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ABSTRACT Despite producing enormous amounts of cytoplasmic DNA, poxviruses
continue to replicate efficiently by deploying an armory of proteins that counter
host antiviral responses at multiple levels. Among these, poxvirus protein F17 dys-
regulates the host kinase mammalian target of rapamycin (mTOR) to prevent the ac-
tivation of stimulator of interferon genes (STING) expression and impair the produc-
tion of interferon-stimulated genes (ISGs). However, the host DNA sensor(s) involved
and their impact on infection in the absence of F17 remain unknown. Here, we show
that cyclic-di-GMP-AMP (cGAMP) synthase (cGAS) is the primary sensor that mediates in-
terferon response factor (IRF) activation and ISG responses to vaccinia virus lacking F17
in both macrophages and lung fibroblasts, although additional sensors also operate in
the latter cell type. Despite this, ablation of ISG responses through cGAS or STING
knockout did not rescue defects in late-viral-protein production, and the experimental
data pointed to other functions of mTOR in this regard. mTOR adjusts both autophagic
and protein-synthetic processes to cellular demands. No significant differences in au-
tophagic responses to wild-type or F17 mutant viruses could be detected, with au-
tophagic activity differing across cell types or states and exhibiting no correlations with
defects in viral-protein accumulation. In contrast, results using transformed cells or al-
tered growth conditions suggested that late-stage defects in protein accumulation re-
flect failure of the F17 mutant to deregulate mTOR and stimulate protein production. Fi-
nally, rescue approaches suggest that phosphorylation may partition F17’s functions as a
structural protein and mTOR regulator. Our findings reveal the complex multifunctional-
ity of F17 during infection.

IMPORTANCE Poxviruses are large, double-stranded DNA viruses that replicate entirely
in the cytoplasm, an unusual act that activates pathogen sensors and innate antiviral re-
sponses. In order to replicate, poxviruses therefore encode a wide range of innate im-
mune antagonists that include F17, a protein that dysregulates the kinase mammalian
target of rapamycin (mTOR) to suppress interferon-stimulated gene (ISG) responses.
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as broader cellular damage caused by infection (1, 2). Virtually all of these sensors act
by phosphorylating the endoplasmic reticulum (ER)-resident protein stimulator of
interferon (IFN) genes (STING) (3-6). Activated STING then binds TANK-binding kinase
1 (TBKT1) and translocates from the ER to the Golgi complex or lysosomal vesicles (1,
7-9). This in turn activates interferon response factors (IRFs) and nuclear factor «B
(NF-kB), resulting in IFN-stimulated gene (ISG) expression (10). Depending on the
sensor and pathway activated, distinct ISG responses are mounted to different patho-
gens or insults. Among DNA sensors, interferon gamma-inducible protein 16 (IFI16) and
DNA-dependent protein kinase (DNA-PK) predominantly sense foreign and/or dam-
aged DNA in the nucleus, while in the cytoplasm, vesicle-resident sensors like AIM2 or
Toll-like receptor 9 (TLR9) mount inflammatory and antiviral responses in specialized
immune cells (1, 2, 11, 12). However, the most potent activator of IFN responses is
cyclic-di-GMP-AMP (cGAMP) synthase (cGAS), which is resident in the cytosol and
expressed by a wide range of cell types (8, 13, 14). Upon binding DNA, cGAS produces
the second messenger cGAMP, which potently activates STING and IFN production
(15-25). Most DNA viruses replicate their genomes in the nucleus and are predomi-
nantly recognized by nuclear sensors like IF116 (8, 13, 14). However, because of cellular
damage during infection and the formation of defective particles, as well as complex
localization dynamics and cross talk between sensors, cGAS can contribute to sensing
several nuclear DNA viruses that are primarily recognized by IFI16. This complexity is
exemplified by studies of the roles of IFI16 and cGAS during herpes simplex virus 1
(HSV-1) infection (13, 14, 26-28). In contrast, poxviruses are highly unusual in that they
replicate entirely in the cytoplasm, where they produce enormous amounts of viral
DNA that leaves them particularly sensitive to detection by their hosts (29).
Members of the poxvirus family include variola virus (VarV), which caused smallpox,
and vaccinia virus (VacV), a closely related orthopoxvirus that was used as the smallpox
vaccine and is now widely considered the prototype for poxvirus research (29). Poxvi-
ruses infect a variety of cell types in vivo, including keratinocytes, fibroblasts, and
macrophages found in the skin or lungs, the primary sites of exposure, which is
followed by systemic spread by immune cells, such as macrophages. Each cell type is
capable of mounting distinct responses to infection (25, 30, 31). Further highlighting
the enormous complexity in both host responses and viral countermeasures, on
average, poxviruses encode ~200 proteins, of which ~100 have immunomodulatory
functions (29). These include inhibitors of protein kinase R (PKR), JAK-STAT, NF-«B, and
IRF signaling pathways that often intervene at several points in the same pathway or
block multiple pathways at the same time. In some cases, multiple viral proteins target
the same host factor as a fail-safe. Virtually all of the immunomodulatory proteins
identified to date are encoded within variable flanking regions of the genome and are
expressed early in infection, most likely in preparation for the robust host responses
that would otherwise be activated when cytoplasmic DNA replication begins. For more
on the broader topic of poxvirus immunomodulation, we refer readers to a recent, very
comprehensive review by Smith and colleagues (29). In terms of DNA sensing, it is
becoming clear from recent findings that poxviruses have the capacity to counteract
this on multiple levels. The host-encoded DNA binding protein barrier-to-auto-
integration factor (BAF) suppresses VacV infection but is countered by the viral B1
kinase (32), although BAF likely inhibits viral DNA replication directly and operates
independently of STING. Among host DNA binding proteins involved in sensing and
that signal through STING, DNA-PK can traverse from the nucleus to cytoplasmic viral
factories, and at least two viral proteins, C4 and C16, act to prevent DNA-PK-mediated
activation of IRF3 (33-35). Studies have also implicated IFI16, although it is not clear
whether it plays a direct role in sensing poxvirus infection, given the complexity of its
cross talk with cGAS discussed above, or if it operates in all cell types. For example,
although IFI116 translocates to viral factories in keratinocytes (36), this only occurs to a
limited level in fibroblasts (37) and is not observed in other cell types (38). Furthermore,
genetic knockout of IFI16 has no effect on ISG responses to modified vaccinia virus
Ankara (MVA) in murine dendritic cells (39), and no poxvirus antagonist of IFI16 has
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been reported to date, as far as we are aware. Recently, cGAS-STING signaling has
emerged as a major effector of host responses to poxvirus infection in several immune
cell types, such as dendritic cells and monocytes/macrophages (7, 25, 39-44). Intrigu-
ingly, beyond the complexity of in vivo contexts, most studies of responses mounted by
the infected cell use MVA, an attenuated strain whose replication is restricted in many
cell types and which fails to produce significant levels of late viral proteins. In addition,
studies of another VacV mutant (vv811) that lacks 55 genes, including all known
inhibitors of NF-kB, along with DNA-PK antagonists like C16, suggest the existence of
as-yet-unidentified viral proteins that counteract cGAS-STING activation, some of which
may be produced late in infection (40). In line with this, we recently discovered that the
late viral protein F17, a component of the lateral bodies of poxvirus particles (45-47),
can antagonize ISG production by dysregulating cross talk between mammalian target
of rapamycin (mTOR) complex 1 (mTORC1) and mTORC2 (37, 48).

mTORCT acts as a metabolic rheostat that senses nutrient and energy availability
and adjusts a wide range of cellular processes accordingly (49). For example, mTORC1
promotes protein synthesis and represses autophagy, which breaks down proteins and
other cellular components, to balance these activities and maintain cellular homeo-
stasis under different conditions (49-54). mTORC1 is also activated by Akt/PKB and
enhances protein synthesis and cell growth in response to various mitogenic cues.
In addition, mMTORC1 regulates broader metabolic functions of the cell, such as lipid
metabolism, and responds to a broader range of stimuli, including nucleotide
sensing and immune cell activation cues (49, 55-65). This positions mTORC1 as a
central regulator of cellular homeostasis, immune cell function, and innate antimi-
crobial responses.

In contrast, mTORC2 regulates cytoskeletal dynamics and activates Akt (66-68).
Given that Akt activates mTORC1, in order to avoid a feedforward activation loop,
several mTORC1 substrates repress both phosphoinositide 3-kinase (PI3K) and mTORC2
activity to form a self-balancing regulatory circuit (49, 69, 70). While most viruses identified
to date control mTORC1 by targeting upstream signaling (71), F17 directly targets mTORCs
by competitively sequestering Raptor and Rictor, key regulatory subunits of mTORC1 and
mTORC2, respectively (37, 48, 72). In doing so, F17 disrupts the mTORC1-mTORC2 regula-
tory circuit. In growth-arrested dermal fibroblasts or macrophages, this has complex
outcomes, as is common to perturbations in mTOR signaling in general (49, 51), as this
hyperactivates both mTORCs. As such, VacV activates downstream mTORC1 targets that
control translation and promotes mTORC2-Akt-mediated degradation of cGAS (37, 73). In
the absence of F17, potent ISG responses occur and late-viral-protein production is im-
paired in both fibroblasts and macrophages. However, these complex phenotypes and
mTOR’s multifunctionality mean that fundamental questions remain about how mTOR
dysregulation contributes to VacV infection. In particular, whether cGAS is required for
these host responses and whether it is these responses that suppress viral-protein produc-
tion in the absence of F17 remain unknown. In addition, the potential contributions of other
mTOR-regulated processes to infection remain unclear. Here, we show that cGAS is required
for the ISG response in a number of biologically relevant cell types but that this response
is not the cause of defects in late-viral-protein production by an F17 mutant. Instead, an
independent secondary function of F17-mediated mTOR dysregulation is to maximize
viral-protein production in resting cells. Moreover, rescue approaches suggest that F17’s
functions as a structural protein and mTOR regulator may be segregated through phos-
phorylation. These findings provide important insights into the complex multifunctionality
of F17 and the varied roles of mTOR dysregulation during late-stage VacV replication.

