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ABSTRACT Merkel cell polyomavirus (MCPyV) infects most of the human population
asymptomatically, but in rare cases it leads to a highly aggressive skin cancer called
Merkel cell carcinoma (MCC). MCC incidence is much higher in aging and immunocom-
promised populations. The epidemiology of MCC suggests that dysbiosis between the
host immune response and the MCPyV infectious cycle could contribute to the develop-
ment of MCPyV-associated MCC. Insufficient restriction of MCPyV by normal cellular
processes, for example, could promote the incidental oncogenic MCPyV integration
events and/or entry into the original cell of MCC. Progress toward understanding
MCPyV biology has been hindered by its narrow cellular tropism. Our discovery that pri-
mary human dermal fibroblasts (HDFs) support MCPyV infection has made it possible to
closely model cellular responses to different stages of the infectious cycle. The present
study reveals that the onset of MCPyV replication and early gene expression induces an
inflammatory cytokine and interferon-stimulated gene (ISG) response. The cGAS-STING
pathway, in coordination with NF-κB, mediates induction of this innate immune gene
expression program. Further, silencing of cGAS or NF-κB pathway factors led to elevated
MCPyV replication. We also discovered that the PYHIN protein IFI16 localizes to MCPyV
replication centers but does not contribute to the induction of ISGs. Instead, IFI16 upre-
gulates inflammatory cytokines in response to MCPyV infection by an alternative mecha-
nism. The work described herein establishes a foundation for exploring how changes to
the skin microenvironment induced by aging or immunodeficiency might alter the fate
of MCPyV and its host cell to encourage carcinogenesis.

IMPORTANCE MCC has a high rate of mortality and an increasing incidence. Immune-
checkpoint therapies have improved the prognosis of patients with metastatic MCC.
Still, a significant proportion of the patients fail to respond to immune-checkpoint
therapies or have a medical need for iatrogenic immune-suppression. A greater
understanding of MCPyV biology could inform targeted therapies for MCPyV-associ-
ated MCC. Moreover, cellular events preceding MCC oncogenesis remain largely
unknown. The present study aims to explore how MCPyV interfaces with innate im-
munity during its infectious cycle. We describe how MCPyV replication and/or tran-
scription elicit an innate immune response via cGAS-STING, NF-κB, and IFI16. We also
explore the effects of this response on MCPyV replication. Our findings illustrate how
healthy cellular conditions may allow low-level infection that evades immune
destruction until highly active replication is restricted by host responses. Conversely,
pathological conditions could result in unbridled MCPyV replication that licenses
MCC tumorigenesis.

KEYWORDS Merkel cell polyomavirus, tumor virus, DNA viruses, polyomavirus, viral
oncogenesis, innate immunity

Merkel cell polyomavirus (MCPyV) infection can be detected on the skin of most
healthy adults (1), yet details of its virology and infectious cycle remain sparse.

Evidence from serological studies suggests that MCPyV infects most people during
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early childhood and prevalence of exposure to the virus increases as populations age
(2–4). A vast majority of MCPyV infections are asymptomatic (5), but some result in an
aggressive skin cancer called Merkel cell carcinoma (MCC) (6–9). Over 80% of MCC
tumors can be traced to a viral etiology by the presence of integrated MCPyV genomic
sequence in the cellular chromatin (7). Though MCC cases are rare, the incidence of
MCC has tripled over the last 2 decades (10–12). MCC has a high rate of mortality with
5-year overall survival around 51% for patients presenting with local disease at the
time of diagnosis and worse prognoses for those with more advanced stages of dis-
ease (13). Chemotherapies have thus far failed to produce durable responses in
patients with metastatic disease (14, 15). A recent burgeoning of anti-PD1 and anti-
PDL1 treatments for MCC have shown promise as first-line therapies, though a signifi-
cant proportion of patients do not respond and the durability of responses varies
(16–18). The pursuit of more targeted MCC therapies necessitates a better understand-
ing of the oncogenic underpinnings of MCC and the role of MCPyV in this process.

MCPyV has an ;5.4 kb circular double-stranded DNA (dsDNA) genome. As a small
DNA virus, MCPyV encodes an efficient repertoire of viral proteins. The viral genome is
divided into early and late regions by a noncoding control region (NCCR) containing
the viral origin of replication and bidirectional promoters that drive early and late gene
transcription (19). The early region expresses large tumor antigen (LT) and small tumor
antigen (sT), which support replication, as well as 57kT and an alternate LT open read-
ing frame (ALTO), with functions that are less defined (20, 21). Major and minor capsid
proteins, VP1 and VP2, respectively, are expressed from the MCPyV late region along
with a microRNA (miRNA) that modulates early gene expression (22). In documented
cases of virus-associated MCC, however, MCPyV DNA is integrated into the tumor cell
genome such that expression of native sT and a truncated LT (LTT) is invariably pre-
served (23–25). Expression of these viral oncoproteins drives oncogenesis in virus-posi-
tive (v1) MCC tumors and is required for their survival (24, 26, 27). The mechanism and
prerequisite conditions through which MCPyV integrates, however, are unknown.

Factors driving MCPyV integration and oncogenesis are difficult to probe in a labora-
tory setting because the virus has a narrow tropism, and the original cell of MCC is still
the subject of speculation. Some evidence suggests that the absence of healthy immune
surveillance and suppression of MCPyV in the skin enable development of v1MCC. For
example, several factors that can dampen antiviral immunity such as advanced age,
chronic UV exposure, and immunosuppression increase the risk of MCC development
(28). Most MCC patients have experienced chronic, high levels of UV exposure, maintain
lower melanin content in their skin, and are over the age of 60 (10). In addition, those at
the greatest risk for MCC relative to others in the same age range include persons who
are immunocompromised as a result of HIV/AIDs, chronic lymphocytic leukemia, and
treatment for autoimmunity or organ transplantation (29–33).

While immune escape of nascently transformed cells likely contributes to increased
incidence of MCC in these at-risk populations, there is additional evidence that these
groups control MCPyV infection poorly. A study in Japan found that MCPyV DNA preva-
lence and viral load on sun-exposed skin increased sharply in individuals over the age of
40 and remained high for the oldest groups (34). HIV-positive men more frequently have
detectable MCPyV DNA on their skin, and those with poorly controlled HIV infection
have higher MCPyV DNA loads than do those with better-controlled infections (35). In
kidney transplant recipients, MCPyV DNA was more readily detected in the urine of those
with BKPyV-DNAemia and with histologically verified polyomavirus-associated nephrop-
athy (36). Though it is impossible to determine whether v1MCC patients had high
MCPyV titers prior to disease onset, they produce MCPyV VP1-specific circulating anti-
bodies more frequently and at higher titers, markers that positively correlate with high
MCPyV DNA and capsid load on the skin (37–40). More recently, it was also found that
higher MCPyV DNA load correlates with worse survival outcomes in MCC patients (41).

