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Highlights
RNA viruses are composed by single-
or double-stranded RNA genomes
and depend on the host translation ma-
chinery to synthesize their own proteins.
Specifically, RNA viruses do not encode
tRNAs, and emerging evidence shows
that these viruses exploit or manipulate
host tRNAs for their own benefit.

RNA viruses, such as influenza A virus
(IAV) and HIV, select specific host tRNAs
from tRNA pools to favor viral protein
Viruses rely on the host cell translation machinery for efficient synthesis of their
own proteins. Emerging evidence highlights different roles for host transfer
RNAs (tRNAs) in the process of virus replication. For instance, different RNA
viruses manipulate host tRNA pools to favor viral protein translation. Interestingly,
specific host tRNAs are used as reverse transcription primers and are packaged
into retroviral virions. Recent data also demonstrate the formation of tRNA-
derived fragments (tRFs) upon infection to facilitate viral replication. Here, we
comprehensively discuss how RNA viruses exploit distinct aspects of the host
tRNA biology for their benefit. In light of the recent advances in the field, we pro-
pose that host tRNA-related pathways and mechanisms represent promising
cellular targets for the development of novel antiviral strategies.
translation; retroviruses, such as HIV, re-
sort to host tRNAs to prime reverse tran-
scription, which is essential to convert
their RNA genome into DNA; tRFs are
formed upon respiratory syncytial virus
(RSV) infection, promoting viral replication.

Specific mRNA modifications influence
the lifecycles of viruses, but the role of
tRNA modifications in viral replication
has not been explored to date. We envi-
sion that recent developments in liquid
chromatography coupled to tandem
mass spectrometry will be pivotal to de-
termining whether tRNA modifications
are also manipulated upon infection to
favor viral replication.

On-going advances in tRNA sequencing
and profiling technologies will contribute
to characterize host tRNA pool manipu-
lation upon infection with different RNA
viruses.

Understanding how RNA viruses exploit
tRNAs and related molecules will un-
cover novel antiviral targets that have
the potential to impact viral protein syn-
thesis and, thus, affect viral replication.
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Transfer RNAs as Key Players in RNA Virus Infections
Viruses are completely dependent on the host cell translation machinery for efficient synthesis of
viral proteins [1]. tRNAs, the effector molecules of translation, ensure the incorporation of the
correct amino acids in the forming polypeptides by complementary codon–anticodon base
pairing, and can also act as signaling molecules in metabolic and cellular processes [2] (Box 1).
Recent evidence shows that some RNA viruses (see Glossary) exploit or modify aspects of
the host tRNA biology for their own benefit. For instance, host tRNAs are selected by the influenza
A virus (IAV) from existing tRNA pools to favor translation of viral proteins in detriment of host
proteins [3]. Although the impact of the mRNA epitranscriptome on viral propagation has
been progressively demonstrated, data on the importance of host tRNA modifications for
viral infections are still scarce, but are becoming increasingly relevant [4]. Furthermore, increasing
evidence shows that viruses can manipulate host cell proteins that directly interact with tRNAs,
namely aminoacyl-tRNA synthetases (AARSs) [5]. Finally, recent data also indicate that, upon
infection, tRFs are generated from mature host tRNAs and used by specific viruses to potentiate
replication [6–8].

Despite the increasing evidence indicating that, upon infection, RNA viruses specifically target
host tRNAs, there is still controversy over whether some of the observed alterations may also
comprise particular antiviral strategies of the host cell. Here, we review and discuss recent
advances in the significance of tRNAs for viral propagation and propose that host tRNA-related
mechanisms represent a promising target for the development of novel antiviral strategies.

Modulation of Host tRNA Populations by RNA Viruses
Although viruses take advantage of the host cell translation machinery to synthesize viral proteins,
viral RNAs and host cell mRNAs may diverge significantly in terms of nucleotide composition.
While the host cell genome is biased towards C/G-ending codons, the RNAs of many viruses
are skewed towards A/U-ending codons [3,9–12]. In general, codons with strong bias are
found in highly expressed genes and are decoded by cognate tRNAs. Due to their high demand,
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these cognate tRNAs are more abundant in cells, which allows efficient tRNA selection from the
existing pools [13]. Since the tRNA concentrations of hosts are adapted to the host codon
usage, some viruses manipulate host tRNAs to decode viral skewed codons to optimize viral
protein translation [3,12,14,15]. Emerging data show that viruses can accomplish this by either
adjusting the host cell tRNA pool to better match viral codon usage [3,14] or altering and optimizing
viral codon usage towards the codon repertoire of the host [12]. They can alsomanipulate the host
translation machinery to promote viral protein production [16–18].

