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responses through the ATF6α transcription 
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Abstract 

Background Cell responses to different stress inducers are efficient mechanisms that prevent and fight the accu‑
mulation of harmful macromolecules in the cells and also reinforce the defenses of the host against pathogens. 
Vaccinia virus (VACV) is an enveloped, DNA virus, belonging to the Poxviridae family. Members of this family have 
evolved numerous strategies to manipulate host responses to stress controlling cell survival and enhancing their 
replicative success. In this study, we investigated the activation of the response signaling to malformed proteins (UPR) 
by the VACV virulent strain—Western Reserve (WR)—or the non‑virulent strain—Modified Vaccinia Ankara (MVA).

Methods Through RT‑PCR RFLP and qPCR assays, we detected negative regulation of XBP1 mRNA processing 
in VACV‑infected cells. On the other hand, through assays of reporter genes for the ATF6 component, we observed 
its translocation to the nucleus of infected cells and a robust increase in its transcriptional activity, which seems to be 
important for virus replication. WR strain single‑cycle viral multiplication curves in ATF6α‑knockout MEFs showed 
reduced viral yield.

Results We observed that VACV WR and MVA strains modulate the UPR pathway, triggering the expression of endo‑
plasmic reticulum chaperones through ATF6α signaling while preventing IRE1α‑XBP1 activation.

Conclusions The ATF6α sensor is robustly activated during infection while the IRE1α‑XBP1 branch is down‑regulated.
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Background
The Vaccinia virus (VACV), the prototype of the Pox-
viridae family, is a large double-stranded DNA virus 
with a brick-shaped enveloped particle and a genome 
that ranges from 178 to almost 200 kb, depending on the 
virus’ strain, which codes for approximately 200 ORFs 
[1–3]. Up to 50% of the virus’ genome codes for immune 
evasion-related and/or host-interaction genes, a feature 
shared by many other poxviruses. Western Reserve (WR) 
is a virulent VACV strain originally derived from New 
York City Board of Health (NYCBH) virus—a vaccine 
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strain used during the smallpox eradication campaign [4, 
5]. Multiple passages of the NYCBH virus in diverse cell 
types and animals like rabbits and mice induced an array 
of mutations in the virus genome, making the resulting 
WR strain considerably pathogenic to a wide range of 
mammals and unsuitable to be used as vaccine against 
smallpox [2, 6]. Nonetheless, the WR strain became a 
model poxvirus commonly utilized in most studies look-
ing at the biology of poxviruses. The Modified virus 
Ankara (MVA) strain, on the other hand, is an attenuated 
strain that is avirulent for humans and other mammals 
as the virus is unable to fully replicate in most mamma-
lian cells [7–9]. MVA was obtained after more than 570 
passages of its parental strain in primary chicken embryo 
fibroblast cells (CEFs), culminating in the development 
of an immunogenic and highly attenuated strain. As a 
vaccine against smallpox, clinically tested, the virus was 
well tolerated by vaccinees and demonstrated that it 
can be used to confer cross-protection against Variola 
virus (the etiological agent of smallpox) [10]. Complete 
genome sequence analysis of MVA revealed six major 
deletion sites on its genome as well as numerous point 
mutations—a consequence of the cell passaging—encom-
passing a total reduction of 31 kb on its coding capacity 
when compared to the parental virus, the Chorioallatoid 
Ankara strain [11].

All members of Poxviridae family replicate entirely 
in the cytoplasm of the host cell and depend largely on 
viral proteins for their replication; however, these com-
plex viruses also exploit numerous cellular pathways to 
ensure their replicative success. The VACV replication 
occurs in close association with the endoplasmic retic-
ulum (ER) [12], the largest membranous organelle of 
most eukaryotic cells, where most nascent proteins are 
folded. Additionally, the ER is essential for the balance 
of the intracellular calcium and the organelle plays a key 
role in the lipids and sterols biosynthesis [13]. Due to its 
participation in many important cell processes, the ER 
is sensitive to perturbations in the cellular homeostasis 
triggered by stresses from endogenous or exogenous ori-
gins. Sources of perturbation includes chemical damage, 
genetic mutations, nutritional starvation, cell differen-
tiation and, of course, infection by different intracellu-
lar pathogens [14–18]. The resultant disturbances in cell 
homeostasis can alter nascent protein formation, leading 
to the accumulation of unfolded or misfolded proteins 
inside the ER, a condition known as ER stress. This con-
dition triggers ER stress responses, which are generally 
known as unfolded protein responses (UPR).

