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Progressive multifocal leukoencephalopathy (PML) is a fatal disease with limited treatment options, both clinically and in the
research pipeline. Potential therapies would target and neutralize its etiologic agent, JC polyomavirus (JCPyV). The innate im-
mune response to JCPyV infection has not been studied, and little is known about the initial host response to polyomavirus in-
fection. This study examined the ability of a human alpha defensin, HD5, to neutralize JCPyV infection in human fetal glial cells.
We show that HD5, by binding to the virion, blocks infection. The JCPyV-HD5 complexes bind to and enter host cells but are
reduced in their ability to reach the endoplasmic reticulum (ER), where virions are normally uncoated. Furthermore, HD5 bind-
ing to the virion stabilizes the capsid and prevents genome release. Our results show that HD5 neutralizes JCPyV infection at an
early postentry step in the viral life cycle by stabilizing the viral capsid and disrupting JCPyV trafficking. This study provides a
naturally occurring platform for developing antivirals to treat PML and also expands on the known capabilities of human

defensins.

C polyomavirus (JCPyV) is an important human pathogen that

chronically infects the majority of the population (1, 2). Most
individuals are infected early in life, resulting in a life-long persis-
tent infection. The infection remains subclinical in immunocom-
petent individuals, with the host cell immune system controlling
infection by incompletely understood mechanisms. Upon onset
of immunosuppression, JCPyV replication increases, resulting in
dissemination of virus to the central nervous system. There, in-
creased replication of JCPyV in glial cells and cytolytic destruction
of the myelin-producing oligodendritic cells leads to the fatal de-
myelinating disease progressive multifocal leukoencephalopathy
(PML) (3,4). Although it is rare (5% of HIV patients), PML has no
cure and no treatments other than reconstitution of the patient’s
immune system, and it is increasing in incidence (5). PML is also
apparent in an increasing number of patients treated with immu-
nomodulatory drugs, including the leukocyte trafficking inhibitor
natalizumab (6-10). The recent discovery of 7 new human
polyomaviruses, including Merkel cell polyomavirus and trichodys-
plasia polyomavirus, highlights the need to elucidate pathogenic
mechanisms and identify promising treatment targets for this vi-
rus family.

JCPyV initially attaches to target cells via a receptor complex
containing a sialic acid-containing carbohydrate, lactoseries tet-
rasaccharide ¢ (LSTc), and the 5HT2a serotonin receptor (11, 12).
The virus is internalized via clathrin-mediated endocytosis and
enters early endosomes marked by Rab5 (13, 14). Cells expressing
dominant negative versions of Rab5 but not Rab7 (late endosome)
or Rab11 (recycling endosome) are resistant to infection, suggest-
ing that JCPyV may use redundant pathways to arrive at the en-
doplasmic reticulum (ER) (14). JCPyV starts to arrive at the ER
within 4 to 6 h (15) and uses the same ER proteins as simian virus
40 (SV40) to retrotranslocate to the cytosol (16).

How the host immune system controls JCPyV is poorly under-
stood. It is commonly believed that the major site of JCPyV per-
sistence is the kidney, although other sites of persistent infection
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have been proposed, including the brain, B cells, bone marrow,
tonsil, and salivary gland (17-20). JCPyV does not cause signifi-
cant disease until the immune system is suppressed, indicating the
host immune system plays an important role in controlling the
persistent infection. Studies have shown CD4* and CD8™" T cells
as significant contributors to preventing the progression of PML
in JCPyV-positive patients, but the innate immune response to
JCPyV infection has not been well studied (21, 22).

Defensins are small (18- to 45-amino-acid) cationic peptides
that intrinsically possess antimicrobial properties and are key me-
diators of the innate immune system (reviewed in references 23,
24, and 25). They have characteristic disulfide bonds, and the ar-
rangement of these bonds defines these molecules as alpha or beta
defensins. Human defensins are divided into alpha and beta
classes and are found in epithelial cells, monocytes, intestinal Pan-
eth cells, NK cells, neutrophils, and also gamma-delta T cells.
Their inhibitory effects on viral infection appear to be cell and
virus specific and act at different stages of the infection cycle (23—
25). Alpha defensins have been shown to exhibit direct antiviral
activity against enveloped virus such as herpes simplex (26), influ-
enza, rhabdovirus, and HIV (27, 28). Similar to their antibacterial
activity, defensins inhibit enveloped viral infection by damaging
the envelope. They have been shown recently to neutralize non-
enveloped viral infection as well. Adenovirus infection is neutral-
ized by blocking viral uncoating and subsequent release of the
genome (29-31). Alpha defensins have also been shown to block
papillomavirus infection by sequestering the virions in their en-
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docytic vesicles (32). The human alpha defensin HD5 inhibits
replication of the JCPyV-related polyomavirus BK by blocking
binding to host cells (33).

We show here that despite a high degree of sequence identity,
JCPyV and BKPyV are neutralized by HD5 by distinct mecha-
nisms. Instead of inhibiting binding to cells, HD5 inhibits JCPyV
by stabilizing the viral capsid and inhibiting conformational
changes that are critical for infectivity. This study adds to the
antiviral capabilities of HD5, suggests multiple modes of neutral-
ization within the same virus family, and highlights the need for
continued research in this area to determine conserved mecha-
nisms and motifs for further development as antivirals.

MATERIALS AND METHODS

Cells, virus, antibodies, and defensins. SVG-A (34) (human fetal glial)
cells were maintained in a 37°C CO, chamber in minimal essential me-
dium (MEM; Gibco) supplemented with 1% penicillin-streptomycin
(Gibco) and 10% heat-inactivated fetal bovine serum (Atlanta Biologi-
cals). The Mad1 SVEA strain of JCPyV has previously been described (35).
Defensins were purchased from Peptides International and reconstituted
in water at a concentration of 100 M. Viral particles used in each exper-
iment and the calculations used to determine these are as follows: for Fig.
2B, 2.2 X 10" particles = a multiplicity of infection (MOI) of 10,000
particles (not saturating); for Fig. 2C, 2.2 X 10® particles = an MOI of
100 particles (not saturating); for Fig. 3A: 2.2 X 10°® particles = an MOI of
100 particles (not saturating); for Fig. 4, an MOI of 5 FFU = 125,000
particles; for Fig. 5,an MOI of 20 = 500,000 particles. Calculations were as
follows: 1.7 X 107 viral particles/hemagglutination unit (HAU); 2.2 X
10" particles/mg; molecular weight of JCPyV = 2.7 X 10% 1.0 HAU =
2.8 X 1077 M; 1 HAU of a good virus stock = 586 fluorescence-forming
units (FFU).

