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SUMMARY

The role that human papillomavirus (HPV) oncogenes play in suppressing responses to
immunotherapy in cancer deserves further investigation. In particular, the effects of HPV E5
remain poorly understood relative to E6 and E7. Here, we demonstrate that HPV E5 is a negative
regulator of anti-viral interferon (IFN) response pathways, antigen processing, and antigen
presentation. Using head and neck cancer as a model, we identify that E5 decreases expression
and function of the immunoproteasome and that the immunoproteasome, but not the constitutive
proteasome, is associated with improved overall survival in patients. Moreover, immunopeptidome
analysis reveals that HPV E5 restricts the repertoire of antigens presented on the cell surface,
likely contributing to immune escape. Mechanistically, we discover a direct interaction between
E5 and stimulator of interferon genes (STING), which suppresses downstream IFN signaling.
Taken together, these findings identify a powerful molecular mechanism by which HPV ES5 limits
immune detection and mediates resistance to immunotherapy.

Graphical Abstract

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
*Correspondence: sharabi@ucsd.edu.

AUTHOR CONTRIBUTIONS

Conceptualization, S.M. and A.B.S.; methodology, S.M. and A.B.S.; formal analysis, S.M. and S.S.K_; investigation, S.M., S.S.K.,
R.N.J., L.Z., and K.G.; writing — original draft, S.M. and A.B.S.; writing — review & editing, S.M., S.S., S.P.S., EEW.C,, J.A.C., and
A.B.S.; supervision, A.B.S.; funding acquisition, A.B.S.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.celrep.2023.112508.


https://creativecommons.org/licenses/by-nc-nd/4.0/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Miyauchi et al.

In brief

Page 2

Limited Antigen Repertoire

\ iy N Immunoproteasome

I—P Type | IFNs

Suppressian_ of e
Type | IFN Pathway

Miyauchi et al. report that the HPV E5 oncoprotein functions as a powerful negative

regulator of anti-viral response pathways by blocking STING and MAVS and inhibiting the
immunoproteasome. This study reveals a mechanism of action of E5 that enables virally infected
cancer cells to escape host immune surveillance.

INTRODUCTION

Human papillomavirus (HPV) is estimated to be involved in approximately 5% of all
cancers worldwide and is the causative agent for the vast majority of cervical cancers,
oropharyngeal head and neck squamous cell carcinomas (HNSCCs), anal cancers, and other
gynecologic and genitourinary malignancies.! The incidence of HPV-associated HNSCC has
increased dramatically over the past two decades, and oropharyngeal HNSCC is currently
one of the fastest-rising cancers worldwide.23 Interestingly, HPV infection can occur
decades prior to malignant transformation and cancer diagnosis. There are over 170 strains
of HPV, with some strains carrying a greater risk for development of cancer. The HPV16
strain carries a particularly high cancer risk and is present in over 86% of HPV-positive
cancers.? The HPV16 genome is comprised of early genes (E2, E4, E5, E6, and E7) and
late genes (L1 and L2). The functions of E6 and E7 have been extensively studied, and
these genes are commonly expressed in many HNSCC models.> However, the functions of
E5 remain understudied, and HPV-associated cancer models do not widely feature E5. E5 is
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an 83-amino-acid-long small hydrophobic protein that localizes mainly in the endoplasmic
reticulum (ER) and Golgi apparatus membranes. Although less is known about E5 compared
with other oncoproteins, several functions of E5 have been reported, including effects on
cell differentiation and cell cycle progression.5.” Importantly, E5 can also modulate the host
immune response via downregulation of major histocompatibility complex (MHC) class 1,8:°
and inhibition of acidification of late endosomes by modulating H* ATPase.10 Previously,
we reported that HPV E5 mediates resistance to anti-PD-L1 blockade immune therapy in
HNSCC!! and demonstrated the impact of E5 expression on treatment efficacy and patient
outcomes. HNSCC patients with low expression of E5 and high expression of human
leukocyte antigen (HLA) showed prolonged disease-free and overall survival.11 However,
the broader role of E5 and the molecular mechanisms underlying the functions of E5 remain
unclear.

Antigen processing and presentation are critical for antigen-specific anti-viral and anti-tumor
immune responses. The proteasome is an organelle and structural complex that cleaves and
degrades proteins, including ubiquitinated proteins and unfolded or misfolded proteins.12
When activated, the constitutive proteasome can transform into the immunoproteasome,
which efficiently generates immunogenic peptides and antigenic epitopes that can be

loaded and anchored into MHC class 1.13 Immunoproteasomes are commonly expressed

in hematopoietic cells. In non-immune cells, stimulation with factors such as tumor necrosis
factor alpha (TNF-a), interferon (IFN)-a/B, or IFN-y can induce the immunoproteasome,
resulting in subunits of the constitutive proteasome, 1 (proteasome subunit, beta [PSMB]
6), B2 (PSMB7), and 5 (PSMB5), being replaced with the immunoproteasome-specific
subunits pli (PSMB9/low molecular mass protein [LMP] 2), B2i (PSMB10/multicatalytic
endopeptidase complex-like 1 [MECL1]), and B5i (PSMB8/LMP7), respectively.1415 Each
subunit has a different peptidase activity. p1i has a branched-chain amino acid-preferring
activity, B2i has a trypsin-like activity, and p5i has a chymotrypsin-like activity. Mice
deficient in all three immunoproteasome subunits showed greatly impaired and altered MHC
class | epitope presentation, indicating that the immunoproteasome plays a critical role in
antigen processing.18 Given that several viruses, including HPV, enter a latent phase in
which they are dormant and go largely undetected by the immune system, the role that

HPV oncogenes have in suppressing immune responses via the immunoproteasome deserves
further investigation.

Here, we investigated the effects of HPV E5 on antigen processing, antigen presentation,
responses to immunotherapies, and cancer patient outcomes. Our studies revealed that

HPV E5 is a powerful negative regulator of anti-viral type | IFN response pathways and
immunoproteasome expression and function, resulting in a decreased repertoire of presented
peptides. Furthermore, we identified that E5 directly binds and blocks a mitochondrial
antiviral-signaling protein (MAVS) and stimulator of IFN genes (STING), resulting in
impaired anti-tumor immunity and immunotherapy activity. Thus, our studies reveal a
mechanism of action of HPV ES5, one that enables infected cancer cells to escape host
immune surveillance and resist the activity of immunotherapies.
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RESULTS

HPV E5 downregulates anti-virus and type | IFN responses

Despite accumulating evidence demonstrating the importance of E5 in the HPV viral life
cycle, the detailed mechanisms of action of E5 remain poorly understood. To understand

the global alteration of the transcriptome in E5-positive cells, we performed bulk RNA
sequencing (RNA-seq) analysis on HPV E5-positive cell lines from two different origins:
the human head and neck carcinoma cell line CAL-27 and the murine dendritic cell line
DC2.4. HPV E5 was stably transfected in the cell lines, and mRNA expression levels were
compared with the parental line with an empty vector control (Figure S1; Tables S1, S2,