Collectively, these epidemiological data afford the possibility that altered immune sta-
tus in the skin enables unimpeded propagation of MCPyV and a favorable environment
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for oncogenesis. Rampant MCPyV infection may promote pro-oncogenic conditions such
as more frequent replication errors that could result in MCPyV integration and mutation
and/or entry into the original MCC cell from its reservoir. Studies of the host responses
that keep MCPyV infection in check have been limited until recently due to a lack of tools
and systems with which to study infection. Using ex vivo skin sections and in vitro cultures
of cells isolated from human foreskins, we found that human dermal fibroblasts (HDFs) are
uniquely capable of supporting MCPyV infection (42). Establishing this model infection sys-
tem has made it possible to explore cellular responses to MCPyV infection and to deter-
mine what impact those responses have on the course of MCPyV proliferation.

In the present study, we discovered that MCPyV induces expression of interferon-
stimulated genes (ISGs) and inflammatory cytokines in primary HDFs during later
stages of infection. Using a CRISPR knockout approach, we found that this response to
infection is mediated by the cGAS-STING and NF-κB pathways. While others have
explored how expressed MCPyV genes might modulate host immune factors in differ-
ent cellular contexts (43–46), to our knowledge these are the first observations of host
cellular responses in the context of MCPyV infection. The present study therefore rep-
resents an important step in broadening our understanding of this enigmatic virus and
its role in initiating human cancer.

RESULTS
MCPyV infection induces an ISG/inflammatory cytokine response concomitant

with peak viral replication and transcription. Since discovering that HDFs support
MCPyV infection, we have been able to observe distinct stages of infection using this
model system (Fig. 1A). We previously described that MCPyV entry is enhanced in the
absence of fetal bovine serum (FBS) and that addition of FBS enables MCPyV gene
expression, replication, and transcriptional changes in cellular genes (42). Because fur-
ther MCPyV spread is limited in the presence of FBS (42), we are able to parse the cellu-
lar response to a single round of the infectious cycle (Fig. 1A).

In this study, we infected HDFs using our established conditions as described in ref-
erence 42 to examine both viral activities and the host response to viral infection. In
order to control for the impact of noninfectious viral particles, loose nucleic acid, and
other components of the virus preparation, we heat-inactivated half of the MCPyV
stock and used it in the control experiments. By comparing total DNA extracted from
MCPyV-infected HDFs and those treated with the same volumes of heat-inactivated-
MCPyV (control), we found that the rate of increase of MCPyV replication is the greatest
between 72 and 120 h postinfection (h.p.i.) (Fig. 1B). MCPyV replication continues up to
at least 168 h.p.i at a lower rate. In a similar manner, we performed quantitative PCR
(qPCR) on supernatants from MCPyV and control conditions to measure relative release
of output viral genomes into the extracellular environment (Fig. 1B). With control su-
pernatant containing a relatively constant level of MCPyV DNA, MCPyV-infected super-
natants show the greatest increases between 72 and 96 h and 144 to 168 h (Fig. 1B).
These spikes in relative MCPyV genome abundance suggest that MCPyV is being
released from infected cells continually after replication begins.

After delineating a time frame in which MCPyV replication is elevated, we sought to
determine if there was evidence of an innate immune response to MCPyV activity. We
performed reverse transcriptase quantitative PCR (RT-qPCR) with a set of primers tar-
geting ISGs and inflammatory cytokines with documented antiviral functions (Fig. 1C
and D). This experiment revealed that relative to the control condition, MCPyV infec-
tion of HDFs induced up to 1,000-fold stimulation of several ISGs, including OAS1,
ISG54, Mx1, Mx2, Viperin, ISG15, and RIG-I at 144 h.p.i. (Fig. 1C). In addition to the ro-
bust induction of ISGs, MCPyV infection also caused 10- to 30-fold induction of inflam-
matory cytokines, including interleukin 8 (IL-8), IL-6, IL-1b , and tumor necrosis factor
alpha (TNF-a), whereas the level of interferons (IFNs) was not significantly stimulated
by MCPyV (less than 3-fold) (Fig. 1D). We have consistently observed similar responses
to MCPyV infection using low-passage primary HDFs isolated from more than 10
donors (see Materials and Methods), thus ruling out donor-to-donor variability. A time
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FIG 1 ISGs and innate inflammatory cytokines are induced in coordination with MCPyV early gene expression and viral replication. (A) Schematic
visualization of MCPyV infection events in HDFs. The time frame and magnitude of each event are estimated by the data shown in our previous

(Continued on next page)
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course RT-qPCR of MCPyV infection revealed that peak ISG transcriptional activity
occurred around 144 h.p.i. (Fig. 1E).

To establish whether the ISG response to MCPyV infection was present at the pro-
tein level, we harvested whole-cell lysates for protein extraction from MCPyV-infected
and control conditions at 96, 120, and 144 h.p.i. (Fig. 1F). Immunoblotting for MCPyV
LT and VP1, early and late genes, respectively, served as a reference for infection stage.
As expected, MCPyV LT, which directly supports MCPyV replication, declined at the
protein level coinciding with slowing MCPyV replication that occurs between 120 and
144 h.p.i (Fig. 1B and F). MCPyV VP1, however, increases in abundance from 96 h.p.i
and remains high by 144 h.p.i. Crucially, ISGs that were induced at the RNA level by
MCPyV infection were also upregulated at the protein level after 120 h.p.i. (Fig. 1 C and
F). From these studies, it is clear that the ISGs/cytokines are induced after infected cells
have reached peak viral replication and early transcription, suggesting that these viral
activities produce pathogen-associated molecular patterns (PAMPs) or damage-associ-
ated molecular patterns (DAMPs) to trigger the cellular response.

IFI16 localizes to MCPyV replication centers. Canonical immune responses to viral
infection begin when PAMPs or DAMPs, like viral DNA, are sensed by pattern recogni-
tion receptors (PRRs). PRR agonist binding stimulates conserved intracellular signaling
cascades that activate transcription factors belonging to the IFN regulatory factor (IRF)
and nuclear-factor kappa B (NF-κB) families (47–49). These activated transcription fac-
tors can in turn stimulate production of IFNs and cytokines that are secreted from the
cell to function via autocrine and paracrine modalities. Cytokines binding cell surface
receptors activate downstream signaling, including the Jak-STAT pathways (47–49).
Cytokine-mediated signaling events can also spread and intensify ISG expression and
the antiviral status by further stimulating NF-κB and IRF transcriptional activity (47–49).

