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A B S T R A C T

Several DNA viruses including Human Papillomavirus (HPV), Epstein-Barr virus (EBV), and Human cytome-
galovirus (HCMV) are mechanistically associated with the development of human cancers (HPV, EBV) and/or
modulation of the immune system (HCMV). Moreover, a number of distinct mechanisms have been described
regarding the modulation of tumor cell response to ionizing radiation and evasion from the host immune system
by viral factors. There is further accumulating interest in the treatment with immune-modulatory therapies such
as immune checkpoint inhibitors for malignancies with a viral etiology. Also, patients with HPV-positive tumors
have a significantly improved prognosis that is attributable to increased intrinsic radiation sensitivity and may
also arise from modulation of a cytotoxic T cell response in the tumor microenvironment (TME). In this review,
we will highlight recent advances in the understanding of the biological basis of radiation response mediated by
viral pathogenic factors and evasion from and modulation of the immune system by viruses.

1. Introduction

More than two million cases of cancer worldwide are considered to
be associated with infectious agents each year [1]. Over the last decades
studies on the role of these infectious agents, including a multitude of
viruses, in carcinogenesis have provided increasing insights into the
mechanisms of viral cancer induction/progression and evasion of the
host immune system to ensure long lasting viral persistence [2].
Moreover, there is growing evidence on the association of viral pa-
thogenic factors with a modulation of the cellular radiation responses,
therapeutic efficacy and patients' clinical outcome following radio-
therapy (RT) and chemoradiotherapy (CRT). In addition, malignancies
with viral etiology are considered more immunogenic and especially in
case of Human papillomavirus (HPV) more sensitive to anti-cancer
treatment [3,4]. Further, these cancers are important targets for im-
munotherapeutic options including immune checkpoint-inhibition
[5,6]. In this review, we aim to describe recent advances in the

understanding of the impact of viral infection on the modulation of
radiation sensitivity, anti-tumor immunity and clinical consequences
with special emphasis on head and neck (HNSCC) and anal squamous
cell carcinoma (ASCC).

2. Characterization of the viruses

2.1. Human Papilloma virus

HPV is associated with a variety of benign tumors in humans such as
warts [7]. Pioneering work from Harald zur Hausen revealed that cer-
tain HPV-types are associated with the development of cervical cancer
[8]. Subsequently, other tumor entities including ASCC and HNSCC
have been shown to be related to HPV infection. On the basis of tissue
tropism and malignant potential, > 200 HPV-types have been classified
covering cutaneous and mucosal types and, within the latter group,
low- or high-risk types with regards to their oncogenic potential [9].
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Within the high-risk group, HPV-types HPV16, 18 and 33 remain the
causative agents in the majority of HPV-associated cancers with
HPV16/18-DNA prevalence rates ranging from approximately 70% in
cervical cancer and 90% both in anal cancer and in HPV-positive
HNSCC [10,11].

HPVs are double-stranded DNA viruses with a genome of approxi-
mately 8.000 base pairs encoding eight “early” (E) and “late” (L) viral
proteins. These include HPV oncoproteins E5, E6, and E7, the reg-
ulatory proteins (E1 and E2) and the structural viral capsid proteins L1
and L2 [12]. On the molecular level, HPV oncoproteins, which are
overexpressed in HPV-induced cancers and their precursors, can in-
teract with a large number of cellular proteins leading to the dereg-
ulation or activation of regulatory and signaling pathways [13]. Among
others, HPV E6 inactivates the tumor suppressor proteins TP53 via the
ubiquitin ligase E6AP resulting in the inhibition of apoptotic cell death,
disturbed cell cycles kinetics resulting in non-restricted proliferation
under conditions of replication stress and genomic instability [14]. Si-
milarly, HPV E7 binds the retinoblastoma (Rb) protein and targets it for
proteasomal degradation, which results in the release of the transcrip-
tion factor E2F1, which in turn fosters the expression of a multitude of
S-phase genes like cyclin-dependent-kinase inhibitor p16INK4a. The
latter is associated with a promotion of progression through the cell
cycle [15]. Apart from the regulation of these most prominent tumor
suppressor proteins, E6 and E7 bind to various additional cellular tar-
gets, including human telomerase (hTERT) and DNA repair enzymes,
and disrupt centrosome synthesis [16,17].

2.2. Epstein-Barr virus

EBV (or human herpesvirus 4), a member of the human herpes-
viruses family, was the first oncogenic virus reported to infect humans
and to be associated with a multitude of malignancies including
Hodgkin's or Burkitt's lymphoma, gastric and nasopharyngeal carci-
noma (NPC) [18,19]. EBV, one of the most prevalent viruses in the
human population can establish a life-long infection and, by evolving
an ability to escape clearance by the host immune system contribute to
cancer development and persistence. The genome of the enveloped
DNA double stranded virus covers 85 open reading frames, including
genes coding for proteins involved in B-cell and endothelial cell entry
(gp350, BMRF-2), lytic replication (BRLF-1, BNLF2, BCRF1) mediating
latency programs (Epstein–Barr encoded nuclear antigen (EBNA-1 -
EBNA-3) and latent membrane proteins (LMP-1, LMP-2). For malignant
transformation EBNA-1 and LMP-1 are essential [20]. EBNA-1 com-
prises a trans-activator of latent viral and host genes and is involved in
segregation and persistence of the viral genome, TP53 degradation and
oncogenesis [21]. LMP-1 is a functional homologue to the cytokine
tumor necrosis factor (TNF) and mediates signaling by nuclear factor
kappaB (NF-κB), activatorprotein-1 (AP-1), Janus kinase/signal trans-
ducer and activator of transcription (JAK/STAT), and the p38 pathway
to dysregulate via p27 the cell cycle resulting in a G2/M arrest [21,22].
Further, LMP-1 has an impact on human telomerase reverse tran-
scriptase (hTERT) activity via the p16INK4a/Rb/E2F1 signaling pathway
[23]. Notably, EBV was the first virus reported to encode> 40 mature
small non-coding micro RNA species (miRNAs) targeting the 3′-un-
translated region (UTR) of viral and/or cellular genes to tran-
scriptionally regulate a multitude of functions [24]. These include
proliferation, differentiation and evasion of the host immune response
[19].

