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In the midst of the SARS-CoV-2/Covid-19 outbreak the need for research into, and development
of, antiviral agents is brought into sharp focus worldwide for scientists, governments and the public
alike. This special issue includes primary research into new antiviral agents with activity against a
range of clinically and economically important viruses. New antiviral strategies are discussed in six
review articles.

SARS-CoV-2 is a newly emerged 3-Coronavirus with sustained human-to-human transmission
via the respiratory tract. Influenza viruses are another group of respiratory viruses, which account for
300-600 K deaths annually and represent an ever-present pandemic threat. Emergence of drug-resistant
influenza strains is driving research into new anti-influenza drug candidates with different modes
of action. In this issue, two papers report compounds with anti-influenza activity against a range of
influenza A viruses that inhibit early steps in influenza replication not targeted by clinically approved
anti-influenza drugs [1,2]. A further study reports that respiratory syncytial virus is inhibited in vitro
and in vivo by natural product plant extracts in which phenolic glycoside acetoside was the active
chemical component [3].

Drug resistance is an ongoing issue in the global rollout of combination antiretroviral therapy for
human immunodeficiency virus (HIV) prevention and treatment. Tadesse et al. report the prevalence of
pretreatment drug resistance among HIV-infected children in the resource-limited setting of Ethiopia [4].
Lectins are experimental HIV-1 entry inhibitors. Shahid et al. engineered the lectin microvirin to
contain two carbohydrate-binding domains, this reduced its anti-HIV potency but anti-hepatitis C
virus (HCV) activity was demonstrated [5]. Sherpa and Le Grice review recent research into the
structural fluidity of the HIV Rev response element (RRE) and its potential as a target for therapeutic
intervention [6].

Antiviral agents are not available against many emerging and neglected viruses. This issue
features four research papers reporting new antiviral compound candidates against zika virus [7,8],
hantaan virus [9] and herpes B virus [10]. Measles virus is considered a re-emerging virus due to recent
decline in vaccine coverage. Ferren et al. provide a comprehensive review on measles virus with a
focus on central nervous system complications and the most advanced therapeutic approaches [11].

In addition to study into the zoonotic herpes B virus, this issue also includes two primary
research papers investigating antiviral approaches targeting reactivation of latent herpesvirus infection.
Anderson et al. demonstrated that the antipsychotic drug cloazapine inhibits epstein-barr virus (EBV)
lytic reactivation [12]. In contrast, Chen et al. explore the potential application of genome-editing
transcription activator-like effector nucleases (TALENSs) against latent murine cytomegalovirus (CMV)
infections [13]. The special issue also includes a review of the current antiviral strategies against
human CMYV [14] and a more focused review by Adamson and Nevels, which argues the case for the
development of novel anti-CMV compounds by targeting major immediate-early (IE) gene expression
or protein function [15]. RNA viruses can also establish persistent infections and this issue includes
a study investigating the acquisition of drug resistance to fluoxetine during treatment of pancreatic
cell-lines persistently infected with coxsackievirus B4 [16].

Research into antiviral agents against economically important animal viruses is also included in
this issue, with three primary papers reporting antiviral agents with inhibitory activity against porcine
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circovirus type 2 (PCV2) [17] and porcine reproductive and respiratory syndrome virus (PRRSV) [18,19].
The study by Yu et al. demonstrates that antiviral effects of Ginsenoside Rgl against PRRSV can be
attributed to reductions in levels of host cell pro-inflammatory cytokines and suppression of NF-«B
signalling [18].

As mentioned, this special issue includes reviews into antiviral strategies against HIV, measles
and CMV [6,11,14,15]. In addition, the issue contains reviews that discuss sphingolipids as potential
therapeutic targets against enveloped human RNA viruses [20] and human antimicrobial peptides as
therapeutics for viral infections [21].

Finally, I would like to thank all the authors, reviewers and editors, who made this issue possible,
both at Viruses and in the wider academic community.
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Abstract: Nucleocytoplasmic transport of unspliced and partially spliced human immunodeficiency
virus (HIV) RNA is mediated in part by the Rev response element (RRE), a ~350 nt cis-acting element
located in the envelope coding region of the viral genome. Understanding the interaction of the
RRE with the viral Rev protein, cellular co-factors, and its therapeutic potential has been the subject
of almost three decades of structural studies, throughout which a recurring discussion theme has
been RRE topology, i.e., whether it comprises 4 or 5 stem-loops (SLs) and whether this has biological
significance. Moreover, while in vitro mutagenesis allows the construction of 4 SL and 5 SL RRE
conformers and testing of their roles in cell culture, it has not been immediately clear if such findings
can be translated to a clinical setting. Herein, we review several articles demonstrating remarkable
flexibility of the HIV-1 and HIV-2 RREs following initial observations that HIV-1 resistance to
trans-dominant Rev therapy was founded in structural rearrangement of its RRE. These observations
can be extended not only to cell culture studies demonstrating a growth advantage for the 5 SL RRE
conformer but also to evolution in RRE topology in patient isolates. Finally, RRE conformational
flexibility provides a target for therapeutic intervention, and we describe high throughput screening
approaches to exploit this property.

Keywords: HIV; Rev response element; chemical footprinting; SHAPE; drug discovery;
branched peptides

1. Introduction

Conformational “fluidity” of RNA allows it to mediate a variety of biological functions, examples
of which include (a) catalyzing cleavage by the hammerhead ribozyme of satellite RNAs and viroids [1];
(b) bacterial riboswitches [2]; (c) RNA thermometers [3]; and (d) tRNA-dependent control of specific
aminoacylation and translation regulation [4]. In the case of human immunodeficiency virus (HIV),
cis-acting sequences encoded in its (+)RNA genome are central to transcription of the integrated
provirus, nucleocytoplasmic transport of unspliced and partially spliced RNAs, initiation of reverse
transcription, genome dimerization/packaging, and ribosomal frameshifting [5]. A comprehensive
understanding of the structural dynamics of these regulatory elements would be predicted to accelerate
development of small molecules [6], oligonucleotides [7], peptide nucleic acids [8] evolved RNA
recognition motifs [9], and nucleic acid aptamers [10] as novel therapeutic modalities to complement
existing anti-HIV agents. With these objectives in mind, the goal of this review was to highlight
conformational flexibility of the HIV-1 RRE (and its HIV-2 counterpart) through a series of experiments
that extend in vitro structural analysis to their in vivo outcome in cell culture systems and, finally,
in sequential viral isolates in a clinical setting.

Figure 1A provides a summary of the functional requirement for the HIV-1 RRE. Productive HIV
infection produces three types of viral transcripts, i.e., unspliced, partially spliced, and fully spliced
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RNAs (http://hivinsite.ucsf.edu). Early in the viral life cycle, fully spliced viral RNAs encoding the
regulatory proteins Rev, Tat, and Nef are exported and translated in the cytoplasm. However, the
presence of introns in unspliced and partially spliced viral RNAs results in their nuclear retention by
host RNA surveillance mechanisms that normally restrict nucleo-cytoplasmic export of intron-retaining
mRNAs [11,12]. Later in the life cycle, Rev, through its nuclear localization signal (NLS), is imported
into the nucleus [13,14]. The NLS domain is a basic, arginine-rich motif (ARM) that also serves
as an RNA-binding domain (RBD) that binds specifically to the RRE (Figure 1B) [15]. Inside the
nucleus, Rev binds cooperatively to the RRE present in all intron-retaining viral RNAs through
a process involving both protein—protein and protein-RNA interactions [15-24]. The Rev—RRE
complex is recognized by CRM1 and RAN-GTP forming an export competent ribonucleoprotein
(RNP) complex [25] allowing unspliced and partially spliced viral RNAs to circumvent host cellular
restriction and transit to the cytoplasm, where they are either translated or packaged into assembling
virions [26-28].

(A)

GTP
Translation Rev CRM1
~ T O QCDOED

Rev
/ Cytoplasm / Cytoplasm

e 5 ARRARARARARAARARIRARARARAAAAANANRIRRRRARARAAD faee A aeennennanaannaentansanaeaataaeeees  foee
4447 BUUGUBBULULLLLLASSSEEUaUBELHLUYYELLLE00008UEY SUdE T GUUUUBUUUBBBLLLUGUBIRBALBELLLILEELEY — UL
Nucleus Ran-' Nucleus
oD e,

s Fully-spliced mRNA

X Transcription M W

Integrated DNA provirus

Unspliced & partially
spliced mRNA

LPPDLRLTL RevM10

5 Arg-rich domain. LPPLERLTL WT
® RRE binding =

T .

Leu-rich domain. Interaction
with host nuclear export factors

Figure 1. (A) Functional requirement of the HIV RRE: Early in the viral lifecycle, fully spliced
viral RNAs are exported from the nucleus in a Rev/RRE-independent manner. Among these, Rev
mRNA are translated and Rev is imported into the nucleus. In the late phase of the lifecycle, nuclear
RRE-containing RNAs recruit Rev and cellular nuclear-export machinery, allowing them to circumvent
splicing and transit to the cytoplasm, where they are either translated or packaged into assembling
virions (B) Organization of the 116 aa HIV-1 Rev and amino acid changes in the trans-dominant M10
variant. NLS; nuclear localization signal, NES, nuclear export signal. Pink areas flanking the NLS
represent Rev oligomerization domains.

A logical first step in understanding molecular details of the Rev/RRE complex was defining
the topology of the RRE, an ~350 nt, RNA comprising multiple stem-loops and bulges. Combining



Viruses 2020, 12, 86

computational modeling with chemical and enzymatic footprinting led to the proposal of a 5 stem-loop
(SL) structure with a central SL-1 branching into SL-II (the primary Rev binding site), SL-III, SL IV,
and SL-V [29-31]. The SL-II consists of stem IIA branching out of the central loop and opening into
a three-way junction. The junction opens into two stem-loops IIB and IIC [19,24,32-34]. In contrast,
a 4 SL structure, differing in rearrangement of SL-III and -1V, has been reported [23,35], wherein SL-III
and -IV of the 5 SL RRE combine to form a single SL-III/IV off of the central loop. Despite these
differences, the 4 SL and 5 SL RRE conformers preserve SL-II topology. Since the majority of these
structures were derived from different in vitro probing methodologies, it cannot be ruled out that such
differences reflect subtle alterations in buffer probing conditions and are not truly reflective of the
biological system. This review summarizes several papers, including analysis of patient isolates that
collectively suggest both that HIV-1 and HIV-2 RRE possess sufficient flexibility to adopt alternative
conformations, and that for HIV-1, at least, stabilizing these by in vitro mutagenesis confers a growth
advantage for the 5 SL conformer. Lastly, we present data suggesting that RRE conformational flexibility
might be exploited therapeutically.

2. Resistance to Trans-Dominant RevM10 Therapy Induces a Conformational Change in
the HIV-1 RRE

The prototype Rev (NL4-3) from HIV clade Bis a ~18 kD 116 amino acid phospho-protein [36]. Thee
Rev protein comprises several well-characterized functional domains central to Rev-RRE-mediated
nucleocytoplasmic transport of unspliced and partially spliced mRNAs [13]. One of these,
aa 34-50 constitute the arginine-rich nuclear localization signal (NLS), the primary contact point
to the RRE. The NLS is flanked by oligomerization domains that are required for Rev multimerization.
Oligomerization is mediated mainly by Leu 12, Vall6, Leul8, Leu55, and Leu60 [37]. Towards the
carboxy-terminal is a leucine-rich nuclear export signal (NES) (aa 75-84) that mediates interactions
with host nuclear export factors (Figure 1B, [38]). During a functional delineation study of Rev by
site-directed mutagenesis, Malim et al. [39] constructed a defective variant of Rev, designated RevM10,
by replacing two critical NES residues (Figure 1B). When expressed in transfected cells, this mutant
Rev protein successfully inhibited the function of its wild-type counterpart. That RevM10 serves as
an effective trans-dominant inhibitor of Rev function was further validated by others [40-44] thereby
catapulting RevM10-based gene therapy into Phase I and II clinical trials [45]. However, a subsequent
study by Hamm et al. [46], involving passage of HIV-1 in a T-cell line constitutively expressing RevM10,
reported rapid emergence of a RevM10-resistant virus [46]. Surprisingly, escape mutations were not
associated with Rev, but rather the RRE. The same study demonstrated that only two silent mutations
(with respect to viral envelop protein) outside the primary Rev-binding region of the RRE, namely,
G164 > A164 (at the base of SL-III/IV) and G245 > A245 (in the central loop) sufficed to confer RevM10
resistance, suggesting a conformational change in the RRE was responsible. With this in mind, RRE
structures of wild-type and RevM10-resistant HIV variants containing these two RRE mutations
(RRE-61) were examined by selective 2’-OH acylation monitored by primer extension (SHAPE) [47].
In this study, the chemical reactivity profile of the wild-type RRE (Figure 2A) predicted the 4 SL
conformer (Figure 2B). In contrast, the two silent RRE-61 mutations, inducing RevM10 resistance,
introduced significant alterations in chemical reactivity over ~60 nt (Figure 2A), deconvolution of
which predicted the 5 SL conformer (Figure 2C). Constructing individually-mutated RRE variants,
G164 > A164 (at the base of SL-III/IV) and G245 > A245 (in the central loop), allowed their contribution
to be evaluated, where a combination of in vitro replication kinetics, non-denaturing polyacrylamide
gel electrophoresis, and chemical footprinting indicated the G245 > A245 mutation sufficed to mimic
the structure and activity of RRE-61. Interestingly, in this study, RevM10 resistance could not be
attributed to differential/reduced Rev binding to RRE-61. Therefore, it is likely that the stable SL-TV
structure in the 5 SL RRE61 provides binding sites for cellular or viral factors that mediate RevM10
resistance (see later). Nevertheless, the study by Legiewicz et al. [47] demonstrated a considerable
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degree of conformation flexibility inasmuch as a relatively modest nucleotide change in the RRE central
loop had a major impact on its topology.
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Figure 2. Mutations conferring resistance to trans-dominant RevM10 therapy induce a conformational
change in the HIV-1 RRE. (A) Structural probing of the wild-type RRE (left) and RevM10-resistant
RRE-61 (right). (C) Control DNA sequencing lane from which nucleotide numbering was derived.
Designations — and + refer to untreated and NMIA-treated RNA, respectively. Major alterations in
chemical reactivity are indicated by the bar. (B,C) Cartoons depicting SHAPE-derived conformations
of wild-type RRE and RRE-61. SL, stem-loop. Positions of RRE point mutations, inducing RevM10
resistance, are indicated by asterisks in (B). Modified from Reference [47].

3. Structural Conformers of the Wild-Type HIV-1 RRE

Since the discovery of Rev [48,49] and the RRE [26-28,50] about 30 years ago, a wealth of studies
on the HIV-1 Rev-RRE system have advanced our understanding of the structural details of the system.
A consensus secondary structure of the RRE, however, has been lacking. Although the minimal size of
a functional RRE was initially reported to be 234 nt [28], later studies [23,31,32] indicated that a fully
functional RRE is ~350 nt. Early studies on RRE secondary structure were performed with the subtype
B HXB2 234 nt RRE [29,30] which was reported to assume a 5 SL structure. As NL4-3 increasingly
become the standard HIV molecular clone studied in laboratories, subsequent structural studies of
the RRE were performed mostly on this isolate. Interestingly, studies on the 351 nt NL4-3 RRE also
supported a 4 SL conformer [23,35]. It was then speculated that the presence of a longer stem-loop
I used might have facilitated the alternative structure. However, contrary to this speculation, Watt
et al. [31] subsequently showed that the full-length RRE of RNA purified from HIV-1 NL4-3 virions
adopts a 5 SL conformation. This study, therefore, showed that at least, in NL4-3 RRE, the longer
stem-loop I was not the determinant of the alternative structure. This finding was further supported
by another study that used SHAPE to show that an in vitro transcribed 232 nt NL4-3 RRE formed the
alternative 4 SL structure [47]. Besides HXB2 and NL4-3, the secondary structure of another HIV-I
molecular clone (ARV-2/SF2) RRE (354 nt), differing from NL4-3 sequence at 13 nucleotides, has also
been reported to adopt a 5 SL like conformation. This variant differs from the canonical 5 SL structure
in that the nucleotides to the left of the top stem region of SL I/I’ base pair with nucleotides from the
central loop, bridging SL-IV and SL-V and forming a stem region which opens into individual SL-TV
and SL-V.
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Since chemical probing techniques used in these studies provide ensemble-average structural
information, it could not be excluded that RRE structural heterogeneity might give rise to such
discrepancies. In-gel probing, in contrast, offers an alternative strategy to examine conformationally
heterogeneous RNAs, providing that they can be separated by non-denaturing strategies. As an
example, Kenyon et al. [51] applied in-gel SHAPE to define the structure of monomeric and dimeric
species of the HIV-1 packaging signal RNA, supporting a structural switch model of RNA genomic
dimerization and packaging [51]. In light of (i), HIV-2 RRE conformational heterogeneity (see later)
and (ii), the observation that a single nucleotide alteration sufficed to stabilize the 5 SL HIV-1 RRE
conformer [47], we showed that by extended non-denaturing polyacrylamide gel electrophoresis that
the HIV-1 RRE could be resolved into two closely migrating species (Figure 3A) [52]. Subsequent in-gel
SHAPE verified the slower migrating RNA as the 4 SL conformer and the faster migrating RNA as the
5 SL conformer (Figure 3B,C, respectively), suggesting that in vivo, the wild-type HIV-1 RRE could
exist in a conformational equilibrium.
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Figure 3. The HIV-1 RRE exists in a conformational equilibrium. (A) Following extended non-denaturing
PAGE, slow and fast migrating RRE conformers were observed. Subjecting these RNAs to in-gel
SHAPE defines these as 4 SL (B) and 5 SL conformers (C). Note that, despite their conformational
heterogeneity, the topology of SL-II, the primary Rev binding suite, is preserved. Modified from Sherpa
etal. [52]. The 232 nt HIV-1 RRE RNAs appended with a 3 structure cassette were prepared for analysis
by in vitro transcription.

To investigate the function of these alternate HIV-1 RRE conformers, Sherpa et al. [52] created
stable 4 SL and 5 SL RRE variants by in vitro mutagenesis to determine their Rev-RRE activity. The RRE
Mutant M1 was predicted to disrupt base pairing at the base of the combined SL-III/IV structure in
the 4 SL conformer but maintain base pairing in SL-IV in the 5 SL variant and, thus, likely to adopt
only the latter structure. Conversely, the mutant RRE M3 was expected to disrupt the base pairing in
both SL-III and SL-1V of the 5 SL structure but keep the combined SL-III/IV intact and, thus, likely
adopt only a 4 SL conformation. As illustrated in Figure 4A,B, these predictions were borne out
experimentally since the initial RRE population was resolved into two stable conformers. The SHAPE
analysis indicated that the mutant RREs preserved the structure predicted by mutagenesis. More
importantly, electrophoretic mobility shift experiments indicated that Rev binding to the mutant RREs
was largely unaffected, demonstrating that their global topology had not been affected by mutagenesis.
Growth competition assays were next performed in a T-cell line (SupT1) to assess whether these RRE
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conformers conferred a selective growth advantage. In this heteroduplex tracking analysis strategy [53],
viruses with a different RRE were added to the same culture of SupT1 cells at an equal multiplicity
of infection (MOI) and allowed to replicate and spread throughout the cultures for several days,
after which cellular DNA was recovered. Relative amounts of integrated pro-viral DNA produced
by each virus was measured using a PCR-based heteroduplex tracking. Since sequence mismatches
within the wt/M1 and wt/M3 heteroduplexes caused them to migrate differently from each other and
the perfectly wt/wt homoduplex, each heteroduplex could be resolved by native gel electrophoresis.
Figure 4C indicates that the stable 5 SL RRE conformer displayed a selective growth advantage over its
stable 4 SL counterpart as well virus encoding the wt RRE. Supporting this observation, HIV gag/pol
expression assays demonstrated that the stabilized 5 SL conformer was functionally superior to wt
and the 4 SL RRE. Thus, structural plasticity of the RRE promoting similar [54] or different levels of
Rev-RRE function demonstrates how the Rev-RRE regulatory axis might function as a “replication
rheostat” rather than a simple on/off switch.
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Figure 4. Alternative HIV-1 RRE conformers promote different rates of virus replication. (A) Conformer
construction (see text). (B) Chemical acylation (SHAPE) confirms a 5 SL conformation of mutant
M1 and a 4 SL conformation of mutant M3. (C) Heteroduplex tracking analysis. In both M1/wt and
M1/M3 mutant co-infections, the stabilized 5 SL M1 conformer displays a replicative growth advantage.
The full experimental background is provided in Reference [52].

4. Conformational Flexibility of HIV-1 RRE SL-I and Rev Sequestration

Although detailed structural data are available for the HIV-1 RRE in either the absence or presence
of Rev [18,20,55], understanding how the Rev-mediated nuclear export complex assembles has proven
a challenge. In the model proposed by Frankel and co-workers, initial Rev binding to SL-IIB promotes
its recruitment to an additional secondary site on SL 1, with at least six copies of Rev ultimately driving
formation of the functional ribonucleoprotein complex [19].

In this model, an additional role for SL-I beyond providing the accessory Rev-binding site had
not been considered. Using time-resolved SHAPE and SAXS, Bai et al. [32] demonstrated that SL-I
flexibility makes an important contribution to the formation of the export complex, illustrating that
Rev binding affects chemical acylation levels/structure at three distinct regions (I, IL, I) in the RRE.
Region I maps to the high affinity Rev binding site and the stem II three-way junction. Region II
covers the central loop and the top region of SL-I that includes the previously identified secondary
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Rev binding site [19], while Region III lies at the center of SL-I of the 351 nt RRE. Figure 5A depicts
the SAXS-derived A-like structure of the RRE reported by Feng et al. [55] with an RNA construct
whose SL-I was truncated. In this model, the maximum diameter of the RRE was calculated ~195 A°.
Surprisingly, this value did not change when an RRE containing the full-length SL-1 was re-examined
by SAXS [32], suggesting that rather than adopting an extended “tail”, SL-I folds into and interacts
with the RRE core to adopt a compact structure. Proof of this notion was provided by hybridizing
an antisense oligonucleotide to either of the interacting partners. In both cases, an increase in the
maximum diameter ~300 A° was observed, suggesting disruption of the long-range SL-1-mediated
interaction. Based on their findings, Bai et al. [32] propose a model where a Rev dimer binds to Region
I of a pre-organized RRE which is immediately followed by binding of another Rev dimer in Region II.
This induces tertiary long-range interaction between Region III and the central loop region, exposing
a cryptic Rev binding site in SL-I, to which additional Rev molecules can bind [23] (Figure 5B,C).
While once more demonstrating remarkable flexibility of the RRE, data from Bai et al. [32] raises
the intriguing notion of developing multi-dentate ligands to target long-range interaction critical to
Rev/RRE assembly as a therapeutic strategy. Data from a later section address this possibility.

v

Figure 5. Conformational flexibility of HIV-1 RRE SL-I contributes towards assembly of the
Rev-mediated export complex. (A) Molecular envelope of the RRE RNA, drawn in mesh and
derived by SAXS [32]. The spatial resolution of the envelope is 21 A°. (B) Cartoon representation of
the RRE, depicting assembly initiating via a single nucleation point in SL-II for two Rev molecules
(blue). (C) Through an SL-I conformational change, “coupling” of SL-I and SL-II Rev-binding sites
promote a tetrameric intermediate complex proposed to serve as a specificity checkpoint. Rev and the
RRE could thereafter simultaneously sample a number of interaction conformations until an optimal
binding state for Crm1 binding and nuclear export is attained.

5. Interchanging HIV-1 RRE Conformers in Patient Isolates

Several lines of in vitro evidence discussed thus far suggest the RRE as a dynamic structure
capable of existing as a mixture of conformers or assuming alternate conformations in response to
minor nucleotide changes (e.g., RRE-61). Such observations raise the question whether this might also
occur in a clinical setting in the course of HIV infection. Indeed, nucleotide changes over the course
of virus infection have been linked with enhanced RRE activity and a more rapid CD4 decline [56],
while decreased Rev activity has been linked to slower disease progression and reduced susceptibility
to T-cell killing [57]. Efforts to develop new therapeutic interventions directed at the Rev/RRE axis
would likely benefit from studies of its structural and functional evolution in the course of natural
infection. To address this, Sloan et al. [58] examined evolution the Rev/RRE axis in the blood plasma
of a single patient using samples collected from initial detection of p24 antibodies within 6 months
of infection (designated visit 10 or V10-2) through the subsequent 6 years of infection in the absence
of antiretroviral therapy (designated V20-1). Functionally, this study demonstrated that V20-1 RRE
promoted Rev multimerization at a lower Rev concentration than its V10-2 counterpart. In a follow-up
study, a structural analysis of the V10-2 and V20-1 RREs was undertaken by Sherpa et al. [59]. As shown
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in Figure 6, non-denaturing gel electrophoresis differentiated among these two RREs based on their
migration properties, suggesting alternate conformers. Chemical probing analysis indicated that
a portion of the V10-2 central loop between SL-III and SL-IV paired with nucleotides from the upper
stem of SL-I, forming a stem that bridges the central loop and SL-IV and -V. In contrast, V20-1 RRE
formed the canonical 5 SL structure, with SL-I to SL-V radiating directly from the single-stranded central
loop. This is the first detailed long-term study to examine longitudinal RRE evolution in a patient
following infection, highlighting that selection pressures impart an influence on the RRE sequence,
with a tendency toward increased functional activity. Increased activity has been be explained by
large-scale conformational changes within the RRE and a decrease in base-pairing stability at the initial
Rev binding site of SL-II. Although selective pressure on the HIV Env gene during disease progression
in terms of immune evasion and replication efficiency may well be contributing factors, functional
differences in Rev-RRE activity likely also contribute to viral fitness.
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Figure 6. Patient-derived HIV-1 RREs from early and late time-points post-infection exhibit different
secondary structures. Secondary structures of V10-2 RRE (an early isolate, (left) and V20-1 RRE (a late
isolate, (right) determined by SHAPE-MaP. (Center) differential migration rate of V10-2 and V20-1 RRE,
following non-denaturing PAGE and UV shadowing, is suggestive of alternate conformers/ Adapted
from Sherpa et al. [59].

This study, also for the first time, showed experimentally that structural fluidity exists in the
SL-II region of primary HIV isolates which can modulate Rev-RRE activity. A more recent paper [60]
further explored the structural flexibility of RRE SL-II region using NMR to highlight that in vitro
synthesized wt (NL4-3) SL-II exists in dynamic equilibrium of three different conformers which includes
two non-native excited states (ES1 and ES2) that remodel key structural elements required for Rev
binding and one ground state (GS). These ES populations constitute around 20% of the SL-II structural
ensemble and bound Rev peptides with 15 to 80 fold weaker affinity. Such studies highlight the need
to consider structural flexibility of SL-II regions in developing anti-HIV therapeutics targeting the
RRE as traditional approaches that rely on high throughput screening and/or rational design of small
molecules/peptides/agents that bind to the GS RRE II. Agents that lock the RRE in the less active ES
forms should therefore be explored as new avenues for anti-HIV drug design.

It is also important that structural flexibility of regions of the RRE outside the primary Rev
binding site be considered during anti-HIV drug design. A good example of this notion is reflected in
development of drug resistance against ENF (enfutivirtide or T20), the first fusion inhibitor used for
HIV treatment. T20 acts by binding to a region of gp41 subunit of HIV Env and has been reported
to select for secondary mutations in Rev and the RRE [61]. The primary mutations associated with
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ENF resistance were located within the ENF target region and map to gp41 aa 36—45 which lies within
the RRE. Secondary mutations were found to restore the RRE structure predicted to be disrupted by
the primary mutations. Such “structure conservation mutations” were observed in SL-IIC [61] and
SL-III [62], underscoring the importance of conformational fluidity beyond the primary Rev binding
site. A thorough molecular understanding of the various alternative RRE conformers in primary
isolates will therefore be pivotal in designing more effective anti-HIV drugs that delay/prevent the
onset of RRE structural flexibility-mediated drug resistance.

6. Conformational Changes Underlying “Maturation” of the HIV-2 RRE

An intriguing issue is whether observations and models suggesting structural fluidity are unique
to the HIV-1 RRE or whether its” HIV-2 counterpart is likewise conformationally heterogeneous. Early
mutational studies of the HIV-2 RRE [63] indicated that (i) the interaction with its cognate Rev was
more dependent on maintenance of secondary structure than primary nucleotide sequence and (ii)
HIV-2 RRE structures permitting interaction with HIV-1 Rev, while coinciding with those required
for HIV-2 Rev binding, were dissimilar in structure and nucleotide sequence. Prior to performing
HIV-2 RRE characterization by SHAPE, data from Figure 7A raised a formidable challenge, since in the
absence of any binding partner this too displayed unexpected conformational flexibility. Although
denaturing polyacrylamide gel electrophoresis indicated a single RNA species following in vitro
transcription, subsequent non-denaturing electrophoresis identified three conformers that gradually
“coalesced” into a single species upon prolonged renaturation [64]. Since SHAPE requires that the
target RNA adopt a uniform structure in solution [65], understanding this unexpected stepwise HIV-2
RRE folding required a mathematical model to be developed that extracted the contributions of
individual conformers from ensemble chemical reactivity values. The model makes two assumptions.
Firstly, it assumes that each ensemble SHAPE reactivity value obtained from a population of RNA
conformers equals the sum of reactivity values of the contributing conformers, weighted according to
their fractional contribution to the total RNA population. Secondly, if ensemble reactivity values and
fractional contributions of individual conformations changed with differing conditions (e.g., folding
time), and these values could be determined for a number of conditions equal to or greater than the
total conformer content of the mixture, specific chemical reactivity values for each conformer could
be mathematically derived. By adopting this strategy, the HIV-2 RRE folding program depicted in
Figure 7B was proposed.

The most significant differences among these structures involved the central junction, changes
within which affect positioning of the substructures relative to each other. Transition from the open to
intermediate conformation requires several concerted substructure translations/rotations, most notably
rotation of SL-IIB/IIC, caused by base pair formation in S-L IIA. Pairing of the bridge helix defines the
subsequent transition from the intermediate to closed conformer, which also involves inward rotation
of the SL-IV/V substructure, folding of the SL-1IB apical loop toward the central junction and formation
of mutually stabilizing contacts between SL-IIB and SL-V. The SL-IIB is arranged orthogonally to SL-IIC
and coaxially with SL-I, consistent with assembly models, whereby Rev initially binds to high affinity
sites on SL-IIB and SL-I, then multimerizes linearly along an SL-IIB/SL-I axis. Given the close contact
between SL-IIB and SL-V in the closed conformer, rotational/translational flexibility of the SL-IV/V
substructure would be required to create space for Rev binding to SL-IIB.
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Figure 7. Time-dependent conformational rearrangement of the HIV-2 RRE. Analyses were performed
on a 216 nt RRE derived from HIV-2rop by in vitro transcription. (A) Native gel electrophoresis as
a function of incubation time indicates the HIV-2 RRE comprises a mixture of “open”, “intermediate”,
and “closed” conformers (A-C, respectively) at short incubation times and whose ratio varies with time,
with the closed conformer ultimately predominating. (B) SHAPE-derived conformations of the open,
intermediate, and closed HIV-2 RRE forms, respectively. Secondary structural motifs are indicated
and color-coded as follows: SL-I, red; S-IIA, dark green, SL-1IB, -IIC and adjacent connecting loops,

magenta; SL-III, yellow; SL-IV, blue; SL-V, orange. Modified from Reference [64].
7. Targeting RRE Conformations: the HIV Epitranscriptome.

Over several decades, post-transcriptional chemical modifications that impact RNA metabolism,
function, and localization have been recorded, the most common associated with tRNA and ribosomal
RNA. Of the >100 post-transcriptional modifications identified to date, N®-methyladenosine (m®A) has
been the most extensively studied with respect to its importance in health and disease [66]. Although
the functional role remains to be fully elucidated, a role for post-transcriptional modification of the
retroviral RNA genome was first proposed from studies by Kane et al. [67]. Three recent studies
have established m®A modification of the HIV-1 genome [68-70], of which Lichinchi et al. [69] have
suggested that methylation of conserved adenosines in RRE SL-II (A7877 and A7883) enhanced Rev
binding and influenced nuclear export of viral RNA.
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Of possible roles ascribed to post-transcriptional modification, alterations to RNA structure to up-
or downregulate interactions with either host or viral proteins would seem likely [71]. An extension of
this notion would be the potential to develop small molecules that specifically recognized m® A-induced
structural alterations within the RNA genome. As a step in this direction, a small molecule microarray
(SMM) strategy was developed to allow facile and rapid screening for RNA-binding chemotypes [72-74].
The SMM strategy is outlined in Figure 8A, wherein a short, structured RNA (40-60 nt), appended with
a fluorophore, is flowed over a library of covalently immobilized small molecules. Ligands interacting
with the RNA are recorded as a fluorescent signal (Figure 8B). To determine whether differential
recognition of modified RNA could be achieved, unmethylated and m® A-modified RREs were screened.
As indicated in Figure 8C, chemotypes specific for SL-ITB and m®A SL-IIB were identified, in addition
to a third class that recognized both RNAs. Although recent study of Chu et al. [75] employing several
biochemical and biophysical strategies concluded that the stability, structure, and dynamics of RRE
SL-IIB are only marginally affected by m®A modification, SMM screening implies that these might be
sufficient for selective ligand recognition. While high throughput screening strategies for RNA are in
their infancy, data reported here suggests the notion of targeting viral epitranscriptomes should not
be overlooked.
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Figure 8. Screening for small molecules that recognize m® A-modifed HIV-1 RRE SL-IIB. (A) A synthetic
RNA fragment harboring the m®A modifications reported in SL-IIB is labeled with Cy5 on its 3’
terminus. (B) Labeled SL-II RNA was flowed over microtiter plates containing covalently immobilized
small molecules. Binding of RRE SL-II RNA to candidate ligands was recorded via a fluorescence signal.
(C) HTS screening suggests specificity of small molecules for unmethylated (left) and methylated SL-IIB
(right). The central panel highlights a ligand that recognizes both SL-II forms.

8. Exploiting RRE Conformational Flexibility with Branched Peptides

The unique 3D architecture of RNA, often achieved by assuming a combination of local structures
including bulges, stem-loops, pseudoknots, and turns, presents an attractive therapeutic opportunity.
While exemplified by antimicrobial agents, such as aminoglycosides, macrolide, oxazolidinone, and
tetracycline, that interfere with ribosomal RNA function, the field of small molecule RNA therapeutics,
despite advances in high throughput screening technologies, has not fully matured and would benefit
from innovative strategies.

As an alternative strategy that considers molecules of intermediate size, branched peptides offer
the possibility of supporting multivalent interactions with different regions of a highly flexible RNA
such as the RRE (Figure 9A) and would be predicted to enhance their selectivity and affinity. Support
for branched peptides was provided by Bryson et al. [76], whose on-bead screening of a 4000 molecule
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library identified ligands that spanned the bulge and apical loop of HIV-1 TAR RNA with binding
affinities in the low micromolar range. Subsequently, to enhance selectivity/affinity Dai et al. [77]
synthesized a ~46,000 compound on-bead library of branched peptides composed of unnatural amino
acids (Figure 9B). These included L-guanidinoproline and D-aminoproline as electrostatic mimics
of arginine and lysine, respectively, 1-naphthalene to promote m— 7 stacking with nucleobases and
pyrazine which acts as a hydrogen bond donor/acceptor. High throughput screening identified the
branched peptide 4A5 (Figure 8B) as a high affinity ligand for a synthetic RRE SL-IIB mimic (Kq =
0.88 + 0.02 uM). The SHAPE analysis indicated that at a 1:1 RNA/4A5 ratio, nucleotides of a loop
constituting the secondary SL-1 Rev binding site were protected from modification, while at a higher
branched peptide/RNA ratio, nucleotides within SL-II became refractory to acylation. From this study,
roles for 4A5 in occupying the active Rev binding sites and/or acting allosterically to prevent the
SL-I-driven conformational change in the RRE were proposed. Although the exact mechanism remains
to be elucidated, the SHAPE data lend credence to the notion of multivalent binding of branched
peptides to the RRE. Finally, in the same study, 4A5 was demonstrated to inhibit Rev-RRE function in
cell culture using HEK 293T cells transiently transfected with a Rev-expressing plasmid and a CMV
promoter-driven GagPol-RRE plasmid (Figure 9C).

)] m o g

Branched
peplide

0.1 1 10 100 1000
[4A5], uM

Figure 9. Restricting RRE conformational flexibility with multivalent branched peptides. (A) Cartoon
depicting the branched peptide strategy, i.e., binding in a multivalent fashion to enhance affinity and
selectivity toward the RNA target. (B) Structure of branched peptide 4A5. (C) Inhibition of Rev-RRE
function in vivo using HEK 293T cells transiently transfected with a Rev-expressing plasmid and
a CMV promoter-driven GagPol-RRE plasmid. Modified from Dai et al. [77].

9. Cellular Factors Interacting with the Rev and the RRE

While this review has concentrated on the dynamic nature of the HIV-1 and HIV-2 RREgs, it is
important to emphasize that concerted binding of various cellular factors is required for Rev-RRE
function, most of which promote shuttling of Rev and RRE across the nuclear membrane. Two key
factors are Crm1 [25,78-80] and importin 3 [81,82]. Crm1, or Exportin-1, is a member of the $-importin
family of transport receptors and has been demonstrated to specifically interact with many proteins
containing NES domains. Normally employed for the nucleocytoplasmic transport of proteins, snRNAs
and rRNAs, the Crm1 pathway is hijacked by HIV to facilitate export of intron-retaining RNAs. Crm1
serves as an adaptor for binding of Ran-GTP [83-85] and nucleoporins such as Rip/Rab [86] to Rev,
forming a functional export complex that ferries the Rev/RRE RNP across the nucleopore complex into
the cytoplasm. In the cytoplasm, RanGAP1 and RanBP1 hydrolyze Ran-GTP to Ran-GDD, releasing

16



Viruses 2020, 12, 86

Crm1 from the Rev/RRE complex [86]. Importin-f then binds to the Rev NLS region, facilitating
displacement of the RRE for translation of viral transcripts. The resulting Rev/importin- complex
interacts with Ran-GDP, allowing translocation of the Rev complex into the nucleus. Inside the
nucleus, RCC1 catalyzes conversion of Ran-GDP to Ran-GTP, leading to dissociation of Rev from
importin-p [87]. This dissociation unmasks the Rev NLS domain, promoting interaction of its NLS/RBD
region with the RRE. Several members of the DEAD box RNA helicase family, such as RHA [88],
DDX3 [89], DDX1 [90,91], DDX5 [92] and DDX24 [93], have also been reported as cellular co-factors
of Rev, although their precise role in the Rev/RRE pathway remains to be elucidated. Most of these
are nucleocytoplasmic shuttling proteins some of which have been implicated in promoting HIV
genome packaging, restriction of Rev function in astrocytes, premature release of intron-retaining HIV
transcripts from the splicing machinery. Similarly, cellular factors such as elF-5A, SF2/ASF, B23, p32,
Sam68, and ATM kinase have been proposed to modulate Rev/RRE function, though their roles are
either unclear or controversial [38,94].

10. Conclusions and Outlook

Although the role of the RRE in directing nucleocytoplasmic transport of unspliced and partially
spliced viral RNAs has been unchallenged for over three decades, the structural flexibility that
mediates these steps in HIV replication is only now coming to light, in many cases, following the
development of new RNA probing strategies. For example, the generally accepted notion that RRE SL-I
played a structurally “passive” role has now been challenged by chemical and biophysical techniques
suggesting it folds into the central RRE core, possibly as a check for Rev loading. By extending early
data on the structure of RRE-61, we now have evidence that the wild-type RRE may, in fact, exist
as an equilibrium of conformers, each of which confers distinct growth properties in cell culture
that may extend as far as their evolution in HIV-infected individuals. One might speculate that
RRE structural fluidity would confer growth/fitness advantage to the virus by acting as “replication
rheostat”, regulating the level of HIV gene expression by allowing RRE to adopt various functional
states. A less active RRE would shield HIV from a functional host immune system during early
stages of infection, allowing the virus to establish itself within the host. Conversely, highly active
RREs would promote a higher rate of virus replication without CTL killing in immunocompromised
individuals. Unlike mechanisms that affect overall transcription and translation, down-modulation of
gene expression by less active RRE conformers primarily affects viral structural protein expression and
is not expected to affect HIV Nef expression. Thus, this mechanism would allow the immune evasion
activities of Nef to persist, while the lower structural protein levels would make the infected cells
less susceptible to CTL killing, As we uncover additional aspects of RRE conformational dynamics,
exploiting this vis-a-vis developing novel high throughput screening strategies, exemplified here with
branched peptides and small molecules that recognize the viral epitranscriptome, promises to open
new and exciting avenues for targeting viral RNA genomes.
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Abstract: Measles remains a major cause of morbidity and mortality worldwide among vaccine
preventable diseases. Recent decline in vaccination coverage resulted in re-emergence of measles
outbreaks. Measles virus (MeV) infection causes an acute systemic disease, associated in certain
cases with central nervous system (CNS) infection leading to lethal neurological disease. Early
following MeV infection some patients develop acute post-infectious measles encephalitis (APME),
which is not associated with direct infection of the brain. MeV can also infect the CNS and cause
sub-acute sclerosing panencephalitis (SSPE) in immunocompetent people or measles inclusion-body
encephalitis (MIBE) in immunocompromised patients. To date, cellular and molecular mechanisms
governing CNS invasion are still poorly understood. Moreover, the known MeV entry receptors
are not expressed in the CNS and how MeV enters and spreads in the brain is not fully understood.
Different antiviral treatments have been tested and validated in vitro, ex vivo and in vivo, mainly in
small animal models. Most treatments have high efficacy at preventing infection but their effectiveness
after CNS manifestations remains to be evaluated. This review describes MeV neural infection and
current most advanced therapeutic approaches potentially applicable to treat MeV CNS infection.

Keywords: measles virus; central nervous system; tropism; treatments

1. Measles Virus Epidemiology

Measles virus (MeV) is the etiologic agent responsible for measles disease. Humans are the only
known reservoir for MeV. Despite the availability of a very efficient vaccine [1], measles remains one of
the most contagious diseases with a R0 ranking from 12 to 18 [2] meaning that (in a fully susceptible
population) an infected patient will on average transmit the infection to 12 to 18 individuals. This
propagation rate may even increase among people with low or compromised immunity [3]. Viral
transmission generally occurs from person to person through aerosols [3] and precedes onset of skin
rash, making the disease even more difficult to contain. After decades of emergences mainly restricted
to the poorest countries, measles has made a strong comeback and re-emerged in industrialized
countries [4] where access to the vaccine was supposed to be easier. Measles killed more than 100,000
people every year [5] since 2010. In 2017, 110,000 people died from measles, mostly children under
five years old [3]. Indeed, in the absence of vaccination, children are the main targets of MeV [6],
although adults can be infected as well [3]. Last year, WHO documented 268,038 confirmed cases.
Nevertheless, according to other estimations, there are 7 to 20 million people getting infected by
measles each year [7,8].

In most developed countries measles was considered eliminated, in recent years. However the
rate of vaccination decreased due to a vaccination hesitancy, and as consequence the decreased herd
immunity led to large outbreaks and today measles is considered re-emerged [4,9]. This year, in
many developed countries including USA and France, there is a 300% increase in reported MeV cases
compared to last year [10]. Notably, 1250 cases have been reported in the USA in 2019 (from January to
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October) [11]. Those outbreaks confirm the re-emergence of measles, already announced by the NIAID
following MeV epidemics in 2014 (CDC).

2. Virus

MeV belongs to the Morbillivirus genus within the Paramyxoviridae family and Mononegavirales
order. This enveloped virus produces pleiomorphic viral particles with an average size ranging from
150 to 300 nm and up to 900 nm [12]. Its genome is a negative-sense, single stranded RNA of 15,894
nucleotides that encodes six structural proteins: The nucleocapsid (N) protein, the phosphoprotein (P),
the matrix (M) protein, the fusion (F) protein, the haemagglutinin (H) protein, and the polymerase
(large, L) protein. Two non-structural proteins, V and C are produced from the P gene [13] and mainly
alter the innate immune sensing and response [14-17].

Wild type MeV strains use signaling lymphocytic activation molecule 1 (SLAMF1, also called
SLAM or CD150) and nectin-4 receptors to infect target cells [18-20]. MeV vaccine strains use
the ubiquitously expressed CD46 molecule as an additional entry receptor in vitro [21,22]. MeV
entry is pH-independent and occurs directly at the cell surface [23]. However, MeV entry may also
occur by endocytosis mediated by SLAM in B-lymphoblastoid cells or A549-SLAM cells [24], and
through a nectin-4-mediated macropinocytosis pathway, in breast and colon cancer cell lines (MCE7,
HTB-20, and DLD-1) [25]. It was also suggested that MeV Edmonston or Hallé strains could use
a macropinocytosis-like pathway in non-lymphoid and lymphoid cells when SLAM and CD46 are
engaged but this remains poorly documented [26,27].

To initiate the infection of the main target cells, the MeV H protein binds to entry receptor on
the surface. This attachment triggers the F protein and leads to exposure of its hydrophobic fusion
peptide that then inserts into the host cell membrane. The F protein undergoes serial conformational
changes allowing the merge of the host and viral membranes creating a fusion pore allowing the
ribonucleocapsid (RNP) delivery in the cytoplasm (Figure 1A,B) [28,29]. Infection also spreads
efficiently via cell-to-cell contact [30,31].

Transcription by the RNA-dependent RNA polymerase (RdRp) starts from a single promoter
resulting in a transcriptional gradient from the most abundant mRNA for N to the least abundant
mRNA for L in order to allow efficient viral cycles. These mRNAs are then translated into viral proteins.
The accumulation of N and P leads to viral genome replication into positive stranded RNA anti-genome
that will allow further synthesis of negative sense RNA strands that will be encapsidated by newly
synthesized N, P, and L proteins [32]. Viral RNA synthesis and assembly are regulated through the
interaction between M and N [33]. Viral proteins assemble to the plasma membrane and the budding
of new virions can occur (Figure 1A). Alternatively, the surface glycoproteins are transported to the
plasma membrane and allow cell-to-cell dissemination.

The viral RNA is encapsidated by the protein N and forms the helical nucleocapsid [34]. Each N
protein covers six nucleotides, hence the genome length has to follow the “rule of 6” for being fully
protected [35,36]. Together, the proteins L and P form the viral RARp. That polymerase interacts with
the nucleocapsid to progress on the viral RNA: Altogether they form the RNP.

The M protein generally ensures the viral particle integrity. The M protein also orchestrates the
viral assembly at the plasma membrane and the budding of the new infectious viral particles [23].

The H and F proteins constitute the viral fusion complex that is responsible for the viral entry
into the host cell. The H protein is a tetramer organized as a dimer of dimers responsible for the
binding to the entry receptor. The F protein mediates the fusion between the virus and the host plasma
membranes. The F is a trimer first produced as a precursor FO that is cleaved in the trans-Golgi
by a furin protease in F1 plus F2 subunits linked by a disulfide bond. The extracellular domain is
constituted by the F1 and F2 subunits containing the fusion peptide at the N terminus followed by two
complementary heptad repeat domains, respectively at the N terminus (HRN) and the C terminus
(HRC). While the crystal structure of the prefusion form of the F protein has been described [37], the
exact delimitations of the F sub-domains are still not completely defined [38—40].
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Figure 1. Measles Virus (MeV) replication cycle. (A) In order to infect a susceptible and permissive cell,
MeV binds to its entry receptors on the cell surface (1) and initiates the virus-cell membrane fusion
(2), as described in detail in (B). Virus and cell membranes fusion leads to genome delivery into the
cytoplasm (3). Viral RNA is transcribed in mRNA (4) that is further translated into viral proteins (5).
Viral glycoproteins maturate during their transport to the cell surface (6). The replication of positive
stranded anti-genomic RNA starts in the cytoplasm (7) and serves as a template for synthesis of new
negative stranded genomic RNA (8). Viral proteins assemble at the cell surface, leading either to
budding of new virions (9) or cell-to-cell fusion (10). (B) The haemagglutinin (H) protein binds to
the MeV receptor at the cell surface, allowing the triggering of fusion (F) which reaches a metastable
conformation. Then, F protein anchors its fusion peptide in the target cell membrane, F undergoes
serial conformational changes bringing the two membranes close enough to merge and form a pore
throughout which the viral ribonucleocapsid (RNP) is delivered to the cytoplasm.

Based on bioinformatic tools the HRN domain encompasses residues 116/138 to residue 190 and
the HRC domain is included between residues 438 and 488/489. The current crystal structure however
shows the region between 438 and 458 as disorganized while a canonical heptad repeat is shown after
residue 458 [41,42].

3. Vaccines

A highly efficient live-attenuated virus vaccine is available to prevent measles outbreaks. MeV
transmissibility is very high and 95% of the population needs to possess anti-measles immunity for
disease eradication [43]. In 1997, during a meeting co-sponsored by the World Health Organization
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(WHO), the Pan American Health Organization (PAHO), and the Centers for Disease Control (CDC),
the experts agreed that measles eradication was technically feasible by 2005-2010. Nevertheless,
vaccination coverage decreased and led to a re-emergence of measles infection. Nowadays, measles
global eradication is one of the top priorities of the expanded program on immunization (EPI) supported
by the WHO. The Global Vaccine Action Plan aims to eliminate measles in five WHO Regions by
2020. Based on confirmed cases reported by the WHO, the countries with the most measles cases in
2018 were India, Ukraine, Philippines, Brazil, and Yemen. Recently, measles strongly re-emerged in
industrialized countries due to the significant decrease in vaccination coverage [4,44].

