveillance because they can detect and kill in-
fected cells. The presence of BK virus specific T cells in the
blood of seropositive healthy patients was demonstrated by
T cell production of IFN-y, TNF-a, granzyme A and B, and
CD107 expression after stimulation with BK's VP1 and LT
antigens.”” This was also demonstrated in patients with BK
viremia and nephropathy by assessing [FN-y—producing cells
by flow cytometry and multiplex analysis of the supernatant
of peripheral blood mononuclear cells stimulated with BK
VP1 peptide mix.”* Cellular immune responses against LT
and VP1 antigens are also higher in patients with decreasing
or past viremia compared with those with increasing or
persisting viremia,”* or BK nephropathy,” suggesting again
that they play a role in the control and resolution of BK virus
reactivation. Additional evidence of T cell activation during
viremia or PVAN includes the expression of mRNA associ-
ated with a cytotoxic program in T cells.”®

In a study by Comoli and colleagues,”” transplant recipi-
ents with or without BK viruria had lower BK-specific T cells
evaluated by enzyme-linked immunospot assay (ELISpot)
compared with healthy patients, which may suggest an im-
pact of immunosuppression on BK immunosurveillance.
However, Chakera et al”® failed to demonstrate a correla-
tion between BK-specific T cells against any of BK peptides
by ELISpot assays and tacrolimus trough levels or the
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total burden of immunosuppression, suggesting other factors
must contribute to the lack of specific immunity post trans-
plant. In the study by Comoli et al,”” viremic patients had un-
detectable CD4 and CDS8 for BK virus. Appearance of
BK-reactive T cells coincided with graft function improve-
ment and resolution of viremia results that had been con-
firmed by at least 2 other groups.”®”” Compared with
viremic patients without BK nephropathy, patients recov-
ering from an episode of viremia had improved T cell re-
sponse, as evaluated by ELISpot.”” With the inherent
limitations associated with testing peripheral blood and
not lymphoid organs or the kidney, these data nonetheless
suggest that the restoration of immune competence is cen-
tral to viral control.

Mueller and colleagues®® have found that the 5 BK virus
specific proteins (VP1, VP2, VP3, LT, sT) were able to elicit
memory T cell response, demonstrated by specific produc-
tion of IFN-vy, IL2, and TNF-a by flow cytometry analysis.
All patients with a history of PVAN had a response to at least
VP3 and 74% had a response to all 5. Also, these patients
had a greater CD4 response than patients with asymptomatic
viremia, as seen by a greater production of IL-2 and INF-y.*°
However, T cells producing 3 cytokines (IFN-vy, IL2, and
TNF-a) were more frequent in patients with asymptomatic
viremia or no BK virus reactivation compared with PVAN
patients, suggesting a possible protective role, or that strong
T cell activation in PVAN leads to exhaustion and loss of
polyfunctional responses.®’ In a study by Schmidt et al,®!
transplant recipients with BK virus complications had more
BK-specific T cells but less polyfunctional compared to trans-
plant recipients without BK complications, suggesting also
exhaustion of those T cells.

T cells recognize peptide antigens presented by HLA mole-
cules. HLA matching could therefore be important to elicit an
optimal response. Whether HLA mismatching has an impact
on PVAN is controversial. Although some studies found an
association between BK virus nephropathy and HLA mis-
match,?? others did not.®® With the significant caveat that pa-
tients with many HLA mismatches are more aggressively
immunosuppressed, thereby impeding antiviral T cell re-
sponses, HLA mismatching could further limit viral antigen
recognition on mismatched HLA molecules. Matching of
HLA-A2, B44, and DR15 may be protective against BK vire-
mia,** and the absence of C7 in either the donor or the recip-
ient may be a risk factor for BK infection,'” a result that was
not confirmed in another cohort.®’

Little is known about the resolution process of PVAN.
There is an inflammatory response resembling histologically
and genetically to acute rejection.”®®® Whether this response
is appropriate or is overwhelming, as an immune reconstitu-
tion syndrome, is not known. Two questions remain, does
this process trigger fibrosis®” and/or allospecific damage ?
In the study by Menter and colleagues,®® PVAN resolution
was not associated with fibrosis, but all biopsies were ob-
tained relatively early after PVAN resolution (within 1 year).
Despite the risk of alloreactive damage, the central tenet of
PVAN prevention and treatment is a reduction in iatrogenic
T cell immunosuppression.