There are three major signaling pathways that are part 
of the UPR. These pathways are controlled by the follow-
ing ER-resident sensor proteins: the inositol-requiring 
protein 1 alpha (IRE1α); the activating transcription 

factor 6 alpha (ATF6α) and the protein kinase RNA-like 
ER kinase (PERK). Together, these pathways are respon-
sible for surveillance of the ER stress. Depending on the 
cell type and stimuli as well as of the duration of the stress 
condition, the outcome of these signals may result either 
in the recovery of protein homeostasis or cell death [19–
21]. These sensors are able to attenuate protein transla-
tion but also increase the expression of ER chaperones 
and ERAD components which, in turn, culminate in the 
increment of the ER capacity and/or reduction of the ER 
demand, restoring the organelle homeostasis.

Given that endoplasmic reticulum is an organelle 
exploited by VACV for replication, we examined the ER 
homeostasis during the virus infection. Here, we describe 
how virulent or attenuated strains of VACV can affect the 
UPR signaling pathway and the importance of UPR com-
ponents for virus multiplication in murine embryo fibro-
blast cells.

Materials and methods
Cells, viruses and infection conditions
Primary chicken embryo fibroblasts (CEF) were pre-
pared as described [22, 23]. BSC40 (ATCC CRL-2761), 
BALB/3T3 clone A31 (ATCC CCL-163), PERK-WT 
(formerly known as DR-Wildtype, ATCC CRL-2977), 
PERK-KO-DR (ATCC CRL-2976), immortalized ATF6 
knockout mouse embryonic fibroblasts (MEFs) and 
ATF6-wildtype control cell—a kind gift of Dr. Randall 
Kaufman [24]—were grown under standard conditions 
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 2 mM L-glutamine, 0.1 mM Non-Essential 
Amino Acids (NEAA), 10% heat-inactivated fetal bovine 
serum, 100 units/ml penicillin, and 100 µg/ml streptomy-
cin in a humidified atmosphere with 5%  CO2 at 37 °C.

Vaccinia Virus strains Western Reserve (WR) and 
Modified Vaccinia Ankara (MVA) were gifts from 
Dr. Bernard Moss (NIH, Bethesda). Viruses’ stocks 
were propagated in CEF and BSC40 cells for MVA and 
WR, respectively, and purified in sucrose cushions as 
described [25]. Viral titers were determined by plaque 
assay for WR or immunostaining for MVA [23, 26].

All VACV infections in MEF cells were performed at 
the multiplicity of infection 10 (unless otherwise indi-
cated) in the absence of FBS for 1  h and cultured in 
DMEM 2.5% FBS after which unabsorbed viruses were 
removed. When required, VACV was UV-inactivated 
after exposure of virus samples for 20 min to an UV lamp 
producing irradiation predominantly at 365  ηm. UV-
irradiated viruses were tested for infectivity prior to use. 
Viruses that were no longer capable of forming plaques 
compared with the non-irradiated samples were assumed 
to be UV-inactivated. DNA synthesis inhibitor 1-b-D-
arabinofuranosylcytosine (AraC) (sigma), when used, 
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was added 30-min before infection period and through-
out the infection to a final concentration of 50 µg/ml.

Characterization of reporter gene expression
On the day before transfection, MEF cells were seeded 
in 24-well plates (1 ×  105 cells/well) in 10% FBS DMEM. 
Cells were co-transfected in triplicates with 0.2  µg of 
p5xATF6-GL3 (a generous gift from Dr. Ron Prywes, 
Department of Molecular Genetics, Kumamoto Uni-
versity, Japan) [27] and 0.05  µg of pRL-TK (Promega), 
using Lipofectamine 2000 (Invitrogen) accordingly to 
the protocol provided by the manufacturer. Transfected 
cells were infected with VACVs 24 h past transfection at 
MOI 10 or treated with 2.5 µM Tunicamycin (Sigma). At 
indicated hours post infection (hpi) the growth medium 
was removed, cells were rinsed with PBS 1 × and lysed 
by shaking culture flasks for 15 min on ice with 100 μl of 
Passive Lysis Reagent (Promega). Twenty microliters of 
each cell lysate were assayed for firefly and renilla lucif-
erase activities using a LumiCount Microplate Reader 
Luminometer (Packard BioSciences) and Dual-Luciferase 
Reporter Assay System (Promega) accordingly to the 
protocols provided by the manufacturers. Results were 
expressed as the ratio between the activities of firefly 
luciferase and renilla luciferase (RLA, Relative Luciferase 
Activity).