Different MeV strains have been used for vaccine purpose starting with the Edmonston
strain isolated in 1954 that was very reactogenic. Five vaccines were derived from Edmonston:
Edmonston-Zagreb, AIK-C, Moraten, Schwarz, and Edmonston-B [45]. Some of them such as
Edmonston-B remained too reactogenic. The Edmonston vaccine was replaced by the more attenuated
Schwarz vaccine strain in early 60s and Moraten vaccine strains in 1968. Years later, studies have
shown that Schwarz and Moraten were in fact the same virus [45]. Other vaccines derived from other
strains have also been developed. Leningrad strain (isolated in 1957) attenuation successively led
to Leningrad 4 and more recently to the Chinese vaccine Changchung-47. Shanghai isolate (1960)
attenuation allowed production of shanghai-191 vaccine while Cam-70 which was currently produced
and used in Indonesia and Japan, derived from the Tanabe (Japan, 1968) strain. All vaccines strains
belong to the measles virus genotype A [45]. Measles vaccine is usually combined with mumps and
rubella vaccines, known as MMR (Measles, Mumps, and Rubella) vaccine, or with mumps, rubella,
and varicella (chickenpox) vaccines, called MMRV (Measles, Mumps, Rubella, and Varicella) vaccine.
MMR is a live-attenuated measles virus [46]. MMR vaccination is given in a two-dose schedule, with a
first dose generally administered to 12-15 months old children, and a second one three to five years
later [4]. While MMR vaccine cannot be used in immunocompromised patients (with low CD4+ cell
count, or severely immunedepressed), the WHO strongly recommends the vaccination of human
immunodeficiency virus (HIV) positive patients without severe immunosuppression [47].

Generally, vaccinated people develop a strong humoral and cellular immunity. Only 2-10% of
people who received the two vaccine doses do not produce protective measles antibodies. However,
most of them remain protected by their T cell immunity [48,49].

Taken together, the too low vaccination coverage combined with the increasing proportion
of immunocompromised and other non-vaccinable people call for the development of an efficient,
preventive, and/or curative treatment.

4. Disease/Generalities

4.1. Symptoms and Complications

During the acute phase of MeV infection, the patients develop several symptoms, including
fever, cough, nasal congestion, characteristic erythematous maculopapular rash, conjunctivitis, and
pathognomonic Koplik spots on oral mucosa. Diarrhea and vomiting are often observed in infected
children during the disease [50,51] or appear as a complication following the disease [5,52]. Additionally,
MeV infection leads to a strong immunosuppression that can last for several months and lead to severe
secondary infections [53,54]. Moreover, MeV seems to impact FoxP3 T regulatory cells homeostasis by
increasing their frequency and attenuating the hypersensitivity cellular response [55]. A more recent
study suggests a MeV-induced immune amnesia relying on the depletion of pre-existing memory
lymphocytes [50].

MeV infection can lead to several complications such as pneumonia, which is the main cause
of measles mortality [56] or to central nervous system (CNS) complications, and to a lower extent
to thrombocytopenia, blindness, or hearing loss [57]. Briefly, interstitial pneumonitis associated
with mucosal inflammation due to large syncytia formations in the lungs are mainly observed
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in immunocompromised patients (Hecht’s pneumonia) [56,58]. This cytopathic effect leads to
bronchio-epithelial destruction generally resolved within few days of hospitalization (Figure 2A).

(A) 1) APC infection in the lung 4a) APME :
2) Lymphoid tissues invasion No evidence of virus in the brain
immunosuppression 4b) MIBE :

3) Acute infection in the lung
4) Encephalitis

CNS infection + global infection

4c) SSPE :
CNS infection
Antibodies in the serum and cerebrospinal fluid

(B) 1day 7 days 1 month 6 months 23 years
I APME MIBE '
Infection
0.1% cases Immunosuppressed patients Immunocompetent patients
~20% mortality ~100% mortality 0.065 %o to 0.11 %o of cases

~100% mortality in 1-3 years

Figure 2. Course of MeV infection leading to measles encephalitis. (A) Initially, MeV infects myeloid
cells in the respiratory tract. Then, MeV-infected lymphocytes disseminate the infection via the
lymphatic and vascular systems. As a consequence of transient immunosuppression or autoimmunity,
patients can develop acute post-infectious measles encephalitis (APME) shortly after exposure without
systematic central nervous system (CNS) infection. However, measles inclusion-body encephalitis
(MIBE) and subacute sclerosing panencephalitis (SSPE) are associated with MeV infection of the CNS.
(B) The occurrence of MeV encephalitis may range from one day to 15 years following initial infection.

4.2. Associated Factors (Age/Nutrition)

Multiple factors such as malnutrition and vitamin A deficiency seem to increase measles associated
morbidity and mortality. Indeed, regardless of vaccination coverage, MeV-infected people in poorest
countries are more likely to develop complications leading to severe disease [3,59-61].

4.3. Pathogenesis

Pathogenesis starts with MeV infection of myeloid cells in the respiratory tract. As mentioned in
Section 2, the two known entry receptors for MeV wild-type strains are SLAM/CD150 and nectin-4 [18,19].
Wild-type (wt) viruses generally target lung resident macrophages and/or dendritic cells, expressing
SLAM [62-64]. These antigen presenting cells (APCs) migrate to the lymph nodes and transmit the viral
infection to SLAM expressing lymphocytes with subsequent spread of the virus in the lymphatic and
vascular systems (viremia). During the late stages of the infection, circulating infected immune cells
that reach the respiratory tract and the skin can transmit the infection in cis to epithelial cells expressing
nectin-4 on their basolateral side [20,65-67]. Then, the virions produced at the apical membrane can be
shed into the respiratory mucus or aerosolized in the respiratory tract through coughing [68].

5. Disabilities and Nervous System

MeV can also cause damages to the nervous system.
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5.1. Hearing Loss

MeV can induce hearing loss [69]. Before the introduction of mass vaccination, hearing loss was
observed in 5% to 10% of measles cases in the USA. This remains highly frequent in under-developed
countries where vaccination coverage is low [70]. One possible explanation is that otitis associated
with measles in up to 25% of infected patients could cause hearing loss [71]. This pathology seems
related to a super infection due to MeV-related transient immune-suppression.

Alternatively, hearing loss can occur immediately after the acute phase of the infection or later
following measles acute encephalitis (described in paragraph 6.1) with typical bilateral and moderate
to profound sensorineural hearing loss [69]. The mechanism associated with MeV-induced hearing
loss remains unclear since neither viral antigen nor RNA have been detected in samples from the inner
ear [57].

5.2. Blindness

Eye related symptoms such as conjunctivitis or corneal inflammation (keratitis) are commonly
associated with measles [57]. Corneal complications are often more serious when superinfection
(bacterial or viral) occurs during MeV-induced immune-suppression. However, there is a correlation
between vitamin A deficiency and measles-induced blindness. Indeed, vitamin A deficiency is
associated with severe keratitis and considerably increases the risk of xerophthalmia, corneal ulceration,
and blindness [72]. This may explain why measles related blindness is more common in areas where
children are already suffering of malnutrition.

Viral RNA can be detected in tear secretions [73]. In addition, human ex vivo cornea rim tissue
is susceptible to MeV infection on its basolateral pole but neither syncytium formation nor released
infectious particle have been found [74].

The relationship between MeV infection of ocular epithelial cells and the potential relationship
with neural cell infection with cases of blindness is still unclear.

6. Central Nervous System (CNS) Infection

How the virus enters the CNS remains unclear since the known MeV receptors are not expressed.
While its expression in the CNS seems to be only transient, nectin-4 has also been suggested to play a
crucial role in MeV neuroinvasion based on observations made on closely related canine distemper virus
whose neurotropism directly depends on nectin-4 specific patterns of expression [65,75-77]. Nectin-1
positive cells have recently been shown to be able to capture membranes and their cytoplasm from the
surface of adjacent cells expressing nectin-4 at their surface via a trans-endocytosis mechanism [78].
In this context, viral RNP could transit from nectin-4 positive cells in nasal turbinate or meninges to
neural cells expressing nectin-1 in olfactory bulb or brain parenchyma, respectively. The following key
elements involved in the neural cell-to-cell dissemination and successful CNS invasion remain to be
investigated (Figure 2A).

Three main CNS complications are associated with measles: The acute and the chronic forms, the
latter being subdivided in two sub-types, the first as a measles inclusion-body encephalitis (MIBE)
in immunocompromised patients and the second as a subacute sclerosing panencephalitis (SSPE)
occurring in immunocompetent patients [79,80] (Figure 2B).

6.1. Acute Encephalitis

The acute post-infectious measles encephalitis (APME) occurs in 0.1% of measles cases, about a
week following the appearance of first clinical signs. The APME is also called post-infection encephalitis
(PIE), acute demyelinating encephalomyelitis, or acute disseminated encephalomyelitis.

APME is associated with 20% mortality and severe neurological sequelae, mainly in adults.
Symptoms include fever, headaches, seizures, and consciousness alterations. APME is a complication
associated with MeV infection that seems to be related to an auto-immune reaction against the myelin
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basic protein mainly expressed by oligodendrocytes [81-83]. APME causes CNS lesions in both white
and grey matters and is characterized by brain inflammation and perivenous demyelination [68,84-86].
Moreover, APME is often associated with more immunological abnormalities such as high levels of IgE
antibodies in the serum [87]. The binding of infected leukocytes to brain microvascular endothelial
cells, or a direct infection of endothelial cells themselves in the brain may also partially contribute
to this inflammatory immune reaction [88]. Overall, MeV acute encephalitis is poorly described in
the recent literature. Note that there is a total lack of evidence of the virus presence in the brain
parenchyma compared to that in the blood circulation. Based on the absence of virus detection in certain
cases, multiple groups have suggested that the encephalitis could be caused by an autoimmune-like
response [89]. While the presence of myelin basic protein (MBP) in the cerebrospinal fluid (CSF)
suggests autoimmune-mediated encephalitis, oligodendrocytes viability and neurons myelination
have not been explored yet [89].

6.2. MIBE

MIBE occurs in immunosuppressed patients ranging from three weeks to six months following
wild-type MeV infection or in some rare cases after inappropriate vaccination with former vaccine
strains [90-92]. MIBE is characterized by the presence of intracytoplasmic or intranuclear inclusion
bodies composed of nucleocapsids, mainly in neurons, oligodendrocytes, and astrocytes [93,94].
Patients develop febrile focal seizures and behavior disorders before lapsing into coma. At a molecular
level, mutations have sometimes been observed in the intracytoplasmic domain of MeV F protein and
lead to the expression of hyperfusogenic viral phenotypes. Some mutations similar to those observed
in SSPE have also been detected in the N gene and it has been hypothesized that MIBE and SSPE
might be very similar, apart from the more rapid development of MIBE in immunocompromised
subjects [95]. Recently, other MIBE- associated mutant viruses have also been described and present an
hyperfusogenic phenotype [42,92]. Notably, the mutation L454W in the HRC domain of the F protein
emerged in two patients that contracted MIBE in South Africa. This mutation confers the ability of
entry without the presence of known receptor even at 25 °C. The mutation L454W leads to a highly
unstable F protein potentially due to a lower interaction with the H protein which loses its protection
role from random triggering of the fusion protein. This finding suggests that hyperfusogenicity of
these neurotropic variants allows better viral dissemination, without the need of H binding to a high
affinity receptor [37,96,97].

6.3. SSPE

Subacute sclerosing panencephalitis (SSPE) cases occur in 6.5 to 11 cases per 100,000 [97,98] in
immunocompetent patients that contracted measles in their childhood, with a mortality rate close to
100%. Within children infected by MeV before the age of 12 months, the incidence for SSPE rises to
1/609, while reaching 1/1367 for children under five years old [99]. There is a latency period ranging
from one to 15 years following primary infection and before appearance of symptoms [100,101]. In
addition, because of the non-specificity of the first symptoms, SSPE diagnosis is generally delayed [102].
In most of the cases, patients do not survive more than 1-3 years following appearance of the symptoms
associated with important neurological signs and dementia. Patients are developing severe physical
and mental impairments but also a loss of motor control that tends to evolve in myoclonic jerks and
spasms, seizures, and coma. Patients that underwent primary infection below the age of two are
more at risk of developing SSPE. It was suggested that an immature immune system before two years
old could contribute to persistent brain infection [83]. A dual viral hit was suggested to play a role
in SSPE development. In this model, authors proposed that during classical first exposure to MeV
immunocompetent patients do not develop encephalitis. However, a first exposure to a virus different
from MeV, but capable of inducing an immunosuppression, which is followed with MeV infection later
in the life, may favor development of CNS disease such as SSPE, as shown in the model of transgenic
mice susceptible to MeV infection [103]. Most epidemiological studies are pointing that young boys are
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more often affected by SSPE than girls [17,104]. In one study in Germany from 2003 to 2009, the authors
counted 21 males within 31 SSPE cases. SSPE is characterized by an excessive intrathecal synthesis of
MeV specific antibodies. Most of the time, in the brain of SSPE patients, the genes that are encoding
for MeV matrix protein (M), fusion protein (F), and attachment protein (H) are mutated [28,105,106]
(Figure 3A).
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Figure 3. MeV F gene mutations related to CNS infection. (A) Schematic of MeV genome showing the
most common mutations found in SSPE cases. (B) Details of MeV mutations in F protein leading to a
hyperfusogenic phenotype and/or CNS infection.

7. Mutations Associated with MeV CNS Infection

7.1. M Protein

In SSPE, uridine-to-cytidine biased hypermutations of M protein are characteristic [107]. Studies
have shown that MeV can evade the innate immunity control by taking advantage of the adenosine
deaminase acting on RNA 1 (ADAR1), an IFN-stimulated gene that binds double-stranded RNA and
converts adenosine to inosine by deamination [108]. The biased hypermutations in M (and other)
gene in SSPE (or MIBE) cases might also be related to ADARI1 activity. Hypermutation of M protein
leads to an unstable and defective M protein in viral particles assembly [109]. As a result, the virus is
defective in budding from the plasma membranes and cannot produce viral particles. Among the large
number of mutations in mRNA, the lack of the AUG initiation codon is leading to a low expression of
M protein [110]. Nevertheless, in the context of brain invasion, the hypermutated M gene still allows
MeV to replicate, spread, and cause disease [111,112]. Indeed, M protein negatively regulates the viral
polymerase activity and thus to impact mRNA transcription and genome replication [113]. One of
the roles of M protein is the distribution of both F and H glycoproteins at the apical cell surface [114].
Thereby, mutations in M protein could impact the virus fusion (and F stabilization), through association
with surface glycoproteins tails, and thus influence the virus dissemination through the brain. Although
in transgenic mice the infection with a M hypermutated MeV induces a more fusogenic phenotype
despite attenuated budding, resulting in a more suitable virus for brain infection [111]. Other mutations
impact interactions with the viral nucleocapsid and surface glycoproteins [115,116]. This provides
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another explanation for the absence of viral particle productions in SSPE-patient brains. This lack of
budding is a key property highlighting that patients are non-contagious [93]. While numerous studies
report the isolation of SSPE infectious viral particles from patient brains, none of them have physically
shown whether classic infectious viral particles or virus RNP-containing apoptotic bodies expressing
surface glycoproteins were effectively isolated [107,117-120].

7.2. F protein

The F proteins observed in SSPE cases present several mutations conferring a hyperfusogenic
phenotype. F is produced as metastable protein in its pre-fusion state. This pre-fusion state is generally
less stable in the CNS isolates. The F can also fuse without H engagement to any known receptor.
Thus, it is suggested that these mutations facilitate CNS spread [40].

Mutations can occur in the HRC domain (T4611, A440P, N462S, N465S, and L454W), in the
HRN domain (G168R/E170G), in between HRC and HRN domains (5262G), in the cytoplasmic tail
domain (CTD) (R520C, L550P), and in the F2 subunit of F protein. Among the mutations found in the
F-SSPE sequence from South African patient (G168R/E170G/S262G/A440P/R520C/L550P and X551G),
only the mutation 5262G (position already associated to hyperfusogenicity with a mutation S262R)
located at the interface of three protomers, involved in fusion activation, may independently confer
an hyperfusogenic phenotype to F without needing any other mutation. The functional analysis of
MeV_IC323 virus carrying this F-SSPE with all seven mutations confirmed the finding that an SSPE
strain can disseminate via cell-to-cell spreading in Vero cells, in the absence of known receptors [40]
(Figure 3B).

The mutation of stop codon (X551G) in F-SSPE strains has been frequently observed previously [107]
and leads to an elongated cytoplasmic tail (called LT for Long Tail) that can enhance the incorporation
of F and nonspecific cellular protein in the virion [121,122].

Other mutations found in F extracellular domain from SSPE sequences isolated from patients brain
(T4611 and S1031/N4625/N465S) also confer hyperfusogenicity and can spread in human neuroblastoma
cell lines and suckling hamster brains in the absence of known MeV receptors [123,124].

Fusion inhibitors such as 3G or FIP are tested on MeV and it has been documented that several
mutations emerged in F protein in order to escape the treatment. The impact of these mutations (I87T,
M94V, S262R, L354M, A367T, N462K) on the fusion machinery is of great interest [125-127]. One
of the most interesting mutations that emerged is located at the residue 262. The escape mutation
S5262R confers hyperfusogenicity, as well as the mutant S262G that has been described in a real case of
SSPE [40,123]. These data highlight the fact that emergence of mutations under a selective pressure can
lead to viral adaptation to CNS. This can also allow a better design of inhibitors that could counteract
these adaptation mutations.

As discussed in Section 6.2. the hyperfusogenicity correlates with a lower thermal stability of the
pre-fusion state of F [28,125]. As an example, the L454W F is highly unstable and this characteristic
could be sufficient to trigger F in a postfusion state by itself, allowing the fusion to occur without any
receptor engagement. In the context of a circulating viral particle outside the brain, that property
might not be an advantage for the virus, which could explain why any hyperfusogenic form of MeV
has never been found in circulating viruses.

7.3. H Protein

The H protein of SSPE strains is often mutated as well and contributes to neurovirulence [128].
In a recent study, three mutations were found in the H gene of South African SSPE strain, in the
cytoplasmic tail, the stalk domain, and 35 blade of the head domain, associated with substitutions
R7Q, R62Q, and D530E, respectively [40]. The residue D530 is necessary for cell entry through SLAM,
so the mutation D530E could compromise the use of infection through SLAM [129,130].

In a modified Edmonston strain expressing a murine-adapted H protein from a neurovirulent
strain CAM/RB, the substitutions G195R and S200N lead to complete loss of neurovirulence in mice
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C57BL/B6 [83,131,132]. Due to questionable strains and animal model used in this study, these data
have to be considered carefully and these findings might be difficult to transpose to human SSPE cases.
Nevertheless, it highlights the potential existence of a specific site in H involved in neurovirulence or a
site of an unknown neuron-specific receptor.

C-terminus elongation of the H protein due to single-point mutation at the stop codon have also
been reported multiple times in SSPE cases [75,133]. Contrarily to deletions of the cytoplasmic tail
of H which were shown to enhance fusion activity [121], elongation of the extracellular domain of H
seemed to impact binding, targeting, and may explain at least partially the high level of antibodies in
SSPE cases [75,133].

Unlike SSPE, mutations in H gene of MIBE virus sequences seem to be less frequent and further
investigations for their potential impact in CNS infection is required [92].

7.4. Mutations in Other Genes

In SSPE cases, some mutations have also been found in N, P, and L proteins but most of the recent
studies focused on F and M proteins. Some P genes from SSPE cases exhibit an impaired editing system
that lead to less V protein production. Most of the time, the viral cycle does not seem compromised
but the lower expression level of V could contribute to the viral persistence by reduced inhibition of
interferon (IFN) response [134]. Is has also been shown that the P gene of the multi-mutated rodent
brain-adapted strain CAMRA40 is largely involved in neurovirulence, suggesting that MeV P gene could
also play a role in CNS infection [135].

8. Animal Models for Neuro-Invasion Studies

Humans are the only natural reservoir for MeV. Thus, the choice of the best animal model remains
a challenge and depends on the type of scientific questions asked, to be faithfully representative of
the CNS infection in humans. A summary of the most used small animal models and their related
application is presented in Table 1. Several genetically modified mice have been used, mainly to study
tropism, dissemination, and to develop new treatments. Historically, the Lewis rat was commonly used
to study viral tropism and dissemination through the CNS [136]. More recently, the Golden Hamsters
are preferred to study MeV neurovirulence because of the similarities in the brain lesions observed
by MeV in this model compared to human cases of SSPE. Moreover, unlike mice, suckling hamsters
are naturally susceptible to MeV infection, especially in the brain, despite the lack of expression of
any known receptors as reported in human [123,137] (Table 1). Numerous studies have been done
using neurotropic strains obtained following multiple passages in Hamster brains. Nowadays, these
strains, supposed to mimic persistent infection in the brain, are not used anymore. Indeed, the strains
CAM/RB or HNT were highly virulent in mice, rat and hamster but the induced infection was not
representative of a persistent MeV infection in the brain. These hypermutated neuro-adapted strains
led to an acute infection in the brain that was not representative of the slow and progressive infection
seen in SSPE [136,138,139]. Such type of infection cannot be representative of an APME or MIBE since
there is no CNS infection in the first case, and there are very distinctive inclusion bodies in the brains
in the second one. Nevertheless, it may allow a better understanding of the behavior of MeV once
these mutations have emerged in the CNS.

Multiple murine models have been developed to address specific question about MeV pathogenesis,
CNS invasion, antiviral treatments, and persistence (Table 1). Notably, MeV persistence has been
demonstrated in mice infected with the Edmonston strain or a recombinant MeV expressing H from
CAM/RB strain up to two months [140,141] and in nude mice with Edmonston strain highlighting
the emergence of mutations [142]. SLAM transgenic (tg) ant CD46 tg mice models and derivates
expressing stably and ubiquitously or not the human receptors for wt or vaccine MeV strains were
also extensively used [143,144]. When these receptors are ubiquitously expressed (notably in the CNS)
these very artificial models highly facilitate MeV entry. In SLAM transgenic suckling mice infected
intranasally, MIBE-related mutants such as MeV F L454W were able to propagate in lungs, meninges,
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and neural cells in brain parenchyma confirming the maintenance of its ability to infect a host from the
respiratory tract [42]. Additionally, such animal models allow not only the study of the key factors of
the cells permissiveness independently of the entry step, but also to validate the efficacy of antiviral
drugs in the most stringent context, since the virus spread is the most difficult to block [29,96,145,146]
(Table 1).

Non-human primates represent faithful models of measles since they are fully susceptible to
wild-type MeV infection [147]. Thus, rhesus and cynomolgus macaques or squirrel monkey are
often used mainly for studies focusing on the acute pathogenesis [20,65,66,68,148-150]. These studies
highlighted numerous similarities between measles pathogenesis in humans and primates. Particularly,
they allowed confirming the essential role of nectin-4 for the shedding and inter-human transmission
of MeV, but symptoms related to CNS infection have not been reported so far. Accidental transmission
of the circulating MeV strain from human to primate have occurred notably causing five deaths out
of 21 cases in rhesus monkey [151]. In this study CNS infection was not investigated and all deaths
were due to secondary infection related to MeV-induced immunosuppression. In 1999, another natural
outbreak led to the death of 12 Japanese macaques out of 53 cases. In the brain, demyelination was
observed in one monkey and two monkeys showed neuronal inclusions with measles antigens [152]
but no infectious viral particle has been isolated. In order to better characterize the CNS infection,
rhesus monkeys were infected intracerebrally with a SSPE derived virus but animals did not develop
any visible symptom and the virus was not detectable after three weeks, suggesting the resolution
of the infection [153]. Another study reported that rhesus monkeys infected intracerebrally with
hamster-brain-adapted strain developed encephalitis with morphological characteristics similar to
those observed in the brain of human SSPE cases. However, as already observed in rodent, these brain
infections induced by the hamster-brain-adapted strain evolved during the acute phase of infection
and do not reflect the slow progression observed in the SSPE [154]. MeV CNS infection still has to be
characterized in this model.

More recently, comparative analysis of MeV infection, tropism, and spread in human to canine
distemper virus (CDV) in natural host species such as dog and ferrets suggested that studies of this
closely related morbillivirus infection could shed light on key elements of MeV pathogenesis [155].

The tamarin (Saguinus mystax), often called marmoset in the literature, has been shown to be
susceptible to MeV infection with Edmonston and JM strains [156,157]. The JM strain was highly
pathogenic in this model, especially following cerebral inoculation [158].
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9. MeV Tropism

Although MeV is primary a lymphotropic virus it could also infect the CNS. One of the ways
the virus might enter into CNS could be through the hematogenous way by crossing the blood-brain
barrier (BBB) [17]. Since endothelial cells are susceptible to infection in vitro, in vivo and in SSPE
cases, their infection at the BBB could also give an opportunity for MeV to reach the CNS [88,178]. In
addition, lymphocytes are also able to pass the BBB meaning that MeV-infected lymphocytes could
carry the virus across the BBB [179,180]. However, the specific mechanisms allowing the virus to
enter the CNS remain unclear [88,105,181]. The hyperfusogenic phenotype seems to be necessary to
allow viral dissemination through neurons even in the absence of known receptor. To date, the early
tropism and dissemination of Paramyxoviridae within the CNS during early stages of infection remain
poorly documented. There are also very few available data on cellular and molecular mechanisms
governing CNS invasion. To date, investigations are mainly limited to clinical symptoms, serology,
RNA sequencing, and tissue immunostaining. Moreover, most of the studies have been performed
with MeV vaccinal strains such as Edmonston B strain or neuro-adapted strains in Hamster, using
several wild type or transgenic rodents, or other in vitro models such as primary or immortalized
neural cultures. Nowadays, whether these viruses and models perfectly reflect what occurs in human
remains questionable, they allow addressing specific questions in obtaining important information
regarding the tropism of MeV infection in the brain.

9.1. Post-Mortem Studies

Post-mortem analyses of MeV-infected human brains show lesions in almost all areas (Figure 4A).
In the same late context, studies of brain infection in human and animal models described the cell
types harboring viral antigens in the CNS, nevertheless the early targeted and permissive cells need to
be clarified.

A
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<~ Cerebral cortex
X . == Hippocampus
T ki )
[N e Cerebellum
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Tel_u>y  Brainstem
B) -
Demyelination
F receptor?

Neurokinin-1?
— Trans-synaptic
dissemination?

(©) (D) (¢ Viral proteins
and
RNA detection

Figure 4. MeV central nervous system infection. Lesion areas are found in the brain of SSPE and MIBE
patients but the specific areas associated with RNA detection are still poorly documented (A). Generally,
MeV infects neurons and oligodendrocytes in humans (B). Occasionally, MeV RNA is also found in
astrocytes (C) and microglia (D).
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In the CNS, MeV infection occurs mainly in neurons but also in oligodendrocytes, astrocytes, and
microglia [17,182,183] (Figure 4B-D). In MIBE and in SSPE cases, viral antigens and RNA have been
found in neurons and oligodendrocytes [181]. In human SSPE cases, neurons are the main target with
evidence of transneuronal viral spread [97]. Infected oligodendrocytes are often located near infected
neurons, suggesting oligodendrocytes infection as a secondary infection from axons. The infection
of oligodendrocytes is highly related to their demyelination. The authors suggest that MeV induces
demyelination that could be a hallmark of SSPE (Figure 4A,B).

Viral genome and antigen have also been found in the perinuclear cytoplasm of astrocytes, albeit
with lower frequency [181].

In a study using Edmonston B strain, infection of organotypic cultures of rat hippocampus ex
vivo showed that the virus can infect neurons in the absence of CD46 receptor [139].

Meninges infection has been observed following intracranial MeV inoculation in ferrets [184] and
hamsters [185], as well as following intranasal infection of SLAM transgenic mice [42]. Interestingly,
MeV strains and mutants used in these studies were all known as hyperfusogenic. However, meninges
infection has not been reported in humans yet.

9.2. Early Events in MeV Infection?

It is strongly suggested that MeV may use a third receptor or co-receptor yet unknown to enter the
CNS. A parallel could be done with studies of CNS invasion with the closely related CDV conducted
in dog and showing that astrocytes are neither expressing SLAM nor nectin-4, but remains permissive
to the infection [76].

For MeV, the hypothesis that single or combination of mutations would be sufficient to confer
adaptation in brain tissues for invasion without the engagement of any receptor is also relevant. Indeed,
highly unstable F mutants such as L454W, observed in MIBE cases, do not need any communication
with the H for triggering and fusion and thus cell-to-cell dissemination [28]. Alternatively, there is no
proof that such a virus would be able to attach to any cell in absence of H and thus go through the first
event allowing the entry in the CNS. Additionally, other hyperfusogenic mutants more stable and also
observed in encephalitis cases were shown to conserve there dependence on H for F triggering [40],
reinforcing the idea that at least a low affinity neural receptor should allow the initial entry in a CNS
cell [186].

To date, the very first cell target of MeV infection in CNS, is unknown. A recent study focused on
cell susceptibility during MeV infection in the CNS using hippocampus organotypic brain cultures
(OBC) from IFNAR deficient genetically modified C57BL/6 mice expressing human SLAM receptor [168].
While all cell types were susceptible to infection in the absence of IFN-I response, the permissiveness
of astrocytes and microglia strongly decreased when astrogliosis was observed in immunocompetent
OBC. Astrogliosis and microgliosis have been observed in MeV encephalitis [144,187,188]. These data
could explain why infection of astrocytes and microglia in post-mortem analysis are barely detectable.

9.3. Models to Study Tropism?

The main obstacle to study early tropism of MeV and other Paramyxoviridae is the lack of adequate
models that could faithfully represent the infection in human brains. To date, ex vivo models seem to be
a good compromise [189]. Organotypic brain cultures from mice, hamsters, and rats can be generated
with several brain substructures such as cerebellum, cerebral cortex, or hippocampus [139,189,190].
The advantages of this model are the presence of all four cell types in the CNS (neurons, astrocytes,
oligodendrocytes, and microglia), the possibility to produce OBC from any transgenic animal, and the
unique opportunity to have a direct visibility of the CNS as an open window. Moreover, several slices
can be made from each substructure. Therefore, a large number of conditions can be tested with a very
limited number of animals, making this model ethically preferable, compared to in vivo experiments.
The main weaknesses of OBC are the lack of a vascular system with circulating leukocytes and the
decreasing susceptibility to infection through time concomitant to the development of astrogliosis [168].
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Murine OBC offer many possibilities but mice are not susceptible to infection so their OBC would
not be suitable to study early tropism. On the other hand, golden hamsters are susceptible to MeV
infection. Thus, hamster OBC might be a more relevant ex vivo models but the lack of tools and available
antibodies for this species still strongly slows down the study of the early tropism in this model.
Organotypic cerebellar cultures (OCC) from suckling SLAM-IFNARKO mice (Figure 5A),
IFNARKO mice (Figure 5B), wild-type C57BL/6 mice (Figure 5C), and Syrian Hamster (Figure 5D)
allows highlighting the hyperfusogenic phenotype of MeV-IC323 bearing a L454W or T4611 mutated
F protein compared to the wild-type in a CNS context. The fluorescence signal is used for tracking
the infection and shows the massive dissemination of the viruses MeV-IC323-eGFP-F-L454W and
MeV-1C323-eGFP-F-T4611 in OCC even in the absence of known entry receptor (Figure 5B-D) while
the MeV-IC323-eGFP-F-wt needs the expression of SLAM in order to disseminate efficiently in the

OCC (Figure 5A).

Figure 5. Wild-type and hyperfusogenic MeV growth in organotypic cerebellar cultures (OCC). OCC
from suckling SLAM-IFNARKO mice (A), IFNARKO mice (B), wild-type C57BL/6 mice (C), and Syrian
Hamster (D) were prepared as described elsewhere [189] and infected on the day of slicing with 103
PFU per slice with MeV-IC323-eGFP-F-wild-type (left side images), MeV-IC323-eGFP-F-L454W (right
side images) and MeV-IC323-eGFP-F-T4611 (middle images). Pictures were taken at day three post
infection (dpi) and reconstituted using the Stitching plug-in with Image] software [191]. Scale bars,
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10. MeV Dissemination in the CNS

In SSPE brain tissue, extracellular MeV has not been detected, suggesting that neuron-to-neuron
viral dissemination can occur without released infectious viral particle [182]. MeV spread in mice and
rat neurons is based on cell-to-cell contact [139,192,193]. The functional analysis of hyperfusogenic
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MeV bearing a mutated F protein T461I confirmed this theory by being able to disseminate exclusively
from cell-to-cell in human primary neurons [124,128]. The combination of mutations found in SSPE
strains seems to enable viral fitness in the brain and neurovirulence [128]. Viruses with these mutations
can spread in the brain of genetically modified mice [111].

It is suggested that MeV dissemination can be mediated by the microfusion at synaptic
membranes [97,128]. In this theory, the F protein may interact with Neurokinin-1, the receptor
of the P substance [96,139] (Figure 5B). This interaction would lead to the formation of a fusion
micropore, allowing viral RNP to pass disseminate through neurons without the need of neither
budding nor other receptor engagement. This could also explain the lack of syncytia formation
in human primary neurons following infection with hyperfusogenic MeV forms. It has also been
hypothesized that some supporting cells of myelinated nerves could block cell-to-cell contact between
neurons and trans-synaptic spread in the brain could be the only way to allow viral dissemination [38].

It is strongly suggested that neurovirulent MeV strains are using a third receptor or co-receptor
yet unknown. Nevertheless, the hypothesis that single or combination of mutations would be sufficient
to confer adaptation in brain tissues for infection and dissemination without the engagement of any
receptor is also relevant.

Models to Study the Dissemination?

Neuronal cell lines such as human cells NT2, human astrocytoma cells, or mouse neuroblastoma
cells were also used, but their relevance remains difficult to appreciate when considering the important
variation of behavior of cells out of their tissue context [31,97,192,194-196]. Primary neurons or neural
polycultures were also often used [97] but are poorly representative of the neural population in human
brain. In many studies, these cultures have been useful to investigate both intra and inter-neuronal
spread of MeV [96], especially because they can be made from the brain of any transgenic mice.

The recently developed three-dimensional (3D) human brain organoid model has a high potential
in order to investigate viral dissemination and evolution in the brain. The 3D brain organoids are
generated from human pluripotent stem cells or human embryonic stem cells. This more ethical
model offers a unique opportunity in generating relevant data that could be transposed faithfully to
brain infection in humans [197]. Human brain organoids still require further development in order
to overcome the lack of microglia and vascularization, but also their high cost and variability of the
system [198]. However, to date, this model can be very useful in combination with ex vivo models,
especially to test the efficacy of inhibitors in the context of brain infection, to follow viral dissemination
and highlight the emergence of mutations.

11. Treatments

11.1. Symptomatic Treatment

Very few treatments are available against MeV infection and there is no therapeutic treatment
for MeV-related encephalitis. The very first therapy administered after initial signs of infection are
mainly supportive and focus on symptoms such as fever, dehydration, and diarrhea. Then, most of
the treatments are generally dedicated to prevent or to cure from super infection such as pneumonia,
often observed in infected patients. Antibiotics are commonly used to treat the complications related
to bacterial superinfection [199].

11.2. Treatment Based on the Enhancement of Immune Response

In order to enhance the immune response, ribavirin, interferon alpha (IFN-«), and immune serum
globulin can also be used clinically to treat MeV infection.

38



Viruses 2019, 11, 1017

11.2.1. Immune Serum Globulin

From the 1940s, intramuscular injection of immune serum globulin was reported to confer up
to 79% protection to unvaccinated patients having close contact with measles infected patients [200].
More recently, effectiveness of immune serum globulin as post-exposure prophylaxis was estimated
from 50% to 69% during the 2014 measles outbreak in British Columbia in Canada. However, this
estimation is highly controversial because many other factors could have contributed to prevent the
appearance of the disease. Indeed, the potential pre-exposure immune status as well as the unknown
exposure intensity and timing make the effectiveness of the immune serum globulin very difficult to
quantify [201]. Moreover, the level of measles-specific antibodies has been shown to be lower when
induced by the vaccine compared to the acquisition from a wild type measles infection [202]. This led to
the necessity to increase the doses of immune serum globulin in order to maintain a protective level of
measles antibodies [201]. However, as mentioned in paragraph 7.3, SSPE seems to develop mainly when
the exposure to MeV occurs during the first years of age before the immune system is completely mature
and when maternal antibodies are still lasting [17]. Additionally, administration of immunoglobulin
may have led to SSPE cases [203] and the use of MeV-specific antibodies to treat rodents after infection
via intracerebral route led to persistency of MeV infection and encephalitis [204-206]. Thus, the use
of immunoglobulins to treat measles infection should be very carefully thought before introduction
in therapies and would greatly benefit from the combination with other antivirals acting at different
levels of the viral replication cycle in order to cure the infection instead of inducing persistency.

11.2.2. Ribavirin, IFN-«, Isoprinosine

Ribavirin is an antiviral drug with a broad antiviral activity, initially used for treatment of
HCV [207]. It is a nucleic acid analog derived from guanosine and its main antiviral activity shown
in vivo is its incorporation as a mutagenic nucleoside by the viral RNA polymerase [208]. The use
of ribavirin and immune serum globulin seems to decrease respiratory symptoms in MeV-infected
patients [209] but to date there is no standard protocol and doses recommended to treat patients.

IEN-«, ribavirin, and inosine pranobex are also used for SSPE treatment, with relative long-term
effectiveness [210]. Many clinical reports show that Ribavirin can decrease measles antibody titers
in cerebrospinal fluid (CSF) of SSPE patients and improve neurologic symptoms without side
effects [211,212], especially when combined with IFN-«. In rare cases, long term IFN-« treatment
stabilizes clinical symptoms of SSPE patients for years [213]. A recentstudy suggests also that continuous
intraventricular administration of ribavirin and interferon-« in CSF by using a subcutaneous infusion
pump, combined with oral administration of inosine pranobex, could limit the progression of SSPE [214].
Intrathecal IFN-« treatment combined with oral isoprinosine could also be effective to treat SSPE
patients and is the most common treatment used nowadays [215,216]. Isoprinosine is a derivative of
inosine and aims at blocking viral replication, probably through an immunoregulatory activity. Again,
these treatments have rarely been shown to recover loss of function but they can stabilize the disease
for several years [98,213,217]. Despite the benefits of IFN-« treatments, its use can be associated with
side effects and could lead to interferonopathies [218]. Alternatively, there is induction of IFNa/(3
in vivo with MeV infection. This induction is associated at least partially to the presence of defective
interfering (DI) particles which are also reducing the viral replication by occupying the proteins from
the replication machinery and may thus constitute helpful complementary tool for treatments [219,220].

11.2.3. Vitamin A

Vitamin A deficiency is highly related to measles complications and the supplementation of
vitamin A has been shown to decrease the morbidity and mortality related to MeV infection in
children [59-61]. Vitamin A is also mainly used to prevent blindness due to MeV infection in
children [72,221]. Thus, WHO recommends immediate vitamin A administration to MeV-infected
children with two repeated doses of 200,000 IU especially as vitamin A deficiency is a public health
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problem [3,222-225]. Nevertheless, vitamin A is also encouraged to be given in all severe cases,
regardless of the country or patient age [225]. In severe cases of measles, the combination of vitamin A
with ribavirin treatment can also decrease the morbidity [226].

At the beginning of the infection, the innate immune response relies on the detection of PAMPs
(pathogen-associated molecular pattern) by pathogens recognition receptors (PRR) such as the RIG-I
like Receptors (RLRs) in the cytoplasm [227]. This pathway allows the synthesis and the secretion of
type-l interferon. Among the RLRs recognizing the double stranded RNA patterns for activation of the
type linterferon response, RIG-I (Retinoic acid-inducible gene I) is activated by several RNA viruses
including MeV [228-230].

Retinoic acid is a metabolic product of vitamin A (retinol) that inhibits MeV replication in vitro
via a retinoid nuclear receptor-dependent pathway [231] and a type I interferon (IFN)-dependent
mechanism [232].

The mechanism of action of vitamin A as an antiviral still needs to be better understood.
Nevertheless, RIG-I is required for MeV inhibition by retinoids [233], suggesting an implication of
RIG-T in the efficacy of vitamin A treatment.

11.2.4. Interferon-Stimulating Genes (ISGs) and Other Treatments

The antiviral response is mediated by the interferon-stimulated genes (ISGs) that lead to the
cell-intrinsic immunity. Recently, the overexpression of the bone marrow stromal antigen 2 proteins,
also called BST2, Tetherin, or CD317, have been shown to inhibit Morbilliviruses cell to cell fusion
in vitro by targeting the H protein [234]. In addition, the interferon-inducible transmembrane protein 1
(IFTIM1) has been shown to inhibit infection by several RNA viruses in vitro. While MeV enters via the
plasma membrane, the effect of IFTIM1 on MeV replication is low compared to other paramyxoviruses
such as the respiratory syncytial virus (RSV) but might be of interest in combination with other
treatments [235].

Numerous other treatments, such as immunomodulators, carbamazepineamantadine, steroids,
cimetidine, and plasmapheresis have been tested to treat SSPE but their efficacy seems to be
case-dependent and need to be confirmed [216,217]. In addition, several alternative inhibitors
such as antisense molecules, adenosine, and guanosine nucleosides, including ring-expanded “fat”
nucleoside analogues, brassinosteroids, coumarins, modulators of cholesterol synthesis, and a variety
of natural products have been investigated on MeV-infected patients. All these inhibitors showed
relative efficacy or toxicity in vitro and in vivo and remain to be improved [236]. Among patients who
received two doses of vaccine after initial infection some developed SSPE suggesting that the vaccine
may not act as a therapeutic cure and prevent from encephalitis in this particular case [237].

11.3. Transcription/Replication Inhibitors

In order to inhibit the MeV growth, a strategy is to silence mRNAs encoding one of the key
polymerase complex, namely N, P or L using small interfering RNAs (siRNAs) or shRNAs, as synthetic
oligonucleotides, encoded by plasmids, or transduced using lentiviral vectors. siRNAs targeting
the mRNA of either L [238] or N [239] or P [240], or the three in combination [241] have shown
their efficiency in preventing virus growth over few days without cytotoxic effect. However, MeV
finally escapes the silencing even in cells that constitutively express the siRNAs without acquiring
any mutation even those that could disrupt the siRNA target sequence [240]. This likely reflects the
remarkable long half-life of the polymerase brought by the incoming virus particles that last at least
over 24 h [242,243] and the saturation of the siRNA linked to the continuous viral mRNA synthesis by
the incoming polymerases.
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As mentioned in Section 2, MeV P interacts with L protein. Although this interaction is independent
of heat shock proteins such as the heat shock protein 90 (HSP90), both MeV P and HSP90 are necessary
to fold and stabilize functional MeV L proteins able to enter the polymerase complex [243]. This
transient requirement of HSP90 constitutes a potential target for transcription inhibition. Indeed,
Geldanamycin and derivates such as 17-DMAG blocking HSP90 chaperon activity by entering its ATP
pocket. These compounds showed the ability to block the viral transcription in preventive and post
infection treatment in vitro and ex vivo in organotypic brain cultures [243]. Moreover, it is unlikely
that a HSP90 inhibitor leads to the emergence of escape mutant virus [244]. While already used in
cancer treatment, antivirals directly targeting the chaperon activity of HSP90 might be too toxic for
human application. Nevertheless, molecules interfering between HSP90 and L and thus its functional
folding are of interest for antiviral cure development.

Nucleoside analogs such as Remdesivir (GS-5734) and R1479 exhibit a broad spectrum activity
against paramyxoviruses infections, including MeV [245]. Briefly, in cells, Remdesivir is metabolically
converted to active nucleoside triphosphate. Obtained metabolite specifically inhibits several
polymerases from different Mononegavirales such as Filoviruses and Henipaviruses, but not host
polymerases. Recently, Remdesivir has been shown to inhibit Nipah virus polymerase activity by
delaying the chain termination synthesis, notably in vivo in the African green monkey model [245,246].
Based on the huge conservation of the polymerases among Mononegavirales, there is a high probability
that Remdesivir may also inhibit measles virus polymerase activity. Interestingly, pharmakokinetic
studies performed in non-human primates showed high and persistent levels of the active metabolite
in peripheral blood mononuclear cells (PBMCs) mainly targeted by wt MeV during the early stages of
the pathogenesis [247]. Additionally, Remdesivir and subsequent active nucleoside seem to be able
to reach the brain and may thus also inhibit CNS adapted variants of MeV observed in MIBE and
SSPE cases.

Finally, the compound 16677 (1-methyl-3-trifluoromethyl-5-pyrazolecarboxylic acid) has been
described as a non-nucleoside inhibitor of the RNA-dependent RNA polymerase complex activity [248].
The way this compound interacts with the replication machinery as well as the emergence of resistant
variants remain poorly documented. Nevertheless, when tested in combination with an entry inhibitor
increasing the stability of the fusion protein, the use of such replication inhibitor offered a high potential
as a specific treatment against MeV. More recently, the same group has shown that compound AS-136A,
analog to 16677, was able to block viral RNA synthesis by targeting L protein. This compound has also
been associated to three candidates” hotspots of mutation increasing the knowledge of L sequence
adaptation [249]. In order to face its poor solubility in water, known to influence the antiviral activity,
structure-activity relationship investigations were driven to discover analogs which could be used
in vivo and resulted in the generation of orally bioavailable compound 20 (ERDRP-00519) more potent
and aqueous soluble than former generation [250]. As the former candidates, this antiviral remains
quite cytotoxic but could be particularly efficient in combination with fusion inhibitors or antiviral
immune response activators.

11.4. Inhibitors of MeV Fusion and Entry

As mentioned in Section 2, the first step of the infection relies on entry of the virus into its target
cell. Briefly, H protein engages entry receptor and triggers F protein. F exposes its highly hydrophobic
fusion peptide which inserts into host cell plasma membrane. This transient intermediate stage is
highly unstable. Consequently, F undergoes serial conformational changes leading to the interaction
between the two heptad repeat domains that brings the two membranes close enough to merge and
form the fusion pore. The viral RNP can thus enter in the cell host cytoplasm. In order to prevent viral
entry, the main target is to block fusion of the virus. Blocking the interaction with the receptor or F
serial conformational changes are the two mainly considered possibilities.
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The receptor binding site of MeV H is considered as a potential neutralizing target. Indeed, the
insertion of any compound in the H pocket responsible for the binding to the receptor could either
prevent from the virus attachment to the host cell or pre-trigger the F protein leading to fusion dead viral
particles. Several neutralizing antibodies targeting the H protein have been proposed mainly resulting
in the emergence of resistant mutants not anymore able to bind either SLAM or nectin-4 [251]. While
this loss of function should not exist in the wild, the question of the ability of such variants to invade
the CNS which does not express SLAM or nectin-4 receptor under this selective pressure still needs to
be investigated. More recently, neutralizing antibody-derived molecules such as single chain variable
fragments targeting the H protein represent a major advance in the field of therapeutics design [252].
As for the corresponding neutralizing antibodies, the ability of such molecules to penetrate the brain
parenchyma and to block hyperfusogenic variants depending less on the receptor engagement as those
commonly observed in CNS infection has never been tested.

As described in Section 10, Neurokinin-1 has been shown to be a potential receptor for MeV F. As
an antagonist of Neurokinin-1, Aprepitant has been shown to drastically limit the viral dissemination
of vaccine strain in the brain of CD46+/RAG-2ko mice [96].

The fusion inhibitor peptide (FIP), Z-D-Phe-L-Phe Gly that is a small hydrophobic peptide and
other small molecules such as AS-48 or 3G (an analogue of AS-48) can block the membrane fusion
in vitro [125,126,253]. These inhibitors are known to stabilize the prefusion state of the F protein.
Nevertheless the use of these inhibitors leads to the emergence of mutations in the HRC of the F that
can evade their efficacy leading to the selection of MeV hyperfusogenic variants [254].

In contrast, HRC-derived peptides, aim at blocking the fusion by capturing the F protein in the
post-triggering state and freezing the fusion process at an early stage (Figure 6A-D). The so-called
HRC4 peptide is a MeV F HRC-derived dimeric peptide that interacts with the HRN domain during
the structural transition of F (Figure 6C,D). Briefly, HRC4 peptide is a dimer constituted of the HRC
derived peptide linked with two chains of PEG that acts as a spacer each conjugated with a molecule
of cholesterol. The cholesterol allows the fusion peptide to anchor into the host membrane and thus
increases the antiviral potency of the HRC-derived peptide by two logs [255]. The HRC-derived
peptides conjugated to cholesterol as well as tocopherol have shown high efficacy in vitro, ex vivo
and in vivo, even in the context of the CNS infection by crossing the blood-brain barrier [29,42,146].
Notably, dissemination of viruses bearing the L454W mutation in F can be efficiently blocked in vitro
and in vivo by F HRC-derived fusion inhibitors, regardless of the presence of SLAM [42]. To date, these
fusion inhibitors are the only system already tested against both the wt and hyperfusogenic variants
observed in CNS infection, and figure thus among the priority candidates for preclinical studies, to test
alone and in combination with treatments targeting other viral functions.
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Figure 6. MeV F heptad repeats at the C terminal domain (HRC)-derived peptide. Following its
engagement with any MeV receptor, H triggers F which inserts its fusion peptide in the host membrane
(A). Then, F undergoes serial conformational changes to reach its post fusion state, bringing the two
membranes close enough to form a fusion pore (B). MeV F HRC-derived peptides interact with MeV F
HRN and catch the intermediate states of MeV F to block the fusion, regardless of the insertion of the
fusion peptide in the host membrane (C,D).

12. Conclusions

A better understanding of MeV CNS invasion remains a priority in the field of MeV studies,
especially because of the recent re-emergences of measles and the increasing number of associated fatal
encephalitis [44,256]. While the vaccine remains the most efficient prevention against MeV infection,
the decreasing coverage combined to the increasing number of immunocompromised people difficult
to vaccinate confirm the necessity to develop efficient antiviral strategies.