S3, and S4). In CAL-27 cells, a total of 184 genes were differentially expressed upon HPV
E5 overexpression, with 114 genes downregulated and 70 genes upregulated (Figure 1A).
This is consistent with HPV ES5 functioning predominantly as a negative regulator. Results
from DC2.4 cells also showed a greater number of genes downregulated versus upregulated
by HPV E5 (Figure 1A). Despite these cell lines being from different species and different
tissue origins, we identified 50 shared genes that were downregulated by HPV E5 in both
cell lines (Figure 1B). Remarkably, further analysis revealed that 92% (46 of 50) of these
shared downregulated genes were type | IFN-inducible genes (Figure 1B). Gene Ontology
analysis of the downregulated genes revealed that almost every pathway involved regulation
of viral processes or IFN responses, including viral life cycle, viral replication, viral defense
responses, and regulation and cellular responses to type | IFN (Figure 1C). Results were
similar in the analysis with Reactome (Figure S1B), and, as expected, HPV infection was
one of the top hits in the Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
(Figure S1C). To better visualize the impact of HPV E5 expression, we generated heat-maps
demonstrating the broad downregulation of critical genes involved in type | IFN and viral
responses compared with parental lines expressing empty vector (Figure 1D). Major type |
IFN-inducible genes, including /F/T1, IFIT3, ISG15 MX1, and /RF7, were downregulated.
Interestingly, certain pathways involved in keratinocyte and epidermal development were
upregulated, likely secondary to distinct effects of E5 in early stages of the HPV viral life
cycle in basal epithelial cells. Additionally, neutrophil and myeloid cell activation pathways
were also upregulated, effects associated with compensatory impairment in adaptive immune
responses. Because neutrophils and myeloid cells have immune-suppressive functions during
tumor development,17-19 this upregulation is consistent with E5 suppressing antigen-specific
host adaptive immune responses. These data demonstrate that HPV E5 downregulates anti-
virus and type | IFN responses across species and cell origins.

HPV E5 downregulates antigen-processing pathways

To further understand the impact of HPV E5 on immuneresponses, we analyzed processes
downstream of type | IFN; namely, antigen processing and presentation pathways. The
RNA-seq data revealed that major IFN-inducible transcriptional factors, including signal
transducer and activator of transcription (STAT) 1, STAT2, and other IFN regulatory

factors (IRFs), were downregulated in E5-expressing cell lines. One of the downstream
pathways regulated by STAT1 is PSMB9 (LMP2), a subunit of the immunoproteasome.
Upon stimulation by IFN, immunoproteasomes are generated from constitutive proteasomes
by replacing three subunits. The immunoproteasome is highly efficient at catalyzing the

Cell Rep. Author manuscript; available in PMC 2024 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miyauchi et al.

Page 5

production of peptides that bind MHC class 1.13 We hypothesized that downregulation of
IFN pathways in E5-expressing cell lines may impact the immunoproteasome. To investigate
this, two major subunits of the immunoproteasome, PSMB9/LMP2 and PSMB8/LMP7,
were analyzed. The mRNA expression of PSMBE Psmb8 (coding LMP7) and PSMBY/
Psmb9 (coding LMP2) was downregulated in E5-positive cell lines in CAL-27 and DC2.4
cells (Figure 2A). Similar results were observed in the bulk RNA-seq data. Expression

of LMP2 and LMP7 was also significantly downregulated at the protein level (Figure

2B). Another key molecule for antigen processing is transporter associated with antigen
processing (TAP). Because TAP1 expression is also regulated by STAT1, PSMB9 and TAP1
genes share a bidirectional promoter.20 We observed that 74P/ Tapl and TAP2 Tap2 were
also downregulated in E5-positive cell lines (Figure 2C). We then analyzed the impact of
HPV ES5 expression on the functional proteolytic activity of the immunoproteasome using
fluorescently conjugated substrates. Three different substrates, Ac-Ala-Asn-Trp-7-Amino-4-
methylcoumarin (Ac-ANW-AMC), Ac-Pro-Ala-Leu-AMC (Ac-PAL-AMC), and Ac-Lys-
Gln-Leu-AMC (Ac-KQL-AMC), were used to quantify proteolytic activity, resulting

in detectable fluorescence when cleaved by the proteasome. Chymotrypsin-like activity

was analyzed with Ac-ANW-AMC, which is present in LMP7, and branched amino
acid-preferring activity was analyzed with Ac-PAL-AMC, which is present in LMP2.
Trypsin-like activity was analyzed with Ac-KQL-AMC, which can be cleaved by the
immunoproteasome and the constitutive proteasome. Cell lysate was incubated with the
substrates, and the fluorescence intensity was monitored. E5-positive cell lines showed
significantly less cleavage activity than EV cell lines on all substrates (Figure 2D). The
difference was smaller in the KQL substrate compared with the ANW and PAL substrates
because KQL is not an immunoproteasome-specific substrate. Taken together, these data
demonstrate that HPV E5 impairs the functional activity of the immunoproteasome, which is
critical for generating high antigenic epitopes for adaptive immune responses.

Patients with high expression of HPV E5 and low expression of PSMB have worse clinical

outcomes

Next, to analyze the impact of HPV ES5 in patients, we analyzed a cohort of 36 HPV-
positive HNSCC patients and 25 healthy volunteers from Johns Hopkins University
(JHU).2 Clinical demographics and specimen details have been described in detail in

our earlier work.11 The patients were divided into 2 groups, E2/E4/E5 high or E6/E7

high, based on their HPV gene expression profile,22 and we compared the expression

of immunoproteasome subunits and patient outcomes between groups. We observed that
patients with E2/E4/E5 high expression had lower expression of PSMB8and PSMB9
(Figure 3A). Additionally, we observed a trend toward an inverse correlation between

HPV E5 and PSMBS8 (Figure 3B). These data suggest a stronger correlation between

HPV E5 and PSMBS8 compared with other immunoproteasome subunits in human HNSCC.
We then determined whether expression of immunoproteasome subunits impacts HNSCC
patient outcomes. Patients were grouped according to median expression level of PSMBE
or PSMBY. Notably, patients with high expression of PSMB9had better disease-free
survival and overall survival compared with patients with low expression of PSMB9 (Figure
3C). A similar trend was observed with PSMBE. Remarkably however, expression of the
constitutive proteasome subunits PSMB5 and PSMB6 had no effect on survival outcomes,
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indicating that differential expression of the immunoproteasome, but not the constitutive
proteasome, impacts patient outcomes (Figure 3C).

HPV E5 decreased the repertoire of antigens presented on MHC class |

Given the impact of HPV E5 on the immunoproteasome, we next examined the potential
effects of HPV ES5 on the repertoire of presented antigens in the MHC. To quantify changes
in the repertoire of antigens presented in the MHC, we performed immunopeptidome
analysis. HPV E5-expressing CAL-27 cells or parental empty vector-expressing control
CAL-27 cells were lysed, and MHC class | was immunoprecipitated using a pan-HLA class
| antibody (clone W6/32). Peptides on MHC class | were eluted and analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS). Among all peptides detected,
more than 60% were 9 amino acids long, and more than 95% were between 8-mer and
11-mer long, which is the typical length of peptides on MHC class | (Figure 4A). A

total of 675 non-redundant peptides were detected in empty vector control cell lines,

and 579 non-redundant peptides were detected in E5-positive cell lines. This indicates
downregulation of approximately 15% in the repertoire of peptides presented on MHC class
| in E5-positive cells (Figure 4B). Surprisingly, peptides generated from the E5 protein

itself were not detected in E5-positive cells, suggesting that E5 blocked presentation of

its own peptides and prevented their presentation on MHC class | as an antigen (Figure

