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ABSTRACT In many enveloped virus families, including human immunodeficiency
virus (HIV) and herpes simplex virus (HSV), a crucial, yet unexploited, step in the viral
life cycle is the release of particles from the infected cell membranes. This release
process is mediated by host ESCRT complex proteins, which are recruited by viral
structural proteins and provide the mechanical means for membrane scission and
subsequent viral budding. The prazole drug tenatoprazole was previously shown to
bind to the ESCRT complex member Tsg101 and to quantitatively block the release
of infectious HIV-1 from cells in culture. In this report, we show that tenatoprazole
and a related prazole drug, ilaprazole, effectively block infectious HSV-1/2 release from
Vero cells in culture. By electron microscopy, we found that both prazole drugs block
the transit of HSV particles through the cell nuclear membrane, resulting in their accu-
mulation in the nucleus. llaprazole also quantitatively blocks the release of HIV-1 from
293T cells with a 50% effective concentration (EC,,) of 0.8 to 1.2uM, which is much
more potent than tenatoprazole. Our results indicate that prazole-based compounds
may represent a class of drugs with the potential to be broad-spectrum antiviral agents
against multiple enveloped viruses by interrupting the cellular Tsg101 interaction with
maturing virus, thus blocking the budding process that releases particles from the cell.

IMPORTANCE These results provide the basis for the development of drugs that tar-
get enveloped virus budding that can be used ultimately to control multiple virus
infections in humans.

KEYWORDS budding of viruses, drugs to block budding, pan-antiviral agents

he advent of antibiotics had a major impact on controlling bacterial infections in

patients worldwide, with a single drug being used to treat multiple infections.
Unfortunately, antivirals have not had the same success. There are many factors con-
tributing to this shortcoming, foremost the fact that few mechanisms are shared by
different viruses, which limits targets for a broad-spectrum antiviral. Consequently,
approved antivirals generally act against individual rather than groups of viruses, lim-
iting a single drug’s potential.

Enveloped viruses bud from the host cell membranes and use the acquired lipid
layer as a protective coat that also contains the glycoproteins required for infection of
other cells. Enveloped viruses do not encode the machinery needed for budding and
must recruit host cell proteins to bud from cells. In human immunodeficiency virus
(HIV), ESCRT proteins are recruited to virus budding complexes through an interaction
between the L domain (PT\SAP motif) in virus structural proteins (1-5, 67) and the
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cellular protein Tsg101 (tumor susceptibility gene 101), a homolog of the E2 ubiquitin
(Ub)-conjugating enzyme and a member of the ESCRT-I complex (4, 6-9). Tsg101
recruits the cellular ESCRT-IIl complex, which provides the mechanical means for
viruses to passage through cell membranes to be released from cells (8, 10-17). In con-
trast to HIV, herpes simplex virus (HSV) assembles particles in the nucleus and must pas-
sage through the nuclear membrane into the cytoplasm, where it exchanges membranes
to become infectious and is then released from the cell membrane. The ESCRT proteins
are required for this passage (18-20). Thus, virus budding may present a common target
for treating multiple virus infections.

In support of targeting this pathway, a recent seminal discovery in our laboratory
established that an interferon-induced protein, interferon-stimulated gene 15 (ISG15),
specifically targets the ESCRT-IIl proteins in budding complexes to block the release of
viruses (21-24). This indicates that the human immune system evolved to target the
ESCRT pathway to control viral infections and supports that this is a natural target.
Another group identified single-nucleotide polymorphic sites in the 5’ region of
Tsg101, located at positions —183 and +181 relative to the translation start signal, which
affect the rate of AIDS progression among Caucasians (25). These data support the hypoth-
esis that variation in Tsg101 affects the efficiency of Tsg101-mediated release of viral par-
ticles from infected cells, altering plasma viral load levels and subsequent disease progres-
sion. Taken together, these investigations indicate that Tsg101 and ESCRT proteins present
a natural antiviral target.

Currently, the prazole family of drugs is best known for their role as proton pump
inhibitors (PPIs), and a few, namely, omeprazole (Prilosec), esomeprazole (Nexium), and
ilaprazole (Adiza, Noltec, and Yi Li An), are marketed to control symptoms of gastro-
esophageal reflux disease (GERD) in either the United States or abroad. PPIs form a
covalent bond with the active site of proton pumps, inhibiting their ability to acidify
the stomach and reducing symptoms associated with overacidification (26). Recent
reports indicate that drugs from the prazole family, including tenatoprazole and eso-
meprazole, form a disulfide linkage to Tsg101, which results in blocking the release of
HIV-1 from cells in culture (3).

In the present manuscript, we demonstrate that multiple prazole drugs block the
budding of HSV-1 and HSV-2 from Vero cells in culture, strengthening the case for the
broad-spectrum potential of this mechanism/drugs. Most notably, we identified one
prazole drug, ilaprazole, that blocks the release of both HIV-1 and HSV-1/2 from cells
with an efficiency more potent than that reported for tenatoprazole. llaprazole acts in
the low-micromolar range without detectable cell toxicity at inhibitory concentrations.
To further define the mechanism of action of these prazole drugs on HSV infections,
we identified the site of blockage of herpesvirus release, which appears to be different
from that of HIV-1. While the blockage of HIV-1 particle release is at the outer cell
membrane (3), the prazole drugs appear to first block the passage of herpesvirus
through the nuclear membrane. This prevents particles from being released into the
cytosol, where maturation of their envelope membrane occurs to produce infectious
virus and where they bud from the cell. With the prazole-based inhibitors being effec-
tive in both HIV and HSV, targeting Tsg101 could lead to a broad-spectrum antiviral
therapy.

