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Abstract

Human cytomegalovirus (HCMV) has been indicated being a significant oncomodulator. Recent reports have suggested that
an antiviral treatment alters the outcome of a glioblastoma. We analysed the performance of commercial HCMV-antibodies
applying the immunohistochemical (IHC) methods on brain sample obtained from a subject with a verified HCMV infection,
on samples obtained from 14 control subjects, and on a tissue microarray block containing cores of various brain tumours.
Based on these trials, we selected the best performing antibody and analysed a cohort of 417 extra- and intra-axial brain
tumours such as gliomas, medulloblastomas, primary diffuse large B-cell lymphomas, and meningiomas. HCMV protein
pp65 immunoreactivity was observed in all types of tumours analysed, and the IHC expression did not depend on the
patient’s age, gender, tumour type, or grade. The labelling pattern observed in the tumours differed from the labelling
pattern observed in the tissue with an active HCMV infection. The HCMV protein was expressed in up to 90% of all the
tumours investigated. Our results are in accordance with previous reports regarding the HCMV protein expression in
glioblastomas and medulloblastomas. In addition, the HCMV protein expression was seen in primary brain lymphomas, low-
grade gliomas, and in meningiomas. Our results indicate that the HCMV protein pp65 expression is common in intra- and
extra-axial brain tumours. Thus, the assessment of the HCMV expression in tumours of various origins and pathologically
altered tissue in conditions such as inflammation, infection, and even degeneration should certainly be facilitated.
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Introduction

Human cytomegalovirus (HCMV) has been associated with

tumours such as primary intracerebral tumours, neuroblastoma,

colorectal cancer, prostate cancer, and non-melanoma skin

carcinomas in humans [1–6]. Particular interest has been shown

for the association between the HCMV protein expression and

primary, highly malignant, non-curable brain tumours such as

glioblastoma (GBM) [1,7,8]. To our knowledge, only a few other

types of brain tumours, intra- or extra-axial have been investigated

regarding the HCMV protein expression [1,8–12]. Interestingly,

no signs of an active infection such as intranuclear inclusions have

been observed in these tumours. Meanwhile, the HCMV DNA

and RNA have been detected in a subset of samples that have been

assessed [1,7,13]. Noteworthy, when the HCMV DNA was

investigated in a set of GBMs, only 1 out of 80 tumour cells was

shown to carry the viral DNA [14].

Recently, it has been suggested that by treating for the HCMV

infection, the progression of the primary disease, GBM, is halted

even though it is not significant [15]. The high prevalence of the

HCMV protein expression, as reported previously in GBM, makes

the HCMV an interesting therapeutic target even if only a

progression related effect is achieved. Thus, currently there are

ongoing studies involving the antiviral therapies as a complemen-

tary treatment of subjects with GBM [13,15,16].

HCMV is a member of the Betaherpesvirinae subfamily of the

Herpesviridae. An HCMV virion contains about 60 virus-encoded

proteins and more than 70 host-proteins. Similar to all herpes

viruses, the HCMV virion has three basic structural units: capsid,
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tegument, and envelope. Tegument is the link between the capsid

and the envelope. It contains a number of proteins, two of which

(pp65 and pp71) are key regulatory proteins that are delivered into

the host cell during an infection. pp65 is the most abundant virion

protein and has an immunomodulatory role. It is also a major

component of the dense bodies – non-infectious viral particles that

are assembled during active infection [17,18]. In contrast, pp71 is

a transcriptional transactivator. HCMV can be present in the

monocytes during the latent phase of an infection when virions are

not produced. During this latent phase, the viral DNA is replicated

in close contact with the host DNA using host-cell replication

machinery. The presence of the HCMV DNA at this phase can be

shown by applying sensitive techniques such as the polymerase

chain reaction (PCR). Contrary to this, during an ongoing active

infection when the virions are produced, the resulting viral

particles are seen as intranuclear inclusions in the affected cells,

also called ‘‘the owl eyes’’[17–20].

A primary HCMV infection leads to a life-long viral persistence.

The seroprevalence of HCMV in the general population ranges

between 50 to 100% [21–24]. The HCMV proteins can be

detected in the human tissue in various cellular compartments by

means of immunohistochemistry (IHC) [18]. Several reports have

demonstrated one or more of these proteins in the neoplastic cells

in the GBM and other intracerebral tumours (Table 1). Some of

the proteins that have been investigated are components of the

tegument or envelope of the virion and are expressed during

certain phases of the HCMV life circle (immediate early 1 (IE1,

72 kDa), immediate early 76 kDa protein (clone DDG9), early

envelope glycoprotein GP48 (clone QB1/42), early/late protein

polymerase processivity factor (p52) (clone CCH2) and the late

tegument protein pp65) [1,8,11,25].

The proteins produced by the HCMV have been reported to be

involved in numerous events, significant for tumour progression. It

has been reported that these proteins influence the telomerase

activation, angiogenesis, chronic inflammatory environment,

immunosuppression, cellular motility and invasion, cell-cycle

modulation, and anti-apoptotic effects [21,26–33].

Noteworthy, none or extremely low levels of the HCMV

proteins or nucleotides have been reported to be seen in areas of

necrosis in tumours, normal brain tissue adjacent to tumour, brain

tissue obtained from controls, or subjects suffering from various

neurodegenerative diseases [1,8,33]. These observations support

the notion that the HCMV proteins might be of significance for

tumour initiation or progression.

In this study, we have assessed the expression of the HCMV

proteins, applying the IHC and tissue microarray (TMA)

techniques to a large unselected sample of various intracranial

tumours including gliomas, medulloblastomas (MB), primary

diffuse large B-cell lymphomas of the central nervous system

(CNS DLBCL), and meningiomas. The aim has been to identify

the best and most reliable method to assess the expression of the

HCMV proteins in surgical samples of tumours and to analyse

whether the type of the tumour, grade of the tumour, or the age of

the patient influences the obtained expression pattern.

Materials and Methods

The study was carried out on human brain tissue obtained

either during surgery (467 subjects) or postmortem (17 subjects).