4C). To investigate the types of proteins downregulated by E5, peptides were assigned to
their source proteins and analyzed by Gene Ontology. One of the top altered peptidome
pathways was viral process (Gene Ontology [GO]: 0016032), which was also downregulated
in RNA-seq analysis (Figure 4D). We also observed alterations in the amino acid binding
motifs of the 9-mer peptides. Namely, the relative frequencies of amino acids in positions

2, 3, and 4 were altered in E5-expressing cells (Figure 4E), raising the possibility that E5
regulates differential expression of HLA subclasses. Last, we analyzed the frequency of
non-redundant source proteins because multiple different peptides can be generated from

a single protein. The total number of non-redundant source proteins was also lower in
E5-expressing cells, with 548 proteins presented on control cells and 482 proteins presented
on E5-expressing cells, indicating that the repertoire of source proteins was also decreased in
E5-expressing cells (Figure 4F). These data demonstrate that HPV E5 restricts the repertoire
of antigens presented in MHC on the cell surface, highlighting a mechanism by which HPV
mediates immune evasion.

HPV E5 impairs the cGAS-STING and RIG-I/MDAS5 signaling pathways

Our RNA-seq data (Figure 1) showed that basal expression of IFN-inducible genes was
downregulated in E5-expressing cells without any stimulation. To identify the molecular
mechanisms by which HPV E5 impacts IFN pathways, we treated cells with several
stimulants for anti-viral and IFN pathways and then examined downstream signaling. When
cells were stimulated directly with type | IFN (IFN-a2), there was no significant difference
in downstream phosphorylation of STAT1 between empty vector and E5-expressing cell
lines (Figure 5A). Similarly, there were no significant differences in mRNA levels of the
IFN-inducible genes MX1, STAT1, OASZ, or IFIT1 after IFN treatment (Figure 5B). These
results suggest that E5 does not directly inhibit signaling from the type I IFN receptor. HPV
is a DNA virus and, as such, is recognized by cyclic guanosine monophosphate (GMP)-
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AMP synthase (cGAS)-STING upon cell infection.23 DNA viruses are also recognized by
retinoic acid-inducible gene I (RIG-1) and melanoma differentiation-associated protein 5
(MDAB) after transcription by RNA polymerase 111.24 To determine whether E5 impacts
expression of DNA virus detection pathways specifically, we performed qPCR for DDX58
(RIG-I), IFIHI (MDAJ5), STINGI (STING), and CGAS (cGAS). As expected, while there
were no changes in MRNA levels of STING or cGAS, there was a striking downregulation
of RIG-1 and MDA5 mRNA expression levels (Figure 5C). RIG-1 and MDAS are known
type | IFN-inducible genes in E5-expressing cells. To investigate the independent effects
of ES5 relative to other HPV oncoproteins, we generated CAL-27 cells expressing different
combinations of HPV E5, E6, and E7. Importantly, RIG-1 and MDA5 were downregulated
in the E5 and E5/E6/E7 lines, but not in the E6/E7-only-expressing line, demonstrating that
E5 alone is sufficient for downregulation of RIG-1 and MDAS (Figure 5D). To investigate
direct signaling downstream of the RIG-I/MDADS5 and cGAS-STING pathways, E5-positive
and control CAL-27 cells were treated by transfection with low- or high-molecular-weight
(LMW or HMW, respectively) poly(l:C), which dominantly activates RIG-1 and MDAD5,
respectively. We discovered a striking loss of /FNB1 induction in E5-positive cells upon
LMW and HMW poly(l:C) treatment, demonstrating that signaling downstream of RIG-1/
MDAS5 is significantly impaired by E5 (Figure 5E). Furthermore, when cells were treated
with the STING agonist 2”3"-c-di-AM(PS)2 (Rp,Rp) (ADU-S100), /FNBI and /FIT1
MRNA expression remained significantly suppressed in E5-positive cells only (Figure 5F).
Taken together, these data identify HPV E5 as a negative regulator of the RIG-I/MDAS5 and
CGAS-STING pathways.

HPV E5 directly binds STING and MAVS and inhibits downstream signaling

To determine whether HPV E5 directly binds STING or MAVS, we performed co-
immunoprecipitation assays. We first checked whether E5 binds to MAVS, a crucial
molecule in the RIG-I and MDADS pathways. We were able to confirm the interaction of E5
and MAVS in an overexpression system (Figure 6A) and at the endogenous level in CAL-27
cells (Figure 6B), consistent with a reported interaction by tandem affinity purification and
MS.25 An interaction between HPV E5 and STING has not been reported previously, to our
knowledge. Using multiple co-immunoprecipitation assays, we discovered that E5 directly
binds STING (Figure 6C). The interaction of stably expressed E5 and endogenous STING
was also observed in CAL-27 lines (Figure 6D). Upon activation of the STING pathway,
IRF3 is phosphorylated and translocated to nuclei, leading to activation of gene promoters
such as IFN-B. Importantly, STING-mediated phosphorylation of IRF3 was downregulated
in the presence of E5 (Figure 6E), confirming that HPV E5 downregulates STING-mediated
IFN responses. Additionally, phosphorylated IRF3 in the nuclear fraction was lower in E5-
expressing cells (Figure 6F), indicating decreased nuclear translocation of IRF3. To further
analyze the functional impact of HPV E5 on STING and MAVS, we used a dual-luciferase
reporter assay to measure promoter activity in empty vector- or E5-expressing CAL-27 cells
transfected with STING or MAVS. We observed that IFN-f promoter activation was not
induced by STING transfection, and thus we were not able to evaluate the direct effect

of E5 on STING-mediated IFN-f promoter activation. However, we observed that MAVS-
mediated IFN-B promoter activity was downregulated in the presence of E5 (Figure 6G),
indicating that E5 inhibits activation of the IFN-p promoter and subsequent transcription.

Cell Rep. Author manuscript; available in PMC 2024 January 15.
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HPV E5 impairs anti-tumor activity of the STING agonist

Activating IFN responses with STING agonists is a promising anti-cancer treatment strategy.
STING agonist treatment for HNSCC patients has been evaluated in clinical trials, and

a recent study showed that STING is required for an effective response to radiotherapy

in HNSCC.26 Despite these promising findings, STING agonists have had limited clinical
success in HNSCC patients. Given our findings, we hypothesized that HPV E5 may be
directly blocking the activity of STING agonists in HPV* HNSCC. We evaluated the effect
of E5 on the anti-tumor activity of STING agonists in two syngeneic mouse model strains:
MOC?2 in C57BL/6 mice and AT-84 in C3H/HeN mice. Consistent with our results from

the human CAL-27 HNSCC line (Figures 5E and 5F), expression of the /fnb1 gene was
downregulated by HPV E5 upon treatment with the STING agonist or poly(l:C) in both

cell lines (Figures 6H and 61). Cell lines were implanted into the mice, and the STING
agonist was administered intratumorally when tumors reached 6-7 mm in diameter. While
STING agonist treatment controlled tumor growth in empty vector-expressing tumors, the
anti-tumor response in E5-expressing tumors was significantly impaired (Figure 6J). Results
were similar in both tumor models. We also tested the ability of E5 to inhibit the efficacy of
RIG-1 agonism. The anti-tumor activity of the RIG-1 agonist was impaired in E5-expressing
tumors (data not shown), although this effect did not reach statistical significance. Together,
these experiments demonstrate that the anti-tumor effects of STING agonism were impaired
by HPV E5 via inhibition of STING and subsequent gene transcription.