RESULTS

Identification of prazole compounds that bind the UEV ubiquitin-binding domain
of Tsg101. We screened chemical compounds using a fluorescence thermal shift (FTS)
assay (27, 28) to identify small molecules that bind directly to a truncated form of
Tsg101 (amino acids [aa] 1 to 145), which contains the ubiquitin E2 variant (UEV) ubig-
uitin-binding domain (Fig. 1). The UEV, which contains the PT/SAP-binding domain in
addition to the ubiquitin-binding domain, provides chaperone functions to HIV-1 Gag,
which is independent of its interaction with the PS/TAP motif, and contains the pra-
zole-binding site (3). This truncated Tsg101, called Tsg101-UEV, was used because full-
length Tsg101 has significant solubility issues in aqueous solution. Tsg101 is an
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FIG 1 Thermal shift data of Tsg101 by the lead compound tenatoprazole (N16). (A) The compound caused a dose-
dependent shift in the T,, for Tsg101-UEV, indicating binding to the key domain of Tsg101, as described in Materials and
Methods. RFU, relative fluorescence units. (B) DHPH, ENO1, and MEK4 do not cause a thermal shift with Tsg101. Thermal
shift data of three human proteins not related to Tsg101 by the lead compound tenatoprazole are shown. The effect of
the prazole compound on the thermal stability of these three proteins is negligible, indicating that the dramatic
modulation of the thermal transition of Tsg101 by the prazoles is due to a specific interaction. (C) The addition of DTT
abolishes the T, shift in the FTS assay, consistent with prazole compounds forming a disulfide bond to Tsg101. Rabe,
rabeprazole; lla, ilaprazole; Tenato, tenatoprazole; Panto, pantoprazole; Ref., reference; Fluo, fluorescence.

adaptor protein and thus lacks a readily deployable functional assay, making the FTS
assay a tractable approach to identify interacting compounds. FTS monitors protein
thermal denaturation using SYPRO orange, a dye that fluoresces when bound to
hydrophobic surfaces, which allows monitoring of the changes in hydrophobic surface
exposure during protein denaturation (27). Since ligand binding affects protein thermal
stability, it can be detected through modulation of protein thermal denaturation (melt-
ing) as a shift in the melting temperature (T,,,). Tsg101-UEV has a well-defined melting
curve suitable for FTS. We used the FTS assay to identify compounds that bind to
Tsg101-UEV.

We compared the thermal denaturation profiles for Tsg101-UEV in the presence
and absence of tenatoprazole and found that it destabilizes the native protein struc-
ture, indicating that it binds Tsg101-UEV (Fig. 1A). We also tested tenatoprazole against
proteins unrelated to Tsg101, including DHPH, ENO1, and MEK4, and did not observe a
T, shift, indicating that the T,, shift of Tsg101-UEV was due to a specific interaction of
the prazole compound (Fig. 1B). This specific binding is consistent with a previous nu-
clear magnetic resonance (NMR) structure in which tenatoprazole forms a covalent di-
sulfide bond to Cys73 in the UEV domain of the protein (3). This disulfide bond forma-
tion can be prevented by including the reducing agent dithiothreitol (DTT) in the assay
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TABLE 1 Effect of tenatoprazole on HSV-1 and-HSV-2 release from Vero cells®

Journal of Virology

Tenatoprazole  Titer of HSV-1in  Titer of HSV-2in  Total titer of HSV-2 in Titer of HSV-1in  Titer of HSV-2in  Viability
concn (uM) medium at 24 h medium at 24 h medium + cell lysateat24h  medium at48 h medium at 48 h (OD,o) at 24 h
0 2.50E+05 2.80E+05 4.70E+07 8.0E+07 8.50E+06 1.694

52 2.90E+05 6.50E+04 4.00E+06 1.4E+07 1.30E+06 1.724

60 ND 1.00E+03 2.30E+04 ND 5.60E+04 1.759

79 1.30E+05 2.50E+02 1.50E+03 8.0E+06 4.80E+03 1.742

105 5.40E+04 0.00E+00 6.00E+02 5.3E+05 1.80E+02 1.777

131 2.40E+03 0.00E+00 3.00E+02 3.5E+04 ND 1.714

157 1.30E+02 ND ND 1.0E+02 ND ND

200 ND ND ND ND ND 0.872

9Tenatoprazole was incubated with Vero cells infected with HSV-1 or HSV-2 at a range of concentrations. The amount of virus released into the medium fraction at the
indicated times was determined as described in Materials and Methods. Total virus is the amount of virus released from cells plus the amount of virus inside the cells. The
viability of Vero cells incubated with increased concentrations of tenatoprazole was determined using the 96 AQueous One Solution cell proliferation assay reagent as
described in Materials and Methods. The total titer for HSV-1 was not included. Duplicate plaque assays of 10-fold serial dilutions were performed, with an average of a
<13% difference in the number of plaques counted. The 24-h and 48-h assays were repeated 6 times each. The total virus assay was repeated twice. The data presented are
the averages from 2 experiments where the titers varied between 5 and 20%. OD,,,, optical density at 490 nm; ND, not determined.

(Fig. 1C). The addition of DTT abolished the Tsg101-UEV T,, shift caused by the pra-
zoles. Therefore, the addition of DTT to the FTS assay is a facile means to ascertain if
prazole analogs interact with Tsg101-UEV in a covalent manner.

Tenatoprazole inhibits herpesvirus release from Vero cells. Tenatoprazole and
esomeprazole were shown to quantitatively inhibit the release of infectious HIV-1 from
293T cells in culture, and it was suggested that these effects may be mediated via
changes in the viral interaction with Tsg101, a key component of the cellular ESCRT
complex (3, 20). Given multiple reports suggesting that herpesviruses also use cellular
ESCRT proteins in their replication process (18, 19), we tested if the Tsg101-binding
prazole drugs, which blocked the budding of HIV-1, would also block the release of
herpesviruses from cells.