RESULTS

cGAS mediates ISG responses but does not restrict protein production by an
F17 mutant virus. To begin addressing the question of whether cGAS is required to
inhibit late-viral-protein production in the absence of F17, we first examined infection
in control or cGAS knockout (KO) monocytic THP1 cells. Cultures were differentiated to
macrophages with phorbol 12-myristate 13-acetate (PMA) and infected at a multiplicity
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of infection (MOI) of 5 with wild-type (WT) VacV or vRR10K, a mutant wherein F17
expression is repressed by a Lac operator system (47, 74). F17 expression is induced by
the inclusion of isopropyl-B-p-thiogalactopyranoside (IPTG) in the culture medium (as
such, we and others colloquially name the virus iF17) (46, 47, 74). However, F17 is
rapidly degraded after entry into the cell (45), enabling the use of this virus in infection
studies as a null mutant in the absence of IPTG. We return to the use of IPTG-mediated
induction later in this report. Western blotting showed, as we reported previously using
unmodified, differentiated THP1s (37), that the expression of early viral proteins, such
as E3 or I3, was readily detectable in cells infected with either virus by 24 h postinfec-
tion (h.p.i.) and that expression continued through 48 h.p.i. (Fig. 1A). In contrast,
postreplicative proteins of the intermediate and late classes, such as G8, D8, and F17
(75), were only detectable at relatively low levels at 24 h.p.i. but were abundantly
expressed during later stages, reached by 36 to 48 h. In control THP1s infected with WT
VacV, cGAS degradation was detectable at 24 h.p.i., when infection begins to enter the
late stage, while more extensive degradation was evident once late-stage replication
was fully established, when higher levels of F17 are expressed. Also in line with our
prior findings in multiple cell types (37), although cells infected with iF17 expressed E3
and I3 at levels equivalent to the levels in cells infected with WT VacV at both 24 and
48 h.p.i,, postreplicative proteins, such as D8 and G8, were only expressed at low levels
(Fig. 1A). Most importantly, we found that, at best, only modest increases in viral-
protein production occurred in cGAS knockout THP1 cells and that this occurred for
both WT and iF17 infections and not specifically for iF17 alone. This suggested that
cGAS-mediated ISG responses may not suppress late-viral-protein production in the
absence of F17.

To expand upon this initial observation, we next examined whether cGAS or STING
was required to mount an ISG response and their respective contributions to infection
in the presence or absence of F17. To do this, we first examined infection in commer-
cially available monocytic THP1 cells that have had cGAS, STING, or IFI16 expression
genetically knocked out and which carry reporters for IRF and NF-«B activity. Cultures
were differentiated and infected as described above. In control THP1s infected with WT
VacV, downstream TBK1 activation and ISG induction were not observed at either 24 or
48 h.p.i. (Fig. 1B and Q). In addition, ISG56 was degraded, in line with our previous
studies in several cell types (37). Notably, the extent of cGAS degradation is somewhat
variable at 24 h.p.i. in THP1s, as infection begins to enter late stages, but is always
robustly detectable once late-stage infection is established, by 36 to 48 h.p.i. (Fig. 1B
and see below). VacV only degrades a subpopulation of cGAS that translocates to
initiate host responses, and THP1s express extremely high levels of this protein (37), as
is shown again in results described below, making the initial degradation challenging
to detect in these cells at times. In control THP1s infected with iF17, cGAS levels
remained unchanged or even increased partially, as cGAS is an ISG itself (37), while
downstream TBK1 activation and enhanced expression of I1SGs (PKR, MxB, and 1SG56)
was detected (Fig. 1B). Moreover, genetic knockouts demonstrated that both cGAS and
STING were essential for the ISG response to iF17 infection at both the 24 h and 48 h
time points (Fig. 1B). In contrast, the predominantly nuclear sensor IFI16 was not
required to initiate this host response (Fig. 1A), in line with prior studies of murine
dendritic cells infected with MVA (39). It must be noted that, over time, uninfected IFI16
knockout cells accumulated higher basal levels of PKR and MxB that made their
induction in response to iF17 infection less obvious than in control lines, particularly at
later time points. However, lower basal levels of ISG56 made its induction readily
detectable, as was the broader suppression of ISG responses by WT VacV in IFI16
knockouts (Fig. 1B). Finally, while our analysis confirmed that cGAS and STING were
required to mount an ISG response, we also found that ablation of these responses
through knockout of either factor did not restore late viral-protein synthesis by iF17 to
any notable extent.

To further analyze the host response, we next infected THP1s as described above
and performed secreted embryonic alkaline phosphatase (SEAP) or Lucia luciferase
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FIG 1 cGAS-STING signaling is required for ISG responses to VacV lacking F17 in human THP1 cells. Control, cGAS
KO, STING KO, or IFI16 KO THP1 cells were differentiated to macrophages and mock infected (M) or infected with
WT or iF17 virus at an MOI of 5 for the indicated times. (A) Cultures of control or cGAS KO THP1s were infected for
24 h or 48 h and analyzed by Western blotting with antibodies to the indicated proteins. int, intermediate. (B)
Cultures were infected for 24 h or 48 h. Whole-cell lysates were subjected to Western blotting with antibodies to
the indicated proteins. (C) Top, control or cGAS KO THP1s were infected for 48 h and then analyzed by Western
blotting with antibodies to the indicated proteins. Middle and bottom, supernatants were subjected to SEAP
(NF-kB) (middle) and Lucia-luciferase (IRF) (bottom) reporter assays. RLU, relative light units. Error bars show
standard errors of the means (SEM). *, P < 0.05; **, P = 0.01; ***, P < 0.001; ****, P < 0.0001. Statistical analysis was
performed using analysis of variance (ANOVA) and Tukey's or Sidak's test for multiple post hoc comparisons. All
data are derived from and representative of at least 3 biological replicates.

assays to determine NF-kB or IRF activity, respectively. Western blotting confirmed
cGAS-dependent phosphorylation of STING and TBK1 during iF17 infection in control
but not in cGAS knockout cells (Fig. 1C). Reporter assays showed that neither WT nor
iF17 viruses activated NF-kB in control THP1s, while in ¢GAS knockout cells, NF-«B
activity was reduced across either uninfected or infected cells. In contrast, IRF activity

August 2019 Volume 93 Issue 15 e00784-19

Journal of Virology

jviasm.org 5


https://jvi.asm.org

Meade et al.

was greatly increased specifically during infection by iF17, and this response was absent
in cGAS-deficient THP1s (Fig. 1C). This is in line with the notion that F17 is only required
to block specific aspects of cGAS-STING signaling to IRFs but continues to express many
of the viral factors that prevent NF-«B activation. Indeed, we found previously that iF17
infection progresses through early and intermediate stages normally, and despite
activating ISG responses, this virus continues to block IFN release from cells and does
not activate the double-stranded RNA (dsRNA) sensor PKR (37), which requires the
expression of several early-stage antagonists (76-80; reviewed in reference 48). Overall,
these new data demonstrated that, although cGAS is required to mount an antiviral
response in the absence of the viral protein that drives its degradation, this response
is likely countered by other viral proteins and is not the primary cause of reduced
late-viral-protein production during iF17 infection.

