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SUMMARY

BK polyomavirus (BKV) frequently causes nephropathy (BKVN) in Kidney transplant recipients
(KTRs). BKV has also been implicated in the etiology of bladder and kidney cancers. We
characterized BKV variants from two KTRs who developed BKVN followed by renal carcinoma.
Both patients showed a swarm of BKV sequence variants encoding non-silent mutations in surface
loops of the viral major capsid protein. The temporal appearance and disappearance of these
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mutations highlights the intra-patient evolution of BKV. Some of the observed mutations conferred
resistance to antibody-mediated neutralization. The mutations also modified the spectrum of
receptor glycans engaged by BKV during host cell entry. Intriguingly, all observed mutations were
consistent with DNA damage caused by antiviral APOBEC3 cytosine deaminases. Moreover,
APOBEC3 expression was evident upon immunohistochemical analysis of renal biopsies from
KTRs. These results provide a snapshot of in-host BKV evolution and suggest that APOBEC3
may drive BKV mutagenesis in vivo.

eTOC blurb

BK polyomavirus causes nephropathy in kidney transplant patients. Peretti et al. show that, during
the development of nephropathy, BKV acquires mutations that confer a selective advantage to the
virus. The sequence changes are suggestive of a role for cellular APOBEC3 DNA cytosine
deaminases in driving BKV mutagenesis in vivo.

"
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INTRODUCTION

BK polyomavirus (BKV) infections are typically acquired early in life, likely through an
oral or respiratory route. Although the virus establishes chronic asymptomatic infection in
the epithelial cells of the urinary tract, in immunosuppressed individuals it can replicate to
pathogenic levels. BKV causes post-transplant nephropathy (BKVN) in up to 10% of kidney
transplant recipients (KTRs)(Bennett et al., 2012; Rinaldo et al., 2013).

Recent findings suggest that BKV genotypes 1b2 and IV are commonly associated with the
development of BKVN (Krautkramer et al., 2009; Schmitt et al., 2014; Schwarz et al.,
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2016). It appears that virus in the donor kidney can “hitchhike” and replicate to high levels
in recipients who initially lack neutralizing antibody responses to BKV genotypes present in
the graft (Pastrana et al., 2012; Scadden et al., 2017; Schmitt et al., 2014; Schwarz et al.,
2016; Solis et al., 2018).

Mounting evidence suggests that BKV can play a causal role in cancers of the urinary tract,
particularly in the KTR population. Epidemiological data show an increased risk of kidney
and bladder cancer in KTRs (Frasca et al., 2015; Tillou and Doerfler, 2014) and large T
antigen (LT)-positive high-grade urinary tract tumors have been reported in these patients
(Kenan et al., 2015; Kenan et al., 2017; Papadimitriou et al., 2016; Yan et al., 2016). In
recent studies, KTRs with a clinical history of BKV replication after transplantation have a
significantly increased risk of developing bladder carcinomas relative to matched BKV-
negative KTRs (Gupta et al., 2018; Liu et al., 2017; Rogers et al., 2017).

Polyomaviruses require sialylated glycan receptors for infectious entry into cells (O’Hara et
al., 2014), and the BC loop on the apical surface of the VP1 major capsid protein appears to
be a critical determinant of glycan receptor specificity (DeCaprio and Garcea, 2013; O’Hara
et al., 2014). In addition to dictating the cell-surface glycans used for infectious entry,
mutations in VP1 apical surface loops can also allow polyomaviruses to escape from
antibody-mediated neutralization (Pastrana et al., 2013; Ray et al., 2015).

APOBEC3 (A3) proteins are a family of sSDNA cytosine deaminases that provide innate
antiviral defenses by catastrophically mutating the genomes of DNA-based viruses,
including retroviruses, parvoviruses and herpesviruses (Harris and Dudley, 2015; Salter et
al., 2016; Siriwardena et al., 2016; Stavrou and Ross, 2015). Human APOBEC3B (A3B)
preferentially deaminates cytosines in a TCA trinucleotide context, with less efficient
deamination of other contexts (broadly represented as YCD in IUPAC code) (Burns et al.,
2013). Evidence from in vitro models (Hoopes et al., 2017) and tumor sequencing data
(Burns et al., 2013; Roberts et al., 2013) suggests that nuclear DNA cytosine deamination
and erroneous repair can result in substitution of the original cytosine with any base.

A recent report has shown that BKV LT expression up-regulates A3B in cultured cells
(\Verhalen et al., 2016). The study also showed that BKV genome sequences are relatively
deficient in preferred A3B target sites. These findings are reminiscent of previous reports
pointing towards a complex reciprocal interplay between A3B and cancer-associated human
papillomavirus (HPV) types (Vieira et al., 2014; Warren et al., 2015a; Warren et al., 2015b).

In this study, we examine the biology of BKV variants found in two case studies of KTRs
who developed BKVN followed by clear cell renal cell carcinoma (ccRCC). Our results
suggest a model in which BKV uses host A3B to acquire beneficial mutations that allow the
virus to escape neutralizing antibodies and shift the spectrum of cell-surface glycans the
virus engages for infectious entry.
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BKYV sequence variants from two KTRs who developed nephropathy and renal carcinoma

Previously described sequence-unbiased polyomavirus detection methods (Peretti et al.,
2015) were applied to serum and urine specimens from two KTRs (described in detail in
STAR Methods). The samples were collected at roughly the time the patients were
diagnosed with BKVN. Deep sequencing of rolling circle amplification (RCA) products
showed that both subjects had BKV genotype IVc2 in their serum and urine. The dominant
sequence identified in Patient 1 (Pt1) was identical to isolate FIN-2 (GenBank: AB260033)
except for two point differences (G2677A and T3823C), while isolate LAB-33 (GenBank:
AB301097) was dominant in Patient 2 (Pt2). The analysis of next-generation sequencing
(NGS) data did not reveal reads with similarity to other BKV-like sequences or to JC
polyomavirus (JCV, a close relative of BKV).

