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Abstract 
Cellular stress responses are powerful mechanisms that 
prevent and cope with the accumulation of macromo-
lecular damage in the cells and also boost host defenses 
against pathogens. Cells can initiate either protective 
or destructive stress responses depending, to a large 
extent, on the nature and duration of the stressing 
stimulus as well as the cell type. The productive replica-
tion of a virus within a given cell places inordinate stress 
on the metabolism machinery of the host and, to as-
sure the continuity of its replication, many viruses have 
developed ways to modulate the cell stress responses. 
Poxviruses are among the viruses that have evolved a 
large number of strategies to manipulate host stress 
responses in order to control cell fate and enhance their 
replicative success. Remarkably, nearly every step of the 
stress responses that is mounted during infection can 
be targeted by virally encoded functions. The fine-tuned 
interactions between poxviruses and the host stress 
responses has aided virologists to understand specific 
aspects of viral replication; has helped cell biologists to 
evaluate the role of stress signaling in the uninfected 
cell; and has tipped immunologists on how these signals 
contribute to alert the cells against pathogen invasion 

and boost subsequent immune responses. This review 
discusses the diverse strategies that poxviruses use to 
subvert host cell stress responses. 
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Core tip: Poxviruses are known to encode a plethora of 
proteins that interact with cell biology processes in order 
to achieve replicative success. In this article, we review 
how poxviruses cope with cellular stress signals that 
are usually triggered upon infection to tentatively block 
virus replication. The understanding of mechanisms by 
which poxviruses and other complex viruses interfere 
with stress responses can further illuminate the web of 
pathways regulating cell homeostasis, as well as how 
viruses intertwine their own biochemical needs into this 
intricate scenario.
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INTRODUCTION
The Poxviridae family is taxonomically divided into two 
subfamilies of  double-stranded DNA (dsDNA) viruses 
that are able to infect insects (Entomopoxvirinae) and a 
wide spectrum of  vertebrate hosts (Chordopoxvirinae). 
The Chordopoxvirinae subfamily currently contains ten 
genera (Avipoxvirus, Capripoxvirus, Cervidpoxvirus, Cro-
codylidpoxvirus, Leporipoxvirus, Molluscipoxvirus, Or-
thopoxvirus, Parapoxvirus, Suinopoxvirus, Yatapoxvirus) 
and one unassigned species (Squirrelpox virus), whereas 
the Entomopoxvirinae subfamily comprises three genera 
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(Alphaentomopoxvirus, Betaentomopoxvirus, Gam-
maentomopoxvirus) and two unclassified species (Diachas-
mimorpha entomopoxvirus and Melanoplus sanguinipes 
entomopoxvirus “O”)[1]. Members of  the Poxviridae family 
are large viruses (approximately 350 nm × 250 nm × 200 
nm) with a linear genome ranging from 130 to 300 kb, each 
often encoding approximately 200 proteins. Virions are 
brick-shaped, multi-enveloped particles and, unlike other 
DNA viruses, replicate exclusively in the cytoplasm of  the 
infected host cell. Most poxviral biosynthetic pathways oc-
cur in distinct sites of  the cytoplasm called viral factories: 
large masses of  electron dense material, the viroplasm, that 
are frequently surrounded by membranes from the endo-
plasmic reticulum (ER) and/or membranes from the ER-
Golgi intermediate compartments[2-6]. 

Different viruses have evolved two very distinct gen-
eral strategies to compete with the host cell for biochemi-
cal resources and successfully replicate within them. 
One such strategy is a “hit and run” type of  approach, 
in which viruses rapidly replicate and generate a progeny 
that spreads quickly to other cells. In order to be effective, 
these viruses have invested in replication speed by keep-
ing small genomes which code for few essential proteins 
- the faster they replicate, the more efficiently they can 
escape antiviral responses by the host. A second strategy, 
however, is based on a “stay and fight” approach. Viruses 
that adopted this strategy tend to endure within the host 
cell and, therefore, may be susceptible to antiviral re-
sponses that are gradually elicited against them. Thus, in 
order to achieve replicative success, these viruses have to 
cope with the host attempts to get rid of  them and, as a 
way to counteract antiviral responses, many evolved pro-
cesses to either block or delay such responses. Because 
most viral strategies to evade host responses are based in 
virus-coded proteins, this led inevitably to an increase in 
genome sizes. There are obvious exceptions to this rather 
simplistic classification of  virus replication strategies, as 
in the case of  hepadnaviruses (like hepatitis B virus) for 
instance. Nonetheless, most viruses can still fit one of  the 
two aforementioned models. Poxviruses are one of  the 
best examples of  viruses that have developed ways to ei-
ther counteract host strategies to hamper viral replication 
or boost their biosynthetic pathways to the detriment of  
the host’s. Indeed, most poxviruses (especially chordo-
poxviruses) spare up to 50% of  their genomes to code 
for immune evasion-related and host-interaction genes[7]. 