The original sample included material from subjects with

intracranial tumours (469 subjects, Table 2), HCMV infection

(one case), and brain tissue from control cases without a

neurological disease (n = 14). The subjects included had given

their consent for the use of the tissue, and the experimental

procedures were approved by the local ethical committees in either

Finland or Sweden. Some of the originally included cases were lost

during the processing; finally, 417 cases remained for the analysis

(Figure 1).

Ethical statement
Written consent was obtained from all patients and all material

was obtained in a manner compliant with declaration of Helsinki.

The use of the tissue for the study was approved by the Uppsala

Regional Ethical Review board (Dnrs 2002/330, 2005/542/31/1,

2006/229, 2008/246, 2011/286) and by the Ethical Committee of

Kuopio University Hospital (Drns 2003–20, 2003–74). All ethical

considerations followed the national legal requirements. The

authors report no conflicts of interest.

Meningioma, low/high grade glioma, and
medulloblastoma cohorts

Three cohorts have been described in detail previously: the

meningioma cohort from Finland (n = 163 cases) [34], MB cohort

from Sweden (n = 22 cases) [35], and the glioma cohort from

Sweden (n = 180 cases) [36]. TMA blocks had been constructed

for each of these previously published studies, and newly cut

sections, 4mm thick, were produced for this study.

In addition, two cohorts not previously described were also

included: an oligodendroglioma (ODG) cohort from Finland

(n = 71 cases) and a CNS DLBCL cohort from Sweden (n = 33

cases).

Oligodendroglioma cohort
Patients with an original diagnosis of ODG, anaplastic ODG, or

oligoastrocytoma, who underwent an operation between 1982 and

2003, were identified in the register of the Department of

Pathology, Kuopio University Hospital. Only primary tumours

were selected. Seventy-one subjects were identified. All archived

hematoxylin-eosin (HE) stained sections were reassessed, regions

to be sampled for the TMA were marked, two 0.6 mm cores were

sampled in each case, and TMA blocks were constructed as

described previously [37,38]. Newly cut consecutive sections, 4 mm

thick, were placed on SuperFrost Plus slides (Gerhard Menzel

GmbH, Braunschweig, Germany) stained for characterization of

the tumour and for assessment of the HCMV expression (Table 2).

Primary diffuse large B-cell lymphoma of the central
nervous system (CNS DLBCL)

All CNS DLBCLs within the geographic region served by the

Uppsala University Hospital, diagnosed between 1994 and 2011,

were retrieved from the archives. A total of 88 subjects were

identified. All subjects with a diagnosis of CNS DLBCL following

a stereotactic needle biopsy were excluded. Thus, tissue samples

from 31 cases obtained during open surgery and two samples

obtained at autopsy were included. All original slides were

reassessed and two regions for the sampling of core-cylinders with

a diameter of 1.0 mm were identified, and the TMA was

constructed as previously described [39]. TMA blocks were cut

into consecutive 3 mm sections (thinner sections due to shortage of

available tissue) and stained for characterization of the tumour and

for assessment of the HCMV expression (Table 2).

Neurologically non-impaired control cohort
The control cohort included 14 neurologically unimpaired

subjects. There were nine females and five males; the mean age at

death was 61 years (standard error of means 2 years). The brain

weight at autopsy ranged from 1,175 to 1,710 grams (mean
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1,374642 g), and the post-mortem delay ranged from 10 to

120 hours (mean 5267). The neuropathological assessment

revealed no vascular alterations or any signs of a neurodegener-

ative process. The neuroanatomical region selected was the frontal

cortex with grey and white matter. The newly cut consecutive

7 mm sections were stained with various HCMV antibodies

(Table 3).

Human cytomegalovirus antibodies
Nine commercial antibodies (Ab) from 5 different suppliers were

selected and tested. According to the manufacturer, these Abs

were reported to recognize immediately early, early, or late

HCMV antigens (Table 3). Each Ab was systematically tested to

determine the optimal staining conditions, i.e., dilution and

antigen retrieval method (ARM) required for best results. The

ARM applied included heat pretreatment strategies: citrate buffer

(10 mM sodium citrate, 0.05% Tween 20, pH 6.0) or Tris-EDTA

(10mM tris-base, 1 mM EDTA, 0.05% Tween 20, pH 9.0) and

two different enzymatic strategies: proteinase K (ready to use,

Dako Cytomation, Glostrup, Denmark); and 0.03% proteinase

XXIV (Sigma-Aldrich, St. Louis, MO).

The test stainings were performed on the verified HCMV

infected brain tissue (performance of the Abs), on a test-TMA,

including tissue cores measuring 2-mm in diameter from different

brain tumours, i.e., GBM, MB, anaplastic astrocytoma, anaplastic

ODG, ependymoma, and ganglioglioma (performance of Abs and

pretreatment requirements) as well as on control brain tissue

(staining of normal non-neoplastic cells).

All stained sections were assessed using a light microscope at

magnifications x100 to x400. Immunoreactivity (IR) in a defined

cellular compartment (nuclear and cytoplasmic) was denoted, and

the intensity of the signal was assessed as follows: 0– no IR

observed; 1– weak IR, must be investigated at a higher

magnification (x400); 2– IR is obvious at high magnification

(x200); and 3– IR is obvious at low magnification (x100). The Ab

to be chosen was expected to fulfil the following criteria: 1– robust

IR and 2– sparse background staining to allow for secure

recognition of the specific IR.

Immunohistochemistry
All stains (except for the CNS DLBCL-classification) were

carried out manually. Briefly, unspecific binding sites were blocked

with Background Sniper (Biocare Medical, Concord, CA) for

10 min, and sections were incubated with primary Ab overnight at

4uC. PowerVision detection system (Immunologic, Duiven, The

Netherlands) was used with a Romulin AEC or DAB chromogen

kit (Biocare Medical) for antigen detection. The newly cut sections

of the included TMAs were stained with the selected HCMV Abs

(Table 3). The newly cut sections of the CNS DLBCL block were

stained using the Dako Autostainer Plus (DakoCytomation) with

Abs selected for diagnostics (Table 3). Dako EnVision FLEX

detection system (DakoCytomation) was used subsequently for the

visualization of the staining results, according to the manufactur-

er’s instructions.