To date, the emergence of the mutations observed in the brain of SSPE or MIBE patients is still
poorly understood. These mutations could have emerged through an adaptation to the brain, leading
to SSPE or MIBE, or through a selection of pre-existing mutations as a polymorphism among the
circulating strains. Since MIBE only concerns immunocompromised patients and occurs usually
very shortly after the primary MeV infection, one could speculate that it is more likely that a minor
population of MeV, bearing the mutations that allow the virus grow in a neural context, gets selected
and take the advantage of this immunological status for further propagation in the brain. Regardless
of the type of encephalitis or MeV variant invading the brain, the high mortality rate associated to
measles virus CNS complication highlight the requirement to validate antiviral molecules against
these variants.
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While the number of tested potential antiviral therapeutics keeps growing, a single molecule or
treatment capable to block the major viral cycle steps is still not available. Ultimately, a combination of
the treatments that could block the viral entry, the dissemination, the replication, and stimulate the
immune system seems to be the most promising solution to prevent and cure MeV systemic infection
and will be even more critical for the treatment of CNS infection.
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Abstract: Cytomegalovirus (CMV) is a threat to human health in the world, particularly for
immunologically weak patients. CMV may cause opportunistic infections, congenital infections
and central nervous system infections. CMYV infections are difficult to treat due to their specific
life cycles, mutation, and latency characteristic. Despite recent advances, current drugs used for
treating active CMV infections are limited in their efficacy, and the eradication of latent infections is
impossible. Current antiviral agents which target the UL54 DNA polymerase are restricted because
of nephrotoxicity and viral resistance. CMV also cannot be prevented or eliminated with a vaccine.
Fortunately, letermovir which targets the human CMV (HCMV) terminase complex has been recently
approved to treat CMV infections in humans. The growing point is developing antiviral agents against
both lytically and latently infected cells. The nucleic acid-based therapeutic approaches including
the external guide sequences (EGSs)-RNase, the clustered regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) system and transcription activator-like effector
nucleases (TALENSs) are being explored to remove acute and/or latent CMV infections. HCMV
vaccine is being developed for prophylaxis. Additionally, adoptive T cell therapy (ACT) has been
experimentally used to combate drug-resistant and recurrent CMV in patients after cell and/or organ
transplantation. Developing antiviral agents is promising in this area to obtain fruitful outcomes and
to have a great impact on humans for the therapy of CMV infections.

Keywords: cytomegalovirus; acute/latent infection; congenital infection; antiviral agent; therapeutic
strategies; nucleic acid-based therapeutic approach; HCMV vaccine; adoptive cell therapy

1. Introduction

1.1. Cytomegalovirus Overview

Cytomegalovirus (CMV) is a genus of Herpesvirus in the order Herpesvirales, in the family
Herpesviridae, and in the subfamily Betaherpesvirinae. There are nine distinct human herpesvirus
(HHYV) species known to cause human diseases such as HHV-1, HHV-2, HHV-3, HHV-4, HHV-5,
HHV-6A, HHV-6B, HHV-7, HHV-8 [1,2]. Human cytomegalovirus (HCMV, HHV-5), with a
double-stranded DNA genome of about 230 kb, is the most studied one among all CMV. HCMV
usually causes moderate or subclinical diseases in immunocompetent adults; however, it may
lead to opportunistic infections to affect individuals whose immune functions are compromised or
immature [3,4]. The primary target cells of HCMV are monocytes, lymphocytes, and epithelial cells, and
its major sites of latency are peripheral monocytes and CD34+ progenitor cells. HCMV infection causes
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a broad range of diseases such as pneumonia, retinitis, gastrointestinal diseases, mental retardation
and vascular disorders, and is a major cause of morbidity and mortality for humans [5-7]. After
infection, HCMV is recurrent and competent to remain latent within the body over long periods [5,6].
In all patients, the reactivation of latent HCMV can damage tissues and lead to organ disease, and
reactivated CMV may trigger indirect immunomodulatory effects to cause detrimental outcomes,
including increased mortality and graft rejection of organ transplantation in recipients [8]. Furthermore,
congenital infection is a major problem with HCMYV in that it can result in a severe cytomegalic
inclusion disease of the neonate, mucoepidermoid carcinoma, and other malignancies eventually [7,9].

1.2. CMV Molecular Biology

CMV structure mainly consist of DNA core, capsid, tegument and envelope from inside to outside.
The genome is complexed helically to form a DNA core, which is enclosed in a capsid composed of
a total of 162 capsomere protein subunits. The capsid with a diameter of 100 nm is surrounded by
the tegument. The tegument is enclosed by a lipid bilayer envelope containing viral glycoproteins
to give a final diameter of about 180 nm for mature infectious viral particles (virions) [10]. The
tegument compartment contains most of the viral proteins, with the most abundant one being the
lower matrix phosphoprotein 65 (pp65) which is also referred as unique long 83 (UL83). The function
of the tegument proteins can be classified as follows: (1) proteins that play an important role for the
assembly of virions during proliferation and the disassembly of the virions during entry (structural
use) and (2) proteins that modulate the host cell responses for viral infection (non-structural use) [11].
The viral envelope surrounding the tegument contains more than 20 glycoproteins that are involved
in the attachment and penetration of host cells. These structural proteins include glycoprotein B, H,
L, M, N, and O. CMV productive infection results in the coordinated synthesis of proteins in three
overlapping phases according to the time of synthesis after infection, that is, immediate-early (0 to 2 h),
early (<24 h), and late (>24 h) viral proteins which are expressed by immediate-early, early and late
genes, respectively [11]. Immediately after CMV infections, the immediate early genes transcribe and
ensure the transcription of early genes, which encode proteins required for the viral replication. The
late genes mainly code for structural proteins.

1.3. CMV Life Cycle

CMYV infection will start once a virion attaches a host cell with specific receptors on the cellular
surface. For a lytic infection pathway, following linking of viral envelope glycoproteins to host cell
membrane receptors, the virions enter the hosts by receptor-mediated endocytosis and membrane
fusion. The viral capsid decomposes to release viral DNA genome to manipulates host enzyme systems
to make new virions. During symptomatic infection, infected cells express lytic genes to demonstrate a
lytic pathway [12]. Nevertheless, instead of this, some viral genes may transcribe latency associated
transcripts to accumulate in host cells. In this pattern, viruses can persist in host cells indefinitely to
have a latent infection pathway. The primary infection may be accompanied by limited illness and
long-term latency is often asymptomatic. For the lysogenic pathway, the viruses are persistent in the
host, not causing any adverse reactions, but can be transmitted to other hosts by direct contact. When
CMV are stimulated by explanation or their host immune system is suppressed, the dormant viruses
can reactivate to begin generating large number of viral progenies to cause symptoms and diseases,
described as the lytic life cycle [12,13].

Viral latency can be divided into two models, namely proviral latency and episomal latency. CMV
is defined as the episomal latency model which is essentially quiescent in myeloid progenitor cells.
It can be reactivated by differentiation, inflammation, immunosuppression or critical diseases [14].
Latency is a specific phase in CMV life cycles in which virions stop producing posterior to infection,
but the viral genome has not been entirely removed from host cells, that is, CMV latency is referred
to as the absence of virions, despite the detection of viral DNA in hosts. In some clinical cases, the
reactivation of latent infections is likely to lead to health risk. The molecular mechanisms by which
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latency is established and maintained have been explored. However, our understanding of the biology
of CMYV latency and reactivation at the molecular level would be significantly strengthened through
analyses of both experimental and natural latency using systematic approaches [14].

2. CMV Infection

2.1. Signs, Symptoms and Complications

Most CMV infections are silent and CMV rarely causes signs or symptoms in healthy people.
Though CMV infection is usually ignored in healthy people, the diseases can be life-threatening for
the immunocompromised, immunosuppressed and immunonaive patients, such as newborn infants,
the elderly, the sick, acquired immunodeficiency syndromes (AIDS) patients, and organ transplant
recipients. A mother who acquires an acute CMV infection during pregnancy can transmit viruses to
her baby, and thereby the baby might experience signs and symptoms. People at higher risk of CMV
infections encompass newborns infected through their mothers before birth, babies infected through
breast milk and people with weakened immune systems such as organ transplantation recipients
or immunodeficient patients. The major signs, symptoms and complications which CMV influence
all individuals including healthy adults, people with weakened immunity and babies are shown in
Table 1.

Table 1. CMV influence on individuals.

Individual Major Signs and Symptoms Complications

problems with the digestive system, liver,

Healthy adult Fatigue, fever, sore throat, muscle aches X
brain and nervous system

Vision loss due to the retinitis inflammation,
digestive system problems including
inflammation of the colon, esophagus and
liver, nervous system problems including
encephalitis and myelitis, pneumonia

Problems affecting eyes, lungs, liver, esophagus,

People with weakened immunity stomach. intestines. brain

Premature birth, low birth weight, jaundice
(yellow skin and eyes), enlarged and poor liver ~ Hearing loss, intellectual disability, vision
Baby function, purple skin splotches and/or rashes, problems, seizures, lack of coordination,
microencephaly (abnormally small head), muscle weakness
enlarged spleen, pneumonia, seizures

2.2. Congenital Infection and Sequelae

CMV is transmitted by close interpersonal contact such as saliva, semen, urine, breast milk, or
vertically transmission which viruses pass the placenta and directly infect the fetus [15,16]. CMV is the
leading cause of congenital viral infection [17-20]. CMV infection is mostly or mildly asymptomatic
among the general population (85%-90%). However, around 10%-15% of infants with the congenital
infection may be at risk of sequelae such as mental retardation, jaundice, hepatosplenomegaly,
microcephaly, hearing impairment and thrombocytopenia [21-24]. Among the above sequelae, the
most devastating one is the central nervous system (CNS) sequelae related to neurodevelopment in
that CNS injury is irreversible and persists for life, including mental retardation, seizures, hearing
loss, ocular abnormalities and cognitive impairment [25-27]. That means the asymptomatic newborns
with CMYV infection still have an increased risk for long-term sequelaes, especially, mental retardation
and sensorineural hearing loss (SNHL) [28-31], making CMV the leading nonhereditary cause of
SNHL [24,32]. CMV can undermine both adaptive and innate immunity, silencing natural killer (NK)
cells and inhibiting T cells to present viral antigens [33-35].

3. CMV Anti-Viral Drugs

At present, some antiviral drugs have been approved for the treatment of CMV infections clinically.
Current available drugs for antiviral therapy of CMV infections include the inhibitors of viral DNA
polymerase, such as the nucleoside analog ganciclovir, the nucleotide analog cidofovir, and the
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pyrophosphate analogue foscarnet [36]. All these drugs have low oral bioavailability and dose-related
toxicities, and therefore new antiviral agents with improved efficacy and fewer side effects need
to be developed. Several drugs with anti-HCMYV activity are preclinically or clinically evaluated,
including a series of benzimidazole riboside compounds showing efficient inhibition in the process of
HCMYV replication such as genomic DNA maturation. Another attractive inhibitor candidate was the
phosphorothioate oligonucleotide fomivirsen, which specifically binds to sequences complementary to
CMYV major immediate-early transcription sites so that it inhibits the viral gene expression. However,
these inhibitor compounds are currently waiting for further examination before they can be used in
clinics [17].

Currently, ganciclovir is still the first treatment of choice for CMV infections. Letermovir has
been approved for the prophylaxis of CMV infections in patients. Several new drugs were developed
but still failed in the phase III and more clinical trials would be needed, including maribavir and
brincidofovir [37]. Valnoctamide, a neuroactive mood stabilizer which inhibits CMV infection in
the developing brain and attenuates neurobehavioral dysfunctions, was shown to have anti-CMV
potential [38].

3.1. Letermovir

Letermovir is a novel antiviral drug which has been approved by the USA Food and Drug
Administration (FDA) through a fast track procedure and granted as an orphan drug by the European
Medicines Agency (EMA). The drug was tested in CMV infected patients and likely be useful for other
patients who had organ transplantation or human immunodeficient virus (HIV) infections [39]. It has
been clinically applied for CMV prophylaxis or treatment in hematopoietic stem cell recipients, thoracic
organ recipients and lung transplantation recipients [40-42]. Letermovir has several advantages over
conventional CMV antiviral agents as follows. Firstly, it can be given orally, so hospitalization and
intravenous injection are not needed. Secondly, it is mild in toxicity, not related to myelotoxicity
and nephrotoxicity [43,44]. Thirdly, it targets the CMV terminase complex instead of CMV DNA
polymerase, so there is no risk to induce cross-resistance with existing anti-CMV drugs [44]. However,
the CMV antiviral therapy will finally fail and acquired antiviral drug resistance is not avoidable if
there is no immune control [45]. It should be noted that more data are required to provide insights
of the mutations detected in vivo, interpretation of genotyping results, and outcomes of the clinical
correlation. To provide useful information, it would be recommended to establish databases for the
surveillance and interpretation of resistance for CMV [36].

3.2. Maribavir

Maribavir is a promising anti-HCMV compound which is administered orally; however, it is
still under advanced clinical trials. The drug targets the viral kinase UL97 which is crucial for the
formation of viral teguments and assembly complexes for virion releasing [36]. However, it is not
recommended to co-administer maribavir and ganciclovir both in that maribavir is an inhibitor of the
UL97 enzyme which is required for the assimilation of ganciclovir. Maribavir potentially substitutes
for other traditional anti-HCMYV drugs because of its reduced haematotoxicity and nephrotoxicity
compared with ganciclovir and valganciclovir [36].

Maertens et al. used maribavir (dose-blinded) to treat cytomegalovirus reactivation preemptively
for recipients of hematopoietic cell or solid organ transplants (SOT) (>18 years old) with CMV
reactivation in a phase II and open-label clinical trial [46]. The results showed that maribavir at a
dose of at least 400 mg twice daily had efficacy like that of valganciclovir for removing CMV viremia.
Though a higher incidence of gastrointestinal adverse events were found in the maribavir -treated
group, the neutropenia incidence was lower [46].

Papanicolaou et al. used dose-blinded maribavir 400, 800, or 1200 mg twice-daily for up to 24
weeks to treat hematopoietic-cell or SOT recipients (>12 years old) with refractory or resistant CMV
infections in a phase II and double-blind clinical trial [47]. The result revealed that it was active
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to against refractory or resistant CMV infections using maribavir more than 400 mg twice daily in
transplant recipients and no new safety signals were identified in this trial [47].

4. CMV Inhibition by Nucleic Acid-Based Therapeutic Approaches

The treatment of diseases caused by CMV is quite challenging because of high mutation rates and
latency. Thus, infection is still a serious threat to humans. Fortunately, external guide sequences (EGSs),
transcription activator-like effectors nucleases (TALENS) and the clustered regularly interspaced short
palindromic repeats (CRISPRs)/CRISPR-associated 9 (Cas9) nuclease system might provide effective
therapeutic strategies to treat diseases caused by CMV through designing a specific DNA or RNA
sequence that target essential genes for viral growth. However, the effective modification of the viral
genome avoiding off-target effects and the option of escape variants ignoring the editing of these
approaches are required for successful clinical application.

4.1. EGS-RNase

Ribonuclease P (RNase P) is a unique RNases in that it is a ribozyme — an RNA that acts as a
catalyst which is somewhat like a protein enzyme. Its function is to cut an extra or precursor sequence
of RNA on transfer RNA (tRNA) molecules; that is, to catalyze the cleavage of precursor tRNA into
active tRNA without any protein component. RNase P has the activity in cleaving the 5 leader
sequence of precursor tRNA. EGSs signify the short RNAs that induce RNase P to specifically cleave a
target mRNA by forming a precursor tRNA-like complex. Therefore, EGS technology probably acts as
an effective strategy for gene-targeting therapy.

Deng et al. reported that engineered EGS variants induced RNase P to efficiently hydrolyze target
mRNAs which code for HCMV major capsid protein [48]. In vitro, the engineered EGS variant was
more efficient in inducing human RNase P-mediated cleavage of the target mRNA than a natural
tRNA-derived EGS by about 80-fold. In cells infected with HCMYV, the EGS variant and natural EGSs
resulted in HCMYV gene expression reduction rate by about 98% and 73%, and the viral growth was
inhibited by about 10,000 and 200-fold, respectively. The results showed that the EGS variant has
higher efficiency in blocking the expression of HCMV genes and viral growth, compared with the
natural EGS [48].

Li et al. explored the antiviral effects of an engineered EGS variant in targeting the shared mRNA
sequence which codes for capsid scaffolding proteins (mCSP) and assemblins of murine CMV (MCMV)
in the animals [49]. In vitro, the EGS variant was more active in directing RNase P cleavage of the
target mRNA than a natural tRNA by 60-fold. In MCM V-infected cells, the EGS variant decreased
mCSP expression by about 92% and inhibited viral growth by about 8000-fold. In MCM V-infected
mice, the EGS variants were more effective in reducing mCSP expression, decreasing viral production,
and increasing animal survival, compared with the natural EGS. The results demonstrated that the
EGS variant with higher targeting activity in vitro are also more effective in inhibiting MCMV gene
expression in mice [49].

4.2. CRISPR/Cas9

In CRISPR/Cas9 system, CRISPR is used to build RNA-guided genes drives to target a specific DNA
sequence. By the Cas proteins and a specifically designed single-guiding RNA (sgRNA), the genome
can be cut at most locations with only the limitation of a protospacer adjacent motif (PAM) sequence
(NGGQG) existing in the target site [12]. CRISPR/Cas9 has been extensively used as an effective technique
of gene editing for engineering or modifying specific genes. It was shown to successfully work as an
efficient genome editing tool in a wide range of organisms including HCMYV [50]. Consequently, it
hints that the CRISPR/Cas9 can be a potential antiviral agent for the treatment of CMV infections.

Gergen et al. designed two CRISPR/Cas9 systems which contain three sgRNAs to target the
HCMYV UL122/123 gene crucial for the regulation of lytic replication and reactivation from latency [51].
Both systems caused mutations in the target gene and an accompanying reduction of immediate
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early gene expression in primary fibroblasts. The singleplex strategy caused 50% of insertions and/or
deletions (indels) in the viral genome to appear in further detailed analyses in U-251 MG cells, resulting
in a reduction in immediately early protein production. The multiplex strategy cleaved the immediate
early gene in 90% of viral genomes and thereby inhibited immediate early gene expression. Therefore,
viral genome replication and late protein expression were reduced by 90%. The multiplex CRISPR/Cas9
system can target the HCMV UL122/123 gene efficiently and prevent viral replication significantly [51].

van Diemen et al. observed that the clear depletion emerged in the anti-HCMV sgRNA expressing
cells targeting essential genes UL57 and UL70 (1.3% and 4.6% mutants with frameshifts, respectively),
compared with the sgRNAs targeting the nonessential genes US7 and US11 (83.5% and 85.8% mutants
with frameshifts, respectively) [52]. The sequence complexity of the mutants selected upon UL57 and
UL70 targeting was low, this suggested the selection of few suitable variants and subsequent expansion
of infectious mutants need a lot of time. The results showed that the CRISPR/Cas9 is a promising
strategy to restrict HCMYV replication [52].

4.3. TALENs

Transcription activator-like effectors (TALEs) are crucial virulence factors that function as
transcriptional activators in the cell nucleus of plants, where they directly bind to DNA via a
central domain of tandem repeats [53]. Currently, TALENs were shown to be an effective tool for
precise genome engineering with low toxicity and could be engineered to adapt for an antiviral
strategy [54]. Hence, TALENSs are likely to become part of a new approach for the treatment of
CMYV infections.

Chen et al. utilized three pairs of TALEN plasmids (MCMV1-2, 3-4, and 5-6) to target the
MCMYV M80 and M80.5 overlapping (M80/80.5) sequence to test their efficacy in blocking MCMYV lytic
replication in NIH3T3 cells [54]. Using lipofectamine or a specific lipoid NKS11 as transfection reagents,
TALEN plasmids could specifically target the M80/80.5 sequence and effectively inhibit MCMV growth
in cell culture when the plasmid transfection is prior to the MCMYV infection. Using NKS11 which was
previously proved to be nontoxic to mice as a transfection reagent, the most specific pairs of TALEN
plasmids (MCMV3—4) showed that its competency to inhibit the replication and gene expression of
latent MCMYV in immunocompetent Balb/c mice. The administration of MCMV3—4 plasmids resulted
in significant reduction in the copy number level of immediately early gene-1 DNA which is key to
viral latency in mice, compared with the controls. Additionally, the innate immune DNA-sensing
pathways of host might be involved in the induction of cytokine secretion such as type I interferon
(IFN) (mainly IFN « and ) to fight against invading viruses. The result hinted that TALENSs were able
to provide an effective strategy to clear latent MCMYV in animals [54].

5. HCMYV Vaccines

The vaccines against HCMYV are still being developed, no licensed vaccine is available so far. It
is necessary to have a specific and strong antibody and cell-mediated immunity to confer protection
against HCMV primary infection through the analysis of the immune response to HCMV. Many
efforts have been made to produce an HCMYV vaccine for years, but a successful vaccine candidate
has not yet to be developed, probably due to what immune responses needed for protecting against
HCMYV infections are still poorly understood [36]. To develop an effective HCMV vaccine, immune
responses required to fight against HCMV and how to enhance these specific immune responses
requires further study.

Choi et al. used the guinea pig which is a small-animal model to develop a CMV vaccine. A
glycoprotein pentamer complex encoded by guinea pig cytomegalovirus (GPCMYV) is essential for viral
entry into non-fibroblast cells to enable congenital CMV [55]. Like HCMV, GPCMYV needs a guinea pig
specific cell receptor (platelet-derived growth factor receptor ) for fibroblast entry, but other receptors
are required for non-fibroblast cells. A disabled infectious GPCMV vaccine strain induced humoral
immune responses against viral pentamers to promote neutralization on non-fibroblast cells; thus, the
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vaccinated guinea pigs were protected from congenital CMV infections. The design including the
pentamer complex as a part of vaccines may significantly enhance efficacy. This new finding lays stress
on the importance of the immune response to the pentamer complex in contributing to the protection
against congenital CMV and has opened a new era for the development of CMV vaccines [55].

Liu et al. hypothesized that a vaccine candidate able to elicit immune responses analogous to
those of HCMV-seropositive subjects may confer protection against congenital HCMV [56]. The V160
vaccine has been shown to be safe and immunogenic in HCMV-seronegative humans, inducing both
humoral and cell-mediated immune responses. In this study, they further demonstrated that sera from
V160-immunized HCMV-seronegative subjects had similar quality attributes to those from seropositive
subjects, including high avidity antibodies to viral antigens. This vaccine is a promising candidate
against HCMV, but further evaluation in clinics for the prevention of congenital HCMYV is required to
warrant its safety, efficiency, and effectiveness [56].

6. Adoptive Cell Therapy for CMV Infections

It is known that the infection-related morbidity and mortality will be increased, if the T
cell-mediated immune responses are impaired in transplantation recipients. Virus-specific T cells
capable of targeting a variety of pathogens in patients after hematopoietic stem cell transplantation
(HSCT) have demonstrated potential efficacy for multiple viruses such as CMV, Epstein-Barr Virus
(EBV) and adenovirus [57]. Adoptive T cell therapy (ACT), a type of immunotherapy in which T
cells are given to a patient to treat diseases, has been developed to fight against drug resistant and
recurrent CMV in SOT recipients. Therefore, ACT has become one of the therapeutic strategies for
CMV reactivations in patients undergoing allogeneic HSCT and SOT.

Faist et al. used the peptide specific proliferation assay (PSPA) to study CMV specific central
memory T cells (TCM) repertoires and determined their functional and reproductive abilities in vitro [58].
In the animal model, the pathogen-specific TCM has demonstrated to have protective ability even atlow
numbers and could survive for long-term, proliferate extensively and show high plasticity after adoptive
transfer. Though the clinical data showed that minimal doses of purified human CMV epitope-specific T
cells are competent to remove viremia, it is still necessary to evaluate whether the human virus-specific
TCM shows the same characteristic for ACT as mice. The results concluded that TCM had potential for
prophylactic low-dose ACT. These good manufacturing practice (GMP)-compatible TCM could be used
as a broad-spectrum antiviral T cell prophylaxis in allogeneic HSCT patients. In addition, PSPA would
be a necessary tool for TCM characterization further during simultaneous immune monitoring [58].

Smith et al. applied high-throughput T cell receptor V3 sequencing and T cell functional profiling
to demonstrate the influence of ACT on T cell repertoire remodeling in the pretherapy immunity and
ACT products [59]. The clinical response was consistent with significant changes in the T cell receptor
VB landscape after therapy. This reconstitution was related to the emergence of effector memory T cells
in responding patients, while nonresponding patients showed dramatic pretherapy T cell expansions
with minimal change following ACT. The results revealed that immunological modulation following
ACT required significant repertoire remodeling which might be damaged in nonresponding patients on
account of the preexisting immune environment. Immunological interventions which controlled this
environment were likely to improve clinical outcomes. ACT appears to be an advantageous strategy
to restore immunological control against CMV affecting immunosuppressed patients such as SOT
recipients [59].

7. Conclusions

CMYV is the most frequent etiological factor for congenital infections and its infections are still
global health problems of humans. Though CMYV infections are often opportunistic, they sometimes
cause serious diseases in healthy adults with weakened immunity and babies. Currently, no drugs
are available for asymptomatic infants and for infants with CMV congenital infections to reduce
related morbidity during the neonatal period. Some traditional antiviral drugs (e.g., ganciclovir,
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valganciclovir, cidofovir, foscarnet) are applied for the treatment of CMV acute infections, however,
their efficacy is limited by side effects, cross-resistance and others. There is no effective cure for
CMV infections, especially for latent infections. Promisingly, many novel antiviral drugs/agents and
preventive/therapeutic strategies have been approved for clinical application (e.g., letermovir) or are
being developed (e.g., maribavir, EGS-RNase, CRISPR/Cas9, TALENs, HCMV vaccine, ACT). We
should investigate the interactions between CMV and hosts thoroughly to understand how antiviral
agents or therapeutic strategies affect CMV infection outcomes. Moreover, the development and
implications of novel antiviral agents and preventive/therapeutic strategies should be explored as
extensively as possible. The future research tendency and application of these new insights should also
be a highlight and could potentially become a promising milestone in the development of therapeutic
strategies for CMV infections.
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CMV cytomegalovirus

EGSs external guide sequences

CRISPRs clustered regularly interspaced short palindromic repeats
TALENSs transcription activator-like effector nucleases
ACT adoptive T cell therapy

HHV herpesvirus

AIDS acquired immunodeficiency syndromes

HIV human immunodeficiency virus

SOT solid organ transplant

CNS central nervous system

SNHL sensorineural hearing loss

mCSP mRNA sequence which codes for capsid scaffolding proteins
sgRNA single-guiding RNA

PAM protospacer adjacent motif

GPCMV guinea pig cytomegalovirus

HSCT hematopoietic stem cell transplantation
PSPA peptide specific proliferation assay

TCM specific central memory T cells

GMP good manufacturing practice
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Abstract: The human cytomegalovirus (HCMYV), one of eight human herpesviruses, establishes
lifelong latent infections in most people worldwide. Primary or reactivated HCMV infections cause
severe disease in immunosuppressed patients and congenital defects in children. There is no vaccine
for HCMYV, and the currently approved antivirals come with major limitations. Most approved HCMV
antivirals target late molecular processes in the viral replication cycle including DNA replication
and packaging. “Bright and early” events in HCMV infection have not been exploited for systemic
prevention or treatment of disease. Initiation of HCMV replication depends on transcription from the
viral major immediate-early (IE) gene. Alternative transcripts produced from this gene give rise to
the IE1 and IE2 families of viral proteins, which localize to the host cell nucleus. The IE1 and IE2
proteins are believed to control all subsequent early and late events in HCMYV replication, including
reactivation from latency, in part by antagonizing intrinsic and innate immune responses. Here we
provide an update on the regulation of major IE gene expression and the functions of IE1 and IE2
proteins. We will relate this insight to experimental approaches that target IE gene expression or
protein function via molecular gene silencing and editing or small chemical inhibitors.

Keywords: herpesvirus; cytomegalovirus; immediate-early; IE1; IE2; antiviral; ribozyme; RNA
interference; CRISPR/Cas; small molecule

1. Introduction

Human cytomegalovirus (HCMV), also known as human herpesvirus 5, is a member of the
Betaherpesvirinae, a subfamily of the Herpesviridae. Infectious HCMV particles are composed of a
polymorphic lipid envelope containing viral glycoproteins, a tegument layer consisting mainly of
viral phosphoproteins and an icosahedral protein capsid encasing the viral genome [1,2]. The HCMV
genome comprises roughly 235,000 base pairs of double-stranded DNA in a single chromosome. By
harnessing cellular RNA polymerase II, the viral genome gives rise to a highly complex transcriptome
encompassing both mRNAs with more than 700 translated open reading frames as well as non-coding
RNAs [3-9]. Upon infection of permissive cells, the HCMV genome is expressed and replicated in
three sequential steps referred to as immediate-early (IE), early and late. The viral major IE gene,
expressed within hours of infection, and the corresponding IE proteins will be at the center of this
review. Major IE proteins inhibit intrinsic and innate host cell responses and initiate transcription from
viral early genes [10-15]. Early gene products regulate host cell functions to facilitate virus replication
and contribute to late events including viral DNA replication and packaging. Typical early viral
proteins include the DNA polymerase (pUL54), phosphotransferase (pUL97) and components of the
terminase (pUL51, pULS52, pUL56, pUL77, pULS9, pUL93, pUL104), which are all targets of approved
anti-HCMYV drugs [16-18]. Finally, late genes are expressed after viral DNA replication has commenced
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and encode mostly structural proteins of the capsid, tegument or envelope required for the assembly
and egress of progeny virions [19-21]. HCMYV replicates in a wide variety of differentiated cell types,
and targets select types of poorly differentiated cells including myeloid progenitors for latent infection
with limited viral gene expression [22-26]. Viral reactivation from latency is brought about by cellular
differentiation and/or stimulation and contributes greatly to pathogenesis in vulnerable hosts [27-29].

HCMV is the cause of an ongoing “silent pandemic” affecting 40% to 100% of people in populations
around the world. Co-evolution over millions of years has resulted in latent or low-level productive
HCMV infection that persists for the life of the host in the absence of major disease symptoms. This
type of persistence is due to a fine-tuned balance between our intrinsic, innate and adaptive immune
responses and manifold viral countermeasures. Developmental or acquired immune system defects
disrupt the delicate balance between virus and host and can result in severe disease outcomes. HCMV
infection is the most common congenital (present at birth) infection worldwide, with an estimated
incidence in developed countries between 0.6% and 0.7% of all live births. This incidence results
in approximately 60,000 neonates born every year with congenital HCMV infection in the United
States and the European Union combined [30-33]. Since congenital HCMV infection parallels maternal
seroprevalence, the estimated incidence in developing countries is even higher, between 1% and 5% of
all live births [34,35]. More than 10% of congenitally infected children will suffer neurodevelopmental
damage and other disorders present at birth or long-term sequelae including hearing loss. Consequently,
HCMYV has been recognized as a leading cause of birth defects. HCMYV reactivation from latency
or primary infection also remain a major source of morbidity and mortality in immunosuppressed
individuals including recipients of solid organ and haematopoietic stem cell allografts, people with
acquired immunodeficiency syndrome (AIDS) and other critically ill patients. For example, HCMV
infections are diagnosed in roughly 50% of all allograft recipients [36-38]. Cytomegaloviruses are
highly species-specific, but certain aspects of HCMYV infection and pathogenesis are replicated in
animal models including mice infected with murine cytomegalovirus (MCMV) [39,40].

HCMV is spread through various routes including sexual contact, organ and stem cell
transplantation, breast milk and from mother to baby (transplacental) during pregnancy. Women can
reduce HCMV transmission through practicing appropriate hygiene behaviors [41-44]. In seropositive
pregnant women HCMV hyperimmunoglobulin is applied as passive immunization to improve
the adaptive immune response and reduce the risk of congenital infection. However, the value
of this treatment is controversial with limited data supporting improved clinical outcomes [45-49].
The development of active immunization for HCMV is a major public health priority, and a number of
candidate vaccines have been evaluated in clinical trials as well as preclinical models. However, no
effective vaccine for HCMYV is currently available [50-56].

Since cell-mediated adaptive immunity is believed to be key in counteracting HCMYV infection,
adoptive transfer of virus-specific T cells holds promise for antiviral therapy [57-59]. In addition,
a multitude of antiviral agents from a wide diversity of chemical classes are known to be active
against HCMV. The exact mechanism of action is unknown for most of these antivirals, and only a
small subset has been tested in clinical trials. Seven anti-HCMV drugs have received approval for
various indications: Ganciclovir (GCV), Valganciclovir, Acyclovir, Foscarnet, Cidofovir, Letermovir
and Fomivirsen [60-63]. Fomivirsen is an antisense oligonucleotide targeting expression of a major IE
protein and will be discussed in Section 5.1. GCV, an acyclic analogue of deoxyguanosine, was the first
drug approved for the prevention and treatment of HCMV disease. The prodrug Valganciclovir is an
orally applicable valine ester that is rapidly metabolized to GCV. Inside cells, GCV is converted to
the active triphosphate via initial phosphorylation by the HCMV phosphotransferase (pUL97) and
subsequent phosphorylation steps by cellular kinases. GCV inhibits the HCMV DNA polymerase
(pUL54) by competing with deoxyguanosine triphosphate for the enzyme’s active site, thus preventing
nucleotide incorporation into the elongating viral DNA [60,64]. A closely related nucleoside analogue,
Acyclovir, is potent against members of the Alphaherpesvirinae but exhibits very modest antiviral activity
for HCMV [60,65]. Thus, GCV and Valganciclovir have been the first line choice for prevention and
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treatment of HCMV disease. However, GCV is associated with serious toxicity including neutropenia,
thrombocytopenia or anaemia [66,67]. In addition, the development of GCV-resistant HCMV strains
associated with prolonged exposure, severe immunosuppression, suboptimal GCV doses and high
viral loads poses a serious challenge. In 90% of all cases, resistance to GCV arises from mutations in
conserved regions of either pUL97 or pUL54 [67,68]. In such cases, Foscarnet or Cidofovir are the usual
alternative treatments. The two drugs do not require phosphorylation by pUL97 for activation and
exhibit broad spectrum antiviral activity against DNA viruses. Foscarnet, a pyrophosphate analogue,
directly inhibits pUL54 by blocking the enzyme’s pyrophosphate binding site via a non-competitive
mechanism. By this mechanism, Foscarnet interferes with cleavage of the pyrophosphate moiety from
the nucleotide triphosphate substrate during incorporation into the nascent DNA chain. Cidofovir
is an acyclic nucleoside phosphonate and an analogue of deoxycytidine monophosphate. After
phosphorylation to the active diphosphate (a deoxycytidine triphosphate analogue) by cellular kinases,
competitive incorporation into the elongating DNA chain by pUL54 inhibits viral genome replication.
Resistance to Foscarnet and Cidofovir occurs with rates similar to GCV, and the two drugs can select for
mutations conferring cross-resistance to GCV. Moreover, lack of oral bioavailability as well as serious
side effects including nephrotoxicity have limited their clinical use [66,67]. Brincidofovir is a lipid
ester prodrug of cidofovir with improved oral bioavailability and reduced toxicity that demonstrated
promising results in clinical trials with allogeneic stem cell transplant recipients seropositive for
HCMYV [67,69]. Likewise, the benzimidazole L-riboside Maribavir, a highly specific inhibitor of pUL97,
has been successfully tested in clinical trials with a similar group of patients [67,69]. Recently, a number
of molecules have been discovered that inhibit the packaging of viral DNA into preformed capsids
by the HCMYV terminase complex. Letermovir is the first of this class to be approved and reduced
the levels of HCMV DNA in stem cell transplant patients in the absence of myelotoxic effects [18,70].
Although successful in immunosuppressed patients, none of the anti-HCMYV drugs described above
have been approved for use during pregnancy because of their teratogenic or embryotoxic effects in
animal studies [60,71].

Due to the medical importance of HCMYV, the absence of effective ways to prevent infection and
the shortcomings of existing therapeutic drugs, it is imperative to develop novel antiviral strategies
involving new molecular targets and mechanisms of action. All approved drugs currently available
to prevent or treat HCMYV disease target viral enzymes expressed in the early phase and critical
for late processes in the infection cycle. In contrast, molecular events before the onset of HCMV
DNA replication have been largely neglected with respect to antiviral approaches. This review will
outline our current understanding of the regulation at the HCMV major IE gene and the functional
characteristics of IE proteins derived from this gene. We will further highlight past, present and future
antiviral strategies aimed at IE gene expression and protein function for improved intervention with
HCMYV infection and disease.

2. Major IE Gene Expression

2.1. Transcriptional Control of the Major IE Gene

The outcome of HCMYV infection is believed to depend largely on the level and timing of expression
from the major IE gene [23,72,73]. This is the first viral gene to be transcribed following initial infection,
and likely during reactivation from latency, in a process that does not require de novo viral protein
synthesis [13,23,74]. Expression of the major IE gene is highly dynamic with transcription levels
ranging from extremely high to negligibly low depending on the type and differentiation or activation
state of the infected cell. While productive HCMYV infection is linked to activated transcription, viral
latency is characterized by transcriptional repression at this gene. The major IE gene is located in the
unique long (UL) segment of the viral genome, close to the internal repeat elements. The organization
of this gene is unusually complex, not just by viral standards, as multiple promoters and numerous
transcripts including both sense and antisense RNAs have been identified in this region [3,75-83].
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Some of these promoters appear to have a specific role during latent infection or reactivation from
latency [75,79,84]. However, the combined major IE enhancer and promoter (MIEP) is considered the
principal driver of IE transcription during productive HCMV infection. It contains an extremely strong
enhancer which has been widely utilized in heterologous expression systems. The MIEP is bidirectional
and has been roughly divided into four functional entities: a core promoter (+1 to —40 nucleotides
from the transcription start site), an enhancer (—40 to —550 nucleotides), a unique region (=550 to
—750 nucleotides) and a modulator (=750 to —1140 nucleotides) [85,86] (Figure 1). The modulator’s
role is largely unknown, although a cell-type specific regulatory function has been suggested [87-89].
“Rightward” transcription from the MIEP is suppressed by the unique region which binds cellular
homeobox proteins and appears to function as an insulator between the enhancer and UL127 [90-95]
(Figure 1). The core promoter is sufficient, yet not required, for low-level transcription to the “leftward”
direction of the major IE gene [76,96]. It contains a TATA-box as well as the cis-repressive sequence
(crs) that serves as a binding site for IE2 dimers (see Section 3.1). The enhancer hugely augments
transcription from the major IE gene, in part via a number of small cis-acting repeat sequences (18-bp,
19-bp and 21-bp), and is required for viral replication. It may be further divided into proximal and distal
enhancer halves (40 to —300 nucleotides and —300 to —550 nucleotides, respectively) that differ in
structural makeup, yet function jointly by contributing multiple cis-acting elements to provide efficient
MIEP activation and viral replication. Accordingly, a long list of activating cellular transcription factors
have been shown or proposed to bind to the cis-acting elements in the enhancer, unique region and
modulator. In addition, binding of several repressive cellular transcription factors to the enhancer and
modulator has been reported (Figure 1). The vast number of transcription factors that may activate or
repress the MIEP is thought to account for much of the highly dynamic expression observed at the
major IE gene [13,23,74].

The complexity of MIEP regulation further amplifies when considering transcription in the
chromatin or “epigenetic” context. The MIEP may undergo limited DNA methylation, especially in
systems for transgene expression, and the major IE gene exhibits CpG dinucleotide suppression [97-101].
Beyond these observations, there is little evidence that MIEP activity or IE transcription are regulated
by DNA methylation following HCMV or MCMYV infection [102-104]. Nuclear HCMV genomes form
nucleosomes, octamers of core histones H2A, H2B, H3 and H4 wrapped with just under 150 bp of
DNA, resembling host chromatin structure [9,105]. Consequently, the chromatin of HCMV and other
DNA viruses that replicate in the nucleus is subject to regulation by nucleosome occupancy, histone
composition and post-translational histone modification [106-108]. Nucleosome occupancy on the
MIEP is believed to be low during productive infection, but likely increases during establishment of
latency based on findings from the mouse model and by analogy to other herpesviruses [9,105,109].
Numerous studies have shown correlations between activating or repressive histone modifications
associated with the major IE gene and the levels of viral gene expression. For example, association of the
MIEP with H3K4me2, H3K4me3, H3K9/14ac, H3510ph or H4Kac has been linked to high levels of IE (or
transgene) transcription and productive infection or reactivation from latency [72,110-120]. By contrast,
the presence of H3K9me2, H3K9me3 or H3K27me3 at the MIEP generally correlates with low levels of
IE transcription and either latent or the onset (pre-IE phase) of productive infection [110-112,115,116]
(Figure 1). In agreement with these observations, histone modifying enzymes and enzyme complexes
including histone acetyltransferases (e.g., KAT6A/MOZ), histone deacetylases (e.g., HDAC1, HDACS3),
histone methyltransferases (e.g., EHMT2/G9A, EZH2, SETDB1, SUV39H1), histone demethylases (e.g.,
KDM1A/LSD1, KDM4A/IM]JD2, KDM6B/IMJD3) and histone kinases (e.g., MSK family) have all been
implicated in regulating transcription from the MIEP [72,119-129] (Figure 1). The histone modifying
proteins are typically recruited by transcription factors bound to the MIEP including cAMP responsive
element binding protein 1 (CREB1), ETS2 repressor factor (ERF) and Ying Yang 1 transcription factor
(YY1). In turn, chromatin modifications lead to the recruitment of further activators or repressors that
may affect IE expression making for a complex hierarchy of transcriptional regulation [107,130,131].
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Histone deacetylases, histone demethylases and other proteins conferring repressive histone
modifications to HCMV chromatin may be considered components of the intrinsic cellular immune
system also known as restriction factors [132]. Many of the best known restriction factors for
HCMYV reside in nuclear organelles referred to as nuclear domain 10 or promyelocytic leukaemia
(PML) bodies [133-135]. While PML bodies may confer transcriptional repression as a whole,
constituents of these organelles including alpha thalassemia/mental retardation syndrome X-linked
protein (ATRX), death domain-associated protein (DAXX), PML protein and SP100 nuclear antigen have
been shown or proposed to act as repressors of major IE gene expression in part via chromatin-based
mechanisms [136-138]. More recently, cellular proteins that mediate foreign or damaged DNA sensing
and signalling, including cyclic guanosine monophosphate-adenosine monophosphate (cGAMP)
synthase, interferon (IFN) gamma-inducible protein 16 (IFI16) and stimulator of IFN genes (STING),
have been identified as restriction factors of HCMV and other DNA viruses [139-142]. These proteins
are known or predicted to restrict IE transcription, at least indirectly, although IFI16 may activate
rather than repress the MIEP [143,144].

Expression of the major IE gene also varies with the activity of cellular signalling pathways
that connect the extra- and intracellular environment to the nucleosomes and transcription factors
associated with the HCMV genome including the MIEP. The virus has been shown to activate, rewire
or inhibit numerous of these signalling pathways. HCMYV infection triggers both pathways considered
to be proviral as well as pathways linked to innate immune responses resulting in the production of
proinflammatory and antiviral cytokines. In fact, many signalling pathways appear to exhibit both
pro- and antiviral potential, and the net effect on the virus depends on various factors including cell
type and stage of infection. Binding of HCMYV to receptor proteins on the cell surface initiates the
first wave of signalling. The virus engages various cellular entry receptors, several of which activate
similar pathways relevant to the IE phase of infection [145-149]. In particular, epidermal growth
factor receptor (EGFR), platelet-derived growth factor receptor alpha and integrins independently
trigger the phosphatidylinositol 3-phosphate and protein kinase B (PI3K/AKT) pathway [150-152].
The PI3K/AKT pathway is central to many cellular properties including motility, proliferation and
survival [153-155]. Transient induction of this pathway triggered by receptor signalling appears to
be followed by more sustained activation involving the viral major IE proteins [156-159]. Initial
PIBK/AKT activation is required for efficient viral entry as well as optimal replication in fibroblasts
and establishment of latency in monocytes [156,158,160-163]. However, at later times during infection
inhibition of EGFR or PI3K seems to favour viral replication and reactivation from latency suggesting a
negative regulatory role at this point [164-167]. Besides PI3K/AKT signalling, various other kinase
pathways are known to be activated very early during HCMYV infection. These pathways include
mitogen-activated kinase (MAPK) signalling both via extracellular signal-regulated kinase (ERK) 1
and 2 including RAF1 (MAPKKK upstream of ERK) as well as via p38 MAPK [168-172]. Other kinases
thought to be involved in the IE phase of HCMV infection include adenosine monophosphate-activated
protein kinase (AMPK) [173], hematopoietic cell kinase (a src family kinase) [174], cyclin-dependent
kinases (CDKs) [175], protein kinase A [176] and mitogen and stress activated kinase (MSK) [128]. The
activation of kinase signalling pathways in the initial infection phase comes with multiple, mostly
beneficial consequences for the virus including major IE gene activation. For example, ERK mediates
induction of major IE gene expression via binding of CREB to the MIEP and recruitment of MSK. In
turn, MSK-mediated histone H3 phosphorylation promotes histone demethylation and the subsequent
exit of HCMYV from latency [128]. One of the most crucial transcription factors linked to the PI3K/AKT,
MAPK and other signalling pathways relevant to HCMYV infection is nuclear factor kappa B (NF-«B).
Canonical NF-kB activation requires degradation of inhibitor of NF-«B (IkB), which depends on
phosphorylation by a three-subunit IkB kinase (IKK). IKK-mediated phosphorylation of IkB is triggered
as early as five minutes after exposure of cells to HCMYV particles resulting in activation of preformed
NE-«B [177,178]. This first phase of the NF-«B response to HCMV infection may facilitate IE expression
via binding sites in the proximal enhancer of the MIEP (Figure 1). However, the requirement of
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NF-kB for efficient IE expression varies widely with cell type, virus strain and other conditions of
infection [179-182]. A second phase of NF-«B activation due to initiation of NF-kB transcription allows
for continued expression throughout infection. While NF-«B activation benefits HCMYV replication, at
least under certain conditions, it also comes with adverse effects for the virus. NF-«B, along with IFN
regulator factor 3 (IRF3), binds to promoters and stimulates transcription of numerous cytokine and
chemokine genes. Some of these genes encode antiviral proteins including type I IFNs. HCMV gene
products including tegument proteins (e.g., pUL35, pUL82/pp71, pUL83/pp65) and IE proteins as well
as non-coding RNAs target the IFN response and other signalling pathways, adding an additional
layer of complexity. Targeting of host cell signalling by HCMV will be discussed below in the context
of IE proteins (see Section 3.4), but is otherwise beyond the scope of this review. For a comprehensive

and detailed account of this topic, the reader is referred to several other recent reviews [183-185].
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Figure 1. Organisation of the human cytomegalovirus (HCMV) major IE enhancer and promoter
(MIEP) and select protein factors involved in its regulation. The MIEP is composed of a core promoter
containing a TATA-box and the crs that mediates repression by IE2, an enhancer with proximal and
distal parts, a unique element and a modulator. Nucleotide positions relative to the transcription start
sites and the direction of transcription (grey arrows) are indicated. “Leftward” transcription results
in mRNAs encoding the IE1 and IE2 proteins (“rightward” transcription results in uncharacterized
mRNAs containing the UL127 open reading frame). Transcription factors known or predicted to bind
to the individual parts of the MIEP are shown above (repressors are shown in purple). Chromatin
modifiers and histone tail modifications reported to activate or repress the MIEP are shown below.
A few examples of virion components and cell signalling pathways known to activate the MIEP are
shown at the left and right side, respectively, of the diagram. ARID5B/MRF1, AT-rich interaction
domain 5B protein; ATE, activating transcription factor family; CBX/HP1, heterochromatin protein
1; CEBPA, CCAAT enhancer binding protein alpha; CHD4, chromodomain helicase DNA binding
protein 4, nucleosome remodeling and deacetylase (NuRD) subunit; CUX1/CDP, cut-like homeobox
1 protein; ELK1, ETS transcription factor Elk1; ETS, Ets proto-oncogene transcription factor; EZH2,
enhancer of zeste 2 polycomb repressive complex 2 (PRC2) subunit; FOS, Fos proto-oncogene, activator
protein 1 (AP-1) transcription factor subunit; FOX, forkhead transcription factor family; GFI1, growth
factor-independent 1 transcriptional repressor; HMGB1/SBP, high mobility group box 1 protein; JUN,
Jun proto-oncogene, AP-1 transcription factor subunit; KAT6A/MOZ, lysine acetyltransferase 6A;
KDM1A/LSD1, lysine demethylase 1A; KDM4A/JMJD2, lysine demethylase 4A; KDM6B/JMJD3, lysine
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demethylase 6B; MDBP, methylated DNA binding protein family; MTA2, metastasis-associated 1 family
member 2, NuRD subunit; NFI/CTF, nuclear factor 1 family; PDX1, pancreatic and duodenal homeobox
1 protein; PPARG, peroxisome proliferator-activated receptor gamma; RARA, retinoic acid receptor
alpha; RBBP4, Rb binding protein 4 chromatin remodelling factor, NuRD subunit; RXRA, retinoic X
receptor alpha; SATBI, special AT-rich sequence binding homeobox 1 protein; SETDB1, SET domain
bifurcated histone lysine methyltransferase 1; SP1, Sp1 transcription factor; SP3, Sp3 transcription
factor; SRF, serum response factor; SUZ12, suppressor of zeste 12 PRC2 subunit; TBP, TATA-box binding
protein; TRIM28/KAP1, tripartite motif containing 28 protein. See main text for other abbreviations.

2.2. Post-Transcriptional and Translational Control of the Major IE Gene

The primary transcript derived from the MIEP is subject to extensive regulation at the
post-transcriptional and translational level. It undergoes alternative splicing and polyadenylation to
generate multiple mRNA species assigned to either the IE1 or IE2 family [12,13,74]. This differential
post-transcriptional regulation is believed to involve the cellular 65-kDa U2-associated factor and
ubiquitin-dependent segregase valosin containing protein p97 [186,187]. RNA sequencing showed
increased IE1 and decreased IE2 splicing following p97 knockdown [187]. The processed IE1 and IE2
mRNAs accumulate with different kinetics and share the first three exons [186-188]. However, IE1
mRNAs contain exon 4 while IE2 mRNAs contain exon 5 sequences.

