S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Cell Host & Microbe

Host Translation at the Nexus

of Infection and Immunity

lan Mohr'-* and Nahum Sonenberg?*

1Department of Microbiology, NYU Cancer Institute, New York University School of Medicine, New York, NY 10016, USA
2Department of Biochemistry, Goodman Cancer Centre, McGill University, Montreal, QC H3A 1A3, Canada
*Correspondence: ian.mohr@med.nyu.edu (I.M.), nahum.sonenberg@mcdgill.ca (N.S.)

http://dx.doi.org/10.1016/j.chom.2012.09.006

By controlling gene expression at the level of mMRNA translation, organisms temporally and spatially respond
swiftly to an ever-changing array of environmental conditions. This capacity for rapid response is ideally
suited for mobilizing host defenses and coordinating innate responses to infection. Not surprisingly,
a growing list of pathogenic microbes target host mRNA translation for inhibition. Infection with bacteria,
protozoa, viruses, and fungi has the capacity to interfere with ongoing host protein synthesis and thereby
trigger and/or suppress powerful innate responses. This review discusses how diverse pathogens manipu-
late the host translation machinery and the impact of these interactions on infection biology and the immune

response.

A cardinal means by which microbes influence host physiology
is through the cellular translation machinery. Indeed, microbes
and their hosts strategically maneuver to control cellular
messenger RNA (mRNA) translation for their own benefit, illus-
trating a spectrum of host-pathogen interactions. On one
extreme, replication of obligate intracellular parasites like viruses
is completely reliant on the host translational apparatus. Not only
must viruses commandeer this machinery to translate their own
mRNAs and ensure viral MRNAs compete with cellular counter-
parts, but they also thwart host defenses aimed at inactivating
the cellular translation apparatus. Even bacteria and protozoa,
which are not dependent upon host translational components
for their protein synthetic needs, manipulate the cellular transla-
tion machinery. Pathogen-encoded effectors, like bacterial
toxins, inhibit host translation. As virulence factors associated
with severe infections, toxins kill eukaryotic cells and facilitate
tissue invasion. While interfering with host mRNA translation
limits production of host defenses, it can also generate a danger
signal capable of triggering a conserved innate immune
response. Sensing of pathogens indirectly by monitoring
changes in cell homeostasis is used extensively by plants, where
it is called effector-triggered immunity (Jones and Dangl, 2006).
Alternatively, changes in cellular protein synthesis can indicate
host nutritional status and its relationship to a dynamic environ-
ment, illustrating how pathways that control mRNA translation
are responsive to physiological stress and metabolic status.
For persistent pathogens, monitoring of ongoing mRNA transla-
tion represents a vital window into the host metabolic state and
prospects for future homeostasis. In addition, many cellular
innate immune effectors are important regulators of global and
mRNA specific translation. Finally, adaptive immunity requires
presentation of protein antigens complexed with cell surface
MHC molecules for immune surveillance. Thus, the cell protein
repertoire can signal infection and is a key determinant discrim-
inating self from nonself. In this review, we focus on how different
pathogens induce changes to ongoing cellular protein synthesis
and consider the varied strategies by which host translation
impacts infection and immunity.
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A Primer on Translation and Its Control in Eukaryotic
Host Cells

Regulated mRNA translation is a powerful posttranscriptional
means to control gene expression spatially and temporally in
eukaryotes. In addition to fundamental roles in cell growth and
proliferation, development, learning, memory, and synaptic plas-
ticity, translational control plays a major role in host stress
responses, including pathogenic infection, and defenses by
enabling rapid responses in surroundings that abound with
microbes. Indeed, the role of translation in infection and host
immunity to viruses is aptly illustrated in crop plant species,
where all known recessive resistance genes encode translation
initiation factors (Truniger and Aranda, 2009). With respect to
infection and immune defenses, host translation is regulated
primarily at the initiation and elongation steps (Figure 1).

Before mRNA loading, the 40S ribosomal subunit forms a 43S
complex with translation initiation factors and the methionine-
charged initiator tRNA (Met-tRNA;; Figure 1). This requires
elF2, a heterotrimeric guanine nucleotide binding protein that
in its active state forms a ternary complex (TC) containing GTP
and the initiator tRNA, Met-tRNA,. The TC loads 40S ribosomes
with Met-tRNA; and is required to initiate protein synthesis at
open reading frames (ORFs) commencing with an AUG codon
or near-cognate AUGs, with one exception described later (re-
viewed by Hinnebusch and Lorsch, 2012). Unlike the prokaryotic
30S ribosomal subunit that directly recognizes the Shine-Dal-
garno RNA sequence upstream of the initiator AUG, eukaryotic
40S subunits require assistance from the heterotrimeric transla-
tion initiation factor elF4F (reviewed by Hinnebusch and Lorsch,
2012). By binding to the 7-methylguanosine (m’G) cap structure
that is present at the 5’ terminus of all nuclear transcribed eu-
karyotic mRNAs, elF4F positions the ribosome onto the mRNA
5" end and facilitates an ATP-dependent movement termed
“scanning” that locates the 5’ proximal AUG on the majority of
mRNAs (reviewed by Parsyan et al., 2011). elF4F is comprised
of the cap-binding protein elF4E, the DEAD box RNA helicase
elF4A, and the large molecular scaffold elF4G. While elF4E binds
the cap, elF4G associates with ribosome-bound elF3 to tether
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Figure 1. Translation Initiation and Elongation in Eukaryotes
Initiation and elongation steps each require discrete translation factors.

(A) Initiation. Formation of the 43S preinitiation complex involves loading the
initiator-methionine tRNA (Met-tRNA)) into the ribosomal P site as a complex
with elF2-GTP. The 40S subunit is also associated with elF1 (blue triangle, 1),
elF1A (blue triangle, 1A), elF3, and elF5. The 43S complex is next positioned
onto the 5’ end of a capped (orange circle, m’G), polyadenylated mRNA by
elF4F, a three-subunit complex composed of the cap-binding protein elF4E,
elF4AG, and elF4A (shown as 4E, 4G, and 4A). Poly(A)-binding protein (PABP)
bound to the polyadenylated 3’ mRNA also associates with elF4G bound to the
5’ end. This forms a “closed-loop” topology, linking 5" and 3 mRNA ends. The
elF4E kinase Mnk is shown associated with elF4G where it phosphorylates
elF4E (circle, P). The mRNA-bound 48S complex scans the mRNA to locate the
AUG start codon, whose recognition is facilitated by elF3, elF1, and 1A. Initia-
tion factor release follows 60S subunit joining, which requires elF5B.

(B) Elongation. Loading of a charged tRNA into the 80S ribosome A site
requires eEF1A-GTP. Ribosome-catalyzed peptide bond formation ensues.

the 43S complex to the mRNA 5’ end. Once bound to elF4G,
elF4E can be phosphorylated by an elF4G-associated kinase,
Mnk1 or Mnk2. Unlike Mnk2, which confers basal elF4E phos-
phorylation, Mnk1 mediates inducible p38 and ERK-responsive
elF4E phosphorylation and links elF4E phosphorylation to MAP
kinase signaling. Finally, elF4F assembly juxtaposes the mRNA
polyadenylated 3’ end, bound by PABP, with the 5’ end through
an interaction between elF4G and PABP (reviewed by Hinne-
busch and Lorsch, 2012). This probably limits 40S subunit
recruitment to MRNAs containing intact 5’ and 3’ ends. Signifi-
cantly, initiation is thought to be the rate-limiting step under
most circumstances (reviewed by Hinnebusch and Lorsch,
2012). The extent to which translation of individual MRNAs varies
with respect to elF4F levels is heavily influenced by the degree of
secondary structure in the 5" untranslated region (UTR) (reviewed
by Parsyan et al., 2011).