In addition to the inferred wild-type (wt) VP1 protein sequence, which was identical in the
two patients, we detected a total of 12 non-silent mutations in the VVP1 coding region at
varying abundances (as reflected in relative read counts). The mutations were mostly
localized to the BC loop (VP1 amino acids 57-89)(Dugan et al., 2007). Many of these
mutations have previously been observed in a BKV genotype | background and sporadically
reported in BKV-1V isolates from the urine of KTRs (Boldorini et al., 2009; Krautkramer et
al., 2009; Tremolada et al., 2010). VP1 mutations were evident in both serum and urine from
Pt1, but only in urine from Pt2. Table 1 summarizes the mutations with their estimated
relative abundance based on read counts. Nearly all reads covering the BC loop from Pt1
carried at least one non-silent mutation, suggesting that fully wt VVP1 sequences were very
rare or completely absent around the time of BKVN diagnosis. Intriguingly, all of the 12
observed VP1 mutations are consistent with the A3B signature, with deamination affecting
the antisense DNA strand. The TCW-to-TKW mutational signature is strikingly reminiscent
of the dominant pattern of mutations in bladder cancers (Burns et al., 2013).

To gain insight into VP1 sequences throughout the development and resolution of BKVN,
we performed Sanger sequencing on VP1-specific PCR products obtained from other serum/
urine samples collected at different time points. Figure 1 summarizes how VP1 mutations
appear to have evolved over time. Variants were detected in the form of “split peaks” in
sequencing chromatograms. Discernible split peaks confirmed on both DNA strands were
only observed for the major mutations within the BC loop (D62N and E73K for Pt1, D62N
and D77N for Pt2). When present, mutations were found together with the wt counterpart,
which always seemed to predominate (based on the relative heights of sequencing peaks). In
both subjects, only wt VP1 was observed at early time points, with mutations appearing
around the time of BKVN diagnosis. Mutations were not detectable in later serum samples
from Pt1, suggesting that the mutants were cleared and replaced with wt strains after the
resolution of BKVN. The final serum samples of both individuals did not yield any PCR
products, as expected in BKVN resolution, where a dramatic reduction in urine and plasma
BKYV DNA load typically occurs (Costa and Cavallo, 2012). Sanger sequencing revealed
only wt VP1 sequences in serum from Pt2, consistent with NGS results. Samples collected
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prior to transplantation were also available from both subjects, but all PCR amplification
attempts failed, as expected for non-immunosuppressed individuals.

Beyond VP1 mutations, the deep sequencing revealed other variations across the genome of
the patients’ BKV isolates at the time of BKVN (Table S1). A majority of the additional
point mutations were consistent with the A3B signature.

BKYV neutralization serology

We next set out to use neutralization serology to address two hypotheses. First, we
hypothesized that Pt1 and Pt2 acquired their nephropathic BKV-1V infections from their
respective kidney donors. Second, we hypothesized that some of the observed non-silent
mutations in VP1 might impart greater fitness to the virus by allowing escape from the
recipients’ neutralizing antibody responses. This scenario, in which individual point
mutations allow the virus to evade antibody-mediated neutralization, would be reminiscent
of recent studies of JCV (Geoghegan et al., 2017; Jelcic et al., 2015; Ray et al., 2015).

Initially, we performed neutralization assays using wt BKV genotype | (subtype la) and
BKYV genotype 1V (subtype 1\VVc2) reporter pseudoviruses, as previously described (Pastrana
et al., 2012; Pastrana et al., 2013). As shown in Figure 2A, donor sera efficiently neutralized
both BKV-1 and BKV-1V. This suggests that, in both cases, kidney donors were co-infected
with BKV-I and BKV-IV. In contrast, both recipients were seronegative for BKV-1VV
neutralization and only modestly seropositive for BKV-I neutralization prior to
transplantation. After transplantation, both patients seroconverted for BKV-1V. These
findings suggest that both recipients acquired donor-derived de novo BKV-1V infections that
presumably “hitchhiked” in the engrafted kidneys.

Reporter pseudoviruses representing the inferred wt or patient-specific mutant VP1 (BC
loop) sequences observed in NGS were tested on three different cell lines known to support
infectious entry by BKV and JCV pseudoviruses (293TT, ART and SFT) (Pastrana et al.,
2013; Ray et al., 2015) and on primary renal proximal tubular epithelial (RPTE) cells (Low
et al., 2004; Moriyama and Sorokin, 2009; Verhalen et al., 2016). The mutant pseudoviruses
were somewhat less infectious than the wt pseudovirus on all cell lines, with the exception
of RPTE cells (Figure S1, Tables S2 and S3).

Figure 2B shows neutralization profiles for each patient at different time points after
transplantation. Interestingly, Pt1-cognate mutants exhibited relative resistance to
neutralization when tested on ART cells. In particular, E73K and D77H pseudoviruses were
neutralized, respectively, ~90-fold and ~70-fold less efficiently than the wt pseudovirus. A
similar pattern was also observed on the other cell lines, with some variability in relative
neutralizing titers against wt and mutant pseudoviruses (Figure S2). The results confirm the
hypothesis that, as we have previously reported for JCV (Ray et al., 2015), individual point
mutations in VVP1 surface loops can confer relative resistance to serum antibody-mediated
neutralization.

Differences in neutralization of wt versus mutant pseudoviruses were not as pronounced in
Pt2, with D77N being the most resistant (neutralized ~8-fold less efficiently than the wt
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counterpart). For this subject, a very late serum sample (2.4 years post-transplant) was
available. The later sample showed a greater neutralizing potency than the earlier time
points, indicating that the patient eventually mounted a robust broadly cross-neutralizing
humoral response after the resolution of BKVN.

VP1 mutations alter cell-surface receptor engagement

The fact that BKV-1V VP1 mutations mapping to the receptor-binding BC loop were
associated with poorer infectivity compared to the wt strain on some cell lines led us to
wonder whether the tested mutants might engage different infectious entry pathways. To test
the dependence of patient-specific mutant pseudoviruses on sialylated glycan receptors, we
used 3F,x-PeracetylNeuSAc (3Fax), a previously described inhibitor of sialyltransferases
that blocks synthesis of sialylated glycans (Geoghegan et al., 2017; Rillahan et al., 2012).
3Fax-treated SFT cells showed dramatic resistance to all tested BKV variants (Figure S3A).
The results indicate that the patients’” BC loop mutants, like wt BKV-IV, remain dependent
on sialylated glycans for infectious entry.