To test this in an independent cell type, we next generated cGAS knockouts in lung
fibroblast MRC5 cells (Fig. 2A). Similar to our prior findings in primary normal human
dermal fibroblasts (NHDFs) (37), VacV caused a notable reduction in cGAS abundance
and did not induce host ISG responses in control MRC5 cells. Similar to the results for
both NHDF and THP1 cells, the iF17 virus expressed the early proteins E3 and I3 at levels
equivalent to the levels in cells infected with WT VacV but failed to produce high levels
of postreplicative (intermediate or late) proteins G8, D8, and A14 (Fig. 2A). In addition,
iF17 produced lower levels of the late structural protein A10, which was also notably
not processed to its faster-migrating form, which occurs during virion maturation (81).
This is in line with prior reports of late-stage defects in virion maturation in the absence
of F17, which involve failed processing of other structural proteins (46, 47), and
suggests that, although this mutant proceeds through early stages of infection, it
subsequently encounters both postreplicative-protein production and virion matura-
tion defects. In control cells, iF17 infection also caused robust STING-TBK1 phosphor-
ylation and ISG expression (Fig. 2A). These host responses were inhibited in two
independent cGAS knockout MRC5 lines, but this did not restore late-viral-protein
production or processing of A10 during iF17 infection. We also noted that, although
STING-TBK1 activation and ISG responses were robustly impaired, they were not
completely ablated by cGAS knockout in MRC5 cells (Fig. 2A). Examining the expression
of some representative DNA sensors across unmodified and reporter THP1 cells along-
side MRC5s and NHDFs showed the extent to which cGAS is overexpressed in immune
cells compared with its expression in fibroblasts of different kinds (Fig. 2B). However,
lung fibroblasts were found to express notably higher levels of DNA-PK, a sensor known
to mediate responses to poxvirus infection (33-35). While the precise nature of the
sensor(s) in MRC5 cells that mediates these secondary responses to poxvirus infection
independently of cGAS remains to be identified, cumulatively, our data revealed that
cGAS is an essential sensor during poxvirus infection in immune cells and an important
sensor in other biologically relevant cell types. However, the fact that cGAS knockout
failed to restore postreplicative-viral-protein levels during iF17 infection in either cell
type suggested that, beyond cGAS destabilization and blocking of ISG responses, mTOR
dysregulation controlled distinct processes important for maximal viral-protein accu-
mulation.

F17 is required to maximize viral-protein production in resting cells. As dis-
cussed in the introduction, mTOR activity balances the processes of protein synthesis
and the autophagic breakdown of cellular components, including proteins (49). There-
fore, we next examined the effects of mTOR inhibition on autophagy and any corre-
lations this might have with viral-protein accumulation. To do this, control or cGAS
knockout THP1s were infected as described above in the presence of a dimethyl
sulfoxide (DMSO) solvent control or PP242, a catalytic-site inhibitor of mTOR kinase
activity. Notably, immune cells have low metabolic and mTOR activity until activated
(82-85), and in line with this, the mTOR substrates 4E-BP1 and p70S6 kinase (p70S6K)
were predominantly in their hypo- or underphosphorylated state in uninfected THP1s
(Fig. 3A) (49). Similar to our prior study with unmodified THP1s, F17 expressed by VacV
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FIG 2 cGAS is required for maximal STING activation and ISG responses to VacV lacking F17 in human
MRC5 lung fibroblasts. (A) Control or two independent lung fibroblast MRC5 c¢GAS KO cell lines were
mock infected (M) or infected with WT or iF17 virus at an MOI of 5 for 30 h. Whole-cell lysates were
subjected to Western blotting. int, intermediate; U>, unprocessed A10; P>, processed A10. (B) Differ-
ential abundances of DNA sensors in human cells. Unmodified THP1 cells, commercial THP1 Dual reporter
cells used in the experiment whose results are shown in Fig. 1, MRC5 cells, and primary NHDF cells were
mock infected (M) or infected with WT or iF17 virus at an MOI of 5 for 40 h (THP1 cells), 48 h (THP1
reporter cells), or 30 h (MRC5 and NHDF cells). Whole-cell lysates were subjected to Western blotting with
antibodies to the indicated proteins. Note that cGAS is expressed at far lower levels and degradation of
a subpopulation of cGAS is more readily detectable in fibroblasts than in THP1 cells. All data are derived
from and representative of at least 3 biological replicates.

dysregulated mTOR and stimulated phosphorylation of both substrates, as evidenced
by the appearance of slower-migrating species of 4E-BP1 and p70S6K and concomitant
decreases in the abundance of faster-migrating underphosphorylated species. This was
further confirmed using phosphorylation site-specific (phosphospecific) antibodies
against either mTOR substrate. In contrast, intermediate phosphorylation of these
substrates was observed during infection with iF17 (Fig. 3A). We showed previously that
this reflects continued host control of mTOR in the absence of F17 and facilitates
antiviral responses to infection (37). Notably, these patterns of mTOR activity during WT
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FIG 3 Effects of poxvirus infection and mTOR inhibition on mTOR substrates and autophagy in THP1 cells. (A)
Control or cGAS KO THP1s were differentiated to macrophages and then mock infected (M) or infected with WT
or iF17 virus at an MOI of 5 for 36 h. Cells were treated with DMSO or the mTOR inhibitor PP242 (2.5 uM) at the
time of infection. Whole-cell lysates were subjected to Western blotting with antibodies to the indicated proteins.
Fast-migrating nonphosphorylated (0) and slower-migrating species of differently phosphorylated (P) forms of
4E-BP1 or p70S6K are shown. Note that hypo- and underphosphorylated forms of 4E-BP1 accumulate when mTOR
is inactive, while p70S6K is completely dephosphorylated. With intermediate signaling in iF17-infected cells, more
hypophosphorylated 4E-BP1 (lowest band) is detected than in WT-infected samples. S.E., short exposure; int,
intermediate; U>, unprocessed A10; P>, processed A10. Very low basal levels of A10 were produced in THP1 cells
infected with iF17. However, detectable levels were present in cGAS KO cells that further demonstrate the lack of
A10 processing during iF17 infection. (B) LC3B was quantified as the percentage of total LC3 (LC3A and LC3B) using
densitometry measurements of autoradiographs. Error bars show SEM. *, P =< 0.05. Statistical analysis was per-
formed using ANOVA and Sidak’s test for multiple post hoc comparisons. All data are derived from and represen-
tative of at least 3 biological replicates.
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or iF17 infection occurred regardless of the presence or absence of cGAS (Fig. 3A). This
suggests that, although these changes in mTOR activity facilitate host responses during
iF17 infection, these changes are not caused by the host antiviral response or cGAS
activation. As such, intermediate mTOR activation in the absence of F17 most likely
reflects cellular responses to the protein-synthetic demands imposed by infection,
discussed again below. Examining the autophagy marker LC3 (86), a relatively high
basal level of processing of LC3A into LC3B, indicative of autophagy, was observed
across all conditions (Fig. 3A and B). This is in line with low levels of mTOR activity and
relatively high levels of autophagy in specific immune cell types, which together
regulate immune cell activity as discussed previously (56, 59, 64, 87). Also in line with
low mTOR activity in THP1s, although treating these cells with PP242 further sup-
pressed mTOR, as determined by dephosphorylation of the mTOR substrates 4E-BP1
and p70S6K, this only modestly increased autophagy in these cells (Fig. 3A and B).
Assessing the effects of infection, no significant changes in LC3 processing compared
to that in uninfected cells were observed with either WT or iF17 viruses. These
observations made using LC3 as an autophagic readout were further confirmed using
the autophagy regulator ULK1, whose phosphorylation prevents autophagy (86). While
mTOR inhibition suppressed ULK1 phosphorylation, no notable differences were ob-
served in control DMSO-treated cells across uninfected or infected samples. This further
demonstrated that infection with either WT or iF17 viruses did not induce significant
levels of autophagy in THP1 cells. However, mTOR inhibition caused notable decreases
in postreplicative-viral-protein accumulation for both viruses, and this occurred regard-
less of the presence or absence of cGAS. Notably, early proteins like E3 and 13 were
relatively insensitive to mTOR inhibition, which suggests, as discussed again below, that
mTOR activation is particularly important during the transition to the later stages of
infection where there is a high protein synthesis demand to support virus replication.

To explore this further, we next examined infection in MRC5 cells under different
culture conditions. Unlike the case for differentiated THP1s, mTOR activity was high and
basal autophagy levels were much lower in confluent MRC5 cultures maintained in
low-serum (0.2% fetal bovine serum [FBS]) medium as determined by measurements of
LC3 processing (Fig. 4A and B). In line with this low basal level of autophagy, treating
these cells with PP242 induced large increases in LC3 processing in both uninfected
and infected cells. This was further confirmed by the large decrease in ULK1 phosphor-
ylation that was caused in all samples upon treatment with PP242 (Fig. 4A). However,
despite a low basal level and readily detectable induction of autophagy in these cells,
similar to the results for THP1s, there were no significant changes in autophagy in
response to infection with either WT or iF17 viruses. Moreover, despite dramatically
different levels of autophagy between THP1 and MRC5 cells, mTOR inhibition signifi-
cantly reduced postreplicative-viral-protein accumulation in both cell types (Fig. 3A and
Fig. 4A). This is in line with a broader requirement for mTOR in the case of both viruses,
regardless of their use of host- or F17-regulated mTOR to drive late-viral-protein
production. In contrast, early proteins E3 and I3 appeared less dependent on mTOR in
both cell types. This again emphasizes the particular importance of mTOR activity
during the postreplicative phase of infection and the timing of its activation by F17. The
lower dependence of early proteins on mTOR activity may reflect a lower protein-
synthetic burden on the cell at early stages but is also in line with our broader
understanding of mTOR-mediated translational control, wherein cellular proteins also
exhibit a range of dependencies, discussed again below (37, 49, 88, 89).