We infected Vero cells with HSV-1 and HSV-2 for 2 h at a multiplicity of infection
(MOI) (in PFU per cell) of 0.1 to assay the antiviral activity of tenatoprazole. Following
infection, cells were treated with different concentrations of tenatoprazole. After 24 or
48 h, the medium fractions were collected, and released virus titers were determined
by standard plaque assays (29). Tenatoprazole caused a 3-log drop of HSV-1 and a 4-
to 5-log drop of HSV-2 in infectious virus released from Vero cells 24 h after infection in
a dose-dependent manner (Table 1, 2nd and 3rd columns), with calculated 50% effec-
tive concentrations (ECs,s) ranging from 48 to 80 wM. Similar results were obtained 48
h after infection (Table 1, 5th and 6th columns). The total virus titer was also deter-
mined to differentiate between virus released into the medium and infectious particles
present in the cell lysate. Total infectious virus particles were reduced by tenatoprazole
but not as strongly as virus released into the medium (Table 1, compare the 3rd and
4th columns). The concentrations of tenatoprazole that blocked virus release were
nontoxic to Vero cells as determined by a 96 AQueous One Solution cell proliferation
assay reagent (Table 1, 7th column). Taken together, the results show that tenatopra-
zole inhibited the levels of both released and infectious virus particles without affect-
ing cell viability at effective concentrations.

Cellular location of tenatoprazole inhibition. We next imaged herpesvirus-infected
Vero cells using transmission electron microscopy (TEM) to determine the site of inhibi-
tion of release of virus and whether it was similar to observations of HIV-1 release from
293T cells. Vero cells grown on glass coverslips were infected with HSV-2 at an MOI of
0.1 PFU/cell for 2 h and then treated for 24 h with 105 uM tenatoprazole or the vehicle
control. Using electron microscopy, we examined 80 cells with virus particles, and rep-
resentative images are shown in Fig. 2. In the no-drug control, virus particles were in
both the nucleus and the cytoplasm near the cell surface (Fig. 2A). In the tenatopra-
zole-treated cells, the cytosol of all of the intact cells was largely devoid of virus par-
ticles (Fig. 2B). Instead, we observed large pockets of granular material accumulated in
the nucleus and immature virus particles inside the nucleus and lining the inside of the
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A

FIG 2 Inhibitory effect of tenatoprazole on HSV-2 production and location of virus particles inside
infected cells. Cells with virus were untreated (A) or treated with 105 M tenatoprazole (N16) (B) for
24 h and examined by transmission electron microscopy. In each case, 80 cells where virus particles
were observed were examined. For untreated cells, we observed an average of 120 particles in the
cytoplasm (Cyto), ranging from 28 to 204 particles. In the nucleus (Nuc), we observed an average of
16 particles, ranging from 10 to 22 particles. In the presence of the drug, we observed a significant
increase in dense material in the nucleus with some particles associated with it. We observed an
average of 31 particles, ranging from 8 to 48 particles. In the cytoplasm, we did not detect virus
particles. Bar=1um. The inset shows a higher-magnification image.

nuclear membrane (Fig. 2B, inset). This result suggests that tenatoprazole blocks the
passage of herpesvirus particles through the nuclear membrane, in contrast to a report
by Pawliczek and Crump (30). This result also differs from that observed for HIV-1.
Because tenatoprazole binds Tsg101, this suggests that the ESCRT-I protein complex is
involved in the transport of HSV-2 through the nuclear membrane and/or particle
assembly.

Identification of potent prazole-based inhibitors. Despite the lack of a cell toxic-
ity signal at effective tenatoprazole concentrations, the effective concentration is too
high for use as clinical therapy. Therefore, more potent analogs are required to explore
the antiviral therapeutic potential. We set out to identify and test other analogs that
were more potent prazole analogs. We began by searching PubChem for analogs of
tenatoprazole. We identified and obtained a dozen such compounds from commercial
sources and prioritized these for testing based on structural similarities around the
sites where tenatoprazole covalently linked to Cys73 of Tsg101. To this end, tenatopra-
zole, lansoprazole, rabeprazole, dexlansoprazole, pantoprazole, esomeprazole, 4-desme-
thoxy-omeprazole (an omeprazole analog, 5-methoxy-2{[(3,5-dimethyl-4-methoxy-pridin-
2-yl-N-oxide)methyl]sulfinyl}-1H-benzimidazole; labeled O-omeprazole), omeprazole, and
ilaprazole were assessed in the FTS assay for their ability to change the T,, of Tsg101-UEV
as described above (data not shown).
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Tsg101-UEV with prazoles
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FIG 3 Dose-response plots of Tsg101 melting temperature shifts caused by 10 prazole compounds.
Different concentrations of prazole compounds were incubated with Tsg101 (aa 1 to 145) and
subjected to fluorescence thermal shift analysis as described in Materials and Methods.

We determined the dose-response plots of Tsg101 melting temperature shifts
caused by these prazole compounds binding to Tsg101(1-145) (Fig. 3). O-omeprazole
is the only compound predicted not to form a covalent bond with Tsg101 since it has
an oxygen linked to a ring nitrogen that is normally a hydrogen in the active prazoles
(Table 2, right column). As expected, O-omeprazole did not cause a detectable thermal
shift (Fig. 3). The smallest thermal shift was observed with pantoprazole (Fig. 3, gray),
and the largest thermal shift was observed with ilaprazole (green). llaprazole’s ability
to cause a thermal shift with Tsg101 was blocked by the addition of DTT (Fig. 1C), con-
sistent with the idea that the compound forms a disulfide linkage to Tsg101.

Next, we tested the antiherpesvirus activity of these prazole compounds (Table 2).
To examine the effects of the compounds on the release of HSV-2 from Vero cells, we
infected the cells with virus 2 h prior to treatment with medium containing different
concentrations of the compound. We incubated the cells for 24 or 48 h and then col-
lected the cell medium fractions. Several of the analogs were inactive, including O-ome-
prazole, pantoprazole, and rabeprazole. We identified a number of active compounds, in
which there was a 10-fold spread of inhibition activity against HSV-2, ranging from an EC,
of 140 uM (for esomeprazole) to an EC;, of 3 to 9 uM (for ilaprazole). Thus, we identified
prazole analogs that are more potent than tenatoprazole.

