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1. Introduction
1.1 Human cytomegalovirus (HCMV)
HCMV is a ubiquitous β-group herpesvirus that infects about 50 to 90% of the world
population, depending on the socio-economic conditions [67].
1.1.1 Virus morphology
The main components of HCMV are (see Figure 1): the core containing the DNA
(desoxyribonucleic acid) genome, the capsid, the tegument and the envelope.
Viral Genome
The viral DNA is wrapped in the viral core, a fibrillar protein structure visible by electron
microscopy.
The genome of HCMV consists of 230 000 base pairs comprising at least 166 genes
encoding for about 200 gene products. The DNA sequence is: one short region US (U for
unique), one long region UL and repeated sequences located at the US-UL junction as well
as at the terminal ends with a schematic structure ab-UL-b´a´c´- US-ca (same letters with
apostrophe representing the same gene sequences in reverse). [67]
Capsid
The viral core is surrounded by an icosahedral nucleocapsid. The capsid has a diameter of
130 nm and is composed of five main proteins: major capsid protein (MCP), a portal
protein (PORT), the smallest capsid protein (SCP), a minor capsid protein (TRI1) and minor
capsid protein binding protein (TRI2). In the nucleus and/ or the cytoplasm of
productively infected cells three types of HCMV capsids can be found: A, B and C capsids.
C capsids represent the mature capsids carrying viral DNA. A capsids merely consist of an
empty capsid mantle without DNA and B capsids still contain a protein, which serves as a
scaffold for the capsid proteins before DNA encapsidation, but no DNA. B capsids exist
also in an enveloped form as so-called non-infectious enveloped particles (NIEP). [67]
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Tegument
The tegument is a structure common to all herpesviruses. It is a proteinaceous layer
placed between the capsid and the envelope.
Remarkably, most proteins of HCMV locate to this compartment, and account for roughly
40% of the virion mass. Tegument proteins are typically phosphorylated, probably to
stabilize them in their localization [70]. They have a wide range of functions during the
viral replication cycle [67]. Two important tegument proteins are pp65 and pp150. pp65,
expressed by gene region UL83, is the most abundant component of the tegument. pp65
is detected mainly in granulocytes in the so called antigenemia assay, a diagnostic
method for detection of active systemic HCMV infections in patients at risk for HCMV
disease. During infection pp65 plays an important role. It contains target structures for
the host’s cellular immune response against the virus, but it also participates in immune
evasion. [1,5,6,35,49,65,72] Worth mentioning, the non-infectious dense bodies, particles
that are found during every in vitro infection, are almost entirely built by pp65.
The large matrix phosphoprotein pp150 (encoded by the gene region UL32) is associated
to the nucleocapsid and, presumably through this connection, influences virion assembly
and maturation [7,67,82,96].

Figure 1: Structure of Human Cytomegalovirus (HCMV). (from Tomtishen III, 2012)

2

1. Introduction
1.1 Human cytomegalovirus (HCMV)

When tegumentation is completed in the cytoplasm, small amounts of RNA (ribonucleic
acid) and cellular proteins can be included in the viral tegument [67].
Envelope

The outer virus shell is formed by the viral envelope, a lipid membrane with virus
encoded incorporated glycoproteins. The better characterized glycoprotein complexes
are named gB, gH:gL and gM:gN (g for glycoprotein). The two latter represent complexes
of two different kinds of proteins. All these glycoproteins play a role in virus replication.
[41,67] The homodimeric protein complex gB is important during attachment and entry of
HCMV into cells. It binds to heparan sulfate on the cell surface to enable a stable
connection [67], and may also be involved in fusion between viral and cellular membrane
[43]. It has been claimed by various authors that gB also interacts with other cell surface
molecules which might point to an important role during virus entry. Possible interaction
partners for that are epidermal growth factor receptor (EGFR) [109], integrins [29] and
Toll-like receptor 2 (TLR-2) [13]. The protein complex gM:gN binds heparan sulfate as well
[67]. gH complexed with gL seems to be important in fusion, presumably via a connection
to integrin alphaυbeta3 [67,108]. Furthermore, gH:gL exists in multimeric complexes (e.g.
including the glycoprotein gO) and heteromerics of gH:gL with the products of the genes
UL128, UL130 and UL131 seem to be crucial for the cellular tropism of clinical HCMV
strains in epithelial and endothelial cells. [67]