Importantly, regulated binding of elF4E to elF4G represents
a key point whereby physiological signals control initiation
through assembly of a functional elF4F complex (reviewed by
Hinnebusch and Lorsch, 2012). This is mediated by the host
ser/thr kinase mTOR complex 1 (mTORCH1; Figure 2), which
responds to changes in physiologic homeostasis, including
growth factors, nutrients, amino acids, oxygen, and energy avail-
ability (reviewed by Laplante and Sabatini, 2012) and controls
activity of the elF4E-binding protein family of translation repres-
sors (4E-BP1,2,3). While hypophosphorylated 4E-BPs bind to
elF4E, prevent its assembly into the elF4F complex, and sup-
press cap-dependent translation, hyperphosphorylation of 4E-
BP by activated mTORC1 releases elF4E, promotes elF4E
binding to elF4G, and stimulates cap-dependent translation.

Upon AUG recognition, GTP hydrolysis is stimulated by elF5,
an elF2 GTPase-activating protein (GAP) that also stabilizes
GDP binding to elF2 and functions as a guanine nucleotide
dissociation inhibitor (Hinnebusch and Lorsch, 2012). While
AUG recognition promotes inorganic phosphate release from
elF2, elF5B-dependent 60S subunit joining promotes initiation
factor release and allows inactive elF2:GDP to access its
heteropentameric subunit (a-¢) recycling factor, elF2B, which
exchanges elF2-bound GDP for GTP (Figure 3; reviewed by
Hinnebusch and Lorsch, 2012).

After AUG initiation codon recognition and 60S subunit joining,
the 80S ribosome commences polypeptide chain elongation
(Figure 1; reviewed in Dever and Green, 2012). This requires elon-
gationfactoreEF1A, a G protein that delivers aminoacylated tRNA
to the ribosome and whose activity is regulated by the guanine
nucleotide exchange factor (GEF) eEF1B, and eEF2, which
promotes ribosome translocation after peptide bond formation.
While casein kinase Il and PKC stimulate eEF1A activity, eEF2
phosphorylation by eEF2 kinase inhibits elongation (Figure 2).
Elongation continues until a termination codon is encountered.

Infection and Its Bearing on Host mRNA Translation

Microbial infection impacts host translation in a variety of ways.
Not only can infection modify the translational capacity of the
host, but regulated mRNA translation can influence microbial

80S translocation requires eukaryotic elongation factor 2 (€EF2), which moves
the deacetylated tRNA to the E site, positioned the peptidyl-tRNA in the P site
and re-exposes the A site.
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Figure 2. Integration of Signals by mTORC1
Controls Cap-Dependent Translation
Availability of growth factors (receptor tyrosine
kinase [RTK] signaling), oxygen, glucose, and
energy regulate the GTPase activating protein
TSC (composed of subunits hamartin [TSC1] and
tuberin [TSC2]), which represses mTOR complex 1
(MTORC1) by promoting Rheb-GDP accumula-
tion. Amino acid availability controls mTORC1
through the Rag GTPases. Inhibition of TSC
allows Rheb-GTP accumulation and mTORC1
activation and results in p70 ribosomal protein S6
kinase (p70 S6K) and 4E-BP1 phosphorylation.
4E-BP1 hyperphosphorylation relieves trans-
lational repression and releases elF4E (labeled
4E), allowing elF4E to bind elF4G (labeled 4G) and
assemble the heterotrimer subunit initiation factor
elF4F (composed of elF4E, elF4A [labeled 4A], and
elF4G) on 7-methylguanosine (m’G; orange
circle)-capped mRNA (see Figure 1A). Poly(A)-
binding protein (PABP) is depicted bound to the 3’
poly(A) tail and also associates with elF4G to
stimulate translation. For simplicity, only elF3, but
not other 43S complex components (elF1, elF1A,
elF2, elF5, and Met-tRNAi as shown in Figure 1), is
depicted. In addition to stimulating ribosomal
protein S6 (RPS6) phosphorylation, p70 S6K
activation by mTORC1 stimulates the elF4A
accessory factor elF4B, relieves PDCD4-medi-
ated repression of elF4A, and inhibits eukaryotic
elongation factor 2 (eEF2) kinase to stimulate
elongation. Pathogen strategies for activating and
inhibiting steps within this pathway to control host
translation are indicated in red; see the main text
for details. IFN, interferon; HVs, herpesviruses; VV,
vaccinia virus; PVs, picornaviruses (poliovirus,
EMCYV, rhinovirus); SARS coV, SARS coronavirus;
IAV, influenza A virus; yHVs, gamma herpesvi-
ruses (EBV, KSHV, MHV68).
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pathogenesis by limiting or promoting translation of host MRNAs
encoding the effector proteins that mediate innate responses.
Damage to epithelia by bacteria can suppress host translation
via cell signaling pathways, alerting the host to danger. By intro-
ducing effectors directly into the cytoplasm, bacteria or
protozoa can directly suppress host translation. Finally, viruses
are absolutely dependent on the host translation machinery to
produce their proteins, which are required for their replication,
and must effectively seize control of translation factors and their
extensive regulatory network. Some RNA viruses like poliovirus
inactivate factors required for canonical cap-dependent transla-
tion of host MRNAs to favor noncanonical, cap-independent
mechanisms that allow 40S ribosomes to be recruited to viral
mRNA containing an internal ribosome entry site (IRES) (re-
viewed by Doudna and Sarnow, 2007). DNA viruses produce
capped and polyadenylated mRNAs similar to the host and
must effectively recruit limiting translation components to viral
mRNAs. For a more-detailed discussion of the varied tactics
that viruses use to interact with the host to promote viral
mMRNA translation, the reader is referred to two recent reviews
(Walsh and Mohr, 2011; Walsh et al., 2012).

