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Glioblastoma is the most common and aggressive malignancy in the adult central nervous system.

Cytomegalovirus (CMV) plays a crucial role in the pathogenesis and treatment of glioblastoma.

cytomegalovirus glioblastoma carcinogenesis

| 1. Introduction

Glioblastoma (GBM) is the most common and aggressive tumor in the adult central nervous system. GBM has a
dreadful prognosis, despite the combination of surgery, radiotherapy, and chemotherapy used to treat it. The
median overall survival (OS) of GBM is approximately 14.4 months, and the 5-year survival rate is below 10% 112
Bl GBM represents one of the greatest challenges in the modern era, with a high recurrence rate and a low chance
of survival. Therapeutic options are extremely limited at the first diagnosis and relapse. Recent studies have
discovered the latent connection between GBM and cytomegalovirus (CMV), shedding light on the possibility of

treating GBM with CMV-targeting therapy.

CMV is a double-stranded DNA virus and one of the largest and most complicated kinds of human herpes virus
(HHV) M. CMV IgG antibodies are found in approximately 60% of adults in developed countries and 100% in
developing countries &, Notably, the high CMV detection rate does not equate to high CMV activity. Most CMV
infections are asymptomatic, establishing a lifelong latent infection. Only in immunosuppressed patients, such as
patients with AIDS, organ transplantation patients, and infants [, will CMV form inclusions in the cell nuclei,
perinuclear spaces, and plasma, resulting in cell swelling (cytomegaly) and subsequent CMV disease B. CMV
infection typically undergoes a three-phase process : the immediate early phase (IE, 0 to 4 h after cell infection),
delayed early phase (DE, 4 to 24 h after cell infection), and late phase (>24 h after cell infection). In the IE phase,
the proteins IE-72 and IE-86 are expressed to alter the host cell environment and initiate DNA duplication. In the
DE phase, non-structural proteins facilitate the viral DNA duplication and adjust the immune responses. Structural
proteins, such as the envelope proteins pp65 and gB, are expressed in the late phase and aid in the virus

assembly. Proteins, including IE, pp65, and gB, can serve as detection targets for CMV infection.

| 2. Detection of CMV

Currently, there are various methods for detecting CMV infection, including viral DNA detection, antigen and/or
serum antibody testing, histopathological evidence, and viral culture. The most widely used indicator of CMV is

pp65, which semi-quantitatively reflects the infection activity [&l. Serological tests for IgM and IgG antibodies are
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less quantitative and require a cut-off value with a higher specificity 2. Pathology, immunohistochemistry (IHC), in

situ hybridization (ISH), polymerase chain reaction (PCR), and tissue microarray (TMA) can also detect the CMV
markers (10111

Sensitivity varies among different detection methods. A meta-analysis summarized the sensitivity levels of different
methods and targets 2. In CMV-positive patients, the IE protein had the highest association with CMV infection
(odds ratio (OR) = 140), followed by the pp65 nucleic acid (OR = 18), pp65 protein (OR = 3.1), and gB nucleic acid
(OR = 3.1). With respect to the detection methods, pathology analyses were considered to have high sensitivity.
ISH had the highest correlation (OR = 28), polymerase chain reaction (PCR) had an OR of 3.7, and IHC had an
OR of 3.5 12, The discrepancy between blood serum and whole blood samples should also be noted. The CMV
DNA level detected was significantly higher in whole blood samples than that in serum 13, The establishment of a
low-grade infection in glioma cells also provides an explanation as to why CMV was not consistently detected by

different groups 14,

| 3. 1s CMV Infection Associated with GBM?

