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Abstract

Glioblastoma multiforme (GBM) is an extremely aggressive tumor with a very dismal prognosis. Although
extensive efforts have been made to identify new treatment options for these patients to improve their quality of life
and survival, the results are not encouraging. The patients are left in a grim situation with a short life expectancy.
During the past decade, several groups have demonstrated that human cytomegalovirus (HCMV) nucleic acids and
proteins can be detected in GBM tumors, while healthy brain surrounding the tumors remains negative for this virus.
While a currently ongoing debate argues for or against the presence of HCMV in GBM, DC vaccinations with GBM
tumor lysates have been shown to trigger an HCMV-specific immune response in patients. Moreover, HCMV-
specific autologous T cells have proven capable of killing GBM cells. These observations provide immunological
evidence that HCMV epitopes exist in these tumors, and support the efforts to utilize HCMV as a target for
immunotherapy in GBM patients. Indeed, several HCMV-based immunotherapy trials are ongoing with encouraging
results for this group of patients. Furthermore, a retrospective analysis of a cohort of GBM patients who received the
anti-HCMV drug Valganciclovir as add-on to standard therapy reveals a potential substantial increase in survival.
Thus, we argue that the emerging possibilities to target HCMV to substantially improve the outcome of GBM patients
should be given urgent attention. In this review, we discuss potential strategies for medical or immune-based
therapies to target HCMV in the context of GBM.
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Introduction
 Glioblastoma (GBM) is a highly aggressive brain tumor that

affects 3-4 individuals per 100 000 persons per year. It has a very
dismal prognosis. Even after exhausting all the clinically approved
interventions, the median survival is only 14.6 months after diagnosis
[2]. Standard clinical care consists of surgical excision of the tumor,
radiotherapy and chemotherapy with temozolomide as the first line of
treatment [3]. Unfortunately, the borders of this tumor are diffuse and
far-reaching, with tumor cells being detected at distant sites within the
healthy brain. The fact that cancer cells often infiltrate brain areas that
are not possible to identify or remove during surgery [4] contributes to
the difficulties in finding a cure for this disease. The GBM cells that
remain in the brain, or at least a subset of them, appear to be highly
resistant to radiotherapy and chemotherapy. As a result, tumors recur
and are lethal.

The design of effective treatments that could improve the prognosis
of GBM patients and substantially increase their survival time after
diagnosis has proven to be an extremely difficult task. During the past
three decades, researchers around the world have devoted tremendous
efforts to increase our understanding of this disease from a molecular
and a pathophysiological standpoint [4]. The rather recent
development of sequencing technologies capable of rapidly uncovering
the cellular genome, transcriptome, proteome, metabolome and
epigenetic imprint has unveiled the possibility of pinpointing
molecular alterations specific to cells within tumors [3]. These
alterations represent therapeutic targets that have been, and continue
to be, exploited in experimental settings, with the hope of providing

GBM patients with a viable treatment. However, the conceptual design
of effective therapies continues to face major barriers.

An effective therapy ideally requires to efficiently and specifically
target and kill all and only cancer cells but not normal cells
surrounding the tumor. One of the major difficulties derives from the
fact that GBM is a heterogeneous type of tumor, with a highly distinct
patient-dependent genetic and molecular imprint. As a result, GBMs
are now sub classified into four different categories that have a slightly
different prognosis and that are based on their gene expression profile:
neural, pro-neural, classical or mesenchymal [5]. Moreover, the
genetic profile can vary widely among cells within the same tumor,
thereby limiting potential specific targets to a subset of cancer cells. In
fact, recent data demonstrate that the four individual subtypes are
present in the four different categories [6]. On the other hand, GBMs
share some intrinsic characteristics that distinguish them from most
(but not all) of the normal tissue. These characteristics include their
high proliferative capacity, their angiogenic potency and their ability
to modulate the immune system in their microenvironment to avoid
recognition and killing by the immune system [7-9]. Researchers have
sought to target one or a combination of the aforementioned
hallmarks of GBM by designing treatments that incorporate the latest
advances in biotechnology, genetic engineering, gene therapy and cell
therapy [10-18]. To date, several of the proposed therapies have
produced encouraging results in a preclinical setting, and have proven
to be feasible and safe to patients in the clinic. Unfortunately, results
from most clinical trials indicate no or minimal patient benefit.