Translation Initiation Factor elF2 and Its Regulatory
Kinases: Innate Sensors and Direct Effectors at the
Front Lines of Host Defense

Their exquisite sensitivity to environmental factors, metabolic
status, and stress coupled with their capacity to rapidly change
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host gene expression renders translation factors ideal innate
immune effectors to directly limit pathogen replication. A seminal
innate immune guardian is elF2. Host translation initiation can be
impaired by four cellular kinases that phosphorylate the . regula-
tory subunit of elF2 on S51, each of which is triggered by a
discrete environmental or metabolic stress (Figure 3). Double-
strand RNA (dsRNA), a pathogen-associated molecular pattern
(PAMP) indicative of virus infection, and the host protein PACT
can each activate the dsRNA-dependent protein kinase PKR,
an interferon (IFN)-induced elF2q. kinase that inhibits protein
synthesis upon activation in virus-infected cells (Walsh et al.,
2012). In this manner, IFN production by infected cells induces
the accumulation of antiviral host defense molecules in unin-
fected neighboring cells to restrict viral replication and spread
(Walsh et al., 2012). Exceeding the ER protein folding capacity
engenders activation of PERK, an ER membrane spanning
protein with a luminal sensor domain and a cytoplasmic
elF2a kinase domain (Ron and Walter, 2007). Heme depletion,
arsenite-induced oxidative stress, heat shock, and osmotic
stress activate the elF2« kinase HRI, while amino acid depriva-
tion or UV light activates GCN2 (Lu et al., 2001; Deng et al.,
2002). Relative to its unphosphorylated form, elF2 containing
a phosphorylated o subunit exhibits greater affinity for the recy-
cling factor elF2B and inhibits its guanine nucleotide exchange
factor (GEF) activity. Importantly, since elF2B is limiting, small
changes in phosphorylated elF2o concentration have dramatic
effects on translation initiation (Hinnebusch and Lorsch, 2012).
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Figure 3. Control of Translation Initiation by
elF2 and Host Regulatory Kinases that
Phosphorylate Its o subunit

A ternary complex, comprised of elF2 (a, B, and y
subunits, depicted) and GTP bound to the initiator-
methionine tRNA (Met-tRNA)), loads Met-tRNA;
into the ribosomal P site and forms a 43S pre-
initiation complex. After recruitment of elF4F-
and poly(A)-binding protein (PABP)-bound mRNA
and recognition of the AUG start codon by scan-
ning ribosomes, the GTPase-activating protein
elF5 stimulates GTP hydrolysis, and 60S sub-
unit joining triggers the release of elF2-GDP and
inorganic phosphate (P). The resulting 80S
ribosome carries out the elongation phase
(Figure 1B). Inactive, GDP-bound elF2 (elF2-GDP)
is recycled to the active GTP-bound form by the
five-subunit guanine nucleotide exchange factor
elF2B.

Four different cellular elF2a kinases (described in
the main text), each of which is activated by a
discrete stress, phosphorylate elF2a, and
prevent elF2 recycling. Phosphorylated elF2 binds
tightly to and inhibits elF2B, blocking canonical
tRNA™®initiated translation. When bound to
either the inducible (growth arrest and DNA
damage-inducible protein 34 [GADD34]) or con-
stitutively active (CReP) regulatory subunit, the
host protein phosphatase 1 catalytic (PP1c) sub-
unit dephosphorylates elF2. Pathogens shown in
red and the different elF2a kinases they activate
are indicated. Viral (CrPV and other IRESs, Sindbis
26S mRNA) and host (UORF-containing, elF2D-
dependent, tRNA"®“initiated) mRNAs that are
translated in the presence of phosphorylated elF2
are indicated. SinV, Sindbis virus; VSV, vesicular
stomatitis virus; Ad, adenovirus; CrPV, cricket
paralysis virus; UORF, upstream open reading
frame; aa, amino acid.

LPS, mycobacteria,

Salmonella, Shigella,
SinV VSV, Ad, MCMV

The consequences for viruses can be dire unless they have a
strategy to prevent accumulation of phosphorylated elF2, which
can also result in autophagy (Talléczy et al., 2002). Indeed, the
ability to antagonize PKR, either via virus-encoded dsRNA decoy
molecules, dsRNA-binding proteins, or PKR-binding proteins,
each of which prevent PKR activation, or via induction of cellular
PKR antagonists, represents a major strategy used by viruses
(Table 1) to resist the potent antiviral effects of IFN (Walsh and
Mohr, 2011). Among the least sensitive to IFNs, large DNA
viruses including adenoviruses (Ad), poxviruses, and herpesvi-
ruses encode multiple, independent effectors to prevent elF2
phosphorylation, some of which are specific antagonists of
different elF2a kinases or globally suppress elF2q phosphoryla-
tion (reviewed in Walsh et al., 2012). This latter class of effectors,
including virus-encoded elF2a pseudosubstrates and phospha-
tase regulatory components, potentially counteract PERK and
GCN2, both of which also have antiviral activity (reviewed in
Walsh and Mohr, 2011; Won et al., 2012). Viral genes that inhibit
elF2q phosphorylation are virulence determinants, as their dele-
tion results in attenuated strains that grow poorly (Chou et al.,
1990; Beattie et al., 1995; Mohr and Gluzman, 1996; Mulvey
et al., 2004). While this has likely driven viruses to acquire func-
tions that prevent elF2a phosphorylation, the host pkr gene has
also undergone rapid evolutionary change to evade virus-
encoded inhibitors (Elde et al., 2009; Rothenburg et al., 2009),

illustrating how viruses and their hosts continuously maneuver
to control elF2. Recently, elF2a phosphorylation has been re-
ported after infection with Listeria monocytogenes, Chlamydia
trachomatis, or Yersinia pseudotuberculosis, all intracellular
bacteria (Shrestha et al., 2012). Cells unable to phosphorylate
elF2o. were more susceptible to bacterial invasion, illustrating
a role for elF2a phosphorylation in activating NF-kB and proin-
flammatory cytokine production. In the case of Yersinia, the
bacterial Yopd protein impairs elF2a phosphorylation by an
unknown mechanism, hinting that bacteria and viruses both
counteract host defenses that operate through elF2 (Shrestha
et al., 2012).

Not all viruses prevent elF2qa. phosphorylation. While many
RNA viruses like vesicular stomatitis virus (VSV) and encephalo-
myocarditis virus (EMCV) are exquisitely IFN sensitive, others
use uncommon, alternative translation initiation strategies that
do not require elF2-mediated Met-tRNA, loading. Insect viruses
like cricket paralysis virus (CrPV) and Plautia stali intestine virus
represent the most extreme examples and contain an IRES that
directly recruits 40S subunits without needing any initiation
factors, bypassing tRNA; loading altogether (Wilson et al.,
2000; Spahn et al., 2004; Pfingsten et al., 2010). Sindbis virus,
however, uses an alternative cellular factor distinct from elF2,
elF2D, to recruit Met-tRNA; to the P site of 40S-mRNA
complexes in a GTP-independent manner and subsequently
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Table 1. Viral Strategies to Prevent or Counteract elF2«
Phosphorylation

Mechanism
dsRNA BPs

Virus (Gene Product)

Influenza (NS1), reovirus (c3),
HSV (Us11), HCMV (TRS1, IRS1),
MCMV (m142, m143), EBV (SM),
Vaccinia (E3L)

Adenovirus (VA RNA), HCV (IRES),
EBV (EBERs)

Sendai (C), HCV (NS5A),
Adenovirus (E1b 55k, E4 orf6),
KSHV (vIRF2), PRV (IE 180)

HCV (E2), Influenza, TEV, TMV
(activate host p58'7K), HSV1 (gB)

Vaccinia (K3L), Ranavirus (vIF2)

HSV (y34.5), ASFV (DP71L),
HPV (E6)

CrPV, Sindbis virus, poliovirus

RNA antagonists of PKR

Protein antagonists of PKR

PERK antagonists

elF2a kinase pseudosubstrate

elF2a phosphatase regulatory
subunit

elF2-independent initiation

TEV, tobacco etch virus; TMV, tobacco mosaic virus; ASFV, African swine
fever virus; PRV, pseudorabies virus; MCMV, murine cytomegalovirus.

initiates translation of the viral subgenomic 26S mRNA in the
presence of phosphorylated elF2a (Ventoso et al., 2006; Dmitriev
et al.,, 2010; Skabkin et al., 2010). While the hepatitis C virus
(HCV) IRES also initiates translation in an elF2-independent
manner, elegant studies with an in vitro reconstituted system
showed that elF2D is required to recruit Met-tRNA; to 40S-
mRNA complexes, whereas studies in cultured cells implicated
a different elF2-independent factor called elF2A (Dmitriev
et al., 2010; Skabkin et al., 2010, Kim et al., 2011).