We provide the structures of prazole compounds tested in this analysis (Table 2, 3rd
column). Of note, ilaprazole contains an additional ring structure compared to tenato-
prazole that is predicted to lie in a solvent-exposed area of the Tsg101 structure that
may serve to strengthen the interaction with Tsg101. In examining the thermal shift
capacity of the prazoles, we found that the larger the thermal shift, the more potent
the antiviral activity associated with the compound. This correlation indicates that the
FTS assay is useful in evaluating structure-activity relationships (SARs) to inform the
design of new compounds (Fig. 3 and Table 2).

Antiviral activity of ilaprazole on HSV-1 and HSV-2 in vitro. Based on these initial
HSV-2 antiviral assay results, we selected ilaprazole for further antiviral profiling and
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TABLE 2 Effect of commercial prazole analogs to inhibit the release of HSV-2 from Vero cells®

ECso (1M)
Prazole compound Inhibition of HSV-2 Structure
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o

“Different concentrations of the listed prazole drugs were incubated with HSV-2-infected Vero cells for 24 h, and
virus released into the medium was then quantified by plaque assays. Data presented include the ECso value
(concentration at which virus release is inhibited by 50%). Methods are described in the footnote of Table 1.

tested it against HSV-1 (Table 3, 2nd to 5th columns) and HSV-2 (Table 3, 6th to 8th col-
umns). llaprazole was slightly more effective against HSV-1 than against HSV-2, with
ECs, calculations ranging from 3 to 9 uM. These results do not indicate if the observed
lower ECs, against HSV-1 than against HSV-2 is significant or reflects differences
between different viral isolates since the two herpesviruses can be distinguished by
sequence analysis, and both types can cause oral and genital lesions. llaprazole’s po-
tency is an improvement over tenatoprazole, which inhibited in the high-micromolar
range (Tables 1, 3, and 4). Like tenatoprazole, ilaprazole caused a significant drop in
total virus, again not as strong of a decrease as that one detected with virus released
from cells. Additionally, ilaprazole was even more effective in inhibiting virus release at
72 h than at 24 h after a single application of the drug (72-h EC,,, 0.8 to 1.2 uM) (Table
3, compare the 2nd and 4th columns). Significant inhibition was still observed 4 and
5 days after a single application of the drug (data not shown). The inhibition caused by
tenatoprazole against either virus began to fall off after 48 h (data not shown). We also
tested for toxicity in the range of effective concentrations and did not observe cell tox-
icity using the 96 AQueous One Solution cell proliferation assay reagent and the WST-1
reagent over a 24-h period (Table 4). Thus, ilaprazole is more potent and has longer-
lasting effects than tenatoprazole.

We next carried out a transmission electron microscopic examination of cells
infected with HSV-2 at an MOI of 0.1 in the presence and absence of 18 uM
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TABLE 3 Effect of ilaprazole on the release of HSV-1 and HSV-2 from Vero cells®

Total HSV-1 titer Total HSV-2 titer

llaprazole  Titer of HSV-1in Titer of HSV-1in Titer of HSV-1in in medium + cell Titer of HSV-2in in medium + cell Titer of HSV-2 in
concn (uM) mediumat24h mediumat48h mediumat72h lysateat24 h mediumat24 h lysateat24h medium at 48 h
0 3.00E+06 3.90E+07 1.00E+08 2.2E+08 2.80E+05 1.20E+07 1.00E+06

4.5 2.00E+06 2.40E+06 9.00E+05 7.0E+07 1.00E+05 3.60E+07 2.50E+05

9.0 7.50E+04 2.50E+05 2.20E+05 3.6E+06 5.00E+04 4.50E+06 7.50E+04

13.5 3.20E+04 2.00E+02 4.50E+02 3.8E+05 1.00E+04 4.30E+06 5.50E+04

18.0 6.00E+02 0.00E+00 1.00E+02 9.1E+03 1.50E+03 2.00E+05 1.50E+03

22.5 1.00E+02 0.00E+00 ND 7E+02 1.00E+02 1.50E+04 3.00E+02

54 ND ND ND ND ND ND ND

270 ND ND ND ND ND ND ND

aDifferent concentrations of ilaprazole were incubated for the times indicated with HSV-1- or HSV-2-infected cells, similar to the methods described in the footnote to Table
1. Titers of virus released into the medium and total virus were determined. Data were analyzed as described in the footnote to Table 1, and experiments were repeated 4
times each.

ilaprazole to determine if this drug causes the accumulation of virus particles in the
nucleus of cells similar to that caused by tenatoprazole. Without the drug, we
observe particles in the cytoplasm and the nucleus (Fig. 4A and B); in the presence
of the drug, few or no viral particles are found in the cytoplasm (Fig. 4C and D). In
both heavily infected cells (Fig. 4A and C) and mildly infected cells (Fig. 4B and D),
treatment led to particles being detected in the nucleus and arrayed along the nu-
clear membrane but lacking in the cytosol. This indicates that the location of par-
ticles in the cell in the presence of the drug is independent of the number of par-
ticles observed. Similar results were obtained with HSV-1-infected cells (Fig. 4E to
H). Particles are seen in both the cytoplasm and nucleus in the absence of the drug
and just in the nucleus in the presence of the drug. These results are similar to the
effect of tenatoprazole on HSV-2-infected cells (Fig. 2). The lower total infectious vi-
rus titers shown in Table 3 are consistent with a blockage of the virus passaging out
of the nucleus into the cytoplasm where membranes are exchanged and virus
becomes infectious.