Virus propagation and labeling. JCPyV was propagated and purified
as previously described (36). Briefly, 10 1,700-cm? roller bottles were
seeded with SVG-A cells and infected with JCPyV (MOI = 0.01 FFU per
cell) for 14 days. Lysates were frozen and thawed three times. The lysate
was then sonicated three times on ice using a Fisher 150E sonicator (1 min
sonication, power setting of 3, 50% amplitude, duty cycle of 50%). De-
oxycholate was added to a final concentration of 0.25% (vol/vol) and
incubated for 30 min at 37°C. Lysates were then pelleted for 30 min at 4°C
and 15,000 rpm, and the supernatant collected. This supernatant was
overlaid onto a 20% sucrose column and centrifuged in an SW40 Ti rotor
at 35,000 rpm for 3 h at 15°C (Beckman-Coulter). The resulting pellet was
suspended in buffer A (10 mM Tris, 50 mM NaCl, 0.1 mM CaCl,, 0.01%
Triton X-100, 0.05% sodium azide) and loaded on a cesium chloride
(CsCl) step gradient (1.23, 1.29, 1.33, and 1.35 g/ml CsCl). This was cen-
trifuged to equilibrium in an SW55 Ti rotor at 33,000 rpm for 18 h at 4°C.
The band corresponding to virions was pulled and extensively dialyzed
against buffer A. Concentrations were determined by A,g, values. JCPyV
was labeled with Alexa Fluor 488 or 633 according to the manufacturer’s
instructions (Invitrogen). Briefly, purified JCPyV was dialyzed extensively
against 0.1 M carbonate buffer, pH 8.3, and then labeled with Alexa Fluor
488 or 633 at a molar ratio of 200:1 for 1 h at 21°C. Labeled JCPyV was
then dialyzed against buffer A, aliquoted, and stored at —80°C until use.
Infectivity measurements were performed on this labeled virus, and it was
found that the labeling process slightly reduced the infectivity compared
to that of unlabeled virus.

VP1 pentamer and mutant production. VP1 pentamers were pro-
duced as previously described (12). Briefly, cDNA coding for amino acids
22 to 289 of the Mad-1 strain of JCPyV VP1 was cloned into the pET15b
expression vector (Novagen). Mutations were introduced using Phusion
mutagenesis (NEB) according to the manufacturer’s instructions and
confirmed by sequencing. Proteins were overexpressed in Escherichia coli
and purified using nickel affinity chromatography.
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Infectivity assays. SVG-A cells were seeded overnight in 96-well plates
so that each well would be 50% confluent. Labeled or unlabeled JCPyV at
an MOI of 0.5 was preincubated with defensin (0.01 to 200 pg/ml) in
20-pl reaction mixtures in MEM containing 2% fetal bovine serum (FBS)
for 1 h on ice. This mixture was then overlaid onto SVG-A cells and
incubated at 37°C for 1 h, followed by addition of 100 wl per well of
complete medium (MEM with 10% FBS). At 72 h postinfection (hpi), the
cells were washed once with phosphate-buffered saline (PBS) and fixed
with 100% ice-cold methanol for 30 min at —20°C. Infected nuclei were
visualized by indirect immunofluorescence, using an antibody to VP1
(PAB597) and an Alexa Fluor 488-labeled secondary antibody (Invitro-
gen). Infected cells per well were scored and normalized to a virus-only
positive control. The time course experiment was performed by adding 50
pg/ml HD5 to the cells at the indicated time points postinfection and
assaying for infected cells 72 hpi. The pretreatment experiment was done
by adding 50 pwg/ml HD5 to the cell culture medium for 1 or 2 h before
infection in 2% MEM in 20 pl. HD5 was not kept in the medium for the 72
h after initial infection in this experiment. Infected cells were scored as
mentioned above.

Cell viability assay. SVG-A cells were seeded as in the infectivity as-
says. Medium was aspirated and replaced with 100 pl complete medium
containing 100 pg/ml of defensin. For the positive control, medium with
no defensin was added, and for the negative control, medium was replaced
with 100 wl PBS. At 72 hpi, 20 pl of CellTiter 96 AQOne solution (Pro-
mega) was added directly to the culture medium. This reagent measures
the amount of soluble formazan, which is directly proportional to the
number of viable cells. The plate was incubated in a humidified 37°C
incubator for 2 h. Absorbance was then read at 490 nm.

ELISA. Binding of HD5 or HBD1 to JC virions or VP1 pentamers was
determined by enzyme-linked immunosorbent assay (ELISA). Saturating
amounts (10 pg/ml) of JCPyV or pentamers (Alexa Fluor 488 labeled or
unlabeled) were bound to 96-well plates in PBS supplemented with 0.1%
sodium azide for 24 h at 4°C (Corning). After being washed three times
with PBS for 5 min each, plates were blocked with PBS-Tween (PBST)
plus 0.25% bovine serum albumin (BSA) for 1 h at room temperature and
then washed three times again. A 10-ug/ml concentration of HD5 or
HBDI1 in 50 p.l was added and incubated for 2 h at 4°C. HD5 was detected
using a murine-generated monoclonal antibody to human HD5 (1:100;
Santa Cruz) and a goat anti-mouse IgG secondary antibody conjugated to
horseradish peroxidase (HRP; 1:10,000; Invitrogen). HBD1 was captured
using a polyclonal antibody generated in rabbits (1:100; Santa Cruz) and a
goat anti-rabbit IgG secondary antibody conjugated to HRP (1:10,000;
Invitrogen). TMB Ultra solution was added, and absorbance was read
kinetically every minute for 45 min at 652 nm. The time point shown in
the results is after 15 min of TMB Ultra incubation.

Flow cytometry. SVG-A cells were seeded in 6-well dishes at a density
of 5 X 10 cells per well the night before the experiment, resulting in 1 X
10° cells on the day of the experiment. Cells were removed from the dish
using Cellstripper (Cellgro) and washed twice with PBS. Meanwhile, 100
pg/ml HD5 was preincubated with ~1 g of Alexa Fluor 488-labeled
JCPyV (JCPyV-488) on ice for 1 h in 100 pl PBS. The virus-HD5 com-
plexes were then bound to cells for 2 h on ice. Cells were then washed and
fixed with 1% paraformaldehyde (PFA), and mean fluorescence intensi-
ties determined by flow cytometry (FACSCanto II; Becton Dickinson).
Experiments were done in triplicate and analyzed with Flow]Jo software
(Treestar, Ashland, OR).