In subconfluent MRC5 cells cultured in normal growth medium (5% FBS), basal LC3
processing was higher than in confluent cultures and more in line with the levels in
THP1s (Fig. 4C and D). The mTOR inhibitor PP242 increased LC3B processing but only
to statistically significant levels in uninfected cells. In line with this, only low levels of
ULK1 phosphorylation were detectable, while mTOR inhibition further reduced this
across both uninfected and infected cells. However, regardless of varying levels of basal
autophagy and autophagic responses across THP1 or MRC5 cells or across MRC5s in
different growth states, no significant changes in autophagy could be detected in
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FIG 4 Effects of poxvirus infection and mTOR inhibition on mTOR substrates and autophagy in MRC5 cells under
different growth conditions. (A and B) Confluent cultures of MRC5s cultured in 0.2% FBS medium (low serum) were
mock infected (M) or infected with WT or iF17 virus at an MOI of 5 for 30 h. Cells were treated with DMSO or the
mTOR inhibitor PP242 (2.5 uM) at 8 h.p.i. (C and D) MRC5s cultured in normal growth medium (normal serum) were
infected as described for panels A and B. Cells were treated with DMSO or PP242 (2.5 uM) at 8 h.p.i,, and samples
were harvested at 30 h.p.i. int, intermediate; U>, unprocessed A10; P>, processed A10. Note that processing of A10
makes the difference in total protein levels between WT and iF17 samples appear smaller due to separation of
signals. Fast-migrating nonphosphorylated (0) and slower-migrating species of differently phosphorylated (P) forms
of 4E-BP1 or p70S6K are shown. (B and D) LC3B was quantified as the percentage of total LC3 (LC3A and LC3B)
using densitometry measurements of autoradiographs. Error bars show SEM. *, P < 0.05; **, P < 0.01. Statistical
analysis was performed using ANOVA and Sidak's test for multiple post hoc comparisons. All data are derived from
and representative of at least 3 biological replicates.

response to infection with either WT or iF17 viruses. Despite this, mTOR inhibition again
suppressed postreplicative-viral-protein synthesis in MRC5s under high-serum condi-
tions, with differential effects on individual viral proteins similar to those observed
under low-serum conditions. Overall, from these comparisons, no clear induction of
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autophagy in response to infection could be detected, nor did correlations between
levels of autophagy induction upon mTOR inhibition and effects on viral-protein
accumulation emerge. Instead, the extent of defects in late-viral-protein production
during iF17 infection compared with the late-viral-protein production during WT
infection appeared greatest in THP1 or MRC5 cells cultured under low-serum condi-
tions, despite opposing levels of basal autophagy in each cell type, and the defects
were less severe in MRC5s cultured in normal-serum medium despite high levels of
LC3B processing. This suggested that the extent of defects in viral-protein production
in the absence of F17 was more dependent on the signaling and translational activity
of the cell and that there was likely only a limited role for autophagy during infection.
This notion is in line with a number of studies showing that autophagy has neither
negative nor positive impacts on infection by several poxviruses, including VacV
(90-93).

An important point arising from our experiments with MRC5s is the effect that VacV
infection has on mTOR substrates in different cell types. In several cell types that we
have examined previously (37), as well as THP1s as shown above and NHDFs as shown
below, infection with WT VacV but not iF17 causes increases in 4E-BP1 and p70S6K
phosphorylation. However, in MRC5 cells, there were very distinct patterns of mTOR
activity in response to either WT or iF17 viruses. In iF17-infected cells, host responses
appeared to involve a partial activation of mTOR in resting cells but a decrease in
activity in cycling cells, which likely reflects responses to different cellular demands
imposed by iF17 infection under each condition (Fig. 4A and C). However, across both
conditions, mTOR substrate phosphorylation was higher in iF17- than in WT-infected
samples. This suggested that mTOR activity was sustained to varying extents in
response to iF17 infection, while under both conditions, WT virus suppressed this
activity. Beyond comparisons between infected cells, with the exception of modest
p70S6K activity under low-serum conditions, infection of MRC5s with WT virus caused
decreased mTOR substrate phosphorylation to below the levels observed even in
uninfected cells. This opposing and seemingly contradictory behavior is actually in line
with what is known about the effects of removing Raptor from mTORC1, which is how
F17 targets mTOR (37). Raptor is a substrate gatekeeper for mTOR (49, 94), and
depending on cellular metabolic state and the basal level of mTOR activity, removing
Raptor has opposing effects: under low-amino acid conditions, Raptor removal acti-
vates mTOR, while under amino acid-replete conditions, Raptor removal suppresses
mTOR substrate phosphorylation (95, 96). Adding to this complexity, mTOR recognizes
distinct motifs and thereby differentially regulates the phosphorylation of substrates
like p70S6K and 4E-BP1 (69), which is also evident across our analyses. Our data suggest
that MRC5 cells have a high basal level of mTOR activity, perhaps due to the fact that
they are telomerase immortalized, and that these cells modulate mTOR differently in
response to infection by iF17 depending on culture conditions. However, during WT
infection of these cells, dysregulation of mTOR by F17 manifests as suppression of
mTOR substrate phosphorylation. This highlights the importance of considering the
enormous complexity in how mTOR is used by different cell types in different states for
different, multifunctional purposes (49, 51, 97) and the unique nature of F17’s dysregu-
lation of mTORCs.

These observations prompted us to examine the effects of culture conditions and
cell state on protein production by iF17 in other cell types. Beginning with primary
NHDFs that were either growth arrested in low-serum medium (0.2% FBS) or cycling in
normal-serum medium (5% FBS) (98), we again observed no notable autophagic
responses to infection under either condition, and yet, clear differences in mTOR
substrate phosphorylation became evident (Fig. 5A). In growth-arrested NHDFs, WT
VacV caused robust increases in p70S6K and 4E-BP1 phosphorylation, while interme-
diate mTOR activation in response to iF17 infection was again evident, in line with
observations in THP1s described above (Fig. 3A) and as reported previously (37). In
cycling NHDFs, however, the basal level of mTOR activity in uninfected cells was higher
(Fig. 5A). Under these conditions, the changes in mTOR substrate phosphorylation
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FIG 5 Cell state and basal mTOR activity determine the degree of defects in late viral-protein accumulation in the
absence of F17. (A) Primary NHDFs were maintained as confluent cultures for 72h in 0.2% FBS medium
(Growth-arrested) or maintained in normal growth medium (Cycling). Cultures were then mock infected (M) or
infected with WT or iF17 virus at an MOI of 5 for 30 h. Whole-cell lysates were subjected to Western blotting with
antibodies to the indicated proteins. Fast-migrating nonphosphorylated (0) and slower-migrating species of
differently phosphorylated (P) forms of 4E-BP1 or p70S6K are shown. (B and C) HEK293A (B) or BSC40 (C) cells were
mock infected (M) or infected with WT or iF17 virus at an MOI of 5 for 24 h. Cells were treated with DMSO or PP242
(2.5 uM) at the time of infection. Whole-cell lysates were subjected to Western blotting. (D) mTOR activity and
responses in normal and transformed cell lines. NHDF, HEK-293A, and BSC40 cells were cultured for 3 days in
medium containing 0.2% FBS (St. [serum starved]). Cells were then stimulated with 10% FBS for 1 h. Cultures
treated with the mTOR inhibitor PP242 for 1 h are also included. Note that, unlike NHDFs, transformed cell lines do
not significantly repress mTOR under low-serum conditions, nor do they significantly activate mTOR in response to
FBS stimulation. PP242-treated samples demonstrate that mTOR does regulate 4E-BP1, as well as autophagy
regulators, in transformed cells. int, intermediate; U>, unprocessed A10; P>, processed A10. All data are derived

from and representative of at least 3 biological replicates.

caused by infection were both subtle and complex. While moderate 4E-BP1 phosphor-
ylation was observed with both viruses, modest suppression of p70S6K phosphoryla-
tion was consistently observed only during infection with WT VacV (Fig. 5A). We verified
as described below that this is specific to cycling NHDFs only when F17 is expressed in
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the context of infection, and this observation suggests that cycling NHDFs are in a state
that partially resembles that of immortalized MRC5s. This further highlights the impor-
tance of considering cell type and state in understanding the effects of F17-mediated
mTOR dysregulation. In particular, the clearest phenotypes arise in resting primary
NHDFs and THP1 cells, which are arguably the most biologically relevant conditions
across cell types examined in this study. However, despite this complexity in how mTOR
dysregulation manifests in terms of mTOR substrate phosphorylation in NHDFs cultured
under different conditions, the outcomes in terms of the effects on ISG responses and
viral-protein production were again in line with those of other cell types examined
above. Regardless of culture conditions, similar induction of ISGs occurred in response
to iF17 infection, while ISG levels were decreased in the presence of F17 during WT
infection (Fig. 5A). Moreover, differences in the accumulation of postreplicative viral
proteins during WT versus iF17 infection were notably larger in growth-arrested than in
cycling NHDFs (Fig. 5A), similar to correlations that emerged across MRC5 cells earlier
(Fig. 4). Cumulatively, these findings suggested that the primary cause of defects in
postreplicative-protein accumulation in the absence of F17 was not ISG responses or
autophagy but, rather, the growth status of the host cell, which determines the basal
levels of mTOR and protein synthesis activity. While the iF17 virus can piggyback off
these host activities to produce viral proteins to varying levels, a critical function of F17
is to dysregulate mTOR in order to uncouple its complex regulatory networks while
driving protein synthesis. Moreover, these data further suggested that the translation-
ally hyperactivated state of many transformed cell lines may underlie the apparently
dispensable nature of F17 for viral-protein synthesis in previous studies (47).

