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The development of antiviral drugs, has provided enormous achievements in our recent
history in the fight against viral infections. To date, most of the approved antiviral drugs
target virus-encoded proteins to achieve direct antiviral activity. Nonetheless, the inherent
idiosyncrasy of viral mutations during their replication cycle, enable many viruses to adapt
to the new barriers, becoming resistant to therapies, therefore, representing an ever-
present menace and prompting the scientific community towards the development of
novel therapeutic strategies. Taking advantage of the increasing knowledge of virus-host
cell interactions, the targeting of cellular factors or pathways essential for virus survival
turns into an alternative strategy to intervene in almost every step of viral replication cycle.
Since host factors are evolutionary conserved, viral evasion to host-directed therapies
(HDT) would impose a higher genetic barrier to the emergence of resistant strains. Thus,
targeting host factors has long been considered an alternative strategy to overcome viral
resistance. Nevertheless, targeting host factors or pathways potentially hints undesired off
targets effects, and therefore, a critical risk-benefit evaluation is required. The present
review discusses the current state-of-the-art on the identification of viral host dependency
factors (HDF) and the workflow required for the development of HDT as antivirals. Then,
we focus on the feasibility of using a specific class of host factors, those involved in innate
immune modulation, as broad-spectrum antiviral therapeutic strategies. Finally, a brief
summary of major roadblocks derived from targeting host cellular proteins and putative
future strategies to overcome its major limitations is proposed.
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1 TARGETING HOST FACTORS AS ANTIVIRAL STRATEGIES

Viral diseases represent a major cause of mortality across the world and can devastate our global
health systems, as illustrated by the current coronavirus disease 2019 (COVID-19) pandemic (1).
COVID-19 also demonstrates the need to develop innovative tools that allow the rapid
identification of potential therapies when new viral epidemics occur. While vaccines are often
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the most efficient approach to control viral infections in the long
term, their success is somewhat limited to the huge efforts and
time needed to administer to the general population together
with the fact that they do not provide 100% antiviral efficiency
(2). Therefore, it is critical to develop antiviral therapies to treat
new emerging viruses or viral infections when prevention fails.

To date, most FDA-approved antiviral drugs target viral
proteins involved in its replication cycle (3, 4). However, a major
challenge of these antiviral compounds is that they facilitate the
common emergence of drug-resistant viral strains (5) and are
effective only against particular infections, hampering the
possibility of presenting pan-viral efficacy and limiting putative
repurposing strategies against emerging new pathogens. Thus,
targeting the host proteins required for viral replication is a viable
and innovative strategy that can avoid resistance and lead to
potentially broad-spectrum therapeutics, as families of viruses
often exploit common cellular pathways and processes.

One of the main roadblocks for the identification and
development of HDTs is that they require in-depth knowledge
of virus-host interactions and their biological significance to
virus replication. Indeed, only host factors significantly
contributing to viral replication and whose modulation might
not alter critical endogenous molecular functions are suitable for
pharmacological inhibition for HDT. Deciphering the complex
network between the host and the virus is a challenging unsolved
question. In recent years new approaches have been developed
aimed at identifying these cellular host factors, providing a range
of powerful tools to elucidate the direct and indirect interactions
between host and pathogens, as well as perturbations to the host
cell function, either caused by viral infection itself or by the
targeted modulation of specific cellular proteins involved in
viral replication.

The initial part of the present article reviews some of the
experimental approaches currently in use for the identification of
host factors required for viral replication. In the second part of
the article, we review the modulation of the innate immune
response as a potential therapeutic strategy for the management
of virus associated diseases. We focus specifically on how the
infections caused by emerging viruses or less studied pathogens,
which have little or non-available approved pharmacological
interventions, could benefit of host-directed enhancement of
the innate sensing as prophylactic and/or therapeutic strategies.
2 IDENTIFICATION OF HOST
DEPENDENCY FACTORS

Drug development is often a too slow process to be readily
deployable to an emerging viral outbreak. It is therefore key to
establish new methods that facilitate the rapid identification of
antiviral compounds to treat viral infections (2). To date, several
different approaches have been successfully implemented to
identify HDF, although only a few of them have successfully
been translated into effective HDT. Examples of successful HDT
include the use of C-C chemokine receptor type 5 (CCR5)
antagonists for the human immunodeficiency virus (HIV),
Frontiers in Virology | www.frontiersin.org 2
cyclosporine for influenza A virus (IAV) and anti-claudin-1
and antioccludin monoclonal antibodies for hepatitis C virus
(HCV). However, despite these examples, more efforts on
translational research are needed to be able to develop effective
therapies targeting the host to combat infectious disease.

Overall, current technologies can be classified depending on
the type of technique used into:

- Functional genomics; including loss of function/gain of
function screenings.

- Genomic-based approaches; including genome-wide
association studies and whole transcriptome profiling.

- Proteomic-based approaches, including virus-host protein-
protein interactions.

Each screening methodology has its own inherent technical
characteristics, providing a picture of a specific moment in the
vast context of a viral infection (summarized in Figure 1).
Therefore, combined and/or integrative approaches together
with functional characterization are necessary to validate the
biological relevance of any potential novel HDF that might be
putatively developed as HDT. This section provides a brief
overview on the fundamentals of the distinct approaches
(extensively reviewed elsewhere (6–13), with special focus on
their key strengths and weaknesses, and comparing and
contrasting the three screening approaches for elucidating
host-virus interactions that may ultimately lead to HDT.

2.1 Functional Genomics
Over the last several years a wealth of transformative human-
virus interaction discoveries has been produced using loss-of-
function functional genomics (9). These insights have greatly
expanded our understanding of how human pathogenic viruses
exploit our cells to replicate. Two technologies have been at the
forefront of this genetic revolution, RNA interference (RNAi)
and random retroviral insertional mutagenesis using haploid cell
lines (haploid cell screening), with the former technology largely
predominating. Currently, the cutting-edge gene editing of the
CRISPR/Cas9 system has also been harnessed for large-scale
functional genomics and is displacing the earlier methods.

2.1.1 RNA Interference
The RNA interference (RNAi) technology consists of the sequence-
specificknockdownofhost cellmRNA, resulting in loss-of-function
phenotypes. RNAi can either achieve the transiently knock down
expression of the gene of interest by the transfection of small
interfering RNA (siRNA) or a long-term silencing through
transfection of plasmids containing short hairpin RNAs
(shRNAs) that integrate into the host genome (14). Although
siRNA has identified many cellular components, including host
kinases, cellular receptors, transcription factors and transporter
proteins as essential HDF factors for viral replication, RNAi
screenings have several limitations. First, limited overlap of top
hits has been observed in RNAi screening of independent studies,
thus, candidate genes found in one screening are rarely confirmed
by independent RNAi screenings. This can be attributed to
differences in the RNAi sequences for each gene, RNAi reagents,
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hit selection criteria and the cellular model. Secondly, silencing
efficiency of different siRNAs targeting the same gene can vary
significantly and result in incomplete gene knockdown that
complicates the validation of a host factor. Similarly, siRNA
delivery can trigger the innate immune response due to the
recognition of RNA via innate immune sensing (described later)
and lead to a proinflammatory or antiviral state phenotype (15). To
overcome RNAi screening limitations, validation of candidate gene
sets should include at least two independent reagents in at least two
separate assays (14) besides to the characterization of false positives
by the use of non-targeting RNAi controls to evaluate nonspecific
off side effects (9, 16). Despite its limitations, genome-wide RNAi
screens have successfully provided valuable data such as druggable
targets for emergingviruses like theubiquitin ligaseCBLL1 involved
in West Nile Virus (WNV) internalization (17) or the de novo
pyrimidine synthesis pathway as HDF for genome replication and
transcription of Ebola virus (EBOV) (18).