Given the evidence that peak MCPyV replication and gene expression precede a
marked ISG response, we wanted to identify the sensor responsible for detecting the
putative MCPyV-associated molecular pattern. We performed immunofluorescence mi-
croscopy (IF) on MCPyV-infected and control HDFs using antibodies targeting known
sensors of viral nucleic acid to determine if they are differentially localized in MCPyV-
infected cells. This approach established interferon-g inducible protein 16 (IFI16), an
upstream component for stimulator of interferon genes (STING) (50–52), as a candidate
sensor for MCPyV. Immunostaining for IFI16 revealed that a small percentage of nuclei
in the MCPyV infection setting developed a distinct punctate or track-like IFI16 pattern
(Fig. 2). On the other hand, all cells in the control condition and the vast majority of
cells in MCPyV infection exhibited diffuse, pan-nuclear IFI16 staining that was some-
times enriched in nucleoli. Costaining experiments revealed that the intense punctate
IFI16 signal only occurred in nuclei that were VP1 or LT positive (Fig. 2A and B). When
IFI16 punctate signal was present in nuclei containing LT puncta, markers of MCPyV
replication centers, the intense IFI16 and LT signals generally overlapped (Fig. 2B).
Replication centers, or foci, are subnuclear regions in which active viral DNA synthesis
takes place and where most MCPyV DNA is present in the nucleus (42). Because IFI16
formed puncta in a small subset of MCPyV-positive nuclei and those puncta over-
lapped with LT-containing replication foci, we hypothesized that IFI16 was localizing to
MCPyV DNA at brief periods during the infectious cycle independently of LT.

FIG 1 Legend (Continued)
studies (42, 62, 63) and the current study. (B) MCPyV genome abundance measured by qPCR of whole-cell lysates and supernatants at the indicated
time points relative to HDFs treated with heat-inactivated MCPyV. The y axes in both panels are on a log10 scale with a horizontal line (y= 1)
representing the control condition. Supernatant genome values in MCPyV infection are initially lower than that of the control condition, likely because
the heat-inactivated viruses added to the control group have lower tendency to enter the cells and therefore remained in the supernatant. For the
live virus treated group, as output MCPyV exceeds input virus in the supernatant at later time points, the values become many fold greater than
those of control. (C and D) RT-qPCR analysis of the transcript level of ISGs (C) and innate immune cytokines (D) at 144 h.p.i. in HDFs infected with
MCPyV relative to those in HDFs treated with heat-inactivated MCPyV. Error bars represent the standard error of the mean. (E) RT-qPCR analysis of
select ISGs from MCPyV infection relative to those from heat-inactivated MCPyV-treated condition harvested at 120, 144, and 168 h.p.i. Error bars
represent the standard error of the mean. (F) Western blot time course of MCPyV early gene, LT, late gene, and VP1, as well as ISGs, for 96, 120, and
144 h.p.i. Lanes loaded with samples from heat-inactivated MCPyV-treated HDFs are labeled (2) and those infected with MCPyV are labeled (1).
Cellular GAPDH from all samples was blotted as a loading control.
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To test whether IFI16 localizes to centers of actively synthesizing MCPyV genomes,
we performed IFI16/RPA70 costaining (Fig. 2C). We have shown previously that RPA70,
which binds single-stranded DNA, forms intense puncta at MCPyV replication centers
likely undergoing DNA synthesis (53). The experiment showed that concentrations of
ssDNA represented by nuclear RPA70 foci that were unique to MCPyV infection specifi-
cally overlapped with IFI16 foci (Fig. 2C). To confirm that IFI16 puncta were forming at
regions of MCPyV DNA replication foci, we performed immunofluorescent in situ
hybridization (immuno-FISH) staining for IFI16 and probing for MCPyV-specific DNA
sequence (Fig. 2D). As was true with other markers of MCPyV nuclear presence, IFI16
puncta occurred in a small population of MCPyV DNA foci containing nuclei, yet this
signal was unique to MCPyV-positive cells and correlated with the pattern of MCPyV
DNA-containing foci (Fig. 2D). That IFI16 formed puncta in a small proportion of

FIG 2 IFI16 localizes to MCPyV replication centers exclusively in MCPyV-positive nuclei. (A) IF staining for IFI16 and VP1 in MCPyV-infected nuclei. MCPyV-
infected and heat-inactivated-MCPyV-treated HDFs were stained using IFI16 and VP1 antibodies and counterstained with DAPI. (B) IF staining for IFI16 and
LT in MCPyV-infected nuclei. MCPyV-infected and mock-infected HDFs were stained using IFI16 and LT antibodies and counterstained with DAPI. (C) IF
staining for IFI16 and RPA70 in MCPyV-infected nuclei. MCPyV-infected and heat-inactivated-MCPyV-treated HDFs were stained using IFI16 and RPA70
antibodies and counterstained with DAPI. (D) Immuno-FISH experiment staining for IFI16 and probing for MCPyV genomic DNA. Mock- or MCPyV-infected
HDFs were harvested at 120 h postinfection. The cells were subjected to sequential immunofluorescence staining using IFI16 antibody (Sigma, catalog
number HPA002134) and FISH with an MCPyV probe (Biosearch technologies). Bar, 10mm. Pan-nuclear IFI16 staining and slight enrichment in nucleoli were
evident in control conditions and in most cells in the MCPyV-infected condition. A subset of those cells with MCPyV DNA foci revealed adjacent or
overlapping signal with IFI16 puncta.
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MCPyV-positive cells led us to suspect that this is either a rare or a temporally brief
event taking place during MCPyV infection. We also concluded that while IFI16 and
MCPyV replication foci did not coincide 1:1 in the fashion of true colocalization, the sig-
nals always overlap or are adjacent when present in the same nucleus. Because IFI16
foci are unique to MCPyV-infected cells and appear to localize to sites of active MCPyV
DNA synthesis, we hypothesized that IFI16 detects MCPyV genomes in the nucleus and
elicits downstream ISG and innate inflammatory cytokine induction.

MCPyV infection activates the STING/TBK1/IRF3 and NF-κB pathways. IFI16 is a
DNA-binding protein reported to stimulate type I IFN and ISG induction through inter-
action with the cyclic GMP-AMP synthase (cGAS)-STING pathway in response to infec-
tion with other DNA viruses (51, 54, 55). Since IFI16 is localized to replication centers
and ISGs are upregulated during MCPyV infection, we set out to understand whether
cGAS-STING pathway factors were being activated. Again, we performed time course
Western blotting comparing the key downstream molecules in MCPyV-infected and
control whole-cell lysates (Fig. 3A). Downstream effectors of STING, tank-binding kinase
1 (TBK1), and IFN regulatory factor 3 (IRF3) appear to be more abundant in their active,
phosphorylated state in infection conditions than in control conditions. The frequency
of active, phosphorylated IRF3 (p-IRF3) signal in cells was also elevated during MCPyV
infection as observed by immunofluorescence (IF) (Fig. 3B and C). Given that cGAS-
STING effector proteins were likely activated by infection, we also confirmed that the
activated form of STING was more abundant in MCPyV-infected cells by Western blot-
ting (Fig. 3D).