In some cases, chronic pathogen infection engenders persis-
tent, unresolved ER stress. Exposure of cells to LPS, a PAMP
produced by gram-negative bacteria that activates TLR4
signaling, stimulates proinflammatory cytokine and antimicrobial
protein production causing ER stress (Woo et al., 2009). PERK,
which is activated by ER stress and phosphorylates elF2a,
suppresses global translation but promotes the translation of
a subset of cellular mMRNAs harboring upstream ORFs (UORFs).
This mechanism is based on the property of eukaryotic ribo-
somes to infrequently reinitiate translation and on the time they
transit through the 5 UTR to reacquire an active TC before
encountering the next AUG (Hinnebusch, 2011). One such
uORF-containing mRNA encodes the transcription factor
ATF4, which in turn induces the transcription factors ATF-3
and CHOP (C/EBP homologous protein). While transient CHOP
induction has a salubrious effect on cells, sustained production
is harmful and causes apoptosis. During ER stress, macrophage
TLR4 signaling stimulates elF2B GEF activity, which enables
continued synthesis of essential proteins without activating
ATF4 and CHOP (Woo et al., 2012). Similarly, activation of ER
stress pathways may also be important for Mycobacterium
tuberculosis survival in macrophages (Seimon et al., 2010; Lim
et al., 2011). In contrast, sustained elF2a phosphorylation can
have severe pathogenic consequences. Bacterial components
including LPS, cytolysins, and intracellular-acting toxins all
induce ER stress (Zhang et al., 2006; Wolfson et al., 2008; Pillich
et al., 2012). Misfolded prion protein PrPS° accumulation during
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prion replication triggers the unfolded protein response (UPR),
resulting in elF2a. phosphorylation and global protein synthesis
suppression, followed by synaptic failure and neurodegenera-
tion in mice (Moreno et al., 2012). Importantly, prevention of
phosphorylated elF2o. accumulation rescued synaptic failure
and neuronal loss, suggesting that newly described PERK inhib-
itors may have efficacy for ameliorating prion diseases like Alz-
heimer’s Disease (Axten et al., 2012).

Sculpting the Innate Inmune Response through
Translational Regulation of Host Defense Effector
Molecules

In addition to the direct role in host defense played by initiation
factors like elF2 that control translation, production of cellular
innate immune effectors is subject to translation control.
Notably, elF4F and its regulators control translation of mRNAs
encoding innate immune effectors through multiple, indepen-
dent signaling pathways that probably act synergistically to
regulate different components of the host innate response.
One arm of this response involves mTOR signaling, which in
addition to regulating translation in response to metabolic status
and physiological stress also controls type | IFN production (Cao
et al., 2008; Colina et al., 2008). RNA virus replication (VSV, influ-
enza, sindbis) is markedly suppressed in mouse embryonic
fibroblasts (MEFs) lacking the mTORC1 substrates 4E-BP1
and 4E-BP2, both of which repress cap-dependent mRNA trans-
lation (Colina et al., 2008). Moreover, plasmacytoid dendritic
cells (pDCs), the main type | IFN producers in response to virus
infection, that were derived from 4E-BP1/2-deficient mice
produced more IFN in response to infection. In addition, mice
lacking 4E-BP1/2 were resistant to a lethal VSV challenge. The
molecular mechanism underlying these findings is the upregula-
tion of IRF-7 (interferon regulatory factor-7, a transcription factor)
mRNA translation in 4E-BP1/2-deficient MEFs, leading to higher
basal type | IFN production (Colina et al., 2008). mTORC1 and
its upstream regulator TSC1/2 also regulate inflammatory
mediators in response to bacterial stimulation of mononuclear
phagocytes by L. monocytogenes, as mTORC1 activation limits
inflammation by blocking NF-kB and enhancing STAT3 (Weich-
hart et al., 2008). Consistent with this, inhibition of mMTORC1 by
rapamycin protects mice from a lethal L. monocytogenes infec-
tion (Weichhart et al., 2008).

While the mTORC1 substrates 4E-BP1/2 regulate translation
by controlling elF4E binding to elF4G, phosphorylation of the
cap-binding protein elF4E on S209 by the elF4G-associated
kinase Mnk1 independently controls translation of the mRNA
encoding the NF-kB inhibitor IkBa. MEFs from knockin mice, in
which the wild-type eif4e gene was replaced with an S209A
allele, produced more type | IFN and were less susceptible to
infection with a variety of RNA (EMCV, VSV, sindbis) and DNA
viruses (vaccinia, herpes simplex virus [HSV]) (Herdy et al.,
2012). These DNA viruses produce capped, polyadenylated
mRNAs that rely on elF4F and promote elF4F assembly in
infected cells (Walsh and Mohr, 2006; Walsh et al., 2008). They
also stimulate elF4E phosphorylation, which can be viewed
as a viral strategy to antagonize NF-kB activation. Importantly,
not all viruses stimulate elF4E phosphorylation. In adenovirus
and influenza virus-infected cells, unphosphorylated elF4E
accumulates (Feigenblum and Schneider, 1993; Cuesta et al.,
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2000). These viruses use other strategies to counter host innate
defenses, including suppressing host protein synthesis and pre-
venting elF2a. phosphorylation. While elF2a. phosphorylation
globally inhibits translation, regulated elF4E phosphorylation
contributes to antiviral host defense by selectively controlling
translation of IkBa. mRNA, encoding a critical suppressor of the
innate antiviral response (Herdy et al., 2012).

IFN signaling through specific cell surface receptors also
activates the AKT/mTOR pathway and stimulates phosphoryla-
tion of downstream effectors, including 4E-BP1, p70S6K, and
PDCD4, which control translation of IFN-induced mRNAs (Alain
et al., 2010; Cao et al., 2008; Kroczynska et al., 2012). Likewise,
activation of MEK-ERK MAPK signaling by IFN stimulates the
elF4G-associated, elF4E kinase Mnk1, which in turn promotes
elF4E phosphorylation and has mRNA-specific effects on trans-
lation (Joshi et al., 2009; Furic et al., 2010).