2.1.2 Haploid Cell Screening
Gene silencing for the assessment of potential viral-host factors
has to deal with difficulty to generate efficient bi-allelic mutants
in diploid cells (6). In contrast, the development of haploid
Frontiers in Virology | www.frontiersin.org 3
screening takes advantage of the presence of a single allele for
each gene in haploid cells to induce efficient gene inactivation,
silenced by lentiviruses/retrovirus or transposon-mediated
insertional mutagenesis, to generate null mutants for most
nonessential genes. Haploid genetic screens have been a useful
tool for identifying many HDF. As representative examples,
haploid screening identified the cytidine monophosphate N-
acetylneuraminicacid synthase (CMAS) and the solute carrier
family 35-member A2 (SCL35A2) as receptors for the influenza-
hemagglutinin binding. Indeed, gene silencing of SCL35A2 and
CMAS turned mutant cells almost complete resistant to
influenza infection (6). Similarly, haploid screening found that
mutations associated to the endo/lysosomal cholesterol
transporter protein Niemann- Pick 1 (NPC1) rendered Hap1
mutant cells resistant to EBOV and Marburg virus infection (19).
More recently, insertional mutagenesis in latent HIV-1
pseudohaploid KBM7 cell line (Hap-Lat) allowed the
identification of up to 69 novel candidate gene associated to
the maintaining of the HIV latency, leading to the identification
of several druggable host-factors (e.g. ADK, NF1 and GRIK5) as
well as the postulation of the GRIK5 inhibitor topiramate as a
viable new latency reversal agent (20).
FIGURE 1 | Summary of milestones for the identification of viral host dependency factors and development of host-based therapeutic intervention. The expected
purpose of outcome information of each technique is described as “goal” in the figure. The advantages and disadvantages are indicated as “pros vs cons”. Whole-
genome sequencing, WGO; single nucleotide polymorphism, SNP; genome-wide association studies, GWAS; knock-out, KO; knock-down, KD; protein-protein
interaction, PPI.
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Although these significant achievements, haploid screens are
limited to haploid or near-haploid cell type availability (chronic
myeloid cell line KBM7 and HAP-1 for humans) which may
limit the biological relevance of the identified candidate in the
context of a natural viral infections (13).

2.1.3 CRISPR Screening Technologies
The prokaryotic Clustered regularly interspaced short
palindromic repeats/CRISPR - CRISPR associated proteins
(CRISPR/Cas) constitute an adaptive immune system that
protects bacteria against bacteriophages and plasmids (21).
CRISPR/Cas9 allows to edit host cell genome in almost any
cell type and it has encouraged many potential applications in
biological research in vitro and in vivo, including the virology
field, where it is being used for the characterization of HDF
through loss- or gain- of function studies.

2.1.3.1. CRISPR-Cas9Knock-Out Screening
The mechanism of action of CRISPR/Cas9 from Streptococcus
pyogenesis is extensively described elsewhere (11, 22, 23). Briefly,
the identification of HDF through CRISPRKO is based in the use
of available or customized synthetic guide RNA (sgRNA)
libraries which upon recognition of the target site, induce
double strand breaks (DSB), followed by non-homologous end
joining (NHEJ) repairing, frameshift mutations and disruption
of the gene function (24, 25). Current libraries include distinct
number of target genes, from selected candidates to genome-
wide approaches; distinct number of sgRNA targeting per gene;
different targeted positions within the gene (ORF, promoter, etc.)
and also may different in the delivery system (plasmid
transfection, pseudovirus infection, etc). Usually, once
CRISPRKO is performed, KO cells undergo a functional
readout through virus infection followed by a selection process
due to virus-induced cell death. The surviving cells are then
collected for KO characterization analysis (11, 13, 26). Of note,
potential silencing of genes essential for cell survival and growth
hampers the study of their role as HDF and arose as one of the
limitations of the CRISPR-KO screening studies, besides to the
large-scale readout requirements. As example, CRISPR
screenings have identified divergent HDF among Flaviviridae
family: endoplasmic reticulum (ER) associated multiprotein
complexes are critical for DENV, ZIKV and WNV while HCV
is dependent on RNA-binding proteins and enzymes involved in
metabolism (27). More recently, CRISPR screening has identified
GATA6 gene as an HDF involved in the regulation of ACE2
expression required for SARS-CoV-2, suggesting GATA6 as a
potential anti-SARS-CoV-2 therapeutic strategy (Ma ‘ayan 28).

CRISPR technologies are under constant development,
broadening the potential applications in the virus-host
interactions field. Recently, optimization of CRISPR system
using Cas12 instead of Cas9, allowed the development of an
alternative PAM, which targets T’-rich gene sequences (29).
Moreover, gene editing is expanding to other applications as
for example the direct silencing of mRNA using the class VI
CRISPR/Cas13 systems which hybridizes and cleaves directly the
target RNA without the requirement for a PAM sequence (30), as
an alternative to siRNA (13).
Frontiers in Virology | www.frontiersin.org 4
2.1.3.2 CRISPR Agonist Screenings
Recently developed modifications on the catalytic domains of the
Cas9 have resulted in an inactive endonuclease form or “dead”
Cas9 (dCas9) but with preserved capacity to interact with sgRNA
and bind to targeted DNA sites. Combining sgRNA
complementary to proximal sites of the gene promoters and
transcription activators (e.g. VP64, p65 or MS2) fused to the
dCas9 allow the CRISPR agonist system to recruit transcription
factors and initiate gene expression as an alternative to
traditional DNA transfection approaches. Several CRISPR
agonist systems are commercially available (CRISPR VP64-
p65-Rta, CRISPR-Synergistic Activation Mediator, CRISPR-
SunTag) which rely on their transcription activators fused to
the Cas9 or their capacity to recruit cellular transcription factors
as described in (25, 31).

2.2 Genomic-Based Approaches
As a result of our continued interactions with pathogens, our
genomes have been shaped through processes of co-evolution,
with pathogen-imposed selection pressures leading to selection
signatures in ancient and modern human genomes. Thus,
understanding how human genetics influence infectious disease
susceptibility offers the opportunity for new insights into
potential drug targets, and therapies.

As genetic technology has developed, a raft of genetic loci
influencing susceptibility to infectious diseases have been
discovered through genome-wide association studies (GWAS),
including for HIV infection, TB, hepatitis and malaria (32).
However, it has become clear that, although human genetics
play a role in disease susceptibility, in contrast to other
syndromes, GWAS of case–control design may not be the
most powerful method to tease out complex host–pathogen
relationships. The in-depth understanding of single-gene
disorders faci l i tated by next-generation sequencing
technologies has enabled us to better understand the functional
mechanisms of host defense to infection through experiments of
nature resulting in loss of function (LOF) or, in increasingly
recognized instances, gain of function (GOF) of discrete genes.
More recently, the development and availability of multi-omics
experimental techniques promise to deliver similar mechanistic
understanding of the functional importance of genome-level
variation at genomic loci implicated in disease pathogenesis. In
addition, insights from study of inborn errors of immunity and
multi-omics profiling together with developments in analytical
methods are further advancing our knowledge of this
important area.