HPV E5 expression was inversely correlated with a type | IFN-inducible gene signature in
HNSCC patients

To investigate the effect of HPV E5 on IFN-inducible gene expression in patients, we
analyzed mRNA expression data from the JHU cohort. We analyzed type | IFN-inducible
genes that were downregulated in E5-expressing CAL-27 cells (Figure 1A and Table S1).
Compared with healthy tissue, expression of type I IFN-inducible genes was increased

in tumors (E2/E4/E5 high and E6/E7 high groups), consistent with previous reports.2’
Furthermore, IFN-inducible gene expression was lower in E2/E4/E5-high patient tumors
compared with E6/E7-high patient tumors (Figures 7A and 7B). These clinical results are
consistent with our CAL-27 cell findings (Figure 1). Correlation analysis revealed an inverse
relationship between HPV E5, but not HPV EG6 or E7, and IFN-inducible gene signatures
(Figure 7C). These findings demonstrate a profound effect of HPV E5 on the majority

of type I IFN-inducible genes. Notably, some genes, which may have other regulatory
functions, show weak or no correlation with E5 (Figure 7D). Because we observed high
variability in the expression pattern of IFN-inducible genes in the E2/E4/E5-high group,

we conducted separate analyses on patients with clear patterns of high IFN-inducible

gene expression (indicated by red arrows in Figure 7A) and patients with low expression
(indicated by blue arrows). We found that low IFN-inducible expression was associated with
decreased disease-free survival and overall survival (Figure 7E). These data indicate that
HPV E5 modulates the expression of type | IFN-inducible genes in patients and that this
E5-modulated gene expression impacts clinical outcomes.

Cell Rep. Author manuscript; available in PMC 2024 January 15.
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DISCUSSION

HPV infection is linked to development of cervical cancer, HNSCC, anal cancers, and

other gynecologic and genitourinary malignancies. The incidence of these cancers has
increased dramatically over the past two decades. Previous work has shown that HPV-
associated cancers are more responsive to standard therapies, including chemotherapy and
radiation therapy, compared with non-HPV-associated cancers. Moreover, patients with
HPV-associated HNSCCs have better survival outcomes compared with patients with non-
HPV-associated HNSCCs.28 HPV-positive tumors are associated with increased immune
cell infiltration compared with HPV-negative tumors and have been thought to be more
immunogenic because of the presence of foreign viral epitopes. However, a 2-year long-term
follow-up of a randomized phase Il trial (CheckMate 141) found almost identical response
rates to checkpoint blockade immunotherapy (CBI) among HPV-positive and HPV-negative
HNSCC, the latter of which harbors a greater number of carcinogen-induced mutations.29-30
These results highlight the dual roles that viral oncogenes play in suppressing host immune
responses. Namely, viral oncogenes support viral replication and life cycle while also
suppressing the immune system and potential responses to immunotherapies.

Among the multiple oncoproteins expressed by HPV, E6 and E7 have been extensively
studied. Notably, these oncoproteins inhibit critical tumor suppressors. E6 and E7 bind to
p53 and pRb, respectively, resulting in inhibition of apoptosis, loss of cell-cycle arrest, and
promotion of cell proliferation.31-33 Far less is known about the functions of oncoprotein
E5, perhaps because of its small molecular weight and hydrophobic features.

In the present study, we investigated the effects of E5 on the host immune response.

The RNA-seq data with HPV E5-positive cells showed clear downregulation in anti-
virus and type | IFN pathways. Surprisingly, most of the highly downregulated genes
were IFN-inducible genes. Previous work has demonstrated immunosuppressive effects
of E5 via downregulation of MHC class | and inhibition of endosomal acidification.8-10
However, our data indicate much broader immunosuppressive functions of E5. We
observed impaired immunoproteasome activity in E5-positive lines, which we attributed
to a downstream effect of downregulation in the anti-virus response and type I IFN
pathways rather than direct inhibition of the immunoproteasome by E5. Transcription
factors regulating expression of immunoproteasome subunits are induced by immune
stimulation. E5 suppresses immunoproteasome activity by downregulating these anti-viral
immune response pathways. Recognition of antigens by T lymphocytes is necessary for
adaptive immunity, and the immunoproteasome and TAP play essential roles in generating
robust immunogenic antigens. Immunopeptidomics is a powerful tool for identifying and
understanding the repertoire of peptides presented on MHCs. We found that HPV E5
downregulates immunoproteasome activity, resulting in a smaller repertoire of peptides
presented on the cell surface. This is one of the mechanisms by which HPV escapes

host immune surveillance. Indeed, in the clinical cohort, expression of immunoproteasome
subunits, but not the constitutive proteasome subunits, predicted survival outcomes,
suggesting that activation of the immunoproteasome may improve outcomes in patients
with HNSCC and other HPV-associated malignancies. Importantly, HPV may selectively
impair the immunoproteasome, but not the constitutive proteasome, to allow the cell to
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miyauchi et al.

Page 10

present common antigens and prevent natural killer (NK) cell activation. Furthermore, some
responses to IFN signaling remain intact, while the virus-specific detection systems are
impaired. Effectively, we hypothesize that this selective impairment allows an HPV-infected
cell to respond physiologically to certain stimuli to go undetected by the immune system,
ultimately facilitating viral latency and survival of the HPV virus.

To evade host immune surveillance, many viruses manipulate the host immune system.
Specifically, HPV may suppress IFN responses.34:3% Mechanistically, HPV proteins inhibit
anti-virus responses and downstream type | IFN production in several ways. For example,
HPV16/18 E2 downregulates mMRNA expression of STING,36 HPV/18 E7 binds and
antagonizes STING,3” HPV16 E7 enhances STING protein destabilization,3® and HPV16
E6 binds to IRF3 and impairs its transcriptional activity.3° Indeed, cGAS-STING responses
are dampened in HPV/16-positive HNSCC cells, %0 and loss of HPV16 E7 restores cGAS-
STING responses.*! Two recent studies demonstrated that E5 is also involved in suppression
of the IFN response.#243 Notably, Scott et al.#3 reported that IFN response suppression was
mediated by IFN-x, a type | IFN produced by keratinocytes. In our model, expression of
IFN-x was undetectable in CAL-27 cells. Moreover, downregulation of the IFN pathway
was observed in a murine dendritic cell line that does not usually express IFN-x, implicating
mechanisms not involving IFN-x. To our knowledge, ours is the first study to investigate

the role of E5 and its interacting protein in anti-virus response pathways. We found that

E5 interacted with MAVS and STING, both critical components in virus recognition. The
interaction of E5 and MAVS, initially reported in a study using tandem affinity purification
and MS,25 was verified by our co-immunoprecipitation assay. After RIG-1 and MDAS5 sense
viral RNA, MAVS-dependent signaling is initiated, resulting in phosphorylation of IRF3 and
transcriptional activation of antiviral signaling.*44° Importantly, we found an interaction
between E5 and STING, which has not been reported previously, to our knowledge.