Humoral

Many studies used serological testing as a surrogate maker
for B cells activity in BK virus infection. However, 2 critical
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elements must be considered: (i) no current serological assay
is standardized®® and (ii) seropositivity indicates that a pa-
tient has been in contact with the virus and seroconverted,
but this does not imply the development of effective anti-BK
T cell memory responses which are principally needed to con-
trol BK reactivation.””

Qualitative and Quantitative Serostatus

Pediatric studies demonstrated a correlation between sero-
negative status and an increase risk of viruria®” and PVAN.”®
However, this correlation is controversial in adults. Two hy-
potheses have been proposed to explain the difference be-
tween these 2 patient populations. First, seropositivity may
decline with time.”* Shah and colleagues® reported 100%
seropositivity at 10 to 11 years old and 67% after 35 years
old. Hence, antibodies may be present, but under the thresh-
old of detection. Second, adults have been exposed to many
different viruses and may have acquired a cross-reactive pro-
tection.®” Bohl et al”®> demonstrated that a seropositive status
in adults pretransplant does not prevent viremia and Hirsch
et al*® showed that seronegativity in patients before trans-
plantation is not a risk factor for PVAN. However, another
group found a higher risk for BK viremia in seronegative re-
cipients who received a kidney from a seropositive donor.”*
These discrepancies may be accounted by variability in the
assays used to detect BK-specific antibodies and quantitative
differences in anti-BK antibody titers. It was previously
shown that viremic patients had a lower antibody level
pretransplant than those who never developed BK viremia.”?
Moreover, kidney recipients from a seropositive donor will
have a larger increase in antibody titers than those receiving
a graft form a seronegative donor,'® regardless of their own
status. This suggests that BK virus transferred through the
transplanted kidney can elicit a host primary or recall hu-
moral response. Finally, there is an increase in IgG titer with
PVAN resolution, suggesting humoral immunity could play a
role in viral control.”

Innate Immune Response

Natural Killer Cells

Natural killers (NK) cells play an important role in the
innate immune response against viral infections, and
probably in polyoma infection/reactivation as well.”® Nat-
ural killer cell activity is controlled by opposing signals
that come from a balance between activating and inhi-
bitory receptors and can contribute to the orchestration
of the adaptive immune response as well as mediating direct
killing of infected cells. Many strategies are developed by
viruses to avoid recognition by NK cells.”® For example, BK
virus microRNA can mediate downregulation of the NKG2D
ligand ULBP3.”” Trydzenskaya and colleagues’® found a re-
lation between activating killer cell immunoglobulin-like
receptors genotype and the control of BK virus infection as
well as nephropathy in kidney transplant recipients. Natural
killer cells from PVAN patients had lower activating recep-
tors compared to the control group. However, they did not
find any correlations between killer cell immunoglobulin-
like receptors, HLA compatibilities, and BK virus infection.”®
Although less studied than in T cells, the impact of immuno-
suppressive therapy on NK function reveals that NK cells
are inhibited by currently used medications. Cyclosporine
A affects NK cell function, phenotype’ and proliferation,'%°
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whereas prednisolone inhibits their proliferation when ex-
posed to allogenic tubular epithelial cells and tacrolimus
may counter their capacity to degranulate in the same con-
text.'®! Also, mycophenolate mofetil possibly inhibits prolif-
eration induced by IL-2."% However, the relative importance
of NK cells relative to other immune effectors remains to be
defined and whether NK cells could be mobilized for preven-
tion or therapy of BK-related diseases is unclear.