Live-cell microscopy. Labeled JCPyV (5 to 10 ng) was premixed with
HD5 (100 pg/ml) for 1 h on ice in 100 pl 2% MEM. SVG-A cells were
plated into 60-mm optical dishes (World Precision Instruments, Inc.) the
night before infection at a density of 200,000 cells/dish. These cells were
prechilled at 4°C for 30 min and then overlaid with the JCPyV-HD5 com-
plexes in a volume of 100 pl for 2 h. After unbound virus had been washed
out with medium, to analyze time zero, cells were immediately brought to
the Zeiss 710 laser scanning microscope for analysis. To analyze later time
points, cells bound with complex were washed and then incubated at
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37°C, and the Zeiss LSM 710 was prewarmed to 37°C on both the stage and
objective collar. Cells were imaged at a X63 magnification.

Internalization assay. The internalization assay method was adapted
from reference 37. Briefly, cells were treated with labeled JCPyV com-
plexes as in live cell microscopy. z-stack images were taken and then a 1:20
dilution of trypan blue was added directly to the imaged area (trypan blue
addition results in a quenching of fluorescence at 488 nm). A z-stack
image was taken after the quenching, and total fluorescence was com-
puted and compared between “before” and “after” images. Cell outlines
were drawn using the bright-field images (not shown), and the sum of the
intensities inside the cell using the maximum projection pre-z stack was
divided by the sum of the intensities of the maximum-projection post-z
stack and converted to percentages.

Endoplasmic reticulum colocalization. Labeled JCPyV (JCPyV-633)
was premixed with 100 pg/ml of either HD5 or HBD1 for 1 honiceina
20-pl reaction mixture in 2% MEM. SVG-A cells seeded in a 96-well
glass-bottom plate were then infected at an MOI of ~5. A subset of cells
was pretreated with 10 ng/ml brefeldin A (BFA) for 1 h during the defen-
sin-virus incubations. BFA was kept in those wells for the remainder of the
experiment. At 10 hpi, cells were fixed with 4% PFA for 10 min at room
temperature, permeabilized with 0.2% Triton-X for 10 min at 21°C,
blocked for 1 h at 37°C with 10% goat serum in PBS containing 1% BSA,
and incubated with a 1:100 dilution of a rabbit monoclonal antibody to
protein disulfide isomerase (PDI; Abcam) and a mouse monoclonal to
human HD5 overnight with gentle shaking at 4°C. The next day, cells were
washed in PBS and incubated at room temperature for 1 h with a 1:500
dilution of goat anti-rabbit AF488 and goat anti-mouse AF405. Cells were
imaged on a Zeiss 710 laser scanning confocal microscope. Colocalization
analysis was done per field of view according to reference 38 using Image]J
software with the JACoP plugin and Mander’s coefficient for colocaliza-
tion. Briefly, images were 3D hybrid-median filtered and thresholded us-
ing the JACoP plugin. Virus channel and PDI channel thresholds were
chosen to reflect a conservative and appropriate (i.e., no saturation of
pixels) amount of signal and kept constant over the course of an experi-
mental replicate of 10 images (each containing 1 to 3 cells) per condition.
Mander’s M1 coefficient represents the amount of virus channel overlap-
ping the PDI channel. For image representation, images were fast Fourier
transform band pass filtered to better define the ER boundaries. The
whole depth of the cell was used for colocalization quantification, but the
images shown are from a plane in the cell with significant amounts of virus
for visualization purposes. The results are from 3 fully independent ex-
periments and ~50 total cells per treatment per experiment.

VP2 exposure. SVG-A cells (5 X 10°) were seeded in a 96-well glass
bottom plate and infected at an MOI of 20 with mock-treated or 100
pg/ml HD5- or HBD1-treated JCPyV in a volume of 20 pl in 2% MEM.
After 1 h, complete medium was added. HD5 preincubation was done for
1 h onice. A subset of cells was pretreated with 10 ng/ml brefeldin A for 1
h during the defensin-virus incubations. BFA was kept in those wells for
the remainder of the experiment. After 10 hpi, cells were fixed and stained
for the major viral protein 2 (VP2) using a polyclonal rabbit antibody to
the SV40 VP2/3 (Abcam), which cross-reacts with JCPyV VP2. Nuclei
were counterstained with Hoechst dye (1:10,000). Imaging was done on a
Zeiss 200 M Axiovert fluorescence microscope at a X20 magnification.
Ten fields of view were imaged per experimental condition, resulting in
quantification of ~2,500 cells per treatment. Cells were considered to
have exposed VP2 by showing a perinuclear punctate staining pattern.
VP27 cells were counted in Image] and normalized to the number of total
cells. To analyze VP2, PDI, and JCPyV all at once, cells were treated with
defensins at 100 pg/ml, infected at an MOI of 5 (same as ER colocaliza-
tion), fixed, and stained first for VP2 using the antibody described above.
After the primary and secondary (Alexa Fluor 405) antibodies for VP2
were incubated and washed away, a rabbit monoclonal to PDI was added
overnight at 4°C with gentle shaking. The following day, PDI was detected
using an Alexa Fluor 488 secondary antibody. Images shown are fast Fou-
rier transform (FFT) band pass filtered, and PDI is pseudocolored red,
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VP2 blue, and JCPyV-633 green. All Alexa Fluor secondary antibodies
were used at 1:500.

DNase protection assay. Purified JC virions at a concentration of 1
pg/pl (5 pl used) were preincubated with 100 pg/ml HD5 for 1 h on ice
and/or microsomes (3.3 pg/ml) for 3 h at 37°C after HD5 treatment in
20-pl reaction mixtures (PBS). Microsomes were prepared as described in
reference 39 and stored at —80°C at a concentration of 1 mg/ml. Samples
were analyzed for DNA content using a NanoDrop (Thermo Scientific)
spectrophotometer. To degrade DNA not protected from the viral cap-
sids, samples were then incubated with DNase (1 U/uwg DNA) for 15 min
at room temperature. Twenty microliters of 25 mM EDTA was added to
stop the DNase reaction and incubated at 65°C for 10 min (1 pl of 25 mM
EDTA inactivates 1 U of DNase). To release viral DNA from the capsids,
proteinase K was used as described in the Qiagen blood and tissue kit
(Qiagen, Inc.). Viral DNA was purified using the Qiagen column per the
manufacturer’s instructions, and the DNA was then eluted in a new mi-
crocentrifuge tube with 40 pl double-distilled water (ddH,O).