To explore the possibility that mutant BKV-1V strains selectively associate with a different
range of sialylated glycans than the wt strain, we performed hemagglutination assays using
red blood cells (RBCs) from a variety of animal species. The experiment rests on the
assumption that different animals display different spectra of sialylated glycans on the
surface of their RBCs. We have previously found that different BKV genotypes show
differential ability to agglutinate RBCs from different animals (Pastrana et al., 2013). While
wt BKV pseudovirions agglutinated goose RBCs, they did not agglutinate sheep RBCs. In
contrast, each of the tested mutant pseudovirions agglutinated both goose and sheep RBCs.
This indicates that the BC loop mutants are able to engage a different spectrum of cell
surface glycans than the wt pseudovirus (Figure S3B).

BKYV sequences in additional KTRs with ongoing BKYV replication

To obtain a more general picture of BKV genotypes and VVP1 mutations in additional
patients, we performed a PCR/NGS analysis using multiple pairs of BKV/JCV consensus
primers on DNA extracted from blood or urine collected from a cohort of 24 KTRs with
ongoing BKYV replication. All of the patients were treated with a reduced
immunosuppression regimen as soon as they were diagnosed with BKV viremia and none
went on to develop frank BKVN, with the exception of one subject who suffered from
biopsy-proven nephropathy.

Overall, PCR amplification was successful in 16 of 24 plasma/serum samples and 12 of 23
urine samples. BKV genotypes and VVP1 mutations observed in NGS analysis of PCR
products, along with their estimated relative abundance, are listed in Table S4. The deep
sequencing revealed a high prevalence of genotype 1b2 (14 plasma/serum samples and 9
urine samples) and genotype 1V (8 plasma samples and 4 urine samples). Interestingly, the
only observed non-silent surface (BC) loop mutation (E73Q, genotype Ib2) with an A3B
signature was detected in the single patient with full-blown BKVN. In summary, non-silent
surface loop mutations consistent with A3B damage were found in a total of 3/3 BKVN
patients but not in any of 23 patients diagnosed only with BKV viremia.
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APOBEC3 expression patterns in renal tissues

The fact that BKV infection specifically up-regulates A3B in primary cultured cells
(\Verhalen et al., 2016) suggests A3B-mediated editing as the most parsimonious explanation
for the observed VVP1 mutations. Nevertheless, related enzymes APOBEC3A/C/H exhibit
similar preference for TC deamination targets and cell-wide (including nuclear) expression
patterns (Salter et al., 2016). Induction of several A3 family members (including A3B) has
been observed in various types of hematopoietic cells (HIV infection), hepatocytes (hepatitis
virus infection) and cervical keratinocytes (HPV infection) in response to inflammatory
cytokines that are up-regulated during viral infections (Siriwardena et al., 2016; Stavrou and
Ross, 2015). Since A3-type mutations were only observed in the setting of full-blown
BKVN but not in BKV viremic subjects, we wondered whether A3 family members might
likewise be induced in the context of inflammation associated with the development of
BKVN (Bennett et al., 2012; Costa and Cavallo, 2012; Rinaldo et al., 2013). To begin to
address this question, we performed immunohistochemical staining on formalin-fixed
paraffin-embedded (FFPE) renal biopsies from additional KTR cases using an anti-A3B
monoclonal antibody that also cross-reacts with APOBEC3A (A3A) and APOBEC3G
(A3G) (Leonard et al., 2015), as well as a monoclonal antibody recognizing BKV LT
(Sunden et al., 2006). A3 nuclear expression was observed, to varying degrees, in biopsies
that showed signs of inflammatory cell infiltration or acute drug toxicity (Figures 3B-D),
but not in one biopsy that appeared to be devoid of significant pathological findings (Figure
3E). Although widespread LT staining was not observed in these samples, individual cells
positive for both LT and A3 were observed in serial sections of one sample (Figures 3A and
3B). While the A3 antibody did not allow us to distinguish between A3B, A3A and A3G,
the fact that the observed staining pattern was exclusively nuclear strongly implicates A3B
(rather than A3A or A3G) as the most likely enzyme expressed in these renal tissues.
Altogether, these results indicate that multiple pathways, including LT expression, can
contribute to the up-regulation of A3B in the kidney.

Exome sequencing of kidney tumors

We hypothesized that BKV-induced A3 damage to the cellular genome might serve as a
durable record of the past presence of the virus in a tumor. To examine this hypothesis, we
performed exome sequencing on the ccRCC tumors from Ptl and Pt2. The sequences
revealed only a low level of A3-type mutations in the tumor exome, with frequencies similar
to prior analyses of kidney cancer specimens from the general population (Figure S4).

DISCUSSION

Recent studies support the view that BKVN in KTRs is typically associated with donor-
derived de novo infections with BKV-1b2 or BKV-IV. Our results further reinforce this view
and show that nephropathic BKV infections evolve in a way that can render the virus at least
partially resistant to the patient’s nascent humoral response. The observed neutralization-
escape mutations in the major capsid protein VP1 also alter the spectrum of sialylated
glycans the virus engages during the infectious entry process, potentially triggering altered
tissue tropism and pathogenicity. Dominant VP1 mutations detected in BKVN patients are
consistent with A3 damage, most likely A3B, which the virus is known to up-regulate.
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Together, these findings suggest a model in which BKV has evolved to hijack A3B (thought
to normally provide innate antiviral defense) to attract site-specific mutations that confer a
selective advantage to the virus.