Characterization of nuclear translocation of reporter gene
The day before transfection, A31 cells were plated on 
coverslips in 24-well plates. Cells were transfected with 
0.6 µg of pShortCMV-ATF6-GFP, a kind gift from Kazu-
toshi Mori (Kyoto University, Japan) [28], as previously 
described. Cells were, then, infected with VACV or 
treated with tunicamycin for 24  h, counterstained with 
Hoechst 33,258 (Sigma) and coverslips were mounted on 
glass slides using ProLong Diamond Antifade Mountant 
(Life Technologies). The reporter gene expression and 
localization were assessed by fluorescent microscopy 
using EVOS FL cell imaging system (Life Technologies). 
To quantify nuclear translocation of reporter gene, we 
isolated the nucleus from transfected and infected cells in 
ice-cold nuclear isolation buffer (320 mM sucrose, 5 mM 
 MgCl2, 10 mM HEPES and 1% Triton X-100 pH 7.4). We 
further verified nuclear integrity by trypan stain and then 
counted GFP positive nuclei by flow cytometry in a BD 
FACScan cytometer.

RNA extraction and cDNA synthesis
Total RNA was extracted from cells using TRI Rea-
gent (Sigma) according to the manufacturer’s instruc-
tions and treated with rDNase I (Macherey–Nagel) 
before reverse transcription to remove residual genomic 
DNA contamination. Extracted RNA was dissolved in 

diethypyrocarbonate (DEPC)-treated water, and the RNA 
concentration and purity were estimated on a NanoVue 
Plus Spectrophotometer (GE Healthcare Life Sciences). 
Aliquots of RNA samples were subjected to electropho-
resis in a 1% denaturing agarose gel containing ethidium-
bromide staining to verify RNA integrity. The cDNA was 
synthesized from 1 μg RNA in a final reaction volume of 
20  μl, using Moloney murine leukemia virus (M-MLV) 
reverse transcriptase and random primers (Promega) 
according to the manufacturer’s protocol. The reverse 
transcription product was stored at − 20 °C until use.

Measurement of XBP1 splicing by agarose gel 
electrophoresis
One tenth of cDNA’s volume was used per PCR reac-
tion in a 25-μl reaction volume using  GoTaq® Flexi DNA 
Polymerase (Promega) according to the manufacturer’s 
instructions. The cycling conditions were 94 °C for 4 min, 
followed by 30 cycles of 94 °C for 30 s, 68 °C for 30 s, and 
72  °C for 30  s. For detection of XBP1 isoforms (spliced 
and unspliced), the sense primer mXBP1.3S (5ʹ-AAA 
CAG AGT AGC AGC GCA GAC TGC -3ʹ) and the anti-
sense primer mXBP1.2AS: (5ʹ-GGA TCT CTA AAA CTA 
GAG GCT TGG TG-3ʹ) were used to amplify a 600-bp 
cDNA product encompassing the IRE1α cleavage sites 
[29]. This amplified fragment was further digested with 
PstI (Promega) to reveal a restriction site that is lost after 
splicing of the XBP1 mRNA. The amplicon fragments 
were resolved on a 1.4% agarose gel containing ethidium-
bromide (Life Technologies). Gels were imaged using a 
UVP MultiDoc-It Imaging System. Bands were quantified 
using ImageJ (NIH).

Quantitative real‑time PCR
One 100-fold diluted cDNA was used to determine the 
levels of BiP and PDIA4 mRNA by quantitative PCR, 
using SYBR Green Master Mix (Applied Biosystem) 
and water in10 μL final volume reactions. Relative gene 
expression analyses were performed using the  2−ΔCt 
method and normalized to the expression of RPL32, 
HPRT and GAPDH mRNA [30]. Primers used for the 
qPCR were described by Mügge and da Silva [31].