Effect of ilaprazole on the release of HIV-1 in vitro. To establish the broad-spec-
trum potential of ilaprazole, we tested whether ilaprazole would inhibit the release of
HIV-1 from 293T cells. To this end, cells were transfected with the pR9-HIV-1,,, plas-
mid, and the release of virus into the medium fraction was detected by monitoring the
capsid (CA) protein (p24) via an enzyme-linked immunosorbent assay. The drug was
tested at concentrations of between 0 and 40 uM, and the effect of the drug on the
release of virus was assessed (Table 5, 2nd column). Illaprazole was effective at inhibiting
the release of HIV-1 from cells, with a calculated EC,, of 1 uM or lower, as described in
Materials and Methods. We did not detect toxicity to the cells at the drug concentrations
that inhibited the release of HIV-1 over the course of these experiments. Thus, ilaprazole
has antiviral activity against HSV-1, HSV-2, and HIV-1, demonstrating its potential as a
broad-spectrum antiviral.

TABLE 4 Effect of ilaprazole on the viability of HSV-1- and HSV-2-infected Vero cells?

llaprazole concn 96 AQueous One Solution WST-1 cell toxicity
(uM) cell viability (OD,,,) at 24 h (OD 440-660) at 24 h
0 1.694 0.993

4.5 1.764 1.058

9.0 1.711 1.055

13.5 1.690 0.950

18.0 1.737 ND

27 ND 1.055

54 1.658 ND

270 0.466 0.423

9The viability of Vero cells incubated with increasing concentrations of ilaprazole was determined using the 96
AQueous One Solution cell proliferation assay reagent as described in Materials and Methods. Data were
analyzed as described in the footnote of Table 1, and experiments were repeated 4 times each.
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No Drug llaprazole

HSV-2

——— 500 nm N - ———— 500 nm

FIG 4 Inhibitory effect of ilaprazole on HSV-2 and HSV-1 production. Vero cells were infected with
HSV-2 or HSV-1 at an MOI of 0.1 and examined by transmission electron microscopy 24 h later. (A to
D) HSV-2-infected untreated cells (A and B) and cells treated with 18 uM ilaprazole (C and D). (E to H)
HSV-1-infected untreated cells (E and F) and cells treated with 18 uM ilaprazole (G and H). Eighty cells
where virus particles were observed were examined. In the presence of ilaprazole, we observe no or
very few particles in the cytoplasm (Cyt). Treated cells also have an accumulation of electron-dense
material and particles associated with them. In untreated HSV-2-infected cells, we observed an
average of 120 particles in the cytoplasm, ranging from 28 to 204, and an average of 16 particles,
ranging from 10 to 22, in the nucleus. In treated HSV-2-infected cells, we observed 0 particles in the
cytoplasm and an average of 31 particles, ranging from 9 to 56 particles, in the nucleus. In untreated
HSV-1-infected cells, we observed an average of 135 particles, ranging from 12 to 152 particles, in the
cytoplasm and an average of 35 particles, ranging from 10 to 66 particles, in the nucleus. In treated
HSV-1-infected cells, we observed 0 particles in the cytoplasm and an average of 43 particles, ranging
from 15 to 166 particles, in the nucleus. Arrows point to virus particles.

DISCUSSION

We are developing a novel strategy to treat viral infections affecting humans by dis-
rupting a common mechanism used by many enveloped viruses to bud from cells.
Viral budding inhibitors (VBIs) have the potential to be broad-spectrum antiviral thera-
peutics, potentially being effective against herpesvirus (20, 30-34), retro/lentiviruses
(3, 20), arenaviruses (Lassa fever virus [LFV] and lymphocytic choriomeningitis virus
[LCMV]) (35, 36), flaviviruses (hepatitis C virus [HCV]) (37, 38), filoviruses (Ebola virus
and Marburg virus [MarV]) (39-46), hepadnaviruses (hepatitis B virus [HBV]) (47),
some paramyxoviruses (simian virus 5 [SV5] and mumps virus [MuV]) (48-50), and
rhabdoviruses (vesicular stomatitis virus [VSV] and rabies virus [RV]) (7, 51, 52). VBIs
would require testing for antiviral activity against these different viruses before clini-
cal use but nonetheless present a strong starting point for identifying therapeutics.

In this work, we demonstrate the antiviral activity of prazole compounds, with no
detectable cell toxicity at effective concentrations, against two viruses that use
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FIG 4 (Continued)

different mechanisms for viral replication. Of particular note is that the viral genomes
are very different, with HIV being RNA based and HSV being DNA based. That one com-
pound works against viruses with such stark differences in viral life cycle types sup-
ports that these compounds have potential as broad-spectrum antiviral agents for cur-
rent and emerging viruses. This aspect gives this approach an advantage over other
potential broad-spectrum antivirals such as remdesivir, which is targeted to RNA
viruses, limiting its potential as a broad-spectrum antiviral (53).

Tsg101 binding to the proline-rich viral L domains in Gag (1, 4, 5, 9, 12, 13) is
required for virus particles to be released from cell membranes of infected cells.

TABLE 5 Effect of ilaprazole and novel analogs on the release of HIV from 293T cells®

llaprazole concn for HIV p24 llaprazole concn for cell 96 AQueous One
virus titer determination concn viability determination Solution cell viability
(pM) (pg/ml) (pM) (0D,g0) at24 h