Interestingly, and of particular relevance to the ongoing efforts to
identify treatments that specifically target GBM cells, several research
groups have, in the last twelve years, reported the presence of human
cytomegalovirus (HCMV) proteins and nucleic acid sequences in the
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vast majority of GBMs, but not in healthy surrounding tissue [19-23].
These findings, although controversial within the research community
[24-26], highlight the possibility of using HCMV as a novel tumor
marker and target, and raise the possibility that this virus may play a
role in the pathophysiology of GBM.

Below we describe the evidence that points toward the presence of
HCMV in GBM and its potential oncomodulatory role. We then
describe how these findings have led to the development of
investigational HCMV-targeted medical and immune therapies for
GBM.

Is HCMV present in GBM?
HCMV is a double-stranded DNA virus with a genome of around

230-240 kbp. HCMV belongs to the group of β-herpesviruses.
Characteristic features of this group of viruses include their species-
specificity, a long replication cycle, the induction of cytomegaly, and
the establishment of latency in certain cell types [27]. HCMV is
ubiquitously spread among human populations worldwide, with a
seroprevalence ranging between 50-90%, depending on age,
occupation, place of residence, sex, and socioeconomic status. Viral
genes are expressed in a coordinated and regulated manner, with
sequential expression of immediate-early (IE), early (E) and late (L)
genes during a productive phase of infection. The two most
abundantly expressed IE proteins IE72 and IE86 are important
transactivators of cellular and viral genes, and are crucial for viral
replication and persistence. They are encoded by the major IE gene,
which consists of 5 exons and 4 introns, and can be spliced to yield
different variants of the IE protein [28]. The viral pp65 protein is the
most abundantly expressed tegument protein and is involved in the
viral life cycle, including gene expression, assembly and egress, and it
counteracts both innate and adaptive immune responses during
HCMV infections [29]. IE and pp65 are two major HCMV proteins
investigated in the context of GBM, and several groups report the
presence of these proteins in GBM tumors.

However, the presence of HCMV in GBM tissues still remains
controversial. The first report on the presence of HCMV in GBM
biopsies demonstrated positive immunohistochemical (IHC) staining
for the HCMV IE72 protein in 22 out of 22 samples and for the
HCMV protein pp65 in 8 out of 8 samples. HCMV RNA was detected
in 8 out of 8 samples, and HCMV DNA in 4 out of 4 samples. The
staining was mainly tumor-cell restricted and not present in healthy
tissue [19]. The presence of HCMV in GBM was subsequently both
challenged [24-26] and confirmed [20-23,30,31] by other groups. The
fact that recent deep-sequencing analyses failed to detect the HCMV
genome in GBM samples [32,33] has further fueled the debate. Yet, in
an earlier publication, HCMV DNA was detected in 11 out of 11 GBM
samples by nested PCR specific for the viral major IE promoter at low
and variable copy numbers [34]. In the same study, deep-sequencing
analysis revealed that the tumor-associated virus strains were less
variable as compared to strains in other HCMV-related diseases,
which is probably due to low viral replication rates in the tumor that
also result in low viral copy numbers. In another publication, multiple
HCMV gene loci were analyzed by conventional and quantitative PCR
analysis, and the HCMV genome was rather found in GBM samples
than in other brain tumors or in epileptic brain tissue specimens [35].
Importantly, the authors emphasize the fact that the number of
cellular genomes is substantially higher than the number of viral
genomes, indicating that only a minority of the cells in the tumor
harbor viral DNA. The low DNA copy number might be an

explanation for the failure to detect viral DNA by other groups. The
authors also emphasize that frozen tissue rather than paraffin-
embedded tissue is more suitable for the detection of viral DNA, but
some of the recent deep-sequencing analyses have actually been
performed on the latter kind [32]. Our analyses have confirmed the
presence of HCMV DNA in very few cells in GBM tumors by in situ
Fluorescence Hybridization (FISH) analysis. Generally, less than 1% of
tumor cells are HCMV positive, even though a majority of tumor cells
can be positive for viral proteins. These observations clearly
demonstrate that the biology of HCMV in GBM tumor cells differs
from the biology of this virus in normal cells. In normal cells, HCMV
infection results in active replication and production of infectious
virus particles and often results in cellular lysis.