We recently showed that the iF17 virus produces normal levels of late viral proteins
in HEK293A and BSC40 cells (37), in line with the original characterization of this mutant
in the commonly used BSC40 cells (47). Our report suggested that this was likely due
to the lack of cGAS expression and ISG responses in these cells. However, new data
described above revealed that cGAS-mediated ISG responses did not specifically con-
trol protein production during iF17 infection and pointed instead to the mTOR activa-
tion and protein-synthetic status of the host cell. To test this and the potential
contribution of mMTOR, we infected HEK293A or BSC40 cells in the presence or absence
of mTOR inhibitors. In doing so, we found that in DMSO solvent control-treated
HEK293A cells, mTOR activation by WT VacV could be detected similarly to the results
for THP1 and NHDF cells, as could intermediate activation during iF17 infection (Fig.
5B). Notably, this was more readily detected using conventional band-shifting ap-
proaches that assess all of the phosphorylated species of each protein, while the results
for phosphospecific antibodies suggested that mTOR was activated equally by both WT
and iF17 infection. This suggests that some aspects of mTOR responses are retained in
HEK293A cells, albeit only to a modest degree. Moreover, as HEK293A cells do not
mount an ISG response to iF17 infection (37), these changes in mTOR activity further
support the notion derived from cGAS knockout THP1s as described above that broader
changes in cell state caused by iF17 infection feed into and affect the mTOR pathway.
In the case of HEK-293A cells, this iF17-mediated activation is likely to be relatively
robust due to the high level of viral-protein production that is supported by trans-
formed cells, which in turn feeds into and influences mTOR activity. In contrast, in
BSC40s, basal mTOR substrate phosphorylation was extremely high even in uninfected
cells, preventing detection of any changes that might occur during infection by either
virus (Fig. 5C). These observations highlight the limited utility of transformed cell lines
in understanding how viruses manipulate host signaling pathways in more relevant
contexts. Further highlighting their relative hyperactivation, HEK293A and BSC40 cells
could not be efficiently serum starved and mTOR responses to serum stimulation were
modest at best, in stark contrast to the robust responsiveness of NHDFs (Fig. 5D). In line
with the broader translational hyperactivation of transformed cell lines (88), both WT
and iF17 viruses produced similar levels of early, intermediate, and late viral proteins in
both HEK-293A and BSC40 cells. In addition, both viruses now showed an equal
dependence on mTOR activity for maximal viral-protein production (Fig. 5B and C).
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FIG 6 IPTG-mediated induction of F17 expression is cell-type specific. (A) Schematic of the Lac repressor system in
the iF17 virus. The Lacl gene repressor under the control of an early/late p7.5 promoter is inserted into the TK gene.
The LacO binding site represses F17 expression in the absence of IPTG. ORF, open reading frame. (B) BSC40 cells
were infected at an MOI of 5 for 24 h with WT or iF17 viruses in the presence or absence of 5 mM IPTG. Note that
restoration of F17 expression in iF17 viruses with IPTG treatment restores processing of A10. (C) Growth-arrested
NHDFs were infected at an MOI of 3 for 30 h with the indicated viruses in the presence or absence of 5 mM
IPTG. S.E., short exposure; int, intermediate; U>, unprocessed A10; P>, processed A10. Fast-migrating nonphos-
phorylated (0) and slower-migrating species of differently phosphorylated (P) forms of 4E-BP1 or p70S6K are
shown. All data are derived from and representative of at least 3 biological replicates.

Notably, mTOR inhibition had only modest effects on early proteins, while all postrep-
licative proteins tested exhibited notable dependencies on mTOR activity for their
accumulation, similar to observations in other cell types described above. Moreover,
mTOR inhibition did not affect A10 processing but simply repressed the levels of A10
accumulation; processing was difficult to detect in HEK293A cells infected with WT virus
due to the combined effects of reduced protein levels and continued processing of this
protein into distinct signals (Fig. 5B), but this was readily seen in BSC40 cells (Fig. 5C).
This suggests that virion maturation events requiring F17 are distinct from those
involving control of mTOR. Overall, these approaches showed that defects in protein
accumulation in the iF17 virus could be rescued to a significant extent in actively
cycling cells and completely rescued in translationally hyperactivated transformed cell
lines.

Rescue of iF17 suggests regulated partitioning of F17 functions during infec-
tion. As mentioned earlier, iF17 harbors a Lac repressor system that enables IPTG-
mediated induction of F17 expression (Fig. 6A) (47, 74). In our hands, IPTG readily
induced F17 expression in BSC40 cells infected with the iF17 virus and restored the
processing of A10 that is associated with the assembly of virus particles (Fig. 6B).
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However, IPTG-mediated induction of F17 expression was undetectable in normal cells,
such as NHDFs (Fig. 6C). To address this and to rule out the possibility that the absence
of thymidine kinase (TK) expression in the iF17 mutant might contribute to some of the
phenotypes observed with this virus, we generated an “expression revertant” virus
stock (iF17-R). Notably, studies using the iF17 virus report low levels of F17 expression
and virus replication (46, 47, 74), and yet, the source of this replication remains unclear.
This likely either reflects a low level of leakiness of the repression system across all viral
genomes or the emergence of a low percentage of escape mutants. Given the essential
nature of F17 for virus replication combined with the nature of the regulatory system
that requires a Lac repressor protein to be expressed and a LacO gene repressor
binding site to be maintained, we postulated that growing stocks in the absence of
IPTG would put high selective pressure on iF17 to generate escape mutants. Remark-
ably, IPTG-resistant virus emerged which had a minimal lag compared with the growth
of normal virus stocks and showed the restoration of significant levels of F17 expression
(Fig. 6C). For our experiments, we used the mixed pool of expression revertants to avoid
basing any findings on any one particular isolate. However, to get a sense of how these
expression revertants may have formed, we PCR amplified and sequenced the TK and
F17 regions to determine the predominant mutations present in this stock. Sequencing
showed that the F17 promoter, LacO gene repressor binding site, and F17 open reading
frame remained unchanged (Fig. 7A). In contrast, we detected sequence variations on
either side of the p7.5 promoter and a large truncation of the coding region for the
LacO gene repressor, leaving behind only a small portion of the DNA binding domain
and lacking essential multimerization and regulatory regions (Fig. 7B and C). This
suggested that the predominant mechanism by which expression revertants formed
was through mutations in the promoter that likely suppress the expression of the
repressor protein and/or mutations resulting in the loss of large portions of the Lacl
gene repressor open reading frame.

Infection of growth-arrested NHDFs revealed that the iF17-R virus phosphorylated
4E-BP1 and p70S6K, suppressed ISG expression, and enhanced the production of
postreplicative viral proteins compared with the levels seen for the parental iF17 virus
(Fig. 6C). Notably, suppression of ISG responses and restoration of postreplicative-viral-
protein production did not reach the levels observed for WT virus, likely due to lower
expression of F17 by the iF17-R virus. While the absence of TK has been shown to
reduce virus replication in normal cells in vivo (99), studies suggest there is little
requirement for TK in cultured cells, including resting normal cells (100, 101). However,
although we cannot completely rule out a contribution from TK to overall virus
replication in the iF17 mutant background, our data clearly show that F17 mediates
mTOR activation and reveal a dose-dependent correlation between F17 expression and
the extent of ISG suppression, as well as viral-protein production across all three viruses,
regardless of genetic background. This included the restoration of A10 expression and
processing. Similar results were also observed in differentiated THP1 cells, although due
to low levels of expression, the processing of A10 was again more difficult to discern
in these cells (Fig. 8A). In addition, luciferase assays in these reporter THP1 cells further
showed that, although significant IRF activation could be detected in cells infected with
iF17-R, the levels of activation were notably lower than with the iF17 virus (Fig. 8B). As
such, there was once again a clear dose-dependent correlation between levels of F17
expression and ISG responses in THP1 cells across these three different viruses.

