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ABSTRACT Merkel cell polyomavirus (MCPyV) has been associated with approxi-
mately 80% of Merkel cell carcinoma (MCC), an aggressive and increasingly incident
skin cancer. The link between host innate immunity, viral load control, and carcino-
genesis has been established but poorly characterized. We previously established
the importance of the STING and NF-«xB pathways in the host innate immune
response to viral infection. In this study, we further discovered that MCPyV infection
of human dermal fibroblasts (HDFs) induces the expression of type | and Il interfer-
ons (IFNs), which in turn stimulate robust expression of IFN-stimulated genes (ISGs).
Blocking type | IFN downstream signaling using an IFN-B antibody, JAK inhibitors,
and CRISPR knockout of the receptor dramatically repressed MCPyV infection-
induced ISG expression but did not significantly restore viral replication activities.
These findings suggest that IFN-mediated induction of ISGs in response to MCPyV
infection is not crucial to viral control. Instead, we found that type | IFN exerts a
more direct effect on MCPyV infection postentry by repressing early viral transcrip-
tion. We further demonstrated that growth factors normally upregulated in wounded
or UV-irradiated human skin can significantly stimulate MCPyV gene expression and
replication. Together, these data suggest that in healthy individuals, host antiviral
responses, such as IFN production induced by viral activity, may restrict viral propa-
gation to reduce MCPyV burden. Meanwhile, growth factors induced by skin abra-
sion or UV irradiation may stimulate infected dermal fibroblasts to promote MCPyV
propagation. A delicate balance of these mutually antagonizing factors provides a
mechanism to support persistent MCPyV infection.

IMPORTANCE Merkel cell carcinoma is an aggressive skin cancer that is particularly le-
thal to immunocompromised individuals. Though rare, MCC incidence has increased
significantly in recent years. There are no lasting and effective treatments for metastatic
disease, highlighting the need for additional treatment and prevention strategies. By
investigating how the host innate immune system interfaces with Merkel cell polyoma-
virus, the etiological agent of most of these cancers, our studies identified key factors
necessary for viral control, as well as conditions that support viral propagation. These
studies provide new insights for understanding how the virus balances the effects of
the host immune defenses and of growth factor stimulation to achieve persistent infec-
tion. Since virus-positive MCC requires the expression of viral oncogenes to survive, our
observation that type | IFN can repress viral oncogene transcription indicates that these
cytokines could be explored as a viable therapeutic option for treating patients with vi-
rus-positive MCC.

KEYWORDS DNA tumor virus, Merkel cell carcinoma, Merkel cell polyomavirus,
persistent infection, virus-host interactions

erkel cell polyomavirus (MCPyV) is the most recently discovered human onco-
genic virus (1). It has been associated with Merkel cell carcinoma (MCC), a highly
aggressive form of skin cancer (1-10). MCPyV is also a widespread virus, detected on
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the skin of most healthy adults (11-13). Serological studies have established that
MCPyV infects most humans during early childhood and that viral prevalence increases
as populations age (14-16). The vast majority of MCPyV infections are asymptomatic
(17), but some result in the development of MCC (1-4).

Although MCC cases are rare, the incidence of MCC has tripled over the last 20 years
(18-21) and increased by more than 95% in the United States since 2000 (19). MCC is
one of the most aggressive skin cancers, with a nearly 50% mortality rate (exceeding
the rate of melanoma) and a 5-year survival rate of less than 45% (1-8, 22, 23). MCC
metastasizes rapidly, and currently there are no effective treatments for cases of meta-
static cancers (24). Chemotherapies have thus far failed to produce durable responses
in patients with metastatic disease (25, 26). Recently, anti-PD1 and anti-PD-L1 treat-
ments have shown exciting results in some MCC patients, but the durability of
responses is variable, and a significant proportion of patients do not respond (27-29).
Given the high prevalence of MCPyV infection and the increasing incidence of MCC
diagnoses (21), a better understanding of the mechanisms that drive MCPyV oncogen-
esis is needed in order to develop more effective strategies to prevent and treat this
highly lethal skin cancer.

MCPyV has a circular, double-stranded DNA genome of ~5 kb that carries an effi-
cient repertoire of genes (3, 22, 30). The viral genome is divided into early and late
regions by a noncoding regulatory region (NCRR) containing the viral origin of replica-
tion and bidirectional promoters responsible for early and late gene transcription (3,
31, 32). The early region encodes large tumor antigen (LT), small tumor antigen (sT),
57kT, and a microRNA and contains an alternate LT open reading frame (ALTO) (3, 32—
34). The late region encodes the major and minor capsid proteins, VP1 and VP2 (35,
36). Of the early genes, the roles of LT and sT in promoting viral replication and host
cell proliferation have been best described (22, 32, 37-40).

MCPyV integration into the host genome is a key event that drives virus-positive MCC
development (22, 41, 42). Integrated MCPyV genome is detectable in more than 80% of
MCC tumors, in which the virus maintains the expression of native sT and a truncated LT
(LTT) (1, 43-45). These are the major oncogenes that support MCPyV-induced tumorigene-
sis (1, 22, 30, 37, 44-51). Despite our knowledge of the MCPyV genome and the functions
of its viral oncogenes, many aspects of its virology and infectious cycle are poorly under-
stood. Hence, it is unclear what mechanisms and prerequisite conditions trigger MCPyV
genome integration and MCC development.