As soon as these viruses enter the host cell, they set 
in motion a number of  biochemical strategies to usurp 
cellular resources. One such strategy is to hijack the host 
translation apparatus to selectively produce large quanti-
ties of  viral proteins. To this end, poxviruses produce 
proteins that are able to cleave host messenger RNAs 
(mRNAs)[4,8-10] early in infection, shutting down the host 
protein synthesis almost completely during the first hours 
of  the viral cycle[11]. Furthermore, viruses are devoid of  
molecular chaperones, such as heat shock proteins (HSPs) 
with few exceptions and rely almost completely on chap-
erones of  the host to adequately process viral proteins, 

avoiding misfolding or aggregation[12-14]. In parallel, viral 
double-stranded RNA intermediates, DNA and proteins 
are sensed by pattern recognition receptors in the cell, 
leading to the generation of  innate immune responses 
potentially able to control the viral infection[15,16]. 

All the above mentioned virus-driven interferences 
within the cell may lead to the transduction of  cell stress 
signals and consequent cell stress responses. The cell 
may respond to stress in a variety of  ways, including 
the activation of  pathways that promote survival or the 
elimination of  damaged cells through programmed cell 
death (apoptosis, necrosis and/or autophagy). There is a 
multitude of  pathways that may be elicited upon differ-
ent types of  stress and the resulting signal transduction 
cascades are often shared by other cell processes, such 
as the activation of  innate immunity, cell cycling and so 
on. Nevertheless, the most common stress responses 
include those elicited against heat shock, ER stress (the 
unfolded protein response, UPR), DNA damage, hypoxia 
and oxidative stress. Some of  these responses may limit 
or inhibit viral replication and/or induce cell death and 
others can promote cell survival and restore homeostasis. 
To cope with stress responses, poxviruses have evolved 
complex molecular strategies to counteract innate host 
cell defense signaling pathways while facilitating biologi-
cal events that promote adaptation and survival of  the 
host cell, all essential to a productive infection. This re-
view summarizes the main cellular stress responses used 
or subverted by poxviruses to ensure completion of  viral 
life cycle.

HEAT SHOCK RESPONSE
In the early 1960s, the discovery of  the heat shock re-
sponse (HSR) led to the elucidation of  some aspects 
of  the cell stress responses and the discovery of  heat 
shock genes[17] and proteins (HSPs)[18,19]. Many HSPs are 
constitutively present in cells while some are expressed 
only after stress. HSPs and other molecular chaperones 
(e.g., co-chaperones and folding enzymes) are active in 
a myriad of  biological essential processes that include: 
(1) the normal folding of  polypeptides; (2) assisting 
misfolded proteins to attain or regain their native 
states; (3) regulation of  protein degradation; and (4) 
translocation of  proteins across membranes to different 
cellular compartments[20,21]. Some of  these proteins are 
conserved in all three superkingdoms and are encoded 
by genes that contain cis-acting regulatory sequences, 
termed heat shock elements (HSE), which are regulated 
by heat shock transcription factors (HSFs)[22,23]. Upon 
stress, one of  the main regulators of  the HSR, the HSF1, 
undergoes trimerization and subsequent translocation 
into the nucleus where these complexes bind to the 
HSE[23] (Figure 1). HSF1 is regulated by post-translational 
modifications such as phosphorylation, acetylation[24], 
sumoylation[25,26] and interactions with other proteins. 
HSF1 is constitutively expressed and is neither a stress-
inducible protein nor is its expression correlated with the 
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expression of  heat shock genes[27] (Figure 1). 
Recent studies, using different genome-scale ap-

proaches to identify host proteins used by poxviruses 
during infection, revealed that HSF1 is a crucial tran-
scription factor for virus replication and some targets of  
HSF1 are induced upon infection[28]. At the early stages 
of  poxvirus infections, a decrease in HSF1 mRNA syn-
thesis is observed; however, this does not seem to af-
fect the protein levels as its half-life is quite long. As the 
viral lifecycle progresses, an increase in HSF1 mRNA 
levels can be detected, although this is not followed 
by augmentation in this protein contents within the 
cell[29]. Infections by some poxviruses result in the phos-
phorylation of  HSF1 and its translocations to nucleus, 
where they bind to HSE[28,29]. Several HSF1-regulated 
genes are upregulated during infection, including genes 
coding for the molecular chaperones BAG3, STIP1, 
all classes of  HSPs (HSP10, HSP20, HSP40, HSP60, 
HSP70, HSP90 and HSP105/110) and other important 
proteins like IL6R, which has a role in cell growth and 
differentiation[8,28,30] (Figure 1).