Interestingly, unlike the results for NHDFs or THP1s, we found that IPTG-mediated
induction worked to some extent in MRC5 cells infected with iF17 virus (Fig. 8C). In line
with the findings shown in Fig. 4, in the absence of IPTG, WT virus suppressed mTOR
signaling and ISG responses in MRC5s, while moderate expression of F17 by iF17-R
resulted in intermediate phenotypes in this regard. With IPTG treatment, the original
iF17 virus was induced to express a lower level of F17 and caused a more moderate
reduction in ISG expression than either the WT or iF17-R virus. However, IPTG-treated
cells infected with iF17 exhibited more robust mTOR suppression and produced
moderately more viral proteins than untreated iF17-R, despite expressing lower levels
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FIG 8 Restoration of F17 expression and rescue of phenotypes in the iF17 virus using multiple strategies.
(A) Differentiated THP1 cells were infected at an MOI of 5 for 48 h with the indicated viruses. S.E., short
exposure; int, intermediate; U>, unprocessed A10; P>, processed A10. Note that low-level expression of
A10 combined with its processing during iF17-R infection makes A10 detection difficult. Fast-migrating
nonphosphorylated (0) and slower-migrating species of differently phosphorylated (P) forms of 4E-BP1
or p70S6K are shown. (B) Differentiated THP1s were infected at an MOI of 5 with the indicated viruses
for 48 h. Supernatants were subjected to Lucia luciferase reporter assays to measure IRF activity (n = 3).
RLU, relative light units. Error bars show SEM. ****, P < 0.0001; N.S, not significant. Statistical analysis was
performed using ANOVA and Tukey's test for multiple post hoc comparisons. (C) MRC5 cells were infected
at an MOI of 5 with the indicated viruses in the presence or absence of 5 mM IPTG for 48 h. L.E., long
exposure. All data are derived from and representative of at least 3 biological replicates.

of F17. Interpreting these two specific phenotypes was complicated by the fact that
IPTG increased mTOR signaling in uninfected cells, which may help boost viral-protein
production indirectly and confounds our ability to make direct correlations between
F17 expression and mTOR activity under conditions with or without IPTG. In addition,
IPTG treatment further increased F17 expression by iF17-R, in line with sequencing data
suggesting that our revertant pool harbors a mixture of viruses, including some that
would likely remain subject to some degree of repression, which would explain why

FIG 7 Legend (Continued)

repressor (yellow arrow) flanked by left and right TK sequences (orange arrows) at the insertion site. Restriction sites used in the original generation of the
vector are shown. Boxed regions highlight sequence divergence detected in the iF17-R stock at the p7.5 promoter or loss of large portions of the Lacl gene
open reading frame. (C) Sequence alignment and predicted structure of the Lacl gene repressor. Red is the N-terminal DNA binding domain, blue is the core
regulatory region, green is the C-terminal tetramerization domain, and yellow represents the partial DNA binding domain that remains in the iF17-R virus.
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this revertant does not fully restore F17 expression. Again, mTOR activity was sup-
pressed by the iF17-R virus, albeit with the caveat of effects of IPTG itself on mTOR
signaling. Beyond mTOR regulation, with increased F17 expression in IPTG-treated cells
infected with iF17-R, there was a greater suppression of ISG levels and an increase in
postreplicative-viral-protein accumulation. Indeed, despite the confounding effects of IPTG
on MTOR signaling and the complexity this generated, this wide range of conditions
revealed a striking correlation between F17 expression and the degree of phenotypic
rescue, regardless of viral genetic background.

Finally, as an independent approach to rescuing the iF17 virus, we infected NHDFs
expressing Flag-tagged forms of F17. Notably, F17 is phosphorylated at Ser53 and
Ser62, but this phosphorylation is not required for virion maturation (46). While its
function remained mysterious, we recently showed that phosphorylation at these sites
serves to enhance F17 binding to Raptor and Rictor to dysregulate mTOR (37). Impor-
tantly, previous studies showed that an N-terminal Flag tag, which is negatively
charged, mimics F17 phosphorylation (46). As such, Flag tagging enabled us to gen-
erate an effectively “constitutively phosphorylated” form of WT F17, alongside a second
phosphomimetic S53/62E mutant, both of which could be observed to activate mTOR
in uninfected NHDFs (Fig. 9A). It is important to point out that F17 did not express well
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in growth-arrested NHDFs. This limited us to studying cycling NHDFs, wherein effects
on mTOR are relatively subtle and, in the context of infection, F17 expression leads to
partial suppression of p70S6K (Fig. 5A). Indeed, low levels of p70S6K suppression were
detected in Flag-F17-expressing NHDFs infected with iF17, as well as in Flag control or
Flag-F17-expressing cells infected with WT virus (Fig. 9B). As such, outside the context
of infection, F17 is sufficient to modestly activate mTOR in cycling NHDFs, but in the
context of infection, the effects of F17 result in modest mTOR suppression. This further
illustrates the context-specific effects of F17 on mTOR signaling that depend on cell
state, with that state being influenced by infection itself. However, despite these
limitations to studying mTOR using this approach, the expression of Flag-F17 or
Flag-F17-553/62E enhanced both postreplicative-viral-protein production and the abil-
ity to suppress ISG responses during infection with iF17 (Fig. 9B). We also observed that,
although viral-protein production was restored in iF17-infected cells by exogenous
expression of Flag-F17, processing of A10 was not. This may be due to insufficient
Flag-F17 levels to support virion maturation. However, more of the unprocessed form
of A10 was observed in both of the Flag-F17-expressing lines infected with WT VacV
than in Flag-expressing controls (Fig. 9B). Although preliminary at this point, this
observation suggests that the phosphorylated form of F17 does not function in and
may even impair virion maturation and that phosphorylation might direct a subpop-
ulation of F17 away from maturing virions specifically to control mTOR.

DISCUSSION

Similar to recent studies of attenuated MVA using either gene knockouts in murine
dendritic cells or small hairpin RNA (shRNA)-mediated depletion in human THP1 cells
(39, 40), here we find that cGAS or STING knockout in THP1 cells prevents IRF activation
and host responses to VacV lacking F17. We further find that lung fibroblast MRC5 cells
express far lower levels of cGAS than differentiated THP1s or macrophages, and yet,
cGAS remains central to the ability of MRC5s to mount a full response to VacV infection.
Thus, our findings extend the importance of cGAS-mediated sensing of poxviruses to a
variety of natural target cell types. Intriguingly, residual responses that persist in MRC5
cells lacking cGAS could relate to our observation that these cells express higher levels
of sensors like DNA-PK, which also initiates responses to VacV infection (33-35). While
the exact sensor(s) involved in this secondary response remains to be determined, our
findings highlight the diverse array of sensing mechanisms that poxviruses likely
encounter during infection in vivo. There are also some notable differences between
the extents of responses induced by MVA and iF17 (vVRR10K) viruses. MVA lacks or has
mutations in several genes, in addition to being unable to make late viral proteins like
F17. Studies have shown that cells infected with MVA not only activate STING, they also
secrete high levels of IFNs and chemokines (39, 40, 102). In contrast, the iF17 virus only
exhibits defects as it transits to late stages of infection in normal cells, and despite
activating the cGAS-STING pathway, it retains the ability to block IFN release (37) and,
as we show here, also prevents NF-«kB activation. This demonstrates that F17 has a
specific role in modulating cGAS-STING signaling to IRFs but that it is not required to
control other sensing pathways, downstream effectors, or the broader antiviral re-
sponse. Furthermore, while the manuscript was under review, a second poxvirus-
encoded cGAS antagonist was identified, B2 (also termed “poxin”) (103). B2 is expressed
early and degrades cGAMP. Intriguingly, in unpublished experiments, we had observed
that the addition of cGAMP to iF17-infected THP1 cells lacking cGAS failed to induce ISG
responses to levels observed in uninfected cells, but at high doses, some activation was
detected. This supports the notion that B2 is expressed as an early-stage antagonist of
cGAS and that this factor is also expressed by the iF17 virus. However, unlike F17, B2
is not a conserved poxvirus gene and is notably absent in viruses like VarV (103). Based
on these cumulative findings, a model can be proposed wherein B2 helps to counter
initial cGAS activation during the early onset of DNA replication, but with the enormous
amounts of DNA that are produced as infection progresses, additional functions,
including those of F17, are required to drive cGAS degradation and ensure that ISGs are

August 2019 Volume 93 Issue 15 e00784-19

Journal of Virology

jviasm.org 19


https://jvi.asm.org

Meade et al.

not eventually activated. Indeed, despite the armory of early genes, potent ISG activa-
tion occurs in the absence of F17, suggesting that B2 alone is not sufficient to protect
against cGAS for the full duration of infection.

Despite complete ablation or robust impairment of ISG responses in THP1 and MRC5
cells, respectively, cGAS knockout did not rescue defects in late-viral-protein production
by the iF17 mutant. It is very common for viral mutants lacking specific immunomodu-
lators to exhibit no phenotype in tissue culture because, as discussed above, poxviruses
express an enormous range of antagonists of innate immune responses and ISGs,
thereby limiting or completely negating the impact of host responses that occur in the
absence of any single immunomodulator (102). Our findings using cGAS or STING
knockouts also offer new insights into some of our own recent observations regarding
cGAS functionality. We found that the iF17 mutant exhibits no defects in late-viral-
protein synthesis in HEK293A or BSC40 cells, and we speculated that this was likely due
to the lack of cGAS expression in these cells (37). However, reintroduction of cGAS into
HEK293A cells failed to reduce late-viral-protein production during infection with the
iF17 mutant. We proposed that this might suggest that additional cGAS cofactors or
regulators are absent in HEK293A cells, or it could reflect the fact that cGAS exhibits
significant levels of nuclear localization in these cells (37). Our findings described here
now show that cGAS-mediated responses do not have a significant impact on late-
viral-protein production by iF17 in either THPT or MRC5 cells and suggest that the
ability of iF17 to produce high levels of late viral proteins in transformed cells is not due
to their lack of antiviral responses but, rather, to their highly activated mTOR and
protein-synthetic activities. As such, although F17-mediated dysregulation of mTOR
causes degradation of cGAS and contributes to suppressing ISG activation, this repre-
sents just one aspect of the hugely complex and often redundant strategies deployed
by poxviruses to counter antiviral responses.