2.3. Human cytomegalovirus

HCMV (or human herpes virus 5) is a member of the human her-
pesvirus family that can cause life-threatening diseases in im-
munosuppressed individuals. In line with other herpesviruses, the
prevalence in the human population is high [25]. The exact impact of
HCMV in the pathogenesis of human malignancies remains elusive.

Accordingly, as compared to HPV and EBV, HCMV is not considered to
be an oncogenic virus [26,27], however, an association between HCMV
and glioblastoma, colorectal, breast and prostate cancer that may im-
pact treatment response and interrelationship with the immune system
has been reported [28–30]. The genome of the DNA virus encodes for
250 proteins with molecular weights ranging from 10 to 200 kDa and
12 viral miRNA [31] affecting proliferation, invasion, inhibition of
apoptosis or autophagy, promotion of angiogenesis and immune sup-
pression [32].

3. Viral infection and intrinsic cellular radiation sensitivity

3.1. Intrinsic radiation sensitivity mediated by HPV

Radiation responses are mainly determined by the intrinsic ability
of the cell to sense DNA damage and subsequently to facilitate a DNA
damage response (DDR) and mediate DNA repair. Environmental fac-
tors, such as the oxygenation status may further modulate damage in-
duction and cellular responses and consequently affect radiation sen-
sitivity [33]. Historically, radiation effects have been attributed to the
“five Rs” of radiation biology covering repair, re‑oxygenation, redis-
tribution in the cell cycle, re-population and radiosensitivity [34].
Several groups have hypothesized that viral oncoproteins may affect
these mechanisms and play a pivotal role in tumor and cellular radia-
tion sensitivity. Indeed, for HPV-positive HNSCC recent research has
revealed that the virus hijacks the cellular machinery for DNA repair,
alters cell cycle distribution, induces proliferation and displays unique
kinetics of hypoxia during radiation treatment [35]. In line with that,
an enhanced radiation sensitivity has been repeatedly reported for
HPV-positive HNSCC cell lines when compared to HPV-negative ones.
The mechanisms described involve a decreased DNA double-strand
break repair capacity, associated with an enhanced radiation induced
G2/M cell cycle-arrest [36,37] upregulation of low levels of residual
wild-type TP53 and of multiple genes involved in TP53 signaling, in-
creased apoptosis and caspase activity [38]. Further, downregulation of
AKT in HPV-positive HNSCC lines has been associated with a hampered
clonogenic survival [39,40]. Beside an interrelationship with TP53 and
Rb, HPV oncoproteins E6/E7 bind to X-ray repair cross-complementing
protein 1 (XRCC1), a factor required for the repair of DNA single strand
breaks [41]. In addition, E6 impairs the fidelity of non-homologous
end-joining (NHEJ) [42].

Another recent hypothesis includes a direct effect of p16INK4a ex-
pression in HPV-positive HNSCC, as the protein was shown to suppress
RAD51 foci formation and consequently DNA-repair by homologous
recombination (HR) to increase the frequency of micronuclei [43].
Additionally, p16INK4a overexpression was also linked to a decreased
expression of thyroid hormone receptor interactor 12 (TRIP12) and a
subsequently enhanced expression of the DDR ubiquitin ligase RNF168
which repressed DNA damage repair in part by inhibition of the HR
repair pathway [44]. Most recently Liu et al. reported loss of trans-
forming growth factor β (TGF-β) responsiveness in HPV-positive
HNSCC cells and specimen resulting in miRNA mediated suppression of
breast cancer type 1 susceptibility protein (BRCA1) and forkhead box
protein 03 (FOX03) which negatively impacts on HR and the activity of
the DNA damage-sensing kinase ataxia telangiectasia mutated (ATM),
respectively [45]. Following transfection of HPV-negative cells with a
E6/E7 expression construct, Gubanova et al. reported on a suppressor
with morphogenetic effect on genitalia-1 (SMG-1) promoter hy-
permethylation and decreased expression to contribute to an enhanced
radiation response. SMG-1 is a member of the phosphoinositide 3-ki-
nase–related kinases (PIKK) family and has been shown to be associated
with the DDR network [46].

While in sum evidence of a reduced DNA repair capability and en-
hanced radiation sensitivity of HPV-positive cells are accumulating, it
also needs to be critically noted that the mechanisms reported are di-
verse, have mostly not been recapitulated by other groups and are often
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based on mechanistic experiments in a very limited number of cell lines.
In addition, inconclusive and conflicting results have been shown, e.g.
no impact on clonogenic survival in TP53wt colon carcinoma cells
engineered to express E6 and E7 [47] or by knockdown of E6 and E7 in
cervix carcinoma cells [48].