The first observation of  the interaction between pox-
virus and HSPs was made by Jindal et al[10] (1992) who 
also showed that the infection led to a small increase in 
HSP90 and HSP60 mRNA contents and to a substantial 
increase in the HSP70 mRNA levels, suggesting that 
these proteins may play some role in viral protein folding. 
Opposed to this view, subsequent studies revealed that 
the overexpression of  the 72 kDa HSP, the major induc-
ible cytoplasmic HSP, did not affect virus replication[31,32]. 
Furthermore, during poxvirus infections, HSP70 ac-
cumulates predominantly in the nucleus where these 
proteins interact with poly (ADP-ribose) polymerase 1, 
PARP1 and XRCC1 and prevent single-stranded DNA 

break (SSB)[29,33]. Globally, these observations suggest that 
HSP70s are important for cell survival and death preven-
tion but may have a lesser impact in the proper folding 
of  poxviral proteins.

So far, the most likely HSP to have a role in the pox-
virus life cycle is HSP90. This chaperone is the most 
abundant HSP in unstressed cells and many of  its targets 
are either kinases or transcription factors such as Akt and 
HSF1, respectively[34,35]. The inhibition of  HSP90 func-
tion during infection by the use of  geldanamycin, a drug 
that blocks the ATPase activity of  that chaperone, im-
pairs viral multiplication by delaying viral DNA replica-
tion and intermediate transcription, and also by reducing 
expression of  late genes[36]. 

It has been shown that HSP90 interacts directly with 
the 4a core protein (encoded by A10L orthologous 
genes), implicating this chaperone in conformational 
maturation of  the poxvirus capsid. Nonetheless, HSP90 
does not colocalize with capsid proteins at later stages 
of  infection, suggesting a transient role for HSP90 in 
virion morphogenesis[36]. Other host chaperones (e.g., 
cyclophilin A and Hsc71) are found to be associated with 
intracellular mature virions (IMV) but the importance of  
these proteins in such a context needs be further investi-
gated[37,38].

UNFOLDED PROTEIN RESPONSE 
The endoplasmic reticulum (ER) is a multifunctional 
organelle that controls several critical aspects of  cellular 
processes: it ensures the correct structure of  most pro-
teins; plays a key role in the synthesis of  lipids and ste-
rols; and helps in the maintenance of  intracellular calcium 
levels and many other functions[39]. The protein homeo-
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Figure 1  Heat shock responses induced by poxviruses. Under normal conditions, HSFs interact with HSPs or exist as a monomer in the cytosol.  Upon exposure 
to stress conditions such as heat shock, oxidative stress or poxvirus infection, HSF1 undergoes post-translational modifications, such as phosphorylation, trimerizes 
and migrates to the nucleus.  In the nucleus, HSF1 trimer binds to the HSE, leading to induction of all classes of HSPs and other chaperones. HSE: Heat shock ele-
ments; HSFs: Heat shock transcription factors; HSPs: Heat shock proteins.



its dimerization and the activation of  its endonuclease 
activity[53-55]. The IRE1 nuclease domain has homology to 
RNase L and its activation causes splicing of  a residual 
intron (26nt) in the XBP1 mRNA, resulting in a more 
stable and active form of  the XBP1 protein (HAC1 in 
yeast)[56] (Figure 2). In some circumstances, activation of  
the IRE1 endonuclease domain mediates the cleavage 
and degradation of  other cell mRNAs[57] and this feature 
complements other cellular mechanisms to control global 
protein translation[58]. 

Upon activation, the ATF6 transcription factor re-
locates to the Golgi where it is cleaved by S1P and S2P 
proteases[59], resulting in the release of  an amino-terminal 
fragment that translocates to the nucleus where it pro-
motes expression of  chaperones, modifying enzymes 
and genes that code for transcription factors such as 
DNA damage-inducible transcript 3 [(DDIT3), also known as 
CCAAT/enhancer binding protein homologous protein 
(CHOP)] and X-box binding protein 1 (XBP1), which 
play an important role in ER stress induced apoptosis 
and proteostasis, respectively[60-62]. Although this was 
never fully investigated, it is tempting to speculate that 
poxviruses may somehow interact with IRE1/ATF6-
dependent stress pathways as these are such central com-
ponents during the unfolded protein response.  