Not only the presence of HCMV, but also the role of the virus in
GBM, is a matter of ongoing debate. HCMV is currently not
considered to be an oncogenic virus. Yet, several features of HCMV
infection such as viral immune evasion [36], promotion of
angiogenesis [37], modulation of cell-signaling pathways that are
implicated in cancer [38], as well as the finding that viral proteins can
promote tumor formation (e.g. IE and US28) [39,40] point toward an
oncomodulatory role for HCMV in several cancer forms [41,42].
Further, our observations that HCMV protein expression levels in
GBM tumors are of prognostic value for survival signal a potential
functional association between HCMV infection of cancer cells and
the development and/or progression of GBM [23]. Further
investigations are hence needed to confirm previous findings and to
further dissect the precise role of HCMV in GBM.

While the presence of HCMV and its role in GBM remains a topic
of debate, our research group designed and conducted the VIGAS
(Valcyte Treatment of Glioblastoma Patients in Sweden) phase I/II
clinical trial, based on the premise that HCMV does reside in GBMs.
The rationale for the study was that targeting HCMV within infected
cancer cells, but not in healthy cells that are virus-negative, with the
antiviral drug valganciclovir (marketed as Valcyte), could represent a
new therapeutic option to treat GBM patients. Valcyte was prescribed
as an add-on therapy to standard care for GBM patients with a
HCMV-positive tumor (NCT00400322). Valganciclovir is an oral
prodrug that converts to ganciclovir (GCV) in the intestine. GCV is
phosphorylated in the cell by viral and cellular kinases to produce
GCV-triphosphate, a nucleoside analog that inhibits the viral DNA
polymerase and thus viral DNA synthesis. Our study demonstrated
that the peroral administration of Valcyte did not cause major side
effects in the patients. It is a well-tolerated drug that can be prescribed
in combination with Temozolomide and radiation therapy. We
observed trends, but no significant differences, in tumor volume at the
time points of 3 and 6 months. We did not observe a survival benefit
in patients randomized to Valcyte treatment. However, in exploratory
analysis, we found a significantly higher survival rate among patients
who received Valcyte for at least 6 months, regardless if they were
prescribed the drug at study entry or on open label at failure or after
the six-month primary end point of the study [43]. Due to the
promising observations of this first trial, a number of GBM patients
have requested and been prescribed Valcyte at our hospital, and been
followed as an observational cohort of patients. In 2013, 50 patients
had been prescribed Valcyte in our care. Forty of them, who received
valganciclovir for at least 6 months, had a 2-year survival rate of 70%
and a median overall survival of 30.1 months, compared to a 2-year
survival rate of 18% and a median overall survival of 13.5 months in
contemporary controls. Remarkably, patients who were continuously
treated with valganciclovir after the first 6 months had a 2-year
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survival rate of 90% and a median overall survival of 56.4 months
[43,44]. To date, we have treated 110 patients and are currently
analyzing the outcome of their treatment.

Researchers have challenged these unprecedented results with the
lack of association between positive HCMV serology of GBM patients
and positive IHC staining for HCMV proteins in GBM tissue [45]. We
acknowledge the observed discrepancies, and are currently
investigating biological and technical aspects that could explain them.
We recently reported that about 30% of GBM patients with detectable
HCMV DNA, RNA and proteins in blood cells and/or in tumor
specimens were HCMV seronegative based on the results from three
different ELISA assays (manuscript accepted for publication). 85% of
these patients had T cells in their blood that reacted against IE and or
pp65 peptides. Thus, one biological explanation could be the presence
of HCMV protein variants in GBM, such as variants of both pp65 [34]
and IE proteins (unpublished data from our group) that might escape
standard clinical diagnostics for HCMV serology in patients with
GBM. Improvements in specificity and sensitivity of these assays
might be required. However, these observations may also be explained
by acquired tolerance against HCMV, or a specific loss of B cell
immunity against HCMV in GBM patients.