MCPyV maintains asymptomatic infection in most of the general population (11-13),
but in elderly and immunosuppressed individuals, infection has a higher chance to trigger
MCC development (52, 53). Epidemiological studies have established a strong link
between immunosuppression, elevated MCPyV genome loads, and increased risk for
MCC (53, 54). Factors that can dampen antiviral immunity, such as advanced age, chronic
UV exposure, and immunosuppression, have been shown to significantly increase the risk
of developing MCPyV-positive MCC (18, 53). MCPyV DNA prevalence and viral load on
sun-exposed skin increase dramatically in individuals over the age of 40 and remain high
for older age groups (55). Within the same age range group, individuals who are immuno-
compromised due to HIV/AIDS, chronic lymphocytic leukemia, or treatment for autoim-
munity or organ transplantation are at the greatest risk for MCC development (9, 56-59).
Additionally, MCPyV DNA is more likely to be detected on the skin of HIV-positive men
than healthy controls, and those with poorly controlled HIV infection frequently maintain
higher MCPyV DNA loads than individuals with better-controlled infections (55).
Furthermore, viral oncogenesis is more rapid and aggressive in HIV-positive and immuno-
suppressed patients (60), suggesting that the elevated MCPyV DNA loads associated with
immunosuppression may contribute to the increased likelihood of MCC development.
Collectively, these epidemiological studies suggest that MCPyV can strike a delicate bal-
ance with human hosts to avoid eradication and maintain persistent infection, but failure
of the immune system to control MCPyV infection may enable unimpeded propagation
of MCPyV. Rampant MCPyV infection could then lead to more frequent replication errors,
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which can in turn stimulate genome integration and ultimately promote MCPyV-induced
tumorigenesis. Little is known, however, about the host immune response elicited by
MCPyV. The way MCPyV interfaces with the host immune response to either establish
long-term asymptomatic infection or integrate and trigger oncogenesis in different set-
tings is also poorly understood.

Our abilities to probe the host immune responses that keep MCPyV infection in
check have been predominantly limited by a dearth of tools and systems with which
to study MCPyV infection. Using ex vivo skin sections and in vitro cultures of cells iso-
lated from human foreskins, we previously discovered that human dermal fibroblasts
(HDFs) have the capability to support MCPyV infection activities (61-63). The in vitro
and ex vivo MCPyV infection models established in our studies afford a great opportu-
nity to investigate the host innate immune response to MCPyV infection and to deter-
mine what impact those responses have on the course of MCPyV proliferation. Using
this system, our additional studies demonstrated that MCPyV infection activates the
CcGAS-STING as well as the NF-«B signaling pathways to induce robust expression of
key interferon (IFN)-stimulated genes (ISGs) and inflammatory cytokines in HDFs (64).
We also discovered that the PYHIN protein IFI16 upregulates inflammatory cytokines in
response to MCPyV infection (64).

In the present study, we sought to further characterize the molecular events leading
to the MCPyV-induced ISG response. We also examined the impact of the MCPyV-induced
ISG response on viral infection fate. We discovered that type | IFN can restrict viral infec-
tion at the early transcription stage, but growth factors that are often enriched in skin
wounds can antagonize this effect to stimulate viral infection. Together, our data provide
new insights for understanding how the intricate MCPyV-host relationship provides a mo-
lecular mechanism to support viral persistence.

RESULTS

Visualization of MCPyV infection-induced ISG expression at the single-cell
level. In our previous study, we discovered that MCPyV infection induces a robust
innate immune response in HDFs driven by the cGAS-STING and NF-«B signaling path-
ways (64). Additionally, we found that MCPyV infection causes the upregulated expres-
sion of key ISGs and inflammatory cytokines (64). Based on this finding, we sought to
further investigate the possible role of ISGs in regulating the innate immune response
to MCPyV infection in this study.

ISGs are normally induced by the activation of IFN downstream signaling. IFNs
secreted from the virus-infected cell are known to function via autocrine and paracrine
modalities through binding of a heterodimeric cell surface receptor complex, which
activates the JAK-STAT signaling pathway to stimulate the transcription of ISGs in the
nucleus (65-67). Our previous studies detected global, population-level changes in
innate immune response signaling in response to MCPyV infection (64). To more accu-
rately probe the questions of how the innate immune response in infected HDFs is
regulated and whether presumed cytokine signaling spreads the innate immune
response to neighboring cells, the activation of innate immune effectors was examined
at the single-cell level in infected HDFs by immunofluorescence (IF) staining.

Expression of several key ISGs downstream of type | and type Ill IFN (Mx1, ISG15,
OAS1, IFI16, and viperin) was induced at the protein level by MCPyV infection (Fig. 1). We
also observed that the ISGs examined in our studies were broadly expressed among cells
with both detectable and undetectable expression of viral proteins (Fig. 1). This result
implies that a potential antiviral response is spread to all cells through cytokine signaling,
which may then control viral infection.

MCPyV infection induces expression of IFN-B and other innate immune cyto-
kines. Because MCPyV infection induced a robust induction of ISGs in both our current
and previous studies (Fig. 1) (64), we decided to further examine the level of IFNs
released by MCPyV-infected cells. In our prior study (64), we found that MCPyV infec-
tion causes a modest induction of type | IFNs. In that study, HDFs treated with heat-
inactivated MCPyV stocks were used as the negative control for HDFs infected with live
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virus in order to specifically examine the effects of viral activity and not of other com-
ponents of the viral preparation on the innate immune response (64). We subsequently
discovered that our heat-inactivation protocol does not completely kill MCPyV and the
resulting MCPyV stocks could still induce type | IFN expression in HDFs (data not
shown), contributing to the apparently low IFN induction by live virus in our prior
measurements (64). In this study, we decided to reexamine the complete innate
immune response to MCPyV treatment in HDFs using untreated cells—rather than cells
treated with heat-inactivated MCPyV stocks—as the negative control in all experi-
ments. In this modified infection protocol, primary HDFs were untreated or treated
with live MCPyV virions in the absence of serum and presence of collagenase for 2
days to promote viral entry and then treated with fetal bovine serum (FBS) to initiate
viral gene expression. By examining the relative expression of IFNs and inflammatory
cytokines in MCPyV-infected HDFs, we discovered that the expression of both IFN-B
and IFN-A1 was stimulated significantly in MCPyV-treated cells compared to untreated
cells (Fig. 2A). The cycle threshold (C;) values obtained from the reverse transcription-
quantitative PCR (RT-qPCR) analysis for other IFNs (IFN-, IFN-A2-4, IFN-w, and IFN-y)
were all above 35, suggesting that the expression levels of these IFNs were not stimu-
lated by MCPyV infection. MCPyV infection also stimulated the transcription of inflam-
matory cytokines such as interleukin 18 (IL-1p), IL-6, IL-8, and tumor necrosis factor
alpha (TNF-a), recapitulating our previous findings (Fig. 2A) (64). Furthermore, expres-
sion of IFN-3, IFN-A, and the key downstream ISGs such as OAS1 increased dramati-
cally during the course of viral infection, with the peak of expression coinciding with
the peak of viral early gene expression (Fig. 2B). This result suggests that the IFN and
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FIG 1 Visualization of MCPyV infection-induced ISGs at the single-cell level. HDFs treated with live MCPyV or heat-inactivated MCPyV
(control) were immunostained using antibodies for VP1, LT, and the indicated I1SGs. The cells were also counterstained with DAPI
(4',6-diamidino-2-phenylindole). Bars, 100 um.
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FIG 2 MCPyV infection induces the expression of IFN-B and other innate immune cytokines. (A) mRNA levels of IFN-3,
IFN-A1, and other cytokines were measured by RT-qPCR in HDFs infected with MCPyV on day 6 postinfection. The
values for the mRNA molecules in mock-infected HDFs were set as 1. (B) mRNA levels of IFN-B, IFN-A1, OAS1, and LT
were measured by RT-gPCR in HDFs infected with MCPyV on day 3 to day 7 postinfection. One of the values for
mock-infected HDFs on day 3 was set as 1. No LT was detected in the mock-infected HDFs. Error bars indicate
standard deviations from three independent experiments. ***, P < 0.001; **, P < 0.01; *, P < 0.05; ns, not significant.