Light microscopic viewing
A case was included when at least 50% of the total area of at

least one core sample remained on the slide and if the core was

representative of the tumour. The sections were assessed at

magnifications x40 to x400 several times by at least two evaluators

blinded to the original diagnosis; thereafter, a consensus score was

ascribed to each TMA core. The HCMV-IR was assessed and the

results were dichotomized as being seen or not seen.
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Photographs were taken with an Olympus BX46 microscope,

equipped with an Olympus DP72 digital camera, and images were

acquired using ‘‘cellSens Entry’’ acquisition software (Olympus

Optical, Tokyo, Japan). IBM SPSS Statistics 20 (IBM Corpora-

tion, Armonk, NY) was used for statistical analysis.

Results

Oligodendroglioma cohort
The TMA included 71 subjects with ODG (Table 2). The

male/female ratio was 1.0 and the age at operation ranged from

18 to 76 years (mean 6 standard error of means 4362 years). The

majority of these tumours were of the WHO grade II (73%).

Tumours were subtyped into protein defined subtypes as described

previously, applying the IHC technique [36]. The majority of the

subjects represented the protein expression profile reminiscent of

the proneural type, 81% [40]. The classical and mesenchymal

subtypes represented 7 and 5 percent, respectively. In four cases

(7%), no high expression of any of the proteins analysed was

observed. Thirteen cases were excluded due to a lack of

representative tissue in the TMA.

Primary diffuse large B-cell lymphoma of central nervous
system cohort

The TMA assessed here included thirty-three subjects with

CNS DLBCL (Table 2). The male/female ratio was 0.7 and the

age at operation ranged from 33 to 80 years (mean 6 standard

error of means, 6262 years). Three cases were excluded due to a

lack of tumour tissue in the TMA core. The subclassification of the

CNS DLBCL followed the WHO classification of Tumours of

Haematopoietic and Lymphoid Tissues, 4:th Edition from 2008

[41]. Briefly, germinal center-like (GC) type CNS DLBCL fulfilled

the criteria of either expressing CD10 in.30% of the tumour cells

or being BCL6 positive and CD10/MUM1 negative. All other

cases are considered as being of non-germinal center-like (non-

GC) type [42,43]. According to this classification, 83% of the CNS

DLBCL were non-GC and 17% were the GC type.

Validation of the human cytomegalovirus antibodies
The HCMV positive case was a male foetus, gestational age

30 weeks, and the autopsy was carried out 24 hours postmortem.

The HCMV infection was verified by PCR carried out on the

foetal blood and a postmortem DNA analysis, confirming the

HCMV infection, which was carried out on the samples taken

from the lung and liver tissue. This case was assessed using all the

selected nine commercial HCMV Abs (Table 3). The neuropath-

ological assessment of the HE stained sections revealed multifocal

inflammation and numerous cells with inclusions. IR of these

inclusions was observed with all the tested HCMV Abs (Figure 2).

Noteworthy, different staining patterns were observed upon the

application of different Abs (Figure 2). In addition to labelling of

the inclusions, some Abs labelled the nucleus or the cytoplasm of

the neurons (Ab #2, 4, 5, 6, and 8), nucleus or cytoplasm of the

glia cells (Ab #3, 6), and neuropil (Ab #1, 2). Labelling of the red

blood cells and pericytes (Ab #3, 5, 6, and 8) was also noted. No

distinct pattern could be seen related to the protein kinetics

regarding the compartment of labelling, i.e., blood, pericyte,

cytoplasm, and nucleus.

Optimization of staining
Results applying all nine commercial HCMV Abs on the test

TMA with cores of various brain tumours are shown in figure 3.

No IR was observed while applying three of the listed Abs (Ab #,

7, and 9) independent of the ARM or dilution used. With the

remaining six Abs, the IR was seen as granules of different

diameters localized to the nucleus and/or the cytoplasm of the

tumour cells (Figure 3). The number and diameter of these

granules as well as the background IR varied significantly when

comparing different Abs. The use of three Abs (Ab #2, #6 and

#8) resulted in an intense labelling of the granules in the majority

of the tumours analysed. While applying Ab #2, significant

background IR was observed both in the cytoplasm and in the

neuropil, interfering with the assessment of the ‘‘specific’’ labelling.

In contrast, background labelling while applying Ab #6 and #8

was relatively low and did not interfere with the assessment of the

IR granules, which were easily recognizable.

Staining of non-neoplastic brain tissue
Control staining was carried out on the normal brain tissue and

included three Abs (#2, #6 and #8) that performed best on the

test TMA, including various tumours. Ab #6 was noted to label

corpora amylacea, cytoplasm of the pericytes, and cytoplasm of

the glial cell in the control tissue (Figure 2) whereas Abs #2 and

#8 did not label any of the cellular structures.

Thus, based on the results obtained while assessing the infected

brain tissue, normal brain tissue, and tumours (Figures 2 and 3),

Ab #8, directed to late protein pp65, was considered to perform

best; thus, this Ab was chosen to be applied on the tumour cohorts.

Tumour cohorts and HCMV
Expression of the HCMV protein pp65 was analysed in 417

intracranial tumours in the current study, wherein 198 cases were

from Eastern Finland and 219 cases were from central Sweden

(Table 4). The male/female ratio was 0.8, and the age ranged

from 0 to 86 years (mean 6 standard error of means 4861). There

were 152 extra-axial and 265 intra-axial tumours. The cohort

included five different subgroups. There were 173 astrocytomas

(male/female ratio 1.6; mean age 4961), 46 ODGs (male/female

ratio 1.3; mean age 4262), 17 MBs (male/female ratio 3.3; mean

age 361), 29 CNS DLBCLs (male/female ratio 0.6; mean age

6262), and 152 meningiomas (male/female ratio 0.3; mean age 6

standard error of means 5261 years). The routine HE stain did

not reveal classical HCMV inclusions in any of the tumours

investigated here. The results obtained while applying the IHC

technique are summarized in Table 4.