A3 proteins are only enzymatically active against sSSDNA and thus have a greater tendency to
damage the lagging strand during DNA replication and the sense strand (i.e., non-transcribed
strand) during gene expression (Haradhvala et al., 2016; Seplyarskiy et al., 2016). Although
BKYV genomes are relatively depleted of A3B target motifs, there is a peak occurrence of TC
target sites in the antisense (lagging) DNA strand underlying the BC loop of VVP1 (Verhalen
et al., 2016). Given the complex bi-directional nature of polyomavirus transcription
(Carmichael, 2016), it is possible to imagine transcription-coupled damage occurring when
early transcripts transit the late region. Intriguingly, many of the observed mutations create a
new A3 target site on the opposing DNA strand. This raises the possibility that the virus
could acquire, for example, the common E73Q mutation through A3 damage to the VP1
antisense/lagging DNA strand then later acquire a Q73E reversion mutation through A3
damage to the hypothetically more accessible VP1 sense/lagging-template DNA strand.
Reversible toggling would allow for reconciliation of the observed intra-patient evolution
with the extraordinarily slow rate at which polyomaviruses appear to stably accumulate
genetic change over millennial time scales (Buck et al., 2016).

Our findings are strikingly reminiscent of serological studies of mutants observed in
individuals suffering from a JCV-induced brain disease, progressive multifocal
leukoencephalopathy (PML). PML patients appear to show neutralization “blind spots” for
specific VP1 sequences found in their cerebrospinal fluid (Jelcic et al., 2015; Ray et al.,
2015). Similar to the BKV VP1 mutations investigated in the current study, the most
common PML-associated JCV VP1 mutations are known to alter the spectrum of glycans
the virus can use for infectious entry (Geoghegan et al., 2017; Gorelik et al., 2011) and also
fit the typical A3B signature. In contrast to BKV, the dominant PML-associated mutations in
JCV affect the VP1 sense (lagging-template) DNA strand. In a recently reported chimeric
humanized mouse model of JCV/PML, various VP1 point mutations observed at an 8-week
infection time point were consistent with the A3B signature affecting both the sense and
antisense DNA strands underlying VVP1 surface loops (Kondo et al., 2014). Since the mice
used in the study lacked adaptive immunity, the observation implies that A3-type mutations
can evolve in the absence of selective pressure from neutralizing antibodies.

Under conditions of impaired T-cell function due to post-transplant immunosuppressive
therapy, antibody-mediated neutralization may serve as a last line of defense against many
types of viral infections. In this setting, mutations allowing evasion from neutralizing
antibodies would be especially likely to confer selective advantage. The BC loop mutants
detected in Pt1 exhibited relative resistance to neutralization during BKVN development.
Although Pt2 showed less evidence of effective escape from antibody-mediated
neutralization, the overall neutralizing titers observed for Pt2 at BKVN diagnosis were much
lower than those observed for Pt1. This raises the possibility that BKV-neutralizing antibody
concentrations may need to be above a certain threshold to exert significant selective
pressure on the virus in the setting of BKVN development.
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STAR METHODS
CONTACT FOR REAGENTS AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Chris Buck (buckc@mail.nih.gov).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patients and samples—Two unrelated KTRs who were diagnosed with BKVN and
subsequent ccRCC were treated at the University Hospital of Novara (ltaly). Patient 1 (Pt1;
male) received kidney transplant at the age of 54 years, and was diagnosed with BKVN 5.2
months post-transplant and with ccRCC (native kidney; grade FG2, stage T1a) 5.6 months
post-transplant. Patient 2 (Pt2; female) received kidney transplant at the age of 37 years, and
was diagnosed with BKVN 9.2 months post-transplant and with ccRCC (allograft; grade
FG4, stage T3b N2) 60.2 months post-transplant. In addition to ccRCC, Pt2 was diagnosed
with cervical intraepithelial neoplasia (CIN) twice after kidney transplant (CIN grade 2, 4.0
months post-transplant; CIN grade 1, 60.0 months post-transplant). Prior to ccRCC
diagnosis, biopsies of the nephropathic kidneys from both individuals were positive in
routine diagnostic LT immunohistochemical staining. Tissue sections from the urothelial
lining of the ureter of Pt1’s native kidney (which was removed due to ccRCC three weeks
after BKVN diagnosis) stained positive for LT, but the tumor cells did not show detectable
LT expression. Malignant cells in the ccRCC affecting Pt2’s allograft kidney (which was
removed more than four years after BKVN diagnosis) also stained negative for LT. Both
patients were administered Basiliximab at the time of transplant to induce
immunosuppression. Subsequent maintenance treatment consisted of Sirolimus (replaced
with Tacrolimus at day 15 post-transplant) + mycophenolate mofetil + prednisone for Pt1
and Tacrolimus + mycophenolate mofetil + prednisone for Pt2. At BKVN diagnosis, Ptl
started Cidofovir treatment and was also administered a methylprednisolone dose for a
concomitant acute rejection. At BKVN diagnosis, Pt2 started receiving leflunomide instead
of mycophenolate mofetil (Tacrolimus + leflunomide + prednisone). After excision of the
native kidney (Pt1) or allograft kidney (Pt2) for ccRCC, both patients’ immunosuppressive
treatments continued with prednisone only. Pt1 died from an unknown cause 6 years after
removal of the native kidney. Pt2 has remained on dialysis during the 4 years since the
allograft kidney was excised.

Serum and urine samples (volume range 150 pl — 1 ml) harvested from the patients at
different time points before and after kidney transplantation and FFPE blocks containing the
respective ccRCC lesions were obtained from the pathology archive of the University
Hospital of Novara. A single serum sample was also available from each of the matched
kidney donors. Additionally, a series of FFPE renal tissues from different KTRs was
retrieved from the same archive. The study was approved by the ethics committee at the
University Hospital of Novara.

Archived plasma and urine samples from 23 BKV viremic KTRs under the care of the
Saarland University Medical Center (SUMC), Homburg (Germany) were also collected. Use
of the banked samples was approved by a vote from the SUMC ethics committee. In
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addition, a single serum sample was obtained from a KTR with biopsy-confirmed
nephropathy enrolled by the Henry Ford Hospital, Detroit (USA). Written informed consent
was obtained from the patient and the study was approved by the Henry Ford Hospital’s
ethics committee.