ISG responses are primarily induced by MCPyV DNA replication and/or transcription
but not by the inoculating virions or components of the virus preparation (Fig. 2B).
Treatment with IFN-B antibody and JAK inhibitor represses expression of
MCPyV infection-induced ISGs but does not relieve MCPyV replication activities.
The broad activation of I1SGs in MCPyV-infected HDFs indicates that the JAK-STAT signal-
ing pathway downstream of IFN may contribute to the induction and spread of the antivi-
ral response between cells during infection. To determine whether JAK-STAT signaling
downstream of IFNs and the IFN receptors mediates an antiviral response to MCPyV,
HDFs were treated with either an IFN-3 antibody or the JAK inhibitor ruxolitinib on days
2 and 3.5 of infection and collected on day 5 of infection for IF or RT-qPCR analysis
(Fig. 3). Consistent with previous observations (Fig. 1) (64), MCPyV infection stimulated ro-
bust ISG expression as demonstrated by significantly increased Mx1 expression at the
protein level (Fig. 3A and B). Both IFN-8 antibody and ruxolitinib treatments efficiently
repressed Mx1 expression in MCPyV-infected cells, suggesting that they are effective at
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FIG 3 Treatment with IFN-B antibody and JAK inhibitor represses MCPyV infection-induced ISGs but
does not relieve MCPyV replication. (A) MCPyV-infected or mock-infected HDFs were either untreated
or treated with normal goat IgG or IFN-B IgG on day 2 and day 3.5 postinfection. Cells were fixed on
day 5 postinfection, immunostained for LT and Mx1, and counterstained with DAPI. (B) MCPyV-
infected or mock-infected HDFs were treated with DMSO or 1 uM ruxolitinib on day 2 and day 3.5
postinfection. Cells were fixed on day 5 postinfection, immunostained for LT and Mx1, and
counterstained with DAPI. Bars, 100 um. (C) MCPyV-infected or mock-infected HDFs were either
untreated or treated with normal goat IgG or IFN-B IgG on day 2, day 3.5, and day 5 postinfection.
Cells were harvested on day 6 postinfection for DNA extraction. MCPyV genomic DNA levels were
determined by gPCR quantification and normalized to the GAPDH genomic DNA levels. The value for
one of the untreated, MCPyV-infected groups was set to 1. (D) MCPyV-infected or mock-infected
HDFs were treated with DMSO or 1 uM ruxolitinib on day 2, day 3.5 and day 5 postinfection. Cells
were harvested on day 6 postinfection for DNA extraction. MCPyV genomic DNA levels were
determined by gPCR quantification and normalized to the GAPDH genomic DNA levels. The value for
one of the DMSO-treated, MCPyV-infected groups was set to 1. Error bars represent the standard
deviations from three independent experiments. ns, not significant.

abrogating MCPyV-induced IFN signaling (Fig. 3A and B). Because the IFN-3 antibody (in-
hibiting type | IFN only) and ruxolitinib (inhibiting signaling downstream of both type |
and Il IFN) were both highly effective at repressing Mx1 expression, our data suggest that
type | IFN is the primary cytokine driving ISG expression in infected HDFs (Fig. 3A and B).
However, successful ablation of I1SG induction by IFN-B antibody and ruxolitinib does not
appear to have a significant impact on restoring MCPyV infection activity (Fig. 3C and D).
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From these data, we conclude that IFN-3 drives the expression of infection-induced ISGs,
but the ISG response does not appear to play an important role in repressing MCPyV
infection in our current system.

IFNAR1 knockout inhibits MCPyV-induced ISG expression but does not relieve
MCPyV replication activities. To further examine the function of IFN downstream sig-
naling in controlling MCPyV infection, we applied lentiCRISPR/Cas9 technology to gen-
erate stable knockouts (KOs) of IFN-a/B receptor subunit 1 (IFNART) in HDFs using
three different single guide RNAs (sgRNAs) (Fig. S1). Of the three stable cell lines gener-
ated, the IFNAR1 KO sg2 cell line was selected for further experiments based on its abil-
ity to effectively repress IFNART expression and ISG response to exogenous type | IFN
compared to control sgLuc HDFs (encoding sgRNA targeting luciferase) (see Fig. STA
and B in the supplemental material). These IFNART KO cells, which are incapable of
“receiving” IFN signaling, were used to assess the role of type I IFN signaling in pre-
venting MCPyV infection. IFNAR1 KO HDFs and control sgLuc HDFs were treated with
MCPyV and analyzed on day 5 or 6 postinfection (Fig. 4). In the control sgLuc HDFs,
MCPyV infection induced robust expression of ISGs such as OAS1, Mx1, viperin, and
ISG15, at both the mRNA level and the protein level (Fig. 4A, C, and D). In response to
MCPyV infection, IFNAR1 KO effectively abrogated the induction of these I1SGs while
displaying little effect on the IFN-B expression induced by infection (Fig. 4A, C, and D).
However, inhibition of paracrine IFN-B signaling by IFNAR1T KO did not significantly
affect MCPyV transcription or replication as indicated by the levels of MCPyV LT mRNA
and of viral genome copy number (Fig. 4A, LT panel, and Fig. 4B). These results further
suggest that the IFN downstream IFNAR1 signaling pathway is unlikely to play an im-
portant role in influencing MCPyV infection.