STING and cGAS are key molecules in cytosolic DNA sensing.#647 Upon DNA sensing,
cGAS generates cyclic-GMP-AMP (2”3”-cGAMP) which works as a second messenger,
binding to STING and activating downstream signaling and transcription. Interestingly, we
observed that E5 inhibited cGAS-STING and the RIG-1/MDAJ5 axis, two of the major virus-
recognizing pathways. This suggests that E5 almost completely shuts down virus recognition
machinery. As we reported previously,11 HPV E5 also mediates resistance to PD-L1 CBI,
suggesting that targeting E5 may overcome resistance to PD-L1 CBI in HNSCC. While

we also observed a trend toward a similar blunting of anti-tumor activity in E5-expressing
cell lines after RIG-1 agonism, this difference did not reach statistical significance. The
differences in efficacy between STING and RIG-1 agonists on tumors expressing E5 may
have resulted from differential binding of E5 to effector proteins within these two different
IFN response pathways. Importantly, in our models, expression of HPV ES5 blunted the anti-
tumor activity of the STING agonist, suggesting that inhibition of the HPV E5 oncogene
may enhance responses to immunotherapies dependent on IFN or STING activity.

In conclusion, we elucidated the role of HPV E5 as a key negative regulator of anti-viral

IFN responses via inhibition of the RIG-I/MAVS and cGAS-STING pathways. We identified
that expression of immunoproteasome subunits correlates with improved survival in HNSCC
patients and that HPV E5 inhibits the immunoproteasome. These effects culminate in a
diminished repertoire of antigens presented on the tumor cell surface and resistance to
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immunotherapies, including STING agonists in HPV E5-expressing tumors. These findings
advance our understanding of the mechanisms underlying virus-mediated resistance to
immunotherapy and provide a rationale for novel treatment strategies to improve outcomes
for patients with HPV-associated malignancies.

Limitations of the study

Unlike E6 and E7, the E5 oncogene generally presents and replicates episomally. However,
we used E5 stably expressed lines, in which E5 is integrated into the genome, to ensure that
E5 expression levels were adequate for experimental requirements. Moreover, because of
the low expression nature of E5, analysis of endogenous E5 in HPV-positive HNSCC cells
was difficult. Finally, while we focused on E5 in the present study, it should be noted that
E5 is expressed in the same HPV infection phase as other HPV proteins, including E2 and
E4. Interactions with these other proteins remain to be determined. Future studies using an
infection model with HPV harboring mutant E5 may reveal additional mechanisms of action
and more faithfully recapitulate viral oncogene expression and function.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Andrew B. Sharabi (sharabi@ucsd.edu).

Materials availability—The following plasmids were generated in this study: MIP-FLAG-
HPV16 E5 (codon-optimized), pcDNA-FLAG-HPV16 E5 (codon-optimized), pcDNA-
HA-HPV16 E5 (codon-optimized), pcDNA-HA-hMAVS, pcDNA-hSTING-HA, pcDNA-
hSTING-Myc, pcDNA-HA-hIRF3, pMSCV-Blasticidin-HPV16 E6, pMSCV-Zeocin-HPV16
E7, and pGL3-IFN-B gene promoter. All materials generated in this study are available from
the lead contact with a completed materials transfer agreement.

Data and code availability—Bulk RNAseq data have been deposited at GEO and are
publicly available as of the date of publication. Accession numbers are listed in the key
resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse studies—All experimental protocols were approved by the Institutional Animal
Care and Use Committee of UCSD (#515281). Animal experiments were performed in
specific pathogen-free facilities at Moores Cancer Center accredited by the American
Association for the Accreditation of Laboratory Animal Care. Wild-type female 6-week-
old mice were used for experiments. C3H/HeN mice were purchased from Charles

River. C57BL/6 mice were purchased from The Jackson Laboratory. Mice were injected
subcutaneously with 1.0 x 10° MOC2 or 5.0 x 105 AT-84 cells resuspended in 100 uL of
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PBS in the right flank. Tumor diameter was measured every 3 days with an electronic caliper
and reported as volume using the formula; tumor volume (mm3) = (length x width?)/2. Once
tumors reached 6—7 mm in diameter, mice were treated with STING agonist (ADU-S100) 20
ug two doses (MOC2) or 20 g one dose (AT-84).

Clinical patient cohorts—HPV-positive OPSCCs from Johns Hopkins University (JHU)
patient cohort were analyzed as previously described.?! Patients were recruited with written
informed consent under a protocol approved by the institutional review board of JHU
(#NA_00-36235). Detailed patient demographic and clinical data have been previously
published.1! The data include normal (n = 25), E2/E4/E5 high (n = 26), and E6/E7 high (n
=10). HPV status was classified based on the expression of high-risk HPV16, 33, and 35.
MRNA expression was analyzed by RNA-seq and assessed as RSEM.

Cell lines—Human and murine HNSCC lines CAL-27 (tongue origin) and MOC2 were
kindly provided by Dr. J. Silvio Gutkind (UCSD) in March 2018. Murine dendritic cell

line DC2.4 and HEK293T were a kind gift from Dr. Dong-Er Zhang (UCSD) in September
2017. Murine HNSCC line AT-84 was kindly provided by Dr. Aldo Venuti (Regina Elena
National Cancer Institute, Italy) in February 2021. CAL-27 and HEK293T were grown in
DMEM containing 10% FBS, 1% L-glutamine, and 1% Penicillin/streptomycin. DC2.4 and
AT-84 were grown in RPMI 1640 containing 10% FBS, 1% L-glutamine, and 1% Penicillin/
streptomycin. MOC2 was cultured in the media previously described.81 All cell lines were
cultured in an incubator with 5% CO, at 37°C. Routine monitoring for Mycoplasma
contamination was performed using the MycoAlert PLUS Mycoplasma Detection Kit
(Lonza).

HPV16 E5-expressing stable cell lines were generated as previously described.!! Briefly,
codon-optimized HPV16 E552 (from Dr. Frank Suprynowicz, Georgetown University
Medical School) with FLAG tag on N-terminus was amplified and cloned into MIP
(MSCV-IRES-Puro) vector (from Dr. Dong-Er Zhang, UCSD). HPV16 E6 and HPV16 E7
were amplified and cloned into pMSCV-Blasticidin (Addgene) or pMSCV-Zeo (Addgene),
respectively. Retroviruses were generated by co-transfection of HPV oncogene-coding
vector (MIP-FLAG-HPV16 E5, pMSCV-Blasticidin-HPV16 E6, or pMSCV-Zeo-HPV16
E7) and packaging vector (pCL-10A1 or pCL-Eco from Novus) into HEK293T and infected
CAL-27 and DC2.4 cell lines. The infected cells were then selected by using appropriate
selection drugs. The following reagents were used for /n vitro treatment; recombinant human
IFN-a.2 (BioLegend), LMW and HMW Poly(I:C) (InvivoGen), and 2”3’ -c-di-AM(PS)2
(Rp,Rp) (ADU-S100) (InvivoGen).

METHOD DETAILS

Reverse transcription and quantitative PCR—Total RNA was extracted using TRIzol
Reagent (Invitrogen) and reverse transcribed with gScript cDNA Synthesis Kit (Quantabio)
according to the manufacturer’s instructions. Quantitative PCR analysis was conducted
using iTaq Universal SYBR Green Supermix (Bio-Rad) on the CFX96 Touch (Bio-Rad).
Primer sequences were listed in Table S5.
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Plasmid construction and transfection—FLAG-, HA-, or Myc-tagged codon-
optimized HPV16 E5,62 MAVS, and STING were cloned into pcDNA3.1(+) vector
(Invitrogen). HEK293T cells were transfected with plasmids using PEI reagent (Sigma-
Aldrich) for 24 h.