3.2. Intrinsic radiation sensitivity mediated by EBV and HCMV

Major research on the modulation of radiation response by EBV is
focused on LMP-1, which is expressed in the majority of EBV-associated
malignancies. LMP-1 represses the repair of DNA double strand breaks
(DSBs) by the inhibition of phosphorylation and activity of DNA-de-
pendent protein kinase (DNA-PKcs), a key enzyme of NHEJ pathway in
nasopharyngeal carcinoma (NPC) [49] and by repression of ATM [50].
Further, LMP-1 reduces phosphorylation of AMP-activated protein ki-
nase (AMPK) thus changing its subcellular location [49] and mediates
glycolysis and resistance to apoptotic cell death induced by ionizing
radiation [51]. By analyzing mechanisms associated with the radiation
response following down-regulation of LMP-1, an increase in vascular
endothelial growth factor (VEGF) expression and tumor microvascular
permeability by elevated phosphorylation of JNKs/c-Jun pathway have
been shown by Yang et al. [52]. The same group further indicated that
ATM upregulation by LMP-1 knockdown is mediated by the NF-κB
pathway by direct promoter binding, and vice versa inhibition of ATM
increases radiation responsiveness in NPC [53]. Importantly, an in-
creased radiation resistance of LMP-1 transfected NPCs is in line with
upregulation of stemness related markers (CD44) and downregulation
of phosphorylation of the DDR proteins, checkpoint kinase 1 (Chk1),
Chk2, TP53 and TP53-targeted pro-apoptotic genes [54]. Finally, EBV
encoded miR-155 and microRNA BamHI-A region rightward transcript
(miR-BART7) were recently shown to regulate radiation sensitivity via
suppressing the ubiquitin-like chaperon Ubiquilin-1 (UBQLN1) expres-
sion [55], and by targeting glutamine-fructose-6-phosphate transami-
nase (GFPT1). GFPT1 is a key enzyme of the hexosamine signaling
pathway, controlling the immunomodulatory cytokine TGF-ß1 expres-
sion [56]. Finally, EBV encodes a variety of proteins such as BHRF1,
EBNA-1, and miR-BARTs, that are implicated in resistance to apoptosis.
For example, BHRF1 encodes a 17 kDa putative transmembrane protein
with a sequence and functional homology to the anti-apoptotic Bcl-2
proto-oncogene that inhibits intrinsic activating pathways [57] [312].

Concerning the role of HCMV on radiation response, Rourke et al.
reported on a modulation of DDR as assessed by a micronucleus assay in
peripheral blood lymphocytes from patients with glioblastoma, in-
dicating enhanced radiosensitivity in infected cells [58]. The under-
lying molecular mechanisms, however, remain elusive.

In summary, viral pathogenic factors impact on cellular radiation
response on multiple levels with modulation of the DNA-damage repair
machinery to be the most common point of attack. Mechanisms asso-
ciated with the molecular and cellular radiation response in viral in-
fected malignant cells are depicted in Fig. 1.

4. Viral infection and mechanisms of immune tolerance mediated
by viral products

4.1. HPV infection and mechanisms of immune tolerance

There is growing consensus that mutational burden and viral
etiology are associated with modulation of the tumor microenviron-
ment (TME) affecting stromal architecture, tumor vasculature and im-
mune cell infiltration/activation [59,60]. Primary tumors are com-
monly regarded to mount an immune suppressive TME to promote
cancer progression and treatment resistance [61,62]. This is facilitated
by a multitude of mechanisms for tumor immune escape [63], pre-
dominantly by suppressive immune cells such as tumor-associated
macrophages (TAMs) [64], myeloid-derived suppressor cells (MDSCs)
[65] and regulatory CD4, CD25 and transcription factor forkhead box

P3 (FOXP3) positive regulatory T lympho- cytes (Tregs). Although the
role of MDSCs in HPV-driven tumors is not fully elucidated, it is be-
lieved that reactive oxygen species (ROS) are involved in inhibition of T
cell activation by downregulating the CD3zeta-chain of the T cell re-
ceptor complex [66].

Due to the accumulation of different mutations in the progression of
tumor development and due to viral infection, transformed cells present
a multitude of (neo)antigens that are regarded as foreign [67]. Ac-
cordingly, tumor control and rejection by the immune system requires
the presentation of these target antigens, priming of an immune re-
sponse in local lymph nodes, infiltration and differentiation of cytotoxic
T cells (CTL) at the local tumor site(s) and finally activation of their
effector functions. Processes of immune activation and tolerance have
been studied in detail in HPV and other virus-associated tumors, re-
vealing several strategies of immune evasion including intracellular and
environmental mechanisms [68–70].

The intracellular strategies of viral immune evasion exerted by HPV
cover low levels of viral E2-E7 gene expression [71] to hamper antigen
detection by antigen presenting cells (APCs). HPV E5, E6, and E7 pro-
teins were shown to selectively downregulate surface major histo-
compatibility complex (MHC) class I expression [72] and to hamper
antigen processing and presentation [73]. Comparable mechanisms
have been described for HCMV encoded genes that decrease MHC class
I and II restricted antigen processing by retention of antigens within the
endoplasmic reticulum [74,75]. EBNA-1 further harbors a cis-acting
mechanism that facilitates suppression of its own mRNA translation and
consequently antigen processing for MHCI-restricted presentation of
EBNA-1 epitopes to cytotoxic T cells [76].

Moreover, HPV oncogene E7 perturbs DNA methylation and histone
modification mechanisms by association with the DNA methyl-
transferase 1 (DNMT1) [77]. The latter is capable in silencing host cell
CXCL14 chemokine [78] and adhesion molecules expression in line
with a down regulation of Toll-like receptor 9 (TLR9) [79,80]. TLR9
preferentially binds exogenous viral or bacterial DNA, and triggers
signaling cascades that result in pro-inflammatory cytokine and inter-
feron (IFN) responses [81]. HPV has further evolved to evade the im-
mune activation by binding to the transactivation domain of interferon
response transcription factors (IRFs), resulting in a repression of pep-
tide transporter associated with antigen processing 1 (TAP1), IFN-
alpha/beta and monocyte chemotactic protein 1 (MCP1) expression
[82,83].