2.2.1 Genome-Wide Association Studies
GWAS is useful unbiased methodology for the identification of
novel HDF based on the evaluation of hundreds of thousands of
genetic variants across the genomes of many individuals.
Generally, GWAS aim to associate characteristic allelic
differences (genotypes) to specific phenotypes by considering
sequence variations in the human genome, as single-nucleotide
polymorphisms (SNPs) (33). Applied to virology, deep analysis
of genetic heterogeneity between individuals is combined with
the clinical data from cohorts and longitudinal data grouped
July 2022 | Volume 2 | Article 935933
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according to their susceptibility to a specific infection and clinical
outcome (34). In that sense, GWAS analysis establishing the HIV
viral load and disease progression as set points, found significant
SNPs respectively associated to the HLA class I region (HLA-
B*57, HLA-C), zinc ribbon domain-containing protein 1
(ZNRD1) and ring finger protein 39 (RNF39) as key cellular
components for HIV control (34–36). Similarly, SNPs related to
interferon gene IFNL3 (formerly interleukin-28B) or IFNL4, are
strongly associated with the response to PEG-IFN/RBV
treatment against HCV (37, 38). Nowadays, several initiatives
are mapping of the genetic architecture associated to the Covid-
19, as for example the COVID-19 Host Genetics Initiative (39) or
The Severe Covid-19 GWAS Group (40). The latter has already
identified genetic variants associated to genes SLC6A20, LZTFL1,
CCR9, FYCO1, CXCR6 and XCR1 in Covid-19 patients with
respiratory failure. Similarly, GWAS has been useful to identify
inborn deficiencies in TLR3/TLR7-dependent type I IFN
response in patients suffering Covid-19 pneumonia (41).
Further studies will elucidate the functional role and
application of present and forthcoming GWAS data for the
treatment of SARS-CoV-2/Covid-19.

However, GWAS has methodological limitations besides to
the careful inclusion criteria and quality controls requirements.
First, population stratification, defined by the undetected
presence of systematically genetic diversity in the samples of
study that infer inaccurate associations, requires the use of
specific analysis to correct stratification. Methods such as
principal component analysis or linear mixed models that
consider both common and rare variants are advisable (33).
Secondly, polygenic statistical models should be considered in
cases where thousands of genetic variants might impact in
underlying biological process. Finally, identified candidate
genes will require additional functional validation to establish
unambiguous causality, by combining GWAS data with
functional genomics technologies, as siRNA, CRISPR or
alternative technologies (42).

2.2.2 Genome-Wide Gene Expression Screening:
RNA-Sequencing
The development of Next Generation sequencing has enabled the
high throughput assessment of changes in the abundance of
mRNA transcripts in a cell population as a result of the
perturbation induced by a specific virus. The analysis of
differential gene expression through RNA sequencing (RNA-
seq) screening requires the use of computational tools to identify
the candidate genes modulated by the presence of the virus.
Often RNA sequencing screening results in a huge number of
genes that will require the use of computational tools to, initially,
establish the criteria to define the statistical differentially gene
modulation (up- or down- regulation) and integrate/assign gene
expression patterns or clusters between the experimental
conditions (virus, cell type, time-point, etc.). Next, the use of
data bases allows the assignment of the function of genes for
which no role has not been previously reported as well as the
gene networks modulated due to the infection. The use of
transcriptome analysis has provided valuable data to identify
host factors involved in DNA replication and chromatin
Frontiers in Virology | www.frontiersin.org 5
remodeling in HIV infected macrophages (reviewed in (43),
the implication of Zaire EBOV proteins VP35 and VP24 in the
inhibition of IRF3 and STAT1/STAT2 signaling pathways
respectively (44, 45) or, more recently, leaded to the
characterization of the host response patterns upon SARS-
CoV-2 infection and the upregulation of the protease
TMPRSS2 as host factor involved in the replication of SARS-
CoV-2 (46).

2.2.3 Single-Cell RNA-Sequencing
Recent advances in sequencing technologies combined to
mathematical modeling and computer science have
revolutionized the application of “omics” in the virus – host
interaction field. Single-cell RNA sequencing (scRNA-Seq) has
evolved to overcome the limitations of the population studies
such as the heterogeneity in cell cycle or activation that might
mask differential expression patterns (12). The scRNA-Seq
analysis is based on the cell component of the host-virus
interaction and provides an integrative view of the virus–host
landscape which can comprise the identification of susceptible
cell types to viral infection, characterization of novel immune
subtypes involved in viral process, changes in gene expression
(e.g. proinflammatory response) and mapping of cellular
interacting networks activated or repressed due to virus
infection (47).

High-throughput scRNA-Seq workflow is feasible as a result
of the use of automated processes for biased selection of cell
populations according to cell surface markers, size and/or shape
by fluorescence activated cell sorting (FACS) or Magnetic
activated cell sorting (MACS), coupled to commercially
available optimized RNA processing protocols which handle
with the low amount of RNA material for the RNA extraction,
reverse transcription, library preparation and sequencing (8, 12).
Inclusion of quality controls in scRNA-Seq approaches are
compulsory to ensure data reliability and noise reduction prior
to the data analysis. Nowadays, available computational packages
that include tools such as Principal Component Analyses (PCA)
or t-distributed Stochastic Neighbor Embedding (t-SNE) allow a
user-friendly intuitive visualization of data clustering previous to
further detailed/deep analysis.

2.3 Proteomics
Proteomics approaches allow the unbiased mapping of protein-
protein interactions and signaling perturbations due to infection,
and ultimately enable structure-function studies. The
understanding of these virus–host protein interactions is crucial
for the development of treatments and preventive measures
against infectious diseases. Over the past decade, proteomic
approaches have become prime contributors to the discovery
and understanding of virus–host interactions that represent anti‐
and pro‐pathogenic cellular responses (extensively reviewed (10).

2.3.1 Yeast Two-Hybrid
The yeast two hybrid system (Y2H) is a valuable method for the
determination of viral-host binary protein interactions. The
principle of the method is based in the reconstitution of a split
protein from fragments to restore its function (48). The proteins to
July 2022 | Volume 2 | Article 935933
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be evaluated (bait and prey) are fused to fragments of a split
protein, as for example the Gal4 transcriptor activator, where its
DNA binding domain and Gal4 activation domain are fused
respectively to bait and prey protein and then co-expressed in
budding yeast cells. If protein interaction happens, Gal4 function
is restored and detected by a reporter gene. This method allows
large scale and automatization pipeline for high-throughput
screening (48, 49). Y2H screening approaches can be performed
testing a complex mixture of preys available through a cDNA
library or, alternatively array-based screening for predefined
individual bait vs prey pair assessment. In that sense, Y2H has
successfully identified HDFs interacting with the HIV-1 integrase,
such as LEDGF/p75, Transportin-SR2 (TNPO3) and von Hippel-
Lindau binding protein 1 (VBP1) during the integration process
(50). Similarly, Y2H identified the interaction between Vpx (SIV/
HIV-2) or Vpr (HIV-1) with Cyclin L2 as HDF regulating viral
replication in quiescent cells and macrophages through a DCAF1
and SAMHD1 dependent mechanisms (51).

Nevertheless, Y2H has some limitations: Since the system is
set up to co-express prey and bait proteins in yeast, it may result
in misfolding or lack post-translational modifications, especially
those related to membrane compartments, impairing interaction
detection and resulting in false negative events. Similarly, the co-
expression of proteins in a non-natural environment may also
result in false positives. Although the percentage of false positive
events is similar to other screening methodologies post-filtering
analyses are required for a reliable data of biologically relevant
virus-host protein interactions (52).

2.3.2 Affinity Purification-Mass Spectrometry –

Based Proteomics
Affinity purification-mass spectrometry (AP-MS), a low-biased
protein interaction-based approach, provides an integrative view
of the virus-host interaction network. Briefly, AP-MS rely in the
of use engineered affinity purification tags fused to either the N-
or C-terminus of the target viral protein to efficiently purify the
protein(s) of interest. The tagged protein together with its
interacting proteins are affinity purified, trypsinized into
peptide fragments, separated by liquid chromatography and
analyzed by mass spectrometer (MS). Peptide intensity spectra
will allow the identification of the proteins present in the mixture
(53, 54). To overcome technical difficulties in affinity
purification, commonly used C-terminal green fluorescent
protein- or FLAG- tag among others tags, have been
progressively replaced for tandem affinity purification (TAP)
tag systems. TAP is based in two contiguous epitope tags are
fused to the targeted protein followed by two-stage purification.
TAP greatly reduces the nonspecific binding contamination,
improving downstream MS analysis (55).