Immunoprecipitation and immunoblotting—Cells were lysed in lysis buffer
composed of 25 mmol/L Tris-HCI, pH8.0, 150 mmol/L NaCl, 1 mmol/L EDTA, 0.5%
Igepal CA-630, and protease and phosphatase inhibitors (Roche). The cell lysates were
centrifuged (15,000 x g), at 4°C for 5 min. For co-immunoprecipitation assay, cell

lysates were immunoprecipitated for 1 to 2 h with FLAG M2 Affinity Gel for FLAG-
tagged proteins or anti-HA antibody followed by protein G/A-Agarose Suspension (EMD
Millipore) for HA-tagged proteins. Immunocomplexes were then washed three times. All
samples were denatured in 1x sample buffer (50 mmol/L Tris-HCI, pH6.8, 2% SDS, 5%
2-mercaptoethanol, 10% glycerol, and 0.01% bromophenol blue) for 5 min at 100°C.
Proteins were electroblotted onto nitrocellulose membranes (GE Healthcare). The following
primary antibodies were used: anti-LMP2 and anti-LMP7 from Santa Cruz Biotechnology,
anti-a-tubulin from Developmental Studies Hybridoma Bank, anti-STAT1, anti-p-STAT1,
anti-MAVS, anti-STING, anti-IRF3, and anti-p-IRF3 from Cell Signaling Technology, anti-
p84 from GeneTex, anti-FLAG M2 from Sigma, anti-HA and anti-Myc from BioLegend.
HRP-conjugated secondary antibodies (Thermo Fisher Scientific) were used for detection
with Western ECL substrates (Thermo). Chemiluminescent signals were detected by film or
ChemiDoc (Bio-Rad). Quantification was performed with ImageJ software.*8

RNAseq analysis—The total RNA from empty vector or E5-expressing CAL-27 and
DC2.4 was extracted with RNeasy Plus Mini Kit (QIAGEN). Library preparation and
sequencing with Illumina sequencer (PE150) were performed at Novogene. STAR (v2.6.1)%°
was used for alignment. Differential gene expression analysis was performed using

the DESeq2 (v2_1.6.3).50 Genes with an adjusted p-value < 0.05 were considered as
differentially expressed. Gene Ontology,>1-53 Reactome,>* and KEGG5>-57 were used for
pathway enrichment analysis of differentially expressed genes.

Immunoproteasome activity assay—Immunoproteasome activity was measured by
using Immunoproteasome Activity Fluorometric Assay Kit (UBPBIo). Briefly, cells were
lysed with cell lysis buffer (40 mM Tris, pH 7.2, 50 mM NaCl, 2 mM 2-mercaptoethanol,

2 mM ATP, 5 mM MgCl,, 10% glycerol) and sonicated. Lysates were then centrifuged at
17,000 x g for 20 min at 4°C, and the supernatant was collected and diluted if needed.

The supernatant was applied to a 96-well plate and warmed-up substrates were added.
Fluorescence was monitored at 37°C on a TECAN infinite M200 microplate with excitation
and emission filters at 360/40 and 460/30 nm, respectively.

Immunopeptidome analysis—Immunopeptidome analysis was performed following a
published protocol.83 Briefly, 5 x 108 cells of CAL-27/Empty vector or CAL-27/N-FLAG-
E5 were lysed and MHC immunoaffinity purification was performed by using pan-HLA
antibody (clone W6/32, BioLegend). MHC class I-bound peptides were eluted with 10%
acetic acid and the elute was analyzed at Biomolecular & Proteomics Mass Spectrometry
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Facility at UCSD. The MHC elute was separated by RP-HPLC and then run by LC-
MS/MS. The raw data was quality controlled with an FDR cutoff of 5%. Peptides smaller
than 14-mer were further analyzed. Detected peptides were mapped to protein by using
PEAKS (Bioinformatics Solutions Inc.) and the quality was evaluated with Immune Epitope
Database and Analysis Resource (IEDB).58 The peptide-binding motif was constructed by
using WebLogo 3.59:60

Luciferase assay—HEK?293T or CAL-27 stably expressing empty vector or E5 were
transfected with the following constructs by using PEI reagent: the pGL3-Basic vector
encoding the IFN-B gene promoter cloned upstream of the Firefly luciferase reporter

gene, the pRL-TK control vector with Renilla luciferase reporter gene (Promega), and
pcDNAS3.1 encoding either MAVS or STING. HEK293T cells were also transfected with
pcDNA3.1 empty vector or pcDNA3.1/FLAG-HPV16 E5 construct. Twenty-four hours after
the transfection, Dual-Luciferase Reporter Assay System (Promega) was used to measure
luciferase activity. Firefly luciferase activity was normalized by Renilla luciferase activity.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis—Statistical analysis was performed using Prism 8 (GraphPad).
Unpaired-two-tailed #test or ordinary one-way ANOVA multiple comparison test with

post hoc Tukey were conducted for comparisons of two groups and comparisons of more
than three groups, respectively. For the JHU cohort, Chi-square test and residual analysis
were used for mMRNA expression analysis. Spearman’s correlation coefficient was used for
correlation analysis. pvalue < 0.05 was considered to be statistically significant: *; p < 0.05,
** p<0.01, ***; p <0.001.

ADDITIONAL RESOURCES

Data from the previously reported HPV-positive OPSCC cohort from Johns Hopkins
University (#NA_00-36235) were utilized in this study.?! RNAseq data are available at
GEO (accession GSE112027).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
HPV E5 downregulates anti-viral type | interferon response pathways
HPV E5 binds STING and MAVS to inhibit downstream type | IFN signaling

HPV E5 limits the MHC class | antigen repertoire by suppressing the
immunoproteasome
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Figure 1. HPV E5 downregulated anti-virus and type | IFN response pathways
The transcriptomes of HPV E5-expressing CAL-27 and DC2.4 cells were analyzed by

RNA-seq.

(A) Volcano plot of differentially expressed genes. Genes with p < 0.05 were defined as
differentially expressed.
(B) Venn diagram of downregulated genes in CAL-27 and DC2.4 cells.

(C) Downregulated gene sets in CAL-27 and DC2.4 cells were analyzed by GO. The top 20
pathways are shown.
(D) Heatmap of genes assigned to the downregulated and upregulated pathways.
See also Figure S1 and Tables S1, S2, S3, and S4.
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Figure 2. HPV E5 downregulated key antigen-processing molecules, immunoproteasome, and
TAP

(A-C) Transcripts and proteins in HPV E5-expressing CAL-27 and DC2.4 cells were
analyzed.

(A) mRNA expression of immunoproteasome subunits analyzed by qPCR.

(B) Western blot of immunoproteasome subunits. An asterisk indicates a non-specific signal.
(C) mRNA expression of TAP analyzed by qPCR.