A recent genome-wide gene expression analysis revealed that the
HPV E2 protein down modulates expression of Interferon-kappa (IFN-
κ), cyclic guanosine monophosphate-adenosine monophosphate syn-
thase (cGAS) and the stimulator of interferon genes (STING) defense
mechanism, while HPV E7 is reported to directly antagonize STING
through its LXCXE motif [84,85]. cGas senses non-physiologic cyto-
plasmatic e.g. viral double stranded DNA, which in turn initiates innate
immune signaling through downstream adapter proteins STING, IRF3
activation and type I IFN expression [86,87]. Radiation induces a type I
IFN response by accumulation of cytosolic DNA and activation of the
cGas/STING pathway, while ionizing radiation failed to stimulate type I
IFN response in mice with a STING loss [88]. Also, STING expression is
down-regulated in HPV-positive low-grade cervical squamous in-
traepithelial lesions compared with HPV-negative controls, indicating a
putative clinical relevance of HPV oncogene mediated antagonization
of the cGas/STING pathway [85].

In addition to intracellular evasion mechanisms, HPV affects cel-
lular immune networks crucial to effective tumor clearance including T-
helper (Th) cell and CTL responses. Similar to the macrophage sub-
classification, Th cells are grouped into Th1 and Th2 subtypes. Th1 cells
mount a pro-inflammatory milieu with typical secretion of INF-γ, IL-2
and TNF-α, while Th2 cells are regarded as anti-inflammatory and se-
crete IL-4, IL-6, IL-10, [89]. In early HPV-associated lesions, Th2 cy-
tokines such as IL-6 and IL-10 were prominent, while in high-grade
epithelial lesions elevated levels of both Th1 (TNF-α) and Th2 (IL-10)
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associated cytokines were upregulated reflecting a non-coordinated
immune response [90].

Further, immunologically relevant mechanisms that induce T cell
anergy and apoptosis cover the activity of immune checkpoint re-
ceptors, most prominent cytotoxic T lymphocyte antigen 4 (CTLA-4,
CD152), programmed death (PD)-1 (CD279) and its ligand programmed
death ligand-1 (PD-L1, CD274). While cancer and myeloid cells express
PD-L1 by oncogenic activation such as the phosphoinositide 3-kinase
(PI3K)-AKT or STAT pathways (innate resistance), PD-L1 expression on
lymphocytes appears to be predominantly mediated by inflammation
and genotoxic stress via IFN-γ secretion within the TME (adaptive re-
sistance) [91,92]. Against this background, HPV can induce the ex-
pression of CTLA-4 and PD-1 on activated T and B cells, and enhance
surface expression of PD-L1 on tumor and antigen-presenting cells [93].

4.2. EBV infection and mechanisms of immune tolerance

EBV binds to the neutrophilic surface by its envelope glycoprotein
gp350, stimulates the expression of inflammatory cytokines IL-1α/IL-β,
chemokines IL-8 and macrophage inflammatory protein (MIP)-1
[95,96] and launches apoptosis by modulating the first apoptosis signal
receptor (Fas)/Fas ligand system [97]. EBV viral infection also impairs
the phagocytic activity of primary monocytes by inhibiting protein ki-
nase C (PKC) activity [98], and by hampering prostaglandin E2 and
TNF-α production [99]. Moreover, LMP-1 induces Tregs to secrete IL-
10, which in turn suppresses the proliferation of T-effector lymphocytes
and the release of IFN-γ [100]. As reported before, EBV further encodes
a multitude of viral miRNAs to dysregulate the expression of a variety
of host miRNAs, which modulate the expression of immune-related
molecules and signaling pathways. EBV miRNAs target the MHC pep-
tide transporter TAP subunit and reduce the levels of TAP and MHC
class I molecules expression, while down-modulation of the cytokine IL-
12 decreases recognition by EBV-specific CD8-positive T cells [101].
The transport via exosomes of EBV regulated miRNAs and viral proteins
further contributes to an immunosuppressive TME [102].

4.3. HCMV infection and mechanisms of immune tolerance

HCMV encodes numerous proteins and at least five miRNAs that
impact on immune responses [69]. Genes encoded by the virus (IA,
UL123-encoded IE2) directly impair type I IFN pathways [103], while
viral mitochondria-localized inhibitor of apoptosis (vMIA), viral in-
hibitor of BAK oligomerization (vIBO) and viral inhibitor of caspase 8

(vICA) interfere with both intrinsic and extrinsic apoptosis pathways
[104]. In addition, HCMV miR-UL112.1 targets the natural killer cell
activating major histocompatibility complex class-I related chain B
(MICB), thereby reducing natural killer cell activity. Along this line,
miR-UL148D targets the chemokine (C-C Motif) ligand 5 (CCL5), miR-
US25-2-3p inhibits inhibitors of tissue inhibitors of metalloprotease 3
(TIMP3) and miRUl112-3p targets the TLR2 and inhibits NF-κB sig-
naling (reviewed in [105]). Finally, molecular mimicry exerted by
HCMV comprises a strategy to subvert anti-viral immunity and to hijack
a range of host encoded immunomodulatory markers. Unique me-
chanisms exerted by the virus cover the expression of proteins (e.g.
UL21.5, US 27, US28, UL33, UL78, UL144) that act as receptors for host
inflammatory chemokines and cytokines, reducing local chemokine/
cytokine effectiveness [106]. Further, HCMV encodes a number of viral
homologs of cytokines IL-8 (UL146) and immune- suppressive IL-10
(cmvIL-10:UL111a), mimicking human IL-10 activity in repressing pro-
inflammatory TNF-α, IL-6 and IL-1 production to decrease MHC class II
expression [107].