Canonical activation of STING in response to viral pathogens involves cGAS binding
foreign DNA, which activates its catalysis of the STING agonist cyclic GMP-AMP
(cGAMP) (56). Although discovered as a cytoplasmic sensor, cGAS has been found to
localize in the nucleus (57). It has been suggested that the cGAMP produced by acti-
vated nuclear cGAS could diffuse through nuclear pores to activate STING in the cyto-
plasm (57). Our candidate sensor of MCPyV DNA, IFI16, has also been reported to coop-
erate with cGAS in some instances to initiate STING signaling (54, 58). Therefore, we
examined the possible involvement of cGAS in activating the STING-TBK1-IRF3 path-
way. We performed an enzyme-linked immunosorbent assay (ELISA) to quantify
cGAMP production in whole-cell lysates from mock-infected and MCPyV-infected
HDFs. cGAMP concentration was significantly higher in MCPyV-infected samples than
in control samples (Fig. 3E). Thus, the catalytic activity of cGAS is likely upregulated by
MCPyV infection and may contribute to the host cell innate response.

NF-κB can also be regulated by STING and is capable of upregulating the transcrip-
tion of inflammatory cytokines such as those we observed (Fig. 1D). Therefore, we
assessed the activation status of the NF-κB pathway during MCPyV infection. When the
NF-κB pathway is activated, the inhibitor of NF-κB kinase (IKK) and the p65 subunit of
NF-κB are phosphorylated, allowing p65 to be phosphorylated and to translocate into
the nucleus (59). Immunoblotting for phosphorylated epitopes on IKK-b and p65
revealed elevated levels in MCPyV infection relative to those in the control (Fig. 3A). IF
costaining for MCPyV LT and p65 also made evident an increased nuclear localization
of p65 in MCPyV-infected conditions (Fig. 3F and G). Collectively, these data suggest
that the cGAS-STING-TBK1-IRF3 and NF-κB pathways are stimulated by later events in
MCPyV infection and may contribute to an antiviral response with induced cytokine/
ISG expression.

CRISPR knockout of the cGAS-STING-TBK1-IRF3 pathway, but not IFI16, ablates
ISG response to MCPyV infection. Next, we aimed to discern how these immune reg-
ulatory factors affect the course of the innate response to MCPyV and its proliferation.
We used a lentiviral CRISPR-Cas9 system to knock out several regulatory genes in the
cGAS-STING-TBK1-IRF3 and NF-κB pathways in primary HDFs. Since these primary cells
cannot be grown from a single clone, we selected for successful expression of the
given single guide RNA (sgRNA) and validated knockout efficiency by Western blotting
(Fig. 4A and B). We verified that each of these cell lines, along with a control cell line
expressing an sgRNA targeting the nonmammalian gene, was capable of supporting
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MCPyV infection by IF (data not shown). For RT-qPCR analysis, we harvested cell lysates
at 144 h.p.i., which is the peak time point for ISG induction as determined by our time
course (Fig. 1E). We found that individual knockout of cGAS, STING, TBK1, IRF3, IKK-b ,
or p65 ablated normal ISG induction during MCPyV infection (Fig. 4C). This result
implied that each of these factors is required for inducing ISGs in response to MCPyV.
Surprisingly, knockout of IFI16 did not significantly reduce induction of ISGs relative to
that in the control.

We then assessed the transcriptional upregulation of IL-1b , IL-6, and TNF-a by RT-
qPCR in each knockout setting during MCPyV infection. It is well documented that
these cytokines are transcriptionally regulated by the NF-κB pathway (49). This fact was
substantiated with regard to MCPyV infection by the result that knockout of either IKK-
b or p65 dramatically reduced IL-1b , IL-6, and TNF-a RNA levels (Fig. 4D). IFI16

FIG 3 STING-TBK1-IRF3 and NF-κB pathways are activated during MCPyV infection in HDFs. (A)
Whole-cell immunoblot time course of the STING-TBK1-IRF3 pathway and the NF-κB pathway,
respectively, for 96, 120, and 144 h.p.i. Lanes loaded with samples from heat-inactivated MCPyV-
treated HDFs are labeled (2) and those infected with MCPyV are labeled (1). Cellular GAPDH from all
samples was blotted as a loading control. (B) IF costaining for phosphorylated IRF3 (p-IRF3) and LT in
HDFs infected with MCPyV or treated with heat-inactivated MCPyV 6 days postinfection/treatment. (C)
Quantification for panel B. (D) HDFs were infected with active (1) or heat-inactivated (2) MCPyV. At
120 h.p.i., the whole lysates were blotted with the indicated antibodies. (E) ELISA quantification of
cGAMP present in whole-cell lysates of mock-infected and MCPyV-infected cells at 120 h.p.i. One-
tailed Student’s t test produced a P value of 0.0052 (,0.01). (F) IF costaining for MCPyV LT and NF-κB
p65 subunit in HDFs infected with MCPyV or treated with heat-inactivated MCPyV. All cells were fixed
at 144 h.p.i. (G) Quantification for panel F. Error bars represent standard error of the mean.
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FIG 4 CRISPR knockout of STING-TBK1-IRF3 and NF-κB pathways ablates the ISG response to MCPyV infection in HDFs. (A) Immunoblot validation of HDF
CRISPR knockout cell lines. Cell lysates were harvested at the time of seeding for infection. Lanes are labeled with the genes targeted by the stably
expressed sgRNA. HDFs stably expressing Cas9 and an sgRNA targeting the nonmammalian luciferase gene were used as a negative control. A lane was
cropped out between IFI16 and STING lanes. (B) Immunoblot validation of cGAS cell line used in shown experiments was blotted separately. (C and D) RT-
qPCR analysis of marker ISGs (C) and inflammatory cytokines (D) in MCPyV-infected HDF CRISPR knockout cell lines targeted by the indicated sgRNAs. Cells
were analyzed at 144 h.p.i. For each gene of interest, expression levels for each cell line are displayed relative to the control cell line stably expressing Cas9
and a luciferase-targeted sgRNA. Error bars represent standard error of the mean.
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knockout also significantly reduced the expression of each of these cytokines, suggest-
ing that it may influence the cytokine response to MCPyV independently of the mecha-
nism driving ISG induction. On the other hand, cGAS and STING knockout does not
appear to have a significant impact on cytokine expression, while knockout of TBK1
and IRF3 moderately inhibits IL-6 and TNF-a induction by MCPyV. These observations
indicate that both the NF-κB and IRF3 axes participate in the transcriptional induction
of IL-1b , IL-6, and TNF-a triggered by active MCPyV infection.

ISG and inflammatory cytokine induction has a modest, direct impact on
MCPyV proliferation. After establishing that these immunological pathways partici-
pate in a host response to MCPyV, we assayed whether the response has measurable
consequences for the propagation of MCPyV genomes in HDFs. To accomplish this, we
compared MCPyV genome levels in lysates and supernatants harvested at 168 h.p.i.
across the HDF knockout cell lines. Knockout of cGAS, IKK-b , or p65 significantly
increased the replication of MCPyV genomes in whole-cell lysates (Fig. 5A). However,
none of the knockout cell lines showed a significantly increased level of MCPyV
genomes in the supernatant (Fig. 5A).