Viral infectivity assays
Knockout cells and respective wild type control cells 
were grown to a density of 1 ×  106 cells per well on 6-well 
culture dishes and then infected with VACV-WR. Infec-
tions were carried out at a MOI of 10 for 3, 6, 12, 24 and 
48 h. The infected monolayers were then harvested and 
titrated in BSC-40 cells for one-step growth curve assays. 
For Multi-step growth analysis, 7 ×  105 cells were infected 
with MOI 0.01 and harvested at 0 (at the end of adsorp-
tion), 24, 48 and 72  h. Virus titers were determined as 
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described before. VACV-WR plaque phenotype assays 
were carried in cells infected at 0.01 MOI and incubated 
for 48  h. For transmission electron microscopy, ATF6-
WT and ATF6-KO cells were plated on 35  mm diame-
ter plates and infected with VACV WR at a multiplicity 
of infection of 10. After 24 hpi the cells were mechani-
cally dislodged, centrifuged for 5 min at 1500 × rpm and 
washed 2 × with 1X PBS. After washing, Cells were fixed 
by shaking gently for 1  h in 2% gluteraldehyde-0.1  M 
sodium cacodylate buffer and, then, washed twice with 
0.1  M cacodylate buffer. After washing, cells were post-
fixed with 2% osmium tetroxide buffer and embedded 
in EPON resin. Samples were ultra-sectioned and the 
sections were analyzed and photographed in a Tecnai 
G2-12—SpiritBiotwin FEI-120  kV transmission electron 
microscope. The Genetic complementation assay was 
performed by rescuing ATF6 expression in knockout 
cells. In this experiment, ATF6 gene was reintroduced by 
transfection of pEGFP-ATF6 (Addgene plasmid # 32,955) 
[32] which contain a strong promoter controlling the 
heterologous expression. Control cells were transfected 
with the plasmid pEGFP-C1 (empty vector) (Clontech 
Laboratories). Total DNA was extracted using UltraPure 
Phenol:Chloroform:Isoamyl Alcohol (25:24:1) (Invit-
rogen) and viral genome quantitation was performed 
by qPCR using a primer set to amplify the CEV DNA 
sequence [33] and comparing to a standard curve from 
purified VACV genomes.

Results
Activation of ATF6α during VACV infection
To determine whether VACV infection can activate ATF6 
transcriptional activity we carried out ATF6α reporter 

gene assays in A31 MEFs. Cells were transfected with the 
p5xATF6-GL3 luciferase expression plasmid in which the 
luciferase gene is controlled by five repeats of the ATF6α 
DNA binding site (TGA CGT G) [27]. First, we deter-
mined that uninfected A31 MEFs (mock control) are 
responsive when treated with tunicamycin, a glycosyla-
tion inhibitor and ER stress inducer agent (Fig.  1a). To 
evaluate the virus effects on ATF6α activation, cells were 
transfected with the luciferase expression plasmid and 
further infected with VACV WR or MVA. Cell lysates 
were harvested at 0, 3, 6, 12, 24 and 48 h post infection 
(hpi) and we detected that both virus’ strains can induce 
noticeable increase in ATF6α reporter activity during the 
course of infection (Fig. 1b), with distinguishable inten-
sities. Viruses are able to induce ATF6α transcriptional 
activity three hours after adsorption but this is signifi-
cantly different from mock-infected cells only after 12 
hpi and 24hpi, for MVA and WR strains, respectively 
(Fig. 1b). Once initiated, WR-induced ATF6α transcrip-
tional activity is significantly higher than that observed 
for MVA-induced activity, either 24 or 48 hpi. (Fig. 1b).