5. Prognosis and response to RT/RCT in virus associated tumors:
Clinical findings

5.1. Response to RT/CRT in HPV associated tumors

HPV-associated malignancies of the head and neck, most pro-
nounced in the oropharynx region, represent distinct clin-
icopathological features with unique biological properties that directly
impact on clinical behavior [108,109]. Seminal findings by Fakhry
et al. indicated that such tumors have improved prognosis and favor-
able survival rates with increased responsiveness to RT and CRT [3].
These observations were confirmed in a multitude of subsequent clin-
ical studies [4,110–112]. Moreover, a detailed understanding of the
genetic fingerprint and risk factors of HPV-associated tumors has led to
attempts to personalize therapy, for example by a RT dose de-escala-
tion. Chen and colleagues performed a single-arm, phase II study on
reducing radiation dose from standard 70 to 60 or even 54 Gy in car-
cinoma of the oropharynx, resulting in similar progression-free survival
time and an improved toxicity profile compared to historical regimens
[113]. The improved clinical outcome observed in patients with HPV-
positive HNSCC is attributed to multifactorial explanations covering
reduced fields of cancerization, increased intrinsic radiation respon-
siveness and improved immune responses to viral infected tumor cells
[114]. Patients with HPV-positive HNSCC for example mainly present

Fig. 1. Simplified model of the modulation of the
cellular radiation sensitivity by viral components.
HPV E6/E7 oncogenes impact on TP53 and retino-
blastoma expression/activity and inhibit proteins of
the DNA-damage response. EBV EBNA-1 is involved
in TP53 degradation while LMP1 is involved in at-
tenuation of DNA-PKcs activity and dysregulates the
cell cycle by NF-κB, AKT/PIk3 and MAPK pathways.
DNA-PKcs=DNA-dependent protein kinase cata-
lytic subunit, EBNA-1=Epstein–Barr encoded nu-
clear antigen 1, HR=homologous recombination,
LMP-1= Latent membrane proteins 1,
MAPK=Mitogen-activated protein kinase;
PIK3= phosphatidyl-inositide3-kinases,
Rb=Retinoblastoma, NHEJ=Non-homologous
end joining, NF-κB=Nuclear factor kappa B,
SSBR=Single strand break repair, XRCC1=X-ray
repair cross-complementing protein.
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at a younger age at time of diagnosis as compared to HPV-negative ones
[4,115,116] and with tumors that are less likely to be associated with
tobacco or alcohol abuse.

5.2. HPV DNA detection and p16INK4a expression to predict response to RT/
RCT

Concerning the outcome of patients with ASCC after standard CRT,
Williams et al. used in-situ-hybridization to assess HPV-DNA status in a
small cohort of 35 patients, but failed to detect a prognostic impact
[117]. More recent studies using polymerase chain reaction (PCR),
however, revealed a prognostic relevance of HPV16 DNA detection for
multiple clinical endpoints including overall survival (OS), progression-
free survival (PFS), disease-free survival (DFS) and loco-regional con-
trol (LRC) in ASCC and HNSCC [111,118–120]. A positive relationship
between HPV status and CRT was further reported for HPV-positive
vulva and penile cancer patients (as assayed by in situ hybridization,
HPV genotyping and p16 immunohistochemistry) treated with CRT that
displayed an improved LRC (penile cancer) or OS and PFS (vulva
cancer) compared to HPV-negative ones [121,122]. We recently ana-
lyzed HPV16 DNA load defined as HPV16 DNA copies per beta-globin
gene copy in a cohort of 95 patients treated by CRT for ASCC. A
quantitative viral DNA load above the median predicted increased LRC
and OS rates [123]. These findings were validated by other studies
confirming better OS, DFS and PFS in HPV-16 DNA positive tumors
[118,120,124]. More recently, an impact of quantitative HPV16/18
estimation and persisting HPV infection after radical RCT on LRC and
recurrence-free survival (RFS) was further confirmed in locally ad-
vanced cervical cancer [125].

With regard to HPV surrogate immunohistochemical marker
p16INK4a expression, there are conflicting reports on its impact on the
clinical outcome after CRT for ASCC. Early studies indicated no sig-
nificant prognostic influence for p16INK4a detection [126,127], or even
higher incidence of local and distant recurrence in patients with high
p16INK4a scores [128]. Three other reports indicated that patients with
p16INK4a positive tumors have a significantly better PFS and LC but not
OS [118,119,123], while two studies reported on better OS for p16INK4a

positivity [120,124]. Notably, combining HPV-DNA with p16INK4a

status may be useful to stratify ASCC patients into different prognostic
subgroups as double positive (HPV-DNA+/p16+) patients displayed a
significantly superior OS, LC and cancer specific survival
[120,123,129,130].

5.3. HPV antibody levels as screening and prognostic markers

Mammals have evolved adaptive immune mechanisms to control
viral infection with a humoral response to HPV-associated (neo)anti-
gens to elicit host protective mechanisms [131]. Patients with HPV16
oncogene E6 seropositivity displayed a 200-fold increased risk to de-
velop oropharyngeal cancer (OPC), a 75-fold increased risk for ano-
genital cancer and with a lower incidence carcinoma of the vagina,
cervix, and penis. Moreover, these antibodies were detectable up to
10 years before tumor diagnosis, while being rare among cancer-free
controls [132,133]. Accordingly, these findings argue for the develop-
ment of highly specific biomarkers for HPV-driven malignancies that
may be useful for screening/diagnostic approaches. Indeed, Holzinger
et al. recently indicated HPV16 E6 seropositivity in 214 patients to be
the best predictor of HPV16-driven OPC with a diagnostic accuracy of
97% [134]. Further, Hanna and colleagues investigated serum and
salivary HPV16 E2, E6 and E7 antibody levels before and after defini-
tive CRT in 44 patients with locoregionally-advanced OPC. When
analyzed serially, median salivary E7 antibody levels decreased sig-
nificantly post-CRT treatment indicating HPV clearance [135]. More-
over, high titers of E6 antibodies at diagnosis were associated with a
significantly increased recurrence [136]. Another study, however, re-
vealed that posttreatment HPV16 E6 antibody levels did not decrease

significantly from the baseline and were not associated with the risk of
recurrence. By contrast, pretreatment HPV16 E6 seropositivity was
associated with an 86% reduced risk of local/regional recurrence in
OPC [137]. Finally, by applying a custom programmable enzyme-linked
immunosorbent (ELISA) assay in patients with HPV-related OPC,
Dahlstrom et al. identified three HPV16-specific antibodies targeting
E1, N-terminal E2, and E6, that were associated with improved OS and
PFS [138].