Dendritic Cells

Dendritic cells (DC) are central to the adaptive cell re-
sponse, as they are efficacious antigen-presenting cells. Kid-
ney transplantation and chronic immunosuppression lead
to an absolute decrease in DC counts in the peripheral
blood.'*>'9 Transplant surgery in itself induces a strong
decline in the number of DC (and possibly with a greater
reduction for plasmatoid DC'??), in kidney transplant re-
cipients as well as in kidney donors. This decline can last
up to 3 months after surgery.'%* As opposed to donors, pa-
tients on chronic immunosuppression fail to recover nor-
mal counts.'%* Hackstein and colleagues'®* demonstrated
that all DC subtypes were lower in patients treated with
long term immunosuppression (more than a year) in kid-
ney transplant recipients compared to age and sex matched
controls, independently of total leucocyte count. Despite
this possible DC deficiency, Yapici and colleagues'®® found
significant amount of myeloid DC in PVAN biopsies and
those cells were found closely to BK virus infected tubules,
suggesting a role in PVAN physiopathology.

Pretransplant DC deficiency, both absolute and functional,
is associated with an increased BK viremia risk after trans-
plant, even after adjustment for ureteral stent, tacrolimus
and cyclosporine use.'*® Functional DC deficiency was eval-
uated by the production of IL-12 of a pool of peripheral
blood mononuclear cells after lipopolysaccharide (LPS) stim-
ulation. Furthermore, the absolute DC number in PVAN pa-
tients is reduced compared with other kidney recipients,
despite the presence of ureteral stent and the use (not trough
level) of tacrolimus.'® Whether these findings reflect a direct
impact of DC deficiency on BK reactivation is unclear. None-
theless, DC levels and function could be further studied as
biomarkers for the prediction of BK reactivation and disease.

Monocytes/Macrophages

Little is known about monocytes' role in BK nephropathy.
Patients with BK viruria (not PVAN) have increased soluble
interleukin-1 receptor antagonist levels in their urine, a coun-
ter regulator of monocyte activation which can be produced
by monocytes (as well as other cell types, as endothelial and
epithelial cells upon inflammatory stress).'’” More research
is needed to decipher the role of inflammatory macrophages
(M1) and anti-inflammatory (M2) macrophages in PVAN,
as they could, respectively, propagate the initial immune re-
sponse and orchestrate the resolution of inflammation as well
as the development of fibrosis.

Current Therapeutic Approaches

A first strategy to prevent BK reactivation would be to tai-
lor immunosuppressive regimen according to BK virus reacti-
vation risk. Unfortunately, no reliable prediction model is
available currently to recommend such an approach.'%%:1%?
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Hence, a preemptive strategy is used. According to the Kid-
ney Disease | Improving Global Outcomes (KDIGO) recom-
mendations, BK screening should be performed monthly
early after transplant (first 3-6 months), then every 3 months
until the end of the first year posttranslant.'® Testing should
be repeated and performed at increased frequency if there is
an unexplained rise in serum creatinine and after treatment
for acute rejection. Polymerase chain reaction quantification
of BK viremia is recommended as the screening method be-
cause it has the best sensibility and specificity.'” If not acces-
sible, urinary cells or urinary PCR are acceptable surrogate
markers of BK reactivation.'”'!!" Kidney biopsy of patients
with viral load of 10000 copies/mL should be performed as
it is highly associated with PVAN.?%*! Absence of histological
changes associated with PVAN, associated with viremia over
10000 copies/mL. may be called “presumptive PVAN.” The
conventional approach is to treat these patients as definitive
PVAN. However, to minimize the risk of acute rejection asso-
ciated with a reduction in immunosuppression in patients who
might not develop definitive PVAN, Nickeleit and Singh®' re-
cently proposed to better stratify these patients using the uri-
nary polyomavirus-haufen test and urinary mRNA in order
to personalize therapeutic interventions and avoid under
treating BK reactivation in the kidney. These complementary
analyses are not available to all centres and have not made
their way into the KDIGO recommendations.