Unexpectedly, elimination of some factors, especially IFI16, resulted in substantially
lower MCPyV genomes detected in the supernatant. This finding was of particular in-
terest because it coincides with the observation that high-titer infection of IFI16 knock-
out HDFs results in apparent fragmentation of VP1-positive nuclei (Fig. 5B). Unlike the
control cells that show the typical pan-nuclear VP1 signal, most of the IFI16 knockout
HDFs showed scattered VP1 signal that often spreads outside of the infected cells, indi-
cating that severe cell lysis is occurring in the IFI16 knockout samples (Fig. 5B).
Quantification of the IF results reveals that, compared to that of the control cell line,
IFI16 knockout cell lines showed a markedly lower number of intact VP1-positive nuclei
(Fig. 5B value insets). Therefore, it is possible that disruption of MCPyV-containing cell
membranes and early cell death in IFI16 knockout cells either prevents the completion
of MCPyV genome replication in these cells or alters the mode of egress of MCPyV into
the extracellular space. Considered together, these results imply that the presence or
absence of innate immune effectors during highly active MCPyV infection could alter
the rate of MCPyV replication and, ultimately, host cell fate.

DISCUSSION

MCPyV maintains asymptomatic persistent infection in more than 80% of the gen-
eral population (1, 60, 61) but tends to cause MCC in elderly and immunocompromised
individuals (28). Epidemiological studies have revealed a strong correlation between
immunosuppression, elevated MCPyV genome loads, and increased risk for MCC (28,
35). These observations suggest that the virus strikes a balance in healthy hosts where
it is restricted by immune mechanisms but avoids eradication. Furthermore, settings
where immune restriction is reduced increase the likelihood of MCPyV-induced tumori-
genesis. However, little is known about the immune response elicited by MCPyV. By
extension, neither is much understood about the immune evasion strategies that ena-
ble MCPyV to establish persistent or poorly controlled infection in different settings.
Such insights could explain the duality of MCPyV infection outcomes involving either
long-term asymptomatic infection or integration and rapid oncogenesis.

In the current study, we employed the MCPyV infection model established in our recent
study (42, 62, 63) to examine the host innate immune response to MCPyV infection. We dis-
covered that MCPyV infection of low-passage primary normal HDFs induces robust expres-
sion of key antiviral ISGs and inflammatory cytokines at 144 h.p.i., while no significant induc-
tion of these genes was observed at the early time points (Fig. 1E and F). We found that the
ISG response reliably follows peak MCPyV infection activities (Fig. 1F), suggesting that it is
most likely induced by MCPyV DNA replication and/or transcription. In addition to the robust
induction of ISGs, MCPyV infection also caused 10- to 30-fold induction of inflammatory
cytokines, including IL-1b , IL-6, TNF-a, and IL-8, (Fig. 1C and D).

Our observation that MCPyV infection results in ISG induction builds upon existing litera-
ture that examines cellular responses to other polyomaviruses. It has been demonstrated
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FIG 5 CRISPR knockout of some STING-TBK1-IRF3 and NF-κB pathway components stimulates MCPyV replication in HDFs. (A) qPCR-measured abundance of
MCPyV genome equivalents in cell lysates and supernatants of HDF CRISPR knockout cell lines targeted by the indicated sgRNAs. Shown are the MCPyV
DNA levels in MCPyV-infected HDF CRISPR knockout cells relative to those in the same cells treated with heat-inactivated MCPyV at 168 h.p.i. Error bars
represent the standard error of the mean. (B) Representative images from IF costaining for LT and VP1 in MCPyV-infected CRISPR knockout HDF cell lines
fixed around 160 h.p.i. Number values in lower right corner indicate the percentage of intact, positive nuclei in that condition for that antigen. Final row is
a magnification of the inset outlined by the white box in the second row.
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that overexpression of SV40, JCPyV, or BKPyV T antigens in mouse embryonic fibroblasts
leads to upregulation of ISGs and an antiviral state (64, 65). In addition, JCPyV infection of
human renal proximal tube epithelial cells results in IFN secretion and subsequent ISG induc-
tion in a manner that partially controls the extent of infection (66). Infection of the same cells
with BKPyV nonetheless fails to produce the same ISG response and protection. In microvas-
cular endothelial cells found in the lung and bladder, however, BKPyV infection seems to be
blunted by IFN-mediated innate immune gene induction that coincides with later stages of
the infectious cycle (67). Intriguingly, like with BKPyV, the induction of ISGs by MCPyV occurs
relatively late in the viral life cycle. Perhaps further investigation of the cell-type-specific
innate immune responses to polyomaviruses may offer an explanation as to why certain cell
types are more or less permissible to MCPyV. Antiviral mechanisms unique to the as yet un-
identified cell of origin of MCC, for example, could increase the frequency of MCPyV integra-
tion events.

We also found that IFI16 localizes to the subnuclear sites of MCPyV replication in a
small population of MCPyV-positive cells (Fig. 2). The rarity of the IFI16 punctate phe-
notype and its tendency to localize to MCPyV replication foci led us to conclude that it
is likely enriched at MCPyV genomes at a brief and specific stage of the infectious cycle.
Despite being a promising candidate as the initiating factor of the ISG response to
infection for its ability to shuttle between nucleus and cytoplasm (68), IFI16 was not
necessary for MCPyV-associated ISG induction (Fig. 4C). Instead, cGAS proved to be
likely activated by MCPyV infection, essential for ISG induction, and involved in repres-
sing MCPyV replication (Fig. 3E, Fig. 4C, and Fig. 5A). The manner in which cGAS senses
MCPyV is still in question. It remains to be determined whether cGAS localizes and
detects MCPyV DNA in the nucleus or senses the viral genomes that may leak into the
cytoplasm during highly active replication or egress (Fig. 6).

Due to the role of STING signaling in mediating cGAS- and IFI16-induced responses
to viral DNA (50–52), we assessed the activation status of STING downstream effectors
during MCPyV infection and their functional relevance to the antiviral status of the

FIG 6 Schematic working model of cellular responses to MCPyV infection. Solid black arrows
represent functional findings in the present paper and expected relationships based on established
canonical pathways. Dotted line arrows indicate suspected mechanism based on indirect evidence
and literature. Light gray items represent possible alternative localizations of that factor. MCPyV
undergoes attachment, entry, and trafficking to the nucleus without eliciting ISG or inflammatory
cytokine induction. Naked MCPyV DNA in the nucleus enables viral gene transcription and
replication. cGAS likely detects MCPyV DNA in either the cytoplasm or the nucleus to stimulate
signaling through the STING-TBK1-IRF3 axis. Upregulation of cytokines is suspected to then function
in an autocrine and paracrine fashion to turn on other innate immune pathways such as NF-κB. ISGs
and inflammatory cytokines are ultimately upregulated as a result of MCPyV activity. IFI16 contributes
to the induction of cytokines, but not of ISGs, independently of cGAS-STING in a manner that is yet
to be determined. (Inf. cytokines, inflammatory cytokines: IL-1b , TNF-a, IL-6).
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host cell. We found that STING, TBK1, IRF3, IKK-b , and the NF-κB subunit p65 are acti-
vated by phosphorylation during MCPyV infection (Fig. 3). In addition, CRISPR knockout
of these key immune mediators represses MCPyV-induced ISG and cytokine expression
(Fig. 4), allowing increased MCPyV replication (Fig. 5). Our data therefore support a
model in which MCPyV infection generates PAMPs or DAMPs that activate STING- and
NF-κB-mediated induction of cytokines and ISGs, which in turn negatively regulate
MCPyV infection (Fig. 6).