Samples were anonymized prior to shipment to the National Cancer Institute, Bethesda
(USA).

Cell cultures—The previously described cell lines 293TT, ART and SFT were originally
generated by stable transfection of respective parental lines with linearized plasmid pTIH,
carrying a SV40 large T Antigen cDNA expression cassette (Buck et al., 2004; Pastrana et
al., 2013; Ray et al., 2015). 293TT cells (sex: female) were derived from the parental line
293T, which in turn was engineered from the parental human embryonic kidney line
HEK-293 (Buck et al., 2004). A detailed description of 293TT and relative parental lines is
available through our lab website (https://home.ccr.cancer.gov/Ico/293TT.htm). 293TT cells
were maintained in DMEM medium (Invitrogen) supplemented with 10% fetal bovine serum
(Invitrogen), GlutaMAX-I (Invitrogen), MEM Non-Essential Amino Acids (Invitrogen) and
250 pg/ml Hygromicin B Gold (InvivoGen). ART cells (sex: female) were derived from the
parental ovarian cancer line NCI/ADR/RES (Developmental Therapeutics Program,
National Cancer Institute; Bethesda, USA). SFT cells (sex: female) were derived from the
parental gliosarcoma line SF-539 (Developmental Therapeutics Program, National Cancer
Institute; Bethesda, USA). ART and SFT cells were maintained in RPMI 1640 medium
(Invitrogen) containing 5% fetal bovine serum (Invitrogen), GlutaMAX-1 (Invitrogen) and
170 pg/ml (ART) or 50 pg/ml (SFT) Hygromicin B Gold (InvivoGen).

Primary human renal proximal tubular epithelial cells (RPTE; sex of specific batch: male)
(Lonza) were cultured in REGM medium with SingleQuots Bulletkit (Lonza) and passaged
up to six times as previously described (Abend et al., 2007).

All cell lines were grown at 37 °C and 5% CO, in a humidified incubator.

METHOD DETAILS

Sample processing & deep sequencing (serum/urine)—Serum and urine samples
collected from Pt1 and Pt2 near the time of BKVN diagnosis were subjected to a previously
reported method for enriching virions, amplifying the viral genome with bacteriophage
phi29 DNA polymerase (RCA), and deep sequencing (Peretti et al., 2015). Briefly, samples
were supplemented with 1 mM MgCl,, Triton X-100 to a final concentration of 1% and 5 pl
of Benzonase nuclease (Sigma), and brought up to a volume of 3 ml with DPBS. Mixtures
were incubated at 37°C for 40 min with occasional mixing. After incubation, samples were
adjusted to pH ~7 by addition of ammonium sulfate from a 1M stock solution at pH 9.
Samples were supplemented with NaCl to a final concentration of 0.85 M, rocked at room
temperature for 15 min, then clarified at 1200 x g for 6 min. Clarified supernatants were
loaded onto a 27-33-39% iodixanol (OptiPrep Density Gradient Medium, Sigma) step
gradient and centrifuged at 50,000 rpm for 3.5 h (234,000 x g) at 16°C in a SW55Ti rotor
(Beckman). The entire gradient was collected into 5-10 consecutive fractions by bottom
puncture of the tubes. DNA was extracted from each fraction by incubating at 50°C for 15
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min in a digest buffer consisting of 20 mM Tris pH 8, 20 mM DTT, 20 mM EDTA, 0.2%
SDS, 0.2% proteinase K stock (Qiagen). Virion-derived DNA was then ethanol-precipitated
and the pelleted DNA was re-dissolved in phi29 DNA polymerase Sample Buffer and
subjected to RCA according to manufacturer’s instructions (lllustra TempliPhi
Amplification Kit, GE Healthcare). Equal volumes of RCA products from each fraction
were pooled together for each sample. Finally, each sample pool was ethanol-precipitated
and re-dissolved in 55 pl of 0.2x TE buffer (Sigma).

The four final RCA samples were prepared for deep sequencing using the Nextera XT DNA
Library Preparation Kit, as directed by the manufacturer (Illumina). Samples were barcoded
and analyzed on the MiSeq platform using a V3 600 cycle cassette. The resulting reads for
each sample were assembled into contigs using CLC Genomics Workbench v11.0 (Qiagen).
Contigs were screened against GenBank using BLASTN/BLASTX algorithms for sequence
assignment. For the purpose of this manuscript, only sequences with similarity to BKV or
JCV were taken into account. Reads mapping to the patients’ BKV isolates as inferred from
contig assembly were in the following amounts:

. Pt1, serum: 24,687 of 1,133,608 (2.2%)

. Pt1, urine: 56,589 of 925,524 (6.1%)

. Pt2, serum: 14,186 of 1,942,608 (0.7%)
. Pt2, urine: 151,391 of 1,232,590 (12.3%)

Mutations were detected analyzing re-alignments of individual reads against final contigs
through the CLC Genomics Workbench Basic Variant Detection Tool. Each mutational
“hotspot” was then validated and confirmed by visual examination of mapping tracks.

BKV VP1 PCR & Sanger sequencing (serum/urine)—Serum and urine samples from
Pt1 and Pt2 collected at time points before or after BKVN diagnosis were processed for
DNA extraction using QlAamp DNA Mini Kit (Qiagen). The extracted DNA was subjected
to PCR amplification using BKV consensus primers spanning the VP1 BC loop. Visible
bands were obtained with a single round of PCR amplification in the case of urine, while
nested PCR amplification was necessary for serum. The following primers were used:

Pair 1 (amplicon size 534bp)
BK-VP1_Forl: GCCTGTACGGGACTGTAAC
BK-VP1_Revl: CTCCCTGCATTTCCAAG

Pair 2 (nested, amplicon size 334bp)
BK-VP1_For2: GTGCAAGTGCCAAAACTAC
BK-VP1_Rev2: GACCCTGCATGAAGGTTAAG

PCR amplification was performed using Herculase Il Fusion DNA Polymerase (Agilent),
and consisted of 30 cycles of 20 sec at 95°C, 20 sec at 53°C (pair 1) / 56°C (pair 2) and 30
sec at 72°C. Reactions were run on an Eppendorf Mastercycler Pro PCR thermal cycler.
PCR products were gel-purified by means of QIAquick Gel Extraction Kit (Qiagen) and
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subjected to Sanger sequencing on an Applied Biosystems 3730xI DNA Analyzer, using
both primer pairs (FW1 and BW1 for urine-derived amplicons, FW2 and BW?2 for serum-
derived amplicons) in separate reactions to confirm sequences on both DNA strands.