PCR. Conventional PCR was used to amplify JC viral genomes. One
microliter of eluted DNA was mixed with 1 pg of each custom primer
(5"-TGA GAC TTG GGA AGA GCA TTG TG-3' and 5'-TGA AGA TGT
AAA AGG GAC AGG AGC-3'; Invitrogen) and reagents in a standard
PCR kit. Reaction conditions were 94°C for 4 min once, followed by 30
cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s, finishing at 4°C.
Real-time PCR (RT-PCR) was conducted using the Bio-Rad iQ5 system.
All samples were investigated in triplicate in a 25-pl reaction using 12.5 pl
SYBR green master mix (Applied Biosystems). One microliter of template
and 400 nM forward and reverse primers specific to JCPyV T antigen were
used.

Electron microscopy. One g of purified JCPyV was preincubated
with 100 pg/ml of defensin for 1 h on ice in 20-pl reactions (PBS) and then
treated with water or 3.3 pg/ml microsomes for 3 h at 37°C. Complexes
were then overlaid onto carbon-coated Formvar grids (Electron Micros-
copy Sciences) for 30 s, blotted to remove excess, and stained with
NanoW, a tungsten-based stain reagent, for 30 s (Nanoprobes). Excess
stain was blotted, and grids were visualized using a Phillips 410 transmis-
sion electron microscope.

Statistical analysis. Unless otherwise indicated, experiments were
performed in triplicate 3 independent times. Means were compared
using an unpaired Student’s t test, and comparisons are indicated in
the figure legends. Values were considered significant if the P value was
below 0.05.

RESULTS

HD5 neutralizes JCPyV in a dose-dependent manner and inhib-
its early steps in the viral life cycle. In order to determine the
effect of defensins on JCPyV infection, we first tested the ability of
a panel of alpha and beta defensins to neutralize JCPyV. Preincu-
bation of purified JCPyV with 100 pg/ml of each defensin resulted
in no decrease in infectivity for most defensins, while the alpha
defensin HD5 and the beta defensin HBD3 were significantly neu-
tralizing at this concentration (Fig. 1A). To eliminate the possibil-
ity that the neutralization of infection was due to cytotoxicity, cell
viabilities were determined after exposure to different defensins.
HBD3 demonstrated levels of cytotoxicity comparable to those of
our cell death control, and we therefore attribute the lack of infec-
tivity of HBD3-treated JCPyV to cytotoxicity (Fig. 1B). We fo-
cused on HD5, since this was the only defensin to inhibit JCPyV
infection without significant cytotoxicity. HD5 inhibited JCPyV
infection in a dose-dependent manner, with 25 pg/ml HD5 reduc-
ing infection by ~50% (Fig. 1C). Since Alexa Fluor-labeled JCPyV
virions (JCPyV-488 and 633) were used in later experiments, we
also determined that HD5 neutralized JCPyV-488 with similar
efficiencies. We next sought to determine the kinetics of HD5-
mediated neutralization. Cells were infected with JCPyV, and at
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FIG 1 Neutralization of JCPyV infection by HD5. (A) Testing the efficacy of a defensin panel. A 100-ug/ml concentration of the indicated defensins was
preincubated with JCPyV (MO, 0.5) on ice for 1 hand then overlaid on SVG-A cells. After 1 h, complete medium was added, and the infected cells were incubated
for 72 h. At 72 hpi, cells were fixed and stained for VP1. Error bars indicate the standard deviations from 3 independent experiments. *, P < 0.05 compared to
no defensin. (B) Cytotoxic effect of defensins. A 100-pg/ml concentration of each defensin was added to SVG-A cells and remained in the medium for 72 h to
mimic one replication cycle of JCPyV. At 72 hpi, cells were assayed for viability using a commercial MTS assay. “(+)ive” indicates cells with no defensin, and
“(-)ive” indicates cells in PBS for 72 h. Error bars indicate the standard deviations from 3 independent experiments. *, P < 0.05 compared to the positive control.
A bar indicates a direct comparison. (C) Dose-response curve for HD5. Approximately 5 to 10 ng of either WT JCPyV or JCPyV488 was preincubated with the
indicated concentrations of HD5 for 1 h at 4°C. The complexes were then overlaid onto SVG-A cells for 1 h and stained for the presence of VP1 in the nucleus
72 hpi. Values are percentages of the value for the positive control (no HD5 plus virus). Error bars indicate standard deviations from 3 independent experiments.
*, P < 0.05 compared to the virus control. (D) HD5 time course. A 50-pg/ml concentration of HD5 (a neutralizing concentration, as seen in panel C) was added
to SVG-A cells at the indicated time points after infection with JCPyV (MOI, 0.5). Values are percentages of the value for the positive control after staining for
VP1 72 hpi. (E) Effect of HD5 pretreatment. A 50-pg/ml concentration of HD5 was added to SVG-A cells directly in a 20-pl reaction for either 2 h before, 1 h
before, or at the point of infection (+ive) with ~5 to 10 ng of JCPyV. The pretreatment reactions were carried out in the presence of 2% FBS. Additional
experiments were performed in PBS to rule out the effect of serum in the pretreatment (data not shown). Values are the percent VP1-positive cells 72 hpi. Error
bars indicate standard deviations from 3 independent experiments. *, P < 0.05 compared to the positive control. A bar indicates a direct comparison.