Optimal AP-MS experimental design can also provide spatial
and temporal information of the virus-host interactions. For
example, chemical cross-linking stabilizes transient virus-host
macromolecular complexes (commonly associated to signaling
cascades regulation or enzyme-substrate binding) or the selective
enrichment of subcellular organelles or compartments, render a
dynamic virus-host interaction into a detectable process by AP-
Frontiers in Virology | www.frontiersin.org 6
MS (7, 54). Indeed, AP-MS also has been shown to be
informative about viral RNA-host protein interaction, changes
in virus-host protein abundance and post-translational
modifications as a result of a viral infection (7, 26, 54).

The high sensitivity of the AP-MF generates a huge number
of candidates which will require data processing prior to
functional characterization. First, it is recommended to filter a
true interaction from a contaminant by computational
algorithms, such as significance analysis of interaction
(SAINT), and/or by checking in protein interaction databases
(E.j. CRAPome, VirusMINT, others). Next, computational tools
(e.j. Search Tool for Retrieval of interacting gens/proteins
database;STRING) are useful to visualize predictive functional
associations, pathways and biological processes modified by viral
infection prior to functional validation of the candidates.

2.3.3 Advanced Imaging for Virus-Host Interaction
Studies
Advanced imaging methodologies, including improved high-
resolution light microscopy, confocal microscopy, scanning
electron microscopy (SEM), transmission electron microscopy
(TEM) or cryo-EM, among others, take advantage of new optical
imaging tools to perform spatio-temporal assessment of the viral
replication cycle, for a better understanding of viral structures
and interactions within the cell between host proteins and viral
counterparts. These techniques have been extensively reviewed
elsewhere (56–61).

Among them, it is worth to mention Imaging Flow cytometry
(IFC), a technique which merges flow cytometry and
fluorescence microscopy, enabling a high-throughput analysis
of cell morphology besides to a multi-channel fluorescence
imaging of single cell (see (57) for review). Applied to virology,
ICF is useful to study subtle virus-host interactions, such as viral
entry interactions, tracking intracellular distribution of viral
proteins or nucleic acids, with a high resolution. ICF has been
useful to characterize the HCMV immediate-early 1 and 2 (IE1/
2) viral antigen as a countermeasure against antiviral restriction
factor SAMHD1 in infected macrophages (62).

Another technique that bridges structure to function is the
single-molecule Förster resonance energy transfer imaging
(smFRET) (reviewed in (56). Briefly, FRET refers to a non-
radioactive energy transfer between a donor and acceptor
fluorophores, site-specifically labeling the molecules of interest,
excited by a laser and fluorescence recorded by total internal
fluorescence microscope (TIRF) or confocal microscopy. As
example, smFRET has been used to study conformational
changes of the HIV-1 surface envelope protein (Env) upon
engaging with cellular CD4 receptor and coreceptors CCR5/
CXCR4, providing useful information for the development of
vaccines seeking the induction of broadly neutralizing antibodies
(bnAbs) or antibody therapies with bnAbs (56, 63, 64).

Advanced imaging technologies may provide a huge amount
of relevant information of viral dynamics but also will require
consistent data analysis to prevent imaging artifacts in
conjunction with conventional functional and biochemical
assays for an integrative validation of the results (56).
July 2022 | Volume 2 | Article 935933
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3 INNATE IMMUNE MODULATION AS A
PUTATIVE HOST DIRECTED ANTIVIRAL
THERAPY

Innate immune cells, including macrophages, dendritic cells,
neutrophils, innate lymphoid cells among other cell types,
constitute the front line of the defense against pathogen
infections. These cells express germline-encoded pattern
recognition receptors (PRRs) that recognize evolutionary
conserved microbial structures, named pathogen-associated
molecular patterns (PAMPs), as well as endogenous molecules
released from damaged cells, known as damage associated
molecular patterns (DAMPs) (65, 66). The knowledge of novel
PPRs and pathways is under constant development, due to review
scope limitations, the PRR families discussed here are the Toll-like
receptors (TLRs), retinoic acid-inducible gene I-like receptors
(RLRs), nucleotide-binding oligomerization domain (NOD)-like
receptors (NLRs) and the cytosolic dsDNA sensors (CDS).
Nonetheless, other PRRs such as the C-type lectin receptors
(CLRs) and absent in melanoma 2 (AIM2)-like receptors among
other PRRs, might be also interesting as alternative for host-based
antiviral approaches and therefore, reference (67) is recommended.

The ligands and signaling mechanisms differ in the different
PRRs families. However, they do share common features: upon a
PAMPs or DAMPs recognition, signaling cascades will generally
lead to the production of type I interferon (IFN-I), the induction
of a huge amount of interferon stimulated genes (ISGs) and the
release of proinflammatory cytokines and chemokines, which in
an autocrine and paracrine manner, will promote an antiviral
state, the pathogen clearance as well as the priming of the
adaptive immunity (66, 68). Interestingly, the PRRs sensing
pathways have been shown to be interconnected. First, the
activation of the signaling cascades upon ligand binding of the
different sort of PPRs often converge in the activation of the same
downstream molecular intermediates. For example, main PRR
signaling routes often converge at the MAVS, IKK complex or
IKK-related proteins among other signal transduction elements
or transcription factors (NF-kB, IRF3, IRF7) to promote gene
transcription. Secondly, although PRRs do have some degree of
pathogen specialization, in some cases can sense a broader sort of
ligands than expected, being involved in the sensing of distinct
pathogens, from DNA to RNA viruses or even bacteria.
Altogether, overlapping sensing and signaling represents
opportunity for the development of targeted pan-antiviral therapies.

3.1 IFN-Based Therapies
The antiviral activity of interferon (IFN) was first reported in
1954 (69) and 1957 (70–72), and described as a host factor
responsible of virus inactivation. Since then, significant advances
have shed light on the intricate signaling pathways conforming
innate immune response, which led to the development of
distinct types of therapeutic approaches, from targeting IFN
itself to more specific interventions targeting key innate
immune proteins and pathways.

The interferon family is divided in three classes: type-I IFN,
the largest IFN family in humans, which comprises IFNa and
Frontiers in Virology | www.frontiersin.org 7
IFNb among others (73); type-II IFN or IFNg (74) and type-III
IFN or IFNls, which were characterized in 2003 (75, 76).
Whereas type-I and –III are mainly produced by infected cells,
IFNg is produced in T and NK cells upon antigenic and/or
mitogenic stimuli (74) and therefore seems to be part of the
adaptive immune response, in contrast to the innate immune
nature of the other two classes (77, 78).

Due to the role of IFN in inhibiting viral infection and/or
spreading, some viruses have evolved in order to overcome or
avoid its effects (reviewed in (79) and (80)). In general, viral
immune evasion strategies can be classified in (i) avoid detection
by corresponding intracellular sensors, (ii) blockade of
intracellular signaling pathways leading to IFN production and
(iii) masking PAMPs through chemical modification. The
identification and description of the host cellular proteins
involved in these strategies might represent also interesting
targets for therapeutic intervention.

Examples of viral immune evasion strategies include, the host
factor TRIM25 interaction with non-structural protein 1 (NS1)
of influenza A virus, leading to inhibition of RIG-I signaling
pathway and IFN induction (67, 81). Other examples include the
Sendai virus, in which viral respirovirus C protein binds to
IFNAR2 and therefore inhibits JAK1/TYK2 activation (82). On
the other hand, albeit all known flavivirus encode the NS5
protein to overcome JAK-STAT signaling and IFN-associated
response the underlying mechanism of mediated by NS5 protein
differs significantly among the Flavivirus family (see (83) for
review). In that sense, DENV NS5 triggers proteasomal
degradation of STAT2 through the binding to the host
ubiquitin protein ligase E3 component N-recognin 4 protein
(UBR4). Similarly, ZIKV NS5 triggers proteasomal degradation
of STAT2 in a mechanism that remains unclear (84).
Alternatively, NS5 of other Flavivirus, such as the WNV,
interacts with the host protein prolidase, an enzyme
participating in the metabolism of collagen, to impair IFNAR1
maturation and cell surface expression, leading to an upstream
blocking of the JAK-STAT pathway. Although targeting at the
NS5 has been proposed as direct-acting antiviral intervention
(18, 85), its multiple host counterparts still remain to explored as
HDTs for the management of flavivirus infections.