ISG54 knockout does not significantly affect MCPyV infection. Unlike the other
ISGs examined, ISG54 induction by MCPyV infection was not significantly inhibited in
IFNAR1 KO HDFs (Fig. 4A and D), confirming an IFN-independent mechanism for induc-
ing 1SG54 expression (68). Because ISG54 has the ability to promote apoptosis (69), we
next assessed its possible role as the main factor mediating the antiviral response to
MCPyV infection. To accomplish this, lentiCRISPR/Cas9 technology was applied to gen-
erate stable ISG54 KO HDFs using three sgRNAs. Among these cells, the I1SG54 KO sg1
cells were selected for further study based on their significantly repressed level of
ISG54 expression (Fig. S2A). Still, after treatment with MCPyV, 1SG54 KO HDFs did not
show increased MCPyV infection and replication. Instead, these cells had a moderately
reduced capacity for supporting MCPyV replication (Fig. S2B). These data suggest that
ISG54 does not play a significant role in antagonizing MCPyV infection.

Paracrine IFN signaling and downstream ISG production are not essential for
controlling MCPyV infection. To this point, our data have shown that inhibiting IFN
signaling in HDFs does not significantly affect MCPyV's replicative capacity (Fig. 3 and
4). However, the inhibitors and CRISPR KO used in these experiments were applied in
cells that had already been treated and possibly infected with MCPyV; these methods
of inhibiting IFN signaling after establishing MCPyV infection may therefore be insuffi-
cient to block the antiviral response. We also wanted to consider the possibility that
the MCPyV-induced innate immune response signals to other cells in a paracrine man-
ner to block viral infection in naive cells. However, the paracrine response cannot be
tested using our current MCPyV infection system in HDFs, which supports only a single
round of infection, because the FBS present in the system inhibits further spread of
infection to neighboring cells (61). Additionally, the infected HDFs may not produce or
release enough newly packaged viral particles to establish infection in neighboring
cells. If IFN signaling controls MCPyV infection by stimulating an antiviral state in unin-
fected cells and inhibiting the second round of infection, then our prior experiments
and the current infection system, which examined only the first round of infection, did
not accurately address this possibility.

To better recapitulate the paracrine effect of MCPyV infection, we modified our
infection protocol to mimic two rounds of infection in HDFs (Fig. 5A). Normal HDFs
were infected per our usual protocol for the first round of infection, and on day 5, we
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FIG 4 IFNAR1 knockout inhibits MCPyV-induced ISG expression but does not relieve MCPyV infection. (A) sgLuc or IFNAR1 KO (sg2) stable
HDFs were mock infected or infected with MCPyV. mRNA levels of ISGs, LT, and IFN-3 were measured by RT-gPCR on day 5 postinfection.
One of the values from mock-infected sgLuc HDFs was set as 1. (B) MCPyV-infected sgLuc or IFNAR1 KO stable HDFs were harvested for
DNA extraction on day 6 postinfection. MCPyV genomic DNA levels were determined by qPCR quantification and normalized to the GAPDH
genomic DNA levels. The value for one of the MCPyV-infected sgLuc HDF groups was set as 1. Error bars represent the standard deviations
from three independent experiments. (C) sgLuc or IFNAR1 KO stable HDFs were mock infected or infected with MCPyV. Cells were fixed on
day 5 postinfection, immunostained for LT and Mx1, and counterstained with DAPI. Bars, 100 um. (D) Whole-cell lysates were extracted from
mock- or MCPyV-infected sgLuc or IFNART KO HDFs on day 5 postinfection, resolved with SDS-PAGE, and immunoblotted with the indicated
antibodies. **, P < 0.01; ns, not significant.

harvested the medium from the cells. This medium, containing cytokines and viral par-
ticles released by cells during the first round of infection, was then applied to IFNAR1
KO or sgLuc HDFs, which were treated or mock infected with MCPyV. These treated
IFNAR1 KO/sgLuc HDFs from the second round of MCPyV infection were then har-
vested on day 5 for subsequent analysis (Fig. 5A).

In the control sgLuc HDFs, extracellular IFN released from the first round of infection
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FIG 5 Simulation of serial infections to determine if paracrine IFN signaling and downstream ISG production are important for controlling MCPyV
infection. (A) Schematic visualization of the experimental process mimicking the paracrine effect of MCPyV infection. The media of mock- and
MCPyV-infected HDFs were harvested on day 5 of infection and used to treat mock or newly MCPyV-infected sgLuc or IFNART KO cells on day 2
postinfection. (B) sgLuc stable HDFs treated as indicated in panel A were immunostained for LT and Mx1 and counterstained with DAPI. (C) IFNAR1
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GAPDH genomic DNA levels. The value for one of the MCPyV-infected sgLuc HDF samples treated with medium collected from mock-infected HDF
was set as 1. Error bars represent the standard deviation from three independent experiments. *, P < 0.05; ns, not significant.

was modestly effective at stimulating downstream ISG expression in neighboring cells
(Fig. 5B and D, compare Mock + MCPyV Med with Mock + Mock Med), while release
of viral particles did not occur at a sufficient level to induce infection in naive cells (Fig.
5B, Mock + MCPyV Med). Also in these cells, fresh MCPyV added in the second round
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FIG 6 Treatment with IFN-3, but not IFN-A1, inhibits MCPyV postentry activities. (A) MCPyV-infected HDFs
were either untreated or treated with 1,000 U/mL IFN-B, 1,000 U/mL IFN-A1, or both for 30 min before
FBS was added to the medium on day 2 postinfection. Cells were harvested for DNA extraction on day 5
postinfection. MCPyV genomic DNA levels were determined by qPCR quantification and normalized to the
GAPDH genomic DNA levels. The value for one of the MCPyV-infected HDF groups with no IFN treatment
was set as 1. (B) HDFs infected with MCPyV were either untreated or treated with 100 U/mL IFN-3 at the
time points indicated. Cells were harvested for DNA extraction on day 5 postinfection. MCPyV genomic
DNA levels were determined by qPCR quantification and normalized to the GAPDH genomic DNA levels.
The value for one of the MCPyV-infected HDF samples with no IFN treatment was set as 1. Error bars
represent the standard deviations from three independent experiments. ***, P < 0.001; ns, not significant.

of infection led to robust LT expression and further enhanced ISG induction (Fig. 5B
and D, compare MCPyV + Mock Med and MCPyV + MCPyV Med results with Mock +
Mock Med and Mock + MCPyV Med results). IFNAR1T KO was effective at inhibiting
downstream ISG production induced by IFNs from both the first and second rounds of
infection (Fig. 5C and the IFNAR KO data in Fig. 5D). However, these cells did not show
any significant alteration in viral transcription or replication (see the LT signal in Fig. 5B
and C, mRNA in Fig. 5D, and viral genome copy number in Fig. 5E). These results indi-
cate that ISG induction downstream of paracrine IFN signaling is not sufficient to block
MCPyV infection.