RNA Viruses with Biased Codon Usage
IAV, the genes of which are highly biased towards A-ending codons [19], manipulates the host
tRNA pool to better match its codon usage (Figure 1Ai). Upon infection, IAV interferes with the
tRNA population of the host cell translation machinery [1,3]; while the total tRNA population re-
mains more or less unchanged upon IAV infection, the polysome-associated tRNA population
changes substantially in a virus-specific manner, showcasing that the virus alters and optimizes
the tRNA population of the host to better match its codon usage [3]. This suggests the existence
of localized tRNA pools, specifically tailored to IAV codon usage, in the cytoplasmic loci where
viral protein translation takes place.

Recent studies suggest that HIV-1 can alsomanipulate the host tRNA pool (Figure 1Ai). Early in infec-
tion, HIV-1 expresses an ‘early’ set of genes and, later in infection, it expresses a ‘late’ set of genes
[20]. HIV-1 early genes have a similar codon usage to that of the host and are directly translated by
the cellular tRNA pool [14]. However, the codon usage of HIV-1 late genes is significantly different,
likely involving tRNA pool manipulation to ensure efficient translation [14]. Viral infections are known
to induce a host integrated cell response, with host protein synthesis shutdown and preferential
translation of stress response genes, with adjustments to the tRNA pool [21]. For example, amino
acid starvation in mammalian cells results in an enrichment of rare tRNA isoacceptors (which prefer-
entially decode A/U-ending codons) [22]. It is then reasonable to hypothesize that HIV-1 takes advan-
tage of this conserved stress response to translate its A/U-rich genes.

Despite the evidence of host tRNA manipulation by HIV, different studies show that host cells
have evolved mechanisms to counteract these viral strategies. For example, Schlafen 11
(SLFN11), an interferon-stimulated gene that controls protein synthesis, selectively inhibits viral
protein production in HIV-1-infected cells in a codon usage-dependent manner [23]. SFLN11
inhibits viral protein synthesis by binding to tRNAs, but without specific binding preference to a
particular group of tRNAs. It is suggested that this binding affinity to tRNAs reverses the changes
in the tRNA pool observed upon infection by HIV [23] (Figure 1B). These data strongly indicate
that affecting viral protein synthesis by modulating host tRNAs can represent a strategy from
the host to inhibit viral replication. Protein translation of equine infectious anemia virus (EIAV)
was also impaired by SFLN11 in a codon usage-dependent manner, via a similar mechanism
to that described for HIV-1 [24].

Two other SLFN proteins, namely SFLN13 and SFLN8, can also interact with tRNAs and cleave
them near the 3′ end [25]. tRNA cleavage by these proteins leads to decreased protein synthesis,
because fewer tRNAs are available for translation. Interestingly, SLFN13 can inhibit HIV-1 in a
tRNA cleavage-dependent manner that results in global translation inhibition, reducing the pro-
duction of viral particles [25]. SFLN13 does not exhibit particular tRNA preference, cleaving all
tRNAs despite their anticodons.