BKV/JCV VP1 PCR & deep sequencing (blood/urine)—Plasma and urine samples
collected from a cohort of 23 KTRs with BKV viremia were subjected to DNA extraction
using the NUcliSENS easyMAG system (bioMérieux). DNA was also extracted from single
serum and urine samples of a KTR with biopsy-proven nephropathy. Consensus primers
targeting conserved segments of the polyomavirus clade encompassing BKV, JCV and SV40
were designed, with the goal of amplifying any possible sequence variants:

PBK761For: AGCACTKTTGGGGGACCTAGTTGC
PBK785For: TGTDTCTGAGGCTGCTGCTGC
PBK824For: GCTGAAATTGCTGCTGGRGAGGC
PBK740Rev: TGGCAACTAGGTCCCCCAAMAGTG
PBK4934Rev: TGGATAGATTGCTACTGCWTTGAYTGCT
BKJC-VP1A: AAGCATATGAAGATGGCCCCA
BKJC-VP1B: CTGCTCCTCAATGGATGTTGCC
BKJC-VP1C: GTACGGGACTGTAACACCTG
BKJC-VP1Drev: CTCTGGACATGGATCAAGCAC
BKJC-VP1Frev: GGAARGAAAGGCTGGATTYWG
BKJC-VP1Grev: TYAGGCCWGTWGCTGAYTTTGC

Different primer pair combinations were used, including nested and heminested PCR
approaches:

PBK761For/PBK4934Rev (first round) — PBK785For/PBK4934Rev (heminested);
amplicon: nearly entire genome

PBK785For/PBK740Rev (first round) — PBK824For/PBK4934Rev (nested);
amplicon: nearly entire genome

BKJC-VP1B/BKJC-VP1Grev (first round) — BKJIC-VP1A/BKJC-VP1Drev
(nested); amplicon: entire VP1 coding region

BKJC-VP1C/BKJC-VP1Frev (first round) — BKJC-VP1A/BKJC-VP1Drev
(nested); amplicon: entire VP1 coding region

For some samples, PCR products were obtained directly from the first round of PCR
amplification, while other samples required a nested or heminested second round PCR
reaction. All of the bands with appropriate size were subjected to gel-purification, deep
sequencing and bioinformatic analysis, as described above. In cases where different primer
pairs successfully generated PCR products from the same sample, all of the respective bands
were analyzed and results were combined. In order to catalog VP1 variants, individual reads
were mapped against single BKV reference genomes (found in healthy individuals)
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representative of each genotype found. Both partial variants appearing within each sample
and full sequence variations compared to “normal” reference were listed as VP1 mutations.

Generation of pseudoviruses—Plasmids expressing codon-modified versions of the
VP1 gene from different BKV isolates were used to produce pseudoviral particles as
previously described, with minor modifications (Buck et al., 2004; Buck and Thompson,
2007; Geoghegan et al., 2017; Pastrana et al., 2012; Pastrana et al., 2013; Pastrana et al.,
2009). Plasmids encoding VP1 proteins from a BKV-la isolate (BK-D) and a BKV-1Vc2
isolate (A-66H) were already available in our lab (Pastrana et al., 2013). Plasmids encoding
the different VP1 variants of the study patients” BKV-I1V¢2 strains were constructed using
standard overlap PCR-based mutagenesis, starting from the BKV-1Vc2 (A-66H) VP1
plasmid pwB (Pastrana et al., 2013). Previously reported plasmids expressing codon-
modified versions of the VP2/VVP3 minor capsid protein genes (Pastrana et al., 2013) were
used for all the BKV pseudoviruses produced for this study.

Briefly, 293TT cells were pre-plated 18 h in advance at 1.1 x 105 cells per cm? of culture
area in the absence of hygromicin and co-transfected 24 h later with 0.5 ug of DNA and 0.9
ul of Lipofectamine2000 Transfection Reagent (Invitrogen) per cm? of culture area
according to manufacturer’s instructions. For reporter pseudoviruses, two plasmids encoding
secreted NanoLuc luciferase under the control of different promoters (phsNuc and pcsNuc)
(Geoghegan et al., 2017) were also co-transfected. For transfections, a ratio of 2:1:1:1:1 for
plasmids encoding VP1, VP2, VP3 and secreted NanoLuc luciferase was used, respectively.
After overnight incubation, the transfection medium was replaced with fresh culture
medium. Roughly 48 h after transfection, particles were harvested by trypsinizing cells,
washing and resuspending pellets in 1.2 pellet volumes of DPBS supplemented with 9.5 mM
MgCls in siliconized tubes.