Type | IFN treatment inhibits MCPyV postentry activities. Inhibition of ISG signal-
ing downstream of IFN had thus far not affected MCPyV activity. One possible explana-
tion for our results is that, instead of maintaining an antiviral state in cells, type I/l IFN
may exert a more direct effect on viral activity at a specific point during the viral life
cycle. To directly test whether type | or Ill IFN affects MCPyV activities, we treated HDFs
with MCPyV and either IFN-3, IFN-A, or both on day 2 of infection prior to the addition
of FBS to the cells. Treatment with IFN- 3, but not IFN-A, significantly repressed viral repli-
cation (Fig. 6A), indicating that type | IFN is primarily responsible for the impact on
MCPyV infection.
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To further investigate which stage of the MCPyV life cycle is sensitive to IFN-S's in-
hibition effect, treatment was repeated at two different time points: prior to viral infec-
tion and prior to the initiation of viral gene expression and replication, as marked by
the addition of FBS. Interestingly, treatment of HDFs with IFN-3 prior to infection had
no significant effect on viral replication, but IFN-3 added to the cells 2 days posttreat-
ment was able to significantly inhibit viral replication activities (Fig. 6B). This observa-
tion indicates that type | IFN specifically inhibits MCPyV after viral entry has already
occurred.

Type | IFN treatment inhibits MCPyV early transcription. To elucidate which
aspects of the MCPyV viral life cycle are suppressed by IFN, we first performed IF analysis
of MCPyV-infected and IFN-treated HDFs to examine viral protein expression. Treatment
with IFN-B and not IFN-A on day 2 postinfection significantly repressed the expression of
both MCPyV LT and VP1 at the protein level (Fig. 7A). Since protein translation occurs
downstream of transcription, and since MCPyV replication is dependent on LT expression,
we also investigated whether type | IFN antagonizes MCPyV infection at the level of viral
transcription. Stable HDFs expressing either a luciferase reporter or the MCPyV LTT and sT
genes, all under the regulation of the MCPyV early promoter, were used to examine the
direct effects of IFN on MCPyV promoter-driven gene expression (Fig. 7B and C).
Treatment of both of these cell types with type | IFNs inhibited MCPyV early promoter-
driven expression. In contrast, ISRE-driven luciferase reporter gene expression in stable
HDFs is stimulated by IFN (Fig. S3A). Our studies therefore demonstrate that type | IFNs
antagonize MCPyV at the level of early viral transcription, a crucial process during the viral
life cycle (Fig. 7B and C).

Growth factor-mediated stimulation of MCPyV infection provides a mechanism
to support viral persistence. Throughout our studies, we observed that while IFN
treatment could significantly inhibit MCPyV replication and transcription, it did not
completely abrogate these viral activities (Fig. 6 and 7). These results suggest that
other factors in our infection system may potentially antagonize type | IFN during
MCPyV infection. A key component of our MCPyV infection system is the addition of
FBS to cells after they have been treated with MCPyV in serum-free medium (61). We
found that FBS can inhibit viral entry but promote viral gene expression (61). FBS con-
tains many growth factors, such as insulin-like growth factor 1 (IGF-1), transforming
growth factor beta (TGF-B), and fibroblast growth factor 2 (FGF-2), which are among
the cocktail of growth factors enriched near proliferative fibroblasts at a wound site in
damaged human skin (70-72). We therefore tested if FBS or its contained growth factor
elements were involved in stimulating MCPyV activity during infection.

As we described previously (61), FBS added at a 20% final concentration to MCPyV-
treated cells was sufficient to stimulate robust MCPyV gene expression, but reducing
FBS concentration to 2 to 10% caused a significant reduction in LT and VP1 expression
(Fig. 8A). This observation supports the idea that some of its components could
directly upregulate MCPyV infectious activity in HDFs. To probe which growth factors
contained in FBS are involved, we utilized inhibitors against the receptors of each
growth factor to determine whether downregulation of a specific growth factor activ-
ity has any repressive effects on MCPyV and its proliferation. We found that blocking
the function of the TGF-B and FGF receptors with the respective inhibitors LY2109761
and AZDA4547 significantly repressed MCPyV protein expression and replication (Fig.
8B and Q). These studies therefore identify TGF-B and FGFs as the key growth factors
that stimulate MCPyV gene expression and replication. Importantly, we found that
combining IFN-8 with either AZD4547 or LY2109761 further inhibited MCPyV replica-
tion, providing further support for our hypothesis that the growth factors induced in
wounded or UV-irradiated skin promote MCPyV propagation by antagonizing the IFN
response (Fig. 8C).

DISCUSSION
Like many human cancers with a viral etiology, MCC develops much more fre-
quently in immunosuppressed individuals (52, 53), underscoring the critical role of
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FIG 7 Type | IFN treatment inhibits MCPyV early transcription. (A) Treatment with IFN-3, but not IFN-A1, inhibits
MCPyV activities. MCPyV-infected HDFs were either untreated or treated with 1,000 U/mL IFN-3, 1,000 U/mL IFN-AT,
or both for 30 min before FBS was added to the medium on day 2 postinfection. Cells were fixed on day 5
postinfection, immunostained for VP1 and LT, and counterstained with DAPI. Bars, 100 wm. (B) HDFs stably expressing
an MCPyV early promoter-driven luciferase reporter were either untreated or treated with 500 U/mL type | IFN for 20
h. Cell lysates were harvested for luciferase assays and normalized to the protein levels measured by Bradford assays.
(C) HDFs stably expressing MCPyV early promoter-driven LTT/ST were untreated or treated with 1,000 U/mL IFN-q,
IFN-B, or IFN-A1 for 19 h. LTT mRNA levels were measured by RT-qPCR and normalized to GAPDH mRNA levels. The
value for one of the no-treatment groups was set as 1. Error bars represent the standard deviations from three
independent experiments. ***, P < 0.001; ns, not significant.

host immunity in viral oncogenic control. MCPyV is one of the most lethal tumorigenic
viruses in immunocompromised patients, but how the virus interfaces with the host
immune system to achieve persistent infection and how inadequate control of MCPyV
infection encourages MCC tumorigenesis remain poorly understood.