Immunotherapy concept and HCMV-targeted
immunotherapy for GBM

Despite the ongoing debate regarding the presence and role of
HCMV in GBM, there have been a number of immunotherapy
approaches tested to target the virus to treat GBM patients. Many of
them have succeeded in specific killing of tumor cells and in
improving the patients’ overall survival and progression-free survival.
Below we describe the concept of immunotherapy and its current
implementation to target HCMV in GBM.

Concept and strategies for immunotherapy in GBM patients
Although the human body has developed potent and specific

immune mechanisms to identify and destroy foreign pathogens that
enter our system and threaten our health, it is quite unable to identify
and remove mutated cells that form malignant tumors such as GBM.
This is due, to a great extent, to the ability of tumors to create an
immunosuppressive environment, for example through secretion of
TGF-β and IL-10 [7].

The concept of immunotherapy (IT) has emerged as a strategy to
boost the patients’ immune response against tumors, with the
expectation to elicit the complex physiological chain of events that
would lead to killing of cancer cells. Many of these strategies also aim
at lowering the immunosuppressive state in the patients. Several IT
strategies have been tested in GBM patients and shown to be feasible
and safe, for example when targeting a mutant form of the epidermal
growth factor receptor (EGFRvIII) that has been identified as a GBM-
specific antigen. Efforts to target this and other selected GBM specific
antigens have included treatment with binding peptides conjugated to
exogenous molecules, vaccination and adoptive T-cell therapy [15, 46].

Vaccines are designed to be highly tumor-and patient specific. So
far, peptides, heat-shock proteins (HSP), and dentritic cells (DC) have
been used for vaccination [47]. Peptide vaccines are highly-expressed,
tumor-associated antigens that are administered to the patient to
prime a systemic immune response to these antigens with the aim to
achieve local immunological targeting and killing of the tumor cells. In
the case of HSP vaccines, tumor-associated antigens are conjugated to

HSP (usually HSP protein-complex 96) to achieve a specific and
enhanced tumor response. Interestingly, HSP47 was recently described
as a novel tumor-associated antigen, and T-cells specific for this
antigen provided a prolonged progression-free survival and overall
survival to GBM patients [48].

Efforts to target HCMV in GBM have used some of the same
principles and have revolved around vaccination with DC and
adoptive T-cell therapy. DC vaccination consists of isolating DC,
which are professional antigen-presenting cells, from the patient and
engineering them ex vivo to induce DC presentation of specific tumor
antigens. Thereafter, these manipulated DC are injected into the
patient with the expectation to activate tumor-specific T lymphocytes.
This has been accomplished by pulsing DC with total GBM lysates that
contain tumor-specific peptides for antigen presentation with MHCI
peptides from the surface of GBMs or with mutated peptides specific
to GBM and not present in healthy tissue [49-51]. It has also been
achieved by pulsing of DC with tumor RNA, through direct co-
incubation or through DC transfection or transduction with RNA
encoding for a tumor-specific antigen [52-54].

Through our experience at the Karolinska University Hospital with
10 adult patients with high grade glioma, we have collected evidence of
the potential benefit of DC vaccination in selected patients. We require
macroscopic tumor resection and utilize freshly frozen tumor material
to prepare the vaccine. The concentration of CD4+ and CD8+ blasts,
which we measured before each treatment, increased and remained at
high levels after the third vaccine. Although this provides evidence
that the patients have mounted an immunologic-specific response
against the tumor, it does not predict survival. Recently, we modified
the protocol to combine DC vaccination with valganciclovir anti-viral
therapy.

In the case of adoptive T-cell therapy, T cells are isolated from the
patient, cultured ex vivo and exposed to either DCs that have been
engineered as described above to present tumor-specific antigens, or
by exposure to tumor-specific peptides [55]. T cells that are activated
to specifically target the tumor-associated antigen of choice are then
infused into the patient.