Neuraminidase V (Sigma) was added to a final concentration of 2 U/ml, and cell
suspensions were incubated at 37°C for 15 min. Cells were then lysed by the addition of
0.5% Triton X-100, and lysates were buffered with ammonium sulfate pH 9 to a final
concentration of 25 mM. For reporter pseudoviruses, lysates were treated with 0.1% RNase
Cocktail Enzyme Mix (Ambion). For pseudovirions to be used in hemagglutination assay
(virus-like particles without reporter vectors), lysates were treated with 0.1% benzonase
(Sigma) and 0.1% Plasmid-Safe ATP-Dependent DNase (Epicentre). After overnight capsid
maturation at 37°C, mixtures were chilled on ice. For virus-like particles, NaCl at a final
concentration of 0.85 M was added to the mixtures, followed by incubation on ice for 10
min. Samples were then subjected to 2-3 clarification steps, consisting of centrifugation at
maximum speed for 5 min at 4°C followed by pellet resuspension in 1-2 pellet volumes of
DPBS with one freeze-thaw in between (reporter pseudoviruses) or DPBS / 0.85 M NaCl
(virus-like particles). The resulting pooled clarified material was purified through a
27-33-39% OptiPrep step gradient by centrifuging at 50,000 rpm for 3.5 h (234,000 x g) at
16°C in a SW55 rotor (Beckman). After ultracentrifugation, the gradient was collected into
10 consecutive fractions in siliconized tubes. For virus-like particles, gradient fractions were
screened for the presence of encapsidated DNA using Quant-iT Picogreen dsDNA Reagent
(Invitrogen) and for protein content using Pierce BCA Protein Assay (Invitrogen). For
reporter pseudoviruses, fractions were tested for infectivity by transducing 293TT cells (pre-
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plated 2 h in advance in 96-well plates at 1.1 x 10° cells per cm? of culture area) with 1 pl of
each fraction and assessing the expression of EGFP (encoded by all the plasmids used in
transfections) and NanoLuc reporter signal (as detailed below for neutralization assays) after
72 h. In all cases, positive fractions were pooled into siliconized tubes, and the VP1 content
of each stock was determined by comparison to a bovine serum albumin standard (Bio-Rad)
in Coomassie-stained SDS-PAGE gels (NUPAGE 4-12% Bis-Tris Protein Gels; Invitrogen).

Merkel cell polyomavirus (MCV) and HPV16 pseudoviruses were produced according to
similar protocols as previously described (Buck and Thompson, 2007; Pastrana et al., 2009),
with secreted NanoLuc luciferase reporter plasmids (phsNuc and pcsNuc) used in place of
Gaussia luciferase reporter plasmids.

All plasmid maps and detailed production methods are posted in our lab website http://
home.ccr.cancer.gov/Lco/.

Neutralization assays—Neutralization assays were performed in a 96-well plate format
as described previously (Pastrana et al., 2012; Pastrana et al., 2013; Pastrana et al., 2009),
with slight modifications.

Briefly, cells were pre-plated at a density of 3 x 10% (293TT), 7 x 103 (ART and SFT) or 1 x
10* (RPTE) cells per well in a volume of 100 pl in the absence of hygromicin and allowed to
attach for 5-7 h. Pseudovirus doses ranged approximately from 50 to 1600 pg of VVP1 per
well, depending on the infectivity of each specific pseudovirus stock. Human serum samples
were heat inactivated at 56°C for 30 min. Diluted pseudovirus stocks were combined with
nine 5-fold serial dilutions of serum samples (starting dilution: 1:50) and incubated on ice
for 1 h, before adding the mixture to cells in a volume of 100 ul. Pseudovirus and serum
dilutions were performed in appropriate culture media. Each experiment also contained six
wells of cells receiving pseudovirus stock without test serum (“no serum” control) and six
wells with cells that received only culture medium (“no pseudovirus” control). After 3 days
(293TT and SFT cells) or 7 days (ART and RPTE cells), 25 pl of culture supernatants were
harvested and the presence of secreted NanoLuc reporter protein was determined with Nano-
Glo Luciferase Assay System (Promega) according to manufacturer’s instructions, with
minor modifications (only 10 pl of Nano-Glo Luciferase Assay reagent were used per 25 pl
of assayed sample). Relative light units (RLUS) were read on a POLARstar Optima
microplate luminometer (BMG Labtech) at a gain ranging from 2200 to 3200, depending on
the specific pseudovirus stocks and cell types tested. The reciprocal 50% neutralizing
dilution (ECsq) for each serum was calculated using GraphPad Prism v7.0 software by
fitting a variable-slope sigmoidal dose-response curve to RLU values for each serum dilution
series, with top and bottom values constrained to the average values of “no serum” and “no
pseudovirus” control wells respectively. Based on prior observations that sera can exert non-
specific neutralizing effects at dilutions of less than 1:100, an ECsg value of 100 was set as a
cutoff for detectable serum antibody-mediated neutralization (Pastrana et al., 2009).

Figure S1 and Tables S2 and S3 detail the quantitative parameters and characteristics of
BKV-1V pseudovirus stocks, including VP1 amounts used in the assays and typical RLU
signals observed with the different cell lines.

Cell Host Microbe. Author manuscript; available in PMC 2019 May 09.


http://home.ccr.cancer.gov/Lco/
http://home.ccr.cancer.gov/Lco/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peretti et al.

Page 15

Infectivity assay with 3Fax-treatment—Treatment of SFT cells with silayltransferase
inhibitor 3F,4-PeracetylNeu5Ac (3Fax; EMD Millipore) was conducted with 200 uM 3Fax
or the equivalent volume of DMSO (mock treatment) in standard SFT culture medium as
previously described (Geoghegan et al., 2017). After 72 h, treated cells were trypsinized and
re-seeded in 96-well plates at a density of 5 x 103 cells per well in medium supplemented
with 200 uM 3Fax or DMSO. After several hours, pseudoviruses were applied to the cells in
approximate dose ranges of 100-1600 pg of VVP1 per well, according to the infectivity of
each specific stock. After 72 h, 25 pl of each culture supernatant were harvested and the
presence of secreted NanoLuc reporter protein was determined as described above. RLU
values were used to calculate the percent inhibition of transduction of 3Fax-treated cells
relative to mock-treated cells. Two independent quintuplicate experiments were performed.

Hemagglutination assay—Sodium citrate-preserved animal blood was purchased from
Lampire Biological Laboratories. Red blood cells (RBCs) were rinsed three times in chilled
PBS by centrifugation at 2,000 x g for 5 min at 4°C. RBCs were then pelleted and
resuspended at 5% (v/v) in chilled PBS. Two-fold serial dilutions of each patient-specific
BKV-1Vc2 pseudovirion stock spanning a range of 20,000 ng/ml to 10 pg/ml prepared in a
volume of 40 pl were added to 10 pl of the diluted 5% RBC suspension in a round-bottom
96-well plate and mixed. Mixtures were allowed to settle at 4°C for 2 h. Four independent
experiments were performed.