Finally, our findings reveal that, independent of immune evasion strategies, a
second function of mTOR dysregulation is to maximize protein production in normal
cells, particularly resting cells. Indeed, phenotypes of the iF17 virus were rescued in
translationally hyperactivated cell lines in an mTOR-dependent manner. And yet, the
timing of F17 expression is intriguing, as it begs the question, why not express this
protein early to also maximize early-protein production and at the same time degrade
cGAS before DNA replication even begins? The answer may lie in how it functions and
its complex cell-specific effects, as F17 does not simply activate mTOR, but rather, it
dysregulates mTOR (37). On one level, our data suggest that at least some early viral
proteins do not have a high requirement for mTOR, negating the need for such a drastic
approach to hyperactivate mTOR at early stages. There may be a low demand on
protein synthesis early in infection, or early transcripts themselves may dictate a low
requirement for mTOR-mediated translational stimulation. Indeed, many host proteins
have a low requirement for mTOR activity, which exerts widely differing stimulatory
effects on individual mRNAs (37, 49, 88, 89, 98). Late in infection, mTOR dysregulation
may serve not only to counteract host responses but to also sustain a higher demand
for protein production critical for virion assembly. On another level, in some cell types,
such as MRC5s, mTOR dysregulation manifests as reduced phosphorylation of transla-
tional regulators like 4E-BP1 and p70S6K. This inhibitory effect may need to be avoided
early in infection for the virus to successfully replicate in specific cell types. In this
biological context, mTOR suppression late in infection may contribute to host shutoff
late in infection. Interestingly, postreplicative viral mRNAs harbor unusual 5’ leader
elements that enable both cap-dependent and -independent translation, and VacV also
modifies host ribosomes in unusual ways to maximize translation (48, 104-106). While
this unusual mode of initiation may help sustain their translation in specific cell types
or under various stress conditions, our data show that maximal accumulation of late
viral proteins nonetheless remains dependent on mTOR activity, which controls a wide
range of translation factors beyond those that control initiation alone (48). It is also
important to consider that mTOR functions locally within the cell in complex manners,
and in cells where mTOR is partially repressed, the pool of active translation factors that
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are not repressed may continue to be used for virus replication. Indeed, poxviruses
redistribute critical translation factors and ribosomes to viral factories where late viral
proteins are made (37, 105, 107-109). As such, dysregulated mTOR likely has complex
and varied roles during poxvirus infection, just as the normal mTOR circuitry has in
uninfected cells. What is clear, however, is that regardless of cell type, mTOR dysregu-
lation by F17 is needed to maximize the production of viral proteins late in infection
when there is a high protein-synthetic burden on the cell, and F17 expression is
perfectly timed to accomplish this. Beyond translation, other aspects of host metabo-
lism are broadly remodeled to facilitate late stages of poxvirus replication (110, 111),
and F17 may also impact these processes. How mTOR dysregulation contributes to
each of these varied processes during late-stage infection will undoubtedly be both
exciting and complex to unravel in future studies.

MATERIALS AND METHODS

Cells and viruses. THP1 Dual reporter knockout (KO) cells were obtained from Invivogen (WT,
catalog identifier thpd-nfis; cGAS KO, catalog identifier thpd-kocgas; STING KO, catalog identifier thpd-
kostg; IFI16 KO, catalog identifier thpd-koifi16). Unmodified THP1 cells were obtained from Thomas
Hope, Northwestern University, as described previously (37). THP1 cells were cultured in RPMI 1640
(Gibco) containing 5% fetal bovine serum (FBS), penicillin-streptomycin solution (HyClone), and 2 mM
L-glutamine (Corning). THP1 monocytes were counted using trypan blue, and 5 X 10° undifferentiated
cells were used to seed single wells of 12-well plates for viral infections. Seeding of all THP1 cells used
10% Nu-serum growth medium (product number 355000; Corning) and 2 mM L-glutamine (Corning) in
the absence of penicillin-streptomycin, and differentiation into macrophages was performed by incu-
bating cells with 30 ng/ml phorbol 12-myristate 13-acetate (PMA) (product number P8139; Sigma) for
48 h. Nu-serum medium devoid of PMA was then used to maintain THP1s for a further 24 h. Jeremy
Luban, UMass School of Medicine, kindly provided human embryonic kidney (HEK) 293A cells. lan Mohr,
NYU, kindly provided BSC40 cells. Primary normal human dermal fibroblasts (NHDFs) were obtained from
Lonza (catalog number CC-2509). NHDF, BSC40, and HEK293A cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM,; Fisher Scientific) with 5% FBS, 2 mM L-glutamine, and penicillin-streptomycin at
37°C and 5% CO,. NHDFs were subjected to growth arrest by washing confluent cultures three times in
PBS and maintaining cells in DMEM with 0.2% FBS, 2 mM L-glutamine, and penicillin-streptomycin for
3 days (98). Telomerase-expressing MRC5 fibroblasts (created via lentiviral transduction as previously
described [112]) were cultured as described for NHDFs. Generation of cGAS knockout MRC5s is described
below.

Stewart Shuman, Memorial Sloan Kettering, kindly provided wild-type (WT) VacV (Western Reserve).
Bernard Moss, NIH, kindly provided iF17 virus (vRR10K). Virus stocks were grown and titrated using BSC40
cells as described previously. Briefly, BSC40s were infected at an MOI of 0.01 until 90% to 100%
cytopathic effect was observed. Infected cells were then harvested and freeze-thawed three times. Cell
debris was removed by centrifugation, and virus titer was determined by serial dilution and plaque
assays on BSC40 cells (107). iF17 (vRR10K) was grown in the presence of 5mM IPTG to induce F17
expression to generate virus stocks (37, 47). To generate the revertant (iF17-R), the original iF17 virus was
simply grown under the same conditions in the absence of IPTG. In experimental setups, VacV infections
were performed for the time indicated at an MOI of 5 unless otherwise indicated.

Sequencing analysis of iF17-R and structure modeling. Genomic VacV DNA was extracted from
BSC40 cells infected with iF17-R at an MOI of 5 for 24 h using a genomic DNA minikit (catalog number
I1B47201; IBI). Regions spanning the F17 and TK genes were amplified by PCR using the following primers:
F17 Flanking, forward (GATCTCCATCAAATGCCAGAC) and reverse (AGGTACATGAAATAAGTGCCAG), and
TK Flanking (100), forward (ATGAACGGCGGACATATTCAG) and reverse (TTATGAGTCGATGTAACACTTTC).

PCR products were resolved on agarose gels, purified as described below, and sequenced at the
Northwestern University core sequencing facility. Sequencing results were analyzed and aligned using
the Molecular Evolutionary Genetics Analysis software (MEGA-X), using the published VacV WR sequence
with GenBank accession number AY243312.1, the p7.5 late/early promoter sequence with GenBank
accession number X55811.1, and the Escherichia coli Lacl sequence with GenBank Reference Sequence
accession number NC_000913.3 (113-115). Schematics of gene and protein sequences were produced
using SeqBuilder 14 with Lasergene 14 (DNAStar).

The predicted TK monomer tertiary structure was generated using the RaptorX server and ap-
proaches for tertiary-structure prediction detailed previously (116). Structure visualization and image
rendering were performed using Jmol (Jmol: an open-source Java viewer for chemical structures in a
three-dimensional view [http://www.jmol.org/]).

CRISPR-Cas9-mediated targeting of c¢GAS. Clustered regularly interspaced short palindromic re-
peat (CRISPR)-mediated cGAS knockout in MRC5/hTert cells was performed via lentiviral delivery of
CRISPR-associated protein 9 (Cas9) and the following guide RNAs (gRNAs), which were cloned into the
BsmB1 site of pLentiCRISPRv2 (Addgene) with subsequent sequence confirmation: 5’ CAC CGA GAC TCG
GTG GGA TCC ATC G 3" and 5’ AAA CCG ATG GAT CCC ACC GAG TCT C 3. For lentiviral production, 293T
cells were seeded at 6.8 X 10° cells in a 10-cm dish and grown for 24 h prior to transfection with the
following plasmids using Fugene 6 transfection reagent (Promega): 2.6 ug gRNA-containing plLenti-
CRISPRv2 (Addgene), 0.25 ng pVSVg, and 2.5 pug PAX2. After 24 h, the culture medium was replaced with
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4ml of fresh medium, and after a further 24 h of incubation, the lentivirus-containing medium was
collected, passed through a 0.45-um filter, and applied to MRC5 fibroblasts with the addition of
Polybrene (10 wg/ml). The medium was refreshed after 24 h, and the cells were allowed to recover for an
additional 48 h prior to selection with 1 pg/ml puromycin (VWR). Following transduction with control or
gRNA-expressing lentivirions and subsequent puromycin selection, cells were clonally selected by
dilution and seeding of individual cells into the wells of 96-well plates.