In previous studies, we applied the MCPyV infection model established in our lab to
investigate the largely unknown innate immune response to MCPyV infection. We
showed that MCPyV infection generates pathogen-associated molecular patterns
(PAMPs) or damage-associated molecular patterns (DAMPs) that activate STING- and
NF-xB-mediated induction of cytokines and ISGs (64). In the current study, we further
discovered that MCPyV infection of primary normal HDFs stimulates expression of type
I and Il IFNs, which in turn stimulate robust induction of its downstream ISGs (Fig. 1
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FIG 8 Growth factors in FBS stimulate MCPyV infection. (A) HDFs were treated with MCPyV. On day 2
postinfection, one group of the cells was maintained in the infection medium and supplemented
with 20% FBS according to our standard infection protocol (SOP). For the other two groups of cells,
the medium was changed to fresh medium (CM) supplemented with 20%, 10%, 5%, or 2% FBS. Cells
were fixed on day 5 postinfection, immunostained for VP1 and LT, and counterstained with DAPI. The
brightness of the IF signal was quantified using the IntDen (integrated density) function of Image)
software. The values for the SOP photos were set as 1. The relative brightness of VP1 and LT signals
was calculated by normalizing each value to the DAPI signal (top right corners). Bars, 100 um. (B)
MCPyV-infected or mock-infected HDFs were treated with DMSO, 1 uM AZD4547, or 2 uM LY2109761
on day 2 postinfection. Cells were fixed on day 5 postinfection, immunostained for VP1 and LT, and
counterstained with DAPI. Bars, 100 um. (C) MCPyV-infected HDFs were either untreated or treated
with 100 U/mL IFN-B for 3 h on day 2 postinfection. The cells were then treated with 20% FBS and

(Continued on next page)

April 2023 Volume 97 Issue 4

Journal of Virology

10.1128/jvi.01907-22

13


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01907-22

Impact of Interferon Signaling on MCPyV Infection

and 2). Due to the role of IFNs and ISGs in stimulating the antiviral state of host cells
(73), we assessed the signaling pathways responsible for IFN-induced ISG induction
and its functional impact on MCPyV infection. We found that treatment with IFN-3
antibody, JAK inhibitors, and CRISPR KO of IFNAR1 could all dramatically repress
MCPyV infection-induced ISG expression, but none of these approaches significantly
elevated MCPyV replication activities (Fig. 3 to 5). These findings suggest that IFN-
induced ISG production in response to MCPyV infection is not essential for limiting viral
infection in HDFs. Instead, we found that type | IFN exerts a more direct effect on
MCPyV infection at the postentry stage by repressing early viral transcription (Fig. 6
and 7). This finding is significant because MCPyV early gene transcription is critical for
supporting both the MCPyV life cycle and MCC tumorigenesis. In addition to the effect
of IFNs on MCPyV infection, we found that growth factors such as TGF-B and FGFs,
which are present in FBS but also physiologically upregulated in the dermis during
healing of skin wounds and UV-induced skin damage (70-72, 74), could significantly
stimulate MCPyV proliferation (Fig. 8).

Together, our data support a hypothetical model in which MCPyV maintains persis-
tent infection in healthy individuals. In this model, healthy immune responses such as
IFN production induced by viral activity may restrict viral propagation to reduce
MCPyV burden within the host. At the same time, growth factors induced by UV irradi-
ation or abrasion of the skin may stimulate infected dermal fibroblasts to promote
MCPyV propagation. A delicate balance of these mutually antagonizing factors would
allow the virus to persist at a low level in infected cells. In immunocompromised
patients and those affected by MCC risk factors, such as excessive exposure to UV radi-
ation and wounding (42), disturbance of the virus-host balance could alter the course
of MCPyV propagation to stimulate pathological rampant MCPyV replication and onco-
gene overexpression, which can in turn promote viral DNA integration and MCPyV-
induced tumorigenesis.

Our studies also revealed a cross talk between the innate immune response and
growth factor-induced signaling pathways. We previously found that MCPyV infection
could activate the STING/TBK1/IRF3 and NF-«B pathways (64). In addition to its antivi-
ral properties, it has been well documented that the NF-«B pathway can also induce
the expression of key growth factors, such as IGF-1, TGF-B3, FGFs, and epidermal
growth factors (EGFs), and stimulate the activities of the growth factor receptors (75—
80). These observations suggest that even in healthy unwounded skin, growth factor
signaling pathways can be stimulated inside infected cells by activated NF-«B to pro-
mote viral propagation. Conversely, these growth factors and related receptor kinases
can also negatively regulate NF-«B-associated pathways, providing a mechanism by
which these growth factors may antagonize IFN signaling to promote MCPyV infection
(81, 82).