various times postinfection, medium was removed and replaced undergoes rapid endocytosis (16), this result suggests that HD5
with medium containing a neutralizing concentration of HD5 (50  interferes with early steps in JCPyV entry and trafficking in host
pg/ml). HD5 efficiently inhibited JCPyV infection at early time cells (Fig. 1D). Defensins are also known to stimulate antiviral
points with a half-life (¢,,,) of approximately 6 hpi. Since JCPyV  innate immune signals in cells, and this response can inhibit viral
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FIG 2 HDS5 directly interacts with JCPyV but does not block binding to cells. (A) HD5 binds to JCPyV. Ninety-six-well plates were coated with saturating
concentrations of JCPyV. A 10-pg/ml concentration of HD5 or HBD1 was then added to the plates, and interaction was determined by ELISA. Values are
absorbance at 652 nm. JCPyV-488 was also used to rule out a loss of binding ability due to the labeling process. *, P < 0.05 compared to the no-HD5 value. A bar
indicates a direct comparison. (B) Effect of HD5 on JCPyV binding to host cells: SVG-A cells were incubated with JCPyV-488 ~-HD5 complexes for 1 h on ice. Cells
were then fixed with 4% PFA and analyzed by flow cytometry. Values are the mean fluorescence intensity from 3 independent experiments, and error bars
indicate the standard deviations of the mean fluorescence intensities. NS, not significant. A bar indicates a direct comparison. (C) Analysis of JCPyV binding by
fluorescence. Mock- and HD5-treated JCPyV-488 was bound to SVG-A cells on ice (to prevent internalization). Images are maximum z-stack projections
indicating binding to the plasma membrane. Images are representative. Scale bar = 20 wm. (D) HD5 binds to mutant pentamers. Ninety-six-well plates were
coated as described for panel A with the indicated mutant JCPyV VP1 pentamers. HD5 was added, and interaction was determined by ELISA. Values are

absorbance at 652 nm (endpoint reading), and error bars indicate the standard deviations from 3 independent experiments.

replication (40, 41). To test whether neutralization of JCPyV by
HDS5 is due to promotion of a cellular antiviral state instead of
directly neutralizing viral capsids, we pretreated cells with 100
pg/ml of HD5 for 1 or 2 h. HD5 was then washed from these
samples, and cells were inoculated with JCPyV and scored for VP1
production at 72 hpi. When HD5 was added at 1 or 2 h prior to
inoculation, more than 70% of JCPyV infectivity remained, sug-
gesting that a cellular response is not the primary mechanism by
which HD5 neutralizes JCPyV (Fig. 1E). Adding HD5 at the time
of infection and allowing HD5 to remain in these cultures effi-
ciently inhibited JCPyV infection, consistent with our time-of-
addition experiments (Fig. 1D).

HD?5 does not inhibit JCPyV binding to host cells. Since HD5
interferes with early steps in JCPyV replication, we asked if HD5
binds the JCPyV capsid and prevents binding to host cells. To
determine whether HD5 binds to JCPyV, we used an enzyme-
linked immunosorbent assay (ELISA); virions were adsorbed to
the plate and probed for any bound HD5 with a monoclonal an-
tibody to HD5. Using this assay, we showed that HD5 binds to
JCPyV and JCPyV-488 equivalently (Fig. 2A). We also tested the
ability of a nonneutralizing beta defensin, HBD1, to bind virions.
As shown in Fig. 2A, HBDI does not bind to either JCPyV or
JCPyV-488, which further suggests that neutralization correlates
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with direct capsid binding by defensins. The HBD1 ELISA was
validated by adsorbing HBD1 to the plate instead of virions and
detecting HBD1 using a commercial antibody to HBD1 (data not
shown). The HD5 binding is not due to affinity with BSA (the
blocking reagent), as shown in the no-virus control. We also tested
a panel of VP1 pentamer mutants for the ability to bind HD5 by
ELISA (Fig. 2D). VP1 pentamers are the functional capsid protein
responsible for host cell receptor engagement; they recapitulate early
JCPyV trafficking events and serve as a tool for polyomavirus studies
(16). Surprisingly, HD5 was able to bind to all mutants tested, includ-
ing 3 residues that are vital for LSTc recognition (5266, 5268, and
N123) (12). To examine whether HD5 prevents JCPyV binding to
host cells, we preincubated JCPyV-488 and HD5 for 1 h and then
added this complex to SVG-A cells on ice for 2 h. Cells were washed
and fixed in PFA and analyzed by flow cytometry. HD5-treated
JCPyV-488 bound SVG-A cells as efficiently as JCPyV-488 alone (Fig.
2B). We also examined binding by fluorescence microscopy. HD5-
virus complexes were bound to chilled SVG-A cells (to prevent inter-
nalization) and imaged (Fig. 2C). Mock- and HD5-treated virus both
bound to cells, but the HD5-treated virus bound in clumps, suggest-
ing that HD5 induces virion aggregation.

HD?5 does not neutralize JCPyV infection by blocking inter-
nalization. Since HD5 caused aggregation of virions but did not
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block binding to cells, we hypothesized that HD5-mediated aggre-
gation of virions would prevent viral endocytosis. To examine
this, we used a fluorescence-quenching assay to distinguish extra-
cellular virions from those that had entered cells (37).

SVG-A cells were chilled to prevent endocytosis and were in-
oculated with JCPyV-488. After virions had been allowed to bind
to cells for 1 h, the cells were washed and either imaged immedi-
ately or warmed to 37°C to allow sufficient time for JCPyV endo-
cytosis (2 h). To evaluate internalization, trypan blue was added to
quench any labeled virus remaining on the plasma membrane or
attached to the extracellular matrix. Since trypan blue is a mem-
brane-impermeative dye, it does not quench the fluorescence
from virions that have been internalized (Fig. 3A). Quantifying
the images resulted in no decrease in internalization compared to
virus-only controls at the 2-hpi time point (Fig. 3B). In fact,
pretreatment of JCPyV with HD5 led to a slight increase in inter-
nalization, presented as a percentage of total fluorescence pre-
quenching.

HD5 reduces JCPyV traffic to the endoplasmic reticulum. Af-
ter internalization, JCPyV enters early endosomes and traffics to
the endoplasmic reticulum (ER) within several hours (16). Since
HD5 did not prevent viral internalization, we sought to determine
if HD5 binding to JCPyV inhibited retrograde ER transport of
virions. SVG-A cells were infected with JCPyV-633 and stained
after 10 h for PDI, an ER marker. To mimic disruption of ER
traffic, the COP-1 vesicle inhibitor brefeldin A was used as a pos-
itive control. Brefeldin A has been shown to disrupt other polyo-
mavirus trafficking to the ER (42). The nonneutralizing beta
defensin HBD1 was used as a negative control as in other exper-
iments to show that the mechanism of action was specific to HD5.
JCPyV-633 mock treated with water colocalizes with PDI 10 hpi
with Mander’s coefficient of colocalization, consistent with previ-
ously published data (16) (Fig. 4A). Upon treatment with HD5,
colocalization is reduced. Quantifying the colocalization using
Mander’s coefficient resulted in no difference between HD5-
treated JCPyV-633 and brefeldin A-treated JCPyV-633 (Fig. 4B),
indicating a significant reduction in ER traffic. HBD1 did not af-
fect colocalization with PDI (Fig. 4A, third row).