0 7,021 0 1.694

0.5 4,063 1.8 1,672

1 3,518 3.6 1.576

2 1,652 7.2 1.684

5 274 10.8 1.650

10 178 135 1.693

aDifferent concentrations of ilaprazole were incubated with HIV-1 plasmid-transfected cells as described in
Materials and Methods. The titer of virus released into the medium was determined by monitoring p24 levels at
24 h postinfection using a fluorescence-labeled antibody. Each experiment was repeated 4 times, and the
average p24 CA concentrations in picograms per milliliter are presented. Cell toxicity experiments were
repeated 2 times each.
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Tsg101 is a member of the ESCRT-I complex of proteins involved in cell endosomal
sorting. The ESCRT-I complex recruits proteins from the ESCRT-IIl complex with AlIP1
(17), which provides the mechanical means for the scission of virus particles from cell
membranes. Thus, blocking the PT/SAP L-domain sequence from interacting with the
host ESCRT complex causes the virus budding defect, and three lines of independent
evidence support this idea. First, drugs targeted to this specific interaction in HIV-1
cause virus budding defects in infected cells without detectable off-target effects (3).
Second, a research group identified noncoding single-nucleotide polymorphisms (SNPs) in
the 5’ region of Tsg101 that correlate with viral loads, implicating Tsg101-mediated viral
particle release in disease progression (25). Third, viral infections activate a host innate im-
munity mechanism, through interferon-stimulated gene 15 (ISG15), that specifically dis-
rupts virus budding complexes (21). In response to this immune system defense, many
viruses encode enzymes that prevent or reverse ISG15 conjugation to cellular proteins to
avoid the budding blockade (54-59). Taken together, this evidence indicates that targeting
this interaction may lead to an effective antiviral strategy. Note that Pawliczek and Crump
(30) have reported that HSV-1 production requires a functional ESCRT-Ill complex that
could be independent of Tsg101 and Alix expression. However, there are multiple path-
ways to recruit ESCRT-IIl proteins to functional virus budding complexes. For example, if
we genetically replace the PT/SAP with the PPPPY L domain in HIV-1 Gag, the virus still
buds from cells independent of Tsg101 (8). Also, mutations of the HIV-1 L domain in Gag
cause a budding defect that can be rescued by the overexpression of the specific ubiquitin
ligase Nedd4L (10, 60). Nedd4L normally binds PPPPY motifs, which are absent from HIV-1
Gag. However, Nedd4 interacts with ESCRT-II proteins downstream from Tsg101, which in
turn recruits the ESCRT-IIl proteins to the virus budding site (Leis and Seo, unpublished
data). Thus, while Tsg101 is normally involved in recruiting the ESCRT-IIl complex, under
stress, its function can be replaced. This motivates our parallel investigation of small-mole-
cule inhibitors that target Nedd4's recruitment of the ESCRT-lIl complex. Independent of
our work, Watanabe et al. (20) showed that the release of a different herpesvirus was sus-
ceptible to blockage by a prazole drug. They also used an HIV-1 Gag mutant bearing a dis-
rupted PT/SAP motif (P7L-Gag) whose virus egress was independent of Tsg101 to demon-
strate that the release of this virus mutant was still blocked. This indicates that prazole
drugs in particular are effective in blocking the budding process.

While the prazole analogs block the release of lenti- and herpesviruses, the inhibi-
tion is manifested in different regions of the cell. The drugs block the release of HIV-1
at the outer cell membrane by preventing the pinching of virus particles from the
membrane (3). In contrast, herpesviruses, which assemble in the nucleus, appear to be
first blocked at the passage of the virus through the nuclear membrane. Because the
prazole drugs form a covalent bond to Tsg101, this strongly suggests that the ESCRT
proteins are important for the herpesvirus particles to be released from the nucleus of
the cell where they are formed. This is consistent with a recent report by Arii et al. (18)
that the ESCRT-IIl protein complex mediates herpesvirus movement across the nuclear
membrane and regulates its integrity. The finding that the prazole drugs cause a signif-
icant drop in total infectious herpesviruses reported here can be explained by the trap-
ping of immature particles in the nucleus. This prevents them from migrating into the
cytoplasm to exchange enveloped membranes, which makes them infectious. Also, the
accumulation of the dense material in the nucleus observed in the electron micro-
graphs suggests that prazole drugs may interfere with normal particle assembly in
addition to blocking the passage of the particles through the nuclear membrane.

The use of prazoles represents an exciting potential case of repurposing existing
drugs to act as antiviral therapeutic agents. Currently, omeprazole is marketed as a
prodrug for the treatment of acid reflux disease. Other prazole drugs are marketed for
the treatment of acid reflux disease in China, India, and South Korea (Yi Li An, Adiza,
and Noltec, respectively), indicating reasonable bioavailability and a known clinical
safety profile. The prodrugs are acid activated into derivatives that form disulfide link-
ages with proton pumps (26, 61, 62). The prodrug, but not the charged sulfonamide

June 2021 Volume 95 Issue 11 €00190-21

Journal of Virology

jvi.asm.org

1


https://jvi.asm.org

Leis et al.

derivative, can cross the plasma membrane barrier. The antiviral activity of tenatopra-
zole has been suggested to be the result of forming a covalent disulfide bond with
Tsg101 (3). While the binding site for tenatoprazole is near the ubiquitin (Ub)-binding
pocket and not the L-domain-binding site, biochemical and confocal imaging data in-
dependently demonstrated that tenatoprazole disrupts the binding of Tsg101 to the
PT/SAP sequence (3). While the precise biochemical mechanism remains to be clarified,
our FTS results support that it may be related to allosteric changes in Tsg101 after the
drug forms its covalent linkage with Cys73. Previous reports did not detect off-target
effects of the prazole drugs affecting Tsg101 metabolism inside cells (3). A possible
exception is noted in a recent epidemiological study in the American Journal of
Gastroenterology by C. V. Almario and colleagues (63). In these studies, there was a
small correlation between severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infections and patients taking commercially available prazole drugs, such as
omeprazole, for acid reflux disease. However, this does not preclude the use of the
prazole compounds described in this paper. The drugs used by the patients, such
as omeprazole, have weak antiviral activity (Table 2). In contrast, ilaprazole has
potent antiviral activity. At a dose of 10 mg of ilaprazole/day, plasma concentra-
tions are around 2 ug h/ml, which is within the range needed for antiviral activity
(64). The prazoles that we tested here also appear to be nontoxic to Vero, Hela,
and 293T cells at the concentrations used to inhibit the budding of herpesviruses
and HIV-1. To improve the potency of the prazole drugs, we have synthesized 53
analogs of ilaprazole. Several of these appear to have stronger binding to Tsg101
detected by the FTS assay. We are now testing these analogs to see if they have
more potent antiviral activity than ilaprazole.