HCMV-targeted IT for GBM
The first observation that HCMV-IT could play an important role

in the treatment of GBM originated from an IT approach showing that
vaccination of a GBM patient with DCs that had been pulsed with an
autologous tumor lysate induced a robust CD8+ T-cell response to the
pp65 immunodominant epitope of HCMV, already after the first
vaccination [49]. A related HCMV-targeted IT approach was
presented by the group of Dr. Mitchell [53]. They isolated DC from
GBM patients, pulsed them with HCMV pp65 RNA and used them to
stimulate autologous T cells to expand pp65-specific T cells. These
pp65-specific T cells could be expanded 10- to 20-fold in vitro and
were shown to recognize and lyse autologous primary GBM tumor
cells in an antigen-specific manner. Also, through activation with total
tumor RNA-pulsed DC, they were able to expand HCMV-specific T
cells that killed pp65-expressing target cells in vitro. These results are
in perfect accordance with the above-mentioned study [49] and
further support the concept of endogenous HCMV antigen expression
in GBM cells. Based on these findings, the same research group is
currently conducting 3 phase-I clinical trials in newly diagnosed adult
GBM patients [55]. One trial aims at evaluating the feasibility and
safety of vaccination with CMV pp65 RNA-pulsed DC, with or
without adoptive transfer of autologous pp65-stimulated T-cells
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(NCT00639639). Another trial combines the pp65 RNA-pulsed DC
vaccine with Basiliximab. It aims at evaluating if the drug inhibits
recovery and functionality of regulatory T cells during recovery from
therapeutic temozolomide-induced lymphopenia (NCT00626483). In
the third trial, patients are treated with autologous pp65-stimulated T-
cells, and are then vaccinated with pp65 RNA-pulsed DC. The goal is
to evaluate the extent to which DC vaccination, during recovery from
therapeutic temozolomide-induced lymphopenia, further enhances the
T-cell response to the tumor (NCT00693095). Early data from these
studies have demonstrated the capacity to enhance HCMV-specific
immune responses in patients with GBM using autologous DC
vaccination and adoptive cellular therapy. These data also indicate
promising progression-free survival and overall survival in patients
receiving HCMV-specific immunotherapy (Duane Mitchell personal
communication and manuscript under review).

The research group led by Dr. Ahmed has also pursued the
generation of HCMV-specific T cells for adoptive IT in GBM patients.
They reported that out of 11 patients with positive HCMV serology,
45% displayed positive IHC staining for pp65 and 91% for IE in tumor
sections. The frequency of pp65-specific T cells was lower in GBM
patients as compared to healthy donors, while the frequency of IE-
specific T cells was comparable between both groups [56]. They
expanded HCMV-specific T cells from 6 GBM patients by exposing
them to antigen-presenting cells that had been transduced with an
adenovirus vector encoding HCMV pp65 and IE. These T cells were
capable of killing autologous HLA-matched GBM cells. Their first
clinical trial to evaluate the administration of HCMV-specific
cytotoxic T cells in GBM patients was terminated due to poor accrual
(NCT01205334). Currently, they are conducting a clinical trial to
evaluate the safety of escalating doses of autologous HCMV-specific
cytotoxic T-cells that are genetically modified to express chimeric
antigen receptors (CAR) targeting the HER2 molecule in patients with
HER2-positive GBM, who have recurrent or progressive disease after
front line therapy (NCT01109095).

The group of Dr. Khanna developed a protocol to isolate, expand,
and adoptively transfer HCMV-specific T cells in patients with GBM.
A functional analysis of the ex-vivo isolated T cells showed that a large
proportion was unable to produce multiple cytokines and exerted
limited cytolytic activity. However, after in-vitro stimulation with
HLA-matched synthetic HCMV peptides and in-vitro expansion,
adoptive transfer of these T cells in combination with temozolomide
therapy into a patient with recurrent GBM coincided with a long-term
disease-free survival [57]. In their first phase-I trial on autologous T-
cell therapy that targets HCMV in recurrent GBM
(ACTRN12609000338268), they expanded HCMV-specific T cells
from 13 out of 19 recurrent GBM patients, whereof 11 received up to
four T-cell infusions in combination with chemotherapy. The
treatment was well tolerated with minor side effects. The combined
treatment resulted in a median survival of 403 days. Of interest, 4 out
of 10 patients remained progression-free during the study period [58,
59]. In a subsequent review, the group reported a follow-up survival
time for the 4 patients since initiation of the T-cell therapy, which
ranged between 10 months and more than 4 years [60]. In 2013, they
prospectively registered a phase I/II clinical trial to assess safety and
tolerability of autologous HCMV-specific T-cell therapy as adjuvant
treatment for GBM (ACTRN12613000838718).