HD5 reduces exposure of VP2. In order to confirm reduced
ER trafficking of HD5-treated JCPyV, we asked whether HD5 pre-
vented the exposure of VP2. VP2 is exposed upon arrival at the ER
after exposure to the ER host chaperones and isomerases and is
necessary for viral retrotranslocation to the cytosol (43-45). We
hypothesized that less VP2 would be exposed, since virions are
hindered from exposure to these proteins encountered inside the
ER. SVG-A cells were infected with JCPyV at an MOI of 20 and
incubated for 10 h. At this time point, the majority of the virions
should have arrived at the ER (16, 46). At 10 hpi, untreated JCPyV
shows a perinuclear punctate staining pattern, indicative of VP2
exposure in the ER (Fig. 5A, top left). Both HD5 and BFA signif-
icantly reduced exposure of VP2, but HBD1 had no effect (Fig. 5A
and B). To rule out the possibility that the reduction in VP2 ex-
posure was due to fewer virions being present due to some degra-
dative process, we visualized labeled virus (mock or HD5/HBD1
treated), VP2, and PDI in a single experiment. Labeled virus co-
localized with PDI in all cases, and the amount of colocalization
was reduced when HD5 was present, consistent with reduced traf-
ficking of HD5-treated virions to the ER. HD5-treated virions that
did colocalize to the ER showed no evidence of VP2 exposure,
suggesting that HD5 may also stabilize virions that do the reach
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FIG 3 HDS5 does not inhibit JCPyV internalization. (A) Analysis of internaliza-
tion. Prechilled SVG-A cells were incubated with either JCPyV-488 or HD5-
treated JCPyV-488 for 1 h on ice to prevent internalization. The top four panels
were taken at 0 hpi and the bottom four at 2 hpi (allowing for internalization). A
1:20 dilution of trypan blue was added directly to the field, and the images are
z-stack projections with and without trypan blue. Images are representative of 3
independent experiments. Scale bar = 20 wm. (B) Quantification of internaliza-
tion. Total fluorescence was calculated per cell in the pre-trypan blue maximum-
projection z-stack images. The same process was done for the post-trypan blue
images. Images are the projection of the entire cell. Values are the average remain-
ing fluorescence of 5 to 10 cells per condition per experiment (total, 15 to 30 cells
per condition) 2 hpi divided by the total fluorescence before the addition of trypan
blue. Error bars indicate standard deviations. *, P < 0.05.
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the ER from host cell chaperones that drive the unfolding reac-
tion. There is precedent in the literature for this, as other viruses
have been shown to be stabilized by alpha defensins (29, 47).

To test this possibility, we asked whether HD5 treatment
would stabilize JCPyV virions against either heat or exposure to
ER extracts (48). Treatment of JCPyV with ER extracts resulted in
an altered virion morphology, characterized by partially unfolded
capsids of nonuniform diameter (Fig. 6A, middle). Pretreatment
of the virions with HD5 shows the typical aggregation (compare to
Fig. 2B), and after subsequent treatment with ER extract, the
HD5-treated JCPyV virions remained qualitatively intact and uni-
form. This suggests that HD5 could interfere with important cap-
sid rearrangements necessary for a productive infection. HD5 also
protected the virions from disassembly following incubation at
95C for 30 (Fig. 6A, bottom). To further demonstrate the ability of
HDS5 to stabilize the viral capsid, DNase protection assays were
used to determine if HD5 blocks access to the genome by DNase I.
JCPyV and HD5-treated JCPyV were exposed to microsomes or
heat as in the transmission electron microscopy (TEM) experi-
ments. The samples were then treated with DNase to digest all
exposed DNA, followed by proteinase K to break down the viral
capsid. The viral genome was amplified with specific primers. Fig-
ure 6B shows that the non-HD5 samples treated with either mi-
crosomes or high heat contained much less DNA content after
DNase digestion, as evidenced by an increase in the threshold
cycle (Cr) needed to reach the user-defined threshold. Samples
treated with HD5 and those not exposed to microsomes or heat
contained the same amount of DNA after digestion, indicating
that the microsomes and heat treatments were unable to effi-
ciently expose the genome. This is seen clearly in Fig. 6C, where
the average C; values for each sample were converted to fold
changes using the AAC; method between DNase treatment and
no DNase. Without HD5 treatment, viral DNA was decreased
1,000- to 10,000-fold compared to unmanipulated JCPyV. Upon
treatment with HD5, relatively equivalent amounts of DNA re-
mained before and after ER extraction and high-heat treatment,
indicating that the capsid was not rearranged and the genome was
protected. Plasmid DNA incubated with each reagent without the
protection of a viral capsid was used as a control to show that none
of the reagents interfered with the DNase reaction and that the
DNase degraded available genome. The amount of EDTA used in
the control plasmid reaction (and correspondingly in the micro-
some reaction) is much less than the amount used to eventually
stop the DNase reaction.

DISCUSSION

Evidence of defensin-mediated neutralization of viral infection
has greatly increased in the literature in recent years (reviewed in
references 23 and 24). Defensins act on multiple classes of viruses
by diverse mechanisms. They have been shown to directly interact
with virions and also stimulate immune signaling. This study elu-
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cidates the mechanism of HD5 (an alpha defensin)-mediated neu-
tralization of JCPyV infection. We show that the mechanism of
neutralization is different from that of neutralization of the highly
related polyomavirus BK, affecting distinct stages in the polyoma-
virus life cycle. Additionally, HD5 stabilizes JCPyV capsids and
prevents uncoating.

Previously, we showed that HD5 neutralizes BKPyV by pre-
venting attachment to host cells (33). The data presented here
demonstrate that HD5 neutralizes JCPyV infection at a later step
in the viral life cycle, after internalization. Viral attachment to host
cells is unaffected. The reason for two divergent mechanisms of
neutralization of two highly similar viruses by the same defensin
may be due to the different receptor complexes utilized by JCPyV
and BKPyV to attach to cells. BKPyV attaches to the gangliosides
GT1b and GD1b and primarily infects the kidney. The JCPyV
receptor complex consists of a sialic acid-containing carbohy-
drate, LST¢, and the 5SHT2a serotonin receptor (11, 12, 49). It is
possible that HD5, which associates directly with both viruses,
occludes the binding site for gangliosides in the context of a
BKPyV infection, whereas the binding site for the sialic acid-con-
taining receptor complex is still available in a JCPyV infection.
The data for HD5 binding to mutant VP1 pentamer are consistent
with this possibility, as HD5 can still bind to pentamer mutants
that abolish JCPyV infection due to a lack of LSTc engagement
(50). Thus, it does not appear that HD5 specifically competes with
LSTc on the viral capsid, driving the virus to bind a different re-
ceptor and trafficking pathway. The relatively low binding signal
in Fig. 2A can be attributed to the fact that a large fraction of the
HD?5 surface area would be occluded by interaction with the vi-
rion. This occlusion appears to be less apparent in binding to
pentamers (Fig. 2D).