The cytokines upregulated by MCPyV, such as IL-1b and TNF-a, are capable of fur-
ther positive regulation of ISG expression via IRF1, IRF3, and NF-κB (69–78). Therefore,
we suspect that these cytokines function in both an autocrine and a paracrine manner
during MCPyV infection to generate and amplify the antiviral status of infected cells
and neighboring uninfected cells alike (Fig. 6). Unlike the inflammatory cytokines, the
IFN-b mRNA level was not significantly induced in MCPyV-infected cells compared to
that in the cells treated with heat-inactivated MCPyV (Fig. 1D). Whether this level of
induction is biologically relevant to the cascade of events regulating ISG expression
remains to be investigated.

As this is the first study to examine innate intrinsic responses to MCPyV infection,
the findings herein pose questions that should be addressed in the future. For exam-
ple, while cGAS is likely the predominant MCPyV PRR responsible for the induction of
ISGs (Fig. 4), the role of IFI16 throughout MCPyV infection remains to be fully detailed.
We found that IFI16 localizes to sites of MCPyV replication and contributes to the
induction of inflammatory cytokines but not of ISGs (Fig. 2 and Fig. 4C and D). This sug-
gests that it may support transcriptional upregulation of cytokines by means other
than the cGAS-STING and NF-κB pathways.

One mechanism by which IFI16 could induce inflammatory cytokine induction is
that MCPyV DNA-bound IFI16 could shuttle to the cytoplasm where it may engage in
inflammasome activation and pyroptosis as has been reported in herpesvirus infection
(79, 80). The VP1-positive nuclei fragments found in IFI16 knockout conditions during
MCPyV infection could indicate that the absence of IFI16 disrupts typical cell death
responses to infection. If IFI16 does not promote inflammasome-related pyroptosis, it
may promote other cell fates such as senescence. For example, it has been reported
that IFI16 is accumulated in aging fibroblasts (81) and that the loss of IFI16 in fibro-
blasts allows a bypass of cellular senescence (82). Recently, another group showed that
MCPyV genome transfected into HDFs causes a secretory senescence phenotype (83).
Together, these findings hint that IFI16 may promote a secretory senescence pheno-
type in MCPyV-infected fibroblasts in tandem with innate signaling from cGAS-STING
and NF-κB. Changes in IFI16 activity and abundance in aging skin could also alter the
course of MCPyV propagation and host cell fate.

Knockout of IKK-b , p65, or cGAS led to elevated MCPyV replication as measured by
qPCR analysis of whole-cell lysates (Fig. 5). The most significant of these changes was
that of cGAS knockout, which resulted in ;6� higher levels of MCPyV DNA in cell
lysates (Fig. 5). One explanation for the dramatic impact of cGAS presence on MCPyV
replication compared to that of the other factors is that, as a principal sensor of MCPyV
DNA, cGAS impacts all downstream aspects of the host cellular response. Another pos-
sibility is that cGAS binding to MCPyV DNA can directly inhibit MCPyV replication in
addition to initiating host signaling events. That knockout of effectors downstream of
cGAS was not sufficient to limit MCPyV replication could imply that MCPyV has evolved
strategies to antagonize the STING-mediated antiviral immune response. Alternatively,
the varied impacts of knocking out the downstream components on MCPyV replication
may be due to unexpected influences outside of canonical pathways. For example, one
group found that knockout of innate immune regulators like IFI16, STING, and IRF3
had pleiotropic effects on herpesvirus replication (84). It is possible that other antiviral
immune signaling pathways not explored here are involved in controlling MCPyV
infection. Therefore, how MCPyV evades the host immune responses to achieve persis-
tent infection remains an important question to address in the future.
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Our current data suggest that ISGs and inflammatory cytokines induced by MCPyV
infection could dampen viral spread even in the absence of intervention by innate and
adaptive immune cells. The extent to which this antiviral immune response can pre-
vent uncontrolled viral propagation within the skin microenvironment will need to be
tested in an in vivomodel once one becomes available. Until then, exploring the mech-
anisms by which MCPyV counteracts the innate host cell response will yield insights
regarding MCPyV persistence in healthy hosts. Such a mechanism would clarify how
the lack of antiviral pressure in at-risk populations encourages MCC tumorigenesis.

MATERIALS ANDMETHODS
Isolation and culture of fibroblasts from human foreskin. Human neonatal foreskins were

obtained from the Penn Skin Biology and Diseases Resource-based Research Center. Protocols for isola-
tion and culture of HDFs have been described and visualized previously (42, 63) and are outlined briefly
here for convenience. Fat and subcutaneous tissue were trimmed from the foreskin sample. The remain-
ing tissue sample was cut into four smaller pieces which were then incubated in 5ml of 10mg/ml
Dispase II (Roche, 04942078001) supplemented with Antibiotic-Antimycotic (Life technologies, 15240-
062) at 4°C overnight. After this digestion, the dermal layer was transferred to a 15-ml tube containing
5ml 1.5mg/ml collagenase type IV (Life technologies, 17104-019) supplemented with Antibiotic-
Antimycotic. The samples were incubated at 37°C in 5% CO2 for 4 to 6 h with periodic shaking until mac-
roscopic tissue was no longer visible. The samples were centrifuged at 180 � g for 5min. The dissociated
cells were pelleted and plated in Dulbecco modified Eagle medium (DMEM) (Life technologies,
11965084) supplemented with 10% FBS (HyClone, SH30071.03), 1� nonessential amino acids (Gibco),
and 1� glutamine (Gibco). The same medium was used to expand and passage dermal fibroblasts in 10
cm2 dishes for use in subsequent experiments. With each passage, fibroblasts were allowed to grow to
confluence before they were split 1 to 4. HDFs isolated from more than 10 donors were used in this
study and similar observations were made.