Eighty-seven percent of the astrocytomas were HCMV-IR and

90% of GBMs. The IR was independent of the protein defined

Figure 1. Flowchart summarizing the included cohorts. The
outer circle indicates the number of cases at the start, and the centre
indicates the number of cases in each cohort available for the
assessment of human cytomegalovirus protein expression.
doi:10.1371/journal.pone.0108861.g001
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subtype. Out of the five available WHO grade II astrocytomas of

mesenchymal subtype, 60% were HCMV negative. Sixty-five

percent of the MBs were HCMV-IR (classical 70%, anaplastic/

large cell 75%, and nodular 33%). The ODG cohort from Finland

showed HCMV-IR in 98% (100% grade II and 90% grade III)

and the ODG cohort from Sweden showed 86% IR (92% grade II

and 50% grade III). Most subtypes defined by the protein

expression were HCMV-IR. There were two cases out of five

available classical ODGs grade II/III (40%) that were HCMV

negative.

In conclusion, 86% of all low-grade (WHO II) gliomas from

Sweden (n = 74) and 100% from Finland (n = 36) were HCMV-

IR. Ninety percent of the high-grade (WHO III, IV) gliomas from

Sweden (n = 99) and 90% from Finland (n = 10) were IR. Thus,

out of the 219 gliomas analysed here, 90% were HCMV-IR.

Seventy-six percent of the CNS DLBCLs were HCMV-IR, and

the labelling was higher in non-GC like (79%) when compared to

GC-like (60%) subtype. Eighty-seven percent of the meningiomas

were HCMV-IR, and the IR was independent of the WHO grade

(87% IR in grade I, 90% IR in grade II, and 75% IR in grade III).

The observed HCMV-IR in the tumours assessed here was seen

as granular staining in the nucleus or in the nucleus and cytoplasm

of the neoplastic cells. The size and the quantity of the IR granules

varied significantly between the subjects and between the tumour

types (Figure 4). In ODGs, small dot-like granules were often

observed whereas the granules observed in the GBM or MBs were

both larger and more irregular in shape. Noteworthy, GBM, MB,

and meningioma displayed the highest number of grains in a core

sample whereas the CNS DLBCL displayed only a few HCMV-IR

cells scattered in the sample. Noteworthy, there was a substantial

variation in the regional distribution of the positive granules in a

core. Furthermore, the number of HCMV-IR cells varied from

one IR cell/core to virtually all tumour cells in a core being IR

(Figure 4).

Discussion

In this study, we have assessed the expression of the HCMV

protein in a large cohort of intra- and extra-axial brain tumours.

The cohort in our study included in total 417 tumours of various

WHO grades, representing gliomas of various types, MBs, CNS

DLBCL, and meningiomas. We noted that the HCMV protein

pp65 expression was indeed common in brain tumours and ranged

from 65 to 98 percent. This expression seemed to be independent

of the tumour type, grade, patient age, and gender.

It is well known that the choice of Ab and sensitive staining

protocols are of significance while assessing the HCMV proteins.

The previously published results have reported that the HCMV

proteins have been seen in 0 to 100% of the assessed tumours

[1,7–10,12,13,25,44]. We tested nine different commercial Abs

directed toward different HCMV proteins, including Abs that

detect proteins that are expressed at the early stage of the viral

cycle to those that are expressed at the later stages. It should be

noted that it is difficult to compare our results in detail with those

previously published, as previous publications do not always

provide details (clone) regarding the used antibodies. In most

papers, only the antigen (immediately early/early/late) and the

manufacturer producing the Ab are stated. In our study, all of the

Abs tested that are commercially available were efficient when

assessing the HCMV infected tissue. The hallmark lesions of an

HCMV infection, including the inclusions seen in the HE stain,

were repeatedly labelled. Thus, all of the Abs applied here can

readily be used in the assessment of tissue with an active HCMV

infection. In addition, however, labelling of glial cells, neurons,
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pericytes, erythrocytes, and neuropil was seen to various extents.

This labelling seen is difficult to interpret on its own, without

inclusions. Thus, the IR as such is not sufficient to verify an active

infection. It is noteworthy that some of the tested Abs when

applied on the control, uninfected brain tissue, labelled the glial

cells, corpora amylacea, pericytes, and red blood cells. Whether

these findings are a sign of a latent HCMV infection cannot be

ruled out. In general, the choice of the Ab to be used while

assessing IR is of great importance. It has previously been shown

that applying various Abs to assess the same protein might lead to

various results that are interpreted by the assessor in different

manners, leading to controversies [45]. Here, to be on the safe

side, we excluded all Abs that displayed a strong background

staining or stained various cells and cell compartments (nucleus vs.

cytoplasm) in the normal brain tissue. This scrutinized approach

meant that only one Ab out of the nine tested fulfilled our

requirements and was thus chosen. Consequently, this strict

approach made us confident that what was detected as IR was

indeed the HCMV late protein pp65 in the cells. The specificity of

this Ab is also supported by previous report indicating that the Ab

#8 recognizes a protein of the expected molecular mass [46].

Our results applying the Ab #8 regarding GBMs and MBs are

in line with previously published reports applying the Abs #3, #4,

and #6 [1,7,9]. In contrast, our results regarding GBM differ in

comparison with some of the previously published reports while

applying Abs #5, #7, and #8 [9,12,13]. This difference,

particularly regarding Ab #8, is probably due to the staining

protocol applied as has already been discussed in a previous

publication [8]. Furthermore, dilution, ARM, and the use of a

detection system, parameters that are well known to influence the

IHC outcome, are of significance [47,48]. Here, we carried out a

systematic testing applying various dilutions and ARMs to obtain

optimal results. Our testing led to the use of heat pretreatment,

i.e., pressure cooker with a high pH buffer, as ARM. Others have

implemented heat pretreatment with a low pH buffer or enzymatic

digestion, ARMs not optimal in our study. Furthermore, the

detection system used here, which was polymer based, has high

signal amplification (PowerVision, Immunologic) [49]. Others

have used different detection systems, including the polymer based

[44] or the three-step labelled streptavidin-biotin method

[1,7,13,50]. All of these methods are in principle designed to

amplify the labelling signal. Thus, due to the different approaches,

comparing our results with those previously obtained is not fully

possible. Even the thickness of the section has been discussed as

being of importance if the staining method used is not sensitive

enough [8]. Here, we used the thickness of sections applied in

routine diagnostics ranging from 3 to 7 mm, without noting any

major differences in the obtained results. The advantage of using

thin sections is being able to assess the individual cells rather than

the cell masses. A number of additional factors such as fixative,

fixation time, and type of embedding medium have been

demonstrated in several earlier studies to be of importance for

the IHC outcome [51–53]. All tumour samples assessed here were,

in principle, processed using the fixative and fixation time in a

similar way. Although the paraffin used and the dehydration

system in Finland and Sweden differed, we did not note any

significant influence of these factors on the IHC results.