5.4. Circulating HPV tumor DNA for prediction and to monitor disease
progression

In HPV-related cancers, viral genomes are either present in episomal
form or frequently integrated into the tumor cell DNA with the latter to
be detectable in peripheral blood. [139]. Against this background, as-
sessment of cell-free circulating HPV tumor DNA (ctDNA) may be useful
not only to asses HPV status but also to monitor disease progression and
recurrence in a tumor specific and non-invasive manner. In a recent
investigation pretreatment HPV ctDNA was detected by a highly sen-
sitive droplet digital PCR (ddPCR) in 29 of 33 patients with stage II–III
ASCC. Although pretreatment detection failed to display a prognostic
impact, HPV ctDNA became undetectable in most patients following
CRT but three out of 18 patients (17%) displayed residual ctDNA levels:
all these patients experienced rapid metastatic relapse after CRT [140].
Additionally, by using the ddPCR technique as mentioned before, an
early and significant decrease of HPV ctDNA detection in the course of
immune checkpoint anti-PD-1 therapy in a patient with metastatic
ASSC [141] was reported. This observation provides a proof-of-concept
that HPV ctDNA may be used as an early biomarker to monitor the
efficacy of treatment. Lee et al. assayed HPV ctDNA by an amplicon-
based next generation sequencing assay (HPV16-Detect) in locally ad-
vanced HNSCC treated with curative CRT. They demonstrated that
HPV16 analysis in posttreatment samples in both a test and validation
cohort correlates with residual disease (confirmed by PET-CT) at the
primary site and in cervical lymph nodes, suggesting the potential of
the assay in avoiding unnecessary surgical neck dissection procedures
[142].

5.5. Response to RT/CRT in EBV associated tumors

In locally advanced NPC Song et al. showed that plasma EBV-DNA
copy number levels (≥ 100 copies/ml) pre- and post-induction che-
motherapy were independent predictive markers for LC and survival in
response to RT [143]. In line with that, by performing a meta-analysis
including 23 eligible studies, Zhang et al. recently described that EBV-
DNA levels were significantly correlated with the outcomes of patients
with NPC [144]. Notably, these data revealed superior OS, DFS, distant
metastasis-free survival (DMFS) and locoregional relapse-free survival
(LRRFS) in patients with negative or low level plasma EBV-DNA de-
tection [145,146] and vice versa high viral load to predict poor prog-
nosis in NPC treated with concurrent CRT. Apart from the detection of
circulating EBV DNA, serum EBV viral capsid antigen (VCA) IgA anti-
bodies showed a prognostic value in patients with undetectable pre-
treatment EBV DNA with an inferior 5-year PFS, DMFS and LRRFS as-
sociated with increased serum titers [147]. These results appear
surprising when compared to the findings of a positive/high viral load
being a positive prognostic factor in HPV-related malignancies, how-
ever, two major differences between the HPV- and EBV-studies have to
be highlighted: first, viral load/positivity in HPV-related malignancies
was always assessed in the pathological tumor specimens, whereas in
patients treated for EBV-related NPC the evaluation was based on serum
evaluation. This difference may explain the divergent prognostic values
of these parameters, as other immune-related factors such as the leu-
kocyte count display different prognostic values when assayed in the
tumor or in the peripheral blood [148]. Further, the prognosis of NPC is
dependent on distant control to a much higher degree compared with
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ASSC. In a meta-analysis Blanchard et al. indicated that 22% of the
patients with NPC initially treated with curative intent have later ex-
perienced distant metastases [149]. High levels of serum viral load
could represent an early systemic dissemination of the disease with
features as abundant circulating tumor cells.

Resistance to apoptosis is a hallmark of cancer cells and is asso-
ciated with cellular radiation resistance [59]. Against this background
EBV LMP-1 and EBNA-1 are reported to increase the expression of the
inhibitor of apoptosis protein Survivin by the NF-κB and PI3K/Akt
signaling pathway in T- and B cell lymphoma and to inhibit apoptosis
[150,151]. As Survivin is further shown to impact on the cellular ra-
diation response [152], this may comprise an additional mechanism
contributing to a hampered treatment response.

Finally, viral oncogene LMP-1 expression is reported to be positively
associated with metastatic disease in patients with NPC, indicating that
the protein might be a feasible indicator to predict tumor dissemination
[153].

5.6. Response to RT/CRT in HCMV carrying tumors

As compared to a growing body of evidence in relation to HPV and
EBV infection, there is less data available on the prognostic impact of
HCMV infection. In a case control study in patients with glioblastoma,
Rahbar et al. indicated low levels of HCMV infection, as assayed by the
number of virus positive cells is associated with long term
(> 10months) survival [154]. In addition, a lower level (< 25% cells)
of infected cells in primary tissue specimens was associated with an
extended time to tumor progression and an increased median survival
after surgical resection [155]. Notably, a clinically significant oppor-
tunistic HCMV (re)activation during or after RT/chemotherapy of pa-
tients with high grade glioma was recently reported by Goerig and
colleagues [156]. Accordingly, one may hypothesize that RT of tumors
that contain HCMV particles results in local encephalitis/encephalo-
pathy- and systemic viremia. In line with that, treatment of glio-
blastoma patients with an HCMV pp65 protein targeted vaccine re-
sulted in a long-term improved PFS and OS [157].