MCPyV infection of dermal fibroblasts. HDFs and lentiCRISPRv2 sgRNA stable HDFs were infected
with MCPyV using the method described previously (62, 63). The pR17b MCPyV plasmid and MCPyV T-anti-
gen expression plasmids pMtB and pADL used in the production of MCPyV virions were kindly provided
by Christopher Buck. MCPyV viral fractions were normalized by quantifying viral genome equivalents using
qPCR analysis and making dilutions with Dulbecco’s phosphate-buffered saline (DPBS) to the nearest
1� 107 genomes/ml. All MCPyV preparations used in the experiments were between 3� 108 to 1� 109

genomes/ml. To extract DNA from preparations of infectious MCPyV particles, 1ml of a given MCPyV frac-
tion was added to 50ml of Lucigen DNA extraction buffer. The extraction steps were as follows: vortex
15 sec, incubate 15min at 65°C, vortex 15 sec, incubate 6min at 95°C, and store at280°C. The DNA extrac-
tion samples were then used as the template in qPCR analysis using Applied Biosystems SYBR green FAST
master mix with NCCR-targeted primers. Within any technical replicate, the same viral preparation was
mixed well by pipetting up-and-down and used for all conditions. Treatment with control heat-inactivated
MCPyV for each experiment was performed by sealing the tube containing the same virus preparation
used for infection with a plastic lock, boiling at 100°C for 10min, cooling on ice, spinning down, and mix-
ing before adding the same volume as that used in the MCPyV infection to control wells.

qPCR and RT-qPCR. qPCRs were made using Applied Biosystems SYBR green Fast Mix on an
Applied Biosystems QuantStudio3 quantitative thermal cycler. qPCR primers used for quantification of
MCPyV genome equivalents relative to cellular DNA are as listed in Table 1. The pR17b plasmid (contain-
ing the MCPyV genome) and cellular DNA from control conditions were used as negative controls to
check for possible background amplification. Primers used to quantify gene expression in RT-qPCR
experiments are shown in Table 2. RNA was isolated for RT-qPCR using Takarabio Nucleospin RNA XS
Kits and immediately subjected to reverse transcription for downstream analysis and long-term storage
at 280°C. An identical set of RNA isolate samples that underwent the same procedure without reverse
transcriptase present were used as control for background nucleic acid contamination. For 96-well
plates, lysates harvested from 3 to 5 wells of cells were used for a given replicate. Fold change in expres-
sion of cellular genes such as ISGs and inflammatory cytokines was calculated by RT-qPCR 2–DDCt as done
previously (85), where the control gene is glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and the
control condition is treatment with the same MCPyV preparation that has been heat-inactivated. In RT-
qPCR analysis of CRISPR sgRNA knockout HDFs, the control condition was MCPyV infection of HDFs sta-
bly expressing Cas9 and an sgRNA for the nonmammalian gene luciferase.

Immunofluorescent staining. Cells were fixed with 3% paraformaldehyde in phosphate-buffered sa-
line (PBS) for 10min. Immunofluorescent (IF) staining was performed as described previously (86). The fol-
lowing primary antibodies were used in 3% bovine serum albumin (BSA), 0.5% Triton X-100: CM2B4

TABLE 1 The following primers were used for qPCR analysis; all oligonucleotides were
ordered from Integrated DNA Technologies (IDT)

Primer target Forward primer sequence Reverse primer sequence
MCPyV NCCR TAGGCAGCCAAGTTGTGGTTA CGTCTCCCTCCCAAACAGAAA
Genomic GAPDH GGCCCTGACAACTCTTTTCATCTT CAACTGTGAGGAGGGGAGATTC
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(MCPyV LT) (1:500, sc-136172, Santa Cruz), anti-MCPyV VP1 (1:2,000, Christopher Buck Laboratory), anti-
RPA 70 (1:100, 2267S, Cell Signaling Technologies), anti-NF-κB p65 (1:1,500, 8242S, Cell Signaling
Technologies), anti-IRF3 (1:200, sc-33641, Santa Cruz), and anti-IFI16 (1:200, ab55328, Abcam) antibodies.
The secondary antibodies used were Alexa Fluor 594 goat anti-mouse IgG (1:1,000, A11032, ThermoFisher
Scientific) and Alexa Fluor 488 goat anti-rabbit IgG (1:500, A11034, ThermoFisher Scientific). The IFI16 anti-
body (Sigma, catalog number HPA002134) and an MCPyV probe (Biosearch technologies) were used for
the sequential immunofluorescence staining of IFI16 and MCPyV genome. DAPI (49,6-diamidino-2-phenyl-
indole, D9542, Sigma) staining at 1:8,000 was included in the secondary antibody incubation mixture. All
IF images were collected using an inverted fluorescence microscope (IX81; Olympus) connected to a high-
resolution charge-coupled-device camera (FAST1394; QImaging). Images were analyzed and presented
using SlideBook (version 5.0) software (Intelligent Imaging Innovations, Inc.). The scale bars were added
using ImageJ software.

Western blotting. To prepare whole-cell lysates, cells were lysed in lysis buffer (10mM HEPES [pH
7.9], 500mM NaCl, 3mM MgCl2, 1mM dithiothreitol [DTT], 1mM phenylmethylsulfonyl fluoride (PMSF),
0.5% Triton X-100 supplemented with protease inhibitors). Phosphatase inhibitors were added to the
lysis buffer when probing for levels of phosphorylated epitopes. In order to obtain sufficient lysate vol-
ume from 96-well plates, cells collected from 10 to 15 wells with the same experimental conditions were
combined in lysis buffer for a single replicate. After 30 to 60min incubation on ice with vortexing,
whole-cell lysates were centrifuged at 15,000 � g for 10min at 4°C to remove debris. Protein concentra-
tion of whole-cell lysates was determined using the Bradford assay. The protein samples were resolved
on SDS-PAGE gels, transferred onto polyvinylidene difluoride (PVDF) membranes, and immunoblotted
with specific primary antibodies as indicated in the figure legends. The primary antibodies used in this
study include anti-IFI16 (1:1,000, ab55328, Abcam), anti-cGAS (1:1,000, D1D3G, Cell Signaling
Technology), anti-STING (1:1,000, 13647S, Cell Signaling Technology), anti-TBK1/NAK (1:1,000, D1B4, Cell
Signaling Technology), anti-IRF3 (1:250, sc-33641, Santa Cruz Biotechnology), anti-p65 (1:400, sc-8008,
Santa Cruz), anti-IKKb (1:1,000, 2684S, Cell Signaling Technology), and anti-GAPDH (1:2,000, 5174S, Cell
Signaling Technology). Primary antibodies used in this study recognizing phosphorylated epitopes
include anti-p-TBK1 S172 (1:1,000, 5483S, Cell Signaling Technology), anti-p-IRF3 S396 (1:250, 4947S, Cell
Signaling Technology), anti-p-p65 S536 (1:250, 3033S, Cell Signaling Technology), and anti-p-IKKa/b
S176/180 (1:250, 2697S, Cell Signaling Technology). The secondary antibodies used were HRP-linked
anti-rabbit IgG (1:3,000, 7074S, Cell Signaling Technology) and HRP-linked anti-mouse IgG (1:3,000,
7076S, Cell Signaling Technology). Western blots were developed using Western Lightning ECL solution
(PerkinElmer) and images were captured using an Amersham Imager 600 device (GE/Cytiva).