Translation of the IE1 and IE2 mRNAs is subject to control by viral non-coding RNAs [189-191].
For example, the HCMV long non-coding RNA 4.9 has been reported to bind to the MIEP and
recruit repressor complex PRC2 to this region [120]. In addition, HCMV miRNA miR-UL112-1 was
shown to target the IE1 mRNA and to reduce the corresponding protein levels by translational
inhibition [192-194]. Likewise, HCMV miR-UL25-1 and miR-UL25-2 appear to be linked to reduced
IE1 protein levels, although most likely indirectly via cellular targets [195].

The major IE mRNAs ultimately give rise to the IE1 (UL123) and IE2 (UL122) families of proteins
with several members each. The largest, most abundant and by far best studied family members are
the 72-kDa (491 amino acids) IE1 protein, also known as IE72, and the 86-kDa (579 amino acids) IE2
protein, also known as IE86. The two proteins share 85 amino acids encoded by exon 3 at their amino
termini but are otherwise unrelated. For simplicity, they are referred to as IE1 and IE2 in this review.

2.3. Post-Translational Control of the Major IE Proteins

IE1 and IE2 are both believed to exist as dimers, while IE2 may also form higher order
oligomers [196-200]. Both IE proteins can undergo at least two types of post-translational modification,
phosphorylation at serine or threonine residues [201,202] and conjugation to small ubiquitin-like
modifiers (SUMOylation) at lysine residues [203-206]. Various positive or negative regulatory effects
on IE protein function and HCMYV replication have been ascribed to these modifications [205,207-214].
While IE1 is a metabolically highly stable protein with an estimated intracellular half-life between 21 and
>30 h [215,216], IE2 exhibits a much shorter half-life of approximately 2.5 h in cells [197,215]. Alongside
post-transcriptional mechanisms (see Section 2.2), the differences in metabolic stability contribute to the
much higher steady-state levels of IE1 compared to IE2 observed during productive HCMYV infection.
Nuclear localization signals in IE1 and IE2 target the proteins to the cell nucleus, where they are found
in various compartments including PML bodies, chromatin and the nucleoplasm [11,13,14].

2.4. Summary

Highly complex interactions between a multitude of cellular and viral components at the level
of DNA, chromatin and upstream signalling pathways determine the initiation and magnitude of
transcription from the HCMV MIEP. The highly dynamic transcription from the major IE gene is
complemented by post-transcriptional processing and translational regulation, ultimately controlling
the synthesis of the IE1 and IE2 families of predominantly nuclear proteins. The major IE proteins are
subject to post-translational regulation and are thought to activate the viral replicative cycle during
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both initial infection and reactivating from latency. It is therefore believed that the eventual outcome of
HCMYV infection depends on the level and timing of IE1 and IE2 expression.

3. Major IE Protein Function

3.1. Role in Activation and Repression of Transcription

IE1 and IE2 were initially identified as activators of transcription in reporter assays using transiently
transfected plasmids [11,13,14]. In these assays, the IE proteins were shown to activate the HCMV
MIEP (positive auto-regulation) and various viral early gene promoters. In addition, IE2 turned out
to be a repressor of the MIEP (negative auto-regulation). In fact, IE2 sequence-specifically binds to
the crs in the core promoter (Figure 1) to block RNA polymerase II occupancy at the transcription
start site. Furthermore, several heterologous viral promoters as well as cellular promoters proved
to be responsive to activation by the IE proteins. The impact of IE1 and IE2 on transcription from
a broad variety of promoters in transient transfection assays earned them the title “promiscuous
transactivators”. IE2 usually appeared as the stronger activator compared to IE1 and, depending on
the reporter construct, the two proteins often acted in an additive or synergistic manner. Activation
by IE1 and IE2 was mapped to both upstream elements as well as core promoter regions including
the TATA-box. Accordingly, numerous specific and basic transcription factors or transcription factor
complexes were reported to interact with IE1 (e.g., CEBP, E2F1-5, SP1) and IE2 (e.g., AP1, CREBI,
EGRI, SP1, TAF4, TBP, TFIIB, TFIID).

Many key findings from transient transfection assays about the impact of IE1 and IE2 on HCMV
transcription were later corroborated by studies involving mutant viruses and global transcriptome
analyses. These findings confirmed positive autoregulation at the MIEP by IE1 [217], crs-dependent
repression of the MIEP by IE2 and activation of viral early genes by IE1 and IE2 [9,218-221].
In contrast, “promiscuous transactivation” by IE1 and IE2 was not replicated in transcriptome
analyses of endogenous human genes. Instead of showing broad activation of gene expression from
the human genome, the differential transcript profiles from cells individually expressing IE1 or IE2
were rather distinct with little or no overlap to the genes activated by the IE proteins in assays with
transfected reporter plasmids. Following expression under conditions closely mimicking the situation
during productive infection, IE1 turned out to be as significant a repressor as it is an activator of
host gene expression in growth-arrested human fibroblasts [222,223]. Cells induced to express IE1
exhibited global repression of interleukin 6 (IL6)- and oncostatin M-responsive signal transducer and
activator of transcription (STAT) 3 target genes. This repression was followed by STAT1-dependent
activation of type II IFN-stimulated genes (ISGs), normally induced by IFN-y, many of which encode
immune-stimulatory proteins including proinflammatory chemokines [222-224]. Moreover, in the
presence of IFN-« or IFN-f3, IE1 was found to inhibit the induction of type I ISGs by the trimeric
complex of STAT1, STAT2 and IRF9 known as ISG factor 3 (ISGE3) [225,226]. The effects IE1 exerts on
the human transcriptome are thought to result largely from direct physical interactions with STAT2 and
STATS3 (see Section 3.4). While transcriptional regulation by IE1 appears to be dominated by pathways
depending on proteins of the STAT family, IE2 has been shown to inhibit the induction of IFN and other
antiviral cytokine genes via a mechanism involving NF-kB and STING (see Section 3.4). However, the
transcriptome profile for IE2 in cycling human fibroblasts was dominated by genes regulating the cell
cycle and DNA replication many of which are E2F-responsive [227]. This finding likely reflects the
impact of IE2 on the cell cycle. IE2 promotes cell cycle progression from G0/G1 to G1/S and arrests
cells at the G1/S interface, inhibiting cellular DNA synthesis, or at the G2/M interface [13,14,228].
Many human genes activated or repressed by isolated expression of IE1 or IE2 were also shown to be
differentially regulated during productive HCMYV infection.
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3.2. Role in Chromatin-Based Epigenetic Regulation

IE2 is known to bind sequence-specifically to DNA, but there is no convincing evidence for direct
DNA binding by IE1[11,108,131]. However, IE1 associates with chromatin via core histones. IE1 exhibits
two physically separable histone interacting regions with differential binding specificities for H2A-H2B
dimers and H3-H4 dimers or tetramers. The H2A-H2B binding region was mapped to an evolutionarily
conserved nucleosome binding motif (amino acids 479-488) within the chromatin tethering domain
(CTD) at the C-terminus [229,230]. This motif docks with the acidic patch formed by H2A-H2B on the
nucleosome surface [229,230]. The consequences of the IE1-nucleosome interaction have not been fully
elucidated, but they appear to include alterations to higher order chromatin structure [230]. Histone
binding by IE1 might also be linked to the overall low nucleosome levels and temporal reorganization
of nucleosomes across viral genomes observed during productive HCMYV infection [9,105]. To our
knowledge, transcriptional regulation via the IE1 CTD has not been experimentally addressed. Instead,
it has been reported that IE1x4, a small variant form of IE1 expressed from a promoter internal to
major IE exon 4, facilitates viral genome maintenance and replication during HCMYV latency via a
CTD-dependent mechanism. Despite a lack of experimental evidence, the mechanism is predicted
to involve HCMYV episome tethering to host mitotic chromosomes via nucleosome binding by IE1x4
resulting in nuclear retention and partitioning of viral genomes across latently infected dividing
cells [75]. Although IE2 appears to have relatively little affinity for histones, both IE proteins have
been shown to be present in complexes with nucleosome modifying host cell proteins. For example,
IE1 binds to histone deacetylase (HDAC) 3 [124], while IE2 binds to HDAC1-3 [124,126,231], lysine
acetyltransferases CREB binding protein (CBP, KAT3A), p300 (KAT3B) and p300/CBP-associated factor
(KAT2B) [232,233], and lysine methyltransferases G9A (euchromatic histone lysine methyltransferase 2,
EHMT2) and suppressor of variegation 3-9 homolog 1 (SUV39H1) [126]. Accordingly, transcriptional
activation of viral IE and early genes by IE1 correlates with histone acetylation, while transcriptional
repression of the MIEP by IE2 involves histone deacetylation and methylation [130,131,234].

3.3. Role in Inhibition of Intrinsic Immunity

Intrinsic or cell-autonomous immunity is considered the first intracellular line of defence against
viral attack. Intrinsic immunity confers (partial) resistance to viruses via constitutively produced
cellular inhibitors of viral replication known as restriction factors [137,235,236].

Consistent with its presence during the very early stages of HCMV infection, IE1, along with
several viral tegument proteins, has been recognized as a viral antagonist of cellular intrinsic
immunity [10,12,137].  Specifically, IE1 has been shown to target three restriction factors based
in nuclear organelles known as PML bodies (see Section 2.1): PML (tripartite motif 19) proteins,
SP100A and DAXX. Although various activities have been linked to these restriction factors, they all
seem to mediate transcriptional repression of HCMYV gene expression in part via chromatin-based
mechanisms [134,137,237]. Both IE1 orthologues of animal cytomegaloviruses as well as HCMV
IE1 were shown to associate with DAXX [238-240]. The sites of interaction in the two proteins
have not been mapped, and it remains unclear whether binding is direct. However, transcriptional
activation of the HCMV latent undefined nuclear antigen (LUNA) gene depends on relief from
DAXX-mediated repression conferred by IE1 [238]. Most of the proteins IE1 targets remain metabolically
stable, but a subset appears to be subject to proteolytic degradation [241-243]. IE1 was shown to
interact physically with the N-terminal domain of SP100A and to target the restriction factor for
degradation via the proteasome. This finding explains the loss of SP100 observed in the late phase
of productive HCMYV infection [241,242,244]. The relevance of IEl-mediated SP100 degradation
for HCMV replication remains to be determined. Finally, it has been established that IE1 binds to
PML proteins via its central core domain (amino acids 25-378) predicted to exhibit an all «-helical,
femur-shaped fold [196,245]. This interaction appears to interfere with PML oligomerization and de
novo poly-SUMOylation [203,246-248]. SUMOylated PML isoforms are the central organizers of PML
bodies, and inhibition of SUMOylation by IE1 correlates with organelle disruption resulting in diffuse
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nuclear distribution of the associated restriction factors [203,249-251]. The loss of PML body integrity
adds an additional layer to inhibition of intrinsic immunity by IE1 that extends beyond the mere
targeting of individual restriction factors. Despite limited experimental evidence, PML targeting and
disruption of PML bodies are considered to be key to IE1 function and HCMYV replication, especially at
low multiplicity of infection [216,252].

Preceding disruption by IE1, IE2 co-localizes with PML bodies, most likely as a consequence of
binding to the viral genome which also associates with these organelles [251,253,254]. However, IE2
is not currently considered an antagonist of PML bodies. Having said that, both IE1 and IE2 target
histone modifying enzymes (see Section 3.2), some of which are bona fide restriction factors, and more
cellular mediators of intrinsic antiviral immunity targeted by the IE proteins will likely emerge in
the future.

Finally, both IE1 and IE2 inhibit apoptotic cell death, which may be considered part of the intrinsic
antiviral defence system [157,233,255-258]. It appears that each IE protein can block extrinsic apoptosis
pathways via activation of PI3K/AKT signalling, although additional mechanisms likely contribute
including complex formation between IE2 and p53 [259-261]. Despite the fact that the antiapoptotic
potential of the two IE proteins has been clearly established in several overexpression settings, its true
relevance to HCMV infection remains to be determined.

3.4. Role in Inhibition of Innate Immunity

Post-attachment events associated with HCMV entry and the recognition of virion components
by pattern recognition receptors including foreign DNA sensors trigger the induction of cytokine
and chemokine genes [262-264]. Many of these cytokines and chemokines are important components
of our innate immune system, especially type I, Il and III IFNs. The synthesis and secretion of
these IFNs activates signalling pathways that involve the phosphorylation of STAT family members
including STAT1 and STAT2. Activated STAT proteins form homodimers or heteromeric complexes
that subsequently bind to and stimulate transcription from promoters of ISGs many of which encode
proteins that interfere with viral replication at various points.

IE1 confers increased type I IEN resistance to HCMV [225]. This phenotype was largely attributed
to nuclear complex formation between IE1 and STAT2 depending on amino acids 410420 in the
presumably disordered “acidic domain” of the viral protein downstream from the central core
domain and upstream of the CTD [209,222,225,226]. The IE1-STAT2 interaction causes reduced
sequence-specific DNA binding by ISGF3 and diminished activation of type I ISGs (e.g., CXCL10,
IFIT2, ISG15, MX1) [209,225,226,265,266]. The C-terminal part of IE1 has also been reported to disrupt
type IL ISG activation by STAT1 homodimers, although IE1 is not believed to bind to STAT1 directly
(only indirectly via STAT heterodimers) [222,225,226,267]. The ability of IE1 to inhibit type I ISG
induction via STAT?2 interaction facilitates HCMYV replication and appears to be conserved among IE1
homologs of other betaherpesviruses [209,226,268]. Besides STAT2 interaction, complex formation
between PML and IE1 (see Section 3.3) may also contribute to the inhibition of ISG induction during
HCMYV infection [216,269].

IE2 is not known to interact with STAT family members, but this protein limits HCMV-induced
expression of antiviral cytokine and proinflammatory chemokine genes (e.g., IFNB1, CCL3, CCL5,
CCLS, CXCL8, CXCL9) [270,271]. A very recent report has also shown that IE2 targets interleukin
1 beta (IL1B) at both the transcript and protein level [272]. The underlying mechanism appears to
involve inhibition of virus- or tumor necrosis factor alpha-induced binding of NF-«B to the IFN-f3
promoter, resulting in attenuated target gene expression [273]. Another recent report has demonstrated
that IE2 inhibits [FN-3 promoter activation induced by STING, a critical sensor of intracellular DNA
and adaptor for type I IFN signalling. IE2 facilitated the proteasome-dependent degradation of STING
and inhibited cGAMP-mediated induction of IENB1 and CXCL10 [274]. Taken together, these studies
suggest that IE2 targets STING (and likely other proteins) post-translationally resulting in inhibition of
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NE-kB-dependent induction of cytokine and chemokine genes relevant to the innate immune response
to HCMYV infection.

3.5. Role in Inflammation and Adaptive Immunity

HCMYV reactivation and replication are typically linked to a strong inflammatory host response
that involves numerous cytokines and chemokines, which often contributes to pathogenesis [27,28,275].
Despite their roles as intrinsic and innate immune antagonists (see Sections 3.3 and 3.4), the major IE
proteins may also facilitate inflammation, most obviously by driving HCMV replication. However, IE1
and IE2 may promote inflammation even in the absence of viral replication [223,276-281]. Consistent
with this idea, the IE1-specific host cell transcriptome is largely characterized by downregulation
of genes responsive to IL6-type cytokines and upregulation of ISGs normally induced by IFN-y
(see Section 3.1) [222,223]. IE1-dependent gene activation proved to be independent of IFN-y and
other IFNs, yet required phosphorylated STAT1. Accordingly, IE1 induced phosphorylation, nuclear
accumulation and binding of STAT1 to type I ISG promoters. Moreover, the repression of STAT3- and
the activation of STAT1-responsive genes by IE1 turned out to be coupled. By targeting STAT3, IE1
rewires upstream STAT3 to downstream STAT1 signalling. Consequently, genes normally induced by
IL6 are repressed while genes normally induced by IFN-y become responsive to IL6 in the presence of
IE1. Thus, IE1 merges two central cellular signalling pathways diverting cytokine responses relevant
to inflammation and (neuro)pathogenesis [222,282].

Adaptive antibody as well T cell responses are thought to be important for long-term control
of HCMV. Studies on T cell immunity in HCMV have traditionally focused on pUL83/pp65 and IE1.
However, it has become clear that both IE1 and IE2 are highly immunogenic CD4+ and CD8+ T cell
antigens adding to their complex roles in the immune response to HCMV infection [283-285]. Based
on the stimulatory effect IE1 exerts on cellular adaptive immunity, the protein has been utilized in the
development of both diagnostic assays as well as vaccine candidates [286-288].

3.6. Role in Viral Replication, Latency and Reactivation

Various highly differentiated cell types including primary human fibroblasts are susceptible to
HCMYV infection and permissive for viral replication. The importance of IE1 in the viral productive cycle
was first highlighted by studying laboratory-adapted high passage HCMV strains (Towne/Toledo and
Towne) from which major IE exon 4 had been specifically deleted. Mutant virus replication in fibroblasts
was (almost) normal at high but profoundly impaired at low multiplicity of infection [217,219]. The
IE1-specific phenotype was eventually attributed to a broad reduction in viral early gene expression
and a failure to form replication compartments [218,219]. Nonetheless, more recent studies of
IE1-deficient viruses in the background of both high (AD169) and particularly low passage HCMV
strains (TB40E) demonstrated substantial attenuation even at high input multiplicity [9,216]. Thus,
IE1 is important for efficient HCMV replication in cellulo, albeit not essential. In contrast, IE2
is considered to be indispensable for viral replication at any multiplicity of infection in cultured
fibroblasts [220,221,289,290].

While robust expression of the major IE gene is crucial for productive HCMV infection, the absence
or low levels of IE proteins are linked to the establishment of latent infection. HCMV establishes
latency in a subset of typically poorly differentiated susceptible cells including cells of the myeloid
lineage. The MIEP is largely repressed in these cell types, although low levels of IE1 (and even IE2)
may still be produced. A study led by the late Greg Pari proposed that a variant form of IE1 referred to
as IE1x4 rather than the full-length protein is expressed in latently HCMV-infected haematopoietic
progenitor cells [75]. Their results suggest that IE1x4 is required for latent viral genome replication
and maintenance involving interactions with the cellular transcription factor SP1 and topoisomerase
IIB. This report is in line with the idea that the IE1 CTD binds to mitotic chromosomes via the acidic
patch formed by histones H2A-H2B on the nucleosome core particle (see Section 3.2). The presence
and function of IE1x4 during HCMYV latency await independent confirmation.
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Although it is generally assumed that IE1 and IE2 are required for HCMV reactivation from
latency, there is little experimental evidence to confirm this notion. In a promonocytic cell-line, ectopic
expression of IE1 and IE2 was sufficient for induction of viral early gene expression but not for
production of infectious virus [129]. Studies in the mouse and rat models concluded that the IE1
orthologs are not even required for viral reactivation from latency [291-293]. Thus, while IE2 is almost
certainly necessary for HCMYV reactivation (being essential for viral replication) the importance of IE1
in this process remains ambiguous.

3.7. Summary

IE1 and IE2 are nuclear localized HCMYV proteins expressed at the beginning of infection. They
autoregulate the MIEP, activate viral early genes and modulate expression of cellular genes many of
which are involved in the cytokine and chemokine response to infection. Regulation of viral gene
expression by the IE proteins appears to result in part from chromatin-based mechanisms including
histone modification, and at least IE2 shares properties with factors that actively control transcription.
In addition, IE1 and IE2 regulate transcription more passively by targeting signalling effectors upstream
of the genome such as STAT2/3 and STING, respectively. Both IE proteins are powerful antagonists of
intrinsic and innate immunity predicted to be individually essential for HCMYV replication in vivo.
That said, IE1 and IE2 may contribute to HCMV pathogenesis even in the absence of viral replication.

4. Case for Antiviral Targeting of Major IE Gene Expression or Protein Function

Antiviral strategies for HCMV have long relied on a single molecular target, the viral DNA
polymerase. Even more recently approved antivirals and candidate drugs under development are
directed at viral targets involved in late molecular processes of HCMYV replication including DNA
packaging. At this late stage, infection is fully established and adverse immune-related effects
including inflammation have been triggered. In fact, immunopathogenic rather than cytopathogenic
origins have been proposed for some HCMYV disease including pneumonitis in allogeneic transplant
recipients [275-277]. Similarly, in mouse models of pneumonitis MCMV replication was not sufficient to
cause disease [276-279]. Conversely, MCMYV caused pneumonitis in the absence of viral replication [280].
Likewise, HCMYV retinitis in AIDS patients was proposed to be partly due to immunopathogenesis
triggered by IE gene expression, as disease progressed in the absence of replicating virus [281,294].
Along these lines, the IE1 protein was shown to induce pro-inflammatory gene expression and
chemokine secretion [222,223]. The chemokines produced upon IE1 expression included C-X-C motif
chemokine receptor 3 (CXCR3) ligands CXCL9, CXCL10 and CXCL11, which have been implicated in
a large variety of inflammatory and other immune-related disorders including transplant dysfunction
or rejection [278,279]. This evidence links IE gene expression to HCMV pathogenesis.

We consider the major IE gene and proteins promising alternative or complementing targets
for anti-HCMYV strategies for various reasons. Targeting the expression or function of IE1/2 would
interfere with infection at a “bright and early” stage before all other currently approved systemic drugs.
MIEP- or IE1/2-targeted drugs are predicted to prevent or dampen inflammation even before viral
replication commences. Since IE1/2 are also powerful antagonists of intrinsic immunity and the IFN
response, compounds targeting their expression or function are expected to confer susceptibility to
these host responses providing a novel mechanism of action. In addition, the IE1/2-targeted drugs
exhibit potential for “epigenetic therapy” as both viral proteins exert their functions in part via histone
modifications, again providing a novel mechanism of action. These drugs are expected to interfere not
only with an ongoing productive infection but also with early stages of reactivation, since both the
MIEP and IE1/2 function are likely required for this process. Conceivably, even viral persistence may
be inhibited based on the observation that IE1x4 mediates viral genome replication and maintenance
during latency. Finally, IE1/2-directed drugs are not expected to confer cross-resistance to or interfere
with the activity of existing compounds approved for HCMV monotherapy. They may therefore be
combined with these drugs for combination therapies with improved efficacy.
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5. Inhibition of Major IE Gene Expression by Gene Silencing or Editing

5.1. IE Gene Silencing

Silencing IE gene expression is expected to exert significant pleiotropic antiviral effects due to the
multi-functional roles played by IE gene products in HCMYV replication, latency and pathogenicity (see
Sections 2 and 3). Molecular approaches can efficiently target IE gene expression (Figure 2), and initial
feasibility of this approach has been demonstrated via the antisense oligonucleotide Fomivirsen (also
known as ISIS 2922 or Vitravene). Fomivirsen is a 21-base synthetic oligonucleotide complementary
to IE2 mRNA sequence with phosphorothioate linkages to enhance nuclease resistance. It exhibits
potent HCMV antiviral activity with ECs values in the sub-micromolar range [295,296]. Fomivirsen’s
mechanism of action is primarily thought to block IE2 gene expression by sequence-dependent
hybridization to its target mRNA that results in reduced IE2 protein levels due to mRNA degradation
via RNaseH recognition of the DNA:RNA hybrid complex [295,297]. This is not, however, the
sole mechanism of action, as other sequence-dependent and sequence-independent effects have
been reported to contribute to its antiviral activity [295,297,298]. Fomivirsen, developed by Isis
Pharmaceuticals in collaboration with Novartis Opthalmics, was in 1998 the first oligonucleotide-based
therapy to be approved for clinical use by the FDA [299]. It was approved for treatment of
HCMV-induced retinitis in HIV/AIDS patients via local intravitreous injection, and its clinical
effectiveness was demonstrated in small-scale clinical trials [300-302]. Fomivirsen is no longer marketed,
due to a significant decline in HCMV-induced retinitis cases in HIV/AIDS patients following the
successful implementation of antiretroviral therapy and the availability of alternative treatments [299].
Despite its discontinuation for commercial reasons, Fomivirsen’s development has provided convincing
proof-of-concept evidence that inhibition of IE gene expression can be an effective HCMV antiviral
therapeutic strategy.

An alternative approach to targeting IE mRNA and hence IE gene silencing, is to utilize
gene-targeting ribozymes, which are catalytically active RNA molecules that specifically cleave
target mRNA sequences. M1GS ribozyme technology has been used to target both IE1 and IE2 by
utilizing the shared mRNA region of these genes [303-306]. Target IE1/2 mRNA sequences have been
selected by determining accessibility for M1GS binding via dimethyl sulfate mapping [303-306]. M1GS
is partially derived from the M1 RNA catalytic subunit of the E.coli RNase P ribozyme, which mediates
tRNA maturation [307,308]. M1 RNA can be converted into an M1SG sequence-specific ribozyme by
covalently linking it to an external guide sequence (EGS) that contains nucleotides complementary to
the target mRNA sequence [307,308]. The tertiary structure generated upon hybridization between
the mRNA substrate and the EGS is required for recognition and cleavage by the ribozyme active
site [307,308]. The initial IE1/2-targeted study used a wild-type M1 sequence and IE1/2 exon 3 as the
cleavage site. This IE1/2-targeted ribozyme reduced IE1/2 gene expression by 75-80% and inhibited
HCMYV replication 150-fold in cell culture [303]. A protein engineering and selection strategy has
subsequently been employed to identify various highly active M1SG variants containing mutations
in M1 that enhance substrate binding and cleavage rates [304-306,309]. The most potent variant
reported to-date, F-R228-IE, reduced IE1/2 expression by 98%-99% and inhibited HCMYV replication
50,000-fold in cell culture [306]. F-R228-IE uses nucleotide position 43 downstream from the IE1/2
initiation codon as the designated cleavage site and contains three M1 RNA point mutations (G59A,
C123U, C326U). However, the mechanism by which these mutations enhance cleavage is currently
unknown [306]. Whilst M1SG technology has potential for HCMV therapeutic applications, to the best
of our knowledge it has not yet been clinically tested.

RNA interference (RNAI) offers an alternative approach to targeting IE gene expression. RNAi is
a cellular gene-silencing pathway that results in sequence-specific degradation of the target mRNA via
complementary short-interfering (siRNA) molecules. Various siRNA or short-hairpin RNA (shRNA,
processed into siRNA) molecules targeting IE1/2 mRNA have been shown to cause significant inhibitory
effects on HCMV replication in cell culture. These antiviral effects correlated with reductions in IE1/2
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mRNA and protein levels [310-313]. In addition, IE1/2 siRNA treatment offset some consequences
of HCMYV infection for the host cell, by retaining PML body integrity and preventing DNA damage
response signalling [310]. Treatment of cells with IE-targeted siRNA after HCMV infection resulted
in a modest antiviral effect; this is a valuable observation as therapeutic treatment of patients
after establishment of HCMYV infection would be an important clinical application [310]. Although
RNAi technology has potential for anti-HCMV applications, this technology along with antisense
oligonucleotides and gene-targeting ribozymes, may be superseded by the recent development of
genome-editing techniques.

5.2. IE Gene Editing

Instead of targeting IE gene expression at the mRNA level, genome-editing technology could be
used to directly target the HCMV DNA genome to disrupt the UL122/123 gene responsible for major
IE transcription. At the time of writing, one study has reported UL122/123 gene-editing, using the
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated protein 9
(Cas9) system [314]. CRISPR/Cas9 is a new powerful technology that targets specific DNA sequences
in eukaryotic cells for cleavage, via double-stranded DNA breaks, using a Cas9 endonuclease and
a guide RNA (gRNA) that determines target specificity. Double-stranded DNA breaks are repaired
by host mechanisms, such as non-homologous end joining, which are error prone and can introduce
small insertion/deletion mutations at the targeted location, or larger deletions if multiple breaks
are introduced. A multiplex strategy using three gRNAs targeting UL122/123 successfully excised
the UL122/123 gene in 90% of all viral genomes in an HCMV-infected cell population and resulted
in a significant decrease in IE protein production and 90% reduction in HCMV replication [314].
Multiplex approaches have been developed to overcome acquisition of resistance mutations in the
target sequences. This study provides proof-of-concept that a multiplex anti-UL122/123 CRISPR/Cas9
system can efficiently target the HCMV genome. This system may be useful for targeting HCMV in
latently infected cells, where viral gene expression is low or absent and thus mRNA is not available for
other molecular approaches discussed in this section and viral proteins (e.g., DNA polymerase) are not
available as a target for conventional antiviral drugs.

5.3. Summary

Molecular techniques offer a promising future for development of new anti-HCMV approaches.
However, a number of drawbacks must be addressed including reduction of toxicity as well as off-target
and immunostimulatory effects combined with improvements in the mode, stability and efficiency of
delivery vehicles and methods [315,316].

6. Inhibition of Major IE Gene Expression by Small Molecule Chemical Inhibitors

6.1. Introduction

Inhibition of major IE gene expression can be achieved by identification of small molecules
that directly or indirectly inhibit activation of the MIEP and thus prevent IE gene transcription and
translation (Figure 2). The complexity of MIEP regulation and its dependence on host cell signalling
pathways and transcription machinery (see Section 2.1) means that numerous host factors are potential
drug targets. Activation of key host cell signalling pathways is dependent on post-translational
phosphorylation events mediated by kinases, and thus kinase inhibitors have been largely implicated
in IE gene expression inhibition. Host “epigenetic” factors are also potential targets to lock down
IE transcription and hence inhibit viral replication and reactivation from latency. In addition, viral
proteins are known to be directly involved in IE gene expression or regulation of host cell signalling
pathways exploited by HCMYV to activate IE gene expression. However, compounds targeting these
viral proteins are considered beyond the scope of this review, as they would contribute to their own
specific drug classes.
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Small molecules that inhibit IE gene expression have been identified using a variety of strategic
approaches; (i) exploitation of existing compounds that inhibit cell signalling pathways modulated
by HCMV infection to facilitate MIEP activation and IE gene expression, (ii) targeted-screening of
compound libraries composed of molecules that inhibit key cellular signalling components, e.g., kinase
inhibitors, (iii) cell-based assays designed to discover novel molecules that target the early steps of
HCMYV replication and (iv) testing of compounds that have anecdotal evidence suggesting that they
may have antiviral activity. Groups of related compounds have been identified using a combination of
these approaches. Key groups of molecules are discussed below, although it should be noted that, in
general, the small molecules that have thus far been identified have not had their mechanism of action
fully elucidated.

6.2. Artemisinin and Derivatives

Testing compounds that have anecdotal evidence suggesting that they may have antiviral
activity often revolves around natural products. Various natural products have been reported to
have anti-HCMYV activity linked to inhibition of IE expression or function, but most remain largely
unsubstantiated beyond initial observations. However, a considerable body of evidence has been
generated with respect to the anti-HCMYV activity of natural product artemisinin, its semi-synthetic
derivative artesunate and various related compounds. Artemisinin is a natural product derived from
the plant Artemisia annua (Sweet Wormwood), a herb used in traditional Chinese medicine [317,318].
Artemisinin and its derivatives are best known for effective antimalarial activity and treatment [317,318],
which provided the premise for testing artesunate for anti-HCMYV activity [319]. Artesunate, along
with various related compounds, exhibit in vitro inhibitory activity against laboratory, clinical and
drug-resistant strains of HCMYV in a range of cell types with EC5p values generally in the low
micromolar to sub-micromolar range [319-329]. Chemically linking artemisinin-related molecules
into dimers and trimers significantly improves antiviral potency [320,324-326,330,331]. Examples
include artemisinin-derived dimer diphenyl phosphate (838), a potent, selective HCMV inhibitor with
irreversible activity [332,333] and trimeric artesunate derivative TF27 [326], which exhibits potent
in vitro and in vivo activity in the MCMV model [329]. Hybridization of artemisinin-derivatives with
bioactive molecules, such as quinazoline, has produced novel compounds with potent anti-HCMV
activity significantly better than parental compounds and GCV [334-337].

The mechanism of action by which artesunate and the various derivatives generate their
anti-HCMV activity has not been fully elucidated, but the general consensus is that artesunate
primarily interferes with the NF-«kB pathway [319,326,331]. The NF-«B pathway is stimulated upon
HCMYV infection and activates the MIEP, driving expression of IE proteins and hence subsequent
steps in HCMYV lytic replication and pathogenesis [179,338,339]. Indeed, artesunate, along with many
derivatives, has been shown to block the IE phase of HCMYV replication via a reduction in expression
levels of IE2, and to a lesser extent IE1 [319,320,326,328,331,332]. Artesunate, and dimer/trimer
derivatives such as TF27, have been shown to interfere with the NF-«B pathway, which is proposed to
occur via a direct interaction of the compound with NF-«kB subunit RelA/p65 [319,326,331]. Interaction
of artesunate with a host cell factor leads to the expectation that acquisition of drug resistance would
be less likely; indeed, attempts to generate artesunate drug-resistant isolates in vitro have thus far been
unsuccessful [326,340]. Alternative modes of action, implicating other cell signalling pathways and
modulation of cell cycle progression, have also been proposed for artesunate compounds [319,340].

Clinical use of artesunate for management of drug-resistant HCMV infections in stem cell or solid
organ transplant recipients is considered feasible due the documented anti-HCMYV activity discussed
above, favourable results in a rodent animal model study [341] and the long and safe clinical history of
artesunate treatment in malaria patients [317]. The first use of artesunate in a clinical setting was a
success with artesunate being reported as an effective inhibitor of HCMV replication in the treated
patient [342]. However, subsequent studies reported either mixed success or that artesunate was
ineffective in controlling HCMYV infection [343-345]. Further studies are required to fully determine
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the differences in clinical outcomes for artesunate-treated patients, and studies with more potent
artesunate derivatives may hold future promise. For example, the trimeric derivative TF27 has
recently been demonstrated to display antiviral efficacy in the mouse model. MCMYV replication was
significantly reduced and restricted to the site of infection, preventing organ dissemination without
adverse effects [329].

6.3. NF-xB Inhibitors

HCMYV infection modulates several cell signalling pathways, including the NF-«B and PI3K/AKT
pathways, in order to facilitate MIEP activation and IE gene expression (see Section 2.1) [183].
Artemsinin and derivatives, which interfere with the NF-xB pathway, were discussed in Section 6.2.
The mode of action of these compounds was identified after testing for anti-HCMYV activity based on
their anti-malarial properties. An alternative strategy for identification of anti-HCMV compounds
that inhibit major IE gene expression, is to exploit existing compounds already known to inhibit cell
signalling pathways modulated by HCMV. A rich source of compounds that could be repurposed as
anti-HCMYV compounds are the numerous NF-kB pathway inhibitors that have been identified for
reasons unrelated to HCMYV [346,347]. For example, IKK2 inhibitor AS602868 targets a crucial step
in NF-«B pathway activation: the phosphorylation and subsequent degradation of IkB by the IKK
complex [348,349]. Testing of AS602868 showed that this compound prevents HCMV mediated NF-«B
pathway activation, resulting in significant inhibition of IE gene expression, HCMV replication and
HCMV-induced host cell inflammatory response without cytotoxicity [350]. HCMYV infection also
up-regulates the PI3K/AKT pathway leading to activation of NF-kB in a PI3K-dependent manner.
LY294002, a PI3K inhibitor, significantly reduces HCMV IE1/2 expression, viral DNA replication and
viral titers [156,351]. Disruption of the PI3K pathway and subsequent AKT and NF-«B activation
has been suggested as a possible mechanism of action for heat shock protein 90 (hsp90) inhibitors
geldanamycin and 17AAG, which significantly inhibit HCMYV replication by affecting IE protein
production and hence subsequent steps in HCMYV productive replication [351,352]. The examples
discussed above demonstrate the value of repurposing existing cell signalling pathway inhibitors for
targeting HCMYV by inhibition of major IE gene expression.

6.4. Kinase Inhibitors

A general theme in host cell signalling pathway inhibitors is to target kinases, which mediate
regulatory post-translational phosphorylation modifications of pathway components. There is an
abundance of kinase inhibitors, which have been identified and developed for a wide range of
applications particularly cancer treatment [353], which can potentially be repurposed as anti-HCMV
compounds. Indeed, examples of kinase inhibitors (AS602868, LY294002) with activity against HCMV
have already been discussed in Section 6.3. A further example of a kinase inhibitor repurposed for
anti-HCMV testing is the multi-targeted anti-cancer tyrosine kinase inhibitor sorafenib (Nexavar), which
has been shown to inhibit MIEP activity, IE expression and also later stages of HCMV replication [172].
The mechanism by which sorafenib inhibits HCMV was not fully elucidated due to its multitude of
known kinase targets. However, inhibition of RAF1 activation was implicated but via a mechanism
independent of MAPK/ERK signalling [172]. Inhibitors of CDKs also have potential as antiviral drug
candidates; for example, the CDK7 inhibitor LDC4297 blocked HCMYV replication with ECs; values
in the nanomolar range [175]. The compound’s mode of action was concluded to be multifaceted
but occurs at the level of IE gene expression and interferes with HCMV-mediated inactivation of the
retinoblastoma (Rb) protein, which controls progression through the G1 phase of the cell cycle via its
phosphorylation state and ability to bind transcription factor complexes [175]. Promisingly, LDC4297
has been shown to possess in vivo antiviral activity in the mouse model. MCMYV replication was
significantly reduced and restricted to the site of infection, preventing organ dissemination without
adverse effects [329].
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In addition to directly repurposing known kinase inhibitors, a number of cell-based screens
have been performed against various targeted kinase inhibitor compound libraries [354-357].
Compound-treated HCMV-infected cells were monitored for antiviral effects via expression of a green
fluorescent protein (GFP) reporter [354] or late viral protein pp28 from the HCMV genome [355-357].
These screens have identified a number of interesting kinase inhibitors with anti-HCMYV activity against
laboratory and clinical strains that target a variety of cellular kinases without causing significant
cytotoxicity. The lack of kinase inhibitor target specificity has made full elucidation of mechanism of
action challenging, although in all cases discussed here antiviral activity has been linked to interference
with IE expression or protein production without affecting viral entry. Several c-Jun N-terminal kinase
(JNK) inhibitors were identified following a 600 compound kinase inhibitor library screen and the
SP600125 inhibitor was shown to inhibit JNK activation and suppress IE gene transcription [354].
XMD? 5-aminopyrazine compounds were identified upon screening of the Gray kinase inhibitor
library. These compounds target a range of cellular protein kinases to inhibit HCMYV replication via
a reduction in genome-wide transcription and a defect in the production of certain HCMV proteins
including IE2 (86kDa, 60kDa and 40kDa species) [355]. The proposed mechanism of action for XMD7
compounds is consistent with IE2’s role as a viral transcriptional activator, but it is not clear why only
a subset of HCMV proteins is affected. CMGC kinase inhibitor RO0504985, an oxindole compound
with anti-HCMYV activity identified by screening a Roche kinase inhibitor library, also inhibited IE2 and
pp28 protein levels [356]. Screening of the GlaxoSmithKline kinase inhibitor set identified SB-734117, a
furazan benzimidazole compound, which inhibits several proteins from the AGC and CMCG kinase
groups [357]. SB-734117 inhibited IE protein production and reduced phosphorylation of host cell
transcription factor CREB and histone H3. However, disappointingly these effects did not lead to
any defects in transcription from the MIEP and thus the compound’s mechanism of action remains
undetermined [357]. Overall, the wealth of preexisting kinase inhibitors and accompanying knowledge
offers good potential for the identification and development of novel anti-HCMV compounds.

6.5. Histone Modifying Enzyme Inhibitors

Major IE gene expression is also regulated by “epigenetic” modifications, including histone
post-translational methylation, which can result in repressed gene expression [358]. Histone
demethylases are required to remove repressive “epigenetic” marks to promote IE gene expression and
hence HCMYV productive infection or reactivation from latency [358]. Histone demethylase inhibitors
(e.g., ML324, a JMJD2 demethylase family inhibitor) have been shown to potently inhibit HCMV IE
gene expression [123,359,360]. These demethylase inhibitors also repress IE gene expression from the
related Herpes simplex virus type 1 (HSV-1), and importantly they have been shown to potently inhibit
HSV-1 infection and reactivation from latency [123,359,360]. These results suggest that compounds that
target histone demethylases and possibly other histone modifying or chromatin remodeling enzymes
may have potential as HCMV inhibitors [358].

6.6. Cardiac Glycosides

Discovery of novel small molecules that inhibit major IE gene expression can be accomplished
using cell-based assays designed to target the early steps of HCMYV replication including IE expression
but also virus attachment, entry and capsid transport steps [361,362]. One such assay utilizes an
engineered variant of the HCMV laboratory strain AD169 that expresses IE2 with a C-terminal yellow
fluorescent protein tag (AD1691gp-yrp) [362]. IE2-YEP levels in the nucleus of infected cells are quantified
using high-content confocal microscopy and hit inhibitory compounds identified via a decrease in
nuclear fluorescent signal and therefore a decrease in IE2-YFP protein levels. This IE2-YFP cell-based
reporter assay was used to screen a 2080 bioactive compound library and identified one lead compound,
the cardiac glycoside convallatoxin. This compound exhibited potent anti-HCMV activity (ECs values
in the low nanomolar range) without significant cellular cytotoxicity [362,363]. However, it should
be noted that convallatoxin has been discounted as a hit from a different screen due to toxicity [364].
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Interestingly, other cardiac glycosides (ouabain, 3-antiarin, digoxin, digitoxin) have also been reported
to exhibit anti-HCMYV activity [363,365-367]. Inhibition of HCMV by cardiac glycosides is effective
against clinical and GCV-resistant strains and exhibits additive activity when administered to cells in
combination with GCV [362,363,365,366]. Members of this compound family have been used clinically
for the treatment of heart conditions such as congestive heart failure, although toxicity and dosage
issues mean that they are increasingly replaced with synthetic drugs such as ACE inhibitors and
beta-blockers [368]. Clinical development as antiviral drugs has not yet been undertaken, but medicinal
chemistry approaches have demonstrated the ability to improve antiviral activity and selectivity [369].

A common feature of cardiac glycoside treatment is reduction in IE1/2 protein levels [362,363,365].
Mechanism of action studies demonstrated that convallatoxin does not inhibit IE2 mRNA levels but
instead inhibits global translation of viral and host cell proteins [363]. Cellular translation machinery
is not directly inhibited by convallatoxin; instead the compound reduces methionine transport into
the cell, limiting the intracellular pool of this essential amino acid for translation. Convallatoxin has
been proposed to mediate this indirect mechanism of translation inhibition by its ability to bind to and
inhibit the cellular sodium-potassium ATP pump (NA* K*-ATPase) [363]. In this model, inhibition of
the pump causes a reduction in the sodium gradient across the cell membrane, leading to a decrease in
sodium-dependent methionine transport [363]. Despite inhibition of global translation, minimal cellular
cytotoxicity was observed at the nanomolar concentrations of convallatoxin required for antiviral
effect. This observation suggests that, whilst the cell can tolerate a reduction in protein synthesis,
HCMYV is unable to compensate for reductions in viral protein levels, particularly in IE proteins which
are required for early and late protein production and are thus essential for virus replication [363].
Convallatoxin-induced inhibition of viral protein translation by methionine transport reduction is not
the only mechanism attributed to the antiviral activity of cardiac glycosides. Alternate mechanisms of
action are based on the ability of these compounds to modulate cell signalling pathways [370]. For
example, cardiac glycoside digitoxin has been reported to inhibit HCMV through induction of cellular
autophagy following activation of the regulatory kinase AMPK via a novel NA* ,K*-ATPase subunit
al-AMPK-ULK1 pathway [173]. In addition to inhibiting HCMYV, cardiac glycosides act as antivirals
against a range of clinically important DNA and RNA viruses. This broad-spectrum activity has been
attributed to a range of host-directed mechanisms [371].

6.7. Novel Miscellaneous Compounds

A cell-based screen designed to monitor IE2 nuclear translocation was used to identify the cardiac
glycoside convallatoxin discussed in Section 6.6. A second screening approach targeting IE2 gene
expression utilized a reporter cell-line in which the IE2-activated HCMV TRL4 promoter drives
luciferase expression [361]. The reporter cell-line assay was used to screen a 9600 compound library
for inhibitors of early phase HCMYV infection [361]. Two hit compounds arising from the screen,
1-(3,5-dichloro-4-pyridyl)piperidine-4-carboxamide and 2,4-diamino-6-(4-methoxyphenyl)pyrimidine
termed DPCC and 35C10, respectively, have been demonstrated to potently inhibit HCMYV replication
as effectively as GCV [361,372]. DPCC was also independently identified as having potent anti-HCMV
activity in an unrelated high throughput screen designed to target IE1 IFN antagonist function
(assay concept described in Section 7.2) [373]. In this screen, DPPC was alternatively termed
StA-IE1-3, and a further novel hit compound with similar anti-HCMYV activity termed StA-TE1-2
(1-(3-nitrophenyl)-2-(pyrido[3,2-d][1,3]thiazol-2-ylthio)ethan-1-one) was also identified [373]. All
three structurally diverse compounds act after viral entry but before IE expression, with significantly
decreased IE1 and IE2 expression at both the mRNA and protein levels [361,372,373]. Like the majority
of compounds that have been shown to inhibit HCMV IE gene expression, the precise mechanism of
action of these three compounds has not been elucidated. However, it has been postulated that they
may target a cellular transcription factor or upstream signalling protein required for activation of the
HCMV MIEP [373].
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6.8. Summary

Opverall, a variety of approaches utilizing existing knowledge to repurpose known compounds or
screening campaigns to discover novel compounds has successfully identified a wide variety of IE
gene expression inhibitors. These inhibitors exploit host cell factors and signalling pathways utilized
by HCMV to activate the MIEP and thus offer the hypothetical advantage of a reduced risk of drug
resistance. A major challenge associated with the development of these compounds is the complexity
in elucidating their relevant host cell targets and mechanism of action. Characterization of these
compounds has been predominantly conducted in vitro. However, a few compounds have been
progressed to in vivo testing using the MCMV model, and clinical testing of artesunate produced
mixed clinical outcomes that warrant further investigation. Overall, compounds that inhibit HCMV IE
gene expression merit future investigation and development as potential antivirals.

7. Inhibition of Major IE Protein Functions

7.1. IE2 Inhibitors

Compounds that inhibit IE2 function have been identified and offer promise as a potential new
class of HCMYV inhibitors (Figure 2). IE2 has been targeted, as it is an essential multifunctional
protein that regulates critical events in HCMV replication including transactivation of early and late
genes and auto-regulation of the MIEP. IE2 has also been linked to broad dysregulation of host gene
expression affecting cell cycle progression, immunomodulation and pathogenesis (see Section 3.1).
The first compound demonstrated to directly inhibit IE2 function was WCS5, a 6-aminoquinolone
derivative [374]. WC5 was tested based on evidence that compounds within this chemical group exhibit
antiviral activity against HIV-1 by inhibiting Tat transactivation [375,376]. WC5 specifically inhibits
HCMYV but not a selection of other herpesviruses [376,377]. In addition to IE, early and late gene
expression profiles, which suggest inhibition of IE2 function, WC5 has been shown to directly inhibit
IE2’s transactivating activity via a cell-based assay in which an EGFP reporter gene was placed under
the control of IE2-dependent early gene promoters [374]. In these assays, WC5 significantly inhibited
IE2-mediated transcriptional activation of early gene promoters UL54 and UL112/113. A minimal
region of the UL54 promoter composed of a 150-bp segment upstream of the transcriptional start
site has been demonstrated to be sufficient to mediate the inhibitory activity of WC5 [378]. Within
this 150-bp segment is the IR-1 signal (8-bp inverted repeat element 1), a cis-acting sequence with an
established role in IE2-dependent transactivation, yet the IR-1 signal has been shown not to be required
for WC5's inhibitory activity [378]. In addition, two key protein interactions, IE2 dimerization and its
interaction with TBP, known to be involved in IE2-dependent transactivation of viral promoters have
also been discounted as WC5's target [378]. Intriguingly, WC5’s activity appears to be specifically
confined to the regulation of HCMV promoters, as the compound exhibits no effect on a variety of
cellular promoters regulated either by IE2 protein interactions or a direct IE2 interaction with promoter
DNA [378]. In addition to inhibiting IE2 transactivation of viral promoters, a second mechanism of
action by which WCS5 inhibits a different IE2 function has been identified [378]. WC5 specifically
disrupts IE2’s direct interaction with the crs within the MIEP (Figure 1). Disruption of the IE2-crs
interaction abolishes IE2’s auto-repression of its own promoter, a function essential for viral replication.
Although WC5 has been demonstrated to inhibit two IE2 functions, transactivation of viral early and
late genes and MIEP auto-regulation, the exact molecular mechanisms require further elucidation.

WC5’s unique activity offers the possibility to develop a new mechanistic class of anti-HCMV
compounds. Towards this goal, WC5 potently and selectively inhibits HCMV replication in the
sub-micromolar range irrespective of testing against laboratory or clinical isolates, and its activity
is comparable to GCV [376]. Unsurprisingly, given WC5’s novel mechanisms of action, the
compound similarly inhibits isolates resistant to clinically approved anti-herpesvirus DNA polymerase
inhibitors [376]. Further, when WC5 is combined with GCV, synergistic activity against HCMV
replication was observed without significant increases in cellular cytotoxicity [374]. WC5 also inhibits
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MCMV replication, albeit with ~10-fold lower activity compared to HCMV [376]. Importantly, WC5’s
mechanism of action against HCMV and MCMYV appears to be conserved, as it has been shown to
block MCMV early gene transactivation mediated by the MCMYV IE2 homolog ie3 [378]. Thus, it has
been suggested that the murine model may be used to test WC5 activity in vivo as a prerequisite to
clinical development [378]. Structure-activity relationship studies have been conducted with the aim
of improving WC5's potency [374,379]. These studies gained insight into chemical groups required
for WC5 activity, and identified an analogue with an improved selectivity index compared to WC5
without compromising antiviral activity. However, analogues with significantly improved potency
were not identified [379].