6. Prediction of response to RT/CRT in virus associated tumors:
the role of immune-markers

6.1. Immune markers in HPV associated malignancies

Paradoxically, despite its direct mechanistic involvement in tu-
morigenesis, HPV infection is associated with an increased immune
response that may have a positive impact on treatment response and
survival in patients treated with RT or CRT. In that context, it has been
shown that HPV-associated tumors present viral antigens that elicit T-
cell responses that participate in tumor rejection and long-term immune
surveillance [158]. The importance of CD8-positive tumor infiltrating
lymphocytes (TILs) in mediating response to RT/CRT and their prog-
nostic impact in human malignancies is well established [61,159].
Along this line, several groups reported a strong infiltration of CD8-
positive TILs and gene expression profiles, consistent with elevated T
cell activation in HPV-positive HNSCC patients, to correlate with su-
perior response to CRT and outcome [160,161]. Indeed, Welters et al.
recently reported, that HPV-specific CD4+ and CD8+ T cells were
detected in 64% of the TILs derived from HPV16-positive orophar-
yngeal carcinoma and were strongly associated with an increased OS,
diminished numbers of lymph node metastases and smaller tumor sizes
[158].

Patients with HNSCC showing high levels of CD8-positive cell
tumor-infiltration exhibited improved OS, PFS and DMFS after defini-
tive and postoperative RT/CRT [162]. In contrast, intratumoral abun-
dance of CD4-positive T cells or FOXP3-positive Tregs were not of
prognostic value in these settings [163,164]. The latter is consistent
with a meta-analysis that failed to detect a significant prognostic value

for CD4 or FOXP3 expression with regard to disease progression and
patient survival in a multitude of tumor entities [165].

In a pilot study of 20 patients with locally advanced HPV associated
diseases, CRT was shown to alter the immune landscape, with an in-
crease in the numbers of MDSC, Tregs and T cells expressing PD-1
[166]. An altered landscape was recently confirmed by using bioin-
formatic tools and data from the Cancer Genome Atlas (TCGA), in-
dicating that genes upregulated in HPV-positive HNSCC are enriched in
immune-associated processes [167]. As such, the TME of HPV-positive
HNSCC exhibited increased numbers of infiltrating B and T cells and
lower counts of neutrophils as compared to their HPV-negative coun-
terparts. Moreover, the ratio of tumoricidal (M1) to tumorigenic (M2)
macrophages is higher in HPV-positive HNSCC [167]. Expression of PD-
L1 is high in HNSCC tumors, with positivity being quoted between 18
and 85% across different investigations [168]. T cells from HPV-posi-
tive tumors express higher levels of PD-1, which may hamper pro-
liferation and effector functions, but also correlates with improved
prognosis [169]. We recently reported that HPV16 positivity strongly
correlated with CD8 and PD-1 positive TILs, and tumor cell PD-L1 ex-
pression in patients with HNSCC treated with adjuvant CRT, especially
in combination with high CD8 infiltration [170]. In conjunction with
CD8, PD-L1 may thus represent a valuable prognostic marker that may
guide treatment with checkpoint inhibitors in the context of HPV status.
Relevant to the latter, recent clinical trials in patients with recurrent or
metastatic HNSCC demonstrated first promising results using the PD-1
inhibitors nivolumab and pembrolizumab in terms of a significantly
prolonged OS [171,172].

A proportion of patients with ASCC present with immunogenic tu-
mors that are closely linked to HPV infection and viral load [173]. As
for HNSCC, HPV-positive ASCC exhibited increased infiltration by im-
mune cell populations, most pronounced CD8 positive T cells that
correlated with a superior response to CRT and a lower incidence of
local failure and improved DFS and OS [174–176]. Two recent studies
showed that higher expression of PD-L1 correlated with worse outcome
in ASCC [177,178], while another reported an elevated PD-L1 expres-
sion to be associated with superior local control and survival [175].

6.2. Immune marker in EBV associated malignancies

Ooft and colleagues reported on increased CD3-, CD4- and CD8-
positive TIL infiltration in EBV-positive NPC, demonstrating a sig-
nificant positive prognostic impact of elevated CD8 and PD-L1 detec-
tion and co-expression on DFS and OS [179]. The same group further
reported on high FOXP3 count to be associated with increased OS in the
entire group while no differences in M2 polarized TAMs was to be
observed [180].

7. Therapeutic implications on radio-immunotherapy in virus-
associated tumors

Current advances in cancer therapy arise from the therapeutic ef-
fects of immune checkpoint blockade (ICB) using antibodies for CTLA-4
and the PD-1/PD-L1 axis. These options have markedly improved
management of several malignancies including melanoma, lung, renal,
urothelial and intestinal carcinoma [91]. In addition to interests in
testing these inhibitors, there also exists a strong basis to combine ICB
with ionizing radiation that has been shown to induce “immunogenic”
forms of tumor cell death [181,182]. Preclinical and clinical evidence
indicates that RT can further elicit profound immune stimulatory ef-
fects. These include activation of the cGAS/STING pathway [88], se-
cretion of inflammatory cytokines and danger signals (ATP, Calreti-
culin, High-Mobility-Group-Protein B1), upregulation of MHC
molecules and antigen presentation, induction of the CD95 (Fas) re-
ceptor, upregulation of PD-L1, activation of pro-phagocytic signals and
increased T-cell trafficking [183,184].