ATF6α is translocated to the nucleus after VACV infection
An alternative approach to evaluate ATF6α activa-
tion and effects on transcriptional activity is to evalu-
ate its nuclear translocation upon the stress event. 
Therefore, we performed experiments using eGFP 
(enhanced green fluorescent protein)-ATF6α fusion 
protein which is localized in the ER under unstressed 
conditions, and then is translocated to the nucleus 
upon activation, similarly to the endogenous ATF6α 
[28]. A31 cells were transfected with pShortCMV-
ATF6-GFP, infected with VACV WR or MVA and 
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Fig. 1 5 × ATF6 reporter activation kinetics over the course of VACV infection in MEFs. A A31 MEFs were transfected with p5xATF6‑GL3 and pRL‑TK. 
and treated with 3 µM of tunicamycin for 0, 6 and 24 h. Cell lysates were collected and assayed for Firefly and Renilla luciferase activities. B 
Transfected A31 cells were infected with WR or MVA (MOI 10) and harvested at different times points post infection. Asterisks indicate statistically 
significant differences (p < 0.001) between groups as determined by two‑way ANOVA followed by Bonferroni’s test. The data was plotted 
as means ± SEM of duplicate samples from three independent experiments
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reporter gene expression and localization was assessed 
by fluorescent microscopy. Furthermore, nuclei were 
isolated and analyzed by flow cytometry. As noted in 
Fig. 2, there was an increase in the percentage of GFP-
ATF6-positive nuclei in infected cells when compared 
to uninfected ones. Such increase was comparable to 
cells treated with tunicamycin.

VACV late gene expression is required for maximum ATF6α 
transcriptional activity
Next, we investigated whether activation of the 
5 × ATF6α reporter was dependent on viral biosyn-
thesis. In order to look into that we inoculated cells 
with UV-treated VACV-WR and MVA particles, and 
observed that ATF6α reporter activity was completely 
abrogated (Fig. 3a). However, when cells were infected 
with intact virus’ particles and co-treated with the 

Fig. 2 ATF6‑GFP reporter nuclear translocation in VACV infected MEFs. A31 MEFs were transfected with the pCMVshort‑EGFP‑ATF6α and infected 
with VACV strains for 24 h. Cells were carefully collected and lysed with nuclear isolation buffer. Isolated nuclei obtained after washing were 
analyzed for green fluorescence in a FACSCan flow cytometer. 10.000 events were collected inside the gate determined for nuclei size 
and granulosity. Results were plotted as histograms for green fluorescence intensity versus cell counts
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replication inhibitor cytosine arabinoside (AraC)—
an nucleotide analog that allows complete early viral 
gene expression but repress intermediate and late gene 
expression as well as the virus replication, a significant 
decrease in the ATF6α reporter activity was observed, 
but not complete abrogation (Fig.  3b). These results 
indicate that viral infection is necessary for ATF6α 
activity using the reporter assay.

IRE1α‑dependent splicing of X‑box binding protein 1 
(XBP1) mRNA remains at basal levels during VACV infection
During the ER stress, IRE1α exhibits endonuclease 
activity by removing a residual 26 nt intron from the 
XBP1 transcription factor mRNA. XBP1 is a basic leu-
cine zipper (bZIP)-containing transcription factor of 
the CREB/ATF protein family that binds to the UPR 
element (UPRE) upstream of responsive genes. Previ-
ous studies have demonstrated that basal or tunica-
mycin-induction of 5 × ATF6α reporter may require, 
in some instances, the XBP1 spliced isoform [24]. 
Using a RT-PCR RFLP assay to monitor XBP1 splicing 
with specific primers and also exploiting a restriction 
enzyme PstI site present within the residual intron to 
distinguish between the unspliced and spliced forms of 
the XBP1 transcript, we detected that the VACV infec-
tion do not increase XBP1 mRNA splicing (Fig. 4).
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Fig. 3 5 × ATF6 reporter activation is dependent on viral biosynthesis in MEFs. A A31 MEFs were transfected with p5xATF6‑GL3 and pRL‑TK. Cells 
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VACV infection triggers ATF6α‑dependent expression 
of BiP/Grp78 chaperone
The ATF6α transcription factor upregulates a large 
number of genes involved in organelle homeosta-
sis, such as the ER chaperones. To determine whether 
VACV infection induces the transcription of UPR tar-
get genes in response to ATF6α activation, we used 
quantitative PCR (qPCR) to monitor the mRNA levels 
of the immunoglobulin binding protein (BiP), a major 
chaperone of the ER that directly responds to ER stress 
and also interacts with all sensors of the UPR signal-
ing chain. We observed that BiP mRNA was strongly 
induced in tunicamycin-treated cells and particu-
larly in VACV infected-cells (Fig.  5a) when compared 
to mock treated samples; however, such induction 
was significant lower in infected cells lacking ATF6α. 
Cells infected with VACV-WR have relatively high 
mRNA levels when compared to mock cells in an 
ATF6-dependent manner. However, the MVA showed 