A recent report highlighted the potential of prazole compounds to have a thera-
peutic effect on SARS-CoV-2 when combined with remdesivir (65). However, those
authors did not definitively identify the mechanism of action of the prazoles and also
concluded that the potency of the prazole compound used, omeprazole, is too low to
reach therapeutic levels in vivo. A mechanism posed by those authors is that the pra-
zoles lead to an increase in the lysosomal pH, which is the potential mechanism for
lysosomotropic drugs such as chloroquine (66). In contrast to omeprazole, we hypothe-
size that ilaprazole may allow for therapeutic levels to be reached in vivo. In the case of
ilaprazole, which is marketed in several Asian countries, as discussed above, our strong
in vitro results lay the foundation for a potential fast track to broad-spectrum antiviral
clinical testing, alone or in combination with other drugs, in these countries. We are
currently working to determine if ilaprazole or our novel compounds have activity
against SARS-CoV-2 with or in combination with remdesivir. This would further the
potential broad-spectrum antiviral capacity of the prazole compounds described in
this report.

MATERIALS AND METHODS

Viruses, plasmids, and cell lines. Herpes simplex virus 1 (Kos strain), herpes simplex virus 2 (A/B-G),
HIV plasmid pR9-HIV-1,,, (Center For AIDS Research [CFAR] Lab), the pET-28b vector (Novagen-EMD
Millipore), Rosetta2(DE3)/pLysS Escherichia coli competent cells (EMD Millipore), Vero cells, and 293T cell
lines were used.

Chemicals. The prazole compounds rabeprazole, lansoprazole, omeprazole, ilaprazole, dexlansoprazole,
tenatoprazole, and pantoprazole were obtained from SelleckChem. 2-[(4-Ethoxy-3-methylpridin-2-yl)metha-
nesulfinyl]-1H-1,3-benzodiazole, 2-[(3,5-dimethylpyridin-2-yl)methanesulfinyl]-5-methoxy-1H-1,3-benzo-
diazole, and 4-methoxy-2-{[(5-methoxy-1H-1,3-benzodiazol-2-yl)sulfinyllmethyl}-3,5-dimethyl-1A-pyri-
din-1-one were obtained from MolPort. Esomeprazole was obtained from Toronto Research Chemicals.

Purification of Tsg101(1-145). The N-terminally His,-tagged Tsg101 UEV domain (amino acids 1 to
145), called Tsg101-UEV, was encoded in a pET-28b vector (Novagen-EMD Millipore), which also included
a thrombin protease cleavage site [Hiss,-thrombin site-Tsg101(1-145)]. Tsg101-UEV was grown in LB
broth with kanamycin (30 ug/ml) in Rosetta2(DE3)/pLysS E. coli competent cells (EMD Millipore) and
induced with 1 mM isopropyl-B-p-thiogalactopyranoside (IPTG) at room temperature for 3 h. Bacteria
were collected by centrifugation at 4,000 rpm for 10 min at 4°C. Bacteria were suspended in 50 ml bind-
ing buffer (20 mM Tris-HCI [pH 7.9], 0.5 M NaCl, 5 mM imidazole) containing T mM phenylmethylsulfonyl
fluoride (PMSF), 0.1% NP-40, and a protease inhibitor cocktail tablet (Roche) and sonicated for 3.5 min
on ice. The sonicate was spun at 9,000 rpm for 1 h at 4°C in a Sorvall centrifuge. The supernatant was
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collected and passed through a 1.5-ml Ni-nitrilotriacetic acid (NTA) agarose column. The column was
washed with wash buffer containing 20 mM Tris-HCI (pH 7.9), 0.5 M NaCl, and 30 mM imidazole. The col-
umn was then equilibrated with tobacco etch virus (TEV) cleavage buffer followed by 50 U of thrombin
in the same buffer (Novagene). The column flow was stopped, and the mixture was incubated at room
temperature overnight. The cleaved protein was eluted with wash buffer, and the protein was dialyzed
in D-tube Dialyzer Maxi, with a molecular weight cutoff (MWCO) of 12 to 14 kDa (Novagene), overnight
against buffer containing 0.15 M NaCl and 0.1 M HEPES (pH 7.5). The protein was concentrated in a
MicroSep advanced centrifugal device, with 12- to 14-kDa exclusion (Pall), for 1 h at 1,300 rpm. The pro-
tein concentration was determined with a NanoDrop spectrophotometer at 280 nm. When the His tag
was not removed, the protein was eluted from the Ni-NTA column with a solution containing 20 mM
Tris-HCl (pH 7.9), 0.5 M NaCl, and 1 M imidazole. The protein was evaluated by SDS-PAGE for purity.