Similarly, filovirus such as EBOV, inhibits IFN-response at
different levels (86). First, EBOV VP35 circumvent innate
sensing by RLRs due to its capacity to bind double-stranded
RNA (dsRNA), blocking RIG-I and MDA-5 recognition. Indeed,
VP35 has been shown to prevent PACT-induced RIG-I ATPase
activity and RIG-I activation (87, 88). Moreover, as alternative
host-based intervention to be explored, VP35 also impairs TBK-
1/IKKϵ interaction with IRF3, blocking IRF3 dimerization,
phosphorylation and nuclear translocation (86). Other EBOV
proteins also participate in the IFN-evasion mechanisms as for
example VP24 which has been described to arrest nuclear
transportation of tyrosine phosphorylated STAT1 through the
interaction with cellular protein NPI-1 (86).

Recently, in the context of SARS-Cov-2 infection, several
SARS-CoV-2 accessory proteins ORF3b, ORF6, ORF7a and
ORF8 have been described to act as IFN-I antagonists to
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impair host immune response as reviewed in (89). Among these
viral proteins, ORF6 localizes at the nuclear pore complex (NPC)
and interacts with host proteins Rae1 and Nup98, forming a
complex that inhibits cytoplasm-nucleus trafficking of
transcription factors STAT1 and STAT2, thus blocking their
nuclear translocation and suppressing IFN associated response
(90, 91).

In summary, the existence of viral-encoded immune evasion
strategies to bypass the IFN response underlines the importance
of the IFN pathway and supports the idea of developing
therapeutic strategies through the targeted modulation of
involved host factors. In that sense, the modulation of IFN
response, and specifically the JAK-STAT pathway, as potential
intervention target for HDT are extensively reviewed in (92). As
of now, there are 12 IFN-based treatments, belonging to 8
distinct IFN types (Table 1) approved by the FDA for the
treatment of diseases with viral or malignant origin, including
hepatitis B or C, genital warts and other infections.

Hepatitis B (HBV) and C (HCV) viruses can cause chronic
infection, characterized by elevated levels of alanine
aminotransferase (ALT) and viral antigens. Treatment with
IFNa monotherapy showed a reduction in those levels in
clinical trials with chronic hepatitis B (95) or C (96) infection,
even after therapy interruption, proving it to be a successful
treatment. However, due to the short half-life of IFNa, frequent
injection administration was required. To ameliorate that
inconvenience, pegylated forms of IFNa in which polyethylene
glycol (PEG) is covalently attached to the IFN molecule were
formulated, achieving a higher half-life and sustained blood
levels (97). Genital warts, also called condylomata acuminate,
are a common sexually transmitted disease (STD) caused by
human papillomavirus (HPV) in where a papillomatous
proliferation of the skin and mucosa takes place. Clinical trials
using IFN as treatment showed effectivity in reducing the wart
Frontiers in Virology | www.frontiersin.org 8
area thanks to its antiviral and antiproliferative properties (98,
99). AIDS-related Kaposi’s sarcoma is a type of cancer that can
be caused by the infection with human herpesvirus 8 (HHV-8) in
the context of HIV/AIDS-related immune suppression. Due to
the viral and proliferative nature of the disease, IFN was used in
clinical trials with patients with AIDS-related Kaposi’s sarcoma,
showing disease improvement (100, 101). In chronic
granulomatous disease (CGD) phagocytes are able to digest but
not kill certain microorganisms, causing a susceptibility towards
infections that may lead to death. In this context, treatment with
IFNg in clinical trials showed a reduction of the frequency of
CGD-related infections (102).

Despite having a well-described pathway against infections
and being approved as treatment for certain viral diseases, IFN-
based therapies are far from being considered the ideal pan-
antiviral. In fact, its side effects prompted a shift in the standard
therapy against HCV towards the recently developed oral direct-
acting antivirals (DAAs) targeting viral proteins (103).
Moreover, there have also been reports on IFN resistance by
some viruses. DENV would be an example as DENV-infected
cells display a resistance towards the antiviral effect of IFN (104,
105) even though cell pre-treatment with type-I IFN regulates
infection in vitro (106). Other examples of IFN resistance include
HIV-1: recently, it has been reported that HIV-1 isolates from
patients display IFN resistance at different stages of the infection
course with the highest degree being observed after in the viral
rebound after treatment interruption (107). Furthermore,
characterization of HIV-1 from donor and recipient pairs
revealed that transmitted viruses showed higher type-I IFN
resistance (108). Taking all this data together, it becomes
evident that IFN-based therapies may not be the best
treatment for certain viral infections and that there is a need to
either produce novel, more potent and selective IFN-based
therapies or to shift completely the focus towards other targets
in the pursue of effective antiviral treatments.

3.2 PRR-Based Therapies
3.2.1 Toll-Like Receptors Agonists
TLRs exposed in the cellular membrane (TLR1, TLR2, TLR4,
TLR5, TLR6 and TLR10) generally (but not exclusively) bind to
microbial elements from bacteria, mycoplasma, fungi and viruses
respectively. TLRs located in intracellular endosomal
compartments recognize nucleic acids characteristic of virus
and bacteria such as dsRNA (TLR3), ssRNA (TLR7/8) and
unmethylated DNA with CpG motifs (TLR9) (109). TLR
structure and signaling transduction are widely described
elsewhere (68, 110–112).

To date few TLR agonists (TLRas) have been approved by the
FDA (or equivalent regulatory agencies) for their use in humans
(mostly in immunotherapy against cancer). This includes TLR2/4a
bacillus Calmette-Guérin (BCG, an attenuated strain of
Mycobacterium bovis), Picibanil (OK432 from Streptococcus
pyogenes) and monophosphoryl lipid A (derivative of Salmonella
minnesota LPS) and the Imidazoquinoline derivative Imiquimod
as TLR7a (113). In the regard of viral infections, many TLRas are
currently under study (summarized in Table 2), mainly focusing
the engagement of intracellular TLR3, TLR7/8 and TLR9. The
TABLE 1 | IFN-based treatments approved by the Food and Drug
Administration (FDA).

IFN type Brand
name

Indication*

IFNa-N3 Alferon N™ Genital warts

IFNa-2B Intron A® Genital warts, hepatitis B, hepatitis C, AIDS-related
kaposi’s sarcoma, hairy cell leukemia, follicular
lymphoma, malignant melanoma

Pegylated
IFNa-2A

Pegasys® Hepatitis B, hepatitis C

Pegylated
IFNa-2B

Pegintron®,
Sylatron®,
Besremi®

Hepatitis C, polycythemia vera

IFNb-1A Avonex®,
Rebif®

Multiple sclerosis, genital warts

IFNb-1B Betaseron®,
Extavia®

Multiple sclerosis

Pegylated
IFNb-1A

Plegridy® Multiple sclerosis

IFNg-1B Actimmune® Osteopetrosis, chronic granulomatous disease-
associated infections
According to Drugs@FDA database (93).
*According to Drugbank database (94).
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polyriboisosinic:polyribocytidylic acid (poly(I:C)) is a TLR3a that
mimics dsRNA and is highly capable of inducing IFN production
through TLR3 engagement. However, poly(I:C) triggers unspecific
activation of both TLR3 and RIG-I and/or MDA5 pathways,
raising toxicity concerns due to exacerbated secretion of
proinflammatory cytokines. Improved poly(I:C) derivatives,
named poly(IC12U) and poly(ICLC), have been designed to
reduce the level of toxicity by increasing the specificity of the
ligand for TLR3. Poly(ICLC) has a chemical modification (poly-l-
lysine in carboxymethylcellulose) that improves its resistance to
nucleolytic hydrolysis, resulting in extended and boosted agonist
TLR3 activity (112). Interestingly, poly(ICLC) has been described
to induce innate immunity genes related to the NFkB pathway, the
inflammasome and the complement cascade. Similarly, poly
(IC12U), which exclusively engages TLR3, has been shown to
increase immunization efficacy when used as adjuvant in vaccines
against H5N1 and HSV-2 (129). Other alternative synthetic
TLR3a, such as ARNAX, incorporates an GpC phosphorothioate
oligodeoxynucleotide that together with a short length of the RNA,
results in binding to TLR3 without MDA5 activation (130).
ARNAX has been proved to induce potent cDCs stimulation
and to promote mucosal IgA production as adjuvant for
influenza vaccination in the mice model (131).