no dependence of ATF6 for induction of PDIA4 or 
p58IPK (Fig.  5b). Ddit3, a pleiotropic gene encoding 
for CHOP transcription factor, is also a target of the 
UPR and is commonly associated with apoptosis. We 
detected increased mRNA transcription levels either 
after VACV-WR infection or tunicamycin treatment in 
wild type MEFs. In this case, however, MVA infection 
did not cause noticeable increments on CHOP mRNA 
levels when compared to non-infected MEFs. Inter-
estingly, in the absence of ATF6α, the mRNA levels of 
CHOP were up regulated in cells under different con-
ditions, including non-infected or MVA-infected ones 
(Fig.  5c). In addition, transcription of the Xbp1 gene 
is significantly induced during VACV-WR infection 
in relation to mock-treated cells, but not during MVA 
infection or in tunicamycin treated cells. Nonetheless, 
the increment in the XBP1 mRNA levels was appar-
ently independent of the ATF6α sensor during VACV-
WR infections (Fig. 5d).
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Signaling downstream to ATF6α mediates VACV replication 
in MEFs
To determine whether VACV-induced UPR signaling 
and expression of UPR-targeted genes affects the VACV 
life cycle, we analyzed the cytophatic effect (CPE) and 
observed that ATF6α-KO MEFs infected with VACV-WR 
showed remarkably distinct cytophatic effect (CPE) when 
compared to the infected-WT MEFs (Fig. 6a) as observed 
in phase contrast micrographs. Likewise, lysis plaque 
sizes were significantly reduced in ATF6α-KO-infected 
monolayers when compared to plaque sizes in WT-MEFs 
infected cells (Fig. 6b). Diameters were 0.444 ± 0.027 mm 

in ATF6α-KO as compared to 1.066 ± 0.039  mm in 
ATF6α-WT MEFs. To evaluate virus productivity in the 
presence or absence of ATF6α, one-step growth curves 
were produced. ATF6α-KO and wildtype control MEFs 
were infected with MOI 10 and harvested at 3, 6, 12, 24 
and 48 hpi. As showed in (Fig. 6c), the average amount of 
viable VACV-WR particles at 12 and 24 hpi was appar-
ently lower in ATF6α-knockout cells when compared 
to wildtype MEFs, although this was not statistically 
supported. Similar results were obtained in multi-step 
growth curves using MOI of 0.01 and extending infec-
tions for up to 72 h (Fig. 6d). VACV-WR morphogenesis 
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is apparently unaffected by the presence or absence of 
ATF6 expression, as normal virus particle matura-
tion and accumulation is observed in both conditions 
(Fig.  6g). On the other hand, using a reverse approach, 
when ATF6α is transiently overexpressed by transfecting 
ATF6α-encoding plasmid in cells lacking the endogenous 
molecule, we observed significant increase (p < 0.0045) in 
the virus yield (Fig. 6e) and viral genome copy numbers 
(Fig. 6f ) at 24 hpi. Analyses of virus replication were car-
ried out for VACV-WR only as MVA does not fully repli-
cate in MEFs.

Discussion
Cellular stress responses encompass critical mecha-
nisms that prevent cells from accumulating macro-
molecular damage so that metabolism equilibrium is 
attained and efficient host defenses against pathogens are 
mounted. Counteracting such cell strategies, poxviruses 
have evolved numerous mechanisms to cope with cel-
lular stress responses [34]. In this work, we analyzed the 
modulation of the UPR signaling during VACV infection 
and the subtle impact of UPR on VACV in vitro infectiv-
ity. To that end, we evaluated the unfolding of UPR dur-
ing infections by replicative and non-replicative VACV 
strains—WR and MVA, respectively. Upon activation, 
the ER stress sensor ATF6α transcription factor under-
goes dissociation from BiP, exposing a signal to relocate 
the sensor to the Golgi network where it is cleaved by 
S1P and S2P proteases [35] resulting in the release of an 
amino-terminal fragment. The resultant ATF6α fragment 
translocates to the nucleus, where it promotes expres-
sion of chaperones and genes that code for transcription 
factors, which play important roles in ER stress, induced 
apoptosis and proteostasis [36–38]. Our results indicate 
that VACV infections activate ATF6α-mediated stress-
related signaling and that such responses may be benefi-
cial for virus replication.