It is known that XBP1 can be activated by TLR-2 
and TL4-4 stimulation in an IRE1 dependent manner; 
also known is the fact that Vaccinia virus and other chor-

stasis (proteostasis) surveillance in the ER is mediated by 
specific pathways generally called unfolded protein re-
sponse (UPR), which is activated when the intrinsic pro-
tein folding capacity of  the organelle is overwhelmed by 
a large input of  unfolded proteins into the ER[40,41]. Such 
imbalance activates three signaling pathways through 
ER-resident transmembrane proteins [inositol-requiring 
protein 1 (IRE1), activating transcription factor 6 (ATF6) 
and protein kinase RNA-like ER kinase (PERK)], result-
ing either in recovery of  proteostasis or in cell death[42,43] 
(Figure 2). In resting cells, these molecular sensors are 
maintained in inactive states through interactions with 
the major and most abundant ER-resident chaperone, the 
binding immunoglobulin protein (BiP) (Figure 2), also 
known as glucose regulated protein of  78 kDa (GRP78), 
encoded by the HSPA5 gene[44,45].

Because poxviruses replicate in close association with 
the ER, using components of  this organelle to its own 
benefit, it was suggested that they might trigger ER stress 
and activate UPR signaling[46]. Indeed, many structural 
Vaccinia virus (the prototypic member of  the family) 
proteins are known to closely interact with membranes 
of  the ER during the formation of  crescent membranes 
and immature virions[47-49]. Yet, no activation of  IRE1-
dependent stress pathways is usually detected[50] and how 
poxviruses evade and/or subvert this UPR signaling is 
still not known. During ER stress, IRE1 undergoes dis-
sociation from BiP and BAX inhibitor 1[51,52], triggering 
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Figure 2  Modulation of mammalian unfolded protein response pathways by poxviruses. ER stress is sensed by three ER-membrane bound sensors [PERK, 
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dopoxviruses are able to interfere with TLR signaling. 
Therefore, this seems to be a virus-driven indirect strat-
egy to down-modulate XBP1 activation. Because XBP1 
has been shown to be important for sustained production 
of  cytokines by macrophages, it seems logical that poxvi-
rus may interfere with XBP1 activation as a way to cope 
both with the host innate responses as well as with the 
ER stress. 

Another component of  the UPR, PERK (also known 
as eIF2αK3) shares homology to the IRE1 structure 
and activation pathways but lacks the RNase domain 
of  IRE1[63]. Like the IRE1 activation, the release of  BiP 
from PERK triggers dimerization of  the later and its 
transphosphorylation (Figure 2). The activated PERK 
dimer is capable of  recognizing and phosphorylating the 
alpha subunit of  the translation initiation factor eIF2α  
at serine 51, reducing the translation of  virus and cell 
mRNAs[64] (Figure 2). On the other hand, eIF2α phos-
phorylation upregulates the translation of  ATF4, which 
induces expression of  CHOP, GADD34, ATF3[65-67] and 
other genes involved in processes that are usurped and 
modulated during poxvirus replication, including amino 
acids transport[11], glutathione metabolism[68] and control 
of  oxidative stress[69]. Not surprisingly, poxviruses encode 
proteins that mimic eIF2α and act as a pseudosubstrate 
for PERK, consequently suppressing phosphorylation of  
eIF2α and the shutoff  of  viral protein synthesis[70,71] (Fig-
ure 2). 

HOST TRANSLATIONAL SHUTOFF
Most viruses, as obligate intracellular parasites, lack most 
genes related to the transcriptional and translational ma-
chinery, including those coding for enzymes, transcrip-
tional factors, ribosomal subunits, translation factors and 
transfer RNAs (tRNA). Poxviruses encode their own 
transcriptional machinery but, to ensure viral mRNA 
translation during productive infections, they must ef-
fectively govern the host translation apparatus while 
avoiding stress responses like the eIF2α phosphorylation 
mediated translation shutoff. 