For genotyping, after expansion, cells were harvested via scraping, spun down at 1,000 X g for 5 min,
washed with phosphate-buffered saline (PBS), and spun down again. Cells were resuspended in 500 ul
lysis buffer (100 mM NaCl, 100 mM Tris at pH 8, 25 mM EDTA, 0.5% SDS, 0.1 mg/ml proteinase K, 40 ug/ml
RNase A) and incubated at 55°C overnight. An equal volume of phenol-chloroform-isoamyl alcohol
(25:24:1) was added to the lysates before centrifuging at 12,000 X g and taking the supernatant. The
aqueous phase was chloroform extracted (24:1 chloroform-isoamyl alcohol) prior to precipitation with 0.1
volume of 3M sodium acetate and 2 volumes of 95% ethanol at —20°C. The genomic DNA was
centrifuged for 15 min at 16,000 X g, washed with 70% ethanol, and centrifuged again for 15 min at
16,000 X g. After decanting the 70% ethanol, the DNA pellet was resuspended in 60 ul water. Genomic
DNA was amplified via touchdown PCR using the primers F1 (5" GAC AGG GGC ACG GAT TGC CT 3') and
R1 (5" GGC GGA GGT CTT GGC TTC GT 3’), and specific genomic mutations were identified via Sanger
sequencing. Loss of cGAS protein expression was also confirmed by Western blotting, as shown in the
figures.

NF-«kB and IRF reporter assays. Reporter assays were performed using THP1-Dual reporter cells
obtained from Invivogen (described above) that stably express reporter genes encoding Lucia luciferase
and secreted embryonic alkaline-phosphatase (SEAP). Quanti-Luc (Invivogen) and Quanti-Blue (Invivo-
gen) were used to quantify secreted Lucia luciferase and SEAP proteins, respectively. The Lucia luciferase
reporter is under the control of an ISG promoter (ISG54) and five IFN-stimulated response elements
(ISREs). SEAP is under the control of an IFN-B promoter fused to NF-«B transcriptional response elements.
This enables study of both IRF and NF-«kB pathway activity in a single assay. Quanti-Luc and Quanti-Blue
protocols were performed as described by Invivogen. Briefly, the luminometer was primed with Quanti-
Luc solution and set to parameters of 50-ul injection and end measurements of 4-s start time and 0.1-s
reading time. Twenty-microliter amounts of cell supernatant were added to 96-well plates and read on
the luminometer. For Quanti-Blue solution, 180 ul of solution was added to each well of a flat-bottom
96-well plate. Twenty-microliter amounts of cell supernatants were then added to the wells containing
Quanti-Blue solution and incubated for 1 h at 37°C. The optical density was measured at 655 nm using
a 96-well plate microplate reader.

Inhibitor treatment. PP242 (EMD Millipore, MilliporeSigma, or Calbiochem) was used at a concen-
tration of 2.5 uM. Stocks at 1,000 were diluted in medium and added to cultures at the times indicated
in figure legends. DMSO was used as the carrier for inhibitors, and equal amounts of DMSO were used
across all drug treatment experiments as controls.

Antibodies. Antibodies to the following proteins were used: Raptor (catalog number 2280S; Cell
Signaling Technology), PKR (catalog number12297S; Cell Signaling Technology), MxB (catalog number
13278-1-AP; Proteintech), ISG56 (catalog number 14769S; Cell Signaling Technology), cGAS (catalog
number 26416-1-AP; Proteintech), IFI16 (catalog number 14970S or catalog number ab55328; Cell
Signaling Technology or Abcam, respectively), STING (catalog number 13647S; Cell Signaling Technol-
ogy), pSTING (catalog number 85735S; Cell Signaling Technology), TBK1 (catalog number 3504T; Cell
Signaling Technology), pTBK1 (catalog number 5483T; Cell Signaling Technology), VacV A10 (catalog
number IT-012-010M1; Immune Tech), VacV E3 (1:5,000; Jingxin Cao), VacV I3 (1:3,000; David Evans), VacV
A14 (1:3,000; Yan Xiang), VacV F17 (1:10,000; Paula Traktman), VacV D8 (Paula Traktman; 1:3,000), VacV
G8 (1:5,000; Jingxin Cao), DNA-PK (catalog number 4602S; Cell Signaling Technology), p70S6K (catalog
number 2708S or catalog number 9202S; Cell Signaling Technology), phospho-p70S6K(T389) (catalog
number 9234S; Cell Signaling Technology), 4EBP1 (catalog number 9644S; Cell Signaling Technology),
phospho-4EBP1(S65) (catalog number 13443S; Cell Signaling Technology), LC3A/LC3B (catalog number
12741S; Cell Signaling Technology), ULK1 (catalog number 8054T; Cell Signaling Technology), phospho-
ULK1(S757) (catalog number 6888T; Cell Signaling Technology), and Flag-M2 (Sigma, catalog number
SLBW9109). Primary antibodies were diluted at 1:1,000 unless otherwise stated. Secondary antibodies
were horseradish peroxidase (HRP)-conjugated mouse IgG (1:3,000; GE Healthcare UK or MilliporeSigma)
and rabbit IgG-HRP (1:3,000; GE Healthcare UK or MilliporeSigma).

Generation of stable NHDF pools. Flag, Flag-F17, and Flag-F17(S53,62E) genes were subcloned into
the pQCXIP retrovirus expression vector. Briefly, F17 and F17(S53,62E) genes were amplified from
plasmids provided by Paula Traktman, using primers containing an N-terminal Flag tag and the Agel and
BamHI restriction sites as described previously (37, 46). PCR products were resolved in a 1% agarose-TAE
(Tris base, acetic acid, and EDTA buffer) gel at 110V for 1 h and purified using Qiagen QIAquick gel
extraction kits. PCR products were digested with Agel and BamHI followed by ligation into a shrimp
alkaline phosphatase (SAP)-treated pQCXIP plasmid backbone that had been digested with Agel and
BamHI. Competent DH5« bacterial cells were then transformed with the ligation reaction by heat shock
treatment at 42°C for 1 min followed by 2 min on ice. A 1-ml volume of LB broth was added to the
mixture, and the mixture incubated at 37°C for 1 h. Transformed bacteria were plated on LB-ampicillin
agar plates and incubated overnight at 37°C. Single colonies were grown overnight at 37°C in LB-
ampicillin broth. Plasmids were isolated using plasmid extraction QlAprep spin miniprep kits (Qiagen).
Plasmid sequencing and diagnostic digests were performed to verify inserts.

Phoenix-Ampho cells were grown in a 10-cm dish with antibiotic-free DMEM-5% FBS medium. Ten
milligrams of pQCXIP Flag, Flag-F17, or Flag-F17(S53,62E) plasmid was transfected using Lipofectamine
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3000 transfection reagent. At 24 h posttransfection, the medium was changed to fresh antibiotic-free
DMEM supplemented with 5% FBS. Supernatants were harvested 48 h posttransfection, centrifuged at
4,000 rpm for 4 min to remove debris, and filtered through a 0.45-uM filter. Low-passage-number NHDFs
were transduced with 2 ml Flag, Flag-F17, or Flag-F17(553,62E) retroviral vectors. The viral inoculum was
removed after overnight incubation, and the medium was replaced with fresh DMEM containing 5% FBS,
penicillin-streptomycin, and 2mM L-glutamine. After 24 h, the medium was replaced with growth
medium containing puromycin (1 mg/ml) to select pools with stable expression. Stable NHDF pools were
maintained in DMEM containing 5% FBS, 1% penicillin-streptomycin, 2 mM L-glutamine, and 0.2 ug/ml
puromycin.

SDS-PAGE and Western blotting. Whole-cell lysates were prepared by lysis in Laemmli buffer

(62.5 mM Tris-HCl at pH 6.8, 2% SDS, 10% glycerol, 0.7 M B-mercaptoethanol, trace amount of bromophe-
nol blue) and boiled for 3 min. Precision Plus Protein dual color standards (10 to 250 kDa) and protein
extracts were resolved on polyacrylamide gels with 1X Tris-glycine-SDS running buffer. The gel per-
centages varied depending on the resolution requirements for different proteins. After SDS-PAGE, the
separated proteins were transferred to nitrocellulose membranes using the Mini-Protean trans-blot
module (GE Healthcare Life Sciences) at 57 V for 70 min, using a high-glycine transfer buffer. Membranes
were blocked in 5% nonfat milk-Tris-buffered saline (TBS) containing 0.1% Tween (TBS-T), washed 3X for
5min in TBS-T, and incubated at 4°C overnight with primary antibodies diluted in 3% bovine serum
albumin-TBS-T. Membranes were again washed 3X for 5min in TBS-T and incubated for 1 h at room
temperature with the specific HRP-conjugated secondary antibody (1:3,000 dilution; GE Healthcare Life
Sciences) in 5% nonfat milk TBS-T. Three final 5-min washes in TBS-T were carried out, followed by a
2-min incubation with Pierce ECL Western blotting substrate (Thermo Fisher Scientific) and exposure to
X-ray film.

Densitometric measurements of LC3 processing and statistical analysis. To determine the levels

of LC3 processing, autoradiographs were analyzed using densitometry. All measurements were deter-
mined using the FUI distribution of ImageJ (117). Background was removed, and the areas under density
lines for LC3A and LC3B from a single sample were measured and summed. The percentage of processed
LC3 (LC3B) was calculated against the summed total of LC3A and LC3B and averaged from the results of
3 independent experiments. All graphical and statistical analyses for densitometry and reporter assays
were performed using GraphPad Prism, applying the statistical tests detailed in the figure legends in each

case.
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