WC5's discovery together with its novel mechanism of action provided proof-of-principle that TE2
is a valid target for drug discovery and encouraged a screening campaign to identify new compounds
targeting IE2 [364,380]. A screen has been performed employing essentially the same cell-based assay
used to determine WC5’s mechanism of action as an inhibitor of IE2-mediated transactivation of
early gene expression [374]. Assay optimization identified conditions using the stable cell-line that
expresses EGFP under the control of the IE2-dependent UL54 early promoter as suitable for screening
purposes [364]. A 2320 bioactive compound library including all FDA-approved drugs was screened
and six hit compounds have so far been selected for further study [364,381,382]. These hit compounds
are deguelin (DGN), nitazoxanide (NTZ), thioguanosine (TGN), alexidine dihydrochloride (AXN),
manidipine dihydrochloride (MND) and berberine (BBR). All hits inhibited HCMYV replication with
ECs5p values in the low micromolar range and lacked significant toxicity. This antiviral activity was
observed for laboratory, clinical and drug-resistant HCMYV isolates. Further, MND was shown to be
inactive against a selection of other DNA and RNA viruses and is thus likely to be a specific anti-HCMV
compound [381]. The antiviral mechanism of these compounds was confirmed to be inhibition of
IE2-mediated viral early gene transactivation and, like with WC5, a minimal 150-bp segment of the
UL54 promoter is sufficient for inhibitory activity. However, the precise mechanism of action has
not been elucidated, although prior knowledge of these bioactive compounds has led to the proposal
that they are likely to interfere with pathways in HCMV-infected cells that are required for the switch
from the IE to early phase of viral replication [364]. Despite the lack of a precise mechanism of action,
repurposing of bioactive compounds for anti-HCMYV activities may allow compound development
to be fast-tracked, especially in the case of MND, as it is already an FDA-approved drug used in the
treatment of hypertension [381].

7.2. IE1 Inhibitors

Identified inhibitors of IE2-dependent transactivation do not inhibit IE1-dependent transactivation
and are thus specific to IE2 not IE1 function [364,382,383]. IE1’s function as an IFN antagonist has
been targeted for drug discovery via a modular cell-based screening platform designed to identify
compounds that inhibit a viral IFN antagonist choice [373]. The platform utilizes two reporter cell-lines
that provide a simple method to detect activation of IFN induction or signalling via an EGFP gene
placed under the control of the IFN-f or an ISRE-containing promoter, respectively. IE1 counteracts
type I IFN signalling by binding directly to STAT2 thereby preventing the ISGF3 transcription factor
from binding ISRE elements in the promoters of ISGs (see Section 3.4) [225]. Therefore, a derivative
of the IFN signalling reporter cell-line expressing IE1 was generated that blocks EGFP expression
upon IEN signalling pathway activation. This reporter cell-line was used to screen a 16,000 compound
library to identify compounds that release the IE1-imposed IFN response block and hence restore EGFP
expression [373]. Two hit compounds, StA-IE1-2 and StA-IE1-3, were identified and demonstrated to
be potent inhibitors of HCMYV replication [373]. Compound characterization revealed that, instead
of identifying anticipated IE1 IFN antagonist function inhibitors that target at the protein level, the
compounds act at the mRNA level and interfere with IE1/2 transcription. The likely explanation is that
IE1 expression was driven by MIEP sequences in the lentiviral vector used to create the IE1 reporter
cell-line derivative. StA-IE1-2 and -3 are therefore also described in Section 6.7 concerning inhibition of
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IE gene expression. Despite the unexpected results, the assay platform had previously been used to
identify compounds that specifically target the IFN antagonist function of Respiratory Syncytial Virus
non-structural protein 2 [373]. To the best of our knowledge, no other IE1-specific drug discovery
screens have been undertaken.

7.3. Summary

Overall, strategies to target IE2 function have identified a number of interesting compounds,
although their exact mechanism of action has not been fully elucidated. To date, compounds that target

IE1 function have not been identified, and IE1 remains an important but underexploited potential
drug target.

/ Inhibition of IE Gene Expression \

‘ Molecular Approaches ‘ ‘ Chemical Approaches

ing discovered
(plus related
compounds)
Convallatoxin
(plus other cardiac

Natural products
and derivatives
Artemisinin

|
1
1
. 1
. ] Kinase Inhibitors
Oligenucleotide RNAi |
Friiesn M : Repurpmdl Sereening
1
|
1
I
I
|

Artesunate

AS602868 discovered TE27

L¥294002 SP600125

Sorafenib XMD7

LDC4297 RO0504985
5B-734117

glycosides:
ouabain,digoxin,
digitoxin).
DPCC (StA-IE1-3)
StA-1E1-2
35C10

G

Ribozy‘r‘nes & Genome-editing
F-R288-IE Technology ’ -
IE-targeted CRISPR/Cas9 Epigenetic

Modulators

ML324

v
IE-Targeted Antiviral Molecules

IE2-Targeted | _

Inhibition of |IE Protein Function

Screening Discovered
Anecdotal evidence DGN, NZT
wces

TGN, AXN
MND, BBR

Figure 2. Schematic of molecular and chemical approaches used to target major IE gene expression
and IE protein function. Key groups of molecules are listed by category, and examples of molecules
within each category given in italics. DGN, deguelin; NZT, nitazoxanide; TGN, thioguanosine; AXN,
alexidine dihydrochloride; MND, manidipine dihydrochloride.

8. Conclusions and Future Perspectives

This review provides an update on the regulation of HCMV major IE gene expression and IE1
and IE2 protein functions. We discussed existing clinically approved therapies and why major IE gene
expression and IE1/2 protein functions are considered potential alternative targets for anti-HCMV
strategies. We outlined the various molecular and chemical approaches that are being used to target
major IE gene expression and protein function. Advances in molecular approaches, particularly
genome-editing technology, are opening up new promising strategies for targeting HCMV. However,
further research and development are required before this novel technology can be translated clinically.
Key groups of small chemical inhibitors targeting major IE gene expression or IE1/2 protein function
are highlighted in the review. A major challenge associated with the vast majority of these compounds
is the complexity in elucidating their relevant targets, many of which are host cell proteins, and
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mechanism of action. Basic research to determine this knowledge will highlight the value of these
compounds as chemical tools to further understand regulation of major IE gene expression and/or
IE1/2 protein functions. It will also promote further in vivo and clinical testing of these molecules,
which is currently limited to only a few studies and compounds. A key advantage of targeting major
IE gene expression and IE1/2 function is the potential to inhibit reactivation from latency, a property
that existing therapies, which target viral replication, do not achieve. However, testing key compounds
for this attribute is mostly lacking due to the specialized methodology and limitations of in vitro
cell-based latency models. Yet, the identification of compounds that repress latency is becoming
more pressing as organ and haematopoietic stem cell transplantation has become more common.
Existing anti-HCMYV drugs are also not approved for use during pregnancy because of their teratogenic
and embryotoxic effects in animal studies, yet the need for antiviral therapy in congenitally infected
neonates for improved long-term outcomes is increasingly appreciated. Finally, IE1/2-directed drugs
are not expected to confer cross-resistance to or interfere with the activity of existing drugs currently
approved for HCMV monotherapy. They may therefore be combined with these drugs for combination
therapies with improved efficacy. Overall, “bright and early” events in HCMYV infection deserve more
attention as a promising antiviral strategy against HCMV.
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Abstract: Several notable human diseases are caused by enveloped RNA viruses: Influenza, AIDS,
hepatitis C, dengue hemorrhagic fever, microcephaly, and Guillain-Barré Syndrome. Being enveloped,
the life cycle of this group of viruses is critically dependent on host lipid biosynthesis. Viral binding
and entry involve interactions between viral envelope glycoproteins and cellular receptors localized
to lipid-rich regions of the plasma membrane. Subsequent infection by these viruses leads to
reorganization of cellular membranes and lipid metabolism to support the production of new viral
particles. Recent work has focused on defining the involvement of specific lipid classes in the entry,
genome replication assembly, and viral particle formation of these viruses in hopes of identifying
potential therapeutic targets for the treatment or prevention of disease. In this review, we will
highlight the role of host sphingolipids in the lifecycle of several medically important enveloped
RNA viruses.
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1. Introduction

Human viruses come in various shapes and sizes with DNA or RNA as their genetic material.
The focal point of this review is on enveloped RNA virus particles, which consist of a lipid bilayer
typically surrounding the genomic-RNA-protecting shell or capsid. While the lipid composition of the
envelope varies between these RNA viruses, it is often enriched in phospholipids, cholesterol, and
sphingolipids. In many instances, the integrity of the virus envelope is crucial for viral infectivity. For
example, specific phospholipids in the envelope of some members of the Flaviviridae family of viruses
are reported to facilitate virus attachment to host cells, a key step in viral entry [1-3].

Enveloped RNA viruses are further divided into two classes based on the polarity of the genome.
For example, most positive-stranded RNA viruses replicate exclusively in the cytoplasm of the infected
cell and in intimate contact with intracellular membranes. This strategy enables viral and host factors to
concentrate in distinct cellular locations to optimize a new virus particle’s formation and evade innate
immune responses [4-8]. By contrast, the replication cycles of some negative-stranded RNA viruses
(e.g. Influenza virus), and human immunodeficiency virus, occurs in the nucleus [9,10]. Hence, positive
and negative-stranded RNA viruses require a distinct set of host membranes, and the lipids present
therein, for successful virus propagation. This review will feature a few medically important enveloped
RNA viruses, such as hepatitis C virus (HCV), dengue virus (DENV), Zika virus (ZIKV), human
immunodeficiency virus (HIV), and influenza virus (IAV), and highlight the role of sphingolipids in
their replication cycle and pathogenesis.

Sphingolipids are important biomolecules found in all eukaryotic membranes. They regulate
membrane trafficking, cell signaling, and play a crucial role in influenza virus particles’ release or cell
surface binding of HIV-1 glycoprotein gp120 [11,12]. They are also major constituents of lipid rafts,
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which are integral components of the HCV replication complex [13,14]. Sphingolipid biosynthesis
starts with the conversion of palmitoyl-CoA and serine into ceramide, a sphingolipid byproduct of the
endoplasmic reticulum (ER) resident enzyme—serine palmitoyltransferase, or SPT [15-18] (Figure 1).
Ceramide can be carried by ceramide transport protein (CERT) [19] to the trans-Golgi where it is
converted into another sphingolipid called sphingomyelin. Alternatively, four-phosphate adaptor
protein 2, or FAPP2 [20], carries ceramide to the cis-Golgi where glucosylceramide synthase (GCS)
produces the first glycosphingolipid called glucosylceramide (GlcCer; Figure 1). Glucosylceramide is
subsequently converted into more complex glycosphingolipids including lactosylceramide (LacCer),
globosides (e.g., Gb3) and gangliosides (e.g., GM3, GM1, and GA1; Figure 1). GCS is the rate-limiting
enzyme in glycosphingolipid biosynthesis. The insufficiency or overproduction of glycosphingolipids
has been associated with disease in humans. Consequently, efforts were made to inhibit GCS activity
to reduce glucosylceramide accumulation in patients. One such GCS inhibitor, Genz-112638 [21], has
been approved for treating Gaucher disease linked to defective glucosylceramide catabolism [22-25]
(Figure 1). Sphingolipids and glycosphingolipids are found in distinct internal membranes as well as the
plasma membrane. Additionally, glycosphingolipids are highly enriched in neurons, skin epithelial cells
and might contribute to the tropism, replication and pathogenicity of viruses targeting related organs.
Traditional methods to detect sphingolipids and glycosphingolipids include thin liquid chromatography
(TLC) [20], high pressure thin liquid chromatography (HPTLC) [26], immunocytochemistry, and
enzyme-linked immunosorbent assay (ELISA) [27,28]. Recently, sphingolipids and glycosphingolipids
have been detected with state-of-the-art liquid chromatography coupled with mass spectrometry
(e.g., LC-MS/MS system). This approach has enabled investigators to accurately determine the levels of
sphingolipid and glycosphingolipid species in cells or tissues [28,29] and the impact of viral infection
on levels of these lipids [30].

Myriocin 2
st >
-l
CERT O
Palmitoyl-CoA * -»Ceramide Sphingomyelin g
+Serine @ SGMS1/2 T
[} o
7]
cenz-11268 1@
GlcCer 1\8
wn o
Qe 3
o]
A4GalT g
LacCer—— > Gb3 T
ST3GAL5 ¢ (Globoside) &
GM3, GM1, GA2, GA1, GD3, GD1, etc. 8
(Gangliosides, enriched in neurons) "g

Membrane transport; signaling; enriched in CNS

Figure 1. Diagram of sphingolipid biosynthetic pathways in mammalian cells. The initial step in the
de novo biosynthesis of sphingolipids is the conversion of serine and palmitoyl CoA to ceramide.
Following that, ceramide is subjected to conversion to sphingomyelin or to various glycosphingolipid
intermediates on their way to becoming complex glycosphingolipids. The enzymes involved in the
synthesis of sphingolipids and glycosphingolipids are denoted in gold. Chemical inhibitors of key
enzymes are indicated in red. SGMS1/2: sphingomyelin synthase; GCS: glucosylceramide synthase;
B4G5: lactosylceramide synthase; ST3GALS: lactosylceramide alpha-2,3-sialyltransferase or GM3
synthase; A4GalT: alpha 1,4-galactosyltransferase or Gb3 synthase; SPT: serine palmitoyl transferase;
CERT: ceramide transfer protein; FAPP2: four-phosphate adaptor protein 2; GlcCer: glucosylceramide;
LacCer: lactosylceramide.
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2. Hepatitis C Virus Propagation and Sphingolipids

Hepatitis C virus (HCV) is responsible for chronic liver disease in 60-90 million people
worldwide [31] and is a member of the Flaviviridae family of viruses that encompass dengue virus, West
Nile virus, and Zika virus. HCV is an enveloped virus with a positive-stranded RNA genome encoding
structural proteins (Core, E1, and E2) (Figure 2) required for infectious HCV particles formation. The
nonstructural proteins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) are involved in the replication of
HCV genome and the packaging of the newly generated genome [32,33]. Major insights in the molecular
and structural biology of HCV have led to the development of direct acting antivirals (DAAs) targeting
HCV NS34/A protease (e.g., Simeprivir and Voxilaprevir), NS5A (e.g., Ledipasvir and Pibrentasvir), and
NS5B RNA-dependent RNA polymerase or RDRp (e.g., Sofosbuvir and Dasabuvir) [34,35]. However,
the high error rate (2.5 x 10- per nucleotide per genome replication) [36] of the HCV RdRp has resulted
in the presence of resistance-associated variants [37,38]. Thus, novel antivirals targeting other HCV
proteins, or host factors, are needed.
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Figure 2. Diagram of hepatitis C virus genome. The HCV genome consists of a single open reading
frame (ORF) flanked by the 5" and 3’ untranslated regions (UTRs). The ORF is translated into a single
polyprotein, which is further processed into individual proteins. The 5" and 3’ UTRs are critical for
internal ribosome binding, translation, and HCV genome replication.

2.1. Sphingolipids and HCV Entry

There is strong evidence in the literature implying that sphingolipids and glycosphingolipids play
an intimate role in HCV replication in liver cells. First, Merz et al. utilized lipid mass spectrometry
to demonstrate that affinity-purified HCV particles are enriched in sphingomyelin [39], suggesting
that sphingolipids are integral components of HCV envelope. This study did not address the role
of sphingomyelin in HCV propagation, but another study by Aizaki et al. [40] demonstrated that
sphingomyelin facilitates HCV internalization, perhaps via fusion of the virus envelope with endocytic
membrane to release HCV genome into the cytoplasm.

2.2. Sphingolipids, Glycosphingolipids, and HCV Genome Replication

Sphingolipids are also known to facilitate HCV genome replication. In one study led by Hirata et al.
[14], the authors showed that HCV infection stimulates sphingomyelin production, leading to
sphingomyelin enrichment in the HCV replication complex and sphingomyelin-induced stimulation of
HCV RNA-dependent RNA polymerase to synthesize more viral RNA. During infection, HCV induces
the formation of a distinct membrane structure in the cell. This platform called the membranous
web [4,41,42] recruits viral and host factors to foster HCV genome amplification. In another study
from our laboratory, we found that HCV redirects the glycosphingolipid carrier protein, FAPP2
(Figure 1), to the membranous web to facilitate HCV genome replication [20]. It is likely that FAPP2
transports glycosphingolipids to the virus replication platform, as FAPP2 knockdown impedes HCV
replication, whereas providing glycosphingolipids to the FAPP2 knockdown cells rescues HCV genome
replication [20]. Finally, FAPP2 knockdown was found to disrupt the membranous web and alter the
colocalization of HCV replicase proteins, implying that FAPP2 and/or glycosphingolipids contribute to
the formation or maintenance of the HCV replication platform.
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3. Flavivirus Propagation and Sphingolipids

Dengue virus (DENV), West Nile virus (WNV), and Zika virus (ZIKV) are archetype flaviviruses
transmitted by mosquitoes, mainly Aedes aegypti and Aedes albopictus. According to the world health
organization, DENV is responsible for 50-100 million infections each year with mild complications
resembling flu-like symptoms and major complications, including deadly dengue hemorrhagic fever.
WNV causes flu-like symptoms, neuroinvasive disease, and death in many countries in the world.
WNYV was first introduced in the United States (US) in 1999 from infected Israeli birds imported into
New York state. The virus has now spread to most states and is responsible for many deaths in birds,
humans and horses. By contrast, ZIKV only emerged as a global health concern since 2016, due
its association with neurological disorders, such as microcephaly in newborns and Guillain-Barré
syndrome in adults [27,43]. Like hepatitis C virus (HCV), DENV, WNV, and ZIKV are enveloped
viruses. Unlike HCV, the positive-stranded RNA genome of these flaviviruses encodes a slightly
different set of structural proteins (Core, E, and prM) (Figure 3) required for virus particle formation,
and nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5) involved in viral genome
replication, packaging, and pathogenesis [44-46]. No effective vaccine or specific antiviral treatments
are currently available for DENV, WNV, or ZIKV infection.
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Figure 3. Organization of a flavivirus genome. The genome of flaviviruses, such as dengue and Zika, is
~11 kb in size and encodes a single, large polyprotein, which is proteolytically processed into three
structural proteins and seven nonstructural proteins. The 5" end of the genome contains a cap structure
critical for the initiation of translation. RNA structures present in the 5" and 3’ untranslated regions
(UTR) are critical for capping and genome replication.

3.1. DENV Propagation and Sphingolipids

There is evidence that sphingolipids and glycosphingolipids are also required for the replication
of some flaviviruses. For example, DENV has been reported to upregulate the expression of
sphingolipids (ceramide and sphingomyelin) in mosquito cells and cause an accumulation of these
lipids in a membrane fraction enriched in the viral replication complex [30]. That study did not
directly address the role of sphingolipids in DENV replication. In a different study, Wang et al. [47]
exploited mouse melanoma WT cells (B16) and a mutant counterpart (GM95) to demonstrate that the
glycosphingolipid GM3 is required for DENV genome replication. The authors found higher levels of
GM3 in DENV-infected cells and relocalization of GM3 to sites where DENV replicates its genome.
Importantly, the authors found that inhibition of GM3 synthesis with soyasaponin I increases the
survival rate of DENV-infected mice [47]. While the exact role of GM3 in DENV genome replication is
currently unknown, these in vivo findings raise the prospect that pharmacological inhibitors targeting
GM3 synthesis can serve as a foundation for new antiviral therapy.

3.2. WNV Propagation and Sphingolipids

3.2.1. Sphingolipids and WNV Entry and Genome Replication

The role of sphingomyelin in WNV replication is well documented. A study by Martin-Acebes
and colleagues [48] showed that WNV replicates at a much higher level in mice deficient in acid
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sphingomyelinase (unable to catabolize sphingomyelin), or cells derived from Niemann-Pick disease
type A patients (NPA; accumulate sphingomyelin) relative to the their wild type controls. This
suggested that sphingomyelin accumulation enhances WNV infectivity. Consistent with these findings,
adding sphingomyelin to infected fibroblast cells markedly increased WNV infectivity. Further
analysis showed that sphingomyelin colocalizes with WNV dsRNA at cytoplasmic foci, implying
that sphingomyelin plays a role in the formation of the WNV replication platform [48]. Interestingly,
pharmacological inhibitors of sphingomyelin synthesis (DS609 and SPK-601) markedly reduced the
infectivity of WNV released from infected cells, but had little impact on the amount of released
viral genome [48]. These findings imply that sphingomyelin is also required for WNV attachment,
internalization, and/or virus—endosome fusion.

3.2.2. Sphingolipids and WNV Particle Formation

In an earlier report, Martin-Acebes and colleagues [49] also showed that WNV particles were
enriched in sphingomyelin. Surprisingly, pharmacological inhibition of neutral sphingomyelinase
(converts sphingomyelin into ceramide and phosphorylcholine) reduced WNYV release from infected
cells, implying perhaps that ceramide generated from sphingomyelin catabolism is critical for the
infectious WNV particle. Subsequent analysis showed that inhibition of neutral sphingomyelinase
activity reduces the budding of the immature WNV particles, a crucial step in infectious WNYV particle
formation [49]. While this study appears to be at odds with the putative role of sphingomyelin in WNV
entry, it also highlights the role of sphingomyelin in two distinct steps of the WNV replication cycle.

3.3. ZIKV Replication and Sphingolipids

The role of sphingolipids and glycosphingolipids in ZIKV replication is not well understood. This
is crucial because ZIKV patients with Guillain—-Barré Syndrome, have elevated levels of antibodies
targeting gangliosides GM2, GM1, GA1, and GD1 [27], hence highlighting the need to define the role
of glucosylceramide-derived glycosphingolipids in ZIKV infectivity. Our group has evidence that
ZIKV particles are enriched in sphingomyelin, ceramide, and glucosylecramide (unpublished data).
Our current data suggest that glycosphingolipids leading to gangliosides biosynthesis (Figure 1) are
required for ZIKV particle assembly (unpublished data). Current efforts are focused on understanding
how sphingolipids and glycosphingolipids regulate ZIKV infectivity.

4. Human Immunodeficiency Virus’s Propagation and Sphingolipids

Human immunodeficiency virus (HIV) is responsible for acquired immunodeficiency syndrome
(AIDS) worldwide. In 2017 alone, approximately one-million people died of AIDS-related illnesses,
highlighting the need for alternative or complementary remedies to eradicate HIV infection. HIV is
an enveloped virus with two identical single-stranded RN As which serve as a template for reverse
transcription into a single double-stranded DNA intermediate that can integrate into the host genome.
This DNA is the template for RNA that codes for new genomes or for viral proteins. Full-length
RNA codes for a structural polyprotein that includes matrix (MA), capsid (CA), and nucleocapsid
(NC) (Figure 4). Inefficient supression of a stop codon between the gag and the downstream pol
reading frame produces a polyprotein that is extended to include the pol proteins protease (PR), reverse
transcriptase (RT), and integrase (IN). All are cut into their constituent parts by PR. A singly spliced
mRNA encodes the env glycoproteins gp41 (TM, transmembrane, a fusion protein) and gp120 (SU,
surface glycoprotein). Other more extensively spliced messages, encode the regulatory proteins Tat,
a transactivator of transcription, and Rev, an HIV-specific RNA exporter. Yet other messages code
for accessory proteins Vif and Vpr, which facilitate the degradation of cellular defense proteins, and
Vpu and Nef, which remove cellular proteins from the cell surface [50,51]. Knowledge of HIV biology
and pathogenesis has lead to the identification of several pharmacological targets for antiretroviral
drug therapy. Following approval of the first anti-HIV drug viral azidothymidine (AZT; nucleoside
reverse transcriptase inhibitor), additional classes of drugs targeting viral attachment/fusion, viral
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genome replication, integrase activity, and the viral protease have been developed, some of which
were subsequently included in combinational antiretroviral drug therapy, resulting in effective clinical
management of HIV infection and AIDS-related illnesses [52]. Despite the efficacy and availability of
these drugs, there exist several challenges that necessitate continued research in the identification of
new viral targets and anti-HIV agents [53,54]. There is a continual threat of drug resistance due to
HIV’s high mutation rate. Each class of currently available drug has the potential to cause acute and
chronic toxicities in patients (e.g., cardiovascular and metabolic abnormalities). Lastly, side-effects of
the drugs adversely impact patient compliance.
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Figure 4. Organization of the HIV-1 genome. The HIV-1 genome consists of two identical copies of
noncovalently linked, linear, positive-sense, single-stranded RNA molecules. Each identical copy
contains nine genes that encode fifteen proteins. Many of the proteins are synthesized as precursor
polyproteins which are proteolytically processed by host or viral proteases into individual proteins
with roles in viral architecture, replication, regulation of cellular functions, and evasion of the host
defenses. The gag gene encodes viral proteins involved in the structure of the virus. The pol gene
encodes viral proteins critical for replication and integration of provirus into the host genome. The env
gene encodes proteins needed for viral attachment and fusion with target cells.

4.1. Glycosphingolipids and HIV Entry

Glycosphingolipids are also key players in HIV infection. HIV-1 infection of susceptible cells
involves fusion of the HIV membrane with the host cell membrane. This process involves interactions
between the viral gp120 and gp 41 envelope glycoproteins and CD4 and chemokine coreceptors
(CXCR4 or CCR5) on the host cell. Several studies have implicated glycosphingolipids in the fusion
process. Hug et al. demonstrated that glucosylceramide-derived glycosphingolipids found on
the target cell membrane are involved in the organization of gp120—-gp41, CD4, and chemokine
receptors into a membrane fusion complex [55]. Rawat et al. reported that expression levels of the
membrane ganglioside GM3 impact CD4-dependent viral fusion and infection [56]. Furthermore,
several glycosphingolipids (galactosylceramide, GD3, Gb3, and GM3) have been reported to bind to
the HIV gp120 envelope protein and contribute in some cases to the HIV infection of CD4 negative
cells [57-60]. Specifically, HIV-1 entry was impaired in human colonic cells (HT29; CD4 negative cells)
with a synthetic analog or a monoclonal antibody to galactosylceramide (GalCer) [60,61], implying
that GalCer is an alternative receptor for HIV replication entry. Similarly, antibodies to GalCer reduced
HIV infectivity andinternalization in two CD4-negative neural cell lines, U373-MG and SK-N-MC [58].
Altogether, these findings imply that glycosphingolipids contribute to HIV membrane fusion and can
serve as alternative receptors for HIV entry in some cells.
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4.2. Glycosphingolipids and HIV Budding

HIV particle assembly and budding takes place in the plasma membrane’s lipid rafts which
contain high levels of cholesterol, sphingolipid (sphingomyelin), and glycosphingolipids. Notably,
genetic analysis and lipid mass spectrometry showed that the HIV particle is enriched in sphingolipids
(sphingomyelin and dihydro sphingomyelin) and glycosphingolipids (hexosylceramide, GM3, GM2,
GM1) [62-65], implying that sphingolipids contribute to the biogenesis of infectious HIV particle
and are acquired during HIV budding. There is also increasing evidence that glycosphinolipids help
facilitate HIV'’s infection of macrophages. Indeed, multiple studies have shown that GM3, GM2, and
GML1 in HIV’s envelope interact with Siglec-1, a molecule that specifically binds to the sialyllactose
moiety in glycosphinolipids [64-66]. This interaction between glycosphinolipids and Siglec-1 captures
HIVs on macrophages, which might exist as a reservoir for HIV’s transmission to T cells.

5. Influenza Virus Propagation and Sphingolipids

Seasonal influenza epidemics are responsible for over 200,000 hospitalizations in the United States
and up to 500,000 deaths worldwide each year. Influenza A (IAV) is an enveloped virus possessing a
negative sense, single-stranded, segmented RNA genome. Eight RNA segments encode 11 different
viral proteins (Figure 5). The envelope spike glycoproteins HA and NA mediate viral entry and release,
respectively, and serve as antigenic determinants of the virus. M2 is proton-selective ion channel
involved in uncoating once the virus has entered the cell. Matrix protein (M1) forms a matrix under the
viral envelope which is critical for maintaining the integrity and shape of the intact viral particle. Each
segment of viral RNA is encapsulated with nucleocapsid protein (NP) and associated with the trimeric
polymerase complex (PB1, PB2, and PA), forming what are referred to as a viral ribonucleoprotein
complex (VRNP). Non-structural protein 1 (NS1) plays a critical role in evasion of host immunity.
Non-structural protein 2 (NS2) is involved in the export of newly synthesized vRNPs from the nucleus
to the cytoplasm for packaging.

The two classes of flu antiviral drugs include M2 ion channel blockers (e.g., amantadine and
rimantadine) and neuraminidase inhibitors (e.g., zanamivir, oseltamivir). Early administration of
these antivirals reduces disease symptoms, shortens the duration of illness, reduces hospitalization
rates, and reduces viral transmission [67,68]. However, replication of the IAV genome involves a high
error rate (1073 to 10~* substititution per genome) [69,70], resulting in the frequent accumulation of
amino acid changes in IAV proteins. These changes enable IAV to evade host immunity acquired by
prior exposure or vaccination and is the reason why IAV vaccines must be reformulated annually.
Additionally, these amino acid changes may allow the virus to develop resistance against currently
available antiviral agents that target the activity of the flu NA protein. As such, novel antivirals against
influenza are critically needed.
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Figure 5. Organization of the Influenza A virus’s genome. The influenza A virus’s (IAV’s) genome
consists of eight segments of negative-sense, single-stranded RNA. Encoded by the genome are three
polymerase proteins (PA, PB1, and PB2), nucleoprotein (NP), and two envelope proteins (HA and NA).
The M and NS mRNAs can be alternatively spliced to yield M1 and M2, and NS1 and NS2 proteins,
respectively. Boxes indicate coding regions, sized relative to the other gene segments. Black lines at
each end represent the 3" and 5" untranslated regions. The total length of each segment (conding and
non-coding regions) in nucleotides (nt) is indicated. Figure adapted from Bouvier and Palese [71].

5.1. Sphingolipids and IAV Entry

The influenza virus’s envelope, derived from the host cell’s plasma membrane, consists of a lipid
bilayer decorated with the viral hemagglutinin (HA), neuraminidase (NA), and M2 proteins. The lipidome
of purfied IAV particles consists of glycerophospholipids and sterols (primarily cholesterol) [72,73].
Further, almost all sphingolipid classes were detected in the viral envelope [72]. Attachment and
entry into host cells requires interactions between the viral HA, concentrated in microdomains on the
viral envelope, and sialic acid residues present on the cell surface. These microdomains, paralleling
the lipids rafts present on the cell surface, are enriched with cholesterol and various sphingolipids,
including sphingomyelin and glycosphingolipids [74-76]. Residues in the transmembrane domain
and cytoplasmic tail of IAV HA are important for its association with lipid microdomains [75,76].
Disruption of these microdomains has an adverse effect on viral attachment. Sun and Whittaker
showed that pretreatment of IAV virions with methly-B-cyclodextrin to deplete envelope cholesterol
resulted in reduced viral fusion and infectivity [77]. Though not examined in their study, the authors
suggested that cholesterol depletion perturbed the organization of HA in envelope lipid microdomains.
Viral infectivity has been found to be reduced by approximately a thousandfold when HA fails to
associate with lipid microdomains [75]. Similarly, it is expected that depletion of the IAV envelope
sphingolipds would adversely impact IAV binding and infectivity.

5.2. Sphingolipids and IAV Replication

Following binding to host target cells, influenza virus enters the cytoplasm via receptor-mediated
endocytosis. The viral M2 ion channel protein allows the influx of protons into the virion, triggering
the release of viral ribonucleoproteins (vRNPs) into the cytoplasm. The vRNPs, made up of viral
negative-stranded RNA, viral NP, and the viral RNA polymerase complex, then travel to the nucleus for
transcription and replication of the influenza virus genome. Research suggests that products derived
from sphingolipids are involved in influenza virus’s genome replication. Seo et al. [78] found that
cells infected with influenza virus possessed increased levels of the enzyme sphingosine kinase (SK1),
which converts sphingosine into sphingosine 1-phosphate (S1P). The authors further showed that
inhibition of SK1 impaired viral RNA synthesis and the subsequent nuclear export of newly generated
vRNPs. Similarly, it was demonstrated that SK1 is critical for the nuclear export of viral proteins (NP,
NS2, and M1) involved in transporting vVRNPs from the nucleus to the cytoplasm [79].

5.3. Sphingolipids and IAV Egress

Like several other enveloped viruses, influenza uses “raft-like” microdomains on the cell surface
as platforms for viral assembly. Newly synthesized HA and NA concentrate in microdomains enriched
for sphingomyelin and cholesterol [76,80-82]. Tafesse et al. [12] showed that perturbation of host
sphingomyelin biosynthesis adversely impacted the trafficking of influenza virus HA and NA to the
cell surface, which in turn impaired viral maturation, budding, and release. Additionally, though
abbreviated treatment with methyl-3-cyclodextrin at the late stages of infection was found to increase
the release of viral particles from infected MDCK cells, the infectivity of the released particles was
significantly reduced, as their envelope possessed lower contents of cholesterol and disrupted raft
microdomains [83].
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6. Conclusions

The role of sphingolipids and glycosphingolipids has been overlooked for many years in viral
infection due to the difficulty of detecting or measuring these lipids. However, with the advent of
lipid mass spectrometry, it is now possible to accurately determine the level of sphingolipids and
glycosphingolipids in virus-infected cells and virus particles. Recent findings clearly imply that many
enveloped RNA viruses have evolved to leverage sphingolipids and/or glycosphingolipids to enter
target cells, replicate their genome, or form new virus particles enriched with these lipids (Figure 6).

Despite differences in the viral proteins and corresponding host cell receptor(s), the presence
of sphingolipids in the envelopes of HCV, flaviviruses, HIV, and IAV appears critical for the proper
organization of viral envelope proteins within microdomains to facilitate viral entry. Correspondingly,
cell surface receptors required for viral adsorption and subsequent entry are concentrated in
sphingolipid-rich microdomains present on host cell membranes, with sphingolipid itself serving
as an alternative receptor for some viruses (e.g., HIV). Several of the viruses (e.g., HCV and DENV)
discussed utilize specialized sites for genome replication. The trafficking of viral genomes and
required replication platforms appear dependent on vesicular networks which involve lipid moieties,
including sphingolipids. Lastly, the morphogeneses and egressions of the viruses discussed require the
trafficking and assembly of components to budding sites on host membranes enriched for sphingolipids.
Continued research is needed to ascertain the role of sphingolipids in the pathogenesis of these viruses
and other enveloped RNA viruses.

Sphingolipids and glycosphingolipids are critical for membrane integrity and depleting them
can have deleterious impact on distinct tissues or organs. However, minor changes in host
glycosphingolipids can have a much greater impact on viruses that need them for successful infection.
Hence, there is a need to develop more pharmacological inhibitors targeting sphingolipid and
glycosphingolipid metabolic pathways. These inhibitors have the potential for a broad-spectrum
antiviral activity. In addition, they can be combined with existing antivirals to increase their effectiveness
and reduce the cost of these drugs.

—— HV
Influenza
= Flavivirus and HCV

SM, GSL

SM, GSL
Chol

Figure 6. Sphingolipid involvement in the infection cycle of clinically important viruses. The three
lines indicate the steps involved in the replication of HCV and flaviviruses (red), HIV (green), and
influenza virus (yellow). Reported roles for lipids (sphingomyelin [SM], glycosphingolipids [GSL],
and/or cholesterol (Chol)) in the lifecycle of each virus are indicated.
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Abstract: Successful in vivo infection following pathogen entry requires the evasion and subversion
of multiple immunological barriers. Antimicrobial peptides (AMPs) are one of the first immune
pathways upregulated during infection by multiple pathogens, in multiple organs in vivo. In humans,
there are many classes of AMPs exhibiting broad antimicrobial activities, with defensins and the
human cathelicidin LL-37 being the best studied examples. Whereas historically the efficacy and
therapeutic potential of AMPs against bacterial infection has been the primary focus of research, recent
studies have begun to elucidate the antiviral properties of AMPs as well as their role in regulation of
inflammation and chemoattraction. AMPs as therapeutic tools seem especially promising against
emerging infectious viral pathogens for which no approved vaccines or treatments are currently
available, such as dengue virus (DENV) and Zika virus (ZIKV). In this review, we summarize
recent studies elucidating the efficacy and diverse mechanisms of action of various classes of AMPs
against multiple viral pathogens, as well as the potential use of human AMPs in novel antiviral
therapeutic strategies.

Keywords: human antimicrobial peptides; antiviral strategies; defensins; cathelicidins; hepcidins;
transferrins

1. Introduction

Found in virtually all organisms, antimicrobial peptides (AMPs) are short, positively-charged
oligopeptides that exhibit a diversity of structures and functions. AMPs are a fundamental component
of the innate immune system and play a vital role in the initial immune response generated against both
injury and infections. AMP-mediated immune responses are rapidly activated following infections as
AMPs are primarily synthesized and stored in cells of myeloid origin and epithelial cells, among the
first responders to infections. AMPs are expressed in a wide variety of tissues including skin, eyes,
oral cavity, ears, airway, lung, female reproductive tract, cervical-vaginal fluid, intestines, and urinary
tract [1,2]. The majority of AMPs are synthesized as large polyprotein precursors, the proteolytic
processing of which releases active peptide segments which can be present alone or in multiple copies.
Removal of signal peptide may be a post-translation or a co-translational process. Processed functional
peptides have been characterized into many classes in mammals; in humans, they include defensins,
cathelicidins, transferrins, hepcidin, human antimicrobial proteins, dermcidin, histones, AMPs derived
from known proteins, chemokines, and AMPs from immune cells, antimicrobial neuropeptides, and
Beta-amyloid peptides [3]. While all of the AMPs classes have been shown to possess antimicrobial
activity, only a few classes have demonstrated antiviral properties.

A defining feature of AMPs is their rapid response to infections of bacteria, viruses, fungi, or
protozoa [1,4]. Exhibiting inhibitory and immunomodulatory properties, AMPs have been intensively
studied as alternatives to antibiotics in bacterial infections and in recent years have gained substantial
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attention as viral therapeutics [5]. Here we report on the application of human AMPs in the treatment
of viral infections.

2. Defensins

2.1. Expression

Highly abundant and widely distributed, defensins modulate immune responses thereby playing
a central role in innate immunity [6-8]. Defensins are classified into three subgroups: «, 3 and 6.
Although humans do not produce functional members of the 6-defensin family of AMPs, expression
of 0-defensin mRNA has been observed in humans. The 0-defensin mRNA contains a pre-mature
stop codon which prevents translation; however, functional 6-defensins are present in non-human
primates [9]. To date, six x-defensin and 31 B-defensin peptides have been identified in various
species [9]. Originally isolated from neutrophils, four of the six distinct a-defensins are termed human
neutrophil peptides (HNP-1 through 4). They are also produced by myeloid-lineage cells such as
macrophages, natural killer (NK) cells and some classes of T and B-cells. x-defensins 5 (HD5) and 6
(HD6) are expressed in epithelial cells in the small intestine [6,8-10]. The B-defensin family of AMPs
is commonly expressed in birds and mammals. In humans, three $-defensins (HBD-1 through 3)
have been fully characterized and a fourth, HBD-4, was recently identified. 3-defensins are primarily
expressed by epithelial cells and keratinocytes, but can also be produced by neutrophils, macrophages,
mast cells, NK cells, dendritic cells, and lymphocytes [6-8,10]. Current data suggest a functional
redundancy when comparing the efficacy of o and 3 defensins against various pathogens [11].

Defensins are defined by the presence of a conserved spacing pattern comprised of cysteine residues,
which is critical for the efficacy of their cationic antimicrobial properties [9,12]. Human «-defensins
are composed of 29 to 34 amino acids with an overall positive charge [9,12,13]. Defensins exhibit
a characteristic 3-sheet structure with a distinctive six-cysteine motif for which stabilization is a
consequence of the presence of three intramolecular disulfide bonds. The a-defensins are synthesized
as pre-propeptides consisting of a N-terminal signal sequence, an anionic pro-peptide, and a C-terminal
mature peptide comprised of approximately 30 amino acids. HNP1, HNP2, and HNP3 are synthesized
by promyelocytes and stored in primary neutrophil granules as mature peptides [10]. In contrast,
[-defensins have a short N-terminal pro-region and can retain antimicrobial activity in full-length
form, and; therefore, do not require N-terminal processing to be fully active [14]. They are synthesized
in epithelial compartments and can range from 38 to 42 amino acids in length.

2.2. Antiviral Activity of Defensins

The antiviral activity of defensins was first reported in 1986 [10]. Since then, defensins have
demonstrated protection against human immunodeficiency virus (HIV), influenza A virus (IAV),
human adenovirus (HAdV), severe acute respiratory syndrome coronavirus (SARSC), papillomavirus
(HPV), respiratory syncytial virus (RSV), and herpes simplex virus (HSV) [5,10,15-18]. Recent studies
have focused on elucidating the multiple mechanisms associated with defensins’ antiviral activity
(Table 1). Defensins can block viral infection through direct action on virus particles or interfere
indirectly at various stages of the viral life cycle [10,18]. Available data suggest antiviral activity occurs
predominantly at viral entry steps; however, antiviral effects at other stages of infection have also been
reported, particularly affecting viral trafficking within infected cells [19]. Defensins can also modify the
innate immune response to viral infections, including: modulation of T-cells, macrophage and dendritic
cells recruitment to sites of infection, wound healing and angiogenesis, differentiation and maturation
of dendritic cells, induction of the production of pro-inflammatory cytokines by macrophages, mast
cells, and keratinocytes, and regulation of cell death pathways [9]. For example, HBD-3 can suppress
activation of the caspase cascade to prevent apoptosis in infected cells [20]. Similarly, the concentration
of HNPs released into the microenvironment upon activation of neutrophils during inflammation
exerts a differential effect on cytokine production in activated monocytes [19]. HNP concentrations of 1
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to 10 nM can upregulate the expression of tumor necrosis factor o (TNF-«) and interleukin-1f3 (IL-1$3),
whereas concentrations of 10 to 100 uM are cytotoxic to monocytes.

2.3. Adenovirus

Human adenovirus (HAdV) is a non-enveloped double-stranded DNA virus that is capable
of infecting the respiratory, gastrointestinal, ocular, and excretory systems in humans. There are
approximately 80 recognized HAdV serotypes, subdivided into species A-G [21,22]. Currently there
are only a limited number of HAdV therapeutic strategies and vaccines available to treat HAdV
infections. Alpha defensins have demonstrated an ability to hinder HAdV infections in vitro [21,23].
HD?5 reduces HAdV replication by 95% when cells are exposed to the peptide (ICs5p = 3—4 uM) prior to
infection, and by 50% when peptide is added 30-60 min post inoculation, suggesting that inhibition
occurs at an early stage during viral infection [21]. Additional studies have shown that direct binding
of HD5 (10 uM) to HAdV particles prior to infection prevents the release of internalized viral particles
from endosomes [24]. Subsequently, viral particles appear to colocalize with lysosomes indicating
altered viral trafficking following infection as a consequence of HD5 binding [24]. These findings
suggest defensins’ antiviral activity against HAdV results in blockage of HAdV uncoating and genome
exposure [24]. In addition, HD5 antiviral activity is species specific; pre-treatment with 15uM HD5
decreased HAdV infectivity of subspecies A-C and E, while infectivity of HAdV subspecies D and F
demonstrated no change [23]. The cause of species specificity of HD5 activity is yet to be determined.

2.4. Influenza A Virus

During the early infiltrate in influenza A virus (IAV), neutrophils predominate in infected airways,
highlighting their importance in initiating immune responses against IAV [13]. Defensins are; thus,
likely to interact with IAV. Neutrophil extracellular traps (NETs) displaying HNPs are formed in vivo
and in vitro in response to IAV infection [13]. Cells incubated with defensins pre- or post-infection
demonstrated minimal inhibitory activity against IAV, whereas incubation of HNPs with virions
prior to infection is necessary for the antiviral activity of these AMPs against IAV (e.g., HNP1
ICsp < 2 pg/mL [25]) [13,26]. In addition, the binding activity of defensins against IAV is increased by
formation of multi-molecular assemblies of defensins, which may be responsible for pore formation in
the IAV envelope, thereby destabilizing virions prior to receptor binding and cellular entry [13].

Expression of 3-defensins HBD1, HBD2, and HBD3 has been reported in various epithelial cell
tissues, with each 3-defensin demonstrating a unique expression induction profile in response to IAV
infection [13]. However, HBD1 and HBD2 have also been detected in monocytes, macrophages and
monocyte-derived dendritic cells (DCs), and possess strong neutralizing activity against multiple IAV
strains [10,13]. HBDs exhibit low potency as direct inhibitors of IAV virions, but are speculated to
play important immunomodulatory roles by limiting inflammation during IAV infection [13]. While
the exact sequence of immunomodulatory events is yet to be determined, it has been reported that
deletion of the HBD1 analog in mice resulted in a more serious inflammatory reaction to IAV [13,27].
In addition, HBD3 has demonstrated strong anti-inflammatory effects in cells stimulated with 50 ng/mL
lipopolysaccharide (LPS), confirmed by the inhibition of expression of inflammatory mediators such
as (TNF-«) [28]. Conversely, a-defensins inhibit IAV replication in infected cells. Pre-incubation of
virions with HNP-1 (25 ug/mL) is capable of reducing the replication of IAV strain HIN1 by 10- to
1000-fold in multiple cell lines when compared to replication in untreated cells [29]. Similarly, HNP-1
and 2 can reduce infectious virus of the Phil82 strain of IAV by 85% to 90% in various cell lines [26].

2.5. Human Immunodeficiency Virus

Defensins demonstrate antiviral activity against human immunodeficiency virus (HIV), mediated
by direct virus-peptide interaction and/or inhibition of viral genome replication. Inhibition mediated by
the direct binding of defensins with HIV virions is attributed to interactions between positively-charged
HNPs and negatively-charged moieties of the HIV envelope glycoprotein gp120. HNP1, HNP2, and
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HNP3 function as lectins by directly blocking the interaction of gp120 and the HIV receptor CD4.
However, the exact mechanism of this interaction is not well characterized [10,13]. HNP-1 can also
interfere with critical steps in the HIV replication cycle [30]. HNP-1 inhibits protein kinase C signaling,
which is important for the transcription and nuclear import of the HIV genome [31]. HD5 exhibits a
robust dose-dependent (IC5p = 400 nM) suppression of HIV-1 replication in absence of serum when
pre-incubated with virions [32]. HD5 also blocks HIV-1 infection at a step prior to viral entry [32]. HD5
competitively binds to the CD4 receptor in a dose-dependent manner against HIV, thereby blocking
HIV entry into target cells [32]. Interestingly, in contrast to HNP1, HNP2, HNP3, and HD5, HNP4 does
not interact with CD4 or HIV gp120 [13]. HNP4 inhibits HIV replication with greater effectiveness
than HNP1, HNP2, and HNP3, but it is unclear whether efficacy of HNP4 is mediated only through a
direct effect on virions or also on host processes that ultimately affect viral replication.

{-defensins can also exert antiviral activities against HIV. Expression of HBD2 and HBD3 can be
induced by microbial products such as endotoxins, viruses, bacteria, and pro-inflammatory cytokines
such as TNF and IL-13 [13]. Expression of HBD2 and HBD3, but not HBD1, mRNA can be induced by
HIV in human oral epithelial cells. HBD2 inhibits the formation of early HIV transcript products but
does not affect cell—cell fusion [10].

2.6. Herpes Simplex Virus

Alpha and p-defensins can exhibit anti-HSV properties [33]. HNP-1-4 and HD6 inhibit HSV
binding to its target receptor by directly interacting with either the HSV glycoprotein or by binding to
heparan sulfate (HS), thereby preventing viral entry [8,33]. HBD3 binds either the HSV receptor or
the HSV glycoprotein, thereby eliciting a stronger inhibition of viral entry. Furthermore, treatment
of infected cells with defensins post-infection results in substantial reduction in viral replication,
indicating that these peptides can exhibit post entry antiviral effects [33]. In addition, studies exploring
HNP-1-3 have demonstrated their ability to reduce intracellular HSV protein transport and expression
during infection [34]. HNP-1 (100 ug/mL) exhibits the greatest antiviral potential against HSV, reducing
HSV titers up to 100,000-fold upon a combination of pre- and post-treatment of infected cells as
compared to HNP-2 and HNP-3 (100 ug/mL), which can reduce titers by up to 100-fold following
treatment [33].

2.7. Respiratory Syncytial Virus

The antiviral effects of human defensins against RSV are relatively unexplored. A study assessing
leukotriene B4 (LTB4) stimulation of nasal neutrophil activity highlighted x-defensins as a possible
source of antiviral activity against RSV [35]. Cells pre-treated with HBD-2 (4 pug/mL), can reduce
RSV viral titers 100-fold following infection [36]. Electron microscopy images revealed damage to the
lipid envelope of RSV following HBD-2 treatment, suggesting that defensins destabilize RSV virion
envelopes, thereby inhibiting viral cellular entry [36]. The use of defensins in anti-RSV therapies may
also limit viral evolutionary strategies that counters antiviral activities, due to the difficulty of changing
the viral envelope lipid composition [37]. The evolutionary longevity of defensins suggests this to be
a favorable strategy, making defensins an attractive therapeutic candidate for the treatment of RSV
infections [16].

2.8. Human Papilloma Virus

Most a-defensins possess some level of anti-human papilloma virus (HPV) activity, with HD-6
being a notable exception [38]. Due to their low toxicity and high efficacy, HNP-1 and HD-5 have
been most frequently tested as anti-HPV candidates. Recent studies have focused solely on HD5 as
it is secreted by epithelial cells in the genitourinary tract. The antiviral activity of HNP-1 and HD5
(5 ng/mL) against HPV is time-independent, with robust inhibition even when peptides are introduced
to cells six hours post infection in vitro [38]. Employing immunofluorescent confocal microscopy, the
authors demonstrated that the peptides do not inhibit viral entry but rather prevent virion escape
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from cytoplasmic vesicles [38]. During the course of HPV entry, cleavage of HPV L2 capsid protein by
furin, a cellular protease, is required for successful infection [39]. HD5 directly disrupts this proteolytic
processing step, thereby preventing HPV genome escape from endosomes [39]. Interestingly, the use of
a furin-cleaved HPV does not result in abrogation of HD5 activity. HD5 can still block HPV infection
by preventing viral capsid dissociation from the genome, and by reducing viral trafficking within the
host cells [40]. These results indicate that x-defensins, particularly HD5, demonstrate robust anti-HPV
activity by targeting multiple steps during viral life cycle.