Type | IFN is also important for host defense against parasite
infections, such as leishmaniasis (Bogdan et al., 2004). Although
little is known regarding how protozoan parasite infection affects
host translation, Leishmania promotes survival within macro-
phage by downregulating host protein synthesis. This requires
a key Leishmania virulence gene, the surface glycoprotein
GP63 (Joshi et al., 2002). In addition to cleaving and thereby
activating host phosphatases (Gomez et al., 2009), GP63 also
causes cleavage of mTOR, the catalytic kinase component
of both mTORC1 and mTORC2 (Jaramillo et al., 2011). This
activates the 4E-BP1/2 translation repressors and promotes
Leishmania survival within macrophages. Importantly, 4E-BP1/
2-deficient mice are less susceptible to cutaneous leishmani-
asis, in part due to their constitutive type | IFN response, which
leads to increased iNOS levels and nitric oxide production.
Thus, repression of host cap-dependent mRNA translation by
L. major probably limits the synthesis of host antimicrobial and
host defense proteins, thereby contributing to the pathogenesis
of Leishmaniasis (Jaramillo et al., 2011). In an analogous manner,
inhibition of MTORC1 with rapamycin enhances the replication of
poliovirus and EMCV (Beretta et al., 1996).

Two Sides to Disrupting Host mRNA Translation
Antagonizing Production of Host Defense Proteins

Can Activate a Potent Innate Response

Changes in ongoing host protein synthesis alert the host to
dangerous microbes, helping distinguish innocuous commen-
sals from pathogens. In an infection model using the nematode
C. elegans, which normally feeds on nonpathogenic E. coli,
ingestion of a virulent P. aeruginosa strain causes a lethal intes-
tinal infection that requires some of the same virulence factors
needed in mammals (Tan et al., 1999). The virulence of
P. aeruginosa is due in part to exotoxin A (ToxA), which ADP-
ribosylates eEF2 to inhibit host translation (McEwan et al.,
2012). Indeed, host sensing of the resulting translation inhibition
leads to the activation of the cellular zip-2/irg-1 pathway, which
induces production of host defense factors, including trans-
porters and UDP-glucuronosyltrasferases, that remedy toxin
damage by pumping it out or inactivating it (Estes et al., 2010).
Importantly, inhibition of translation provides the sensor that
alerts the host to the pathogen’s presence (Dunbar et al.,
2012). This in turn activates translation of a select set of host
mRNAs and requires a region of the zip-2 5 UTR that contains

several small uORFs. While uORFs are important for stress-
induced responses including amino acid sensing in yeast and
the UPR, their effects on translation typically involve elF2 phos-
phorylation (described earlier). How uORFs might stimulate
translation in which eEF2 is made limiting by ToxA requires
further study. Nevertheless, translation is a core cellular process
monitored intracellularly in real time to mount a potent innate
response against a pathogen.

Similarly, infection of Drosophila with virulent strains of
P. entomophila, a bacterial pathogen that disrupts gut homeo-
stasis and is lethal at high does, induces protective immune
and repair pathways at the transcriptional level (Chakrabarti
et al., 2012). However, ROS accumulation in the gut activates
both GCN2, which phosphorylates elF2a, and AMP-activated
protein kinase (AMPK), which inhibits mTORC1 via activating
TSC-GAP and phosphorylating the mTORC1 raptor subunit.
This was not observed in flies infected with an avirulent strain
or nonlethal bacteria. While the precise mechanism of GCN2
and AMPK activation remains unresolved, excessive stress
pathway activation by pathogenic bacteria can severely restrict
the host response to infection by impairing cellular protein
synthesis. Importantly, GCN2-depletion by RNA interference
(RNAI) or chemical inhibitors of AMPK allowed gut repair and
limited pathogenesis in infected animals. AMPK hypomorphic
flies were also relatively resistant to infection.

Finally, secretion of five effector proteins by virulent
L. pneumophila also decreased global host translation in macro-
phages (Fontana et al., 2011). The Igt1,2,3 genes encode related
glucosyltransferases that modify eEF1A, sidl encodes a protein
that binds to eEF1A and eEF 1By, and sidL is toxic to mammalian
cells and inhibits translation in vitro by an unknown mechanism.
The resulting suppression of ongoing host mRNA translation
depletes IkB and activates NF-kB responsive genes, many of
which encode innate immune effectors. How these mRNAs are
translated in L. pneumophila-infected macrophage while global
translation is suppressed is not clear. Nevertheless, global
suppression of host mMRNA translation triggers a potent innate
response and allows the host to distinguish pathogenic from
nonpathogenic strains.

Coincidental, collateral cellular damage during bacterial
infection also impacts the host translation machinery. Path-
ogen-induced membrane damage resulting from Shigella or
Salmonella epithelia cell infection depletes intracellular amino
acids. Starving for amino acids suppresses mTORC1 activity
and induces autophagy by inhibiting the Rag GTPases, which
are regulated by amino acid availability, reside on lysosomal
membranes, and dock mTORC1 to its activator rheb (reviewed
in Laplante and Sabatini, 2012). A full-blown general amino
acid starvation response follows, evidenced by activation of
the elF2q kinase GCN2 (Tattoli et al., 2012). This is accompanied
by an integrated stress response initiated by ATF-4 mRNA trans-
lation, which is stimulated upon elF2a phosphorylation and in
turn activates transcription of a second transcription factor,
ATF-3, which promotes expression of stress responsive genes
(Tattoli et al., 2012). Shigella itself remains camouflaged from
host autophagic defenses due to secreted bacterial effectors.
In Salmonella-infected cells, mMTORC1 activity is initially inhibited
and amino acid starvation results due to pathogen-induced
membrane damage. However, mTOR is progressively
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relocalized from the surface of lysosomal membranes to Salmo-
nella cytoplasmic-containing vacuoles (SCVs). This coincides
with restoration of normal amino acid levels and reduced
GCN2 activation (Tattoli et al., 2012). Thus, Salmonella escapes
autophagy by redistributing mTORC1 to SCVs and ensuring that
this host kinase remains active. In a related strategy to maintain
activated mTORCH1, the kinase and its activator rheb are redis-
tributed to a perinuclear location in a dynein-dependent manner
by human cytomegalovirus (HCMV) (Clippinger and Alwine,
2012).

Altering Host Translation Can Facilitate Virus
Replication

Inhibition of host translation is not limited to protozoa and
bacteria that have their own translation machinery. Many viruses
also impair cellular protein synthesis, typically referred to as host
shutoff, and this plays a significant role in pathogenesis (Walsh
et al., 2012). While suppression of bulk host protein synthesis
in cells infected with bacterial pathogens can activate translation
of select cellular mRNAs important for host defense as
described earlier, a more-severe inhibition of host translation re-
sulting from the concerted action of multiple pathogen-encoded
effectors can typically facilitate replication of numerous viruses
(Walsh et al.,, 2012). Besides reducing overall host mRNA
complexity and allowing viral mMRNAs to compete for limiting
initiation factors and ribosomes, it severely restricts the ability
of the host to translate mRNAs encoding inflammatory cyto-
kines, HLA class | and class Il molecules required for antigen
presentation, or proteins with antiviral activity, including those
specified by interferon-stimulated genes (ISGs). Indeed, antiviral
immune response gene expression is selectively elevated in
cells deficient for the decapping enzyme Dcp2, which impairs
mRNA turnover (Li et al., 2012). The resulting sustained type |
IFN production renders these cells more refractory to virus
infection.