Accordingly, there are several lines of evidence supporting the
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combination of ICB with RT especially in virus-associated tumors.
Infection with HPV and EBV is associated with a higher im-
munogenicity as reported before and appears to highly correlate with a
high CD8 and PD-1 TILs infiltration at baseline [173]. Against this
background, data from the KEYNOTE-012 trial [172] on patients with
PD-1 positive recurrent or metastatic HNSCC treated with the PD-1
inhibitor pembrolizumab reported on an increased proportion of overall
response in patients with HPV-positive tumors (25%) as compared to
negative ones (14%). An ongoing randomized phase II trial further in-
vestigates the addition of the PD-1 inhibitor nivolumab after CRT in
locally advanced ASCC (NCT03233711). In this feasibility study, 9
patients (24%) out of 37 achieved a tumor response, which was com-
plete in 2 patients. Notably, in the metastatic/recurrent setting, im-
munotherapy trials currently further test the efficacy of application of
HPV-16/18 E6/E7 specific T-cells (NCT02379520), and a combination
of T-cell receptor gene therapy targeting HPV-16 E7 with PD1-inhibi-
tion (NCT02858310).

The question on the most effective combination of RT and ICB in
virus associated cancers, however, remains a matter of debate.
Stratification based on molecular tumor characteristics including mu-
tational load [185] and virus status in combination with TILs infiltra-
tion and tumor PD-L1 expression appears to be a reasonable approach
as recent investigations have recommended studying these markers to
characterize the tumor immune phenotype. Based on these parameters
a four-group classification has been proposed that covers type I (TILs
high/PD-L1 high) reflecting adaptive immune resistance, type II (TILs
low/PD-L1 low) indicating immunologic ignorance, type III (TILs low/
PD-L1 high) mediating intrinsic induction, and finally type IV (TILs
high/PD-L1 low) mediating tolerance [186,187]. A recent report based
on the cancer genome atlas (TCGA) including 32 tumor entities and
n=59,677 cases indicated a strong correlation between type I tumors
and HPV-positivity [188]. These data were further supported by our
own findings that patients with type I HNSCC and ASCC were sig-
nificantly more common in HPV-positive immunogenic tumors
[170,175]. This extended classification, covering virus status/viral
load, CD8 TILs infiltration and PD-L1 expression for patient stratifica-
tion at least in HPV associated malignancies is depicted in Fig. 2. In this
model, patients with HPV high/TILs high/PD-L1 high are regarded to
have a favorable prognosis after CRT and additive/synergistic effects of
ICB may further improve the clinical outcome or may allow deinten-
sified CRT regimes. In HPV high/TILs low/PD-L1 low, the use of CRT to

stimulate infiltration of cytotoxic CD8-positive TILs displays a reason-
able clinical approach that may be potentiated by adjuvant im-
munotherapy (treatment escalation). In patients with HPV-negative/
TILs low PD-L1 high tumors showing a moderate prognosis, an (at least)
additive effect between ICB and RT/CRT may be expected, dependent
on other immunogenic factors, such as mutation-associated neoanti-
genes. Finally, in immunogenically “cold” HPV negative/TILs low/PD-
L1 low tumors, ICB is considered less effective and RT/CRT might need
to be combined with alternative therapeutic options. These may include
molecularly targeted therapies using antibodies or small molecule in-
hibitors or immunotherapies others than checkpoint inhibition. A
multitude of approaches have been developed to intensify efficacy of
combined CRT and immunotherapy that may impact on future strate-
gies for all types as mentioned before. For example, in a relapsed HPV-
associated oropharyngeal, cervical, anal, vulvar and penile setting
current trials test the application of HPV-16/18 E6/E7 specific T-cells
generated from patient's blood and trained to kill HPV-infected tumor
cells (NCT02379520). A further approach is combining the drug cis-
platin with a synthetic p16 peptide fragment covering amino acids
37–63 in HPV-associated anogenital, and head and neck malignancies
to analyze the ability to elicit a peptide specific T cell response
(NCT02526316). Alternative approaches further cover immune stimu-
lation by a live-attenuated Listeria monocytogenes vaccine
ADXS11–001 targeting HPV-positive cells carrying the E7 oncoprotein
which was tested in combination with standard CRT in patients with
ASCC (NCT01671488). First published data indicate that ADXS11–001
can be safely administered and 8 of 9 assessable patients display pro-
gression-free diseases at a median follow-up of 42months [189]. Fi-
nally, future strategies may further include the use of oncolytic viruses
that selectively replicate and kill target tumor cells or can be genetically
engineered in a tumor specific manner [190] broadening neoantigene-
directed T-cell responses [191]. This is clinically evaluated within the
KEYNOTE-137 trial, a phase Ib randomized study exploring the com-
bination of Talimogene Laherparepvec (T-VEC GM-CSF) with the PD-1
inhibitor pembrolizumab in recurrent metastatic HNSCC
(NCT02626000). T-VEC (also named OncoVEX), a live attenuated
herpes simplex virus type 1 was engineered to selectively replicate in
tumor cells and to express granulocyte macrophage colony-stimulating
factor (GM-CSF) thus stimulating a systemic antitumor immunity.

Fig. 2. Simplistic framework of stratifying tumor microenvironment to tailor radiation/radio- chemotherapy (RT/RCT) and immune checkpoint blockade (ICB)
strategies. Cancers have been categorized into four different tumor types based on the HPV status and the presence of TILs and PD-L1 expression. These comprise type
A (adaptive resistance), type B (immune ignorance), type C (intrinsic induction), and type D (immunologic cold tumors).
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8. Conclusions

Preclinical and clinical studies have improved our understanding on
the immune profile of a multitude of cancers also in the context of viral
infection. Recent research has further granted a clearer perceptive on
the mechanisms involved in the viral etiology and immune evasion of
tumors and modulation of therapy response by viral factors. In line with
that a superior clinical outcome at least in HPV related HNSCC or ASCC
following RT or RCT is likely attributable to both, an intrinsic radiation
sensitivity and a highly complex interrelationship with a multitude of
immune components in the TME. Accordingly, the optimal timing and
schedules of combined RT/CRT and immunotherapies [192] in line
with alternative approaches like therapeutic vaccination may challenge
the design of both future preclinical and clinical studies.
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