Another protein, Piwi-like protein 2 (piwil2, also known asHili), also inhibits the replication of HIV-1 in
a codon-specific manner [26]. Hili binds to host rare tRNAs, namely tRNAArg(UCU) and tRNAIle(UAU),
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Glossary
Aminoacyl-tRNA synthetases
(AARSs): enzymes that catalyze the
aminoacylation reaction by covalently
linking a given amino acid to the 3′ end of
the cognate tRNA.
Codon usage: the frequency with
which a particular organism uses the
available codons during the translation
process. Codon usage bias refers to the
usage of specific codons more
frequently than others.
Epitranscriptome: Post-
transcriptional modifications (PTMs)
found in all RNA molecules. These
modifications are highly dynamic and
include chemical modifications, editing,
and nontemplate nucleotide additions.
Programmed ribosomal
frameshifting (PRF): tightly controlled
alternate mechanism of translation used
by some viruses to produce different
proteins encoded by two or more
overlapping open reading frames.
Proviral DNA: viral DNA that is
integrated into the genome of a host cell.
Retroviruses: viruses that transcribe
their RNA genome into DNA
intermediates via the RT enzyme. The
retroviral DNA integrates into the
chromosomal DNA of the host cell to
replicate.
RNA viruses: viruses with RNA
genomes.
tRNA-derived fragments (tRFs):
class of sncRNAs derived from the
endonucleolytic cleavage of precursor or
mature tRNAs.
tRNA modifications: post-
transcriptional alterations in tRNAs, such
as methylations and thiolations,
mediated by tRNA-modifying enzymes,
to promote tRNA stability and efficient
translation, as well as guarantee codon
recognition diversity.
tRNA-modifying enzymes: enzymes
that catalyze PTMs in specific positions
of the tRNA molecules.
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the codons of which are over-represented in the HIV-1 genome. Upon Hili expression, HIV-1 trans-
lation is inhibited, possibly due to the absence of the rare tRNAs needed to ensure viral protein
translation. By contrast, Hili depletion enhances viral protein levels and the production of new
viral particles [26]. Equally, the mouse Piwi 2 equivalent (Mili) was found attached to two rare
tRNAs that recognize over-represented viral codons (i.e., tRNAIle(UAU) and tRNAArg(UCU)). Silencing
of tRNAArg(UCU) with antisense oligonucleotides produced an effect that resembles that observed
for Hili depletion, demonstrating that tRNA pool manipulation is required to ensure HIV-1 replication
and that targeting tRNAs may represent a strategy to inhibit infection progression [26].

Nipah virus (NiV) is another RNA virus the genome of which is also highly enriched in A/U
nucleotides and the codons of which are preferentially decoded by rare (nonabundant) host
tRNAs (Figure 1Ai). The translation rate of NiV viral proteins is low during the initial phases of infec-
tion, probably due to an enrichment in suboptimal codons that are decoded by the rare tRNAs
[12]. The deliberate use of suboptimal codons can be used by the virus to promote efficient pro-
tein folding, because suboptimal codons at key structural motifs can slow translation to improve
proper folding [13]. This is crucial to reach later stages of infection when the host translation
machinery is hijacked and compromised. If and how NiV induces specific tRNA pool alterations
remain a matter of debate. Similarly, although translation elongation rates were solely inferred
from total protein synthesis rate and bioinformatic models, it was suggested that the hepatitis A
virus (HAV), another virus with a biased codon usage, also benefits from a slower protein trans-
lation rate to effectively translate its viral proteins [27,28].

RNA Viruses with Nonbiased Codon Usage
When the codon usage of the virus is inherently similar to that of the host, as happens with polio-
virus (PV) [29] and foot-and-mouth disease virus (FMDV) [30], competition for tRNAs for protein
synthesis likely occurs (Figure 1Aii). To evade this competition, both of these viruses inhibit
cap-dependent host mRNA translation by cleaving the eukaryotic initiation factor 4G (eIF-4G)
[16–18] via virus-encoded proteinases A (PV) [16] and L (FMDV) [17,18]). West Nile virus (WNV)
is another example of a virus with a low codon-biased genome [31]. This virus induces the down-
regulation of a particular subset of host tRNAs, and tRNA pool alterations were observed in
SFLN11-deficient human A172 cells upon infection with WNV [32]. Although the implications of
this tRNA pool manipulation are still under scrutiny, it is plausible that downregulation of specific
tRNAs enhances optimal viral folding by decreasing translation elongation.

Manipulation of tRNA Modifications as a Strategy to Enhance Viral Protein
Synthesis
Alterations in post-transcriptional modification (PTM) levels on total RNA extracted from infected
cells with different RNA viruses were recently reported, suggesting that PTMs have essential roles
in viral propagation [33]. Themost commonRNAmodification identified both in human and in viral
transcripts is the addition of a methyl group to the N6 position of adenosine (m6A). This RNAmod-
ification appears to influence the lifecycle of viruses and, thus, is considered a potential antiviral
target [34]. Nevertheless, the impact of the epitranscriptome on infection and viral
genome translation is still largely underestimated, especially for tRNAs, which are the most
modified RNA molecules [35]. tRNA modification levels can quickly change in response to exter-
nal stimulus [36], favoring optimal translation of transcripts in response to cellular stress [4].