While many viruses induce host shutoff, different underlying
molecular mechanisms prevail that are presumably tailored to
the biological needs of each pathogen. The simplest involves in-
activating host translation factors by direct proteolysis as seen in
picornavirus-infected cells (reviewed in Walsh et al., 2012). By
cleaving elF4G, or interfering with elF4F assembly by promoting
4E-BP hypophosphorylation, some picornaviruses (poliovirus,
coxsakievirus, rhinovirus) suppress cap-dependent translation,
the major means whereby host proteins are produced. The
related picornavirus EMCV induces nuclear accumulation of
the cap-binding protein elF4E (Groppo et al., 2011), and entero-
virus 73 stimulates the production of miR141, which reduces
elF4E levels and promotes the switch from cap-dependent to
cap-independent mRNA translation (Ho et al., 2011). A newly
identified X-ORF within genomic RNA segment 3 of influenza A
virus generated by ribosomal frameshifting contains an endonu-
clease domain and is required for global host shutoff via an
unknown mechanism that may involve accelerated mRNA decay
(Jagger et al., 2012). In the absence of X, the magnitude of
host response to infection, notably inflammatory, apoptotic,
and T-lymphocyte signaling, were all elevated. Finally, the nsp1
protein encoded by SARS coronavirus suppresses host type |
IFN production by (1) binding to and inactivating 40S ribosome
subunits and (2) promoting selective degradation of host, but
not viral mMRNAs (Kamitani et al., 2009; Huang et al., 2011).
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A common means by which complex DNA viruses suppress
host mRNA translation is via interfering with mRNA metabolism,
splicing, and nucleocytoplasmic trafficking (reviewed in Walsh
and Mohr, 2011). This can be supplemented by global increase
of mMRNA turnover through virus-encoded decapping or endonu-
clease functions that effectively subvert rate-limiting steps in the
host mRNA quality-control pathway (Feng et al., 2005; Parrish
et al.,, 2007, 2009; Kronstad and Glaunsinger, 2012; Gaglia
et al., 2012). While viral mRNAs are not spared in this process,
their sheer abundance allows them to engage the translational
machinery. mRNA turnover also allows viruses to adjust their
gene expression profile as their developmental replicative cycle
progresses (Read and Frenkel, 1983; Parrish and Moss, 2006).
Importantly, HSV mutants deficient in their ability to promote
mRNA turnover are attenuated and sensitive to interferon (Pa-
sieka et al., 2008; Murphy et al., 2003). Finally, host shutoff can
impact a virus’s ability to establish long-term latent infections.
Murine gamma herpesvirus MHV68 mutants unable to induce
host shutoff replicate to near-WT levels in the lung during the
acute infection phase but fail to traffic to the lymph system and
establish latency in splenocytes at reduced levels (Richner
et al., 2011). While more work is needed to understand how
host shutoff contributes to latency establishment, failure to
suppress host response genes during acute infection could
play a contributing role.

Unlike many viruses, HCMV does not suppress ongoing host
protein synthesis in productively infected cells (Stinski, 1977).
This renders translation of viral mRNAs difficult, as they must
compete with host mRNAs. In a surprising twist, CMV induces
its host to make more translation factors, raising the intracellular
concentration of elF4E, elF4G, elF2, and PABP (Isler et al., 2005;
Perez et al., 2011). Importantly, the increase in PABP abundance
is required to stimulate assembly of the cap-recognition complex
elF4F. Failure to increase PABP reduces viral replication and
spread. Virus-induced new PABP synthesis is translationally
controlled by the HCMV UL38 mTORC1 activator (McKinney
et al.,, 2012). Thus, because HCMV does not induce host cell
shutoff, it exploits host mMRNA translation to support its produc-
tive replication. This comes at a potential huge liability, however,
as indiscriminate translation of host mMRNAs may also interfere
with viral productive growth. Whether or not the virus is capable
of globally controlling which host mMRNAs engage ribosomes and
are translated and how these contribute to viral replication
remain to be determined.

While viruses stimulate mRNA degradation to antagonize the
host, mRNA turnover directed by the cellular interferon-induced
2',5'-oligoadenylate synthetase (OAS)-RNase L system effec-
tively limits virus replication. In response to the virus dsRNA
PAMP, OAS generates oligoadenylate (OA) chains with a distinct
2',5' linkage that activate the latent ribonuclease RNase L (Sadler
and Williams, 2008). Viral and cellular mRNA cleavage inhibits
protein synthesis and generates more short RNAs that amplify
the type | IFN response via other pattern recognition receptors
(RIGI and MDAS5) (Malathi et al., 2007). Many dsRNA BPs that
prevent PKR activation also inhibit OAS. In a unique strategy,
the murine hepatitis virus ns2 gene encodes a phosphodies-
terase that cleaves 2/,5-OA and reduces its intracellular concen-
tration to limit the potent OAS activator. While the ns2-deficient
virus was not pathogenic in WT mice, its virulence was restored
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in RNase L-deficient mice, illustrating the importance of host
defenses that target mRNA decay in coronavirus pathogenesis
(Zhao et al., 2012).

Infections and Stress Granules

Viral infection diverts the subcellular compartmentalization of
mRNAs into discrete structures called stress granules (SGs).
These granules are dynamic aggregates detected when trans-
lation initiation is impaired and are comprised of nontranslating
mRNAs, several cellular mRNA binding proteins (PABP, TIA-1,
TIAR, and G3BP), 40S ribosome subunits, and a subset of initi-
ation factors including elF4E, elFAG, elF4A, elF3, and elF2
(Decker and Parker, 2012). Thus, SGs contain stalled, aggre-
gated translation initiation complexes and may be an interme-
diary repository between mRNAs destined for polysomes and
active translation and those slated for mRNA decay in P
bodies. Many viruses impair SG formation. Viral factors that
promote mRNA decay deplete SG RNA components, whereas
those that suppress elF2a phosphorylation limit stalled initiation
complex accumulation (White and Lloyd, 2012). The G3BP
stress granule subunit is directly cleaved by the poliovirus 2A
proteinase (White et al., 2007; Piotrowska et al., 2010). Other
viruses, however, stimulate SG assembly (White and Lloyd,
2012). While these findings are largely descriptive and more
work is required to understand SG function, changes to these
dynamic structures may represent another strategy whereby
viruses manipulate cytoplasmic mRNA organization to control
host translation. Indeed, cycles of SG assembly/disassembly
have been observed in HCV-infected cells (Ruggieri et al.,
2012). Manipulation of SG dynamics by opposing actions of
PKR and protein phosphatase 1 acting on elF2 may prevent
sustained translational repression and be a conserved
response to viral infection that can be exploited for persistence
(Ruggieri et al., 2012). Bacterial infection can likewise induce
SG formation, as the amino acid depletion, GCN2 activation,
and elF2q phosphorylation triggered by Shigella or Salmonella
results in TIA-1-containing cytoplasmic SGs (Tattoli et al.,
2012).