Immunofluorescent-smFISH (single molecule fluorescence in situ hybridization). HDF cells were
fixed with 3.7% formaldehyde in PBS for 10min, and then the immunofluorescent staining was per-
formed using IFI16 antibody (Sigma, catalog number HPA002134) with 1:500 dilution as previously
described (86). After immunofluorescent staining, the cells were fixed with 3.7% formaldehyde in PBS for
10min and then washed twice with PBS and once with wash buffer A (Biosearch Technologies) following
the manufacturer’s instructions. Hybridization was performed with the coverslips upside down on a
drop of MCPyV LT probes (synthesized by Biosearch Technologies, 1:50 dilution) in the hybridization
buffer. After being sealed with rubber cement, the coverslips (containing the target virus DNA and
probes) were heated/denatured at 94°C for 3 min and then incubated at 37°C overnight in a humidified
hybridization chamber as previously described (42). Following hybridization, the samples were incu-
bated at 37°C for 30 min with wash buffer A and then incubated at 37°C for 30 min with 100 ng/ml DAPI

TABLE 2 The following primers were used for RT-qPCR analysis; all oligonucleotides were
ordered from Integrated DNA Technologies (IDT)

Primer target Forward primer sequence (59!39) Reverse primer sequence (59!39)
ISG54 GCACTGCAACCATGAGTGAGA GCTTGCCTCAGAGGGTCAAT
Viperin TGGGTGCTTACACCTGCTG TGAAGTGATAGTTGACGCTGGT
OAS1 AGAAGGCAGCTCACGAAACC CCACCACCCAAGTTTCCTGTA
RIG-I TTGCCACCTCAGTTGCTGAT ACTGCTTTGGCTTGGGATGT
Mx1 CAGCCTGCTGACATTGGGTA CCACATTACTGGGGACCACC
Mx2 ATGATTTCTCCATCCTGAACGTG CCTGAAGCTCTAGCTCGGTG
ISG15 GCGCAGATCACCCAGAAGAT GTTCGTCGCATTTGTCCACC
ISG56 GCTTACACCATTGGCTGCTG CCATTTGTACTCATGGTTGCTGT
IFI16 AGAGCCATCTTCGGACTCCT CAGTCTTGGTTTCAACGTGGT
cGAS ACGTGCTGTGAAAACAAAGAAG GTCCCACTGACTGTCTTGAGG
PKR AGAGTAACCGTTGGTGACATAACCT GCAGCCTCTGCAGCTCTATGTT
GAPDH GGTGGTCTCCTCTGACTTCAACA GTTGCTGTAGCCAAATTCGTTGT
IL-8 CACCGGAAGGAACCATCTCA GGCAAAACTGCACCTTCACA
IL-6 AGGAGACTTGCCTGGTGAAA CAGGGGTGGTTATTGCATCT
IL-1b CTGAGCTCGCCAGTGAAATG TGTCCATGGCCACAACAACT
TNF-a GCTGCACTTTGGAGTGATCG TCACTCGGGGTTCGAGAAGA
IFN-b GCCGCATTGACCATCTATGAGA GAGATCTTCAGTTTCGGAGGTAAC
IFN-a TTTCTCCTGCCTGAAGAACAG GCTCATGATTTCTGCTCTGACA
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in wash buffer A. After being washed twice with wash buffer B (Biosearch Technologies), cells were
mounted and observed using an inverted fluorescence microscope (IX81; Olympus).

cGAMP ELISA. ELISA for cGAMP was performed using the 29,39-cyclic GAMP ELISA kit (Arbor Assays,
catalog number K067-H1). Mock-infected and MCPyV-infected HDFs were grown in a 6-well plate. At 120
h.p.i., cells were washed once with PBS and followed by 150ml of M-per buffer plus 1 mM EDTA mixture
being added to each well. The plate was hand-shaken for 5 min at room temperature. Wells were
observed with a tissue culture microscope to ensure complete coverage and lysis across the well. A
standard curve was made using a stock cGAMP dilution of 0.0328 pmol/ml. All other steps were per-
formed following the manufacturer’s instructions.

Generation of CRISPR/Cas9 knockout HDF stable cells. sgRNAs were cloned into the LentiCRISPR
v2 (pXPR_023) plasmid (Addgene) following protocols from the Genetic Perturbation Program and the
Feng Zhang Lab at the Broad Institute that have been adapted by the Elizabeth White Laboratory at the
University of Pennsylvania. Oligonucleotides for the generation of sgRNA cassettes targeting genes of in-
terest were selected from the Brunello library from the Broad Institute as well as successful CRISPR
knockout exhibited in work by others (Table 3). Reconstituted oligonucleotides were annealed in a Bio-
Rad PCR thermal cycler using T4 ligation buffer and T4 PNK enzyme (New England Biolabs). The
LentiCRISPR v2 plasmid was cut and dephosphorylated at 37°C for 30min in a reaction mixture contain-
ing FastDigest BsmBI (Esp3I) (Thermo/Fermentas) restriction enzyme, FastDigest Buffer, and 0.1mM DTT.
The 12.8-kb linearized vector was gel purified and ligated to 1:250 diluted sgRNA cassettes. The resulting
constructs were transformed into competent Escherichia coli (DH5a), which were then plated on ampicil-
lin-LB plates and incubated overnight at 37°C. Picked colonies were miniprepped and validated by
sequencing using a U6 promoter-targeted primer.

For the production of lentivirus harboring the LentiCRISPRv2 construct stably expressing desired sgRNA,
HEK293T cells were cultured in 10-cm dishes to 90% confluence. LentiCRISPRv2 plasmids were transfected
into HEK 293T cells together with psPAX2 and pMD.2G using Lipofectamine 2000 (Invitrogen). At 6 h post-
transfection, the culture medium was changed to fresh medium. Twenty-four hours later, lentiviruses were
harvested from the supernatant and filtered through a 0.45-mm filter. Passage 2 HDFs were transduced with
the purified lentiviruses supplemented with Polybrene. Starting on day 2 after transduction, cells were
selected using 0.5 to 2mg/ml puromycin where the lower range of concentration would be used at lower
cell densities. Throughout selection, nontransduced HDFs were exposed to the same selection conditions in
parallel to ensure complete killing of cells lacking the resistance gene. HDFs remained under selection with
these parameters while being expanded to passage 4, at which point stocks were frozen. Prior to infection,
thawed cells were expanded to confluence under puromycin selection and replated the following day.
Knockout efficiency was reconfirmed by Western blotting at the point of MCPyV infection.

Statistical analyses. Statistical analysis for RT-qPCR and qPCR experiments was performed with
Prism software (version 8.3.0). Fold induction presented on the graphs for each of these experiments
was calculated by the expression 22(D 2 D), where D 2 D is the difference in Ct values of the gene of in-
terest and a housekeeping gene of the experimental condition from that of the control condition.
Experimental analysis for these data were carried out at the level of D 2 D. The specific statistical analy-
ses for each data set were as follows.

Fig. 1B: Two-way analysis of variance (ANOVA): P, 0.0001; with Sidak’s multiple comparison’s test.

Fig. 1C and D: Multiple t tests; P values controlled for multiple comparisons using Holm-Sidak method.

Fig. 1E: Two-way ANOVA: P, 0.0001; with Dunnett’s multiple comparison’s test.

Fig. 4B and C: Two-way ANOVA: P, 0.0001; with Dunnett’s multiple comparison’s test.

Fig. 5A: Two-way ANOVA: P, 0.0001; with Dunnett’s multiple comparison’s test.
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