Fluorescence thermal shift screening to identify small molecules binding to Tsg101-UEV. The
fluorescence thermal shift (FTS) assay uses the thermal shift elicited by the effect of small-molecule bind-
ing on protein stability. The FTS assay monitors protein thermal denaturation using the environment-
sensitive dye SYPRO orange, which fluoresces when bound to hydrophobic surfaces, taking advantage
of the changes in hydrophobic surface exposure in protein denaturation. The discovery of small mole-
cules binding to the target protein utilizes the observation that ligand binding affects protein thermal
stability and therefore can be detected through a shift in the protein’s thermal denaturation (melting)
temperature (T,). We have employed the FTS assay to reveal changes in the thermodynamic properties
of Tsg101 elicited by its interaction with a small molecule. The recombinant Tsg101 fragment (amino
acids 1 to 145), prepared as described above (but without a label), has a thermal unfolding profile suita-
ble for using the FTS assay as a primary screening assay for high-throughput screening (HTS). A fluores-
cence dye, SYPRO orange (Invitrogen), was used for assay detection. The dye is excited at 473 nm and
has a fluorescence emission at 610 nm. The dye binds to hydrophobic regions of a protein that are nor-
mally buried in a native protein structure. When a protein is unfolded, the dye interacts with exposed
hydrophobic surfaces, and the fluorescence intensity increases significantly over that observed in aque-
ous solution. The Tsg101 fragment was premixed at a concentration of 2 uM with a 5x concentration of
SYPRO orange in HEPES buffer (100 mM HEPES, 150 mM NaCl [pH 7.5]). Next, 10 ul of the protein-dye
mix was added to an assay plate, and 10 to 50 nl of the compound, equal to 10 to 50 «M, was added
with an Echo550 acoustic-transfer robot (Labcyte, CA). The plate was shaken to ensure proper mixing,
sealed with an optical seal, and then centrifuged. The thermal scan was performed from 20°C to 90°C
with a temperature ramp rate of 0.5°C/min. Fluorescence was detected on a CFX384 real-time PCR
machine (Bio-Rad Laboratories). Comparison of the thermal denaturation profiles for Tsg101-UEV in the
presence and absence of tenatoprazole and other prazoles revealed destabilization of the native protein
structure, indicating that the compound interacted with Tsg101-UEV.

Herpesvirus infection of Vero cells. Vero cells (0.8 x 10° cells/well of a 6-well plate) were infected
with HSV-1 or HSV-2 at an MOI of 0.1 PFU/cell in Dulbecco’s modified Eagle’s medium (DMEM) with 1%
serum for 2 h in a CO, incubator at 37°C. In one experiment looking at the effect of tenatoprazole on
HSV-2 release from cells at 24 and 48 h, an MOI of 3 PFU/cell was used. The cell supernatants were aspi-
rated and replaced with 1 ml (24 h) or 2ml (48 h and 72 h) of DMEM with 1% serum with dimethyl sulf-
oxide (DMSO) or different concentrations of the drug (tenatoprazole, ilaprazole, or analogs) dissolved in
DMSO. After 24 or 48 h of incubation, the cell supernatant was collected and frozen at —80°C. The virus
titer in the cell medium fraction was determined by standard plaque assays using 10-fold serial dilutions
of cell supernatants of Vero cells incubated for 48 h, after which cells were fixed and stained to count
the plaques (22). For the determination of total virus (extracellular and cytoplasmic), virus-infected cells
were incubated for 24 h with and without drug presence, and the plate of cells was then subjected to 3
cycles of freeze-thawing (—80°C/37°C) for 30 min each prior to collecting the supernatant after centrifu-
gation for measurement of the total virus titer. The virus titer was measured by standard plaque assays
as described above. For analyzing the effect of benserazide (K21) at different concentrations on the
release of HSV-1 from Vero cells, experiments were repeated 4 times each and did not appear to affect
the release of virus from cells. In separate experiments, uninfected Vero cells were carried for 3 weeks in
culture in the presence or absence of drugs (replaced every third day) and found to exhibit the same
growth rate detected with a light microscope.

HIV-1 transfection of 293T cells. 293T cells (American Type Culture Collection) were grown in a 24-
well, clear, flat-bottom, tissue culture-treated multiwell cell culture plate using Dulbecco’s modified
Eagle’s medium (Cellgro) containing fetal bovine serum (10%), 100 U/ml penicillin, 100 xg/ml streptomy-
cin, and 292 ug/ml t-glutamine (Cellgro). Cells were grown to 60 to 70% confluence at 37°C with 5% CO,
prior to the addition of drug treatment. Culture medium was aspirated and replaced with medium con-
taining the drug compound 7h prior to transfection of the plasmid encoding the HIV-1 genome.
Transfection was done using polyethyleneimine (PEl) reagent (Polysciences). For the production of virus
particles, cells were transfected with the pR9-HIV-1,,, plasmid. After 24 h and 48 h, tissue culture me-
dium was collected and passed through a 0.45-um filter. Virus released from cells was quantified by me-
dium-associated p24 determined using a fluorescently tagged CA-targeting antibody (PerkinElmer) and
equivalent amounts of p24 as standards.

Drug potency and cell toxicity. EC,, calculations were performed by using AAT Bioquest's EC,, cal-
culator. Cell toxicity at different concentrations of drugs as indicated was determined using the WST-1
cell proliferation reagent (Roche Diagnostics) or the cellular 96 AQueous One viability reagent according
to the manufacturer’s instructions. For 293T cells, the concentration of DMSO was 0.2% or lower, and
assays were carried out with DMEM with 10% serum. Cell toxicity experiments were repeated twice.
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Transmission electron microscopy. Vero cells on glass coverslips were infected with HSV-2 at an
MOI of 0.1 for 2 h. Next, 105 M tenatoprazole or 18 uM ilaprazole was added, and cells were incubated
for 24 h. Tissue samples were fixed in 0.1 M sodium cacodylate buffer (pH 7.3) containing 2% paraformal-
dehyde and 2.5% glutaraldehyde and postfixed with 2% osmium tetroxide in an unbuffered aqueous so-
lution. The samples were rinsed with distilled water, en bloc stained with 3% uranyl acetate, rinsed with
distilled water, dehydrated in ascending grades of ethanol, transitioned with propylene oxide, embed-
ded in the resin mixture of the Embed 812 kit, and cured in a 60°C oven. Samples were sectioned on a
Leica Ultracut UC6 ultramicrotome. One-micrometer-thick sections were collected and stained with tolu-
idine blue O, and 70-nm sections were collected on 200-mesh copper grids; thin sections were stained
with uranyl acetate and Reynolds’ lead citrate. Transmission electron microscopy (TEM) was performed
on an FEl Tecnai Spirit G2 instrument.
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