Thus, based on our observations, the Ab directed toward the

HCMV late protein pp65 could readily be used on the formalin

fixed tissue, independent of the thickness of the section or the

routine handling of the sample (fixative, fixation time, paraffin),

whereas one should be cautious regarding the ARM as well as the

detection system.

Figure 2. Lesions seen in the brain tissue in a case with a verified active cytomegalovirus (HCMV) infection and in normal brains
applying commercial antibodies. (a) The large cell with the ‘‘owl eye’’ inclusion (arrow) seen in the hematoxylin and eosin stain in a case with an
active HCMV infection. (b-q) Immunoreactive (IR) and (r-u) IR lesions in normal brain applying the nine commercial antibodies (Ab). Note the labelling
of nuclear inclusions in b-j and q; of the nuclei (k) or cytoplasm (m) of neurons; nuclei and cytoplasm of astrocytes (l); neuropil (n) around a vessel (*)
with unstained erythrocytes; plasma and some blood cells (o,q) within a blood vessel (*); pericytes (arrowhead) surrounding unstained erythrocytes
and cytoplasm of glia cells (arrows) (p). Labelling of the corpora amylacea (r) with antibody #6 and lack of a similar labelling (s) with Ab #8 (arrows).
Labelling of the glial cytoplasm (arrows) (t) with Ab #6 and lack of a similar labelling (u) with Ab #8. Magnification x400 (a-q, t, u) and x200 (r, s) Abs
used immediately early antigen: #1 –clone 6F8.2, #2– clone 8B1.2, #3– clone BM204; #4– immediately early + early antigens, clones CCH2+DDG9;
#5– early antigen clone QB1/42; late antigen: #6 –clone 1G5.2, #7 –clone 2D4.2, #8– pp65, clones 2 and 6, and #9– clone QB1/06.
doi:10.1371/journal.pone.0108861.g002
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Here, we only assessed the protein expression applying the IHC

method. Some previous studies have also carried out the HCMV

DNA and/or RNA analysis on the tissue investigated in addition

to the IHC analyses [1,7,8,12,13,44]. It is worth noting that while

applying the DNA and/or RNA –assessment, fewer cases are

positive when compared with the IHC-detection of the HCMV

protein expression [11,54]. This quite surprising result might be

related to the observation that the HCMV-IR was patchy, that is,

unevenly distributed in the tissue section. Thus, while applying

different methods in assessing the HCMV, the sampling strategy

might significantly influence the obtained results.

Presence of the different HCMV proteins in the gliomas has

been analysed earlier in a number of studies [1,8–

10,12,13,25,44,50]. Several publications, in line with our results,

have indicated that the HCMV proteins are indeed frequently

present in the GBM [1,8,13,25,44,50]. The IR for late protein

pp65 in our study was similar to previous reports; however, in

addition to the GBMs the pp65 protein was also detected in the

low-grade gliomas. Overall, 90% of all the gliomas independent of

the WHO grade were HCVM-IR. Furthermore, although not

previously reported but based on our results, the molecular

subtype of the tumour did not influence the HCMV protein

expression.

Medulloblastomas, preferentially seen in children, showed

HCMV IR in 65% of the cases. This is in accordance with a

previous report describing that 92% of the medulloblastomas

expressed early and 73% expressed late proteins [7].

To our knowledge, the analysis of the HCMV in the CNS

DLBCL has never been performed previously. In the current

study, CNS DLBCL, a high malignant brain tumour, was IR in

76% of the cases. As MBs, these tumours are highly proliferative

and subjects with this tumour have an extremely poor prognosis

and a short survival time.

Interestingly, contrary to a previous report [1], we noted that

87% of the WHO grade I meningiomas (tumours considered

benign with good prognosis) showed the HCMV-IR. In the WHO

grade II meningiomas, the percentage was even higher, 90%. The

lower HCMV-IR in the WHO grade III meningiomas (75%)

could be due to a low number of cases included (n = 8). Our

differing results when compared to the previous reports are

probably due to selection bias and methodology. In one of the

reports, all types of brain tumours were negative, disputing the

methods used, and the other study included only nine cases [1,12].

Thus, our results are in principle unique, indicating that the

HCMV protein is expressed in these tumours of low malignancy.

It is, however, well known that a meningioma has a high tendency

Figure 3. Human cytomegalovirus (HCMV) immunoreactive (IR) grains in tumour cells, seen upon the application of different
commercial antibodies (Ab). Note the prominent background labelling with Ab #2 in the astrocytomas when compared with results applying Ab
#6 and #8. Magnification x400. The results assessing the extent of the labelling while applying the nine different antibodies are shown in s. 0– no IR;
1– weak IR, must be viewed at a high magnification (x400); 2– IR is obvious at high magnification (x200); and 3– IR is obvious at a low magnification
(x100).
doi:10.1371/journal.pone.0108861.g003
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to recur if not extirpated in total, indicating a good ‘‘survival’’

tendency of the tumour cells.

Here, we did not assess systematically the extent of the labelling

in each case as has been carried out by other investigators [13].

The labelling, however, was seen in a sample measuring 0.6 to

2 mm in diameter (TMA core), indicating that a dichotomized

assessment of the protein does not seem to be influenced by the

sampling deficit. However, the distribution of the HCMV-IR

might be, as we noted, patchy and uneven. This should be

considered while assessing the extent of the HCMV-IR in routine

diagnostics. It is common to obtain surgical samples ranging from

a few mm (needle biopsy) to several cm (surgical resections); thus,

the sampling deficit might be of significance.

We have been unable to assess any potential prognostic aspects

related to the expression of the HCMV protein since the operation

techniques varied (partial/total resection) and different chemo-

and radiotherapy regimens had been applied. However, it is

noteworthy that tumours ranging from the WHO grade I to WHO

grade IV of various cellular origins and with extremely different

proliferation rates (1 up to 90 percent) have all expressed the

HCMV protein related to the late stage of the viral cycle.