We used reporter assays to determine nuclear trans-
location of ATF6α and measure their transcriptional 
activity upon VACV infection. We detected ER-to-
nucleus translocation of ATF6α in either VACV-WR or 
MVA infected-cells, and this was similar to what was 
observed in stress induced, tunicamycin-treated posi-
tive controls. Likewise, we observed the robust activity 
of ATF6α-controlled luciferase reporter gene over the 
course of VACV infections, which was distinguishable 
from mock-treated cells at late stages of infection. The 
ATF6α activation upon infection has been observed for 
other large DNA viruses as well [18, 39, 40]. Although 
both VACV-WR and MVA are able to induce ATF6α 
activity, the kinetics and maximum levels of activation 
are different, suggesting that activation of the UPR-
ATF6α branch at early/intermediate stages of viruses’ 

infection may be driven by WR-encoded genes that are 
possibly defective or absent in the MVA genome [9]. 
These results may suggest an impact of viral morpho-
genesis on the activation of ATF6α. The MVA strain 
infection produces atypical IMVs in non-susceptible 
cells and cannot undergo subsequent steps in morpho-
genesis. The blocking in MVA morphogenesis includes 
the IMV membrane wrapping, which is known to 
exploit the Ras-related protein Rab-1A [41]. The puzzle 
of membranes acquisition by VACV virions has been 
solved in the last years, shedding light on the crucial 
role of ER in the VACV life cycle [42–45].

Interestingly, whereas ATF6α was significantly acti-
vated during VACV replication, our data suggested that 
the endoplasmic reticulum (ER) stress-induced activation 
of IRE1α was attenuated on a specific, crucial point: the 
IRE1α-mediated XBP1 mRNA splicing was down regu-
lated in VACV-infected cells. During ER stress, IRE1α 
undergoes dissociation from BiP and BAX inhibitor 1 
[46, 47] triggering its dimerization, autophosphorylation 
and activation of its endonuclease activity [48–50]. The 
IRE1α 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. We observed a drop of IRE1α 
mediated XBP1 mRNA splicing during VACV infection 
by RT-PCR-RFLP and qPCR (not shown). This VACV 
infection-associated decrease in XBP1 mRNA splicing 
is so remarkable that virus infection is able to counter-
act the tunicamycin-induced XBP1 splicing, considering 
that the drug is a potent inducer of UPR activation and 
IRE1α activation. Importantly, it has been demonstrated 
that increased ATF6α expression results in diminished 
IRE1α production in human cells, whereas the shut-off of 
ATF6α causes increased XBP1 mRNA splicing and IRE1α 
activity, suggesting that IRE1 is controlled by an ATF6-
dependent switch off mechanism during ER stress [51]. 
Our results fit well into this model, as the VACV-induced 
increase in ATF6α activation correlated with a decrease 
in XBP1 mRNA processing. Furthermore, the XBP1 tran-
scription factor is essential for sustained cytokine pro-
duction induced by Toll-like receptors [52] as well other 
major immune processes [53–56]. Therefore, it seems 
plausible this virus has adapted evolutionary strate-
gies to down regulate XBP1 mRNA splicing as a way to 
cope with the host innate responses. Indeed, it has been 
shown that a VACV protein encoded by the E8L ORF is 
able to bind to the protein disulfide isomerase-associ-
ated 6 (PDIA6) factor, limiting IRE1 activation [57, 58]. 
However, whether XBP1 production is directly affected 
by a virus-coded protein or its diminished expression 
is an indirect function of the increase in ATF6α activity 
remains to be determined.
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One interesting observation that we have made in this 
work was that UV-inactivated viruses were not capa-
ble to stimulate ATF6α transcriptional activity using a 
luciferase reporter system, suggesting the requirement 
of VACV biosynthesis to trigger UPR. However, when 
infections were carried out with functional viruses but in 
the presence of a viral DNA replication inhibitor (Ara,C), 
residual ATF6α transcriptional activity was detected. UV 
treatment of viruses, especially DNA viruses, leads to a 
block in both transcription and DNA replication [59], 
whereas AraC blocks VACV DNA replication and abro-
gates late gene expression [60]. Because we observed 
continuing ATF6α transcriptional activity in AraC 
treated cells infected with VACV and no transcription of 
the luciferase reporter when UV-inactivated viruses were 
inoculated into cells, we concluded that early viral pro-
tein synthesis is able to induce ATF6α activation. None-
theless, viral DNA replication and subsequent protein 
synthesis are required for optimal ATF6α activity.