The findings herein also pose questions regarding the role of I1SGs in MCPyV infec-
tion. Previous studies have shown that overexpression of T antigens encoded by SV40,
JC polyomavirus (JCPyV), or BK polyomavirus (BKPyV) in mouse embryonic fibroblasts
leads to upregulation of ISGs and an antiviral state (83, 84). Similarly, JCPyV infection of
human renal proximal tubular epithelial cells triggers IFN secretion and subsequent
ISG induction, which could at least partially control viral infection (85). BKPyV infection
of microvascular endothelial cells also stimulates an IFN-mediated ISG induction that
could dampen viral infection (86). However, it is unclear why blocking the induction of
ISGs in response to MCPyV infection does not appear to have a significant impact on
viral activity. One explanation is that MCPyV has evolved strategies to successfully

FIG 8 Legend (Continued)

either DMSO, 1 uM AZD4547, or 2 uM LY2109761. Cells were harvested for DNA extraction on day 5
postinfection. MCPyV genomic DNA levels were determined by qPCR quantification and normalized to
the GAPDH genomic DNA levels. The value for one of the MCPyV-infected, DMSO-treated samples
without IFN treatment was set as 1. Error bars represent the standard deviations from three independent
experiments. ***, P < 0.001.
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counteract the ISG-mediated host immune response. Another possibility is that some
ISGs are induced by IFNs in a manner that is independent of the IFNR-JAK-STAT canoni-
cal pathway and therefore are not repressed by IFN-B antibody, JAK inhibitors, or
IFNAR1 KO. I1SG54 is one such ISG, which appeared to be nonessential for blocking
MCPyV infection (Fig. S2). Still, it is possible that other ISGs not explored here are
involved in controlling MCPyV infection and need to be investigated. Finally, it could
also be that the amount of type | IFNs and ISGs induced by MCPyV infection may be
too small to block viral replication and transcription (Fig. S3B).

Our observation that type | IFN can repress MCPyV early transcription is consistent
with a previous study showing that type | and Il IFNs exert direct inhibitory effects on
MCC cell lines in vitro and in vivo through modulation of MCPyV LT expression (87). Our
findings add to the existing literature supporting the ability of IFNs to control the tran-
scriptional regulation of specific genes such as T cell coinhibitory receptors, programmed
death ligand 1 (PD-L1), nitric oxide synthase 2 (NOS2), and triggering receptors expressed
on myeloid cells (TREM) (88-91). However, the manner in which IFNs inhibit the MCPyV
early promoter remains to be fully investigated. Nevertheless, because MCPyV-positive
MCC cells are dependent on the expression of viral oncogenes to survive, our findings as
well as those presented by Willmes et al. (87) indicate that type | IFN may be a promising
therapeutic option for treating patients with MCPyV-positive MCC.

In summary, by characterizing the MCPyV immune signaling pathways and examin-
ing their impact on viral infection, our studies provide new clues for understanding
how an oncogenic virus such as MCPyV strikes a fine balance with the host defense
and growth control mechanisms to achieve persistent infection. Our findings also shed
new light on how the antiviral and anticancer properties of type | IFNs may be
explored as a new strategy for preventing and treating MCPyV-positive MCC.

MATERIALS AND METHODS

Cell culture. HDFs were isolated from human foreskin tissues as described in our previous studies
(61, 63) and were maintained in DMEM (Invitrogen) supplemented with 10% FBS (HyClone), 1x nones-
sential amino acids (Gibco), and 1x GlutaMAX (Gibco).

MCPyV infection. HDFs or lentiCRISPRv2 sgRNA stable HDFs were infected with MCPyV using the
method described previously (61, 63), which is outlined briefly here for convenience. HDFs were seeded
with 1.2 x 10 cells each in a 96-well plate in DMEM-F-12 medium (11330-032; Thermo Fisher Scientific)
containing 20 ng/mL EGF (236-EG-200; R&D Systems), 20 ng/mL basic FGF (bFGF) (PHG0368; Thermo
Fisher Scientific), 3 M CHIR99021 (13122; Cayman Chemical), and 1 mg/mL collagenase type IV (17104019;
Thermo Fisher Scientific). The same amounts of MCPyV virions (10® to 10° viral genome equivalents) were
added to each 96-well plate for viral infection, and 10° viral genome equivalents were used for each 96-well
plate for Fig. 1 and Fig. 2 as well as the first HDF infection for Fig. 5. A dose of 108 viral genome equivalents
per 96-well was used in the rest of the MCPyV infection experiments. After the cells were incubated at 37°C
in 5% CO, for 2 days, FBS was added to each well to reach a 20% final concentration. Depending on the
experiment, the cells were incubated for 3 to 5 days before harvest.

To analyze MCPyV genomic DNA levels, harvested cell pellets were lysed in QuickExtract DNA extraction
solution (Biosearch Technologies) according to the manufacturer’s instructions. The extracted DNA samples
were then subjected to real-time qPCR using a QuantStudio 3 real-time PCR system (Applied Biosystems)
with SYBR green master mix (Applied Biosystems). The MCPyV genomic DNA levels were detected with
NCRR-targeted primers and normalized to the level of genomic glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH). Both NCRR and genomic GAPDH primer sequences can be found in reference 64.

Chemicals, antibodies, and reagents. Ruxolitinib (Cayman Chemical), AZD4547 (LKT Laboratories),
and LY2109761 (Sigma) powders were dissolved in dimethyl sulfoxide (DMSO) to a stock concentration of
10 mM. Normal goat IgG control (AB-108-C; R&D Systems) and human IFN-B antibody (AF814-SP; R&D
Systems) lyophilized powder were reconstituted with sterile phosphate-buffered saline (PBS) to a stock con-
centration of 0.5 ug/ulL for final use at 2 wg/mL for blocking the IFN pathway response. Recombinant
human IFN-B (300-02BC; PeproTech) and recombinant human IFN-A1 (300-02L; PeproTech) lyophilized
powders were reconstituted with DMEM-F-12 medium supplemented with 1% FBS to 10° U/mL. Universal
type | interferon (IFN-o; 11200-2; PBL Assay Science) was also diluted to 10° U/mL with DMEM-F-12 me-
dium. Stock solutions of all chemicals, antibodies, or other reagents were stored in small aliquots at —80°C.

Recombinant lentivirus plasmid constructs. sgRNAs were cloned into the lentiCRISPR v2 plasmid
(Addgene) following protocols from the Feng Zhang lab (92). Oligonucleotides for the generation of
sgRNA cassettes targeting the IFNART1 or ISG54 genes were selected from a CRISPick search, the Brunello
library, or the GeCKO v2 library (93-95) and are as follows: IFNAR1 sg1, 5'-GACCCTAGTGCTCGTCGCCG-
3’; IFNART sg2, 5'-TAGATGACAACTTTATCCTG-3"; IFNAR1 sg3, 5'-TCATTTACACCATTTCGCAA-3’; I1SG54
sg1, 5'-GCACCTCAAAGGGCAAAACG-3'; ISG54 sg2, 5'-TTTCACCTGGAACTTGATGG-3'; and 1SG54 sg3,
5'-AGCCACAATGTGCAACCTAC-3".
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For cloning of the pLenti-MCPyVEP-Luciferase-IRES-Puro construct, the firefly luciferase gene was
PCR amplified from pGL3 (Promega) and subcloned into the pLenti-MCVEP-RFP-IRES-Puro vector (96)
using the Agel and Clal sites.