The molecular epitopes driving HD5-mediated neutralization
of JCPyV are not known. Residues conferring hydrophobicity and
supporting multimerization have been shown to be vital for
HD5’s antiviral properties in other viral systems (51-53). Several
arginine residues in HD5 have been shown to be critical in its
ability to neutralize adenovirus (53). The conformation also
seems to be necessary as the linearized form of HD5 (reduction of
its 3 characteristic disulfide bonds) loses its antiviral capabilities
(31). Tt is still unclear what motifs drive HD5-mediated neutral-
ization of polyomaviruses. Future studies examining the binding
motif of HD5 and JCPyV or BKPyV will greatly increase our un-
derstanding of how this small molecule inhibits polyomavirus in-
fection.

We have shown that HD5 neutralizes JCPyV up to 3 hpi. In-
terestingly, the kinetics of JCPyV entry indicates that the majority
of the virus is internalized 2 hpi (13). This suggests that HD5 is
internalized and inhibits JCPyV at a postendocytic step. Defensins
are known to be internalized irrespective of virus, as was shown in
the context of herpes simplex virus infection (54). Thus, HD5
could seemingly “catch up” to JCPyV at an early time point in the

FIG 4 HD5 reduces JCPyV traffic to the ER. (A) Colocalization analysis. SVG-A cells were infected with JCPyV-633 at an MOI of ~5 for 10 h. JCPyV was either
mock treated with water, treated with 100 wg/ml HD5 or HBD1, or added to cells pretreated with 10 ng/ml of brefeldin A (used as an ER trafficking inhibitor
control). At 10 hpi, cells were fixed and stained for PDI. Images are merged z-stack slices from a representative plane (a plane with a significant amount of virus).
Inserts are enlarged sections of the image indicated by the white squares. JCPyV-633 is red, PDI is green, and colocalization is yellow. Images show representative
cells, and 40 to 50 cells were analyzed per condition. Scale bar = 10 pm. (B) Quantification of colocalization between JCPyV-633 and ER proteins. Colocalization
analysis was performed on the set of images described above using Mander’s coefficient of colocalization with M1 indicating amount of virus channel overlapping
PDI channel. Box plots indicate minimum, Ist-quartile, mean, 3rd-quartile, and maximum values. *, P < 0.0001 compared to JCPyV alone. A bar indicates a

direct comparison.
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FIG 5 HD?5 reduces exposure of VP2 at a time point consistent with ER arrival. (A) Imaging of VP2 exposure. Cells were infected with JCPyV that had been
treated with 100 pg/ml HD5 at an MOI of 20 for 10 h. At 10 hpi, cells were fixed and stained for VP2 and nuclei. Nuclei are pseudocolored blue, and VP2 is green.
VP2 exposure results in a punctate, perinuclear staining pattern, as seen in the top left image. A 100-pg/ml concentration of HBD1 and a 10-ng/ml concentration
of brefeldin A (BFA) were used as controls as described in the text. Scale bar = 50 pm. (B) Quantification of VP2 exposure. A total of 2,500 cells were imaged per
condition and counted using the counter in Image]J. VP2-positive cells were counted in the same way and normalized to the total amount of cells per condition.
Values are the percent positive VP2 cells, and error bars indicate standard deviations. *, P < 0.05 compared to JCPyV alone. (C) Visualization of virus, VP2, and
PDI at once. Viruses and cells were treated as for panel A, and cells were infected at an MOI of 5. At 10 hpi, cells were fixed and stained for VP2. Additionally, after
VP2 staining, cells were stained for PDI overnight. PDI is pseudocolored red, virus green, and VP2 blue. Areas of colocalization appear white and are indicated
by yellow arrows. White boxes indicate areas enlarged in the panels immediately below. Scale bar = 20 pm.

JCPyV life cycle. Interestingly, our data show that the neutraliza-
tion capabilities of HD5 start to decrease after 6 h, a time point
consistent with the beginning of ER arrival. ELISA and TEM anal-
ysis showed that HD5 directly interacted with both labeled and
unlabeled virions. HD5-mediated JCPyV complexes are internal-
ized into SVG-A cells within 2 h. Thus, HD5-treated JCPyV is
internalized within a time frame similar to that of mock-treated
JCPyV even though the complexes are much larger than cargo
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traditionally internalized by clathrin-mediated endocytosis (re-
viewed in reference 55). However, studies on vesicular stomatitis
virus (VSV) internalization have demonstrated that clathrin-me-
diated endocytosis is able to internalize large cargo molecules. In
those studies, clathrin buckets enlarge, incompletely coating the
pit. Actin is then recruited to the pits, but clathrin still proves vital
for VSV endocytosis, suggesting that clathrin-mediated endocy-
tosis can accommodate a range of cargos (56).
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FIG 6 HDS5 stabilizes the viral capsid in the presence of either high heat or microsome treatment. (A) Morphological changes in JCPyV after harsh treatments.
Mock- and HD5-treated JCPyV was subjected to treatment with either high heat (95°C for 10 min) or microsomes (ER extracts with chaperones and proteins that
would begin to manipulate the viral capsid). Ultrastructural analysis using TEM showed that treatment with heat (middle left) and microsomes (bottom left)
resulted in misshaped and incomplete capsids, indicated by the arrows. JCPyV that was treated with 100 wg/ml HD5, however, remained aggregated and shows
a morphology very similar to that of mock-treated virions. Scale bar = 100 nm. Magnification, X54,800. (B and C) Protection from DNase digestion.
Mock-treated JCPyV and JCPyV treated with 100 pg/ml HD5 were treated as indicated for panel A and then subjected to DNase treatment to degrade any exposed
genome. After the DNase reaction was stopped, capsids were digested with proteinase K, and DNA was isolated and purified. Each condition had a reaction with
DNase and without DNase to control for the amount of genome available. Viral genomes were amplified and quantified using real-time PCR. Values indicate
threshold cycle (or C;-value) (B) or the log fold change in viral DNA content normalized to the no-DNase reactions using the mean DNA content (as determined
by C value) of 3 independent experiments (C). The last 4 samples indicate viral plasmid combined with each reagent in the DNase reaction mixture to ensure
that no reagent interfered with DNase activity by itself. ¥, P < 0.05. NTC, no-template control for the PCR. “Everything” indicates plasmid DNA plus each reagent

listed (EDTA, HD5, and microsomes). A bar indicates a direct comparison.