The UPR-targeted genes tested in our study are up reg-
ulated during VACV infection in an ATF6α-dependent 
manner. This conclusion was based upon the fact that 
molecules such as BiP and PDIA4 had their mRNA lev-
els significantly reduced in ATF6α knockout cells upon 
infection. Exception was the apoptotic-related CHOP 
transcription factor, for which mRNA levels increased 
consistently in the absence of ATF6α. Indeed, Klymenko 
and co-workers [61] have demonstrated that expression 
of ATF6α causes diminished CHOP transcription in ER-
stressed alveolar epithelial cells. Nonetheless, the ER 
stress responses are known to be highly redundant and 
there is extensive cross talking among different pathways. 
Therefore, none of these genes are exclusively controlled 
by ATF6α [62], although most of them contain UPRE 
sequences at their promoter sites.

Up to this point we demonstrated that VACV infec-
tions induce UPR through the activation of ATF6α, 
which in turn may modulate other branches of the ER 
stress signaling, particularly the IRE1 pathway. By asking 
whether ATF6α activation plays a role in VACV replica-
tion, we investigated this event in ATF6α KO cells and 
compared with WT cells. When we analyzed VACV-WR 
growth curves in wild typed MEFs or in ATF6α KO fibro-
blasts we did not see important differences in virus yield 
(IMV production, which is the virus particle evaluated is 
such experiments).On the other hand, virus plaque sizes 
in the absence of ATF6α were consistently smaller than 
those seen on WT fibroblasts. Moreover, CPE observed 
on ATF6α KO cells seemed attenuated when compared 
to normal cells, and cells deficient in ATF6α presented 
significantly reduced viral gene expression. Interestingly, 
genetic complementation of the expression of ATF6α 
transcription factor in deficient cells was able to boost 

virus yield as well as to rescue CPE to wild type virus 
patterns (not shown). One possible explanation to why 
no differences were seen in virus yield in the growth 
curve experiments is that primary MEFs were otherwise 
infected, different from the transformed ATF6α knock-
out cells. Therefore, the intrinsic differences between 
these two cells could have masked possible differences in 
virus yield. Nonetheless, we saw no differences in virus 
morphogenesis either in the presence or in absence of 
ATF6α.

Collectively, our results indicate that VACV induces 
and exploits ATF6α signaling and the UPR upon infec-
tion in order to maximize its replicative success. None-
theless, the data shows that ATF6α and target genes are 
not required for virus replication, but may represent a 
viral strategy to boost virus yield in infected cells. Indeed, 
the exploitation of host signaling pathways by VACV in 
order to potentiate virus replication has been frequently 
described [41, 63–65]. Similar trend of UPR activa-
tion and regulation has been described for other viruses 
such as Myxoma virus [18], another member of Pox-
viridae family, as well as for other DNA viruses includ-
ing members of Herpesviridae [39] and Asfaviridae [40] 
families. It is also important to mention that the use of 
UPR by VACV to achieve maximum viral replication is 
rather selective. We evaluated VACV replication in PERK 
knockout cells in comparison to PERK WT cells and 
observed no differences in virus replication parameters, 
making this branch of the UPR apparently irrelevant for 
the VACV replicative success (data not shown). Further 
experimentation, however, will be necessary to thor-
oughly explore this hypothesis.

Conclusions
This work reveals how VACV manipulates and interacts 
in a complex way with cell signaling pathways starting 
from the ER, showing how the virus-host cell interaction 
is critical in determining the efficiency of a viral multi-
plication cycle, and how the absence of proteins with 
important roles in homeostasis cell, such as ATF6 from 
the UPR pathway, can interfere with this process.
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