The modulation of TLR7/8 pathway is another interesting
mechanism to be considered. Imiquimod (brand name
Aldara™) is FDA-approved TLR7/8a (mainly a TLR7a) that is
currently in use for the treatment of HPV- and HSV-induced
genital and perianal warts (111). In vitro antiviral activity of
Imiquimod against HIV-1 has also been reported in pretreated
human macrophages in a mechanism involving the
downregulation of HIV entry coreceptors CCR5 and CD4
(123). Imiquimod derivative resiquimod (R848) has been
proposed for its use in combination to nucleoside analogues
for the treatment of noroviruses (124) as well as adjuvant in
HIV-1 vaccines using HIV abortive RNAs seeking priming of
DCs (125). Similar data has been reported for 3M-052, a recently
developed synthetic TLR7/8a, used as adjuvant of Env-based
vaccine that elicits robust and durable protection versus HIV in
the non-human primate (Rhesus macaque) model of
infection (126).

Regarding TLR9, the synthetic CpG oligodeoxynucleotide
(CpG-ODN) 1018 mimics natural ligand of TLR9 and is
currently used as adjuvant for the HBV vaccine Heplisav-B,
(132). CpG 1018 potential as adjuvant in vaccines against
Frontiers in Virology | www.frontiersin.org 9
COVID-19 has been also proposed in mice models (127). As
an improvement of CpG-ODNs, development of MGN1703, a
TLR9a based on a “dumbbell-shape” structure made of
covalently closed DNA has improved tolerability and safety
profile of MGN1703 compared to previous CpG-ODNs.
Preclinical data published by (128) indicate that MGN1703
treatment of PBMCs from HIV+ individuals results in higher
natural killer (NK) activation and NK function, restricting HIV+
spread in autologous CD4+ T cells. Indeed, authors postulate a
dual role of TLR9 activation by MGN1703 as antiviral and
latency reversing agent of HIV.

In addition to the modulation of intracellular TLRs, agonists
binding to cell surface TLRs are gaining attention as therapeutic
approaches against viral infections. For example, Pam3CKS4,
agonist of TLR1/2, is able to activate NFkB pathway in
hepatocytes challenged with hepatitis Delta virus (HDV) or
coinfected with HDV/HBV, inhibiting total HDV genome,
antigenome RNA and viral protein levels in an agonist dose-
dependent manner with reduced toxicity. Therefore, Pam3CKS4
postulates as a potential therapy for the management of
chronically HDV/HBV infections (114). More recently, the role
of the TLR2 and TLR4 signaling pathways is under debate in the
context of the current SARS-Cov-2 pandemics. Recent
experimental evidences pointed that SARS-CoV-2 proteins
belonging to envelope (133) and/or spike (134) trigger the
expression of proinflammatory cytokines through the TLR2
signaling pathway. Indeed, topically administration at the
respiratory tract of the TLR2/6a INNA-051 (a pegylated
synthetic analogue of the diacylated lipopeptide, S-[2,3-bis
(palmitoyloxy)propyl] cysteine (Pam2Cys), reduces viral RNA
level in nose and throat in the ferret model of infection (115).
Regarding TLR4, the S1 subunit of the spike protein of SARS-
Cov-2 has been predicted to bind to TLR4 in sillico studies.
Authors suggest that interaction with TLR4 would enhance
ACE2 expression to facilitate viral entry (135, 136). Although
all these studies remain to be confirmed, the role and modulation
of TLR2 and TLR4 pathways in the context of SARS-Cov-2
should be explored as potential therapeutic intervention (68,
111, 134).

3.2.2 Intracellular RNA Sensors
Retinoic acid-inducible gene I-like receptors (RLRs) family is
composed of retinoic acid-inducible gene I (RIG-I), melanoma
differentiation-associated gene 5 (MDA5) and LGP2. RLR are
TABLE 2 | TLR agonists under study against viral infections.

Receptor Compound Virus targeted References

TLR1/2 Pam3CKS4 HDV (114)
TLR2/6 INNA-051 SARS-CoV-2 (115)
TLR3 Poly(IC12U) Influenza virus, HSV-2 (as vaccine adjuvant) (116–118)

ARNAX Influenza virus (as vaccine adjuvant) (119)
TLR7/8 Imiquimod HPV, HSV, HIV-1 (120–123)

Resiquimod Norovirus (in combination with nucleoside analogues),
HIV-1 (as vaccine adjuvant

(124, 125)

3M-052 HIV-1 (as vaccine adjuvant) (126)
TLR9 CpG 1018 HBV, SARS-CoV-2 (as vaccine adjuvant) (127)

MGN1703 HIV-1 (128)
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cytoplasmic sensors expressed in nearly all cell types that upon
virus-derived RNA binding, interact with the mitochondrial
antiviral signaling protein or MAVS (also known as IPS-1) to
induce an antiviral environment (see (137, 138) for review).
RLRs can be activated by a broad spectrum of viruses including
ssRNA(+) Flavivirirus (WNV; HVC; Zika virus) or Coronavirus
(SARS coronavirus); ssRNA(-) Filovirus (EBOV, Marburg virus);
ssRNA (RT) retrovirus (HIV) but also viral RNA derived from
dsDNA viruses such as Herpervirus (HSV-1, Epstein–Barr) (138)
Hence, there is an increasing interest to explore RIG-I activation
as a therapeutic approach. To date, three classes of RIG-I
agonists have been described according to their chemical
structures: Nucleotide-based, RNA-based and small molecular
compounds (139). A member belonging to the first family, the
dinucleotide-derived small molecule SB9200 (Inarigir soproxil)
has been described to elicit dose-dependent activation of RIG-I
(and also NOD2) that triggers induction of IFNa/b and ISG in
liver. Initial studies of SB9200 showed antiviral activity against
rodent woodchuck hepatitis virus (WHV) in in vivo challenged
woodchuck sequentially treated with SB9200 and then with
Entecavir (ETV). SB9200 pretreatment resulted in improved
viral clearance (140). Next, Jones et al., (141) associated RIG-I
activation by SB9200 to HCV inhibition in both HCV replicon
system as in patient-derived virus models of infection. Hence,
SB9200 was active against several HCV genotypes, including the
NS5A resistant associated genotype (141). Indeed, the phase 1
clinical trial NCT01803308 showed an association between the
decline in viral RNA and the levels of SB9200 detection in plasma
on naïve adult with chronic hepatitis C. Concomitant with
reported activity versus other RNA viruses including
norovirus, respiratory syncytial virus (RSV) and influenza and
HBV, RIG-I activation becomes a relevant mechanism to be
considered as a pan-antiviral therapeutic approach (139, 141).