Fueling Adaptive Host Immune Responses: Translation
and Antigen Production

The translational machinery is the major source of peptide anti-
gens recognized as self or nonself by producing proteins that are
processed into peptides and presented for adaptive immune
surveillance in association with MHC class | on the host cell
surface. Not only are these peptides encoded by conventional
ORFs that begin with methionine, they are also encoded by
alternate reading frames, some of which do not begin with
a canonical AUG start codon or lie in 5 or 3’ UTRs distinct
from the major protein encoding ORF (Starck and Shastri,
2011). Indeed, introduction of a frameshift mutation after codon
4 of an influenza virus NP transgene prevents synthesis of the
full-length protein antigen without substantial effects on antigen
presentation to CTLs (Fetten et al., 1991). Peptides for MHC
class | antigen presentation derived from alternative ORFs
have been termed defective ribosomal products or DRiPs, as
they are distinct from peptides resulting from normal turnover
of full-length proteins (Yewdell, 2011). DRIiPs are rapidly synthe-
sized and have short half-lives, helping to explain the swiftness

with which peptides derived from stable viral proteins can be
presented by cell surface MHC molecules. How DRIiPs are
produced is only beginning to be understood. Importantly,
translation initiation at alternate ORFs that commence with
CUG does not require elF2 and instead requires one of the
tRNA-®" isoforms capable of initiating protein synthesis at
CUG (Starck et al., 2012). While most antigenic peptides are
derived from the standard reading frame of proteins, some anti-
genic peptide production can take place from ORFs
commencing with CUG when elF2 is inactivated. In conclusion,
alternative ORFs in mRNAs and the mode with which their trans-
lation is controlled contribute to regulate the adaptive immune
response.

Translational Control Strategies for Persistence

and Immune Avoidance

The host translational machinery also provides opportunities for
microbes to avoid adaptive immune surveillance. Herpesviruses
use a strategy termed latency to persist indefinitely in specialized
host cell types. The neurotrophic alpha herpesvirus, HSV,
avoids producing proteins during latency (Wilson and Mohr,
2012). Instead, a non-protein-coding, latency-associated tran-
script (LAT) accumulates and is processed into microRNAs.
MicroRNAs (miRs) act posttranscriptionally, either by inhibiting
translation or promoting mRNA decay, to repress gene expres-
sion by binding cognate sites typically located within 3’ UTRs
of mRNA targets (Fabian and Sonenberg, 2012). Presumably,
these virus-encoded miRs act as buffers preventing translation
of lytic mRNAs that may spontaneously accumulate below a crit-
ical threshold in latently infected neurons (Skalsky and Cullen,
2010). While the virus influences ganglia gene expression in
latently infected mice (Kramer et al., 2003), more work is needed
to determine how virus-encoded miRs affect neuronal mRNA
translation. Studies on related beta and gamma herpesviruses,
however, have shown that virus-encoded miRs can indeed influ-
ence host gene expression (Gottwein et al., 2011; Riley et al.,
2012; Skalsky et al., 2012; Jurak et al., 2012).

Sustained PI3K-Akt signaling is required to maintain the HSV
latent state in a neuron cell culture model of latency, hinting at
virus-neuron interactions fundamental to latency (Camarena
et al., 2010). Persistent mTORC1 activation is required to inacti-
vate the 4E-BP translation repressor and maintain latency, while
environmental cues like hypoxia, which suppresses protein
synthesis by inhibiting mTORC1 activation, trigger reactivation
(Kobayashi et al., 2012). This suggests that latency in neurons
requires active signaling that controls cap-dependent mRNA
translation. Having these signals integrated through mTORCH1
allows the virus to change its lifecycle in response to funda-
mental indicators of cell homeostasis including neurotrophic
factor support, energy levels, amino acid sufficiency, and
oxygen levels in a neuron cell-autonomous manner. While it
clearly involves changes to ongoing host mRNA translation, it
differs from the global inhibition in response to Pseudomonas
exotoxin as discussed above and highlights the more subtle
changes resulting from altering the population of mRNAs that
are translated in a cap-dependent manner on polyribosomes.
Remarkably, transient changes in mTOR signaling can be
sensed locally in axons and transmitted to latent viral genomes
resident in nuclei, offering a glimpse of how axons receive
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signals from the periphery and transmit them long distances to
latent viral genomes in distant ganglia (Kobayashi et al., 2012).

Unlike alpha herpesviruses that colonize nondividing cells, the
gamma herpesviruses Epstein-Barr virus (EBV) and Kaposi's
sarcoma-associated herpesvirus (KSHV) establish life-long
latency in B cells and encode functions to ensure persistence
of their genomes within a dividing cell compartment (Speck
and Ganem, 2010). EBV EBNA1 is important in maintaining the
viral minichromosome during latency in B cells and is a prime
target for CTL recognition. To counter the host’s capacity to
sample EBNA1-derived antigens and antigens encoded by
ORFs other than the primary ORF on a given mRNA, the
EBNA1 Gly/Ala repeat (GAr) region suppresses translation in
cis. In this manner, GAr reduces the amount of not only the
full-length antigen, but also any translation products derived
from that mRNA, and thereby decreases their likelihood of being
presented (Yin et al.,, 2003). An unstable mRNA secondary
structure resulting from a purine bias within the EBNA1T mRNA
GAr-coding sequences is thought to account for the reduced
translational efficiency, illustrating how viral mRNA structure
impacts immune surveillance (Tellam et al., 2008). The KSHV
LANA protein plays a similar role in viral episome maintenance
and also contains a segment that inhibits translation in cis.
However, LANA’s ability to inhibit translation in cis can be sepa-
rated from its impact on antigen presentation (Kwun et al., 2011).
Further work is required to resolve these questions.

Fine Tuning Inflammatory and Immune Responses

via MicroRNAs

Many cellular mRNAs that control innate inflammatory
responses and host defenses are subject to miR regulation,
enabling cells to balance their response to pathogenic microbes
with an additional layer of control (O’Connell et al., 2012). Infec-
tion with viruses, bacteria, and protozoa perturb the host
miR-ome. In some cases, infection with pathogenic bacteria
potentiates innate responses, as L. monocytogenes and
M. bovis bacillus Calmette-Guerin (BCG) decrease levels of
miR29, which represses IFNy mRNA expression, in NK, CD4+,
and CD8+ T cells (Ma et al., 2011). Alternatively, M. leprae-
infected monocytes were found to upregulate hsa-miR-21,
allowing the pathogen to inhibit antimicrobial peptide expression
(Liu et al., 2012). In response to the invasive intracellular bacteria
Salmonella, downregulation of the let-7 miR family derepresses
the production of IL-10, which attenuates proinflammatory cyto-
kines and prevents excessive immune activation (Schulte et al.,
2011). Likewise, PAMPs sensed by the host can differentially
regulate miR expression. Growth of a Pseudomonas syringae
mutant defective in type Ill secretion, which elicits a PAMP-
triggered response but cannot suppress it, is partially restored
in Arabidopsis mutants deficient in siRNA or miR accumulation
(Navarro et al., 2008). In human peripheral blood mononuclear
cells (PBMCs), bacterial LPS induces miR21 expression, which
in turn decreases the abundance of PDCD4, an inhibitor of
elF4A (Figure 2). By depleting PDCD4, IL-10 mRNA translation
is stimulated, limiting excessive immune activation (Sheedy
et al., 2010). Even more striking, TLR-4-dependent induction of
miR-146a, which dampens levels of the essential TLR-signaling
molecule IRAK1, is triggered in neonates by PAMPs when the
intestinal mucosa transitions from a sterile, protected site to an
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environmentally exposed, permanently colonized surface (Chas-
sin et al., 2010). This facilitates protective innate immune toler-
ance in the neonate intestine. To counter RNAi-mediated host
defenses, the Turnip crinkle virus (TCV) capsid, the P38 protein,
physically interacts with Arabidopsis Ago1 to suppress RNA
silencing (Azevedo et al., 2010). It recognizes Ago1 by mimicking
host GW repeat proteins, which bind Ago and promote gene
silencing. P38 mutant viruses abrogate TCV virulence, which is
partially restored in Arabidopsis Ago1 hypomorphic strains.
Similarly, abrogation of miR biogenesis by gut-specific depletion
of the miR processing component dicer rendered mice more
susceptible to infection with helminthes, indicating a role of
miRs in intestinal homeostasis and mucosal immunity (Biton
et al., 2011). Apicomplexan parasites, including P. falciparum,
P vivax, C. parvum, and T. gondii also change the host miR-
ome (Hakimi and Cannella, 2011). Finally, while the poxvirus-en-
coded poly A polymerase polyadenylates the 3’ end of cellular
miRs and stimulates their degradation, endogenous siRNAs
and mIRs modified with a terminal 2'O-methyl group persisted,
consistent with a role for this RNA modification in host defense
(Backes et al., 2012).