The above-mentioned IT findings indicate that autologous adoptive
T cell-based therapy is a safe and promising strategy to target HCMV-
positive GBM as an add-on to standard therapy. Additional studies

have also shown that infiltration of the brain with CD8+ T cells is
associated with long-term survival of GBM patients [61]. These
encouraging findings warrant further investigation to facilitate and
accelerate their translation to the clinic.

Opportunities for new HCMV-based strategies for GBM
therapy

Promising results from HCMV-based IT that are now being
reported by several investigators present HCMV as a valid and
encouraging novel target for the treatment of GBM. Alternative
strategies that would indirectly target HCMV within GBM include
targeting of cell-signaling pathways that are modulated by, and
necessary for, HCMV infection [38]. Remarkably, most of these
pathways are also altered in GBM cells, and have already been
identified as therapeutic targets for this particular tumor based on
their ability to support cancer-cell survival, proliferation and
migration. The list of therapeutic targets, which interestingly coincide
with HCMV-modulated pathways, include epidermal growth factor
receptor (EGFR), platelet-derived growth factor receptor (PDGFR),
Ras, and mammalian target of rapamycin (mTOR) [38].

EGFR is one of the most investigated antigen-specific targets for
GBM IT. EGFR is overexpressed in about 40% of GBMs. Also, a
portion of this receptor, which corresponds to deletion of exons 2-7 of
the EGFR gene, is mutated in 20-30% of the tumors and designated as
EGFRvIII [50]. This mutant receptor is ligand-independent
constitutively active. Overexpression and mutation of this receptor
lead to upregulation of the EGFR signaling pathway, which in turn
leads to increased cell proliferation, migration, invasion, and
inhibition of apoptosis [50]. Of interest, HCMV can utilize EGFR for
viral entry into certain cells, and EGFR inhibition can prevent HCMV
infection [62]. A clear example of an IT strategy targeting this receptor
is Rindopepimut, an EGFRvIII-specific peptide conjugated to the
exogenous carrier protein Keyhole Limpet Hemocyanin (KLH) that
contains multiple epitopes to serve as an adjuvant. Rindopepimut is
currently in phase 3 clinical trial, based on its ability to stimulate an
immune response against EGFRvIII [63].

The angiogenic pathway has also been targeted for GBM therapy.
Upregulation of vascular endothelial growth factor (VEGF) in GBM
mediates a strong pro-angiogenic phenotype, which leads to the
aberrant and uncontrolled growth of tumor. Interestingly, the HCMV
protein US28 induces production of VEGF via nuclear factor kappa-B
induced Cox-2 expression [64, 65]. The anti-VEGF-A monoclonal
antibody bevacizumab was developed as a blocking antibody that
inhibits the VEGF-A functionality as a ligand, and blocks the pro-
angiogenic cascade of events that follow upon binding of VEGF-A to
its receptor. This antibody showed promising radiological results
delaying tumor recurrence (although not extension in patient survival)
during clinical trials, and is now approved as an angiogenesis inhibitor
for the clinical treatment of GBM in the US [66] , but not in the EU.

GBM is also characterized by the expression of platelet-derived
growth factor (PDGF), which mediates signaling through its receptors
(PDGFR) alpha and beta to induce mitogenic and migratory
responses. PDGFR alpha is necessary for HCMV entry, signaling and
productive infection [67]. Blocking this receptor or inhibiting its
kinase activity render target cells non-permissive to HCMV entry.
Imatinib, a small-molecule inhibitor that blocks the kinase activity of
PDGFR, and PDGFR-alpha blocking antibody have been tested as a
treatment for GBM [68, 69]. Interestingly, both drugs were also shown
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to block HCMV entry in vitro, in fibroblasts, endothelial cells and
epithelial cells [67].

Yet another therapeutic target in the treatment of GBM is the
mTOR pathway, which is upregulated and leads to cell proliferation
and survival [70]. Inhibitors of this pathway are thus under
investigation to treat GBM patients. As an example, everolimus
reached phase II clinical trials as an add-on to standard radiotherapy
and chemotherapy treatments [71]. mTOR is also activated during the
late phase of HCMV infection and is necessary for viral replication
[72]. Of interest, the same inhibitor, everolimus, has been shown to
reduce HCMV infection in transplant recipients [73].