Signs of an ongoing HCMV infection such as inclusions in the

HE or IHC stain were never seen in any of our cases. Thus, we

lack proof for an activation of a latent viral infection in this tumour

population. What was detected was the expression of the late

HCMV protein pp65 known as the tegument protein. This protein

can be produced in excess in cells during an active symptomatic/

asymptomatic infection and assembled in particles called dense

bodies that lack viral DNA. The HCMV seropositivity is high in

adults, and it is presumed that most of us have suffered from this

infection even unknowingly, asymptomatic. Based on previous

studies, the viral DNA can be detected in monocytes whereas the

late viral proteins such as pp65 are common in tissue samples from

patients with the HCMV infection. Whether all our subjects with

the expression of late HCMV protein pp65 in the tumour cells

have monocytes harboring the latent HCMV virus is not assessed

here. This possibility however cannot be neglected due to the high

levels of the HCMV seroprevalence, especially in adults

[23,24,55]. It is also known that the ability of the HCMV to

replicate in the monocytes, which harbor the latent HCMV, is

dependent on the state of the cellular differentiation [56,57].

Interesting to note, however, is that most studies assessing the

activation of latent HCMV are carried out in vitro, and in vivo
tumour conditions are in general difficult to replicate. Meanwhile,

only a few cell types propagate the HCMV in vivo and the GBM

cell lines are among them [18].

Some studies have reported that the HCMV proteins are

present not only in the brain tumours but also in other types of

cancers (skin, breast, colorectal, prostate) [2–4,58]. Based on our

results indicating that the late HCMV protein pp65 is present in a

wide range of different tumour types within the skull, it emphasizes

that further studies assessing the HCMV protein in various

pathological conditions are warranted.

Recently, a number of studies have indicated that the anti-

HCMV drug treatment can alter the outcome of the GBM in

human, animal models, and cell cultures [15,16,59]. These drugs,

at least two of them, induce apoptosis and thus influence the

survival of the tumour cells. Interestingly, one of the drugs is

dependent on the viral DNAase (assessed on human material)

[15,59] whereas the other is not (assessed on mouse models and

cell cultures) [16]. Surprisingly, both the HCMV-expressing and

non-HCMV-expressing tumours, when assessed in an experimen-

tal design, seemed to be influenced while using the drug,

independent of the the viral DNAase [16].

Figure 4. Immunoreactive (IR) grains in the tumour cells, seen upon the application of the late human cytomegalovirus tegument
protein antibody pp65 (clones 2 and 6) in f-j. Identification of cell type was carried out applying cell type specific antibodies (Ab) – a)
membranous labelling of oligodendrocytes with Ab directed to microtubule associated protein 2 (MAP2); b) cytoplasmic labelling of astrocytes with
Ab directed to glial fibrillary acidic protein (GFAP); c) granular cytoplasmic labelling of neuronal cells with Ab directed to synaptophysin (SYP); d)
membranous labelling of lymphocytes with Ab directed to B-lymphocyte antigen CD20 (CD20) and e) cytoplasmic labelling of meningothelial cells
with Ab directed to epithelial membrane antigen (EMA). HCMV-IR grains seen in all tumour types (f-j), few pp65-IR granules in the
ologodendroglioma and lymphoma samples (arrows on f and i) and numerous granules in glioblastoma, medulloblastoma and meningioma (g, h, j).
In k-o cases lacking HCMV-IR. Magnification x400.
doi:10.1371/journal.pone.0108861.g004
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In conclusion, we systematically analysed the performance of

nine commercial HCMV-Abs on the brain tissue samples obtained

from a verified HCMV infected patient, from 14 neurologically

unimpaired subjects lacking pathology, and on a set of various

brain tumours in TMA. The best performing Ab, the late HCMV

protein pp65 (clones 2 and 6) was further used to assess the

HCMV expression in different extra- and intra-axial brain

tumours. This late HCMV protein pp65 was detected in all types

of tumours analysed, and the IHC expression did not depend on

the patient’s age, gender, tumour type, or grade. The labelling

pattern observed in the tumours differed from the labelling pattern

observed in the tissue with a verified active HCMV infection. No

signs of an active HCMV infection were noted; thus, we do not

feel confident in using the term ‘‘HCMV infection’’ but rather

implement the term ‘‘expression of late HCMV protein pp65’’ in

tumour cells, which certainly might be a sign of a latent HCMV

infection.

Acknowledgments

We thank Tarja Kauppinen, IngMarie Olsson, and Per-Henrik Edqvist for

their skillful technical assistance, Annemarie Louhivaara for collecting the

samples of oligodendroglioma cohort cases from Finland and Meena

Strömqvist for her critical reading of the manuscript. This study has been

supported by the local ALF grants, and the patient material was

anonymized prior to the assessments.

Author Contributions

Conceived and designed the experiments: IA SL S. Popova. Performed the

experiments: IA SL S. Popova R-MA CS KH VK TP. Analyzed the data:

IA SL S. Popova. Contributed reagents/materials/analysis tools: IA GH

MB SE MZ AS PN S. Pfeifer TDS GE FP. Wrote the paper: IA SL S.

Popova.

References

1. Cobbs CS, Harkins L, Samanta M, Gillespie GY, Bharara S, et al. (2002)

Human cytomegalovirus infection and expression in human malignant glioma.

Cancer Res 62: 3347–3350.

2. Harkins L, Volk AL, Samanta M, Mikolaenko I, Britt WJ, et al. (2002) Specific

localisation of human cytomegalovirus nucleic acids and proteins in human

colorectal cancer. Lancet 360: 1557–1563.

3. Samanta M, Harkins L, Klemm K, Britt WJ, Cobbs CS (2003) High prevalence

of human cytomegalovirus in prostatic intraepithelial neoplasia and prostatic

carcinoma. J Urol 170: 998–1002.

4. Zafiropoulos A, Tsentelierou E, Billiri K, Spandidos DA (2003) Human herpes

viruses in non-melanoma skin cancers. Cancer Lett 198: 77–81.