CMV has a high detection rate in many primary or metastatic tumors. For instance, in prostate, breast, and
colorectal cancer, CMV infection rates are up to 90-100% [SII8IL7 |0 studies that examined glioma,
medulloblastoma, meningioma, and neuroblastoma, CMV pp65 was positive across all tumor types regardless of

age, sex, and WHO classification 18]29],

In glioma patients, the CMV detection rate is controversial. Studies have shown that the CMV detection rate is
higher in glioma patients than in non-glioma patients. Previous research has suggested that the positive rate of
CMV differed more extensively between GBM patients and control patients than those of Epstein Barr virus, human
herpesvirus, and herpes simplex virus 24, CMV DNA is detectable in most tumor samples and blood samples, with
a higher detection rate than serum antibodies 1121221 The detection of the CMV genome also confirmed the
higher CMV detection rate in GBM patients than in brain tumor or epilepsy patients 23, With respect to the
histopathological evidence, the detection rates of CMV in non-tumor encephalopathies and normal brain samples
were significantly lower than those in glioma samples 24, However, other studies demonstrated that the CMV
detection rate among the experimental group was not significantly different from that of the control group [22/28127],
A meta-analysis summarized the findings of 32 independent studies with over 2000 patients and reported that the
CMV detection rate varied extensively due to differences between populations and detection methods 12, The
overall CMV-positive rate in glioma patients was 63% and was significantly associated with gliomas (adjusted OR =
3). The detection rate was not significantly different between different glioma grades 2. There is no final

conclusion about the frequency of CMV in glioma.

| 4. CMV Infection Is Associated with the Prognosis of GBM
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It has been reported that a higher expression of the IE protein was correlated with more aggressive tumor
progression and shorter OS in extracranial tumors 2. In GBM patients, positive serological and pathological CMV
detection was associated with poor prognosis 2823 and mainstream scholars agree that patients with higher IE
protein expression had significantly shorter OS 24, A meta-analysis that included seven studies identified no
association between the CMV infection and prognosis %, but among glioma patients with confirmed CMV
infection, a low pathological positive rate was associated with better prognosis and longer survival B1E2] with an
IHC cut-off value of 25%, patients with a lower CMV-positive rate had a 20-month longer OS and an 8-month
longer PFS than patients with a higher rate. The less positive subgroup also had a significantly higher 2-year
survival rate (63.6% vs. 17.2%). However, the difference in median time to progression was non-significant
between the lower and higher positive rate patients (for CMV-IEA: 14 vs. 6 months, and for CMV-LA: 8.25 vs. 5
months) 1. Another case—control study investigated the recursive partition analysis (RPA) subclass, age, surgery,
and adjuvant treatments among patients who survived over 18 months, of whom 40% had a low CMV-positive rate,
and these patients survived for a median of 42.5 months, indicating that a low-grade CMV infection was strongly
associated with long-term survival in GBM patients 22, Comparatively, among patients with an OS shorter than 18
months, only 8% had a low positive rate, and 47.5% patients had more than 75% of their tumor cells infected 32,
Molecular analyses in CMV-positive rate subgroups have shown that the expression of CMV-IE was significantly
associated with p53 mutations, telomerase activity, and several proto-oncogenes, resulting in a more aggressive
tumor phenotype [BLI33]34]35] This observation further supports the hypothesis that CMV plays a pathogenetic role
in GBM tumors, rather than representing an epiphenomenon, presenting a reasonable explanation for its poor

prognosis.

| 5. Mechanisms of CMV-Related Glioma Tumorigenesis

Many preliminary studies have focused on the correlations between CMV and glioma and its tumorigenesis
mechanisms from various perspectives. To date, theories regarding tumorigenesis include oncomodulation,
oncogenic features, the regulation of the tumor microenvironment, regulation of epithelial-mesenchymal transition

(EMT), and the overall regulation of the immune system (Figure 1).
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Figure 1. Mechanisms of CMV-induced glioma tumorigenesis. There are five major mechanisms of CMV
tumorigenesis: oncogenic, oncomodulation, epithelial-mesenchymal transition, modified tumor microenvironment,
and influence on the overall immune system. CMV, cytomegalovirus; TGF[3, transforming growth factor (3; MMP-2,

matrix metalloproteinase-2; PI3K/AKT, phosphatidylinositol 3-kinase/protein kinase B (PKB).