(D) Immunoproteasome activities in HPV E5-expressing CAL-27 and DC2.4 cells were
analyzed using fluorescence-conjugated substrates. Left: average of fluorescent units (FUs)
per minute throughout the time monitored. Right: fluorescence kinetics of three substrates.
Data are represented as mean = SEM (n = 3).
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Figure 3. Patients with high HPV E5 expression had lower immunoproteasome expression, which

is associated with worse clinical outcomes
(A-C) Johns Hopkins University (JHU) cohort of HNSCC patients.

(A) Left: mRNA expression of immunoproteasome subunits analyzed by RNA-seq. (normal,
n = 25; E2/E4/ES5 high, n = 26; E6/E7 high, n = 10; median with interquartile range).

Right: patients were assigned to one of three groups based on the mRNA expression level of
immunoproteasome subunits (high, average, low). Patients with low and high expression are
shown.

(B) Correlation analysis of HPV E5 expression and immunoproteasome subunits (n = 36,
Spearman correlation coefficient).

(C) Disease-free survival and overall survival. Patients were assigned to groups based on
HPV E5 and PSMB (immunoproteasome or constitutive proteasome subunits) expression
level.
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Figure 4. HPV ES5 decreased the repertoire of antigens presented on MHC class |
The immunopeptidome of HPV E5-expressing CAL-27 cells and its control were analyzed

by LC-MS/MS.

(A) Distribution of peptide length for all unique peptides detected.
(B) Number of each peptide length for non-redundant peptides in empty vector- and E5-

expressing cells.

(C) Venn diagram of peptides detected in empty vector control and E5-expressing cells.
(D) Relative number of peptides from proteins assigned to the GO virus process pathway.

(E) Binding motif of 9-mer peptides.

(F) Number of non-redundant host proteins.

Cell Rep. Author manuscript; available in PMC 2024 January 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Miyauchi et al.

A B
Empty vector N-FLAG E5
IFN-02 (ng/ml) 0 10 10 0 10 10
Time (min) - 15 60 15 60
P-STAT1 -
(Y701) - e
¥ S — 100
STAT1 | o e cw o G ot 75
a-tubulin | estesesesea
p-STAT1/STATA ‘0.04‘1.13’1406‘0.10‘1.42‘2403‘

O

. DDX58 (RIG-])

Fokok

0.5

(DDX58/GAPDH)

0.0

Relative mRNA expression

. STING1 (STING)

0.5

(STING1/GAPDH)

0.0

Relative mRNA expression

m

IFNB1

Relative mRNA expression
(IFNB1/GAPDH)

0 100 500
Poly (1:C) LMW (ng/ml)

Relative mRNA expression

Relative mRNA expression

.. IFIH1 (MDAS)

*x

o

0.5

(IFIH1/GAPDH)

0.0

.. CGAS (cGAS)

0.5

(CGASIGAPDH)

0.0-

Relative mRNA expression
(IFNB1/GAPDH)

0 100 500
Poly (1:C) HMW (ng/ml)

Relative mRNA expression
(MX1/GAPDH)

Relative mRNA expression
(STAT1/GAPDH)

>

o

o

5
| EV

= E5

Nostim  IFN 6h

STAT1

6
= EV

B E5

Nostim  IFN 6h

o

IFN 12h

IFN 12h

DDX58 (RIG-I)

Relative mRNA expression
(DDX58/GAPDH)

(IFNB1/GAPDH)
e =2 =2 N N
g5 5 BB

Relative mRNA expression =1
=
>

IFNB1

STING
agonist

No stim

Figure 5. HPV E5 inhibited the cGAS-STING and RIG-1/MDAS5 pathways
(A) Phosphorylation of STAT1 after IFN-a treatment in CAL-27 cells was analyzed by

western blotting. The ratio of p-STAT 1/total STAT1 is shown.
(B) mRNA expression in CAL-27 cells was analyzed by qPCR. Cells were treated with
IFN-a at 10 ng/mL for 6 or 12 h
(C and D) Basal mRNA expression in CAL-27 cells was analyzed by qPCR.
(E) mRNA expression was analyzed after poly(1:C) treatment for 4 h at the indicated
concentrations. LMW, low molecular weight; HMW, high molecular weight.
(F) mRNA expression after STING agonist treatment was analyzed. Cells were treated with
10 pg/mL of STING agonist for 4 h. Data are represented as mean = SEM (n = 3).
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Figure 6. HPV E5 interacted with MAVS and STING and inhibited downstream pathways
(A) The indicated constructs were transiently transfected in HEK293T cells, and co-

immunoprecipitation was performed.

(B) Co-immunoprecipitation of stably expressed E5 and endogenous MAVS was performed
with CAL-27.

(C) Indicated constructs were transiently transfected in HEK293T and co-
immunoprecipitation was performed.

(D) Co-immunoprecipitation of stably expressed E5 and endogenous STING was performed
with CAL-27 cells.
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(E) Empty vector- or E5-expressing CAL-27 cells were treated with a STING agonist (10
ug/mL) for 1 or 2 h. Phosphorylation of IRF3 was analyzed by western blotting. The ratio of
p-IRF3/total IRF3 is shown.

(F) The indicated constructs were transfected in HEK293T cells. Proteins from nuclear
fractions were isolated and analyzed by western blotting (n = 3).

(G) Control, STING, or MAVS constructs were transfected in empty vector- or E5-
expressing CAL-27 cells for 24 h. IFN-f promoter activity was measured by a dual-
luciferase assay system (n = 3).

(H) mRNA expression after STING agonist treatment was analyzed by gPCR. Cells were
treated with a STING agonist for 4 h at the indicated concentrations (n = 3).

() mRNA expression was analyzed by qPCR. Cells were treated with 100 ng/mL of
poly(I:C) for 4 h (n = 3).

(J) Murine HNSCC lines (left: 1 x 10° MOC2 cells; right: 5 x 10° AT-84 cells) expressing
empty vector or E5 were injected into mice (MOC2, n = 4-6 per group; AT-84, n = 6-7 per
group). Tumors were treated with a STING agonist (ADU-S100) 20 pg two doses (MOC2)
or 20 pg one dose (AT-84) when tumors reached 6-7 mm in diameter. Tumor weight at the
time of sacrifice is also shown. Data are represented as mean + SEM.
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Figure 7. HPV ES5 expression was inversely correlated with an IFN-inducible gene signature in

the HNSCC patient cohort

(A-E) JHU cohort of HNSCC patients.
(A) Heatmap of IFN-inducible gene expression analyzed by RNA-seq (normal, n = 25;
E2/E4/ES5 high, n = 26; E6/E7 high, n = 10).
(B) Expression of the IFN-inducible gene signature in each group. Median with interquartile

range.