When there is viral reactivation, the only recommended
treatment is a reduction in immunosuppression (KDIGO),
but it comes with the risk of acute rejection.''* These approches
include to first reduce the calcineurin inhibitor,?*1>115 or
reduce/discontinue the anti-metabolite,''®'!” to reduce them
both simultaneously'**12° or to switch to less potent drugs,
such as cyclosporine A (if tacrolimus is used as first
line), 83113121122 474 thioprine, sirolimus'*? or leflunomide.
However, these protocol have never been compared head
to head, thereby leaving clinicians rely on their experience
and the clinical context. There are only 4 randomized-
controlled trials on PVAN prevention or treatment (Table 1).
Despite the lack of clinical evidence supporting a particular
approach, many treatments are proposed for PVAN notably
based on the demonstration of anti-viral activity in vitro. The
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authors use the following approaches. An initial step is to re-
vise downward the calcineurin inhibitor target levels and
halve the antimetabolite dose. If possible, we randomize
PVAN patients in clinical trials. In certain cases, leflunomide
(with or without sirolimus) is used upfront or as a second line
by some of us.

Sirolimus

The mammalian target of rapamycin complex-1 inhibitor
Sirolimus is used as an immunosuppressive drug owing
mostly to its capacity to inhibit IL-2 dependent T cell prolifer-
ation. It also has an impact on effector T cell metabolic pro-
gramming and TReg generation and maintenance.'** In
addition, Sirolimus was shown in vitro to reduce LT antigen
replication but not BK virus DNA replication.'?* This could
also occur in vivo and provide direct antiviral effects.'*®
However, Sirolimus is likely less potent as an immunosup-
pressive agent than calcineurin inhibitors.'*”'*® Hence, it
might be difficult to dissect the relative contribution of
immunomodulation and antiviral effects in human studies.

Leflunomide and Cidofovir

Leflunomide has been increasingly used in PVAN patients.
In its active form, A771726, Leflunomide inhibits protein ki-
nase activity and the synthesis of pyrimidines.'*® In vitro, it
reduces LT antigen expression and BK DNA replication.'*°
Cidofovir is a cytosine nucleoside analog which inhibits viral
DNA polymerase in cytomegalovirus infections, but its anti-
viral effect in BK nephropathy is not known.'?' Although
proposed as a potential therapeutic agent in PVAN, concerns
remain related to Cidofovir's nephrotoxicity in patients with
precarious renal function. Also, a pharmacology study con-
cluded that Leflunomide and Cidofovir activity against BK
virus is modest and that the selectivity index is low.!*? Fi-
nally, a systematic review on the treatment of PVAN con-
cluded that there is no benefits of adding Cidofovir or
Leflunomide to reduction of immunosuppression.''> How-
ever, and as pointed by the authors, this conclusion is made
from small cohorts and has not been addressed in a large
randomized study.

Randomized trials for prevention or treatment of BK virus infection in kidney transplant recipients

Study Population Protocol

Follow-up Primary outcome Results

Knoll, JAMA, 2014;
312 (20):2006-14.

154 KTR 3 mo of Levofloxacin
500 mg daily)

or placebo

Lee, CJASN, 2014; 39 Viremic KTR 1 mo of Levofloxacin

9(3):583-389 500 mg daily
or placebo
Guasch, Transplantation 46 Newly diagnosed ~ FK778 or reduction of
2010; 90(8):891-897  or untreated PVAN immunosuppression
Brennan, Am J T; 200 KTR FK506 or CyA