3. Cathelicidin, LL-37

3.1. Expression

Cathelicidins are peptides with a conserved 100-amino-acid cathelin domain, a protein sequence
first identified in porcine leukocytes that is capable of inhibiting the protease cathepsin-L [9].
Cathelicidins are typically linear peptides that fold into amphipathic «-helical structures which
are frequently cleaved from the highly variable C-terminal antimicrobial domain [12]. In humans,
cathelicidin is produced by a vitamin D-dependent antimicrobial pathway [41]. Although there are
multiple cathelicidins found in nature, humans only express a single cathelicidin, known as human
cationic antimicrobial peptide 18 (hCAMP-18), hCAP18, or LL-37. LL-37 was identified and isolated
in 1995 from neutrophils [1,42]. Like x-defensins, cathelicidins are synthesized as pre-propeptides;
following proteolytic removal of the signal peptide, the inactive propeptide is tagged for storage in
neutrophil granules. The active cationic molecule is generated by cleavage of the C-terminus end of
the hCAP18 precursor protein yielding a linear 37-amino-acid-long peptide [1]. The name hCAP18
alludes to the molecular weight of the polypeptide (18 kDa) and the cationic character of the structure,
whereas LL-37 refers to the 37 amino acid length of the peptide along with a Leu-Leu motif located at
the N-terminus [1]. The peptide can also be produced in epithelial cells and may play an important role
in the initial immune response to various pathogens [10,11]. In epithelial skin cells, LL-37 is further
cleaved into shorter segments exhibiting potent antimicrobial activity [43]. LL-37 is also produced by
monocytes, NK cells, mast cells, B cells, colon enterocytes, and keratinocytes [1], and has been detected
in numerous tissues and biological fluids such as sweat, breast milk, wound fluid, vernix, tracheal
aspirates of newborns, and seminal plasma [9]. The concentration of LL-37 and its precursor in tissues
and body fluids can range between 2 and 5 pg/mL (0.4-1 uM); however, concentrations can increase
up to 20 ug/mL (2.2 uM) during infections in bronchoalveolar fluid [44]. In nasal secretions LL-37
concentrations can vary from 1.2-80 ug/mL [44]. The expression of LL-37 is regulated by a number
of endogenous factors including pro-inflammatory cytokines and growth factors such as the active
form of vitamin D [1]. LL-37 functions as a chemoattractant for neutrophils, monocytes, dendritic and
T-cells and is rapidly released by epithelial cells and leukocytes following infection [11,45]. LL-37 can
stimulate IL-6 production in human dendritic cells and may act as both an anti and pro-inflammatory
factor during the immune response to various infections [45]. Individuals with cathelicidin deficient
neutrophils display an increased susceptibility to infection [11].

3.2. Antiviral Activity

The antiviral activity of LL-37 has been reported against a number of viruses including HIV-1,
IAV, RSV, rhinovirus (HRV), vaccinia virus (VACV), HSV, ZIKV, and hepatitis C virus (HCV), mediated
primarily by its interaction with the virus outer envelope (Table 1) [18,41,43,46]. LL-37 is proposed to
remove the outer membrane of viruses in a single event during an antimicrobial attack rather than a
gradual piece-by-piece removal [37]. This suggests a carpet model of antimicrobial peptide action,
wherein a susceptible membrane remains intact until a threshold concentration of peptide is reached,
following which a rapid disintegration of the targeted membrane occurs [47,48].
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3.3. Influenza A virus

LL-37 therapeutic activity against influenza type A virus has been demonstrated in vivo and
in vitro. It is likely that in vivo, IAV encounters LL-37 in the respiratory tract following innate immune
responses against the virus and is secreted from neutrophils, macrophages, and epithelial cells [44,49].
Early studies assessed the antiviral activity of LL-37 in vivo using a mouse IAV strain [50]. Mice
were nebulized with LL-37 (500 pug/mL) a day prior to infection with a lethal dose of IVA PR/8 mouse
strain and survival and weight loss were monitored for 14 days following infection [50]. Initially, all
mice exhibited weight loss, but weight loss ceased at day seven in mice treated with LL-37 or the
IAV antiviral zanamivir. Mice treated with LL-37 and zanamivir exhibited 60% survival compared
to the untreated group which succumbed to infection by day nine suggesting that therapeutic use of
LL-37 reduces IAV infection severity in a manner comparable to zanamivir [50]. LL-37 also decreased
expression of inflammatory cytokines particularly IL-1$3, granulocyte-macrophage colony-stimulating
factor (GM-CSF), keratinocytes chemoattractant (KC), and the chemotactic cytokine known as regulated
on activation normal t-cell expressed and secreted (RANTES), in bronchoalveolar lavage fluid in
mice infected with PR/8 at two days following LL-37 treatment as determined by immunoassay
demonstrating the immunomodulatory properties of LL-37 [50]. In vitro plaque assays demonstrated
one log inhibition of PR/8 when virus was pre-incubated with LL-37 (50 ug/mL) in Madin-Darby canine
kidney (MDCK) cells [50].

During IAV infection, in vitro LL-37 treatment did not prevent viral uptake, cause viral aggregation,
and was not associated with blocking of hemagglutinin (HA). Interestingly LL-37 inhibits IAV replication
at post-entry steps prior to viral RNA or protein synthesis [44]. A reduction in viral load, direct
antiviral effects in epithelial cells, and inflammatory cytokine production have all been linked to LL-37
activity [49]. LL-37 inhibits the NY01 strain of IAV with a significant reduction in uptake of virus into
cells, and in a manner dependent on dosage [44,49]. For optimal anti-IAV activity the central helix of
LL-37 is required, as evident by fragments of LL-37 containing the complete central sequence of the
peptide demonstrating more robust antiviral responses as compared to fragments with shorter central
fragments. At a concentration of <2 M, NY01 was only partially inhibited; however, this inhibition
was surprisingly lost at higher concentrations of LL-37 [44]. A strain containing only the pandemic
HA (Mex 1:7); however, was inhibited by LL-37 at all concentrations tested (up to 10 uM). Consistent
with previous studies, these results suggest the antiviral effects of LL-37 are not determined by direct
interaction of LL-37 with the viral HA [44].

Experimental data also demonstrates the participation of LL-37 in host defenses against IAV
through modulation of innate immune cells, particularly neutrophils. IAV infection induces a respiratory
burst response in neutrophils, and this response is noticeably up-regulated by pre-incubation of LL-37
with TAV [49]. LL-37 alone does not stimulate this respiratory burst response; however, optimal
enhancement of this antiviral response is achieved only when the virus is pre-incubated with LL-37 [49].
Furthermore, there is growing evidence that NET formations play an important role during IAV
infections [49]. Recently, in vivo studies have provided evidence of NET formation in the lungs of
[AV-infected mice [51]. On the other hand, in vitro evidence of binding of IVA to NETs suggests
LL-37 induces an increase in NET formation in response to IAV, which may promote viral clearance
in vivo [49,51]. Data also suggest that significant protection against IAV may be provided by therapeutic
treatment of influenza infected individuals with LL-37 or by increasing natural cathelicidin expression
in the IAV-infected lung [11]. Hence, to maximize anti-IAV functions, approaches, such as therapeutic
administration of naturally-occurring cathelicidins, as well as increasing vitamin D levels to boost
endogenous cathelicidin have been proposed [11].

3.4. Human Immunodeficiency Virus

Earlier studies provided evidence of LL-37 ability to protect against HIV-1 infection given epithelial
expression of LL-37, including in peripheral blood mononuclear cells such as CD4+ T-cells in vitro [52].
LL-37 directly inhibits the activity of HIV-1 reverse transcriptase via a protein—protein interaction in a
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dose-dependent manner (IC5p = 15 uM) [9,53]. Inhibition of HIV-1 protease activity with LL-37 has
also been reported; however, this activity is less potent when compared to inhibition of HIV-1 reverse
transcriptase (20%-30% inhibition at 100 uM). In addition, the plasma levels of LL-37 in HIV positive
individuals undergoing antiretroviral therapy (ART) are much higher than in patients who are not,
corresponding with an increased susceptibility to secondary infections in patients not undergoing
ART [54].

3.5. Dengue Virus

To date, little research has been performed to characterize the antiviral activity of LL-37 against
DENV. However, a recent study demonstrated that treatment of dengue virus 2 (DENV-2) with
LL-37 inhibits viral infection in green monkey kidney (Vero) cells. Incubation of virus with LL-37
(10-15 pM) prior to infection inhibits production of viral particles, whereas pre-treatment of cells
with LL-37 demonstrates no effect on viral replication [43]. Molecular docking studies of DENV-2 E
protein have revealed the direct binding of LL-37 with E2 protein moieties, further demonstrating
the peptide’s ability to act as an entry inhibitor [43]. A more recent study assessed truncated and full
length variants of LL-37 against other serotypes of DENV which revealed the inhibitory properties
of LL-37 required the full length peptide [55]. In comparison to DENV-2, DENV-4 required higher
concentrations of LL-37 for inhibition with effect being not as potent as with the former. DENV-1 and
DENV-3 inhibition however, was prominent at lower concentrations of LL-37 [55]. A recent study
using DENV-2 infected keratinocytes has demonstrated the production of AMPs by infected cells as
well as bystander cells [56]. Pre-incubation of cells with LL-37 prior to DENV-2 infection results in a
significant decrease in viral titers and replication in infected keratinocytes, whereas HBD2 and HBD3
demonstrate minimal inhibition [56]. Additionally, as vitamin D is an inducer of LL-37 expression,
supplementation of populations with vitamin D prior to DENV outbreak seasons has been suggested
as a possible preventative strategy to control the virus at initial stages of infection [43].

3.6. Respiratory Syncytial Virus

A few studies have demonstrated the efficacy of LL-37 against RSV [11,57]. Cells pre-incubated
with LL-37 (>10 pg/mL) are protected against RSV infection whereas addition of LL-37 two hours
post-infection results in decreased antiviral activity [57]. Additionally, LL-37 can limit viral-induced
cell death in infected cell cultures indicating that the peptide’s activity is not limited to prophylactic
treatment. Treatment of epithelial cells with LL-37 prior to infection results in peptide internalization
and retention, which provides antiviral protection for several hours post-treatment [57]. Furthermore,
RSV infection induces the production of cytokines and chemokines in lungs. LL-37 (50 ug/mL) can
impact the expression of chemokines as well as viral load when pre-incubated with RSV [11]. While the
exact mechanism of the antiviral activity of LL-37 against RSV is not well established, it is speculated
that the peptide directly interacts with the virus prior to infection due to its dose-dependent early
effects on RSV infection. Interestingly, children with lower cathelicidin levels are more susceptible to
RSV infection and display an increase in the severity of RSV-associated bronchitis [58].

3.7. Human Rhinovirus

Human rhinoviruses (HRVs) are causative agents of the common cold and most viral respiratory
tract infections. As respiratory epithelial cells are the primary targets of HRV infection, studies
evaluating the efficacy of LL-37 on HRV have utilized airway epithelial cells. LL-37 (50 pg/mL)
demonstrates direct antiviral activity against HRV when added as a pre-treatment by acting on
viral particles, and when added post infection by acting on the host cell [59]. LL-37 can induce a
significant reduction in the metabolic activity of infected cells, as measured by mitochondrial metabolic
potential [59]. Studies evaluating HRV in cystic fibrosis cells have revealed that expression of LL-37
decreases HRV viral load in vivo [60]. Thus, LL-37 reduces HRV infections in respiratory cells as well
as in cystic fibrosis cells.
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3.8. Vaccinia Virus

Vaccinia virus (VACV) is a DNA virus that can infect many types of mammalian cells. LL-37
limits VACV replication and can alter viral membranes [61]. VACV gene expression and viral titers are
reduced in a dose-dependent manner in cells pre-incubated with LL-37(25-50 pM) [61]. Transmission
electron microscopy images have shown a disruption in the integrity of VACV viral membrane after
24 h incubation with LL-37. Whereas murine LL-37 has demonstrated great efficacy and protection
against VACV during infection, the efficacy of human LL-37 against VACV is unknown [61].

3.9. Herpes Simplex Virus

Few studies evaluating the efficacy of LL-37 against HSV-1 have been performed, all of which
assessed LL-37 inhibition of HSV-1 in the context of a corneal infection [62]. LL-37 (500 ug/mL) can
inhibit HSV-1 infection when pre-incubated with virions in vitro [62]. LL-37 reduces viral titers in
corneal epithelial cells by more than 100-fold when compared to a scrambled LL-37 control [62].
Another study evaluating the anti-HSV-1 activity on corneal implants assessed the release of LL-37
delivered through corneal implant-incorporated nanoparticles [63]. Whereas LL-37 did not clear
viruses from infected cells, it blocked HSV-1 infection in corneal epithelial cells by preventing viral-cell
attachment [63]. These studies reinforce the mechanism of LL-37 antiviral activity as entry inhibition.
Interestingly, LL-37 released from HSV-1 infected keratinocytes can also enhance HIV-1 infection [64].
This study measured the susceptibility of Langerhans cells (LC) to HIV-1 and implicates LL-37 in
increasing HIV-1 cell receptor counts, resulting in increased HIV-1 infection [64]. While there are
numerous studies linking a decrease in HIV-1 infection as a consequence of LL-37 or defensin treatment,
the difference in this activity of the AMPs is possibly attributed to different cell targets.

3.10. Zika Virus

Zika virus (ZIKV) is a positive-sense, single-stranded RNA virus that can cause fever, headaches,
rashes, joint pain, and myalgia in children and adults, and “microcephaly, ventriculomegaly, intracranial
calcifications, abnormalities of the corpus callosum, retinal lesions, craniofacial disorder, hearing loss,
and dysphagia” in neonates [65]. The emergence of ZIKV is a global concern since it is the first major
infectious disease that has been associated with birth defects in over five decades [66]. Currently, no
vaccines or treatments are available to prevent ZIKV infection [66]. He et al. [46] conducted a study to
determine whether LL-37 and synthetic derivatives can be used to treat ZIKV infection in primary
human fetal astrocytes [46]. Whereas LL-37 is toxic to these cells (ECsy = 20 M), an LL-37 derivative,
GF-17, can be safely used due to its lower toxicity (ECsp > 50 uM) [46]. Treatment of primary human
fetal astrocytes with 10 uM of GF-17 24 h after ZIKV infection results in a seven-fold decrease in the
number of ZIKV plaque forming units [46]. Pre-incubation of ZIKV between 1 and 4 h with GF-17
(10 uM), results in at least a 95% decrease in the number of active zika virions [46]. In addition to the
possibility of GF-17 directly interacting with ZIKV virions as a mechanism of antiviral activity, GF-17
increases interferon-«2 (IFN-«2) expression in a dose-dependent manner, which further impacts the
ability of ZIKV to infect primary human fetal astrocytes [46]. The study suggests that GF-17 may be a
possible option for the prevention and treatment of ZIKV infections [46].

3.11. Hepatitis C Virus

Hepatitis C virus (HCV) is a major worldwide health concern with possible severe outcomes
including cirrhosis, liver cancer, and even death if an infection is left untreated [67]. Whereas effective
antivirals against HCV infections exist, there is an unmet need for novel anti-HCV treatments that
can overcome current treatment barriers such as cost and access to healthcare [41,67]. LL-37 has
demonstrated anti-HCV properties in cell culture. HCV titers are significantly reduced when HCV is
pre-incubated with LL-37 and subsequently used to infect Huh-7 cells [41]. Although different strains
of HCV were utilized in this study, the antiviral effects of LL-37 are not associated or dependent on a
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specific HCV strain. Decrease in viral replication occurs in a dose-dependent manner [41]. Furthermore,
of LL-37 primarily acts against HCV extracellularly, consistent with the activity of LL-37 against other
enveloped viruses.

3.12. Venezuelan Equine Encephalitis Virus

Venezuelan equine encephalitis virus (VEEV) is an alphavirus that has been categorized as biothreat
agent due to ease of aerosolization and high retention of infectivity in the aerosol form [68,69]. Currently
there are no FDA approved therapeutics to combat VEEV infections. LL-37 has recently demonstrated
anti-VEEV activity in vitro [70]. A significant decrease in intracellular VEEV genomic RNA copies
was observed upon pre-incubation of LL-37 (10 pg/mL) and VEEV. Microscopy data revealed the
extracellular aggregation of VEEV virions, suggesting the mechanism of action of LL-37 against VEEV
is through direct interaction with viral particles, thereby inhibiting entry [70]. Pre-treatment of human
microglial cells with LL-37 prior to infection also resulted in a significant reduction in VEEV titers,
suggesting entry prevention is not the only mechanism of LL-37-mediated inhibition. Indeed, LL-37
increased the expression of type I interferon (IFN3), possibly inducing an antiviral state [70]. LL-37
could prove as a potent therapeutic candidate against VEEV and possibly other alphaviruses.

4. Transferrins

4.1. Expression

The most notable AMP exhibiting antiviral activity of the transferrin family of iron-binding
proteins is lactoferrin (LF), a multifunctional 80 KDa glycoprotein [71,72]. Originally discovered in
bovine milk, LF is highly conserved and can be found in humans, mice, and porcine species. It is
expressed in most biological fluids such as exocrine secretions (milk, saliva, fluids of digestive tract, and
tears) and in neutrophil granules [72,73]. LF serves as a key component of innate immune defenses and
demonstrates antimicrobial activity against a wide range of bacteria and viruses through direct action
on pathogen membrane and target host cell moieties as well as through modulation of inflammation
(Table 1) [72,74].

LF expression may be induced under hormonal control by epithelial cells in mammary glands
or at well-defined stages of cell cycle such as neutrophil differentiation [74,75]. LF structure consists
of a polypeptide chain that is characterized by a highly basic and positively-charged N-terminal
region [74,76]. The LF chain folds into two globular lobes linked by a three-turn alpha helix, with each
lobe containing an iron-binding site [77]. There is a strong interaction between the two lobes when
iron is bound, which renders LF resistant to proteolysis in this holo form as compared to an open apo
form [77]. In the stomach, acidic pepsin hydrolysis of the N-terminal of LF yields lactoferricin (Lfcin),
a 25-amino-acid peptide with multiple hydrophobic, positively-charged residues [74,76]. Lfcin retains
the properties of LF and demonstrates potent antiviral activity.

4.2. Respiratory Syncytial Virus

Early studies have demonstrated the direct anti-RSV activity of LF in vitro [78-80]. In HEp-2 cells,
LF (100 ug/mL) decreased the production of IL-8 induced by RSV infection when pre-incubated with
virions. This LF-mediated inhibition was dependent on LF-RSV interactions as LF inhibited RSV entry
into HEp-2 cells [79]. Pre-incubation of LF (100 ug/mL) with RSV resulted in decreased viral entry.
LF was found to inhibit RSV entry by directly binding to the F; subunit of the RSV F protein, which
mediates fusion of the virion with the cell membrane [79].

4.3. Influenza Virus and Parainfluenza Virus

Human and bovine LF have demonstrated anti-IAV activity. Bovine LF inhibits IAV-mediated
programmed cell death and directly binds viral hemagglutinin leading to inhibition of viral
hemagglutination [81-84]. Only a few studies; however, have evaluated the activity of human
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LF in the context of IAV infection. In Madin-Darby canine kidney cells, human LF (20-80 pg/mL)
demonstrated enhanced antiviral activity against avian IAV in a dose-dependent manner [85]. In
addition, bovine LF inhibited parainfluenza virus replication in vitro and decreased viral adsorption
onto cells, thereby preventing viral entry [86]. Together these results highlight the possible role of LF
in preventing influenza and parainfluenza virus infections.

4.4. Adenovirus

Lactoferrin-mediated anti-HAdV activity occurs at multiple stages during infection. In one
study LF inhibited HAdV replication during different phases of infection; when the peptide was
introduced before infection, after viral adsorption, and when the peptide was present throughout
the experiment, indicating more than one mechanism of action may be involved [87]. Bovine LF has
also demonstrated anti-HAdV properties in a dose-dependent manner similar to human LF [87-89].
Bovine LF demonstrated the greatest inhibition when virus was pre-incubated with LF (1 mg/mL),
which was validated by electron microscopy imaging the binding of LF to HAdV, thus suggesting
direct LF inhibition as a mechanism of action [89], In contrast, human LF in tear fluids was implicated
in promoting HAdV binding to epithelial cells, whereby HAdV hijacks human LF and utilizes the
protein in order to bind to host cells [90].

4.5. Herpes Simplex Viruses 1 and 2

Studies assessing inhibition of HSV-1 have revealed the potency of LF at inhibiting replication of
the viruses. LF (0.5-1 mg/mL) inhibited HSV-1 replication in human embryo lung cells and prevented
virus adsorption and entry [91]. Marchetti et al. also demonstrated the ability of bovine and human
LF to inhibit HSV-1 replication and adsorption in Vero cells independent of iron-binding [92,93].
Furthermore, intracellular trafficking of virions that gained entry was delayed [94]. Similar inhibitory
properties were displayed by Lfcin when the peptide was tested against HSV-1 [94]. In addition,
cell-to-cell viral spread was inhibited by LF as well as Lfcin [95]. The data presented by these studies
demonstrate LF’s antiviral properties against HSV.

4.6. Hepatitis C and B Virus

Lactoferrin has demonstrated efficacy against HCV and HBV. Bovine LF can prevent HCV infection
in human hepatocytes and in turn was tested as a measure to control HCV viremia in chronic hepatitis
C patients [96]. However, LF only reduced HCV RNA in patients with previously low HCV RNA
serum concentration. Conversely, a randomized trial of bovine LF in patients with chronic hepatitis
C reported that orally-administered LF did not demonstrate significant efficacy against HCV when
compared to a placebo control [97]. Combination therapy using the antiviral molecule ribavirin,
LE and interferon therapy, on the other hand, suggested that LF contributed to decreased HCV
RNA titers [98]. These contradictory results suggest that while orally-administered LF may not be
a promising stand-alone therapeutic, it can enhance the effectiveness of currently used therapeutics.
Studies on the interaction of HCV and LF reported the direct interaction and binding of human and
bovine LF with the HCV envelope proteins E1 and E2 [99]. A more recent study concluded that LFs of
various species directly prevented HCV cell entry by binding to virions. Furthermore, pre-incubation
of virions or post-treatment of infected cells with human, bovine, sheep, or camel LF inhibited HCV
replication in human hepatoma (HepG2) cells, suggesting that LF may be used prophylactically as
well as therapeutically, particularly in combined therapies [100].

Pre-incubation of HBV with LF had no effect on viral replication; however, pre-treatment of cells
with human or bovine LF prevented infection [101]. Bovine LF did not interact with HBV but indirectly
protected cells from HBV infection [102]. In addition, iron or zin-saturated LF on HBV-infected HepG2
cells inhibited HBV-DNA amplification suggesting its use as a possible candidate for the treatment of
HBYV infections [103].
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4.7. HIV

Circulating LF plasma levels in HIV-1-infected patients was significantly decreased compared to
non-infected patients [104], suggesting an important role for LF during HIV-1 infection and disease
progression. Experiments assessing the role of LF in HIV-1 infection in peripheral blood mononuclear
cells revealed LF (IC50 = 9.6 uM) as a potent inhibitor of six clinical isolates of HIV-1in a dose-dependent
manner upon treatment of cells prior to infection [105]. Additionally, synergistic effects of human and
bovine LF were assessed in combination with zidovudine, which also demonstrated a dose-dependent
inhibition [105]. Bovine LF inhibited the HIV-1 entry process by binding to the viral envelope, and
HIV-1 variants resistant to LF exhibit mutations in the viral envelope protein [106]. Bovine LF was
found to be a more potent inhibitor than human LF in preventing dendritic cell-mediated HIV-1
transmission between cells by directly and strongly binding to DC-SIGN, a receptor molecule on
dendritic cells that mediates HIV-1 internalization [106].

In pediatric HIV-1 infections, LF enhanced responses to antiretroviral therapy by decreasing
plasma viral load and modulating the immune system [107,108]. LF treatment alone increased CD4+
cell counts, but a more significant increase was observed when LF was combined with antiretroviral
therapy [107]. Result suggested that no HIV-1-related symptoms were evident for the duration of the
experiments. However, large-scale studies are required in order to further assess LF’s therapeutic
potential against HIV.

4.8. Hantavirus

Hantavirus is a zoonotic RNA virus that causes severe human disease characterized by widespread
and extensive hemorrhaging [109]. In vitro studies have demonstrated that pre-treatment of Vero
cells with LF (ED5( = 39 ug/mL) significantly reduces Hantavirus foci number [110]. A combination
of LF and ribavirin also significantly reduced the number of viral foci where pre-treatment of cells
with LF (400 ug/mL), and treatment with ribavirin (100 pg/mL) post infection completely abolished
viral foci [109]. In additional synthesis of viral glycoprotein, G2, and nucleocapsid protein (NP) was
delayed in LF pretreated cells. In vivo testing revealed that prophylactic LF treatment (160 mg/kg)
can significantly improve survival rates following hantavirus infection in suckling mice by up to 70%
when compared with non-treated mice [109].

4.9. Human Papillomavirus

Human and bovine LF and Lfcin have been demonstrated to inhibit the internalization of
HPV-16 particles, as visualized using an HPV virus-like particle (VLP) that fluoresces after cellular
internalization [111]. This inhibition occurred in a dose-dependent manner on HaCaT cells [111].
Bovine LF-mediated inhibition was more potent than human LF. However, both LFs inhibited HPV-5
and HPV-16 [112]. Different synthetic derivatives or variants of human and bovine Lfcin demonstrated
selective inhibition of HPV, such that a human variant of Lfcin with amino acids 1 to 49 displayed
antiviral activity as well as inhibition of attachment of both HPV strains while the bovine variant
(17-42) only inhibited HPV-5 infection [112]. These results suggest that different domains of Lfcin
contain selective and specific antiviral properties which can be engineered to target specific infections
and viral strains.

4.10. Rotavirus

Rotavirus is one of the world’s major causes of gastroenteritis in children. As an effort to develop
anti-rotavirus strategies, milk proteins including apo-LF (25 uM) and Fe-LF were assessed for inhibitory
properties against rotavirus [113]. Results demonstrated apo-LF to be the most potent inhibitor of
rotavirus by binding to viral particles and hindering virus attachment as well as preventing rotavirus
hemagglutination [113]. A randomized trial; however, concluded that orally-administered LF did not
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provide protection against rotavirus infection [114]. This serves as an example that the pronounced
inhibition in vitro does not necessarily recapitulate the effects that occurs in vivo.

4.11. Other Viruses

Lactoferrin antiviral activity against other viruses including poliovirus, alphaviruses, DENV, and
Japanese encephalitis virus (JEV) has been studied. In Vero cells, iron-, manganese-, and zinc-saturated
LFs have demonstrated anti-poliovirus properties in a dose-dependent manner when LFs were present
either during the entire viral life cycle or during viral adsorption [115]. Against alphaviruses, human
LF (200 pg/mL) inhibited infection of BHK-21 cells by Sindbis virus (SINV) and Semliki Forest viruses
(SFV) adapted to bind heparan sulfate (HS) upon pre-treatment of cells prior to infection [116]. The
LF-mediated inhibition was thought to occur by binding of LF to heparan sulfate moieties, thereby
preventing virus—receptor interactions [116]. Bovine LF was tested against JEV and DENV, and was
capable of inhibiting replication of both viruses. In JEV, similar to alphaviruses, HS-adapted JEV strains
were inhibited by bovine LF, while wild-type strains were not [117]. Bovine LF inhibited binding of
DENYV to HS by directly interacting with HS. Additionally, morbidity of DENV-infected suckling mice
was reduced upon administration of a mixture of DENV and LF as compared to DENV-only-infected
mice [118].

5. Human Antimicrobial Proteins-Eosinophil Proteins

5.1. Expression

Eosinophils contain large cytoplasmic granules that play a critical role in innate immune
responses. These granules are storage hotspots for major cationic antimicrobial proteins including
eosinophil-derived neurotoxin (EDN) and eosinophil cationic protein (ECP). Both EDN and ECP
are human antimicrobial proteins that are active ribonucleases and members of the human RNase
A superfamily [119,120]. The antimicrobial properties of RNases were mapped to the N-terminal
domain that is conserved among ribonucleases [3]. While both proteins contain characteristic RNase A
superfamily structures and catalytic residues, they exhibit antimicrobial activity against both bacteria
and viruses (Table 1).

5.2. Respiratory Syncytial Virus

Eosinophil-derived neurotoxin (EDN), also known as RNase 2, has demonstrated inhibitory
activity against RSV in several studies. In one study, RSV infectivity decreased in a dose-dependent
manner when eosinophils were introduced to a suspension of RSV [121]. This property was abolished
upon addition of a ribonuclease inhibitor suggesting that an RNase was responsible for the antiviral
activity. At 50 nM, a plasmid-constructed recombinant human EDN exhibited a 40-fold reduction
in RSV infectivity [121]. A decrease in RSV genomic RNA copies as quantified by RT-PCR upon
incubation of EDN with virions suggests EDN ribonuclease activity directly targets extracellular viral
particles. EDN may contain unique features that help mediate its antiviral activity as ribonuclease A
alone has no effect on RSV infectivity.

Additionally, ECP, which is also known as RNase 3, has been detected in infants with acute
bronchiolitis following RSV infection [122]. ECP levels were significantly higher in infants who
developed persistent wheezing compared to those that do not after a five-year follow-up [122].
Additionally, while ECP was able to reduce RSV infectivity in the same suspension as EDN, ECP is
less effective when used to inhibit RSV alone, demonstrating only a six-fold reduction as compared to
EDN at a concentration of 50 nM [121]. Hence while ECP exhibits some inhibitory activity against RSV,
it is not sufficient in controlling infection as RSV infection itself induces the production of ECP with
no evident antiviral effects. Instead, the production of ECP in infants with bronchiolitis can be used
as tool in prediction the risk of wheezing cough development in those infants as higher ECP levels
correlate with wheezing cough development.
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5.3. HIV

In earlier studies, EDN did not demonstrate direct activity against HIV; However, it indirectly
induces the production of HIV-inhibiting molecules. Soluble factors produced by hosts such as
chemokines, interferons, RNases, and alloantigen-stimulated factors (ASF) have been reported to
inhibit HIV-1 replication or binding [123]. A test to determine the soluble HIV-1 inhibitory activity
utilized supernatants from mixed lymphocytes of healthy individuals that exhibit anti-HIV-1 activity.
While the supernatant exhibited anti-HIV activity, this activity was blocked with antibodies specific for
EDN by 58% [123]. Antibodies to RNase A had no effect on the anti-HIV-1 activity, thus ruling out its
involvement. In addition, an RNase inhibitor significantly blocked the inhibitory activity indicating
that EDN or a possible closely-related RNase is responsible for the HIV-1 inhibitory activity [123].
Later studies reported EDN and a recombinant EDN, containing a four amino acid extension of the
N-terminus of END, both exhibit anti-HIV-1 activity independent of time of addition, before, during,
or 2 h post infection [124].

6. AMPs from Immune Cells

6.1. Expression

Immune cells have the ability to produce AMPs such as the protease inhibitors elafin and secretory
leukocyte protease inhibitor (SLPI) [3]. Studies investigating AMPs produced by gamma-delta T
cells (yd T cells), recorded production of elafin [125]. Elafin is expressed in tissues such as skin,
placenta, genital and gastrointestinal tracts, as well as by cells including neutrophils, epithelial cells,
macrophages, and keratinocytes and thus can be found at many surfaces and in secretions [126].
Elafin is a 57-amino-acid single-polypeptide chain produced by the proteolytic cleavage of a precursor
molecule called trappin-2 [127,128]. Similarly, SLPIis expressed by neutrophils, macrophages, epithelial
cells of renal tubules and respiratory/alimentary tracts [129]. This peptide can be found in saliva,
cervical mucus, breast milk, cerebral spinal fluid, tears, and secretions from nose and bronchi [129].
SLPI is a 107-amino-acid, cysteine-rich polypeptide chain that is highly basic [129]. The C-terminals of
elafin and SLPI exhibit both high homology and similar protease activity [127] and have demonstrated
antimicrobial as well as anti-inflammatory activities (Table 1) [129,130].

6.2. Herpes Simplex Virus

Elafin and its precursor trappin-2 (Tr) both exhibit anti-HSV activity. Drannik and colleagues (2013)
investigated the efficacy of elafin and Tr on HSV-2 infection using a Tr-expressing, replication-deficient
adenovirus vector as well as recombinant TR/elafin proteins. Cells were either infected with the
adenovirus vector or treated with the recombinant proteins prior to HSV-2 infection. When endometrial
and endocervical epithelial cells were pre-treated with these molecules (TR IC5,~0.07 pg/mL, E
IC50~0.01 pg/mL), viral titers following HSV-2 infection were significantly reduced, with the activity of
Tr being more potent at inhibiting HSV-2 than elafin [126]. A decrease in viral titers correlated with
a decrease in production of pro-inflammatory cytokines, whereas the antiviral IFN-f3 response was
increased. Furthermore, the recombinant molecules decreased viral attachment to cells [126]. In vivo,
Tr-transgenic mice, mice generated to express the full elafin/Tr human gene, demonstrated reduced
central nervous system viral load and TNF-« expression upon intravaginal infection [126]. The data
provides evidence for elafin and its precursor’s potential as anti-HSV therapeutics.

6.3. HIV

Both proteases, elafin and SLPI, can provide protection against HIV-1 in vitro. SLPI in saliva has
demonstrated anti-HIV-1 properties in vitro [131]. Genital secretions of females that are HIV-resistant
contained significantly higher levels of elafin/Tr as compared to uninfected females [132-134]. In
addition, elafin/Tr is found in and produced by epithelial cells of uterine, fallopian tubes, and cervix [132].
Ghosh et al. (2010) [132] investigated the ability of elafin/Tr in the reproductive tract to inhibit HIV-land
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demonstrated HIV-1 inhibition was dose-dependent, particularly when HIV-1 was pre-incubated with
elafin/Tr (10 ng/mL), suggesting the HIV-1 inhibition is mediated by direct interaction of elafin/Tr
with the virus [132]. However, a recent report on multiple groups of HIV-infected women found no
correlation between anti-HIV activity of mediators such as elafin and HIV susceptibility [135].

7. Hepcidin

7.1. Expression

Hepcidin, also known as human liver expressed antimicrobial peptide-1 (LEAP-1), is a 25-amino
acids long AMP that is predominately expressed by liver hepatocytes [136]. It was first isolated in
human blood filtrates. Hepcidin is synthesized as a pre-propeptide with two cleavage sites. The first
cleavage site releases an N-terminal endoplasmic reticulum signal sequence while the second cleavage
site releases the mature hepcidin peptide from a prodomain [136]. Hepcidin plays a major role in
iron regulation and in systemic iron homeostasis in hepatocytes and other cells [136-138]. Hepcidin
regulates iron uptake and efflux by directly binding to the iron exporter ferroportin, resulting in
degradation of this transporter [137]. Consequently, high levels of hepcidin result in inhibition of
iron uptake and sequestration of blood iron in macrophages, whereas low levels of hepcidin result in
excessive uptake and toxic accumulation of dietary iron [137,138]. Hence, increased serum iron levels
increase hepcidin expression. The vital role of hepcidin in iron homeostasis can determine the outcome
of infections by limiting iron availability to invading pathogens.

Relatively little information is available on the effects of hepcidin on the pathogenesis of viral
infections; however, hepcidin induction has been reported following a number of human and murine
viral infections [137,138]. Hepcidin mRNA levels were significantly increased in mice during influenza
virus PR8 infection [139]. This induction appeared to be IL-6 dependent as IL-6 knockout mice did not
induce the expression of hepcidin mRNA. In addition, in primary hepatocytes that were stimulated
with pathogen-associated molecular patterns (PAMPs), hepcidin was inhibited by the addition of IL-6
neutralizing antibodies [139]. These results indicate that hepcidin expression is increased following
viral infections and infection-induced inflammatory responses, particularly IL-6 due to the central role
this cytokine plays in hepcidin production.

7.2. Antiviral Activity

Liver injury as well as chronic liver infections, such as hepatitis B and C, can result in abnormal
hepcidin expression. Hepcidin expression was found to be highly elevated in chronic hepatitis B
and C patients, as reported by Wang and colleagues (2013). In patients with increased HBV DNA,
hepcidin and IL-6 levels were elevated; however, an exact correlation between hepcidin and IL-6
was not determined [140]. In contrast, in studies assessing hepcidin levels in HBV and HCV acute
infections during primary viremic phases, hepcidin levels were not upregulated and hypoferremia was
not evident [141]. This difference could be attributed to the different stages of disease where hepcidin
may be induced at later stages of infection when iron levels are elevated. In the same study Armitage et
al. also measured hepcidin levels in HIV-1 positive plasma donors of both acute infections and patients
transitioning to chronic infections. In the former group, hepcidin levels were increased and peaked
with peak viral load and iron levels decreased due to retention in cells by hepcidin activity; whereas
in the latter group, hepcidin levels remained elevated even in individuals undergoing ART [141].
The increase in hepcidin levels coincided with an increase in inflammatory cytokine expression [141].
HIV replication is iron-dependent and the hepcidin-induced sequestering of iron in cells such as
lymphocytes and macrophages is a highly favorable condition for HIV pathogenesis.
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8. Antimicrobial Neuropeptides

8.1. Expression

Neuropeptides (NPs) are low molecular weight, cationic, amphipathic AMPs. Traditionally NPs are
thought to transmit and modulate signals in central and peripheral nervous systems. However, in recent
years, NPs have demonstrated antimicrobial activities [142,143]. The NP, a-melanocyte-stimulating
hormone (x-MSH) exhibits both antiviral and anti-inflammatory activity (Table 1). «-MSH is a
13-amino acid peptide that is a product of posttranslational processing of the precursor molecule
pro-opiomelanocortin (POMC) [144]. «-MSH is widely expressed in peripheral brain tissue and
by numerous cells including monocytes, dendritic cells, melanocytes, pituitary cells as well as T
lymphocytes [142,144]. The active component of «-MSH resides in the C-terminal tripeptide (11-13,
KPV) [144].

8.2. HIV

In HIV-infected monocytes, x-MSH exhibited inhibitory properties against HIV-1. Previously,
«-MSH inhibited pro-inflammatory cytokine production such as TNFx and IL-13 in blood from
HIV-infected individuals [145]. Barcellini et al. [55] aimed to determine if x-MSH exhibits anti-HIV
properties by utilizing chronically infected monocytic U1 cells and acutely infected monocyte-derived
macrophages. Not only did U1 cells consistently produce a-MSH, but a-MSH and the tripeptide
(KPV) both (10 uM) inhibited HIV expression at low concentrations comparable to physiological
concentrations of a-MSH, with inhibition more pronounced at higher concentrations [146]. In addition,
both peptides inhibited nuclear factor-kB (NF-kB) activation which is known to enhance HIV viral
protein expression.

9. Therapeutic Potential and Challenges of AMPs in Clinical Applications

In recent years the antiviral properties of AMPs, both naturally occurring and synthetic, and
their therapeutic potential have generated increasing interest within the academic and pharmaceutical
communities. Many of the AMPs originally thought to demonstrate only antibacterial activity have been
found to exhibit antiviral and immune modulatory capabilities. While to date few AMP-based therapies
have been clinically approved, so far, the suitability and efficacy of only a few AMPs as therapeutic
agents has been studied in clinical trials as treatments for infections as well as agents for immune
modulations [147]. Clinical studies utilizing AMPs include defensin-mimetic compounds (CTIX 1278)
for the treatment of drug-resistant Klebsiella pneumoniae, an alpha-helical AMP (PL-5) for gram negative
and positive bacterial skin infections, and a cationic peptide (DPK 060) for skin dermatitis [148].
AMPs are promising therapeutics due to their relatively low toxicity and tolerance in vivo. AMPs
can be delivered in a variety of ways including intravenous injections, oral administration, as topical
ointments, and via inhalation. In respiratory tract infections, supplementation and treatment with
AMPs such as defensins and LL-37 may provide protection in the lungs. For example, nebulizing mice
with LL-37 prior to infection with IAV can reduce disease severity and result in increased survival
rates [50]. The same concept could be applied against other respiratory pathogens such RSV and
rhinovirus with the inclusion of AMPs such as lactoferrin and EDN, which have both previously
demonstrated efficacy against RSV [79,121].

AMPs can also be applied as ointments, gels, or creams. For instance, a gel for the treatment
of vaginal candidiasis currently in clinical trials is derived from human a-MSH [147]. As x-MSH
has previously demonstrated antiviral activity against HIV [146], this form of treatment could be
developed into a cheap and effective strategy to reduce HIV transmission. The treatment can be
expanded to other sexually transmitted diseases, such as HSV, and include many of the other classes of
AMPs demonstrating antiviral activity against those particular viruses. Equally, oral formulations or
intravenous injections are more feasible for viral infections affecting internal organs. Lactoferrin has
been used as an oral supplement to antiviral therapy against HCV infections and greatly enhances the
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effectiveness of treatment [98]. While most studies utilizing oral LF against other pathogens alone have
not provided promising results, different AMPs may prove more effective against different pathogens.
An intravenous treatment of human LF is currently in clinical trials for the treatment of bacteremia
and fungal infections [147]. Interestingly, the protease inhibitor Telaprevir, which is marketed for use
against HCV suggests that eosinophil peptides that have dual functionality as protease inhibitors and
AMPs may possess anti-HCV properties. In addition, AMPs that directly target viruses can serve as
alternatives to antivirals for which resistance has become an issue as it is a challenge for viruses to
change their envelope lipid compositions. Nonetheless, more research and investigation are required
to assess the full potential of AMPs as novel therapeutics.

However, despite their appeal and several successful in vitro outcomes following the use of AMPs
as antiviral therapeutics, their greater application as therapeutics faces many hurdles. Little clinical
data on the use, toxicity, efficacy, methods of delivery, or host uptake and the in vivo response to
AMPs is currently available to guide the development of AMPs into therapeutic products [147,149].
It is unclear whether and to what extent laboratory findings will translate into antiviral activity
in vivo. Additionally, the relationship between peptide concentrations used in vitro experiments and
physiologically effective concentrations required for in vivo activity is unknown for many AMPs.
As an example, the anti-bacterial activities of AMPs appear to heavily depend on the environmental
conditions used during experiments [147]. Several AMPs have been reported to control group A
Streptococcus at physiological concentrations which are ineffective in vitro [150], suggested to be partly
due to the physiological ionic environment not being recapitulated fully in laboratory experiments [151].
Moreover, AMPs minimally active in in vitro assays have been shown to efficiently control infections
upon in vivo administration [152,153], highlighting a lack of clear correlation between efficacy and
dose-dependence of AMPs derived from laboratory experiments and animal models of infection.
Further research into the correlation between antiviral activity of AMPs in vitro and the translation
of this activity into in vivo efficacy will be needed for further development of AMPs as a new class
of therapeutics.

Another important challenge is isolation and large scale manufacturing of AMPs. The high cost
of producing AMPs impedes the applicability for clinical use as a commercial-scale manufacturing
platform does not yet exists. The complex secondary structures of AMPs also serve as an obstacle
for large-scale production as their activity is structure-based. The use of expression systems such as
bacterial systems can generate “correctly folded peptides” in large quantities; however, the peptides
are susceptible to proteolytic degradation in these systems [17]. To turn AMPs into viable therapeutics
for clinical use, these production disadvantages must be overcome. Meanwhile, as an alternative,
non-human AMPs are being used. For example, numerous studies are examining the activity of LF
utilize bovine instead of human LF due to ease of producing bovine LF in bulk. While bovine LF
demonstrates equivalent and at times enhanced efficacy, as compared to the human form, other AMPs
may not function similarly or may contain sequence variations that limit or abolish their properties.
Synthetic peptides may prove to be a practical alternative; however, they are expensive to generate, and
future use in therapies will require development of novel synthesis methods [154,155]. Several systems
have demonstrated promise in mass-production of AMPs including mammalian cells and transgenic
plants. While mammalian cell culture systems are preferred to produce human AMPs, they are not
very cost-effective. Plant bioreactors; however, are a cost-effective method for commercial-scale AMPs
production that have demonstrated applicability with other compounds [17]. Another interesting
approach that could possibly counteract these challenges that has recently gained attention is the
employment of agents to induce or increase expression of AMPs. For example, vitamin D induces
LL-37 production that can be used to boost the natural response to infection and has been suggested
for use prior to potential DENV outbreaks [43].

Furthermore, the metabolic stability of AMPs may limit their future clinical application [156-158].
Thereis alack of data assessing the pharmacokinetics of AMPs to address issues such as the physiological
half-life of peptides, the necessary dosing regiments, and the aggregation of peptides in vivo. For
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example, AMPs in oral and topical formulations will be subjected to enzymatic degradation, changes
in pH and ionic concentrations, and face hurdles upon delivery, such as penetration of and uptake from
the skin, intestinal, or nasal mucosa [159]. Intravenous administered AMPs will also face proteolytic
degradation from enzymes in plasma and tissues, although the relatively shorter half-life of AMPs
when compared to small-molecule drugs may be considered beneficial in some contexts due to lack
of accumulation in tissues [159]. In addition, some AMPs are sensitive to salt or serum, a factor that
substantially reduces their activity further limiting their applicability in clinical use.

The delivery of sufficient amounts of AMPs to an infection site may also present challenges and
require careful calibration of dosing. For example, topical application of AMPs to the skin may require
large-scale application of ointments, raising issues about sensitization and development of allergies
against applied AMPs. Similarly, AMP activity in the context of natural innate immunity occurs in the
presence numerous feedback pathways that collectively calibrate the anti-pathogen response to an
appropriate level. It remains to be determined how the introduction of potentially high doses of AMPs
during infections will interact with these pathways and modulate the activity of AMP therapeutics,
especially as synthetic AMPs appear to elicit weaker immune responses upon administration when
compared to the response produced by naturally secreted peptides during infection [160].

While these challenges may considerably impede clinical development of AMPs, the incorporation
of innovative formulations can speed the process of bringing AMP products to clinical phases. The
use of nanoparticles (NPs) as delivery vehicles may greatly improve the metabolic stability of AMPs.
Nanoparticles can provide unique advantages, such as protection of AMPs from proteolytic degradation
and control over the rate of peptide release. Several nanoparticles have been evaluated for delivery of
AMPs. For example, self-assembling hyaluronic acid (HA) nanogels have been used to successfully
deliver LLLKKK18, an analog of LL-37 via intra-tracheal administration in tuberculosis-infected
mice [161]. Additionally, the HA nanocarrier was able to both stabilize the peptide and decrease
peptide cytotoxicity in macrophages in vitro [161]. Poly lactic-co-glycolic acid (PGLA) NPs were also
successfully utilized to deliver cationic AMPS [162]. Although these formulations have only been
investigated in experimental animal models and in vitro applications, the outcomes for developing
future AMP-based therapeutics appear promising.

10. Conclusions

Progress has been made in the last decade to elucidate the mechanisms of action of various
AMPs. The primary mechanism of AMP-mediated antiviral activity has been attributed to direct
interference with, and destabilization of, viral envelopes. However, AMPs have also demonstrated
selective immune modulation. Antiviral activity against both enveloped and non-enveloped viruses
has been reported with the latter hinting at the presence of undiscovered activities of AMPs, in addition
to the known direct interaction with viral envelopes. Indeed, antiviral activity has also been reported at
post entry steps affecting later stages in the viral life cycle, such as genome replication and viral protein
trafficking. Additionally, studies have demonstrated that AMP treatment prior to viral infection results
in peptide retention and internalization by cells which may reflect a more robust response to viruses
compared to other potential therapeutics in development. Additionally, post-infection treatments
have been reported to exhibit antiviral activity; however, to a lesser extent to that of treatments prior
to infection. Nonetheless, these treatments play a role in altering viral replication and assembly as
well as a role in accelerating immune activation or suppression. Hence, AMPs can directly impact
viral infections or can modulate host processes that ultimately impact viral replication negatively.
AMPs have been reported to drive interferon 3 (IFNf) signaling, contributing to the induction of an
antiviral state in susceptible cells. This dual functionality of AMPs is advantageous as they can be
used as a prophylactic and/or as part of post-exposure antiviral measures. In vulnerable individuals,
prophylactic expression of AMPs has the potential to become a preventative strategy against viral
infections, especially during emerging pandemics. In addition, the simplicity of AMPs makes the
development of synthetic peptide analogues a cost-effective measure to treat established viral infections.
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AMPs and their synthetic derivatives are a promising avenue to yield new strategies to control and treat
a wide range of viral diseases but their application is still at the preliminary stages. Therefore, further
research is warranted to understand AMP antiviral activity both in vivo and in vitro and to determine
underlying mechanisms involved in AMP-mediated immune modulation for clinical applications.

Table 1. Mechanisms of actions of antiviral AMPs.