In addition to PERK, which is involved in responses 
to the proteostasis imbalance in the ER, three other 
stress-activated eIF2α kinases are capable of  inducing 
a broad range of  responses designed to protect the cell. 
Protein kinase R (PKR), heme-regulated inhibitor (HRI) 
and general control nonderepressible 2 (GCN2) respond 
to dsRNA, oxidative stress and nutrient deprivation, re-
spectively[72-74]. PKR (also known as eIF2αK2) is activated 
in response to stress signals usually resulting from viral 
infections and, together with other sensing and respond-
ing pathways that lead to eIF2α inactivation, is part of  
the so called integrated stress response (ISR). Poxviruses 
evolved non-redundant strategies to suppress activation 
of  ISR and collectively inhibit the host translational shut-
off  response. The best characterized poxvirus’ strategy 
to evade ISR is the expression of  a pleiotropic viral pro-
tein, encoded by E3L orthologous genes, which is able 

to bind dsRNA and inhibit PKR activation. Nonetheless, 
other viral proteins also play critical roles in this process, 
including those encoded by K1L, C7L and CP77L ortho-
logues[75-77]. Poxviruses lacking E3L orthologous genes 
induce the formation of  host-protein dense antiviral 
granules (AVGs) that suppress translation of  viral but not 
stress-induced host mRNAs and thus inhibit poxvirus 
replication[78].

ISR activation often promotes the formation of  ribo-
nucleoprotein aggregates called stress granules (SGs) at 
random sites throughout the cytoplasm. These SGs func-
tion as a protection zone for host RNAs where they can 
be stored when intracellular conditions are harmful[79]. 
SGs are distinct from AVGs in function and composition 
but share some components, like mRNA and RNA bind-
ing proteins [including Ras GTPase-activating protein-
binding protein 1, Caprin-1, TIA1 and mRNA poly(A) 
binding protein, PABP] and other translation initiation 
components [including eIF3H and eIF4A/E/G (eIF4F 
complex) with the exception of  40S ribosomal subunits 
and eIF3B which only localize to SGs][80,81]; both gran-
ules, nevertheless, are dependent on translation repres-
sion. In productive poxviral infections, some of  these 
granule components (as well as eIF4E and eIF4G) are 
sequestered to viral factories where they assemble and 
form eIF4F complexes that act together with PABP to 
promote activation of  mRNAs harboring 7-methyl GTP 
caps and poly(A) tails[82]. Poxvirus mRNAs are capped on 
their 5’ ends by the action of  a viral methyl transferase 
enzyme complex[83-85] and are also polyadenylated by a 
complex mechanism involving repetitive transcription of  
thymidylates in the sequence 3’-ATTTA-5’ often present 
at the sites of  transcriptional initiation[86,87]. By sequester-
ing molecules that activate capped and polyadenylated 
mRNAs to the viral factories, poxviruses are able to vig-
orously boost the translation of  their own mRNAs.

HYPOXIC RESPONSE
Molecular oxygen (O2) is an essential element to aero-
bic organisms that serves as a key substrate in cellular 
metabolism and bioenergetics. Hypoxic stress response 
is the process by which cells react and adapt to an insuf-
ficient O2 availability (or hypoxia)[88]. During hypoxic 
conditions, cells activate a number of  adaptive responses 
to match O2 supply with metabolic, bioenergetic and re-
dox demands. The hypoxia-inducible factor-1 (HIF-1) is 
the key regulator of  the cell resilience in response to O2 
deprivation and it is regulated by prolyl hydroxylase do-
main-containing enzymes (PHDs)[89,90]. HIFs are obligate 
heterodimers, consisting of  an O2-destructible α-subunit 
and O2-indestructible b subunit, and under physiologi-
cally normal O2 levels (normoxia), PHDs mediate hy-
droxylation of  proline residues in the HIFα subunit, 
triggering their recognition and labeling by E3 ubiquitin 
ligases, which leads in turn to their proteasomal degrada-
tion[91,92]. PHD activities are regulated by O2 availability 
and by cellular metabolites such as tricarboxylic acid cycle 
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(TCA) intermediates[93]. Due to the lack of  sufficient O2 
upon hypoxia, PHDs become inactive and HIFα is con-
sequently stabilized, causing the HIFs translocation to the 
nucleus where they bind to hypoxic responsive elements 
present in genes, such as HSPA5, Fos, CXCR, among 
other genes related to signal transduction, cell metabo-
lism, apoptosis, etc[94-96] (Figure 3).

There are three PHD isoforms but PHD2 is believed 
to be the primary regulator of  the HIF transcription fac-
tors[88]. The Vaccinia virus C16 protein is non-essential 
for virus replication but seems to play an important role 
in the down-modulation of  the host immune respons-
es[97]. Further studies showed that this protein can inhibit 
HIF1α hydroxylation through direct interaction with 
the PHD2 enzyme even when ectopically expressed[98]. 
Consequently, HIF1α is not ubiquitinated and degraded 
by proteasome, leading to the stabilization of  this factor 
and up-regulation of  HIF-responsive genes [endothelial 
growth factor (VEGF), glucose transporter-1 (GLUT1) 
and pyruvate dehydrogenase kinase-1 (PDK1)], improving 
cell metabolism and creating conditions that favor virus 
replication (Figure 3). 