Although different studies identified tRNA modifications as virulence regulators in several patho-
gens, namelymycobacteria [37] and Plasmodium [38], little is known concerning these alterations
during viral infections and how this correlates with the ability of the viruses to overcome the
dissimilarities in genome codon usage. Given that tRNA modifications increase the ability
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of tRNAs to read additional codons, by granting base-pairing flexibility during decoding [39], it is
plausible that viruses may guarantee the effectiveness of their genome translation by
reprogramming the host tRNA epitranscriptome. This reprogramming may occur mainly at
the wobble position to boost the decoding of the viral A-ending skewed codons [4]. Although
there is still not enough evidence to back up this hypothesis, some reports have shown the
relevance of tRNA modifications, such as tRNA thiolation, for viral infectivity. Specifically, a U34
2-thiouridine hypomodification of tRNALys inhibits programmed ribosomal frameshifting
(PRF), which is required for a favorable translation of gpG and gpGT, two lambda phage proteins
the ratio of which is crucial for viral replication [40]. Although these studies were conducted in
Escherichia coli, PRF is a viral translation strategy used by different viral strains, including HIV
[41]. Hence, it is possible that altering PRF rates during viral infection by targeting tRNAmodifica-
tions leads to a deregulated ratio of particular PRF-dependent proteins. For example, the HIV-1
Gag:Gag-Pol expression ratio, which is crucial to load the reverse transcriptase (RT) into new
viral capsids, is regulated by PRF [40]. Given that disturbing this ratio can inhibit viral replication,
it would be relevant to test whether tRNA modification modulation affects the Gag:Gag-Pol
translation ratio.

The study of RNAmodifications is becoming a central focus in biological sciences, because these
epitranscriptomic marks are found in all RNA classes, display highly dynamic patterns across cell
types and tissues, and constitute a post-transcriptional regulatory layer comparable to epigenetic
marks [42]. However, it is still unknown whether viruses can effectively alter the host tRNA
epitranscriptome upon infection. If so, it may represent an additional mechanism by which
these infectious agents manipulate host tRNAs to decode their skewed codons and optimize
viral protein translation throughout their life cycle. By contrast, one can hypothesize that tRNA
epitranscriptome alterations during infection may also be part of the host innate immune
response against the virus. Although a mechanism for translational adaptation involving a coordi-
nated interplay between the tRNA epitranscriptome and biased codon usage was recently pro-
posed [4], translational adaptation during viral infections and putative tRNA epitranscriptomic
modulation await further experimental evidence.
Box 1. tRNAs: Key Components of the Host Translation Machinery

tRNAs are key effector molecules of translation because they establish the link between the genetic code and amino acid identity [2]. In humans, there are 610 genes
encoding cytosolic and mitochondrial tRNAs that recognize mRNA codons and decode the standard 20 amino acids [35].

tRNAmolecules are characterized by a secondary structure, commonly referred to as cloverleaf, that folds into an L-shaped structure, giving rise to its tertiary structure [2]
(Figure IA). Each tRNA comprises an acceptor stem, which includes a cytosine-cytosine-adenine (CCA) termination where the bond between the tRNAmolecule and the
amino acid is established; the D-arm and the TΨC-arm, which are essential for the stabilization of the tertiary structure of the tRNA molecule and for tRNA
aminoacylation; the variable loop, the size of which varies depending on the overall size of the tRNA molecule; and, finally, the anticodon arm, which contains
an anticodon comprising three bases [2]. The anticodon recognizes the corresponding mRNA codon through complementarity, which allows the decoding the
20 amino acids of the cellular proteome. After mutual recognition, the first and second bases of the mRNA codon interact with the second and third bases of
the tRNA anticodon by Watson–Crick base pairing (Figure IB). The interaction between the third base of the codon and the first base of the anticodon is more
flexible, because it allows non-Watson–Crick base pairing. This particular position is known as the ‘wobble position’ and confers tRNAs the ability to pair with more
than one codon and further allows multiple codons to encode a single amino acid (degeneracy of the genetic code) [2].

tRNA molecules are extensively modified post transcriptionally. These alterations are induced by tRNA-modifying enzymes in multiple bases throughout the entire tRNA
structure to ensure tRNA stability, and translation accuracy and efficiency [2,35]. Mature tRNAs are then charged with cognate amino acids by tRNA aminoacyl-tRNA
synthetases to participate in the translation process [2].

tRNAs are involved in other cellular processes besides protein translation. Uncharged tRNAs can function as signaling molecules in response to nutrient deprivation.
tRNAs can also regulate apoptosis in mammalian cells and, upon cleavage, can generate a diversity of tRFs. Some tRFs are produced in response to stress and
can inhibit translation, whereas others can target specific transcripts and have silencing ability similarly to miRNAs [2]. tRNAs are also used by retroviruses as
reverse transcription primers of their RNA genomes (as discussed in the main text).