2005; 5(3): 582-594

46,5 wk (levofloxacin),

Occurrence of BK viruria
within the first year

29% (levofloxacin) vs

46,3 (placebo) 33,3% (placebo) ;

after transplantation Hazard ratio, 0.91;
95% Cl, 0.51-1.63;
P=10.58
6 mo Percentage reductionin ~ 70,3% (levofloxacin) vs
plasma BK viral load 69,1% (placebo),
at 3 months P=093
6 mo Change in urine BK -3,1 (FK778) vs —2,8
viral load (control) P = 0.586
1y Incidence of BK virus Viruria: 46% (FK506) vs

infection with
tacrolimus versus
cyclosporine

13% (CyA), P=0.005
Viremia : 12% (FK506) vs
11% (CyA) P=1

KTR, Kidney transplant recipients; CyA, cyclosporine A.
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Quinolone

Fluoroquinolones could also have an in vitro activity
against polyomaviruses.'** They inhibit the helicase activity
of SV40 LT antigen,'** as well as DNA topoisomerase. '
However, 1 month of levofloxacin was not superior to stan-
dard treatment in the treatment of BK viremia,'*® and a
3-month course after transplant failed to prevent viruria
and was associated with bacterial resistance in a randomized
control trial.'3”

Immunoglobulin

IVIG were also proposed to treat BK nephropathy. As
for other viral infections, the main effect of such treatment
would be from neutralizing antibodies preventing cellular
infection.'*® There is evidence supporting that this treat-
ment might be useful in some refractory cases.'** In vitro,
c-incubation of BK virus with IVIG for 2 hours before
WI-38 cells infection led to more than 90% diminution
of viral DNA after 7 days in culture.'*® However, this
effect was significantly diminished if IVIG treatment
was given directly to cells before or 2 hours after the in-
fection, suggesting direct neutralization of BK virus by
BK-specific antibodies.

Cyclosporine A

The widely used calcineurin inhibitor cyclosporine A was
also shown to inhibit LT antigen and VP1 in vitro. However,
its inhibitory effect on BK-specific T cells may override its
benefits.”* A randomized controlled trial comparing cyclo-
sporine A to Tacrolimus demonstrated a lower incidence
of viruria in the cyclosporine A group, but no decrease in

Screening for BK virus

reactivation
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viremia.'"® Whether these effects can be related to the antivi-
ral effects or the relative reduced potency of cyclosporine
A0 a5 an immunosuppressive drug is unknown.

In summary, very little evidence would support any strat-
egy over the others. As such, clinical trials are required
to define the best pharmacological approach to BK virus
reactivation and PVAN. However, based on the available
information, current clinical practices and existing recom-
mendations, we can outline an algorithm (Figure 3) to
guide clinical practice and summarize the areas of uncer-
tainty. Currently, leflunomide, cidofovir, quinolones, and
IVIG are not Food and Drug Administration-approved for
PVAN treatment. Tacrolimus, cyclosporine A and sirolimus
are approved for the prevention of organ rejection in the kid-
ney transplant recipients, but not specifically to PVAN pre-
vention or treatment.

Perspectives

To this day, reduction in immunosuppression remains the
cornerstone of PVAN treatment, highlighting the role of the
host’s immune system in controlling viral reactivation and in-
fection of the transplanted kidney. Unfortunately, reducing
immunosuppression puts the patient at risk of rejection.
Hence, providing specific anti-viral immunity without risking
organ-threatening alloreactivity remains an unachieved goal.
To overcome this hurdle, several approaches using immuno-
suppressive drugs with anti-viral properties are under evalu-
ation, including the use of Everolimus (ClinicalTrials.gov
NCT01624948, NCT01289301, and NCT01911546) and
the association of Sirolimus and Leflunomide (controlled-
trials.com ISRCTN40228609).