5. Sehic D, Forslund O, Sanden E, Mengelbier LH, Karlsson J, et al. (2013)

Absence of Epstein-Barr and cytomegalovirus infection in neuroblastoma cells

by standard detection methodologies. Pediatr Blood Cancer 60: E91–93.

6. Wolmer-Solberg N, Baryawno N, Rahbar A, Fuchs D, Odeberg J, et al. (2013)

Frequent detection of human cytomegalovirus in neuroblastoma: a novel

therapeutic target? Int J Cancer 133: 2351–2361.

7. Baryawno N, Rahbar A, Wolmer-Solberg N, Taher C, Odeberg J, et al. (2011)

Detection of human cytomegalovirus in medulloblastomas reveals a potential

therapeutic target. J Clin Invest 121: 4043–4055.

8. Scheurer ME, Bondy ML, Aldape KD, Albrecht T, El-Zein R (2008) Detection

of human cytomegalovirus in different histological types of gliomas. Acta

Neuropathol 116: 79–86.

9. Lau SK, Chen YY, Chen WG, Diamond DJ, Mamelak AN, et al. (2005) Lack of

association of cytomegalovirus with human brain tumors. Mod Pathol 18: 838–

843.

10. Sabatier J, Uro-Coste E, Pommepuy I, Labrousse F, Allart S, et al. (2005)

Detection of human cytomegalovirus genome and gene products in central

nervous system tumours. Br J Cancer 92: 747–750.

11. Mitchell DA, Xie W, Schmittling R, Learn C, Friedman A, et al. (2008) Sensitive

detection of human cytomegalovirus in tumors and peripheral blood of patients

diagnosed with glioblastoma. Neuro Oncol 10: 10–18.

12. Poltermann S, Schlehofer B, Steindorf K, Schnitzler P, Geletneky K, et al.

(2006) Lack of association of herpesviruses with brain tumors. J Neurovirol 12:

90–99.

13. Rahbar A, Orrego A, Peredo I, Dzabic M, Wolmer-Solberg N, et al. (2013)

Human cytomegalovirus infection levels in glioblastoma multiforme are of

prognostic value for survival. J Clin Virol 57: 36–42.

14. Ranganathan P, Clark PA, Kuo JS, Salamat MS, Kalejta RF (2012) Significant

association of multiple human cytomegalovirus genomic Loci with glioblastoma

multiforme samples. J Virol 86: 854–864.

15. Stragliotto G, Rahbar A, Solberg NW, Lilja A, Taher C, et al. (2013) Effects of

valganciclovir as an add-on therapy in patients with cytomegalovirus-positive

glioblastoma: a randomized, double-blind, hypothesis-generating study. In-

t J Cancer 133: 1204–1213.

16. Hadaczek P, Ozawa T, Soroceanu L, Yoshida Y, Matlaf L, et al. (2013)

Cidofovir: a novel antitumor agent for glioblastoma. Clin Cancer Res 19: 6473–

6483.

17. Griffiths PD, Emery VC, Milne R (2009) Cytomegalovirus. In: Richman DD,

Whitley RJ, Hayden FG, editors. Clinical Virology. Washington, DC: American

Society for MIcrobiology. 475–506.

18. Landolfo S, Gariglio M, Gribaudo G, Lembo D (2003) The human

cytomegalovirus. Pharmacol Ther 98: 269–297.

19. Bresnahan WA, Shenk TE (2000) UL82 virion protein activates expression of

immediate early viral genes in human cytomegalovirus-infected cells. Proc Natl

Acad Sci U S A 97: 14506–14511.

20. Trgovcich J, Cebulla C, Zimmerman P, Sedmak DD (2006) Human

cytomegalovirus protein pp71 disrupts major histocompatibility complex class

I cell surface expression. J Virol 80: 951–963.

21. Dziurzynski K, Chang SM, Heimberger AB, Kalejta RF, McGregor Dallas SR,

et al. (2012) Consensus on the role of human cytomegalovirus in glioblastoma.

Neuro Oncol 14: 246–255.

22. Gandhi MK, Khanna R (2004) Human cytomegalovirus: clinical aspects,

immune regulation, and emerging treatments. Lancet Infect Dis 4: 725–738.

23. Ludwig A, Hengel H (2009) Epidemiological impact and disease burden of

congenital cytomegalovirus infection in Europe. Euro Surveill 14: 26–32.

24. Mustakangas P, Sarna S, Ammala P, Muttilainen M, Koskela P, et al. (2000)

Human cytomegalovirus seroprevalence in three socioeconomically different

urban areas during the first trimester: a population-based cohort study.

Int J Epidemiol 29: 587–591.

25. Slinger E, Maussang D, Schreiber A, Siderius M, Rahbar A, et al. (2010)

HCMV-encoded chemokine receptor US28 mediates proliferative signaling

through the IL-6-STAT3 axis. Sci Signal 3: ra58.

26. Barami K (2010) Oncomodulatory mechanisms of human cytomegalovirus in

gliomas. J Clin Neurosci 17: 819–823.

27. Cobbs CS (2011) Evolving evidence implicates cytomegalovirus as a promoter of

malignant glioma pathogenesis. Herpesviridae 2: 10.

28. Cobbs CS (2013) Cytomegalovirus and brain tumor: epidemiology, biology and

therapeutic aspects. Curr Opin Oncol 25: 682–688.

29. Michaelis M, Baumgarten P, Mittelbronn M, Driever PH, Doerr HW, et al.

(2011) Oncomodulation by human cytomegalovirus: novel clinical findings open

new roads. Med Microbiol Immunol 200: 1–5.

30. Michaelis M, Doerr HW, Cinatl J Jr (2009) Oncomodulation by human

cytomegalovirus: evidence becomes stronger. Med Microbiol Immunol 198: 79–

81.

31. Michaelis M, Kotchetkov R, Vogel JU, Doerr HW, Cinatl J Jr (2004)

Cytomegalovirus infection blocks apoptosis in cancer cells. Cell Mol Life Sci

61: 1307–1316.

32. Michelson S (1999) Human cytomegalovirus escape from immune detection.

Intervirology 42: 301–307.