Trends in Biochemical Sciences, September 2020, Vol. 45, No. 9 797
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Figure I. tRNAs Are the Effector Molecules of Translation. (A) tRNA structure and biogenesis. tRNAs are transcribed in the nucleus by RNA polymerase III as
precursor molecules (pre-tRNA). After the removal of the 5′ leader sequence by the RNase P enzyme and of the 3′ trailer sequence by the RNAse Z enzyme, the
CCA termination is added onto the maturing tRNA by a CCA-adding enzyme (CCA nucleotidyltransferase). Splicing of existing introns takes place, and the maturing
tRNA molecules undergo post-transcriptional modifications by tRNA-modifying enzymes. Amino acids are then added to the CCA 3′ end of mature cognate tRNAs
by aminoacyl-tRNA synthetases. (B) Charged tRNAs recognize mRNA codons through base-pair complementarity with their anticodons.
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tRNAs as Primers for Reverse Transcription
Retroviruses convert their RNA genome into DNA through reverse transcription, a multistep
process sustained by a viral RT. This RT engages specific host tRNAs that function as initiation
primers. Briefly, the 3´ acceptor stem and the TψC arm of the primer tRNA recognize and interact
with one particular 18-nucleotide sequence encoded by the viral genome, the primer-binding site
(PBS). Ultimately, and upon a series of events, the viral RNA is converted into double-stranded
proviral DNA and integrated into the host genome. All known retroviruses resort to host
tRNAs to prime reverse transcription, although the virus genus influences the type of tRNA
used for this purpose [43] (Figure 2).

Curiously, during virus assembly, host tRNAs can be selectively encapsidated into the newly
formed virus particles. Thus, an increase in the percentage of tRNAs that migrate to the site of
viral assembly is expected [44]. Indeed, infection with avian myeloblastosis virus (AMV), murine
798 Trends in Biochemical Sciences, September 2020, Vol. 45, No. 9
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Figure 1. Viral Manipulation of Host tRNAs. (A) Viral manipulation of the host cell tRNApool and codon usage adaptation. The host tRNApool is enriched in cognate tRNAs that
decode C/G-ending codons. (i) Viruses with biased codon usage [such as influenza A virus (IAV), HIV, Nipah virus (NiV), and hepatitis A virus (HAV)] are able to exploit andmanipulate
the tRNApool of the host to decode viral skewedA/U-ending codons to bettermatch their codon usage and, therefore, favor the translation of viral proteins. (ii) Viruseswith nonbiased
usage [such as poliovirus (PV) and foot-and-mouth disease virus (FMDV)] compete for tRNAs for protein synthesis and inhibit host protein translation. (B) Host cell responses to HIV-1
manipulation of tRNApool during the late infectious stage. Schlafen 8 and 13 (SFLN8 andSFLN13) interact with tRNAs and cleave them near the 3′ end so that fewer tRNAs become
available for translation, SFLN11 binds to tRNA and reverts changes in the tRNA pool induced by the virus, and Piwi-like protein 2 (Hili) binds to rare tRNAs that recognize codons
which are over-represented in the HIV-1 genome. These events ultimately decrease viral protein synthesis and counteract viral propagation.
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leukemia virus (MuLV), and HIV leads to remarkable increases in the relative concentrations of
their tRNA primers at the virion assembly loci [45,46].