In conclusion, Rindopepimut, bevacizumab, imatinib, IMC-3G3
and everolimus are examples of drugs that could have a dual-targeted
effect on GBM as a whole and on tumor-resident HCMV. As a result,
they have the potential to provide a powerful (add-on) therapy for
GBM patients.

Of further interest, dexamethasone, a corticosteroid routinely used
in the clinic for the treatment of GBM can also affect HCMV-related
signaling pathways. Dexamethasone is used to treat tumor-associated
edema and to prevent inflammatory reactions in GBM patients. This
drug is also investigated as part combination therapies in various
ongoing clinical trials for GBM (NCT01866449, NCT00445965,
NCT02031965). In vitro, this drug has been shown to inhibit the
migration and invasion of U373MG GBM cell line through inhibition
of the ERK1/2 MAPK pathway. However, it did not affect Hs683
glioma cells, which exemplifies glucocorticoid resistance in some
GBMs [74]. During HCMV infection, dexamethasone has been shown
to induce viral replication in epithelial cells and fibroblasts [75,76]. In
agreement with this finding, treatment of various diseases with
dexamethasone has led to opportunistic reactivation of HCMV, e.g. in
cases of childhood acute lymphoblastic leukemia [77]. Thus, the use of
dexamethasone for GBM patients might have to be evaluated in the
context of potential HCMV reactivation in the tumor.

Taken together, the ability of these and other GBM therapies to
modulate HCMV-related signaling pathways highlight the importance
of evaluating these therapies in the context of HCMV-bearing cancer
cells. This would provide the basis for designing combination HCMV-
targeted IT for GBM. In fact, a recent review that addresses the
mechanisms and efficacies of molecularly targeted therapies for
recurrent GBM [78] highlights the need for patient-targeted
combination therapies for GBM. The authors state that the clinical
responses to most available targeted therapies are only modest, but
that combination therapy leads to a better outcome than single-agent
therapy, regardless of the agent [78]. They suggest that targeted
therapies matched to molecular profiles of individual tumors might be
more beneficial for patient outcome. This recommendation is highly
relevant to HCMV in GBM. While HCMV is present in the vast
majority of GBM, the percentage of cells that are virus-protein-
positive can vary greatly, adding to the heterogeneity of the tumor and
the complexity of targeting it. It is likely that this virus only resides in a
small subpopulation of tumor cells. Of note, we found that several
stem cell markers were expressed on HCMV positive tumor cells,
raising the possibility that HCMV may target tumor-initiating cells
within the tumor, which would make this virus an ideal target for
GBM therapy.

Finally, in addition to indirect targeting of the virus by affecting
signaling pathways, another potential approach to directly target
HCMV for therapeutic purposes in GBM patients is vaccination

against HCMV. The development of an efficient HCMV-vaccine has
been researched to prevent HCMV infection in a cancer-independent
setting, and has been a struggle for several years. Currently, candidate
vaccines include peptide vaccines, DNA vaccines, a dense-body
vaccine, viral vectors, and attenuated virus vaccines. Some of these
candidates have already entered phase-III clinical trials, with
promising outcomes [79]. The use of HCMV vaccines for treatment of
GBM patients might be of high therapeutic value if this virus is proven
to be oncogenic or oncomodulatory.

Conclusion
In summary, several lines of evidence suggest that HCMV nucleic

acids and proteins are present in GBM tumors. While this evidence
remains a topic of debate, and controversies regarding the detection
methods used for diagnostics of HCMV in tumors continue, targeting
this virus in GBM has emerged as a promising strategy in immune-
and medical-based therapies. As the treatment options for these
patients are very limited, and substantial efforts to improve their
prognosis and survival have failed, the findings from viral-targeted
therapies need to be taken into consideration. Clinical trials are
required with no further delay in order to provide solid data that
confirm or dismiss HCMV as a novel target for GBM therapy. Given
the apparent intricate nature of this virus in the context of GBM,
clinical trial results may precede a mechanistic understanding of the
HCMV biology within tumors. If the promising clinical results
available today are confirmed, the patients, who are in desperate need
for effective treatments, should have immediate access to HCMV-
based therapies, even if our basic science understanding of the virus is
still lagging.
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