First year ofter transplant

lai P
Arleoit sveey menil % 3+ Unexplained rise in serum

creatinine

months, then every 3 months

After treatment of acute
rejection

Serum PCR > Urine PCR > Decoy cell

ootz
Viremia > 10 000 copies/mlL 2
Follow viremia Ne
Decrease i ppression” <
e ——

Re-classify with the
polyomavirus-haufen
test or urinary
mRNA and treat if it
is positive®

* Zone of uncertainty, no available guidelines

Reduction of the
immunosuppression

Y

Definitive PYAN

* Reduce the CNI

+ Reduce the anti-metabolite

+ Reduce both ICN and anti-
metabolite

+ Switch tacro for CsA or sirolimus

* Switch MMF for AZA or
leflunomide

+ Other alternatives: Cidofovir,
quinolone, IVIG.

FIGURE 3. Prevention and treatment of PVAN. Clinical algorithm based on current guidelines and available evidence. The areas of uncer-
tainties are indicated (*). AZA, azathioprine; CNI, calcineurin inhibitor; CsA, cyclosporine A; MMF, mycophenolate mofetil; tacro, tacrolimus.
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Because cellular immunity is the key to control BK virus re-
activation, measures to augment BK-specific T cell may be-
come a form of next-generation PVAN treatment. There are
2 ongoing studies evaluating the presence of BK-specific
T cells to predict risk of BK reactivation and nephropathy
(ClinicalTrials.gov NCT02049827 and NCT01109186).
These studies may provide important information about the
degree of T cell immunity required to protect against the de-
velopment of PVAN. Several approaches may be considered
to boost BK-specific immunity, among them adoptive immu-
notherapy which seems particularly promising.

Adoptive T cell immunotherapy refers to the transfer of
ex vivo-manipulated T cells. The use of ex vivo “educated”
T cells to prevent or treat viral reactivation in multiple
settings has been shown to be safe and efficacious. This
approach was developed in the early 1990s to treat hemato-
poietic stem cell transplant patients suffering from EBV-
related complications.'*! There is now evidence that several
infectious agents can be treated with this approach in both
HSCT and solid organ transplant patients. Although requir-
ing expert cell-processing capabilities and clinical cell therapy
infrastructure, anti-viral adoptive immunotherapy has been
shown to be cost-effective for the treatment of CMV and
EBV-related complications.'**** The feasibility of produc-
ing autologous BK-specific T cells lines from viremic renal
transplant patient was initially demonstrated by Comoli
and colleagues.'** Peripheral blood mononuclear cells were
stimulated using autologous DC pulsed with BK virus anti-
gen and exogenous IL-12, IL-7, and IL-2. In addition to
the production of BK-reactive conventional T cells, the cul-
ture generated up to 66% Yo T cells which were found
to be active against BK infected cells in vitro. A role for y6
T cells in the control of BK infection in vivo remains to be
demonstrated, but innate lymphoid cells are increasingly rec-
ognized a key actors in viral infections.'** A second group
successfully expanded 15 BK-specific T cell lines, including
one from a viremic kidney transplant recipient. However,
cell expansion was limited and up to 20% NK cells were
present in the final product.'*® Finally, the first demonstra-
tion that BK-specific T cell lines could be used clinically
came from the Baylor College of Medicine group who
treated HSCT patients with donor-derived multivirus-
specific T cell lines.'*” The treatment cleared BK viremia
in 5 of 7 patients and was not associated with significant
side effects.

CONCLUSIONS

The occurrence of BK virus nephropathy almost exclu-
sively in kidney transplant recipients but not in similarly im-
munosuppressed patients or in other settings of kidney injury
indicates that a convergence of factors hinging around local
injury and immunosuppression lead to PVAN. Additional
factors may be the virulence of the donor-derived virus and
HLA-mismatching. Despite these limitations, the central
aspect of PVAN prevention and treatment remains a profi-
cient host T cell immunity. To better prevent or treat
BK-associated nephropathy, several variables will have to
be defined, notably the relative contribution of virus-
related and inflammation-related damage to renal dys-
function. Intervention trials designed to target the virus
and/or fine tune BK-specific immunity will be required
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to ultimately define the best approaches to protect renal
transplant recipients against PVAN.
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