The RNA-based RIG-I ligands include 5′-triphosphorylated
and diphosphorylated short dsRNAs. These ligands have been
described to induce immune activation in several in vitromodels
of infection (142), including the inhibition of VSV, Dengue
(DENV) and vaccinia virus due to 5’-ppp-RNA treatment in
human lung epithelial A549 cells, impairment of HIV in ex vivo
lymphocyte CD4+ T cells, inhibition of HCV in Huh 7.5 or the
promotion of protective antiviral response that prevents DENV
and CHIKV infection in primary myeloid cells (143). In that
direction, the edition of the structure, length and sequence of
RNA-based RIG-I is providing novel agent with potentiated
antiviral activity and specificity for RIG-I such as the M8
consisting in a 99-nucleotide, uridine-rich hairpin 5’ppp-RNA
that provides stronger antiviral activity against influenza, DENV
and CHIKV compared to poly(I:C) in both in vitro and in vivo
models (144). The pan antiviral potential of triggering RLRs has
been reported by the use of synthetic RNAs mimicking structural
domains of non-coding regions (NCRs) of the foot-and mouth
disease virus (FMDV), which induce IFN protective response
against FMDV, WNV and Rift Valley Fever virus (RVFV) in in
vitro and mice models respectively (145–147). Recently, another
improved RNA-based RIG-I agonist named stem-loop RNA 14
(SLR14) has shown to provide prophylactic and post-infection
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resistance in K18-ACE2 mice infected with SARS-Cov-2.
Intravenously administration of SLR14 resulted in the
sustained reduction of viral replication in the lung and trachea
at 3-8 dpi. Combination of SLR14 with anti-IFNAR antibody
administration completely abolished SARS-CoV-2 replication.
Efficacy of SLR14 was conserved against several antibody evading
variants of concern, including B.1.1.7, B.1.351, P.1, B.1.526, and
B.1.617.2 (148).

Regarding small molecular compounds, pretreatment with
isoflavone compounds Kin100 and Kin101 showed anti-HCV
and anti-Influenza activity in Huh7 and MRC5 cellular models
respectively (149). Similarly, hydroxiquinole KN1400 and
derivative agents trigger MAVS-IRF3 dependent induction of
IFN-b response, providing prophylactic and therapeutic
protection against WNV, DENV and HCV as well as EBOV
virus in THP cells (150, 151). Indeed, activation of the RIG-I
pathway at the MAVS-IRF3 level is an interesting option to
circumvent evasion mechanisms to the RIG-I sensing like EBOV
or influenza among others as reviewed in (67, 152). Further
studies, considering each particular viral infection and cell type,
will be required to explore the potential of RLRs agonists as new
pan antiviral compounds.

3.2.3 Cytosolic dsDNA Sensors
The cyclic GMP-AMP synthase (cGAS) – stimulator of
interferon genes (STING) pathway (cGAS-STING) and the
IFN-g-inducible protein 16 (IFI16) are cytoplasmic sensors of
dsDNA from DNA viruses (e.g: HBV, HSV-1) and retrovirus
(e.g: HIV-1) as a result from reverse transcription of their RNA
genome (67, 153, 154).

Cyclic dinucleotides (CDNs), natural ligands of cGAS-
STING, have been studied to activate cGAS-STING pathway.
However, their susceptibility to hydrolysis by phosphodiesterases
and poor tissue diffusion profile, discouraged their application in
the clinic. Conversely, dimeric amidobenzimidazole (diABZI), a
new class of synthetic small molecule that behaves as STING
agonist, exerts broad in vitro antiviral activity against human
parainfluenza 3 (PIV) and rhinovirus 16 (RHV), two causative
agents of respiratory infections in humans which lack of
approved antiviral treatments or vaccines. Antiviral activity of
diABZI involves distinct mechanisms associated to IFN response
and autophagy (155). Recently, diABZI has shown broad
antiviral activity against human Cov-OC43 and SARS-Cov-2 in
in vitro challenged A549 and A549-ACE2 cell lines respectively
(156). These results have been confirmed so far by at least two
articles. First, diABZI showed potent anti-SARS-Cov-2 activity
in both human primary bronchial epithelial cells and in vivo
challenged mice by the transient activation of IFN-I signaling.
Indeed, diABZI was active against South African (B1.351) variant
of concern indicating potential broad activity to other SARS-
Cov-2 variants as well as to other coronaviruses (157).
Additionally, diABZI also inhibited SARS-Cov-2 in lung
epithelial cells and in K18-ACE2 transgenic mice through a
short activation of STING and a time-limited cytokine
production, involving lymphocyte and myeloid cells activation
to resolve viral infection (158).
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Since many cGAS-STING agonists are currently under study
in clinical trials as immunooncotherapy and inflammatory
agents and are showing promising safety and immune
activation profiles (159, 160), it is likely that further research
will elucidate the application of new cGAS-STING agonist
candidates for the management of viral infections

3.2.4 Alternative Intervention Targets: NOD-Like
Receptors
NLRs recognize a broad array of PAMPs motifs including
bacter ia l ce l l wal l component g-D-glutamyl-meso-
diaminopimelic acid (iE-DAP) by NOD1, muramyl dipeptide
(MDP) by NOD2 or poly(I:C) through NLRP3 (161–164). NLRs
also recognize DAMPs signals associated to ER stress as a result
of viral infections. This non-canonical pathway leads to the
interaction with MAVS and IRF-3 dependent induction of
IFN-a/b for viral clearance (165). Moreover, some NLRs (e.g
NLRP3) form a specialized multiprotein complex, named
inflammasome, that triggers inflammation and, in some cases,
cell death as a response to danger signals associated to viral
infections (164, 166).

Among NLR immunomodulators, MDP (NOD2 agonist) has
been widely studied to confer protection against HIV, HSV,
vaccinia virus or influenza (161). However, its pyrogenic and
arthritogenic undesired side effects in humans, led to the
development of MDP derivatives (L18-MDP, MDP-LysL18,
murabutide and others) that have been proposed as adjuvants
as reviewed in (167). Similarly, the use of leukotriene B4, an
endogenous lipid mediator of inflammation, has been found to
activate the NOD2-dependent pathway interacting with MAVS-
IRF3, eliciting an IFN-b protective response to influenza A virus
(IAV) (168).

Interestingly, modulation of NLRs play a central role limiting
the timing and amplitude of the immune response. As example,
complications in influenza A virus (IAV) infection are often
associated to the prolonged presence of Th17 cells and
neutrophils at the sites of infection that result in exacerbated
inflammation and tissue damage. In mice challenged with IAV,
treatment with MDP (NOD2 agonist) promotes higher levels of
CXC12 and CCL5 chemokines to recruit Treg to the lung and
concomitant with TGFb secretion. This anti-inflammatory
environment limits the presence of Th17 cells and infiltrated
neutrophils to the site of infection, preserving tissue integrity that
facilitates infection resolution (169). The regulatory functions of
NLRs are not restricted to NOD2. Other NLR belonging to the
NLRC family, such as NLRX1 or NLRC3, negatively regulate
RIG-I-MAVS interplay or STING signaling respectively as
reviewed in (164). Therefore, NLRs dual role is likely to be
explored to elicit innate response but also as limiting agents of
overwhelming inflammation and tissue damage (153).

3.3 Signaling Pathways
The molecular basis of antiviral innate immune response and
pathogen sensing consist in a complex network with multiple
layered and interconnected regulatory mechanisms. Deciphering
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the molecular basis of this virus-host interplay offers the
possibility to explore the modulation of the immune signaling
pathways as potential HDTs.

In that sense, the modulation of the NF-kB pathway and its
regulation through the IKK complex and the IKK related kinases
TBK1 and IKKϵ, has been postulated as HDT. The pathway is
implicated in many biological processes, including cell growth,
metabolism, apoptosis, cell cycle and cell migration and invasion
(170). Interestingly, IKK – TBK1/IKKϵ interplay is a confluent
downstream regulator of multiple pathogen sensing pathways as
described in Figure 2 (see (170, 171) for review). As examples of
the potential of IKK modulation as HDT, siRNA of IkBa has
been shown to induce HIV reactivation in latently infected cells
(172, 173). Similarly, TBK-1/IKKϵ inhibitors have been reported
to inhibit HIV replication in human primary macrophages (174)
as well as a broad antiviral activity against diverse sort of virus
including HSV-1 and HSV2 (175), HCV (176), RVFV (177) or
Venezuelan equine encephalitis virus infection (VEEV) (178).