Besides influencing the cellular miR-ome, some viruses
encode miRs that target both virus and host genes. HCMV
establishes latency in monocyte-macrophage precursors.
When it initiates lytic replication, HCMV subverts antigen
presentation on the cell surface via multiple strategies. While
most involve manipulating MHC class | peptide loading, one
in particular relies on miR regulation of ERAP1, a host amino
peptidase required for MHC class |-presented peptide matura-
tion (Kim et al., 2011). By targeting ERAP1 with the virus miR
US4-1, HCMV suppresses the CD8+ T cell response in a distinc-
tive manner involving translational regulation that does not
involve antigenic protein production and instead relies on
a small non-protein-coding miR. Several herpesviruses
(HCMV, EBV, and KSHV) also produce miRs that repress
expression of MICB, a stress-induced host cell ligand of the
NK cell activating receptor NKG2D NK ligand, to escape NK
cell recognition and killing (Stern-Ginossar et al., 2007; Nach-
mani et al., 2009). Polyomaviruses JC and BK encode a miR
that targets ULBP3, a different stress-induced NKG2D ligand
for similar purposes (Bauman et al., 2011). Viral infection can
likewise suppress cellular miR biogenesis, as Ad VA RNA
impairs dicer function (reviewed in Skalsky and Cullen, 2010).
Using a more-specific method, MCMV and herpesvirus saimiri
(HVS) downregulate the host antiviral miR27 via a virus-en-
coded transcript. Whereas MCMV utilizes a viral mRNA
(m169) that binds the host miR and promotes its degradation
(Libri et al., 2012), HVS relies on a small, viral noncoding RNA
(Cazalla et al., 2010).

Do Fungal Infections Interfere with Host Translation?

While little is known regarding how fungal infection influences
host translation, parallels have been drawn between intracel-
lular fungi that escape phagosomes and bacteria (Bliska and
Casadevall, 2009). Exposure of a murine macrophpage cell
line to C. albicans decreased abundance of a host elF3 subunit
and the appearance of an acidic, modified form of eEF2, con-
sistent with eEF2 phosphorylation (Martinez-Solano et al.,
2006). Transcriptional profiling of Drosophila cells after Candida
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infection revealed that the fly 4E-BP transcript was among
those upregulated, and 4E-BP-deficient flies were approxi-
mately 50% less resistant to infection than controls (Levitin
et al., 2007). Furthermore, RNAI screens for host factors impor-
tant for C. neoformans intracellular growth in Drosophila cells
identified a potential role for the mTORC1 regulators rheb
and TSC together with host autophagy genes (Qin et al.,
2011). Finally, commensal fungi can be detected via the C-
type lectin receptor Dectin-1, a host pattern recognition
receptor important for inducing innate immune responses to
fungi, and Dectin-1-deficient mice are more susceptible to
colitis (lliev et al., 2012). Perhaps pathogenic fungi may, like
bacteria, be sensed by their hosts as a consequence of their
ability to suppress ongoing host translation. Further investiga-
tion and experimental validation in human cells is required to
test this hypothesis.

Concluding Remarks and Future Perspectives

Infection with a diverse assortment of pathogenic microbes
impacts ongoing protein synthesis in the host. This is not limited
to viruses, which are known to commandeer the host protein
synthesis machinery, but holds true for many bacteria, protozoa,
and perhaps fungi. Indeed, innate defense functions performed
by host proteins allow host organisms to deftly respond to
microbial infection, changes in metabolic status, and environ-
mental or physiologic stress. While control of which mRNAs
and ORFs are translated shapes innate and adaptive immune
response, the underlying basis for these distinctions remains
unknown, although it probably relies on recognition of mMRNA
structural and sequence determinants. Interference with host
mRNA translation likewise provides a powerful indicator of
host cell distress. By integrating signals from intracellular and
extracellular cues through key regulatory circuits, the host trans-
lation machinery can alter initiation and elongation rates on
select mRNAs and discrete mRNA subpopulations or suppress
global translation through modification of discrete factors. Thus,
elF2 and its inducible regulatory kinases, one of which is an ISG,
function as innate immune sentinels, suppressing global transla-
tion in infected cells in response to different metabolic, physio-
logic, or environmental stresses while concomitantly activating
translation of host defense mMRNAs that contain uORFs. Transla-
tion initiation and elongation are controlled for mRNAs that
encode innate immune effectors by TSC and mTORC1, which
integrate fundamental indicators of cell homeostasis including
the availability of energy, nutrients, oxygen, and growth/trophic
factors and coordinate translational output. In response to MAP
kinase signaling, elF4E phosphorylation by Mnk prevents induc-
tion of NF-kB-responsive genes by stimulating translation of IkB
mRNA. Indeed, the extent to which translational control circuits
are interwoven into vital cell signaling pathway that monitor
fundamental indicators of metabolic and environmental stress
makes them ideal sensors to detect pathogen-induced changes
or collateral damage. In addition, changes to ongoing host
mRNA translation can be harnessed to distinguish harmful
organisms from commensals and play a role in determining
how persistent infections are maintained through the life of an
organism. Importantly, cellular responses to stimulate transla-
tion of host defense-related mRNAs are balanced by microbial
strategies designed to blunt them. These include global mecha-

nisms to enhance host mRNA turnover and alter mRNP
compartmentalization. More selective strategies also operate
to subvert signaling to the translational machinery and suppress
translation of host defense-related mRNAs, limit microbial
antigen production in persistently infected cells, or selectively
silence discrete transcripts via miRs. The impact of microbe-
induced changes to ongoing host protein synthesis on patho-
genesis and the diversity of microbial countermeasures that
suppress translation of host defense-related mRNAs illustrates
how host mRNA translation helps effectively shape infection
and immunity.
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