5.1. Oncomodulation

Although earlier studies reported that CMV had oncogenic abilities in in vitro experiments and experiments on
immunodeficient mice 281, CMV was not able to transform normal human cells. Thus, CMV was considered to have
an indirect influence on oncogenesis. Multiple studies have indicated that CMV can interfere with the cell cycle,
induce telomerase activation and the DNA damage response, and thus inhibit apoptosis. For instance, the
replication stress instigated by CMV infection stimulates the human DNA damage response. Meanwhile, viruses
hijack the human stress response transcriptional factors to enhance their own expression of IE72 and IE86. In
clinical testing, CMV protein markers are elevated after DNA damage by radiochemotherapy or the recurrence of
GBM 4. CMV is also capable of inducing angiogenesis and cell migration. CMV inhibits cell differentiation and
facilitates cancer stem cell preservation. CMV can also induce the expression of oncogenes and inhibit tumor
suppressors, such as the p53 mutation. The epigenetic regulation of cell proliferation and immune evasion was

also observed in CMV infection (38,

5.2. Oncogenic Features

Researchers have discovered that there is a morphological transforming region Il imbedded in the CMV genome,
which can transform mouse fibroblast cells into malignant cells 2. The IE protein expressed in the early phase of
CMV infection can induce cell transformation through a ‘hit and run’ mechanism, which can activate telomerase to
facilitate oncogenesis [29. Additionally, the IE protein facilitates the correct nuclear localization of the CMV genome

during mitosis through the chromatin-tethering domain. The IE protein can also maintain the mitotic cell cycle of the
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host cells and induce cell proliferation 2. In addition, CMV expresses the US28 protein, which induces IL-6
expression and STAT3 phosphorylation, both promoting paracrine signaling in oncogenesis 42, A higher level of
VEGF expression is also induced by CMV, which recruits the perivascular cells and promotes angiogenesis 43,
Other studies have indicated that CMV is associated with GSK-3[ inhibition and the activation of the WNT, NF-kB,
EGFR, ERK, amphiregulin, and SOX-2 pathways [24145],

5.3. Tumor Microenvironment

CMV infection induces COX-2 and 5-LO expression in the tumor microenvironment, leading to the expression of
PGE2 and leukotriene as part of inflammatory processes. PGE2 induces cell proliferation and angiogenesis,
inhibits apoptosis, and activates invasion, encouraging the formation of the tumor microenvironment 48471 cmy
infection of the monocytes and neural stem cells generates IL-10 and induces the recruitment of the tumor
microenvironment-associated monocytes (macrophages and microglial cells). These monocytes present with the
M2 immunosuppressive phenotype, with down-regulated MHC and costimulatory molecules. CMV infection also

upregulates B7-H1, an immunosuppressive molecule, which enhances tumor stem cell migration 8!,

5.4. Epithelial-Mesenchymal Transition

Epithelial-mesenchymal transition (EMT) is an important mechanism of epithelial tumor metastasis. In addition,
TGFB is the lynchpin molecule of the EMT mechanism. CMV induces the expression of TGFB through multiple
pathways 2. For instance, the IE-72 and IE-86 proteins activate extracellular latent TGFB1 through matrix
metalloproteinase-2 (MMP-2) 49301 Us28 also facilitates EMT by inducing GSK3p activity. The phosphorylation of
GSK3p activates the transcription factors of oncogenes, such as Smads and Snail, to trigger EMT 2. Additionally,

by regulating the IL-10, COX-2, RAS/ERK, and PI3K/AKT pathways, CMV can promote the invasion of tumor cells
51

5.5. Overall Immune System

CMV can also influence the mode of overall immunity. This kind of immune modulation might be related to patient
age 2. In young patients, CMV can generate a broad T-cell receptor pool, enhance the range and ability of T-cell
recognition, and enhance anti-tumor immune reactions. The upregulation of CX3CR1 indicates that CMV-specific T
cells can recolonize and establish T-cell surveillance. However, in elderly patients, CMV primarily results in T-cell
senescence and, therefore, a low survival rate. Unlike PD-1, which can be reversed by checkpoint inhibitors, this
senescence is irreversible. Senescent T cells can still access the memory T-cell pool and compete with the binding
of specific T-cell receptors, altering the immune reaction and suppressing the overall anti-tumor immune response
[53][54]
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