AMP Family Target Proposed Mechanism of Action References
HAdV Direct interaction with virions; reduction of cell
HIV trafficking; direct binding to cell receptor blocking
Defensins HSV entry (HS); inhibition of protein kinase C signaling; [8,10,13,16,21-28,30-41]
RSV release inhibition of viral components from endosomes;
HPV decrease in proinflammaktory cytoine production.
HIV
DENV
RSV
Cathelicidin HRV Direct in'geraction with‘viriox}s; Increase in type I‘IFN
(LL-37) VACV expression; decrease in proinflammatory cytokine [9,11,37,41,43,44,46-67,70,163]
HSV production.
ZIKV
HCV
VEEV
RSV
TIAV
HPIV
HAdV
HSV
HCV
HBV Direct interaction with virions; inhibition of viral
Transferrin HIV attachment/absorption; delay in viral protein synthesis; [71-118,164]
T — Inhibition of cellular trafficking; direct binding to cell !
HPV receptor blocking entry (HS and DC-SIGN).
Rotavirus
JEV
SFV
SINV
DENV
. . . RSV i . . .
Eosinophil proteins v Direct interaction with virions [119-124]
AMPS from HSV Direct interaction with virions; increase in type I IFN
. [125-135]
Immune cells HIV expression
HBV
Hepcidin HCV Sequester iron from pathogens [136-141]
HIV
Antimicrobial P . .
Neuropeptides HIV Inhibition of NF-kB and cytokine production [142-146]
pep
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Abstract: Influenza A viruses (IAV) have been a major public health threat worldwide, and options
for antiviral therapy become increasingly limited with the emergence of drug-resisting virus strains.
New and effective anti-IAV drugs, especially for highly pathogenic influenza, with different modes
of action, are urgently needed. The influenza virus glycoprotein hemagglutinin (HA) plays critical
roles in the early stage of virus infection, including receptor binding and membrane fusion, making it
a potential target for the development of anti-influenza drugs. In this study, we show that OA-10,
a newly synthesized triterpene out of 11 oleanane-type derivatives, exhibited significant antiviral
activity against four different subtypes of IAV (HIN1, H5N1, HIN2 and H3N2) replications in A549
cell cultures with EC5) ranging from 6.7 to 19.6 uM and a negligible cytotoxicity (CCsp > 640 uM).
It inhibited acid-induced hemolysis in a dose-dependent manner, with an ICs of 26 uM, and had
a weak inhibition on the adsorption of H5 HA to chicken erythrocytes at higher concentrations
(>40 uM). Surface plasmon resonance (SPR) analysis showed that OA-10 interacted with HA in
a dose-dependent manner with the equilibrium dissociation constants (KD) of the interaction of
2.98 x 10712 M. Computer-aided molecular docking analysis suggested that OA-10 might bind to the
cavity in HA stem region which is known to undergo significant rearrangement during membrane
fusion. Our results demonstrate that OA-10 inhibits H5SN1 IAV replication mainly by blocking the
conformational changes of HA2 subunit required for virus fusion with endosomal membrane. These
findings suggest that OA-10 could serve as a lead for further development of novel virus entry
inhibitors to prevent and treat IAV infections.

Keywords: oleanane-type derivatives; influenza A virus (IAV); virus entry inhibitors;
hemagglutinin (HA)

1. Introduction

Influenza A virus (IAV), the causative agent of influenza, is a major pathogen that causes public
health problem and socioeconomic burden world-wide. With waterfowl as the primary reservoir,
the virus is able to infect a wide variety of birds and mammals, including humans. Due to this trait,
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zoonotic spillovers occur occasionally and can lead to pandemics with severe consequences for the
human population [1,2]. The avian-origin H5N1 and H7N9 subtypes of influenza viruses are recent
examples of animal viruses that acquired the potential to infect and cause disease in humans. H5N1
IAV are often highly pathogenic (HP) avian influenza viruses. In 1997 in Hongkong, six people died
out of 18 confirmed human cases with HP H5N1 virus infection [3]. In 2003, novel H5N1 IAV genetic
variants circulated in Southeast Asian countries, which led innumerable poultry to death and caused
sporadic human infections in the following years. By the end of 2017, 860 laboratory confirmed cases
of H5N1 IAV infection from 16 different countries, resulting in 454 deaths, had been reported to the
World Health Organization (WHO) [2]. Influenza A viruses mutate easily because of their segmented
RNA genome, making it difficult to produce a timely and sufficiently effective vaccine to prevent the
potential epidemic outbreaks. Therefore, using anti-influenza agents could be a more efficient approach
for prevention and treatment at the beginning of outbreak. To date, two types of anti-influenza drugs
have been approved. One type pertains to the M2 ion channel inhibitors, including amantadine and
rimantadine, which block the release of viral RNA into the cytoplasm [4]. The others are neuraminidase
(NA) inhibitors, including zanamivir, oseltamivir and peramivir, which prevent progeny virus from
being released by their host cells [5,6]. However, it has been reported that most of the circulating IAV
strains are resistant to M2 inhibitors and may rapidly develop resistance to NA inhibitors, which limits
the use of those licensed drugs [7-9]. Therefore, it is urgently required to develop novel anti-influenza
agents preferentially with novel mechanisms of action to combat influenza, especially the HP influenza.

The first and most critical step of IAV infection is viral entry mediated by the interaction of
viral envelope protein hemagglutinin (HA) and its receptor on host cell surface [10]. HA forms a
trimer including three HA1 and three HA2 subunits. Each HA?2 contains a fusion peptide, a soluble
ectodomain (SE) and a transmembrane domain [11]. After binding to receptor through HA1, IAV is
endocytosed. Within the endosome, increasing acidity, pH 5-6, induces HA2 to undergo an irreversible
conformational change, leading to the fusion peptide extruding toward the endosomal membrane,
and ultimately fusion of the viral and endosomal membranes [10]. HA2, as a major component of
the stem region of HA, is a highly conserved subunit. Consequently, blocking HA2’s conformational
change could abolish viral membrane fusion and infection. Hence, HA?2 is considered an attractive
antiviral target [12,13]. The first discovered compound of this class was tertiary butylhydroquinone [14].
Later, several compounds that act in a similar way were described: BMY-27709, CL-385319, stachyflin
and 4c [15-18]. However, these small molecular compounds were reported to display inhibitory effects
on H1, H2 and H3 IAV subtypes rather than H5 subtype. Recently, guided by structural knowledge on
the interactions of HA and anti-stem broadly neutralizing antibodies, Maria and colleagues successfully
developed a small molecule JNJ4796 with the ability to inhibit HA-mediated fusion and protect mice
against lethal and sublethal influenza challenges [19]. The potent anti-IAV activity of JNJ4796 further
reinforces that HA2 could be a promising drug target for blocking IAV infection.

Pentacyclic triterpenoids (PTs), an abundant natural product in plants, have received considerable
attention due to their wide spectrum of antiviral activities against various viruses, such as HIV, IAV
and HCV [20-23], and some are already marketed as therapeutic agents or dietary supplements. For
example, glycyrrhizin (glycyrrhizic acid) has been used for treating chronic hepatic diseases for over
40 years in China and Japan clinically.

Oleanane acid (OA) triterpene is probably the most well-known member of PTs with noticeable
antiviral activities. Echinocystic acid (EA), an oleanane-type triterpene, was reported to have
substantial inhibitory activity on HCV entry with ECsj at nanomolar range [24,25]. Zhou reported that
a different chemical modification to the C-17-COOH of OA led to Y3 (an OA-acetyl galactose conjugate),
which showed strong antiviral activity against HIN1 and H3N2 IAV infections in vitro [13]. Further
study indicated that Y3 was able to bind tightly to HA protein, thereby disrupting the interaction
of HA with its sialic acid receptor [13]. In our previous study, we used an efficient HIV-based
pseudotyping system to screen a semisynthetic saponin library, and discovered that OA saponins
with B-chacotriosyl residue at the C-3-OH of OA exhibited excellent inhibitory activity against H5N1
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IAV entry [26]. Based on this finding, we further designed, synthesized and evaluated a series of
3-O-B-chacotriosyl oleanolic acid analogs as H5N1 IAV entry inhibitors. We found that the introduction
of a disubstituted amide structure at the 17-COOH of OA could significantly improve the selective
index while maintaining their antiviral activities in vitro [27]. However, as the previous antiviral
evaluation of 3-O-f-chacotriosyl oleanolic acid analogs was based on a pseudotyping system, their
inhibitory effects on IAV and mechanisms of action are unconfirmed. In the present study, antiviral
activities of OA and its eleven analogs, including four newly synthesized derivatives, against H5N1
virus in A549 cells, were investigated, and their mechanisms of action and antiviral activities against
other IAV subtypes based on a representative novel compound OA-10 were further investigated. To
our knowledge, this is the first report on anti HSN1 IAV activity of OA derivatives.

2. Materials and Methods

2.1. Compounds

In total, 12 oleanane-type triterpenoid compounds (Figure S1 and Figure 1A), including oleanolic
acid and its 11 derivatives, and their antiviral activities against H5N1 IAV infection in A549
cells were studied. Oleanolic acid was purchased from Chengdu Gelipu Biotechnology Co., Ltd.
(Chengdu, China). Seven derivatives named OA-1, OA-2, OA-3, OA-4, OA-5, OA-6 and OA-7 were
synthesized as described previously [27]. Four new derivatives named OA-8, OA-9, OA-10 and
OA-11, which were confirmed by data from nuclear magnetic resonance (NMR) and high-resolution
electrospray ionization mass spectrometry (HRESIMS) analysis (shown in the supplementary material),
were synthesized by a method similar to that described previously [27]. Briefly, the known saponin
3-(B-p-glucopyranosyl)-oleanolic acid benzyl ester or 3-(a-p-mannopyranosyl)-oleanolic acid benzyl
ester was subjected to PivCl in the presence of pyridine to selectively protect the 3,6-OHs of the
B-glucopyranosyl or a-mannopyranosyl residue, and subsequent glycosylation of the 2, 4-OHs in
sugars with 2,3 4-tri-O-acetyl-L-thamnopyranosyl trichloroacetimidate using TMSOTf as the promoter,
followed by deprotection of the acyl groups with NaOH to produce two tridesmosidic oleanolic acid
benzyl ester saponins, respectively. Hydrogenolysis of the above oleanolic acid benzyl ester saponins
over palladium/carbon in THE-MeOH led to OA-9 and 3-O-f-chacotriosyl oleanolic acid, was carried
out to furnish OA-10 or OA-11 by four consecutive acetylation, acyl chlorination, amide condensation
reaction and alkaline hydrolysis, respectively. The purities of all oleanane-type triterpenoids were
>98% by HPLC analysis. Ribavirin hydrochloride was purchased from Guangdong Starlake Bioscience
Co. Ltd. (Zhaoqing, China) with purities > 99%. Peramivir in sterile 0.9% NaCl solution (0.3 g/100 mL)
was purchased from Guangzhou Nucien Pharmaceutical Co., Ltd. (Guanzhou, China). Arbidol
hydrochloride was purchased from Dalian Melun Biological Technology Co., Ltd. (Dalian, China) with
purities >98%. Oleanane-type triterpenoids were dissolved in dimethyl sulfoxide (DMSO) and diluted
with PBS to <0.4% DMSO for in vitro experiments. Ribavirin hydrochloride was dissolved in PBS for
in vitro experiments.
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Figure 1. OA-10 inhibited H5N1 IAV replication in A549 cells with minimal cytotoxicity. (A) Chemical
structure of OA-10. (B) Antiviral activity of OA-10 against H5N1 IAV infection. Confluent A549 cells
grown in 96-well plates were infected with H5N1 IAV (0.1 MOI) for 1 h at 37 °C and then cultured
in fresh medium containing various concentrations of OA-10 or 15 uM peramivir (Per). At 24 hpi,
the cells were fixed with paraformaldehyde and the viral NP expression was detected by indirect
immunofluorescence assay (IFA). Representative IFA images from three independent experiments
are shown. Scale bar: 250 pm. (C) Cytotoxicity of OA-10 in A549 cells. The results are expressed as
percentages (%) of mock treated cells.

2.2. Cell Lines and Influenza Virus

A549 (human lung carcinoma) cells and MDCK (Madin-Darby canine kidney) cells used for
IAV infection were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, UT, USA)
supplemented with 10% fetal bovine serum (FBS, Biological Industries, Kibbutz Beit Haemek, Israel),
100 U/mL of penicillin and 100 pg/mL streptomycin in a humidified atmosphere with 5% CO,. All cells
were obtained from the Center of Cellular Resource, Chinese Academy of Sciences (Shanghai, China).

Avian influenza A virus strain A/Duck/Guangdong/99(H5N1 IAV) and A/Chicken/Guangdong/16/
1996 (HIN2) were kindly provided by the Veterinary Technology Center of South China Agricultural
University (Guangzhou, China). The HIN1 IAV strain A/Puerto Rico/8/34 (PR8) and H3N2 IAV
strain A/Guangdong/Dongguan/1100/2006 viruses were obtained from the Chinese Center for Disease
Control and Prevention (Beijing, China). Virus stocks were passaged in 10-day old embryonated
chicken eggs for 48 h. The allantoid fluid was harvested and aliquots were stored at —80 °C until
required. Experiments involving H5N1 virus were conducted in a physical containment level three
(PC3) laboratory.

2.3. Cytotoxicity Assay

The cytotoxicity of tested compounds was evaluated using a MTT assay as described previously
by Luo [28]. Briefly, cells were grown in 96-well plates for 24 h. The medium was replaced with fresh
one containing serially diluted compounds and the cells were further incubated for 24 h, 48 h or 72 h.
The culture medium was removed and replaced with 100 pL 3-(4,5-dimethylthiozol-2-yl)-3,5-dipheryl
tetrazolium bromide (MTT; Sigma-Aldrich, MA, USA) solution (1 mg/mL in PBS) and incubated at
37 °C for 4 h. After removal of the supernatant, 150 uL of DMSO was added to all of the wells to
dissolve the formazan crystals for 10 min at 37 °C. Cell viability was then measured as the absorbance
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at 490 nm with a microplate reader (Thermo fisher scientific, MA, USA) and expressed as a percentage
of the control level. The mean optical density (OD) values from six replicated wells per treatment were
used as the cell viability index. The 50% cytotoxic concentration (CCsg) was calculated by GraphPad
Prism 7.0 (GraphPad Software, San Diego, CA, USA).

2.4. Indirect Immunofluorescence Assay (IFA)

Indirect immunofluorescence assay was used to rapidly evaluate antiviral activities of compounds
against H5N1 IAV infection. For immunostaining, the H5SN1-infected or control cells were fixed with
4% paraformaldehyde for 10 min, then permeabilized with 0.25% Triton X-100 for 10 min at room
temperature (RT). Cells were blocked with 1% bovine serum albumin (BSA) for 60 min at RT and
then incubated with a mouse monoclonal antibody against IAV nucleoprotein (NP protein) (1:500
dilution, Sino Biological, Beijing, China) at 4 °C overnight. After three washes with PBS, the cells were
incubated for 1 h at RT with an anti-mouse IgG antibody conjugated with Alexa Fluor® 488 (green)
(Cell Signaling Technology, MA, USA) at 1:1000 dilution. Nuclei were counterstained with 50 pL of
4,6-diamidino-2-phenylindole (DAPI, 300 nM; Sigma-Aldrich, MA, USA). Immunofluorescence was
captured using the Leica DMI 4000B fluorescence microscope (Leica, Wetzlar, Germany). Blue and
green fluorescence spots were counted as the total and IAV-infected cell numbers respectively in every
IFA image.

Relative NP protein level (%) of each image was calculated based on the fluorescence optical
density (OD) using Software Image J. Results from compound-treated samples were compared to those
from corresponding DMSO-treated control groups (set as 100%). The ECs, value (the concentration
required to protect 50% cells from IAV infection) was determined by plotting the relative NP protein
level as a function of compound concentration and calculated using GraphPad Prism 7.0 software
(GraphPad Software, San Diego, CA, USA).

2.5. In Vitro Virus Growth Inhibition Assay

A549 monolayers were infected with the virus for 1 h. Supernatants were removed, and cells were
then incubated with DMEM containing serial concentrations of test compound. Cells and supernatants
were collected at indicated time points post-infection and in total subjected to three freeze-thaw
cycles at —80 °C and 4 °C to ensure maximal release of cellular virions [29]. Final viral titers in the
supernatants were determined by an end point dilution assay using MDCK cells and expressed as
lOgloTCID50 /0.1 mL.

2.6. Real-Time Reverse-Transcription PCR (RT-PCR)

Total RNA was extracted from cells or mixtures of cells and supernatants using the total RNA
rapid extraction kit (Fastagen, Shanghai, China) following the manufacturer’s instructions. RNA was
reverse-transcribed into first-strand cDNA using a reverse transcription kit (TaKaRa, Japan). PCR
amplification was performed using 1 uL of reverse-transcribed product with primers designed for
IAV-NP and GAPDH (glyceraldehyde-3-phosphate dehydrogenase, used as the endogenous control).
The primers used for PCR amplification are listed in Table 1 [30]. Real-time PCR was performed using
2xRealStar Green Power Mixture (containing SYBR Green I Dye) (Genstar, Beijing, China) on a CFX96
Real-time PCR system (Bio-Rad, Hercules, CA, USA). Relative mRNA expression was calculated by
2-8ACT method using DMSO-treated infected cells as reference samples for determining IAV-NP [31,32].
To assess the effect of OA-10 on transcriptional activation of NP in IAV infected cells, the relative fold
change of each NP gene expression was calculated and compared between OA-10-treated virus-infected
and virus-infected cells.
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Table 1. Real-time PCR primer sequences.

Name ? Sequences 5’ to 3’
NP-F 5-GGATTTGGCGTCAAGCGAACA-3 -
3’ ACCAGAAGATKTGTCMTTCCAGGG -3’
NP-R 5’-GTCCCTACCCCCTTTACTGC-3'
TACTCCTCCGCATTGTCTCCGAAG -3’
GAPDH-F 5’-GCACCGTCAAGGCTGAGAAC-3’
GAPDH-R 5'-TGGTGAAGACGCCAGTGGA-3’

@ F: forward primer; R: reverse primer

2.7. Time Course Inhibition Assay

To estimate the influence of OA-10 on the IAV replication cycle, A549 cells were grown in 24-well
plates to confluence and then infected with H5SN1 IAV (0.1 MOI) for 1 h at 37 °C. OA-10 or ribavirin or
peramivir was added before, during or after IAV infection. For pretreatment, cells were incubated
with the indicated compound for 2 h at 37 °C, followed by three washes with PBS and then infected
with H5N1 IAV for 1 h. For co-treatment, cells were simultaneously incubated with H5N1 IAV and the
compound. After 1 h, the virus—drug mixture was removed, and the cells were washed three times
with PBS before fresh medium was added. For post-treatment, cells were first infected with HSN1 IAV
for 1 h followed by three washes with PBS and then incubated in the fresh medium containing the
compound. At 24 hpi, progeny viruses in the supernatants were determined by an end point dilution
assay and the extent of virus infection in the cells was assessed by IFA for NP protein, respectively.

To determine the specific stage(s) of the viral life cycle affected by OA-10, a time-of-addition assay
was performed as described by Luo et al. [28]. Briefly, confluent monolayers of A549 cells grown
in 24-well plates were infected with H5N1 IAV (1.0 MOI) for 1 h at 37 °C. Cells were washed three
times with PBS to remove unbound viruses and incubated in fresh medium. In total, 80 uM of OA-10
or ribavirin or peramivir was then added for 0 to 2,2to 4,4 to 6, 6 to 8 h or 0 to 8 hpi. After each
incubation period, the cells were washed three times with PBS and incubated with fresh medium
at 37 °C. At 8 hpi, the cells were subjected to viral NP protein analysis using IFA and viral mRNA
analysis using RT-PCR, respectively.

2.8. Hemagglutination Inhibition Assay (HAI)

The inhibitory activity of OA-10 on HA-mediated hemagglutination of chicken red blood
cells (RBCs) was assessed by an HAI assay. Briefly, 25 pL of A/Duck/Guangdong/99(H5N1) (4
hemagglutination units) was incubated with 25 pLL H5 standard antiserum (H5 antiserum were
provided by the Veterinary Technology Center of South China Agricultural University, Guangzhou,
China) or OA-10 at indicated concentrations for 30 min at RT. Then, 50 pL chicken RBCs (0.5%) in
saline solution were added to each well and incubated at 37 °C for 30 min. The plates were taken
images at 45 degree inclination for recording hemagglutination and the fluidity of deposited RBCs.

2.9. Hemolysis Inhibition Assay (HIA)

The inhibitory effects of compounds on virus-induced hemolysis at low pH were determined by
a procedure described previously by Basu et al. [33]. Briefly, chicken RBCs were washed twice with
PBS and resuspended to 2% (vol/vol) in PBS and stored at 4 °C until use; 100 uL of compound diluted
in PBS was then mixed with an equal volume of H5N1 IAV (108 PFU/mL) in a 96-well plate. After
incubating the virus-compound mixture at room temperature for 30 min, 200 uL of 2% chicken RBCs
(pre-warmed at 37 °C) was added. The mixture was incubated at 37 °C for another 30 min. To trigger
hemolysis, 100 pL of sodium acetate-acetic acid buffer solution (0.5 M, pH 5.2) was added and mixed
with the RBC suspension. The mixture was incubated at 37 °C for another 30 min for HA acidification
and hemolysis. To separate unlysed RBC from the lysed ones, plates were centrifuged at the end of
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incubation at 1200 rpm for 6 min; 300 uL of the supernatant was transferred to another flat-bottom
96-well plate. The ODsyy was read on a microtiter plate reader. ICsj is defined as the compound
concentration that generates 50% protection on chicken RBCs lysed by virus.

2.10. Surface Plasmon Resonance (SPR) Analysis

Interactions between the influenza HA and the compounds were analyzed using the Berthold
bScreen LB 991 (LabXMedia group, Midland, Canada) at 4 °C. Recombinant influenza HA protein
(Abcam, Cambridge, England) from virus strain A/Vietnam/1203/2004 (H5N1) was immobilized
on a sensor chip (Photo-cross-linker SensorCHIP™) using an amine coupling kit (GE Healthcare,
Buckinghamshire, UK). Subsequently, compounds were injected as analytes at various concentrations,
and we used PBST (10 mM phosphate buffer with 0.1% Tween 20, pH 5.0) as running buffer. For
binding studies, analytes were applied at corresponding concentrations in running buffer at a flow
rate of 30 uL/min with a contact time of 600 s and a dissociation time of 360 s. Chip platforms were
regenerated with regeneration buffer (Glycine-HCI, pH = 2.0) after each test cycle. The processing
and analyses of association and dissociation rate constants (Ka/Kon and Kd/Koff respectively) and the
equilibrium dissociation constant (KD, kd/ka) were performed using the data analysis software of the
bScreen LB 991 unlabelled microarray system according to a single-site binding model (1:1 Langmuir
binding) with mass transfer limitations for binding kinetics determination.

2.11. Molecular Docking

The protein structure of hemagglutinin (PDB ID: 6CFG) was used for the docking study. All
calculations were performed using Discovery Studio 2017. The 3D structures of OA-10 were constructed
using the Discovery Studio small molecule window, and energy was minimized by CHARMm force
field in a two-step method: steepest descent with RMS gradient convergent to 0.1, and the final step
was conjugate gradient with RMS gradient convergent to 0.0001. Prior to the docking procedure, all
bound water molecules were removed from the protein crystal structure. A site sphere radius was
set to 13.39 A in which the other parameters were set as default. The docking program CDOCKER
was used to perform the automated molecular simulation in which the top hits were set as 10, and the
random conformations were set as 20. The top compounds were ranked by the corresponding values
of -CDOCKER interaction energy.

2.12. Statistical Analysis

All values are expressed as means + SDs from at least three independent experiments. Statistical
significance was determined by Student’s t-test when only two groups were compared or by one-way
analysis of variance (ANOVA) when more than two groups were compared. Statistical analyses were
performed using GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA). * P < 0.05, ** P < 0.01
and ** P < 0.001 were considered to be statistically significant at different levels.

3. Results

3.1. Compound OA-10 Inhibits IAV Infections in A549 Cells with Minimal Cytotoxicity

Chemical structures of oleanane acid (OA-0) and its 11 derivatives, including four new derivatives,
are shown in Figure S1 of the Supplementary Material. The cytotoxicity of OA-0 and its derivatives on
A549 cells was first evaluated using the 3-(4,5-dimethylthiozol-2-yl1)-3,5-dipheryl tetrazolium bromide
(MTT) assay. For each compound, CCs value, the concentration required to reduce normal cell viability
by 50% after 24 h of compound treatment, was determined, as shown in Table 2. Derivatives OA-1,
OA-2, OA-4, OA-5, OA-7, OA-8 and OA-9 exhibited greater cytotoxicity on A549 cells with CCsy <
20.5 uM, while other derivatives and oleanolic acid exhibited less cytotoxicity with CCsp > 31.1 uM.
Noticeably, OA-10 showed the least cytotoxicity with CCs > 640 uM (Figure 1C). DMSO (0.4%, used
as solvent) did not exhibit detectable cytotoxicity on A549 cells. No obvious cytotoxicity was observed
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for OA-10 at concentrations < 80 uM after 24, 48 or 72 h of treatment, as shown in Figure 1C. Thus,
80 uM of OA-10 was selected as the maximum concentration for further studies.

Table 2. Cellular toxicity and inhibitory activity of oleanane-type triterpenoid derivatives against H5SN1
influenza A virus (IAV) replication in A549 cells.

Compound MW (g/mol) CCsp 2 (UM) ECsg ® (uM) SI¢©
OA-0 456 674 +4.8 142+19 4.7
OA-1 911 151 +13 23004 6.6
OA-2 996 205+1.2 522 +0.6 3.9
OA-3 939 31.1+25 2.87+04 11
OA-4 966 121+ 1.0 445 +0.7 16
OA-5 897 7.55 +0.8 424 +0.6 1.8
OA-6 924 >640 >86.6 -
OA-7 924 9.88 + 1.1 779 £ 1.1 1.3
OA-8 924 155+ 15 3.03+£0.5 5.1
OA-9 911 10.8 £ 0.9 4.61+0.8 2.3
OA-10 924 >640 14.0+23 >45
OA-11 1000 60.0 £4.5 6.7 +£0.9 9.0

2 CCs, the concentration required to reduce normal, noninfected cell viability by 50%; b ECs, the concentration
required to protect 50% cells from H5N1 IAV infection; © SI (selectivity index) is the ratio of CCs) to EC5. Data were
presented as means + SDs of results from three independent experiments.

The antiviral activities of synthesized OA derivatives against H5N1 IAV were evaluated via
relative nucleoprotein (NP) expression level (%) detected by immunofluorescence microscopy at 24 hpi.
The initial results showed that OA-0 and the 11 derivatives exhibited various antiviral activities
against H5N1 IAV infection (Table 2). It was found that OA-0 and all other derivatives except OA-6
significantly reduced H5N1 IAV infection in A549 cells with EC5p < 14.2 M, while OA-6 showed the
lowest antiviral activity with ECs > 86.6 uM. However, most of the effective derivatives, including
OA-1, OA-2, OA-3, OA-4, OA-5, OA-7, OA-8, OA-9 and OA-11, exhibited high cytotoxicity on A549
cells with CCsp < 31.1 uM, while OA-0, OA-10 and OA-11 showed relatively lower cytotoxicity on
A549 cells with CCsg > 60.0 uM. Most interestingly, OA-10 showed significant inhibition on H5N1 IAV
replication in a dose-dependent manner in concentrations ranging from 20 to 80 uM (ECs(: 14.0 uM)
with very low cytotoxicity, as shown in Figure 1B,C. Among the 12 evaluated compounds, OA-10
showed the highest select index (SI > 45). Thus, OA-10 was selected for further studies.

To explore whether OA-10 possesses a broad inhibitory effect on different IAV subtypes, three
other IAV strains (PR8, HON2 and H3N2) were evaluated using IFA and A549 cells at 24 hpi. As shown
in Figure S2A and Table 3, OA-10 also exhibited significant inhibitions on PR8 (ECsy: 6.7uM), HON2
(ECsp: 15.3 uM) and H3N2 (ECsp: 19.6 uM) replications.

Table 3. Inhibitory activity of OA-10 against influenza A virus replication in A549 cells.

IAV Strain H5N1 PRS (HIN1) HIN2 H3N2
ECso (M) 14.0 £23 6.7+14 153 +25 19.6 £3.7

Data are presented as means + SDs from three independent experiments.

To more accurately assess OA-10’s inhibitory role, we further examined its antiviral effects against
H5NT1 TAV infection using virus titration and RT-PCR at 48 hpi. As shown in Figure 2A, treatment
with OA-10 resulted in a significant reduction of progeny virus titer in a dose-dependent manner.
Treatment with 80 uM of OA-10 led to a 1.8 log reduction in progeny virus production compared to
that in DMSO-treated control. In fact, OA-10 at concentrations from 20 to 80 uM significantly inhibited
H5N1 IAV NP RNA levels in A549 cells in a dose-dependent manner (Figure 2B). We further studied
the viral inhibition kinetics by OA-10 at 80 uM. In the H5N1 IAV-infected control, the levels of virus
titer and virus mRNA expression increased continuously from 24 to 72 hpi (Figure 2C,D). The addition
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of 80 uM OA-10 significantly reduced progeny virus titers and viral RNA levels at all time-points, as
shown in Figure 2C,D. Simultaneously, treatment with OA-10 also reduced progeny virus titer on PRS,
HYN2 and H3N2 infection, respectively, in a dose-dependent manner at 48 hpi, as shown in Figure S2B.
Peramivir, a well-known neuraminidase inhibitor, was used as a positive antiviral drug control in this
study. Our results showed that 15 uM of peramivir exhibited a significant inhibition on IAV infections
in the same assays.
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Figure 2. OA-10 inhibited H5N1 IAV infection in A549 cells. A549 cells grown in 24-well plates were
infected with H5N1 IAV (0.1 MOI) for 1 h, and then cultured in fresh medium containing various
concentrations of OA-10 or 15 uM peramivir. At 48 hpi (A,B) or indicated time-points post infection
(C,D), cells and supernatants of each well were mixed and subjected to viral titer or RT-PCR analysis.
H5N1 IAV expression of GAPDH was used as a loading control, and a DMSO-treated sample (H5N1
TAV infected and non-drug treated) at 48 hpi was used as treatment control (set as 1). Data are presented
as means =+ SDs of results from three independent experiments. *P < 0.05, ** P < 0.01 and *** P < 0.001
compared to the respective virus control.

3.2. OA-10 Interferes with Virus Entry

To identify the OA-10 affected stage(s) during an influenza infection cycle, we first performed a
virus binding (attachment) assay by coculture A549 cells with IAV at 4 °C to permit attachment yet
avoid viral entry in the presence or absence of OA-10. The co-incubation of 80 uM OA-10 with H5N1
IAV at 4 °C for 1 h followed by removal of excess virus and 37 °C culture did not affect AV infection
(Figure S3), indicating that OA-10 does not affect IVA binding to cells and also does not directly
inactivate IAV particles. We next performed time course studies for the inhibitory effects of OA-10.
A549 cells were treated with OA-10 for 2 h prior to virus infection (pre-treatment), or for 1 h during
the viral infection (co-treatment), or for 24 h after 1 h virus infection and removal (post-treatment), as
shown in Figure 3A. Results in Figure 3B-D show that pre-treatment of 80 uM OA-10 did not reduce
progeny virus yield and viral NP production. This result indicates that OA-10 does not impair the
susceptibility of A549 cells to IAV infection. When cells were incubated with H5N1IAV in the presence
of 80 uM OA-10 for 1 h (co-treatment), a mild but significant reduction in progeny virus yield as well
as NP protein expression was observed. This result indicates that OA-10 likely interacts with the
virus early during the infection cycle. When cells were treated with 80 pM OA-10 for 24 h post H5N1
TAV infection (post-treatment), one log reduction in progeny virus yield was observed (Figure 3B),
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which was also reflected by decreased NP production (Figure 3C,D). This result is consistent with
the above results and further indicates that OA-10 likely exerts its antiviral effects during virus entry.
In these assays, 15 uM peramivir exhibited more significant inhibition on H5SN1 IAV’s replication in
both co-treatment and post-treatment modes, while 30 uM ribavirin exhibited inhibition only in the
post-treatment mode, and its inhibition was significantly weaker than that of peramivir. In addition,
the combination of 40 uM OA-10 and 15 uM ribavirin treatment showed a synergistic effect on reducing
progeny virus titer and NP production, suggesting their complimentary inhibiting mechanisms against
IAV replication (Figure 3B-D).
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Figure 3. OA-10 exhibited inhibition on H5N1 IAV replication in co- and post-treatment modes. A549
cells grown in 24-well plates were treated with indicated compounds for 2 h prior to virus infection
(pre-treatment), or for 1 h during viral infection (co-treatment), or for 24 h after 1 h virus infection and
removal (post-treatment) (A). For three treatment models, 0.1 MOI of H5N1 IAV was used for infecting
cells for 1 h. At 24 hpi, supernatants were collected for determining virus titer using the end point
dilution assay (B), and the cells were subjected to viral NP protein analysis using IFA (C,D). Results
shown in (D) are normalized NP protein levels based on the fluorescence optical densities (OD) of the
images from three independent experiments. Software Image J was used to digitize image OD. Results
from OA-10 or peramivir or ribavirin treated samples were compared to those from corresponding
DMSO-treated control groups (set as 100%) (D). Representative IFA images of the three independent
experiments are shown in C. Scale bar: 250 um. * P < 0.05, ** P < 0.01 and *** P < 0.001 compared to the
respective virus (DMSO-treated) control.

It was estimated that from IAV entering into a cell to producing its progeny takes on average
6-8 h, depending on cell type [34]. To identify the exact stage(s) affected by OA-10 during such a IAV
replication cycle, we treated the infected cells with OA-10 at four separate 2 h time intervals (0-2, 24,
4-6 or 6-8, and 0-8 h as a control) and monitored viral NP RNA and protein expression (Figure 4A).
As shown in Figure 4B, a more significant inhibition of viral replication, as represented by decreased
viral NP RNA level, was observed when OA-10 was added to the A549 cells during 0-2 and 2—4 hpi. A

160



Viruses 2020, 12, 225

similar profile was also observed in viral NP expression (Figure 4C,D). These results again indicate that
OA-10 exerts its effect during the early stages of IAV infection; i.e., virus internalization, endosome
fusion, RNA release and replication. Ribavirin inhibits viral RNA synthesis. As expected, it exerted
better IAV inhibition when added to the infected A549 cells before 4 hpi and showed no inhibition
when added after 4 hpi. On the other hand, peramivir blocks progeny virus release from infected cells,
and did not exhibit any inhibition of either viral RNA synthesis or NP protein expression during a
single infection cycle in this assay, although its antiviral activity was the most remarkable, as shown in
Figure 3, when multiple infection cycles were studied.
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Figure 4. OA-10 inhibits H5N1 IAV replication by targeting the earlier stage(s) of the viral infection
cycle. A549 cells grown in 24-well plates were infected with 1.0 MOI of H5N1 IAV for 1 h. After two
washes with PBS, OA-10 or ribavirin or peramivir was added at the indicated time points and removed
after 2 h or 8 h. After each incubation period, the cells were incubated in fresh medium, harvested at
8 hpi and NP mRNA and protein analyzed by RT-PCR and IFA, respectively. (A) The experimental
design of time-of-addition assay. (B) Relative virus NP mRNA level. (C,D) Viral NP protein expression,
representative IFA images (C) and digitized NP expression (D) from three independent experiments.
Scale bar: 250 um. * P < 0.05, ** P < 0.01 and *** P < 0.001 compared to the respective virus control.

3.3. OA-10 Partly Blocks IAV HA Adsorption to Chicken RBCs at High Concentrations

IAV is able to adsorb to chicken RBC, resulting in hemagglutination through the interaction of
the receptor-binding domain in viral HA1 subunits with the sialic acid receptors on RBC membrane.
To see whether HA is the potential target of OA-10, we questioned whether OA-10 could inhibit
hemagglutination by interfering with H5 HA adsorption to RBC. OA-10 did not inhibit HA adsorption
to chicken RBCs at concentrations of 10 and 20 uM. At the concentrations of OA-10 > 40 uM, it was
observed that a portion of RBCs settled to the bottom of the wells but the settled RBCs were not able to
flow, as shown in Figure 5A. Meanwhile, OA-10 treatment did not affect RBC properties in the absence
of H5 virus, and the positive control antisera against H5 hemagglutinin (Anti-H5) could effectively
inhibit H5 HA adsorption to chicken RBCs with a titer at 1:16, and the settled RBCs could move when
the plate was tilted (Figure 5A). These results indicated that OA-10 might have a weak interaction with
the receptor binding domain of H5 HA1, which needs further demonstration.
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Figure 5. HA is a potential target of OA-10. (A) Comparisons of the behaviors of OA-10 vs. antisera
against H5 HA in inhibition of H5N1 IAV-induced aggregation of chicken RBCs. OA-10 partially
blocked H5N1 virus adsorption to chicken RBCs at concentrations >40 uM. (B) Characterization of the
affinity between OA-10 and HA protein using surface plasmon resonance (SPR) analysis. (C) Inhibition
of OA-10 on HA-mediated chicken RBCs hemolysis using arbidol as the positive control.

3.4. OA-10 Exhibits a Strong Interaction with HA Protein

To investigate the interaction of OA-10 with HA, we studied the affinities of OA-10 with HA by
surface plasmon resonance (SPR). A recombinant HA protein from virus strain A/Vietnam/1203/2004
(H5NT1) was used as representative HA of H5N1 IAV strains, because the amino acid sequence identity
of the full-length HA proteins between A/Vietnam/1203/2004 strain and A/Duck/Guangdong/99(H5NT1)
strain used in above antiviral assay was 97.0% (Supplementary Material 5) [35]. As shown in Figure 5B,
OA-10 interacted with HA in a dose-dependent manner, and the equilibrium dissociation constant
(KD) of the interaction was 2.98 x 10712 M, indicating a strong affinity between OA-10 with HA. OA-10
did not interact with negative control protein FKBP12 (FK506 binding protein 1A, 12 kDa), indicating
that interactions of HA with OA-10 were specific [36]. This result indicates that HA is most likely the
target of OA-10 by which it inhibits virus entry and subsequent replication.

3.5. OA-10 Inhibits HSN1 IAV-Mediated Hemolysis at Low pH

We next investigated whether OA-10 was able to inhibit HA-induced chicken RBC hemolysis at
alow pH [33]. To trigger hemolysis, the virus-cell suspension was acidified (pH 5.2) to initiate HA
subunit HA2 conformational changes that lead to the lysis of chicken RBCs and their hemoglobin
release. Arbidol, a licensed antiviral agent against IAV infection in Russia and China, was demonstrated
to inhibit IAV replication by binding to HA2 in acidic condition and used as a positive hemolysis
inhibitor control in this study [37]. As shown in Figure 5C, as expected, arbidol showed hemolysis
inhibition with an ICsg of 51 uM. Interestingly, OA-10 more potently inhibited HA-induced hemolysis
in a dose-dependent manner, with an ICsy of 26 uM. Taken together, these results show that OA-10
interacts with HA2.

3.6. Molecular Model of HA-OA-10 Binding

In order to further understand the molecular basis of OA-10 interacting with HA, we performed
docking experiments using CDOCKER protocol to predict the binding modes of OA-10 into the CR6261
antibody binding site which is a highly conserved hydrophobic groove at the HA1-HA?2 interface in
the HA stem region [19]. The docked conformation of OA-10 was determined based on the minimum
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CDOCKER interaction energy. As shown in Figure 6, the modeled structure of HA complexed with
OA-10 indicated that C2-OH and C3-OH of the L-thamnose moiety linked to C2-OH of D-glucose
were positioned within appropriate distance (2.46 A, 1.99 A and 2.18 A) to make three strong hydrogen
bonds with Gly20 and Val18 in HA2, respectively. Furthermore, C3-OH of D-glucose and the C2-OH
of the L-rhamnose moiety linked to C4-OH of D-glucose formed hydrogen bonds with Asp19 and
GIn42 with the distances 2.69 A and 2.78 A, respectively. In addition, oleanane scaffold also form
numerous hydrophobic contacts with the HA1 residue (His38) and HA2 residues (Trp21, Lys38 and
Ile45). According to docked conformation of OA-10, 3-O-B-chacotriosyl moiety obviously plays an
important role in binding residues in HA2 with higher docking score.
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Figure 6. Structural model of OA-10 binding site in H5 HA. (A) CR6261 antibody binding site
surface. The modeling was based on the published crystal structure of the A/Vietnam/1203/2004 (H5N1)
(PDB: 6CFG). HA1 and HA?2 regions are highlighted in green and blue, respectively. Compound
OA-10 is shown as yellow sticks. (B) Modeled structure of HA complexed with OA-10. Green lines
represent hydrogen bond interaction, with the distances indicated; and pink lines represent hydrophobic
interaction between OA-10 and HA.

4. Discussion

In the present study, OA-10, a newly synthesized oleanane-type triterpene, exhibits significant
antiviral activity against highly pathogenic H5N1 IAV replication with an ECs of 14.0 uM in A549
cell cultures. The in vitro cytotoxicity of OA-10 is quite low, with a CCsy of more than 640 uM and a
selective index of more than 45. OA-10 also exhibits similar inhibitory effect on other IAV subtypes
including PR8, H3N2 and HIN2, with ECs, values ranging from 6.7 to 19.6 uM. The time course
inhibition study indicates that OA-10 exerts its antiviral effect during early stages of viral infection
post binding to cell surface receptors. SPR analyses demonstrate that OA-10 interacts with HA protein
strongly. The inhibition of OA-10 on H5N1 IAV induced hemolysis of chicken RBCs at low pH confirms
interaction of OA-10 with HA subunit HA2. Furthermore, computer-aided molecular docking analysis
suggested that OA-10 might bind to the interface of HA1 and HA2 in the HA stem region, which was
known to undergo significant rearrangement during membrane fusion [19].

One AV replication cycle is orderly composed of virus binding, internalization, RNA replication
and viral protein synthesis, assembly, budding and release from infected cells [38]. Through the
time course inhibition experiments, we found that OA-10 inhibited IAV replication in the co- and
post-treatment modes (Figure 3), but was unable to block IAV binding to A549 cells (Figure S3). To
identify the exact stage(s) of IAV replication cycle affected by OA-10, we investigated the time course
inhibition within one IAV lifecycle and found that OA-10 exerted its effect during the early stages
of TAV infection (Figure 4). During this stage, IAV attachment to target cells is mediated by HA1
via sialic acid-receptor binding, and subsequent virus-endosome membrane fusion is mediated by
rearrangement of HA2 at low pH. Our results showed that OA-10 did not block IAV binding to cells at
4 °C (Figure S3). In addition, OA-10 did not inhibit AV adsorption to chicken RBCs at concentrations
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of 10 and 20 uM, in spite of the fact that non-classical hemagglutination inhibitions of OA-10 at 40
and 80 uM were observed. These results suggest that the HA1 receptor binding domain is likely not a
main target. Given that OA-10 exhibited antiviral activity during early stage(s) of IAV infection cycle,
we speculated that OA-10 might target the membrane fusion step mediated by the more conserved
hemagglutinin transmembrane subunit HA2. This hypothesis was confirmed by the activity of blocking
hemolysis of OA-10 in a low pH environment in a dose-dependent manner (Figure 5C), as hemolysis is
mediated by HA2 rather than HA1 [39].

To investigate the binding intensity of OA-10 with HA, SPR analyses were conducted. SPR data
showed that OA-10 interacted with HA strongly with KD of 2.98 x 107! M (Figure 5B), which was
consistent with its potent hemolysis inhibition at low pH. To study the possible binding site, docking
simulation analyses were performed, by which a highly conserved hydrophobic cavity at the HA1-HA2
interface in the HA stem region was identified as the possible binding site of OA-10. The binding
cavity is formed by residues of the two HA subunits, including Gly20, Val18, Trp21, Lys38 and Ile45 in
HA2, and His38 in HA1, which was previously reported to be one of the critical regions responsible
for the conformational changes in HA2 at low pH [19]. In addition, this region is recognized by an
antibody with a broad-spectrum neutralizing ability to avian and human influenza A viruses [19];
thus, it could serve as a potential drug target for developing IAV entry inhibitors. Indeed, our data
indicated that OA-10 might bind to this cavity through hydrogen bonds and hydrophobic interaction.

Influenza A viruses have been classified into 18 hemagglutinin subtypes (H1 to H18), which can
be divided phylogenetically into two groups (1 and 2). H1, H5 and H9 belong to Group 1 HA of IAV,
while H3 belongs to Group 2 HA of IAV [40]. It is known that the amino acid sequence identities
of the HA2 portion between different HA subtypes are much higher than those of the full-length
HA proteins [40], which makes HA2 an attractive target for developing broad-spectrum therapeutic
antibodies and antiviral drugs. In fact, several broadly neutralizing antibodies (bnAbs) against IAV
conserved HA stem have been developed, and their broad protection against IAV infection has been
demonstrated in clinical trials. One such examples is the antibody CR6261 for most group 1 IAV
subtypes [41,42]. Recently, guided by structural knowledge on the interactions of HA and anti-stem
bnAb CR6261, a small molecule JNJ4796 that mimics the bnAb functionality with the ability to inhibit
HA-mediated fusion was successfully developed. Importantly, this compound demonstrated potent
antiviral activities against H1 and H5 strains in vitro and in vivo [19], but not group 2 IAVs such as
H3 and H7 subtypes [19]. An OA derivative Y3 was reported to have significant antiviral activity
in vitro against H3 and H1, suggesting broad-spectrum inhibitions of OA derivatives against both
Group 1 and Group 2 IAVs.[13]. Further, HR2 in influenza HA2 was recently shown to be the target
domain for Y3 [43]. In the present study, we show that OA-10 has promising antiviral activities
against four IAV subtypes, including HIN1, H5N1, HON2 (Group 1 IAVs) and H3N2 (Group 2 IAV),
further demonstrating the potential of OA derivatives as broad-spectrum IAV entry inhibitors. To our
knowledge, this is the first reported antiviral activity of OA derivatives against H5N1 IAV infection.
Further in vivo studies will be carried out to clarify the efficacy of OA-10 as an IAV entry inhibitor
in animals.

Another potential advantage of OA-10’s antiviral activity is its synergistic inhibition on viral
replication when used together with ribavirin, a broad-spectrum virus RNA polymerase inhibitor
(Figure 3). Such synergy was likely the result of the simultaneous disruption of HA-mediated viral
entry by OA-10 (earlier step) and polymerase-mediated RNA replication by ribavirin (later step). It is
expected that using an inhibitor like OA-10 together with ribavirin or NA inhibitors would not only
enhance antiviral effects against IAV infection, but also prevent or significantly delay drug resistance.

In summary, we demonstrate that OA-10, a novel synthesized oleanane-type triterpenoid, inhibits
four different IAV subtypes, including Group 1 HIN1 (PR8), H5N1 and HIN2, and Group 2 H3N2
infections with potent activity and negligible cytotoxicity in A549 cells. Mechanically, OA-10 blocks the
conformational changes of the HA2 subunit at the low pH required for IAV to fuse with an endosomal
membrane. These effects are attributed to a conserved hydrophobic cavity in the HA stem region as
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the likely binding site of OA-10. It could serve as a lead for optimization in order to design novel
compounds with improved antiviral potency. OA-10 and its derivatives hold promise to be developed
as broad-spectrum anti-influenza drugs.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/2/225/s1:
Figure S1: Chemical structures of oleanane acid (OA-0) and its 11 derivatives. OA-8, OA-9, OA-10 and OA-11 were
newly synthesized derivatives. Figure S2: OA-10 inhibits IAV PR8 (HIN1), HON2 and H3N2 replications in A549
cells. Figure S3: OA-10 does not block IAV binding to A549 cells. Figure S4: Amino acid sequence alignment of
the full-length HA proteins between strains of A/Vietnam/1203/2004 (H5N1) and A/Duck/Guangdong/99(H5NT1).
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Abstract: With the emergence of drug-resistant strains of influenza A viruses (IAV), new antivirals
are needed to supplement the existing counter measures against IAV infection. We have previously
shown that brevilin A, a sesquiterpene lactone isolated from C. minima, suppresses the infection of
influenza A/PR/8/34 (HIN1) in vitro. Here, we further investigate the antiviral activity and mode of
action of brevilin A against different IAV subtypes. Brevilin A inhibited the replication of influenza
A HIN1, H3N2, and H9N2 viruses in vitro. The suppression effect of brevilin A was observed as
early as 4-8 hours post infection (hpi). Furthermore, we determined that brevilin A inhibited viral
replication in three aspects, including viral RNA (VRNA) synthesis, expression of viral mRNA, and
protein encoded from the M and NS segments, and nuclear export of viral ribonucleoproteins (VRNPs).
The anti-IAV activity of brevilin A was further confirmed in mice. A delayed time-to-death with 50%
surviving up to 14 days post infection was obtained with brevilin A (at a dose of 25 mg/kg) treated
animals compared to the control cohorts. Together, these results are encouraging for the exploration
of sesquiterpene lactones with similar structure to brevilin A as potential anti-influenza therapies.

Keywords: influenza A virus; brevilin A; antiviral; sesquiterpene lactone; replication

1. Introduction

Influenza A viruses (IAV) are a major cause of respiratory infection in humans and are responsible
for significant morbidity and mortality worldwide. Annually, seasonal influenza epidemics affect
approximately 5%—-15% of the global population, resulting in 290,000-650,000 deaths [1,2]. Vaccination
programs are important for preventing and controlling influenza. However, the efficacy of vaccination
is typically only 40%-60% and can be lower than 20% during years of vaccine mismatch [3]. Thus,
antiviral therapies are a vital option for the treatment of influenza.

Until now, three types of antivirals have been approved by the FDA for influenza prevention and
therapies, including M2 ion channel inhibitors (i.e., adamantanes and rimantadine) [4], neuraminidase
inhibitors (NAlIs, i.e., oseltamivir and zanamivir) [5], and a cap-dependent endonuclease inhibitor [6,7].
However, the M2 inhibitors are no longer used clinically as currently almost all circulating IAV strains
are resistant to adamantanes [8]. Moreover, the 2008-2009 seasonal HIN1 influenza virus strain
in North America presented nearly complete resistance to oseltamivir [9]. Baloxavir marboxil was
approved for treating influenza last year, but recent work has shown that viral resistance is still a
concern [6,10,11]. Amidst concerns about drug resistance, the development of novel antivirals with
distinct mechanisms of action is necessary.

Viruses 2019, 11, 835; doi:10.3390/v11090835 169 www.mdpi.com/journal/viruses
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Brevilin A (chemical structure shown in Figure 1) is a sesquiterpene lactone isolated from medicinal
herb Centipeda minima. As a major constituent of C. minima [12], it has been reported that brevilin A
displays multiple activities such as anti-tumor [13-17], anti-bacterial [18], and antiprotozoal [19]. We
previously evaluated the antiviral activity of 16 sesquiterpene lactones isolated from C. minima against
influenza A/PR/8/34 (HINT1) virus in vitro. Eight of them showed significant antiviral activity. Among
them, brevilin A exhibited the strongest antiviral effect [20], but the mechanism of this antiviral effect
was not extensively studied. Here, we extend our previous findings by investigating the antiviral
effects of brevilin A against various IAVs and mode of actions in vitro at a noncytotoxic concentration.
We found that brevilin A exhibits significant antiviral activities against all tested IAV strains, and it
inhibits the VRNA synthesis and the expression of some viral proteins. Furthermore, the anti-IAV effect
of this compound in vivo was also evaluated.