OXIDATIVE STRESS RESPONSE
Poxviruses exploit the de novo fatty acid biosynthesis 
in the cell and especially the production of  palmitates. 
These molecules undergo b-oxidation in mitochondria 
and, together with the glutamine catabolism, generate 
acetyl-CoA and α-ketoglutarate, respectively. Both mol-
ecules enter in the TCA cycle and are used as major en-
ergy sources instead of  glucose in infected cells[68,99,100]. In 
this metabolic pathway, O2 plays a pivotal role as the final 
electron acceptor of  oxidative phosphorylation coupled 
to the electron transfer chain, resulting in the produc-
tion of  water (H2O), but also superoxide anion (O2

•-) 
and hydrogen peroxide (H2O2), as well as other reactive 
oxygen species (ROS)[101,102] (Figure 4). ROS can signifi-
cantly damage cell structures, causing lipoperoxidation, 

protein denaturation and DNA degradation; but on the 
other hand, ROS acts as a second messenger in mediating 
inflammation, stimulating cell proliferation and regulating 
apoptosis to maintain cell homeostasis[103]. Due to their 
cytotoxicity activity, cellular ROS levels are tightly limited 
by multiple detoxification processes such as antioxidant 
enzymes and vitamins whose functions are collectively 
appointed as an oxidative stress response[102]. 

ROS are usually controlled by antioxidant enzymes 
such as cooper/zinc-dependent superoxide dismutase 
(SOD) (cytoplasm), manganese-dependent SOD (mi-
tochondria) and extracellular-SOD (also utilizes Cu/Zn 
as cofactor), which dismutate O2

•- into H2O2. Hydrogen 
peroxides are in turn decomposed by catalase (CAT) and 
peroxidases such as glutathione peroxidase (GPx)[104] (Fig-
ure 4). 

It has been shown that Myxoma virus and Shope fi-
broma virus increase intracellular ROS accumulation to 
promote growth of  infected cells and immune evasion. 
This is achieved via inhibition of  Cu/Zn-SOD1 activity 
through the expression of  catalytically inactive homologs 
of  cellular SOD1 that cannot bind Cu, which is essential 
for dismutase activity but retains the Zn-binding proper-
ties and, similarly to their cellular homologs, forms stable 
heterodimeric complexes with cellular Cu-dependent 
chaperones that are essential for SOD1 function[69,105] 

(Figure 4). It is likely that other poxviruses cause a similar 
effect during their multiplication cycle as some encode 
SOD-1 like genes; one such example is the A45R SOD-
1-like gene from Vaccinia virus. Besides the SOD1 
homologues, another known poxvirus gene product 
that can alter the redox state in infected cells is the Mol-
luscum contagiosum virus MC066L gene product, which 
is homologous to the human GPx[12], an enzyme able to 
protect cells from the proapoptotic peroxides generated 
by ultraviolet (UV) light[106] (Figure 4). 

Cellular peroxiredoxins and thioredoxins, among 
other host proteins that are not essential to the cellular 
redox state (e.g., 60S ribosomal proteins, HGM1 and 
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Figure 3  Hypoxic responses in poxviruses infected cells. 
Under normal O2 disponibility (normoxia), HIF1α is hydroxylated 
on proline residues by PHDs. After that, HIF1α is recognized 
and ubiquitinated by E3 ubiquitin ligase and undergoes protea-
somal degradation. Upon an insufficient O2 availability (hypoxia), 
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HIF1b and triggers expression of regulators of TCA, cell prolif-
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genes code for proteins that inhibit PHD activities and result in 
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main-containing enzyme; TCA: Tricarboxylic acid cycle; VEGF: 
Endothelial growth factor; GLUT1: Glucose transporter-1; 
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Rab10), can be detected in IMV particles. It has been 
speculated that those redox regulation proteins may play 
some role in virion maturation[38]. Indeed, redox condi-
tions seem to be so important for poxviruses that many 
of  them encode their own redox machinery in order to 
mediate disulfide bond formation in newly made viral 
proteins[107-109].