Immunohistochemical analysis of renal tissues—Consecutive 4-um thick sections
obtained from FFPE renal tissues were processed for immunohistochemical detection of
polyomavirus LT and A3B. FFPE samples showing miscellaneous histological
characteristics (variable degrees of inflammation, variable signs of acute drug toxicity,
variable LT positivity) were obtained from different KTRs. Sections were deparaffinized and
endogenous peroxidase activity was blocked with 0.3% H,0, in 1x TBS. Antigen
unmasking was performed using a 30 minute steam incubation in citrate buffer pH 6. Slides
were then incubated in Background Sniper blocking solution (Biocare Medical) for 15
minutes at room temperature. For LT staining, slides were incubated overnight at 4°C with
mouse monoclonal antibody PAb2003, which was generated against JCV LT and cross-
reacts with BKV LT (Sunden et al., 2006), at a dilution of 1:8000 in 10% blocking
solution-1x TBS. For A3B staining, slides were incubated overnight at 4°C with an in-
house-developed rabbit monoclonal antibody (10-87-13), generated against A3B and cross-
reacting with A3A and A3G (Leonard et al., 2015), at a dilution of 1:1000 in 10% blocking
solution-1x TBS. After one wash in 1x TBS, slides were incubated in Polymer Kit (Post
Primary Block + Polymer) Novocastra Novolink (Leica Biosystems) per manufacturer’s
protocols. Immunostaining was performed by incubation of the slides in diaminobenzidine
(DAB Substrate Buffer with Stabilizer; Covance), monitoring the enzymatic reaction under a
conventional microscope. Finally, slides were counterstained with hematoxylin for 1 minute,
dehydrated and mounted with Fisher Chemical Permount Mounting Medium (Fisher
Scientific). Images were acquired using digital slide scanner TissueScope LE (Huron Digital
Pathology).
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Exome sequencing of kidney tumor specimens—FFPE blocks containing the
ccRCC lesions of Ptl and Pt2 were sectioned and subjected to routine hematoxilyn-eosin
staining to guide the collection of normal and tumor tissue cores. One tumor core area from
Pt1 and four tumor core areas with different histology from Pt2 were processed. DNA was
extracted from each tissue core using DNAeasy Blood & Tissue Kit (Qiagen) and subjected
to OncoVar exome sequencing, as previously described (Killian et al., 2014; Wang et al.,
2014). Somatic point mutations were analyzed using muTect v2.0 software (Cibulskis et al.,
2013). Mutational signature analyses were performed as previously described using the R
package SomaticSignatures (Gehring et al., 2015). Significant enrichment of A3-signature
mutations was calculated using methods detailed by Chan and colleagues (Chan et al.,
2015).

QUANTIFICATION AND STATISTICAL ANALYSIS

Results relative to infectivity assay with 3Fax treatment and hemagglutination shown in
Figure S3 are expressed as the mean calculated from two (3Fax experiment) or four
(hemagglutination) independent experiments, with error bars signifying SEM. Typical
luminometric signals for the BKV reporter pseudovirus stocks reported in Table S3 represent
the mean calculated from ten replicate values + SEM. ECsgq values in neutralization assays
were calculated using GraphPad Prism v7.0 software as detailed above. All sequence
analysis was conducted using CLC Genomics Workbench v11.0 software (Qiagen). Kidney
tumor exome sequencing analysis was performed using the software and methods described
above.

DATA AND SOFTWARE AVAILABILITY

The raw deep sequencing data for Pt1 and Pt2 have been deposited in the Sequence Read
Archive (SRA) under the accession number SRP139959.

ADDITIONAL RESOURCES

Description: https://home.ccr.cancer.gov/Lco/protocols.asp

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. BKYV variants sequenced from kidney transplant patients during development
of nephropathy
. BKYV major capsid protein acquires surface loop mutations over time
. Mutations confer resistance to neutralizing antibodies and modify glycan
receptor usage
. Mutational signatures match APOBEC3 activity and renal biopsies are

positive for APOBEC3
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Figure 1. Evolution of major VP1 BC loop mutations over time
Filled arrowheads refer to time points analyzed by PCR amplification and subsequent

Sanger sequencing. Empty triangles represent single time points investigated by unbiased
viromics deep sequencing (reported in more detail in Table 1). Green bars indicate the time
of renal cancer diagnosis.
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Figure 2. BKV neutralization serology
(A) BKV-I and BKIV-1V neutralization serology in patients and matched donors. Patient

sera collected at different time points before and after transplant (x-axis) and donor sera
were serially diluted and tested using BKV reporter pseudovirus-based neutralization assays.
Neutralization assays were performed on 293TT cells using pseudoviruses representative of
wild type BKV-la and BKV-1Vc2 isolates.

(B) Neutralization patterns of patient-cognate VP1 BC loop variants. Patient sera harvested
at different time points after transplant (x-axis) and donor sera were serially diluted and
tested using neutralization assays specific to the indicated patient-cognate variants. The
results shown were obtained from experiments performed on ART cells. Neutralizing titers
(ECsq values) for each serum are shown (y-axis). Horizontal dashed lines mark an arbitrary
cutoff (1:100) for detectable neutralizing activity.
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Figure 3. APOBEC3 immunohistochemical analysis of renal biopsies from kidney transplant
recipients

(A and B) Serial sections from a transplanted kidney biopsy previously found to show signs
of severe acute drug toxicity and occasional large T antigen positivity were stained using
antibodies to large T antigen (A) and APOBEC3 (B). Selected areas are displayed at a
higher magnification. Black arrows in magnified insets indicate nuclei that stained positive
for both large T antigen and APOBEC3.

(C and D) Tissue sections from transplanted kidney biopsies previously found to show
micro-foci of inflammatory cell infiltration with modest signs of tubulitis (C) or modest
signs of acute drug toxicity (D) were stained using an antibody to APOBEC3.
Representative areas of positivity are highlighted.

(E) A tissue section from a transplanted kidney biopsy previously found devoid of relevant
pathological signs was stained using an antibody to APOBEC3.

Scale bars represent 100 um in main images, 50 um in insets.
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