Figure 1. The chemical structure of brevilin A.

2. Materials and Methods

2.1. Compounds and Reagents

Brevilin A (purity >95% by HPLC) was isolated from the supercritical fluid extract of C. minima.
Ribavirin was purchased from Sigma-Aldrich (St. Louis, MO, USA). Both compounds were dissolved
in DMSO to prepare a solution with the concentration of 50 mM and stored at —20 °C for in vitro
experiments. Brevilin A did not show cytotoxicity in Madin-Darby canine kidney (MDCK) epithelial
cells up to 8 uM, which was used as the maximum concentration for in vitro antiviral assays. For
in vivo experiments, brevilin A was dissolved in 10% Lipovenos containing 0.2% DMSO, 10% PEG300,
and 2.5% glycerol, while oseltamivir carboxylate (Tamiflu, Roche, Basel, Switzerland), purchased
from Guangzhou Overseas Chinese Hospital (Guangzhou, China), was dissolved in distilled water.
Leptomycin B (LMB, a nuclear export inhibitor) solution was obtained from Beyotime Institute of
Biotechnology, Shanghai, China.

Mouse anti-IAV NP (ab128193) and M2 (ab5416) antibodies, mouse anti-GAPDH antibody
(ab181603), and donkey anti-mouse 1gG (H + L) secondary antibody (ab150105) were purchased from
Abcam Company Ltd., Shanghai, China. Mouse anti-IAV HA (GTX28262), NA (GTX629696) and M1
(GTX125928) antibodies, rabbit anti-IAV NS1 (GTX125990) and NS2 (GTX125953) antibodies were
obtained from GeneTex, Alton Pkwy Irvine, CA, USA.

2.2. Cells and Viruses

Madin-Darby canine kidney (MDCK) epithelial cells (obtained from the Key Laboratory of
Veterinary Vaccine Innovation of the Ministry of Agriculture, P. R. China) were maintained as
monolayers in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Beijing, China) supplemented
with 10% fetal bovine serum (FBS, Gemini, Calabasas, CA, USA), and 1% penicillin/streptomycin
(Pen/Strep, Gibco) at 37 °C, 5% CO;.

Influenza A/PR/8/34 HIN1 (PRS, a gift from the Key Laboratory of Veterinary Vaccine Innovation
of the Ministry of Agriculture, P. R. China), A/FM/1/47 HIN1, A/Hong Kong/498/97 H3N2, and
A/chicken/Guangdong/1996 HIN2 viruses were grown in 10-day-old chicken embryos, titrated on
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MDCK cells, and then stored at —80 °C. For virus infection, cells were washed with PBS and infected
with virus in PBS containing 0.3% BSA (Sigma) and 1% Pen/Strep for 1 h at 37 °C. The inoculum
was aspirated, and cells were incubated in infection medium supplemented with DMEM, 0.3% BSA,
2 pug/mL TPCK-trypsin (Sigma-Aldrich), and 1% Pen/Strep.

2.3. Animals

Female BALB/c mice, six to eight-week-old (average weight, 16.0 + 2.0 g), were obtained from
Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The mice were quarantined
2-3 days prior to the experimental manipulation and were fed standard rodent chow and had ad libitum
access to water. Animal experiments were conducted under the guidance of both the Guangdong
Provincial Center for Disease Control and Prevention’s Institutional Animal Care and Use Committee.
The protocols were approved by South China Agricultural University’ committee on the Ethics of
Animal Experiments of Animal Biosafety Level 3 (permit no. 2017A002).

2.4. Plaque Assay and Plaque Reduction Assay

Plaque assay was performed as described previously [21]. Briefly, MDCK cells (8 x 10°/well) were
seeded into 6-well plates and incubated overnight. The infected cells were overlaid with F12-DMEM
(Gibco) containing 2% Oxoid agar, 0.2% BSA, DEAE dextran, and 2 pg/mL TPCK-treated trypsin, and
further incubated for 48-72 h. The cells were fixed with 4% paraformaldehyde for 30 min and then
stained with 0.1% crystal violet. Virus titers were determined by counting the PFU (plaques) for each
sample and expressed as PFU/mL.

The plaque reduction assay was performed to determine ECs), as described previously [22].
Briefly, monolayer MDCK cells were incubated with virus (~50 pfu/well) at 37 °C for 1 h, rocking every
15 min. Cells were washed twice with PBS and an agar overlay with or without brevilin A (0.5-8 uM)
or ribavirin (5-30 uM) was added to each well. After 48-72 h incubation, the cells were fixed and
plaques were counted by crystal violet staining. The concentration required to reduce the plaque
number by 50% (ECsp) was calculated using the log (inhibitor) versus response logistic nonlinear
regression equation in Graphpad Prime 6.0 software (LaJolla, CA, USA).

2.5. Immunofluorescence

At the indicated time points after infection, MDCK cells were washed with PBS three times and
fixed in 4% paraformaldehyde for 15 min at 4 °C and permeabilized with 0.25% triton in PBS for
15 min at room temperature, and then incubated for 1 h with anti-NP (1:100) monoclonal antibody.
After washing with PBS, the cells were incubated for 1 h with the secondary antibodies, Alexa Fluor
488-conjugated goat anti-mouse 1gG (H + L) (1:1000; Thermo Fisher, Waltham, MA, USA) antibody.
Nuclei were counterstained with DAPI. Cells were observed under the Leica confocal microscope.

2.6. Western Blot Assay

Confluent MDCK cell monolayers were first infected with PR8 (MOI = 1), and then treated with
brevilin A or vehicle. At the indicated time of 4 or 8 hour-post-infection (hpi), proteins from total cell
lysates were separated using SDS-PAGE and transferred onto a polyvinylidene difluoride membrane
(Millipore, Burlington, MA, USA). The membrane was blocked with 5% nonfat milk or 5% BSA in PBS
containing 0.1% Tween 20 and incubated overnight at 4 °C with primary mouse anti-HA (1:1000), mouse
anti-NA (1:1000), mouse anti-M1 (1:3000), mouse anti-M2 (1:1000), rabbit anti-NS1 (1:1000), rabbit
anti-NS2 (1:1000), and mouse anti-NP (1:1000) antibody, or mouse anti-GAPDH and mouse anti-g-actin
antibody as control. The membrane was washed five times for 5 min with PBS-Tween and incubated
for 1 h at room temperature with the respective secondary antibodies conjugated to horseradish
peroxidase (HRP). After five washes for 5 min with PBS-Tween buffer, the chemiluminescence of the
labeled proteins was visualized with HRP substrate and captured using the LICOR Odyssey imaging
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system. The relative densities of proteins were all determined by using Image] (NIH) v.1.46r (Wayen
Rasband, US National Institutes of Health, Bethesda, MD, USA).

2.7. Real-Time Quantitative PCR (RT-qPCR)

Total RNAs were extracted from MDCK cells at 6, 12, or 24 hpi, using the RN Afast200 kit (Fastagen
Biotech, Shanghai, China) according to the Manufacturer’s instructions. Reverse transcription (RT)
was carried out on 0.5 pug of total RNA by using PrimeScript RT reagent kit (Takara, Tokyo, Japan).
Reverse transcription (RT) was conducted using specific oligonucleotides for vVRNA (5’-AGC AAA AGC
AGG-3’), cRNA (5'-AGT AGA AAC AAG G-3’), and mRNA [oligo(dT)]. A glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)-specific primer (5'-GAA GAT GGT GAT GGG ATT TC-3") was also included
in the RT reaction mixture for VRNA or cRNA analysis. The quantitative real-time PCR was performed
in a 20-pL reaction mixture containing 50 nM forward and reverse primers (NP forward primer 5'-GAT
TGG AAT TGG ACG AT-3, reverse primer 5'-AGA GCA CCA TTC TCT CTA TT-3’; M1 forward
primer 5’-AAG ACC AAT CCT GTC ACC TCT GA-3/, reverse primer 5'-CAA AGC GTC TAC GCT
GCA GTC C-3’; M2 forward primer 5’- CCG AGG TCG AAA CGC CTA TC-3’, reverse primer 5'-CTT
TGG CAC TCC TTC CGT AG-3’; NS1 forward primer 5-CTT CGC CGA GAT CAG AAA TC-3,
reverse primer 5-TGG ACC AGT CCC TTG ACA TT-3’; NS2 forward primer 5-GTT GGC GAA ATT
TCA CCA TTG CCT TCT CT-3, reverse primer 5'-TTA AAT AAG CTG AAA TGA GAA AGT TCT-3'),
1 x SYBR green master mix (Takara Biotech, Dalian, China), and various amounts of template. To
quantify the changes in gene expression, the change in threshold cycle (ACt) method was used to
calculate the relative changes normalized against the GAPDH gene (forward primer, 5'-AAT TCC
ACG GCA CAG TCA AGG C-3; reverse primer, 5-AAC ATA CTC AGC ACC AGC ATC ACC-3).
The Ct was defined as the cycle at which fluorescence was determined to be significantly greater than
the background. The ratio of viral RNA to the internal control was normalized to the control level 0 h
after infection, which was arbitrarily set equal to 1.0.

2.8. In Vivo Experiments

Six to eight-week-old female BALB/c mice (average weight, 16.0 + 2.0 g) were separated into 4
groups. Pretreatment was done by administering one dose of brevilin A (25 mg/kg or 10 mg/kg) or
solvent (10% Lipovenos containing 0.2% DMSO, 10% PEG300 and 2.5% glycerol) intraperitoneally
(i.p.) every other day in a volume of 0.1 mL for 6 days starting 1 hpi. The reference drug oseltamivir
(20 mg/kg) was applied to mice orally via gavage once a day in a volume of 0.1 mL for 6 days
starting 1 hpi. Mice were anesthetized with isoflurane (RWD R450, Shenzhen, China) and inoculated
intranasally with 50 uL of a solution containing PR8 virus. Control animals were treated with distilled
water. Body weight and survival were monitored daily for 14 days.

2.9. Statistical Analysis

Statistical significance was analyzed using GraphPad Prism 6 (GraphPad Software Inc.), and
*, p <0.05; *, p < 0.01; ***, p < 0.001 were considered statistically significant. For paired samples, a
paired ¢ test was performed; otherwise, an unpaired Student f test was used. Differences in group
survival were analyzed using Log-rank (Mantel-Cox) test. Error bars represent means + standard
deviations (SD).

3. Results

3.1. Brevilin A Shows a Broad-Spectrum Antiviral Activity against IAV

In our previous work, brevilin A showed potent antiviral activity against PR8 virus assessed
by cytopathogenic effect (CPE) reduction assay and the cell viability assay [20]. To further verify its
anti-IAV activity, brevilin A was tested in a plaque reduction assay using several IAV strains including
A/PR/8/34 HIN1, A/FM/1/47 HIN1, A/Hong Kong/498/97 H3N2, and A/chicken/Guangdong/1996
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HON2 viruses. Ribavirin served as a positive control. The concentration for 50% of maximal effect
(ECsp) of brevilin A obtained with PR8 for viral plaque formation was calculated to be 2.96 + 1.10 uM.
This result concurs with the ECsg of 1.75 & 0.59 uM that we evaluated in previous work. Comparable
to PRS8, the ECs( values of brevilin A obtained with HIN1 (FM1), H3N2, and HON2 were 1.60 + 1.14,
3.28 +1.09, and 2.07 + 1.12 uM, respectively (Table 1). While the ECs of ribavirin obtained with these
four TAV strains were between 7.05 to 10.76 uM. These results indicate that brevilin A exhibits better
anti-IAV activity than ribavirin, and the effects of both are not IAV type/subtype specific. In order to
test whether brevilin A possesses antiviral activity against other RNA viruses, the effect of brevilin A
on respiratory syncytial virus (RSV) was evaluated by a CPE reduction assay. However, brevilin A did
not show inhibitory effect on RSV at a noncytotoxic concentration.

Table 1. Anti-IAV activities of brevilin A.

Comp. IAV ECsp (uM) * SI?b
A/PR/8/34 HIN1 2.96 +1.10 8

brevilin A A/FM/1/47 HIN1 1.60 +1.14 14
A/Hong Kong/498/97 H3N2 3.28 +1.09 7
A/chicken/Guangdong/1996 HIN2 2.07 £1.12 11

A/PR/8/34 HIN1 7.05+1.10 >14

. A/FM/1/47 HIN1 9.19 £ 1.02 >20

ribavirin
A/Hong Kong/498/97 H3N2 10.76 + 1.07 >18
A/chicken/Guangdong/1996 HIN2 10.35 + 1.04 >18

@ Effective concentration required for reducing virus-induced plaque number by 50%. ¥ Selectivity index, CCso/ECsp.

3.2. Brevilin A Inhibits Progeny Virus Production in Various Virus-To-Cell Ratios

To examine to what extent the anti-IAV activities of brevilin A is affected by virus-to-cell ratio,
the cells were infected with PR8 at a MOI (MO], defined as the ratio of input infectious viral particles
per target cell) of 0.001 or 1 in the presence of either brevilin A (8 uM) or vehicle control (DMSO).
Virus titers in the supernatants at the indicated time points were quantified by plaque assays. As
shown in Figure 2A, after infection with virus at a MOI of 0.001, the amount of progeny virus in
the supernatants increased over the incubation time and peaked at 48 hpi in vehicle control, while
treatment with brevilin A could significantly reduce the production of infectious virus from cells at 24
or 48 hpi. Even when cells were infected with virus at a higher MOI (MOI = 1), treatment of brevilin
A also significantly decreased virus production by about 10-fold at 8 and 12 hpi (Figure 2B). These
findings imply that the treatment of brevilin A strongly suppresses the replication of IAV, of note, the
inhibitory activity of brevilin A is still rather effective against a relatively higher dose of input virus.

Additionally, we also analyzed the impact of brevilin A on replication of HIN1 (FM1), H3N2,
or HIN2 in MDCK cells over multiple replication cycles. As shown in Figure 2C-E, compared to the
vehicle, virus titers at each time point were markedly reduced by treatment with brevilin A.
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Figure 2. The inhibitory effect of brevilin A on the growth curves of various influenza A viruses (IAV)
strains. Madin-Darby canine kidney (MDCK cells) were infected with influenza A/PR/8/34 HIN1 virus
ata MOI of 0.001 (A) or 1 (B), or A/FM/1/47 HIN1 virus (C), A/Hong Kong/498/97 H3N2 virus (D), or
A/chicken/Guangdong/1996 HON2 virus (E) at a MOI of 0.001. Cells were then treated with 8 uM of
brevilin A or vehicle. At the indicated time points after infection, virus titers in the supernatants were
determined by a plaque assay. The data represent means + SD. *, p < 0.05; **, p < 0.01; ***, p < 0.001 are
considered statistically significant, compared to vehicle.

3.3. Brevilin A Is Effective at the Viral Genome Replication and Translation Stage

The life cycle of influenza virus is around 8-10 h and is divided into three steps: virus entry
(0-2 h), viral genome replication and translation (2-8 h), and progeny virion release (8-10 h) [23]. To
investigate the stage of viral cycle where brevilin A exhibits its activity against PR8 virus, we next
performed time of addition experiments. MDCK cells were infected with PR8 virus, and brevilin A
was added or removed at the indicated time points. The expression levels of influenza M2 protein in
infected cells were measured at four time-intervals, 0-2, 2—4, 4-8 and 8-10 hpi. We found that the M2
level at the interval 4-8 hpi was reduced around 70%, compared to the vehicle. In contrast, no antiviral
activity was detected for the remaining three intervals (0-2, 2-4, 8-10 hpi) (Figure 3A). These data
indicate that brevilin A is effective at the viral genome replication and translation stage. No inhibitory
effect was observed at virus entry stage or progeny virion assembly/release stage.

We then performed two other experiments to examine the mode of action of brevilin A. First,
brevilin A was added to the IAV infected cells at 0, 4, 6, or 8 hpi, the supernatant was collected at
24 hpi, and the virus titers were determined by plaque assay. The virus titers were decreased when
brevilin A was added at 0—4 hpi, compared to vehicle. However, similar titers were observed in the
treatment and vehicle control when the compound was added 6 h after infection (Figure 3B). Moreover,
the results obtained with an immunofluorescent assay showed that compared to the vehicle control,
the expression of viral protein M2 was markedly reduced when brevilin A was added at 0 to 4 hpi,
and addition of brevilin A at 6 hpi still had a minor impact on M2 expression (Figure 3C). These
data suggest that brevilin A blocks the intermediate stage (s) of the influenza virus life cycle between
approximately 4 to 6 hpi.
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Figure 3. Influence of different treatment conditions of brevilin A on IAV replication. (A) MDCK cells
were infected with PR8 at a MOI of 1, brevilin A or vehicle was present at four time-intervals, 0-2, 24,
4-8, and 8-10 hpi. At 12 hpi, cell lysates were analyzed by Western blot assay; (B) MDCK cells were
infected with PR8 at a MOI of 0.1, then treated with brevilin A (8 uM) at 0, 2, 4, or 6 hpi. The virus titers
in the supernatant were determined by plaque assay at 24 hpi; (C) MDCK cells infected with PR8 (MOI
=1) were treated with brevilin A at the indicated times. The M2 protein expression was determined by
immunofluorescence assay at 12 hpi. The scale bar in the images is 100 um. The data represent means
+SD. *, p < 0.05 is considered statistically significant compared to vehicle.
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3.4. Brevilin A Inhibits Influenza Viral RNA Synthesis

Transcription of VRNA produces mRNA and complementary RNA (cRNA). The former serve as
the template for synthesis of viral proteins, and the latter are templates for synthesis of more vVRNA
for production of new virions [24]. We next performed RT-qPCR to evaluate the effect of brevilin A
on viral RNA synthesis. MDCK cells were infected with PR8 at 1 MO, then treated with brevilin A
or DMSO. Total RNA was extracted at 6, 12, or 24 hpi and reverse transcription was performed with
specific primers for viral NP gene. At 6 hpi, when the viral RNA synthesis was already completed [25],
the levels of vRNA in brevilin A-treated samples were significantly reduced in comparison to those in
vehicle treated cells by 50%. In contrast, the levels of mRNA were only decreased by ~20% and cRNA
was not altered upon the treatment with brevilin A (Figure 4A). We next tested several later time points
post-infection to determine the inhibitory effects of brevilin A during multiple replication cycles of IAV.
The effect of brevilin A on cRNA levels was not significant at 12 or 24 hpi (Figure 4B). However, the
inhibition of mRNA levels became notable at 24 hpi with a reduction of about 45% (Figure 4C). These
results indicate that the inhibitory effect of brevilin A is intimately involved with the vVRNA synthesis.
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Figure 4. The inhibitory effects of brevilin A on the expression of virus RNA. MDCK cells were infected
with PR8 at a MOI of 1, then treated with brevilin A or vehicle. Total RNA was extracted at 6 hpi (A),
12 hpi (B), or 24 hpi (C), and the vVRNA, cRNA, and mRNA were quantified by RT-qPCR. *, p < 0.05; **,
p <0.01; ***, and p < 0.001 are considered statistically significant, compared to vehicle.

3.5. Brevilin A Decreases the Levels of Viral mRNA and Proteins Expressed from the M and NS Segments

Next, we investigated the expression pattern of viral proteins during IAV infection observed in
the presence of brevilin A. For this purpose, MDCK cells were infected with PR8 (MOI = 1) and treated
with brevilin A at a concentration of 8 tM. At the time point of 4 hpi, only the expressions of NA, M1,
and NS1 were observed in the control cells. Treatment with brevilin A resulted in about 20% reduction
of these proteins (Figure 5A). At 8 hpi, the expressions of viral NA, HA, and NP were not affected by
brevilin A, and a modest reduction of M1 (~30%) was observed upon brevilin A treatment. However,
the reduction of M2, NS1, and NS2 proteins was much more dramatic: about 70% in M2, 50% in NS1,
and 70% in NS2, respectively (Figure 5A). The M2 protein is translated from M2 mRNA, which is
produced from the alternative splicing of M1; the NS1 and NS2 proteins were respectively translated
from NS1 and NS2 mRNA generated from the NS segment. We next performed RT-qPCR to determine
the effect of brevilin A on the mRNA expressions of M1, M2, NS1, and NS2. We infected MDCK cells
with PR8 virus and then treated cells with brevilin A. Whole-cell RNA was isolated from the infected
cells at 6 hpi and quantified for mRNA using RT-qPCR assay. The M2 mRNA was markedly reduced
following treatment with brevilin A, with a reduction of 55%—-60%, whereas the reduction rates of M1,
NS1, and NS2 mRNA levels were similar to that of NP (with a reduction of ~20%) compared to vehicle
(Figure 5B-E). These results suggest that brevilin A reduces the mRNA and protein expressions of viral
M and NS.
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Figure 5. The inhibitory effects of brevilin A on the mRNA and protein expression of viral NS and M.
(A) MDCK cells were infected with PR8 at a MOI of 1, and then treated with brevilin A or vehicle. At
the indicated time points, cell lysates were analyzed by Western blot assay for the indicated antigens;
(B-E) MDCK cells were infected with PR8 at a MOI of 1, and then treated with brevilin A (8 uM)
at 1 hpi, total RNA was extracted from the infected cells at 6 hpi, and mRNA was quantified with
RT-qPCR. **, p < 0.01; ***, p < 0.001; ***, and p < 0.0001 are considered statistically significant, compared
with vehicle.

3.6. Brevilin A Induces Influenza Viral RNP Aggregation in the Nucleus

In contrast with most RNA viruses, the replication and transcription of IAV were carried out
in the nucleus of the infected cells. After uncoating, the vVRNP complex, which consists of the viral
PB1-PB2-PA (3P) heterotrimeric RNA polymerase and NP protein, is imported into the nucleus for virus
RNA replication and transcription and then exported to the cytoplasm for packaging into newly formed
virions at the cellular plasma membranes [26]. The matrix protein M1, the viral nuclear export protein
(NS2/NEP), and the M2 ion channel protein are essential proteins involved in viral trafficking, releasing
into the cytoplasm, and budding [27]. To investigate the effects of brevilin A on the nucleocytoplasmic
trafficking of vRNPs, MDCK cells were infected with PR8 virus for 1 h and then treated with DMSO,
brevilin A, or LMB. The viral NP protein was detected by indirect immunofluorescence microscopy at
4,8, and 11 hpi to determine the vRNP localization. As shown in Figure 6, in vehicle treated cells, the
NP protein was detected exclusively in the nucleus at 4 hpi and shifted toward the cytoplasm at 8 hpi.
By 11 hpi, vRNPs were mainly distributed in the cytoplasm. As a control, we used LMB, a potent
and specific nuclear export inhibitor, which has been demonstrated to be able to cause the nuclear
accumulation of newly generated vRNPs [28]. Consistent with the literature report, LMB prevented
the export of VRNPs, even at the late stage of infection (11 hpi), whereas their nuclear import was not
affected. Similar to LMB, upon treatment with brevilin A, the translocation of vRNPs to the nucleus
was delayed. The aggregation of vVRNPs was also observed at 11 hpi (Figure 6). These results suggest
that brevilin A induces vRNPs aggregation in the nucleus.
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Figure 6. The effects of brevilin A on the viral ribonucleoproteins (VRNP) localization. MDCK cells
were infected with PR8 at a MOI of 3 and then treated with brevilin A, LMB, or vehicle as indicated.
Samples were fixed at 4, 8, or 11 hpi, and then stained with anti-NP body (green) and DAPI (blue).
Immunofluorescence was observed with confocal microscopy. The scale bar in the images is 20 pm.

3.7. Brevilin A Protects Mice from IAV Pathogenesis

Since brevilin A showed antiviral activity against influenza A virus in vitro, we next examined
whether brevilin A could also protect mice against influenza virus infection. Mice were infected
intratracheally with PR8 at a dose of three 50% lethal doses (LDs). Brevilin A was given once every
other day intraperitoneally immediately after infection at two concentrations (10 mg/kg or 25 mg/kg).
Oseltamivir was used as the positive control that it is commonly used for treating influenza virus
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infection in the clinic. The experiment was conducted following the scheme illustrated in Figure 7A.
Morbidity and mortality were monitored daily by measuring the body weight and survival rate
(Figure 7B,C). Animals falling below the threshold of 75% of their initial body weight were humanely
euthanized. Vehicle-treated mice showed severe morbidity after infection with influenza virus, and
100% mortality at 10 days post-infection, while the uninfected group (normal) and oseltamivir-treated
group (20 mg/kg/day) showed 100% survival during the entire experiment. Mice treated with brevilin
A at 10 mg/kg did not show significant differences in terms of body weight loss or survival rate
(Figure 7B,C). However, treatment of brevilin A at 25 mg/kg sustained the body weights of mice in
comparison to vehicle-treated group (Figure 7B). Also, brevilin A-treated mice (25 mg/kg) showed a
delayed time-to-death with 50% survival up to 14 days post-infection (Figure 7C). Thus, these results
show that brevilin A protects mice from IAV pathogenesis.
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Figure 7. Brevilin A decreases the lethality observed in IAV-infected mice. (A) BALB/c mice were
infected intranasally with three 50% lethal doses (LDs() of PR8 virus. Brevilin A (25 mg/kg or 10 mg/kg)
was intraperitoneally (i.p.) administered to mice 1 h after virus infection, and then once every other
day for 6 days beginning on the day of infection (1 = 8). Oseltamivir phosphate (20 mg/kg) used as a
positive control was administered by oral gavage every day (n = 7). Vehicle (10% Lipovenos containing
0.2% DMSO, 10% PEG300 and 2.5% glycerol, n = 8) was used as a negative control. (B) The body weight
of mice from each group was monitored daily from day 0 to day 14. The data represent means + SD.
(C) The survival rates of the mice were calculated. Animals falling below the threshold of 75% of their
initial body weight were humanely euthanized. The p-value is shown (Log-rank (Mantel-Cox) test).

4. Discussion

The present study shows that brevilin A at a noncytotoxic concentration has a broad-spectrum
antiviral activity against IAV, including HIN1, H3N2, and HON2. Mode of mechanism studies
demonstrate that brevilin A exhibits its antiviral activity by regulating the replication and translation
stages of IAV life cycle. Brevilin A strongly decreased viral RNA level, reduced the expression of viral
proteins expressed from the smaller segments (M and NS), and impaired the nuclear export of vRNPs.
Furthermore, we showed that brevilin A reduced influenza-associated morbidity and mortality in vivo.

In the current study, we determined that the anti-IAV activity of brevilin A is not viral subtype
specific as brevilin A displayed a broad-spectrum antiviral activity against many IAV types/subtypes.
These effects were assessed by plaque reduction assay and generation of virus growth curves (Figure 2).
Using a time-of-addition assay, we deduced that brevilin A acts at the replication and translation
stages of infection (Figure 3), which could explain why the virus titers at 4 hpi were not reduced
by treatment with brevilin A (Figure 2B). Further examination reveals that brevilin A preferentially
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regulates the synthesis of VRNA but not the complementary positive strand cRNA or the mRNA
(Figure 4). Moreover, by analyzing the expression of viral protein, we determined that not all of the
viral proteins are equally affected by brevilin A. Expression of M2, NS1, and NS2 proteins are more
severely inhibited in comparison to other viral proteins (Figure 5A). It has been reported that some IAV
genes (segments 1, 2, 3, 5, and unspliced 8) are preferentially expressed early and the others (segments
4, 6, unspliced 7, and two spliced transcripts) are expressed late during infection [23]. However, this
could not explain our observation that at early time points post-infection, the proteins translated from
the M and NS mRNAs were down-regulated by treatment with brevilin A, while the expression of HA
and NA (supposed to be preferentially expressed early) were not affected. Considering that the M
and NS segments are coincidentally the ones that produce spliced products, the mRNA levels of M1,
M2, NS1, and NS2 were analyzed. Our results demonstrate that the production of M2 mRNA was
strongly reduced following the treatment with brevilin A (Figure 5B-E), indicating that the alternative
splicing of the M1 mRNA was affected. Splicing is a necessary step for influenza replication, while
NS2 is required for nucleocytoplasmic transport of vRNPs [29], and M2 is an important factor in viral
pathogenicity [30,31]. During the nuclear replication stage, numerous host-splicing factors, such as the
spliceosome complex and host splicing regulators, are necessary to process the M and NS segments [32].
How brevilin A affects the alternative splicing of influenza A viruses needs to be further investigated.

Brevilin A’s antiviral effects in vivo were also evaluated in a mouse model upon influenza virus
infection. Often, a compound possessing potent inhibitory activity in vitro fails when tested in vivo.
However, we found that treatment of IAV-infected mice with brevilin A markedly improved their
survival, compared to vehicle control mice (Figure 7). Under our experimental settings, brevilin A
(25 mg/kg) was delivered every other day for four times rather than every day for 6 days, since both
delivery frequency showed similar protective effects in IAV-infected mice. Further exploration of the
in vivo potential of brevilin A is warranted to assess its in vivo toxicity, and define the best conditions of
treatment, including analysis of dosage and route(s) of inoculation. Besides, brevilin A’s bioavailability
and pharmacokinetics would also be considered in future research to get more detailed information
about absorption, metabolism, and disposition.

In summary, the sesquiterpene lactone brevilin A is a promising candidate lead compound for
development of antiviral agents that broadly inhibit IAV replication by impairing the vVRNA synthesis
and the viral protein translation. Further investigation is warranted of this and other similar inhibitors
as potential therapeutic agents against influenza.
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Abstract: The herbs Plantago asiatica and Clerodendrum trichotomum have been commonly used for
centuries in indigenous and folk medicine in tropical and subtropical regions of the world. In this
study, we show that extracts from these herbs have antiviral effects against the respiratory syncytial
virus (RSV) in vitro cell cultures and an in vivo mouse model. Treatment of HEp2 cells and A549
cells with a non-cytotoxic concentration of Plantago asiatica or Clerodendrum trichotomum extract
significantly reduced RSV replication, RSV-induced cell death, RSV gene transcription, RSV protein
synthesis, and also blocked syncytia formation. Interestingly, oral inoculation with each herb extract
significantly improved viral clearance in the lungs of BALB/c mice. Based on reported information
and a high-performance liquid chromatography (HPLC) analysis, the phenolic glycoside acteoside
was identified as an active chemical component of both herb extracts. An effective dose of acteoside
exhibited similar antiviral effects as each herb extract against RSV in vitro and in vivo. Collectively,
these results suggest that extracts of Plantago asiatica and Clerodendrum trichotomum could provide a
potent natural source of an antiviral drug candidate against RSV infection.

Keywords: Plantago asiatica; Clerodendrum trichotomum; RSV; therapeutic effects; acteoside

1. Introduction

Acute respiratory infections caused by viruses are the most common cause of morbidity and
mortality in children worldwide. Respiratory syncytial virus (RSV) is one of the major causes of lower
respiratory tract infections, which cause a huge global disease burden [1]. It is the most important viral
agent of serious respiratory tract illness in infants and young children. Nearly all infants have been
infected with RSV at least once by the age of two years [2]. RSV is also a major cause of acute respiratory
illness in the elderly, and it can have a detrimental effect in immune-compromised individuals. Even
though RSV infection generally occurs at an early age, individuals may be re-infected throughout their
lifetime, because naturally acquired immunity does not provide persistent protection [3]. At present,
RSV vaccines and antiviral drugs are in the preclinical and clinical stage of development; however,
no RSV vaccines or antiviral drugs suitable for typical use are commercially available at this time [4].
Ribavirin and immunoglobulin preparations with high titers of RSV-specific neutralizing antibodies
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are currently approved to treat and prevent RSV infections [5]. However, neither of these options is
cost-effective or convenient to administer. Due to the high infant morbidity and mortality rates, the
lack of an effective vaccine, and the availability of just one antiviral agent (Ribavirin), which is used
only in severe cases, novel therapies for RSV infection warrant investigation.

Fossil evidence has revealed that human use of plants as folk medicine dates back at least
60,000 years [6]. According to the World Health Organization (WHO), almost 65% of the world’s
population reports the use of natural compounds as medicinal agents [7]. Modern analytical
technologies applied towards the active compounds found in plants have allowed for greater insights
into plant-derived pharmaceutical compounds [8]. Plantago asiatica is a perennial belonging to the
family Plantaginaceae and is commonly used as a folk medicine in Korea, China, and Japan [9].
Plantago asiatica extract (PAE) has been used to treat a variety of health conditions, such as wounds,
cholesterolemia, diarrhea, bronchitis, and chronic constipation [10-12]. Moreover, it has been shown
to inhibit cancer and leukemia growth and to enhance cell-mediated immunity [13]. Clerodendrum
trichotomum is a deciduous shrub that belongs to the family Lamiaceae (formerly Verbenaceae) and is
widely distributed in South Korea, China, Japan, and the Philippines. Clerodendrum trichotomum extract
(CTE) possesses broad-spectrum anti-inflammatory [14,15], anti-hypertensive [16], anti-asthmatic [17],
anti-oxidative [18] and immunotoxin [19] properties. However, the effects of PAE and CTE and their
active components on RSV replication in vitro and in vivo have not been reported.

In this study, we evaluated the antiviral activities of P. asiatica and C. trichotomum aqueous extracts
against RSV in vitro and in vivo. Furthermore, we identified and confirmed the antiviral function of
acteoside (verbascoside), a phenolic glycoside presents in both aqueous extracts, as the potential active
component with antiviral activity against RSV infection.

2. Materials and Methods

2.1. Plant Materials and Total Aqueous Extract Preparation

A water-soluble extract of P. asiatica and C. trichotomum was prepared by Herbal Medicine
Improvement Research Center, Korea Institute of Oriental Medicine, Daejeon, Republic of Korea.
Crude plant materials were purchased from a local store (Jaecheon Oriental Herbal Market) and
verified by Professor Ki-Hwan Bae at the College of Pharmacy, Chungnam National University. In the
proses, 100 g of the plant materials were placed in 1 L of distilled water and extracted by heating for
2.5 h at 105 °C using a medical heating plate. After the extraction proses, the extract was subjected
to filtration using a filter paper (0.45 um, Millex® , Darmstadt, Germany) and stored at 4 °C for 24 h.
The extract was then centrifuged at 8000x g for 15 min. The supernatant was collected, and the pH was
adjusted to 7.0. Following pH adjustment total successive aqueous extract was subjected to membrane
syringe filtration (0.22 pm) and stored at —20 °C until further use.

2.2. Reagents, Chemicals and Antibodies

Verbascoside (Acteoside) was purchased from Sigma (V4015). Trypan blue solution was purchased
from Gibco (Waltham, MA, USA). Cell cytotoxicity assay kit was purchased from Dojindo Molecular
Technologies, INC (CK04: Cell Counting Kit-8, Japan). Antibodies used in the immunoblotting study
were as follows: Anti-RSV Glycoprotein (RSV-G) (Abcam, #ab94966, Cambridge, UK), 3-actin (Santa Cruz,
SC 47778, Dallas, TX, USA), HRP-conjugated anti-mouse IgG (Gene Tex, GTX213111-01, Taichung, Taiwan),
HRP-conjugated anti-rabbit IgG (Cell signaling technology, 7074P2, Danvers, MA, USA).

2.3. Cell Culture and Virus Infection

Human epithelial type 2: HEp2 cells with HeLa contaminant (ATCC CCL-23, Manassas, VA, USA)
and A549 cells (ATCC CCL-185, Manassas, VA, USA) were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) (Invitrogen, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS)
(Hyclone, Australia) and 1% antibiotic/antimycotic solution (Gibco, Waltham, MA, USA) at 37 °C with
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a 5% CO, environment. The Green Fluorescent Protein fused Respiratory syncytial virus (RSV-GFP)
from Dr. Jae U. Jung, Department of Molecular Microbiology and Immunology, University of Southern
California, USA. RSV-GFP propagated on confluent HEp2 cells, and titer was determined by a standard
plaque assay.

2.4. Antiviral Assays

RSV-GEFP virus replication inhibition assay was performed in vitro using HEp2 cells, as described
previously with minor modifications [20]. Briefly, HEp2 cells and A549 cells were seeded in 12 well cell
culture plates with the cell number of 2.5 x 10° cells/well and incubated for 12 h. Medium was changed
with DMEM containing 1% FBS and Cells were infected with RSV-GFP [multiplicity of infection (MOI)
0.1] for 2 h. Cells were washed with PBS and medium was replace with DMEM containing 10% FBS
and cells were treated with indicated concentrations of PAE, CTE or acteoside. GFP expression was
measured at 48 h post infection (hpi) with Glomax multidetection system following manufacturer’s
directions. Virus titer was determined in supernatant and cells by plaque assay in HEp2 cells or A549
cells [21]. Cell viability was evaluated using a trypan blue exclusion test as described previously [22].

2.5. Determination of Effective Concentration (ECsp) of Extracts and Acteoside

HEp2 cells were grown in 24-well cell culture plates (1.25 x 10° cells/well) and incubated at 37 °C in
a 5% CO, atmosphere. After 12 h, the medium was replaced with DMEM containing 1% FBS and cells
were infected with RSV-GFP (0.1 MOI) for 2 h. Then cells were washed with PBS once, and the medium
was replaced with DMEM containing 10% FBS. Cells were treated with indicated concentrations of
herb extracts or acteoside. The experiment was performed in triplicate. GFP expression was measured
48 hpi with the Glomax multi-detection system (Promega, Fitchburg, WI, USA) according to the
manufacturer’s instructions. The ECs( values were then calculated as the extract concentration yielding
50% GFP expression.

2.6. Determination of Cytotoxic Concentration (CCsg) of Extracts and Acteoside

Cell cytotoxic concentration of herb extracts and acteoside was determined using Cell counting
kit-8 Dojindo Molecular Technologies, as described previously [23]. Briefly, HEp2 cells were seeded
into 96-well cell culture plates (2.5 x 10* cells/well) and incubated for 12 h. Cells were treated with
indicated concentrations of herb extracts or acteoside. Next, at 48-h post treatment, 10 uL of CCK-8
solution was added to each well of the plate. Then, it was incubated for 1 h at 37 °C, and absorbance
was measured at 450 nm using microplate reader (molecular devices).

2.7. Quantitative RT-PCR (qRT PCR)

Total RNA was extracted from cells, or 1 g of lung homogenate using the RNeasy Mini kit (Qiagen,
Hiden, Germany) and cDNA synthesis was performed using the enzyme reverse transcriptase (TOYOBO).
Next, qRT-PCR was performed using the Rotor Gene Q instrument (Qiagen, Hiden, Germany), with
the QuantiTect SYBR Green PCR Master Mix (Qiagen, Hiden, Germany). The transcription level
of mRNA was obtained by the 2722Ct method as described previously [24] and expressed as fold
induction. The RT-PCR primer sequences used as follows, RSV-G forward primer 5-CCAAACAAACCC
AATAATGATTT-3' reverse primer 5-GCCCAGCAGGTTGGATTGT-3" Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH): Forward primer 5-TGACCACAGTCCATGCCATC-3" reverse primer
5-GACGGACACATTGGGGGTAG-3'.

2.8. Immunoblot Analysis

HEp2 cells were seeded in six well cell culture plates (5 x 10° cells/well) and incubated for 12 h.
Medium was changed to DMEM containing 1% FBS and cells were infected with RSV-GFP (0.1 MOI) for
2 h. Cells were treated with PAE, CTE or acteoside once replacing the medium with DMEM containing
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10% FBS. Cells were harvested at 0, 12, 24, 36, 48, hpi and subjected to immunoblot analysis. Briefly,
harvested cells were lysed with lysis buffer containing 1% NP-40, 150 mM NaCl, 50 mM Tris-HCI pH
8.0 and a protease inhibitor (Sigma). Whole cell lysates were mixed with 10x sample buffer (Sigma,
St. Louis, MO, USA) at 1:1 ratio, and the total protein was separated in 12% gel by SDS-PAGE and
transferred to a PVDF membrane (BioRad, Hercules, CA, USA). The membrane was blocked in 5%
bovine serum albumin (BSA, Sigma) and incubated with anti RSV-G antibody or anti-f3-actin antibody
with 5% BSA and TBST (Tris-buffered saline (LPS Solution) + Tween 20 (Life science, #0777-1L, Suwanee,
GA, USA)) respectively. Proteins were detected by incubating with a secondary anti-rabbit IgG-HRP
or anti-mouse IgG-HRP for 1 h at room temperature. The membrane was developed with ECL reagent
mix (LPS solution, FEMTO-100) and images were captured with an Enhanced Chemiluminescence
Detection (ECL) system (GE Life science, Pittsburgh, PA, USA), using Las-4000 mini lumino-image
analyzer (GE Life Science). Band intensity was calculated using ImageQuant LAS 4000 control software
(Pittsburgh, PA, USA).

2.9. Syncytium Formation Assay

The ability of the herb extract and acteoside to block cell to cell spread was evaluated using GFP
expression in the cells. HEp2 cells were cultured in 12 well cell culture plates (2.5 x 10° cells/well) and
incubate for 12 h. Medium was changed to DMEM containing 1% FBS and cells were infected with
RSV-GFP (0.1 MOI) for 2 h. Cells were treated with PAE/CTE or acteoside once replacing the medium
with DMEM containing 10% FBS. After 48 h incubation cells were washed with cooled PBS and cell
images were taken under 400 magnifications. Syncytium formation was quantified with image] 1.48
program (https://imagej.net/Image]).

2.10. RSV-GFP Challenge Experiment in Mouse Model

Five-week-old female BALB/c mice were purchased from orient bio (South Korea) and acclimated
for three days under experimental condition prior to use. Mice were separated into experimental
groups as virus infected, and herb or acteoside treated group (n = 5), virus only infected group (n = 5)
and un infected group (1 = 2). Mice were anesthetized with ketamine for a short time period, and
RSV-GFP 1 x 10° Plaque forming unit (PFU) per mice in the total volume 28 uL. was infected intranasally.
Mice were orally administered 0.5 mg/mL concentration of PAE or CTE at a total volume of 200 uL
at 6,12, 18 and 24 hpi. In the case of acteoside, 80 mg/Kg of body weight/mice was intraperitonially
administered to mice at 6 hpi in the total volume of 100 uL. Lung tissues from euthanized mice were
collected aseptically at 3- and 5-day post infection (dpi). Lung RSV titration was determined by
RSV-G protein mRNA transcription fold quantification. RSV-G protein mRNA level was quantified as
described before.

2.11. Ethical Approval

The animal study was conducted under appropriate conditions with the approval of the Institutional
Animal Care and Use Committee of Chungnam National University (Reference number CNU-00816).

2.12. Identification of Acteoside through HPLC

A reversed-phase high-performance liquid chromatography (HPLC) was performed using Agilent
technologies 1200 series HPLC system equipped with a DAD detector (Agilent technologies, Santa
Clara, CA, USA). The binary mobile phase consisted of water containing 1% formic acid (solvent A)
and acetonitrile (solvent B). All solvents were filtered through a 0.45 um filter prior to use. The mobile
phase consisted of 1% Formic acid (Solvent A) and Acetonitrile (Solvent B) in the gradient mode as
follows: 0-20 min 0-40% B; 20-22 min 40-100% B; 22-25 min 100-0% B at flow rate of 1.0 mL/min at
30 °C.
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2.13. Statistical Analysis

Data are presented as the means =+ standard deviations (SD) and are representative of at least
three independent experiments. Graphs and all Statistical analysis were performed using GraphPad
Prism software version 6 (San Diego, CA, USA) for Windows. Differences between untreated and
herb or acteoside treated groups were analyzed by Unpaired t-test. p < 0.05, p < 0.01 or p < 0.001 was
regarded as significant.

3. Results

3.1. Antiviral Effects of PAE and CTE

A library of herb extracts was screened to detect antiviral activity against RSV. Among them, PAE
and CTE were selected. The ability of the two herb extracts to inhibit the replication of GFP-tagged
RSV (RSV-GFP) was further confirmed in a dose-dependent experiment. The expression of RSV-GFP,
the virus titer, and the recovery of RSV-induced cell death were evaluated in HEp2 cells upon herb
treatment. As shown in Figure 1A,B, HEp2 cells and A549 cells treated with PAE and CTE (10, 30, or
50 pug/mL) exhibited a marked reduction in GFP expression compared to untreated HEp2 cells and
A549 cells. Moreover, all doses of the two-herb extract significantly reduced the RSV titer compared
to the untreated group (Figure 1C). Interestingly, treatment with PAE and CTE significantly reduced
RSV-induced HEp2 cell and A549 cell death at 48 hpi (Figure 1D). Therefore, both herb extracts could
significantly reduce RSV replication in HEp2 cells and A549 cells. Since the 50 ug/mL concentration
was the most effective at inhibiting viral replication and virus-induced cytotoxicity, this concentration
was used for further in vitro experiments.

3.2. Therapeutic Effect of PAE and CTE against RSV Infection

The ability of PAE and CTE to inhibit virus replication after the infection was determined. HEp2
cells were infected with RSV-GFP 0.1 MOI, and herb extracts were added at the indicated time points.
GFP expression was measured at 48 hpi. As expected, increased GFP expression at 48 hpi was observed
as the amount of time between viral infection and herb treatment increased (Figure 2A,B). Similarly, RSV
titers increased with increasing time between viral infection and herb extract treatment (Figure 2C,D).
Next, to assess the effect of PAE and CTE on virus replication, an assay was performed, and GFP
expression was measured at different times after virus infection. As shown in Figure 2EF, a 50 pg/mL
concentration of each herb extract significantly reduced the GFP expression at 36 hpi and 48 hpi but,
interestingly, not at 12 hpi or 24 hpi.
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Figure 1. Antiviral activity of Plantago asiatica extract (PAE) and Clerodendrum trichotonum extract (CTE)
in HEp2 cells and A549 cells. HEp2 cells and A549 cells were seeded into 12 well cell culture plates
with the cell number of 2.5 x 10° cells/well. Twelve hours later, the medium was changed to 1% fetal
bovine serum (FBS) containing Dulbecco’s Modified Eagle’s Medium (DMEM) and cells were infected
with Green Fluorescent Protein fused Respiratory syncytial virus (RSV-GEP) 0.1multiplicity of infection
(MQI) or kept uninfected. Two hours later, the medium was replaced with 10% FBS containing DMEM
and cells were treated with 10, 30, 50 (ug/mL) PAE or CTE. Cells without any treatment regard as virus
only. (A) After 48 h, images were obtained (200x magnification). (B) GFP absorbance levels were
measured by Gloma multi-detection luminometer (Promega). (C) Virus titration was done from the cell
supernatant and cells by standard plaque assay and expressed as plaque forming unit (PFU). (D) Cell
viability was determined by trypan blue exclusion assay at 48hour post infection (hpi). GFP absorbance,
cell viability and virus titer expressed as mean + standard deviations (SD). Error bars indicate the
range of values obtained from counting duplicate in three independent experiments (** p < 0.01 and
*** p < 0.001 regarded as significant difference).

3.3. Synergistic Anti-RSV Effect of PAE and CTE in HEp2 Cells

Next, synergistic anti-RSV effect of PAE and CTE were determined in HEp2 cells. HEp2 cells were
infected with RSV-GFP (0.1MOI) for 2 h in DMEM containing 1% FBS. Then cells were treated with
PAE, CTE along or as a combination (1:1) in DMEM containing 10% FBS. At 48 hpi GFP absorbance
were taken, and the virus titer was determined by standard plaque assay. GFP expression level
was significantly reduced with the increasing dose either PAE, CTE along or combination treatment
(Figure 3A). However, there was no significant difference observed in combined herb extract treatment
compared to individual herb extract treatment at the same final dose treatment. Furthermore, a
similar result was observed in the virus replication quantification by standard plaque assay (Figure 3B).
Therefore, this data demonstrates that PAE or CTE does not enhance anti-RSV activity synergistically.
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Figure 2. The therapeutic effect of PAE and CTE against RSV-GFP infection. HEp2 cells were seeded
into 12 well cell culture plates and left for 12 h. Medium was changed with DMEM containing 1% FBS
and cells were infected with RSV-GFP (0.1MOI) for 2 h. (A,B) RSV-GFP infected cells were treated
with 50 pg/mL PAE or CTE at different times after post infection as indicated or left untreated, and
GFP expression level was measured at 48 hpi. (C,D) Virus titer was measured from both supernatant
and cells by standard plaque assay at 48 hpi and expressed as PFU. (E F) Cells were treated with
50 ug/mL PAE or CTE, and GFP expression level was measured at different time after virus infection as
indicated. GFP absorbance and virus titer expressed as mean =+ SD. Error bars indicate the range of
values obtained from counting duplicate in three independent experiments (* p < 0.05, ** p < 0.01 and
*** p < 0.001 regarded as significant difference).

3.4. Determination of the Effective Concentration (ECsg) and Cytotoxic Concentration (CCsg) of PAE and CTE

ECs values of the herb extracts were determined against RSV on HEp2 cells. For this experiment,
a GFP assay was performed with some modifications, as described previously [25,26]. Briefly, RSV-GFP
virus was used, and a 50% reduction in GFP expression was considered equivalent to a 50% reduction
in virus titer. As shown in Figure 3D,F, PAE and CTE inhibited RSV-GFP infection (MOJ, 0.1) by 50% at
concentrations of 39.82 pg/mL and 27.95 ug/mL, respectively. Next, we determined the CCsj values of
the two extracts based on a cell cytotoxicity assay using HEp2 cells. The assay showed CCs, values of
938.43 ug/mL and 764.17 ug/mL for PAE and CTE, respectively (Figure 3EG). Interestingly, the cell
viability at the effective concentrations of both extracts was greater than 80%. The selectivity index (SI)
indicates the safety of a crude extract against RSV infection [19]. The SIs of PAE and CTE were 23.5
and 27.3, respectively (Figure 3H). This data suggests that both PAE and CTE could be used safely as
therapeutic agents against RSV infection.
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