(C) Correlation analysis of HPV E5, E6, or E7 expression and IFN-inducible gene signature
(n =36, Spearman correlation coefficient).
(D) Correlation analysis of HPV E5 and selected genes from the IFN-inducible gene

signature.
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(E) Overall survival and disease-free survival of patients with high IFN-inducible gene
expression (indicated by red arrows in Figure 7A) and low expression (indicated by blue
arrows) from the E2/E4/E5 high group (n = 9 per group).
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Mouse monoclonal anti-LMP2 (clone G-3) Santa Cruz Biotechnology Cat#: sc-373996; RRID: AB_10918476

Mouse monoclonal anti-LMP7 (clone D-2)

Mouse monoclonal anti-a-tubulin

Rabbit polyclonal anti-STAT1

Rabbit monoclonal anti-phospho-STAT1 (Tyr701)
(clone 58D6)

Rabbit polyclonal anti-MAVS
Rabbit monoclonal anti-STING (clone D2P2F)
Rabbit monoclonal anti-IRF3 (clone D83B9)

Rabbit monoclonal anti-phospho-IRF3 (Ser396) (clone
4DAG)

Mouse monoclonal anti-Nuclear Matrix Protein p84
(clone 5E10)

Mouse monoclonal anti-FLAG M2

Mouse monoclonal anti-HA.11 Epitope Tag (clone
16B12)

Mouse monoclonal anti-c-Myc (Clone 9E10)
Mouse monoclonal anti-HLA-ABC (clone W6/32)

Goat anti-Mouse 1gG (H + L) Secondary Antibody,
HRP

Goat anti-Rabbit 1gG (H + L) Secondary Antibody, HRP

Santa Cruz Biotechnology

Developmental Studies Hybridoma
Bank (DSHB)

Cell Signaling Technology
Cell Signaling Technology

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

GeneTex

Sigma-Aldrich
BioLegend

BioLegend
BioLegend

Thermo Fisher Scientific

Thermo Fisher Scientific

Cat#

Cat#:
Cat#:

Cat#

Cat#:

Cat#:
Cat#:

Cat#:
Cat#:
Cat#:

Cat#:

1 5c-374089; RRID: AB_10947104
Cat#:

12G10; RRID: AB_2315509

9172; RRID: AB_2198300
9167; RRID: AB_561284

1 3993; RRID: AB_823565
Cat#:
Cat#:
Cat#:

13647; RRID: AB_2732796
4302; RRID: AB_1904036
4947, RRID: AB_823547

GTX70220; RRID: AB_372637

F3165; RRID: AB_259529
901501; RRID: AB_2565006

626801; RRID: AB_2235686
311441; RRID: AB_2800814
31430; RRID: AB_228307

31460; RRID: AB_228341

Chemicals, peptides, and recombinant proteins

Recombinant Human IFN-a.2 (carrier-free) BioLegend Cat#: 592702
Poly(I:C) (LMW)/LyoVec™ InvivoGen Cat#: tIrl-picwlv
Poly(l:C) (HMW)/LyoVec™ InvivoGen Cat#: tlrl-piclv
ADU-S100 [2'3"-c-di-AM(PS)2 (Rp,Rp)] InvivoGen Cat#: tlrl-nacda2r
TRIzol™ Reagent Thermo Fisher Scientific Cat#: 15596018
(Invitrogen)
gScript cDNA Synthesis Kit Quantabio Cat#: 95047
iTaq Universal SYBR Green Supermix Bio-Rad Cat#: 1725124
PEI (Polyethylenimine, branched) Sigma-Aldrich Cat#: 408727
cOmplete™, EDTA-free Protease Inhibitor Cocktail Sigma-Aldrich (Roche) Cat#: 11873580001
PhosSTOP™ Sigma-Aldrich (Roche) Cat#: 4906837001
Protein G Plus/Protein A Agarose Suspension EMD Millipore Cat#: IP05
Anti-FLAG M2 Affinity Gel Sigma-Aldrich Cat#: A2220
Critical commercial assays
RNeasy Plus Mini Kit QIAGEN Cat#: 74136
Immunoproteasome Activity Fluorometric Assay Kit Il UBPBio Cat#: J4170
Dual-Luciferase® Reporter Assay System Promega Cat#: E1980

Deposited data
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REAGENT or RESOURCE SOURCE IDENTIFIER
RNAseq data of cell lines This paper GEO: GSE226754
RNAseq data of HPV-positive OPSCCs from Johns Guo et al.&t GEO: GSE112027

Hopkins University cohort

Experimental models: Cell lines

Human: CAL-27

Human: HEK293T

Mouse: DC2.4

Mouse: MOC2

Mouse: AT-84

Dr. J. Silvio Gutkind (University of
California, San Diego)

Dr. Dong-Er Zhang (University of
California, San Diego)

Dr. Dong-Er Zhang (University of
California, San Diego)

Dr. J. Silvio Gutkind (University of
California, San Diego)

Dr. Aldo Venuti (Regina Elena
National Cancer Institute, Italy)

RRID: CVCL_1107

RRID: CVCL_0063

RRID: CVCL_J409

RRID: CVCL_ZD33

N/A

Experimental models: Organisms/strains

Mouse: C57BL/6J
Mouse: C3H/HeNCrl

The Jackson Laboratory

Charles River Laboratories

Strain#: 000664; RRID: IMSR_JAX:000664
Strain Code: 025; RRID: IMSR_CRL:025

Oligonucleotides

See Table S5 for gPCR primers This paper N/A
Recombinant DNA
Plasmid: pLXSN-AU1-HPV16 E5 (codon-optimized) Dr. Frank Suprynowicz N/A
(Georgetown University Medical
School)
Plasmid: MIP (MSCV-IRES-Puro) Dr. Dong-Er Zhang (University of N/A

Plasmid: pMSCV-Blasticidin
Plasmid: pMSCV-Zeo
Plasmid: pCL-10A1
Plasmid: pCL-Eco

Plasmid: pcDNA™3.1 (+) Mammalian Expression
Vector

California, San Diego)
Addgene

Addgene

Novus

Novus

Thermo Fisher Scientific
(Invitrogen)

Plasmid: #75085; RRID: Addgene_75085
Plasmid: #75088; RRID: Addgene_75088
Cat#: NBP2-29542

Cat#: NBP2-29540

Cat#: V79020

Plasmid: MIP-FLAG-HPV16 E5 (codon-optimized) This paper N/A
Plasmid: pMSCV-Blasticidin-HPV16 E6 This paper N/A
Plasmid: pMSCV-Zeo-HPV16 E7 This paper N/A
Plasmid: pcDNA-FLAG-HPV16 E5 (codon-optimized) This paper N/A
Plasmid: pcDNA-HA-HPV16 E5 (codon-optimized) This paper N/A
Plasmid: pcDNA-HA-human MAVS This paper N/A
Plasmid: pcDNA-human STING-HA This paper N/A
Plasmid: pcDNA-human STING-Myc This paper N/A
Plasmid: pcDNA-HA-human IRF3 This paper N/A
Plasmid: pGL3-Basic Promega Cat#: E1751
Plasmid: pGL3-1FN-f gene promoter This paper N/A
Plasmid: pRL-TK Promega Cat#: E2241
Software and algorithms

GraphPad Prism 8 GraphPad N/A
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

ImageJ

STAR (v2.6.1)
DESeq2 (v2_1.6.3)
Gene Ontology

Reactome
KEGG
PEAKS

Immune Epitope Database and Analysis Resource
(IEDB)

WebLogo 3

Schneider et al.*8
Dobin et al 4
Love et al.>°

Ashburner et al.>%;
Gene Ontology Consortium®2;
Mi et al.53

Fabregat et al.>*

Kanehisa et al.55-57
Bioinformatics Solutions Inc.
Vita et al.>8

Schneider et al.®;
Crooks et al 60

https://imagej.nih.gov/ij/
N/A
N/A

http://geneontology.org/

https://reactome.org/
http://www.kegg.jp/
N/A
https://www.iedb.org

https://weblogo.threeplusone.com

Other

MycoAlert PLUS Mycoplasma Detection Kit

Lonza

Cat#: LTO7-710
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