Pretreatment of cells with HD5 modestly neutralized infection,
suggesting that HD5 also has potential indirect effects on the tar-
get cell promoting an antiviral response. Nuclear factor of acti-
vated T cells (NFAT) and NF-kB are transcription factors that are
known to coordinate immune responses and are vital for JCPyV
infection (57-59). Alpha defensin genes have NFAT and NF-kB
binding sites, so the modest reduction in infection could be attrib-
uted to the beginning of a cellular response initiated by these fac-
tors due to exogenous HD5 addition. One study showed that ad-
dition of HD5 upregulates cell survival genes and inflammatory
genes in an NF-kB-mediated fashion (60). Future work will be
focused on elucidating the relationship between defensins and
these transcription factors in the context of polyomavirus infec-
tion. Moreover, the effect of JCPyV infection of kidney and glia-
derived cell lines on defensin induction is currently being studied
in our laboratory.

Our results are consistent with previously published data,
which demonstrate that defensins can alter viral trafficking. De-
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fensins block papillomavirus infection by sequestering the virions
in endosomes (32). Our studies show that HD5-treated JCPyV is
significantly prevented from arriving at the ER, a step critical for
productive infection (44). It is likely that a reduction in ER trans-
port of JCPyV eventually results in targeting of virions to a degra-
dative pathway. This study demonstrates that HD5-mediated
neutralization of JCPyV can occur at multiple stages in the viral
life cycle. Although the techniques used were different, the reduc-
tion in VP2 exposure was much more pronounced after HD5
treatment than the reduction in ER traffic. The MOI used in the
VP2 experiment was four times higher than that in the ER colo-
calization experiment, thus making the effect even greater. A
higher MOI was necessary due to the microscopy used (fluores-
cence versus confocal). Moreover, we costained for virus, PDI,
and VP2 in the same confocal experiment to further link the ER
colocalization and VP2 exposure experiments. The reduction in
VP2 is not due to fewer virions or acute increased degradation, as
alarge amount of labeled virus was still present at 10 hpi inside the
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cell near to, or colocalized with, PDI. Thus, we aimed to show
what happened to HD5-treated virions that still arrived at the ER.
We show here that HD5 also stabilizes the viral capsid, so that even
if the virion arrives at the ER, the critical unfolding step necessary
to expose VP2 and subsequent retrotranslocation to the cytosol is
blocked. VP2 exposure is blocked and the genome is protected
from DNase digestion after treatment with ER chaperone pro-
teins. As a result, HD5 acts to prevent a normal JCPyV life cycle
but also serves as a potential building block for a JCPyV antiviral
molecule due to its direct effects on the capsid.

Viral capsid stabilization has been described as an antiviral
mechanism for other viruses. For example, chemical compounds
produced by Sterling-Winthrop, Inc. (WIN) have been demon-
strated to inhibit “breathing” of picornaviruses, resulting in an
inability of the virus to transiently expose the N terminus of its
capsid protein, thus preventing infection (61, 62). Other groups
have shown that defensins neutralize adenovirus infection by sta-
bilizing the viral capsid. Adenovirus escapes from endosomes after
exposure of pVI and subsequent puncturing of the endosomal
membrane (63). HD5 blocks exposure of pVI and results in an
accumulation in endosomes and lysosomes (29, 31). These data
suggest that HD5 is acting like “glue,” keeping the capsid intact
and preventing genome release to the nucleus. This stabilization
effect works in concert with JCPyV aggregation, thus preventing
critical rearrangement of the viral capsid and altering trafficking,
rather than preventing binding to the host cell. This work builds
upon the capsid stabilization literature and shows that defensins
can potentially be used either to treat polyomavirus-induced dis-
ease or to provide a rationale for the development of a polyoma-
virus-blocking peptide.

It is entirely possible that JCPyV would be exposed to HD5 in
the course of an infection in vivo. Since JCPyV is hypothesized to
be transmitted via the fecal-oral route, it is likely that the virus
encounters defensins in the tonsillar tissue, the gut, and the kidney
epithelium. HD5 is primarily produced in the intestinal Paneth
cells, but interestingly, a recent study showed basal levels of HD5
expression in the human kidney and urinary tract that increased in
patients with pyelonephritis (64). It was originally thought that
only beta defensins were expressed in the kidney. It is interesting
that only HD5 significantly reduced JCPyV infection in the panel
of defensins tested. Detailed structural studies would be beneficial,
since defensins are highly similar in secondary structure.

The concentrations used in this study are physiologically rele-
vant. Physiologic concentrations of defensins can range from 400
ng/ml in plasma of healthy individuals to >10 mg/ml in neutro-
phils of infected patients. The concentrations vary with the defen-
sin, the defensin-producing cell, and the infection (65, 66). With
regard to HD5, lavages from urethral sections of men with gonor-
rhea have shown HDS5 levels to be significantly greater than 10
pg/ml.

Hosts with variant expression levels of defensin genes show
susceptibilities to autoimmune diseases such as Crohn’s disease as
well as HIV infection (67, 68). In addition, not all patients with
AIDS develop PML, and the majority of the population is seropos-
itive for JCPyV. It is possible that having higher defensin expres-
sion can result in decreased susceptibility to persistent infections
and/or autoimmune diseases.

In summary, this study adds to our knowledge of the antiviral
capabilities of human defensins and shows that HD5 can act in
distinct mechanisms within the same virus family. This has impli-
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cations for future studies that aim to find a conserved mechanism
of action or motif attributed to defensins. This study also provides
a platform and rationale for developing a small-molecule inhibi-
tor of JCPyV infection that might be used to treat patients at risk
for PML. Finally, this work provides clues as to how JCPyV might
be controlled in healthy patients, since there is evidence HD5 is
expressed in sites of initial infection.
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