The enrichment on tRNALys isoacceptors (the tRNAprimer used byHIV-1) in HIV-1 virions is crucial for
optimizing the annealing and infectivity of the virus [47]. Interestingly, pyruvate kinase muscle type 2
(PKM2) was found to be incorporated into HIV-1 viral particles and to reduce viral infectivity by lower-
ing tRNALys3 encapsidation into the virions and, thus, the levels of reverse transcription. Furthermore,
Trends in Biochemical Sciences, September 2020, Vol. 45, No. 9 799
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Figure 2. tRNAs Are Used as Reverse Transcription Primers by Retroviruses. Retroviruses [such as avian
myeloblastosis virus (AMV), murine leukaemia virus (MuLV) and HIV] use specific tRNAs (tRNATrp, tRNAPro, and tRNALys,
respectively) as initiation primers for reverse transcription. The 3′ acceptor stem and the TψC arm of the primer tRNA interact
with the primer-binding site (PBS) of the viral single-stranded RNA (both represented in yellow) and convert it to double-
stranded DNA (proviral dsDNA) by the action of viral reverse transcriptase (RT). The proviral dsDNA is then integrated into the
genome of the host, being transcribed into RNA together with DNA of the host, which allows the virus to replicate. Newly
transcribed retroviral RNA is transported back to the cytoplasm to be translated into viral proteins. During virus assembly,
host tRNAs are selectively encapsidated into the newly formed virus particles.
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the enhanced expression of PKM2 suppressed the packaging of other nonpriming cellular tRNAs
[48], suggesting a specific role in the inhibition of the incorporation of tRNAs into HIV-1 virions.

Role of Host tRNA Synthetases in Viral Infection
Aminoacyl-tRNA synthetases (AARSs) catalyze the association of the correct amino acid onto the
3′ end of the cognate tRNA [49]. Particular AARSs, namely LysRS, AspRS, ArgRS, GlnRS, LeuRS,
IleRS, MetRS, and GluProRS, are also part of the high-molecular-weight multi-tRNA synthetase
complex (MSC), a reservoir of AARS with numerous noncanonical functions, including roles in
transcriptional and translational control, cell proliferation, and the immune response [50,51].

Some AARSs are packaged into virions. For example, TrpRS [52] and LysRS [53,54] are detected
in Rous sarcoma virus and HIV-1 virions, respectively. Analogous to tRNALys3, LysRS is selectively
packaged into HIV virions. Overexpression of this AARS enhances viral infectivity by increasing the
levels of tRNALys3 incorporation into HIV-1 virions [47,55]. Both LysRS and tRNALys isoacceptors
are likely to be selectively packaged into HIV-1 viral particles as a complex, which is necessary
for tRNA virion incorporation [52,53]. This may explain why knocking down the cytoplasmic levels
of LysRS leads to a decline in packaging of tRNALys in HIV-1 virions. This ultimately results in
decreased infectivity, probably due to HIV-1 reverse transcription impairment, as a consequence
of the lack of the transcriptase primer [55,56].
800 Trends in Biochemical Sciences, September 2020, Vol. 45, No. 9
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This was corroborated by observed interactions between LysRS, Gag, and Gag-Polyproteins, key
players in tRNALys encapsidation [57,58]. More specifically, it was suggested that LysRS/tRNALys

is recruited to enroll a packaging complex formed by viral RNA, Gag, and Gag-Pol [44,59,60]: Gag
interacts with LysRS, Gag-Pol interacts with tRNALys, and the proteolytic processing of Gag-Pol
liberates the primer tRNA into the virions [60]. Importantly, the capture of tRNALys3 by HIV-1 likely
occurs by phosphorylation of LysRS at Ser207 in newly synthesized LysRS, avoiding incorporation
into the MSC and rendering free LysRS in the cytoplasm, which can be packaged into the virions
[5,61]. By contrast, MSC-incorporated LysRS might be phosphorylated instead and released after-
wards with other tRNA synthetases from theMSC [5]. Subsequently, the free phosphorylated LysRS
binds to the uncharged tRNALys3, which is finally encapsidated [5]. Once inside the virions, Gag me-
diates the binding of tRNALys3 to the viral PBS to initiate reverse transcription. HIV-1 has also evolved
mechanisms for primer annealing that involve a 5′-untranslated region (UTR) of the HIV-1 genome
holding a tRNA-like element (TLE) mimicking the anticodon loop of tRNALys3 [62–64]. LysRS
dislodges from its cognate tRNA and binds to the TLE region to foster efficient primer annealing [62].