For cloning of the pLenti-MCVEP-ST/LTT-IRES-Puro construct, the MCPyV early promoter (MCVEP)
and the LTT/ST gene fragment were PCR amplified from MCPyV genomes religated from the pR17b plas-
mid (kindly provided by Christopher B. Buck [NCI]). The resulting fragment was subcloned using the
Xbal/Spel and Mlul sites into the pLenti-IRES-Puro vector, which was modified from the pTRIPZ vector
(Open Biosystems) by removing the fragments between the Mlul and Notl sites.

For cloning of the pTRIPZ-ISRE-Luc construct, a synthesized promoter fragment including 10 copies
of ISRE (interferon-sensitive response element with the sequence GATCAAAGTGAAAGG) and a minimal
promoter sequence were cloned into the Xbal and Agel sites to replace the inducible promoter region
in the pTRIPZ vector to generate the pTRIPZ-ISRE-RFP construct. The firefly luciferase gene was PCR
amplified from pGL4 (Promega) and subcloned into the Agel/Xmal and Mlul sites to replace the red fluo-
rescent protein (RFP) gene in pTRIPZ-ISRE-RFP.

Generation of stable HDFs. Stable cells were prepared as described previously (64, 96). To package
lentiviruses, HEK293T cells at 90% confluence were transfected with the lentivirus construct together
with psPAX2 and pMD.2G using Lipofectamine 2000 (Invitrogen). At 6 to 8 h posttransfection, the cul-
ture medium was changed to fresh medium. At 2 days posttransfection, lentiviruses in the supernatant
were harvested, filtered through a 0.45-um syringe filter, and concentrated with Lenti-X concentrator
(TaKaRa) according to the manufacturer’s instructions. Early-passage HDFs were transduced with con-
centrated lentivirus supplemented with 8 ug/mL Polybrene (Sigma). Starting on day 2 after transduc-
tion, cells were selected using 1 ug/mL puromycin for 2 to 3 weeks until the cells proliferated.

RT-gPCR. Total RNA was isolated using the NucleoSpin RNA XS kit (Macherey-Nagel) following the
manufacturer’s instructions. Reverse transcription was performed using a 20-uL reaction mixture con-
taining 350 ng of total RNA, oligo(dT) primers (Invitrogen), deoxynucleoside triphosphates (dNTPs;
Invitrogen), and Moloney murine leukemia virus (M-MLV) reverse transcriptase (Invitrogen). Real-time
qPCR was performed using a QuantStudio 3 real-time PCR system (Applied Biosystems) with SYBR green
master mix (Applied Biosystems). The mRNA level of each gene was normalized to the GAPDH mRNA
level. The RT-qPCR primer sequences used in this study are as follows (also available in reference 64):
IFN-B F, 5'-ACTGCCTCAAGGACAGGATG-3’; IFN-B R, 5'-AGCCAGGAGGTTCTCAACAA-3'; IFN-A1 F, 5'-TTC
CAAGCCCACCACAAC-3"; IFN-A1 R, 5'-TCCCTCACCTGGAGAAGC-3'; LT F, 5'-TGACTTCTCTATGTTTGATGAG
GTTGAC-3'; LT R, 5'-GACCCATACCCAGAGGAAGAG-3'; MMP-3 F, 5'-TGGGCCAGGGATTAATGGAG-3'; MMP-3
R, 5'-GGAACCGAGTCAGGTCTGTG-3' (F indicates forward primers, and R indicates reverse primers).

Immunofluorescent staining. Cells cultured on coverslips were fixed with 3% paraformaldehyde in
PBS for 20 min. Immunofluorescent staining was performed as previously described (64). The following
antibodies were used as primary antibodies: anti-MCPyV LT (1:250; sc-136172; Santa Cruz Biotechnology), anti-
MCPyV VP1 (1:2,000; Christopher Buck laboratory), anti-Mx1 (1:1,000; 37849S; Cell Signaling Technology), and
anti-IFI16 (1:1,000; ab55328; Abcam). Alexa Fluor 594 goat anti-mouse IgG (1:500; A11032; Thermo Fisher
Scientific), Alexa Fluor 488 goat anti-rabbit IgG (1:500; A11034; Thermo Fisher Scientific), Alexa Fluor 594 goat
anti-rabbit IgG (1:500; A11012; Thermo Fisher Scientific), and Alexa Fluor 488 goat anti-mouse IgG (1:500;
A11029; Thermo Fisher Scientific) were used as secondary antibodies. All immunofluorescent images were
captured using an inverted fluorescence microscope (IX81; Olympus) as described previously (64). The scale
bars were added using ImageJ software.

Western blotting. Preparation of whole-cell lysates and Western blot analyses were performed as
described previously (64). The primary antibodies used in this study include anti-IFNAR1 (1:2,000;
ab247992; Abcam), anti-ISG54 (1:1,000; HPA003408; Sigma), anti-OAS1 (1:500; sc-374656; Santa Cruz
Biotechnology), anti-MCPyV LT (1:500; sc-136172; Santa Cruz Biotechnology), anti-Mx1 (1:2,000; 37849S;
Cell Signaling Technology), antiviperin (1:2,000; 13996S; Cell Signaling Technology), and anti-GAPDH
(1:2,000; 2118S; Cell Signaling Technology). Horseradish peroxidase (HRP)-linked anti-rabbit IgG (1:3,000;
7074S; Cell Signaling Technology) and HRP-linked anti-mouse 1gG (1:3,000; 7076S; Cell Signaling
Technology) were used as secondary antibodies. Western blots were developed using SuperSignal West
Pico chemiluminescent substrate (Thermo Fisher Scientific), and images were captured using an
Amersham Imager 600 (GE Healthcare).

Statistical analysis. Statistical analysis was performed using the unpaired t test formula of Microsoft
Excel software to compare the data from the control and experimental groups. A two-tailed P value of
<0.05 was considered statistically significant.
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