Another key signaling pathway in the innate immune
response is that of the Janus activated kinase (JAK) – signal
transducer and activator of transcription (STAT), which is
activated in response to IFN and leads to the expression of the
aforementioned ISGs (179, 180). Due to the myriad of different
processes regulated by ISGs, distinct effects have been reported
for modulators of the JAK-STAT pathway. Those that may
qualify as putative HDT include the modulation of the
pathway by the JAK inhibitors (JAKi) ruxolitinib and
tofacitinib as a mean to inhibit HIV-1 replication and latency
reactivation (181, 182) or the JAKi baricitinib, which was
authorized for emergency use in COVID-19 patients in order
to block the cytokine overproduction, but has also been reported
to inhibit viral entry (183) [see (92) for review].
4 CONCLUDING REMARKS AND FUTURE
PERSPECTIVE

Antiviral drug resistance is an increasing long-lasting unsolved
concern as prolonged drug exposure led to the selection of
resistant strains and limited treatment efficacy. Host directed
therapies have been proposed as an alternative to virus-centered
therapeutics to overcome the appearance of drug resistance and
represent also an interesting approach for the development of
pan-antivirals. However, identification of druggable host targets,
with limited undesired effects upon pharmacological targeting is
not a straight-forward question and nowadays, few molecules
have been introduced in the clinical practice. One of the main
caveats of HDT is the correct identification and validation of host
cell targets within the myriad of processes and proteins that
interact with viral replication cycles, which can only be solved
with an in-depth characterization of virus-host interactions.
Further research elucidating the complex innate immunity
regulation, interconnections of the different signaling routes
and cell responses for each specific viral infection, is required
to explore the role of innate immunity among putative HDT.
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Moreover, the specificity of the course of each viral infection,
drug tolerability, pharmacokinetics and therapeutic window
must be included in these forthcoming studies to validate the
use of HDTs as new antivirals.

Huge strides have been made in understanding the innate
immune response following infection with different viruses.
However, not all the signaling events are defined fully and
further details of the proteins required and how they are
regulated are likely to be revealed. It is also clear that the
outcome of a virus–host innate system interaction is complex
and depends upon the particular virus as well as the host species.
Also, it is now appreciated that immune responses for at least
some viral infections requires the contribution of many PRRs.
How all these signals are integrated in natural infection is
unknown. Because innate immune signaling can mediate
harmful immune responses following viral infection, further
studies should reveal drug targets of innate immune signaling
pathways that may be modulated in order to improve outcome to
different viral infections. Conversely, given the many promising
innate immune agonists that have been reported to have anti-
Frontiers in Virology | www.frontiersin.org 12
viral activities, there is reason to be optimistic that such strategies
may be employed as treatments for viral infection.
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FIGURE 2 | Cytosolic viral RNA recognition by pattern recognition receptors. Molecular pathways of Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), cytosolic
DNA sensors (CDSs) and NOD-like receptors (NLRs) converge at different downstream signaling elements, such as at mitochondrial antiviral signaling protein (MAVS)
or the TBK1/IKKϵ axis to activate nuclear factor-kB (NF-kB) and interferon regulatory factor (IRF-3/IRF-7) and then, orchestrate a robust innate immune response by
the expression of type I IFN and interferon stimulated genes (ISG) responses to clear viral infection. Representative agonists mimicking viral PAMPs or DAMPs are
denoted in red as potential intervention approaches to promote an antiviral cellular environment.
July 2022 | Volume 2 | Article 935933

https://www.frontiersin.org/journals/virology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/virology#articles


Badia et al. Host-Directed Antivirals
REFERENCES

1. Health TLP. COVID-19 Pandemic: What’s Next for Public Health? Lancet
Public Health (2022) 7:e391. doi: 10.1016/S2468-2667(22)00095-0

2. Andrei G. Vaccines and Antivirals: Grand Challenges and Great
Opportunities. Front Virol (2021) 0:666548. doi: 10.3389/FVIRO.
2021.666548

3. de Clercq E, Li G. Approved Antiviral Drugs Over the Past 50 Years. Clin
Microbiol Rev (2016) 29:695–747. doi: 10.1128/CMR.00102-15

4. Tompa DR, Immanuel A, Srikanth S, Kadhirvel S. Trends and Strategies to
Combat Viral Infections: A Review on FDA Approved Antiviral Drugs. Int J
Biol Macromol (2021) 172:524–41. doi: 10.1016/J.IJBIOMAC.2021.01.076

5. Kaufmann SHE, Dorhoi A, Hotchkiss RS, Bartenschlager R. Host-Directed
Therapies for Bacterial and Viral Infections. Nat Rev Drug Discovery (2018)
17:35–56. doi: 10.1038/NRD.2017.162

6. Carette JE, Guimaraes CP, Varadarajan M, Park AS, Wuethrich I, Godarova
A, et al. Haploid Genetic Screens in Human Cells Identify Host Factors Used
by Pathogens. Sci (1979) (2009) 326:1231–5. doi: 10.1126/SCIENCE.
1178955/SUPPL_FILE/CARETTE.SOM.PDF

7. Greco TM, Diner BA, Cristea IM. The Impact of Mass Spectrometry-Based
Proteomics on Fundamental Discoveries in Virology. Annu Rev Virol (2014)
1(1):581–604. doi: 10.1146/annurev-virology-031413-085527

8. Ciuffi A, Rato S, Telenti A. Single-Cell Genomics for Virology. Viruses
(2016) 8(5):123. doi: 10.3390/v8050123

9. Perreira JM,Meraner P, BrassAL. “FunctionalGenomic Strategies for Elucidating
Human-Virus Interactions:WillCRISPRKnockoutRNAiandHaploidCells?,” in.
Adv Virus Res (2016) 94:1–51. doi: 10.1016/bs.aivir.2015.11.001

10. Jean Beltran PM, Federspiel JD, Sheng X, Cristea IM. Proteomics and
Integrative Omic Approaches for Understanding Host-Pathogen
Interactions and Infectious Diseases. Mol Syst Biol (2017) 13:922.
doi: 10.15252/MSB.20167062

11. Puschnik AS, Majzoub K, Ooi YS, Carette JE. A CRISPR Toolbox to Study
Virus-Host Interactions. Nat Rev Microbiol (2017) 15(6):351–64.
doi: 10.1038/nrmicro.2017.29

12. Cristinelli S, CiuffiA. The Use of Single-Cell RNA-Seq to Understand Virus–
Host Interactions. Curr Opin Virol (2018) 29:39–50. doi: 10.1016/
j.coviro.2018.03.001

13. Kirby EN, Shue B, Thomas PQ, Beard MR. CRISPR Tackles Emerging Viral
Pathogens. Viruses (2021) 13(11):2157. doi: 10.3390/v13112157

14. Ramage H, Cherry S. Virus-Host Interactions: From Unbiased Genetic
Screens to Function. Annu Rev Virol (2015) 2(1):497–524. doi: 10.1146/
annurev-virology-100114-055238

15. Meng Z, Lu M. RNA Interference-Induced Innate Immunity, Off-Target
Effect, or Immune Adjuvant? Front Immunol (2017) 8:331. doi: 10.3389/
fimmu.2017.00331
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Inhibition De L’infection Dermique Par Le Virus Inactivé [Immunity and
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145. Rodrıǵuez-Pulido M, Martıń-Acebes MA, Escribano-Romero E, Blázquez
AB, Sobrino F, Borrego B, et al. Protection Against West Nile Virus Infection
in Mice After Inoculation With Type I Interferon-Inducing RNA
Transcr ip t s . PLoS One (2012) 7(11) : e49494 . do i : 10 .1371/
JOURNAL.PONE.0049494
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