Release of AARSs, namely GluProRS, LysRS, and MetRS from the MSC occurs under stress
conditions. For example, upon release, GluProRS binds to several proteins to form a regulatory
complex that binds to 3′-UTRs of proinflammatory protein-encoding mRNAs, inhibiting their
translation and, thus, controlling the inflammatory response that strikes during infection [65].
Although the release of AARSs from the MSC has been associated with the induction of antiviral
innate immune responses [65], viruses such as HIV-1 probably take advantage of the availability
of free AARSs such as LysRS to favor its reverse transcription, as described earlier. This is
another example of how viruses profit from host cellular responses and how they have evolved
elaborate mechanisms to circumvent host defenses.

Another interesting observation is the increase of Met-misacylation of noncognate cytosolic
tRNAs upon infection of HeLa cells with Vaccinia (Vac), Adenovirus 5, and IAV [66]. Under
these circumstances, MetRS can misacylate tRNALys, tRNAGly, and tRNALeu. These misacylated
tRNAs are actively used during translation in Vac-infected cells. Met-misacylation is in fact a
cellular strategy to protect against oxidative stress. Upon oxidative stress, ERK is activated and
phosphorylates MetRS, driving Met-misacylation of noncognate tRNAs. The Met carried by
noncognate tRNAs is incorporated in proteins during translation, decreasing translation fidelity
and acting as a reactive oxygen species (ROS) scavenger, as recently suggested [67]. Since
viral infections induce cellular oxidative stress, the increased Met-misacylation observed in
infected cells likely represents a host response.

Interestingly, some plant RNA viruses mimic tRNA-like structures (TLS) in their genome. These
molecules assume the typical tRNA L shape. Still, their molecular interactions differ from a typical
tRNA, as demonstrated by the crystal structure of the TLS from the turnip yellow mosaic virus
(TYMV) [68]. Equally to tRNAs, these TLSs are 3′-adenylated by CCA nucleotidyltransferase,
are aminoacylated by host AARSs during the replication cycle of the virus, mimic a true tRNA,
and interact with other structures in the 3′-UTR of viral gRNA [68].

tRNA-Derived Fragments in Viral Infection
Over the past few years, tRFs, which derive from mature tRNAs, emerged as pivotal small non-
coding RNAs (sncRNAs) in numerous biological processes, from gene regulation to disease,
including viral infections [69]. These sncRNAs are highly heterogeneous regarding size (10–50
nucleotides), function, and biogenesis. They can derive from tRNA cleavage by angiogenin near
the anticodon, from tRNA cleavage on the D- or T-loops by different enzymes, including
DICER, and from pre-tRNAs by enzymes such as RNAse Z or ELAC2 [70].
Trends in Biochemical Sciences, September 2020, Vol. 45, No. 9 801



Outstanding Questions
What are the precise molecular
mechanisms underlying the selection
of host tRNAs for efficient viral protein
translation? Are these mechanisms
similar across different viruses?

Is the host tRNA epitranscriptome
manipulated during viral infection? Do
these manipulations differ throughout
the different stages of the lifecycle of a
virus?

Is there any correlation between host
tRNA epitranscriptome reprogramming
and the ability of viruses to overcome
codon usage differences to efficiently
translate their genome?

Is the modulation of other crucial
components of the translation machinery
relevant for viral propagation?

What are the precise biological
functions of the tRNA-derived frag-
ments originated upon viral infection?

Does the host innate immune system
respond to viral infections by
manipulating tRNA metabolism?
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In the context of viral infections, production of tRFs appears to be virus specific. For instance,
infection of airway epithelial cells with respiratory syncytial virus (RSV) results in abundant induc-
tion of tRFs [6,8,71], mainly derived from the 5′ end of mature tRNAs, named tRF5s. By contrast,
infection of the same cell line with human metapneumovirus (HMPV) did not induce the produc-
tion of tRFs [72]. Generation of most tRFs identified upon RSV infection resulted from activation of
angiogenin and consequent tRNA cleavage near the anticodon. A particular tRF derived from
tRNAGlu (tRF5-Glu(CTC)) was identified as a putative regulatory molecule of RSV replication,
because its suppression led to a reduction in RSV viral particle production. In addition, putative
targets of tRF5-Glu(CTC) have been identified, and its silencing ability was experimentally demon-
strated for apolipoprotein E receptor 2 (APOER2), which is required for activation of host immune
responses. By binding to APOER2 3′-UTR, tRF5-Glu(CTC) promoted RSV replication while
suppressing immune responses [6,71]. Similarly, two additional tRFs [tRF5-Gly(CCC) and
tRF5-Lys(CTT)] overexpressed upon RSV infection, promoted viral replication [7]. Two tRF5s
derived from tRNALys and tRNAGlu were also found to be upregulated upon cytomegalovirus
infection of fibroblasts [73].