33. Soroceanu L, Matlaf L, Bezrookove V, Harkins L, Martinez R, et al. (2011)

Human cytomegalovirus US28 found in glioblastoma promotes an invasive and

angiogenic phenotype. Cancer Res 71: 6643–6653.

34. Karja V, Sandell PJ, Kauppinen T, Alafuzoff I (2010) Does protein expression

predict recurrence of benign World Health Organization grade I meningioma?

Hum Pathol 41: 199–207.

35. Nord H, Pfeifer S, Nilsson P, Sandgren J, Popova S, et al. (2012) Novel

amplifications in pediatric medulloblastoma identified by genome-wide copy

number profiling. J Neurooncol 107: 37–49.

36. Popova SN, Bergqvist M, Dimberg A, Edqvist PH, Ekman S, et al. (2014)

Subtyping of gliomas of various WHO grades by the application of

immunohistochemistry. Histopathology 64: 365–379.

37. Kauppinen T, Martikainen P, Alafuzoff I (2006) Human postmortem brain

tissue and 2-mm tissue microarrays. Appl Immunohistochem Mol Morphol 14:

353–359.

38. Kononen J, Bubendorf L, Kallioniemi A, Barlund M, Schraml P, et al. (1998)

Tissue microarrays for high-throughput molecular profiling of tumor specimens.

Nat Med 4: 844–847.

39. Kampf C, Bergman J, Oksvold P, Asplund A, Navani S, et al. (2012) A tool to

facilitate clinical biomarker studies – a tissue dictionary based on the Human

Protein Atlas. BMC Med 10: 103.

40. Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, et al. (2010) Integrated

genomic analysis identifies clinically relevant subtypes of glioblastoma charac-

Cytomegalovirus and Brain Tumours

PLOS ONE | www.plosone.org 13 September 2014 | Volume 9 | Issue 9 | e108861



terized by abnormalities in PDGFRA, IDH1, EGFR, and NF1. Cancer Cell 17:

98–110.

41. Stein H, Warnke RA, Chan WC, Jaffe ES, Chan JKC, et al. (2008) Diffuse large

B-cell lymphoma, not otherwise specified In: Swerdlow SH, Campo E, Harris

NL, Jaffe ES, Pileri SA et al., editors. WHO Classification of Tumours of

Haematopoietic and Lymphoid Tissues. 4 ed. Lyon: International Agency for

Research on Cancer. 233–237.

42. Colomo L, Lopez-Guillermo A, Perales M, Rives S, Martinez A, et al. (2003)

Clinical impact of the differentiation profile assessed by immunophenotyping in

patients with diffuse large B-cell lymphoma. Blood 101: 78–84.

43. Hans CP, Weisenburger DD, Greiner TC, Gascoyne RD, Delabie J, et al. (2004)

Confirmation of the molecular classification of diffuse large B-cell lymphoma by

immunohistochemistry using a tissue microarray. Blood 103: 275–282.

44. Lucas KG, Bao L, Bruggeman R, Dunham K, Specht C (2011) The detection of

CMV pp65 and IE1 in glioblastoma multiforme. J Neurooncol 103: 231–238.

45. Aho L, Pikkarainen M, Hiltunen M, Leinonen V, Alafuzoff I (2010)

Immunohistochemical visualization of amyloid-beta protein precursor and

amyloid-beta in extra- and intracellular compartments in the human brain.

J Alzheimers Dis 20: 1015–1028.

46. Cobbs CS, Soroceanu L, Denham S, Zhang W, Britt WJ, et al. (2007) Human

cytomegalovirus induces cellular tyrosine kinase signaling and promotes glioma

cell invasiveness. J Neurooncol 85: 271–280.

47. D’Amico F, Skarmoutsou E, Stivala F (2009) State of the art in antigen retrieval

for immunohistochemistry. J Immunol Methods 341: 1–18.

48. McNicol AM, Richmond JA (1998) Optimizing immunohistochemistry: antigen

retrieval and signal amplification. Histopathology 32: 97–103.

49. Shi SR, Cote RJ, Taylor CR (2001) Antigen retrieval immunohistochemistry

and molecular morphology in the year 2001. Appl Immunohistochem Mol
Morphol 9: 107–116.

50. Straat K, Liu C, Rahbar A, Zhu Q, Liu L, et al. (2009) Activation of telomerase

by human cytomegalovirus. J Natl Cancer Inst 101: 488–497.
51. Karlsson C, Karlsson MG (2011) Effects of long-term storage on the detection of

proteins, DNA, and mRNA in tissue microarray slides. J Histochem Cytochem
59: 1113–1121.

52. Leong TY, Cooper K, Leong AS (2010) Immunohistology – past, present, and

future. Adv Anat Pathol 17: 404–418.
53. Ramos-Vara JA, Miller MA (2014) When tissue antigens and antibodies get

along: revisiting the technical aspects of immunohistochemistry – the red, brown,
and blue technique. Vet Pathol 51: 42–87.

54. Ding D, Han S, Wang Z, Guo Z, Wu A (2014) Does the existence of HCMV
components predict poor prognosis in glioma? J Neurooncol 116: 515–522.

55. Cannon MJ, Schmid DS, Hyde TB (2010) Review of cytomegalovirus

seroprevalence and demographic characteristics associated with infection. Rev
Med Virol 20: 202–213.

56. Liu XF, Wang X, Yan S, Zhang Z, Abecassis M, et al. (2013) Epigenetic control
of cytomegalovirus latency and reactivation. Viruses 5: 1325–1345.

57. Reeves M, Sinclair J (2013) Regulation of human cytomegalovirus transcription

in latency: beyond the major immediate-early promoter. Viruses 5: 1395–1413.
58. Taher C, de Boniface J, Mohammad AA, Religa P, Hartman J, et al. (2013)

High prevalence of human cytomegalovirus proteins and nucleic acids in
primary breast cancer and metastatic sentinel lymph nodes. PLoS One 8:

e56795.
59. Soderberg-Naucler C, Rahbar A, Stragliotto G (2013) Survival in patients with

glioblastoma receiving valganciclovir. N Engl J Med 369: 985–986.

Cytomegalovirus and Brain Tumours

PLOS ONE | www.plosone.org 14 September 2014 | Volume 9 | Issue 9 | e108861