DNA DAMAGE RESPONSE
Several reports correlate stressful conditions with DNA 
damage responses (DDR). Hypoxia, ROS accumulation, 
ER stress, heat shock and mainly UV light exposure are 
conditions that either result or are resultant from DNA 
damage and whose sensing by the cell might contribute 
to the global stress adaptation response fostering cell 
resilience[96,110-114]. DDR events operate in diverse biologi-
cal settings such as telomere homeostasis and generation 
of  immune-receptor diversity[115] and include cell cycle 
checkpoint control, transcription, activation of  DNA 
repair pathways, senescence and/or apoptosis. DNA 
damage can be subdivided into a few major types, includ-
ing DNA double-strand breaks (DSB), DNA nucleotide 
adduct formation and base modification, DNA base pair-
ing mismatches and single-strand breaks (SSB) which are 
caused by exposure to chemotherapeutic agents or envi-
ronmental genotoxic agents such as polycyclic hydrocar-
bons and UV radiation. Accordingly, the major classes of  
DNA repair are DNA dsb repair by homologous recom-
bination (HR) or nonhomologous end-joining (NHEJ), 
nucleotide excision repair, base-excision repair (BER), 
the Fanconi anemia/BRCA pathway and nucleotide mis-
match repair[116]. The central sensor proteins in the DDR 
signal transduction cascade (ataxia telangiectasia mutated-
ATM, ataxia telangiectasia and Rad3 related-ATR, DNA-
dependent protein kinase-DNA-PKcs) belong to the 
phosphoinositide-3-kinase-related kinase (PIKK) family, 

with the exception of  proteins from the PARP family 
which also respond to DNA lesions[117] (Figure 5).

ATM is recruited by the MRE-11-Rad50-NBS1 (MRN) 
complex to sites of  DSBs and phosphorylates down-
stream substrates such as checkpoint kinase 2 (Chk2) 
which, subsequently phosphorylates p53 that in turn sig-
nals through p21 to slow the cycling of  cells in order to 
facilitate DNA repair[118] (Figure 5). If  the damage is too 
severe to be repaired, the cascade leads to death signaliza-
tion through pro-apoptotic proteins. In the case of  SSBs, 
ATR is recruited to damage sites in association with ATR-
interacting protein by replication protein A (RPA). Once 
activated, these complexes phosphorylate Chk1 which, 
in turn, phosphorylates and inhibits cdc25c to mediate 
G2/M arrest (or, alternatively, phosphorylates cdc25a to 
promote S-phase arrest). Most ATR substrates can also be 
phosphorylated by ATM and the major functions of  ATR 
and ATM in cell cycle control are overlapping but non-
redundant[119,120]. These signaling cascades appear to be the 
major repair pathways influenced by poxvirus infections 
(Figure 5) as they favor cell cycle progression to G1, S and 
G2 phases but arrest cells in the G2 phase. Indeed, there is 
a preferential accumulation of  poxvirus infected cells in 
G2/M phases concurrent with a decrease in the number 
of  cells in the G0/G1 ones[121,122].

The NHEJ repair pathway is initiated by association 
of  Ku70/80 proteins to the DNA ends and the subse-
quent recruitment of  the DNA-dependent protein kinase 
catalytic subunit (DNA-PKcs)[123,124]. These proteins lo-
calize both in the nucleus and the cytoplasm and are key 
factors in the immune response signaling, acting as viral 
dsDNA sensors leading to the induction of  interferon 
regulatory factor 3 (IRF3) in a TANK-binding kinase 
1-dependent manner[125]. Counteracting this immune sig-
naling, the Vaccinia virus produces the C16 protein early 
in infection, which can bind to Ku70 blocking DNA-PK 
recruitment to DNA and the N2 protein, a virulence fac-
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tor that presents with the ability to inhibit IRF3-depen-
dent innate immune responses[126,127] (Figure 5). 

Poxviruses exploit their own replication machinery 
in order to repair eventual lesions at the viral DNA[3], 
mainly through the action of  virally encoded uracil DNA 
glycosylases (coded by D4R orthologous genes), which 
initiate BER by hydrolyzing the glycosylic bond linking 
uracil to a deoxyribose sugar, and also through the repair 
of  nicked duplex DNA substrate by a viral DNA ligase, a 
product of  the A50R ORF present in some chordopox-
viruses[128-131]. Furthermore, the viral DNA polymerase 
(coded by E9L gene orthologues) which possess 3’ - 
5’ proofreading exonuclease activity and the G5R gene 
product which belongs to FEN1-like nucleases appear to 
conjunctly play important roles in viral DNA recombina-
tion through HR[132-136]. The cellular DNA ligase I can 
compensate an eventual absence of  the viral DNA ligase 
and is recruited from the nucleus to the cytoplasmic viral 
factories. However, in the absence of  a G5 protein, the 
viral DNA is fragmented and cannot be packaged[136,137].