Contrarily, tRF5-Gly(CCC) was downregulated in the serum of calves challenged with bovine viral
diarrhea virus (BVDV) [74]. Liver biopsies from patients with chronic hepatitis B and C infection and
concomitant hepatocellular carcinoma (HCC) also displayed a decrease in tRF5s compared with
uninfected samples. Interestingly, tRF5-Gly(CCC) was among the most downregulated [75]. This dif-
ference in tRF abundance may correlate with differences in viral replication strategies among the
respective viral species, as well as with the host cell types. Nevertheless, tRF5-Gly(CCC) appears
to have a central role because it is consistently deregulated upon viral infection.

Data from mass sequencing of small RNA libraries revealed a significant presence of tRF
sequences in normal CD4(+) and human T cell leukemia virus HTVL-1-infected CD4(+) cells.
Among these, tRF-3019, derived from the 3′ end of the tRNAPro, was the most abundant tRF
observed in stimulated CD4(+) cells. This tRF perfectly matched the antisense sequence of the
viral PBS, and priming of HTLV-1 RT by tRF-3019 was demonstrated. Moreover, both the tRF
and the mature tRNAPro were present in viral particles isolated from HTLV-1-infected cells, raising
the hypothesis that the virus uses this tRF to prime reverse transcription [7].

Together, these data indicate that host cells react to viral infection by altering the tRF profile.
However, in most cases, host tRFs are used by viruses to facilitate replication, either by targeting
particular transcripts that are important for the immune response or by being used to prime
reverse transcription. Nevertheless, the precise sncRNA profiles undermining host–virus interac-
tions remain to be revealed. Also, understanding why and how different viruses induce the forma-
tion of different tRFs should be further explored to understand whether these molecules might
represent valid cellular targets for antiviral therapy.

Concluding Remarks and Future Perspectives
It is now broadly accepted that host tRNAs have important roles in different phases of viral infec-
tions, although the exact mechanisms involved are still not entirely clear. However, tRNA
sequencing technologies have recently evolved [76,77]; due to tRNA structure and heavy modi-
fication profile, tRNA sequencing and identification were, until recently, difficult and prone to bias.
Sequencing technologies have now overcome many of these obstacles and will contribute to
establish whether tRNA pool manipulation occurs during viral infection and whether it is directly
correlated with specific virus codon usage bias. The development of ribosome profiling technolo-
gies [78] will also be important in the virology context, because they will allow the identification
and quantification of translation rates as well as of the exact transcripts that are translated at the
802 Trends in Biochemical Sciences, September 2020, Vol. 45, No. 9
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different steps of the lifecycle of each virus. Furthermore, recent developments in liquid chro-
matography coupled to tandem mass spectrometry methodologies allow the identification of
tRNA modifications with high levels of accuracy [79]. Deciphering the alterations of the tRNA
epitranscriptome during viral infection will be pivotal to understanding whether this is a
mechanism by which viruses manipulate tRNA pools to favor translation of their own proteins
(see Outstanding Questions). We envision that recent technological developments in the
tRNA modification detection field will allow the monitoring of tRNA modification alterations in
the context of viral infections. Perturbing the host epitranscriptome by controlling tRNA-
modifying enzyme levels may also be valuable to unravel novel targets for single or broad-
spectrum antiviral strategies.

The host immune system also relies on tRNA manipulation to counteract viral infections, as
demonstrated upon HIV-1 infection, where specific proteins, namely members of the SLFN
family, have the ability to affect viral replication by disturbing tRNA levels or availability. Manipulating
the levels of these proteins may reveal a strategy to modulate viral replication. However, potential
side effects of an abrupt tRNA deregulation should also be addressed.

The involvement of tRNAs in several disease-related cellular mechanisms, the fact that specific
AARSs are already being studied as potential antiviral targets, and the fast development of
high-throughput technologies, indicate that tRNAs will soon be considered central players in
viral infections. A more comprehensive understanding of the exact mechanisms by which
tRNAs are affected by different viruses will contribute to the development of novel strategies for
antiviral combat. tRFs may also represent valuable cellular targets for antiviral therapy. Thus, a
broad characterization of tRF populations upon viral infection is required.
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