MISCELLANEOUS CELL SIGNALING
PI3K/Akt signaling pathway
The phosphoinositide-3-kinase (PI3K) family of  enzymes 
is grouped into three classes of  proteins. PI3K is activat-
ed by G protein-coupled receptors and tyrosine kinase re-
ceptors to drive phosphorylation of  inositol lipids at the 
3’ position of  the inositol ring, generating lipid second 
messengers [3-phosphoinositides PI(3)P, PI(3,4)P2 and 

PI(3,4,5)P3][138,139]. Class IA PI3K proteins were shown to 
play an important role in poxvirus infections, promoting 
Akt phosphorylation and downstream events leading to 
the suppression of  apoptosis, cell growth, survival and 
proliferation[140,141]. The PI3K/Akt pathway seems to be a 
determinant for the replicative success of  Vaccinia virus 
and Cowpox virus, as well as for the host cell survival 
during infection, as the pharmacological impairment of  
the pathway components leads to diminished virus multi-
plication and apoptosis[141]. 

MAPK signaling pathway
Stress conditions (osmotic stress, ER stress, among oth-
ers), growth factors and/or cytokines stimulate the activa-
tion of  mitogen-activated protein kinases (MAPK)[142,143]. 
The MAPK family consists of  a series of  at least three 
main kinases active through distinct pathways: the ex-
tracellular signal-regulated protein kinases (ERKs), the 
c-Jun N-terminal kinases (JNKs) and the p38 family of  
kinases. These MAPK enzymes are activated by post-
translational modifications induced by specific kinases, 
named MAPK kinases (MAP2K), which are activated by 
upstream MAPKK kinase (MAP3K) [Raf, MAPK/ERK 
kinase (MEKKs) and apoptosis signal-regulating kinase 
(ASK)][144] and which in turn respond either to external 
stimuli sensed by receptors on the cell surface or through 
interactions with GTP-binding proteins, among other 
kinases. Poxviruses have been shown to trigger mito-
genic signals at early stages of  infection, resulting in the 
expression of  egr-1 and other genes, such as the proto-
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oncogene c-fos, through the activation of  ERK1/2. This 
process is essential for multiplication of  some members 
of  this viral family as blocking of  those kinases hampers 
normal virus multiplication[145-147]. Additionally, the JNK 
pathway is also important for normal virus morphogen-
esis and accumulation of  enveloped infectious forms[148] 
as blocking of  the pathway influences cell-to-cell virus 
spread. 

CONCLUSION
The activation of  cellular stress responses in infected cells is 
a complex process that promotes simultaneously both cell 
resilience and death mechanisms upon a viral infection. In 
order to achieve replicative success in such conditions, pox-
viruses must subvert these cell responses to their own ben-
efit. Members of  the Poxviridae family are fully geared up 
to interfere with and manipulate cell fate in a way that very 
few other animal viruses do. They have unique abilities to 
turn off  and/or combat negative effects of  stress responses 
while still fomenting mechanisms to support the comple-
tion of  its life cycle. Overall, poxviruses modulate the 
activation of  a network of  protein kinases (PI3K, PIKKs, 
MAPKs) and other enzymatic post-translational modifiers, 
such as the ubiquitin ligases and proteins involved in cell re-
programming (including ATFs, HSFs, XBP1, HIFs), while 
selectively inhibiting the activation or expression of  host 
proteins (DNA-PK, IRF3, PHDs, PKR, PERK among 
others). In parallel, they are able affect the cell metabolism 
and redox state, maintaining proteostasis (through HSPs 
and other hosts and viral chaperones) and controlling cell 
cycle and proliferation in order to establish a proper cell en-
vironment for virus replication. Many of  these strategies are 
highly conserved among different poxviruses, while a few 
others are species-specific[149]. The evidence of  horizontal 
gene transfer from host to virus, coupled with the proposed 
model of  poxvirus genome evolution based on a simple 
mechanism of  recombination-driven genomic expansions 
and contractions (which facilitates the rapid evolution of  
virus populations with otherwise low mutation rates), sheds 
light on how these viruses acquired this impressive number 
of  strategies to wisely control their replication niche[150-152]. 

Over 50 years after the discovery of  HSR by Ferruc-
cio Ritossa[153], the cellular stress response knowledge 
is still growing (including specific organelle stress such 
as mitochondrial or peroxisomal UPR, Golgi stress re-
sponse and so on) and the understanding of  mechanisms 
by which poxviruses and other complex viruses interfere 
with stress responses can further illuminate the web of  
pathways regulating cell homeostasis, as well as how vi-
ruses intertwine their own biochemical needs into this 
intricate scenario. 
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