1.1.2 Viral replication cycle
Virions attach to the cell surface through connection of glycoproteins of the viral
envelope with the heparan sulfate complex on the cell surface. In a second step, a more
stable attachment is established, probably through interaction of the viral envelope with
additional cellular receptors, which remain to be identified. [67] Virus entry into the
cytoplasm takes place either as result of direct fusion between the viral envelope and the
cytoplasmic membrane, e.g. in fibroblasts [67], or after endocytic uptake and subsequent
fusion of the viral envelope with the vesicle membrane, e.g. in endothelial cells [67, 80].
Within the cytoplasm capsids are then transported to the nucleus using the microtubule
3
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cytoskeleton [25]. Viral DNA and few viral proteins e.g. pp65 are introduced into the cell
nucleus through the nuclear pores. Viral gene expression is divided in immediate-early
(IE), delayed-early (or just “early”) (DE) and late (L) phase. Start of IE expression is
regulated by different viral and cellular proteins. [67] The nuclear domain 10 (ND10), a
cellular structure known for its antiviral function in immune response, co-localizes with
viral DNA and apparently is disintegrated in its structure and reduced in its activity during
the expression of IE [27]. In fibroblasts, IE expression directly follows DNA release into the
nucleus and goes on for about twelve hours. Starting from the open reading frame (ORF)
UL122-UL123 four alternatively spliced messenger RNA (mRNA) can be generated, but the
two most prominent are IE1 (UL123, 72 kDa) and IE2 (UL122, 86 kDa). Their products
regulate subsequent viral gene expression and also influence cellular interferon-secretion
(IE1) and apparently are able to block the normal cellular replication cycle (IE2)
[74,111,112].
In fibroblasts, DE genes are expressed from hour 6 post cell infection (pi) till 18 to 24.
Roughly, twenty DE gene products play important roles in viral DNA replication. They
account for DNA synthesis and gene expression regulation, they furthermore participate
in some stages of capsid maturation and they finally modify the cellular environment
towards the virus’ needs. Examples for DE proteins are tegument proteins pp65 and
pp150 and surface glycoprotein gB (with glycosylation of the latter happening at a later
point during virion maturation through cleavage of the precursor protein by a cellular
protease).
It is known that once replication gets started it proceeds by a rolling cycle mechanism.
Further details of the regulation of this process, also for example on the involvement of
IE-proteins or ND10, are still under investigation.
Gene products are considered as L proteins when their expression starts after 24 hours pi
or, according to a more strict definition, if their expression is dependent on de novo DNA
synthesis. Proteins expressed during this L phase typically play a role in capsid
construction, virus maturation and egress from the cell. For example, as DE and L gene
expression proceed, a cytoplasmic reorganization takes place resulting in the formation of
the assembly complex, the factory of the final maturation of the viral progeny.
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Figure 2: Human cytomegalovirus (HCMV) replication cycle. Stages of viral replication are shown starting
with attachment and penetration, proceeding with entry and uncoating, translocation to the nucleus,
introduction of viral DNA into the nuclear compartment, DNA replication in the nucleus, DNA encapsidation,
secondary envelopment at the endoplasmatic reticulum (ER)-Golgi-intermediate compartment and egress
(from Crough and Kanna, 2009).

High numbers of mature virions are released from the cell 72 to 96 hours pi. Egress most
likely takes place via a three phase process: i) nucleocapsids are enveloped at the inner
nuclear membrane (first envelopment), then ii) nucleocapsids are deenveloped at the
outer nuclear membrane and finally iii) get enveloped again (secondary envelopment) in
the cytoplasmic endoplasmatic reticulum (ER) and golgi apparatus intermediate
compartment (ERGIC) prior to exocytosis. [67,75] (Figure2)

1.1.3 Pathology
HCMV can be transmitted horizontally via saliva, urine and cervical and seminal secretions
as well as from mother to child transplacentally or through breast feeding.
From the entry portal at the mucosal epithelium the virus is disseminated throughout the
body haematogenously, especially towards salivary glands and kidneys from where
replicated virus is shed during this phase of acute infection.
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Subsequently, in immunocompetent hosts, virus persists in a latent state, above all in
precursor cells of the myeloid lineage, such as in monocytes and monocyte hematopoietic
precursors [67]. Impairment of the physiological immune response can lead to
reactivation of the latent virus [67] and monocyte-derived macrophages [92] or dendritic
cells [78] have been described as site of HCMV reactivation.
In immunocompromised hosts, HCMV spreads and replicates in a wide range of organs
and tissues entailing considerable morbidity [67].

1.1.4 Clinical features
Primary infection of hosts with a functional immune system is largely asymptomatic, with
some cases of EBV-negative mononucleosis.
Since the control of HCMV largely depends on a functional cytotoxic T-cell (CTL) immune
response, in persons with immature or dysfunctional immune response such as children
in utero and immunocompromised individuals, HCMV infection can lead to severe
diseases. [67]
Infection of immunocompromised patients
Solid organ and bone marrow transplant recipients as well as persons suffering from AIDS
(Acquired Immune Deficiency Syndrome) are typical examples for patients with an
impaired immune system. Despite the progress in terms of prophylaxis and therapy,
HCMV infection in these cases can take a fatal course. Reactivation as well as primary
infection can lead to severe clinical symptoms. Characteristic organs diseased during the
infection are the liver and the retina, but also stomach and gut and, less common, the
brain. Importantly, HCMV also can lead to severe interstitial pneumonia. After solid organ
transplantation HCMV infection may lead to general illness resembling flu, grave organic
disease, e.g. pneumonitis or gastroenteritis, and even transplant rejection. AIDS patients
with low CD4+ T-cell counts are likely to manifest CMV retinitis, gastroenteritis and other
inflammatory morbidities. [67]
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Congenital infection
Reactivation from latent infection or primary infection in pregnant women can lead to
infection of the embryo. In up to ten percent of children infected congenitally, clinical
symptoms like hepatomegaly, splenomegaly, thrombocytopenia and, as infection involves
the central nervous system in about 60% of symptomatic newborns, deafness and other
mental development disorders may appear. (Figure 3) The group of neonates which often
react with severe symptoms to (also postnatal) infection are too early born underweight
children, as their immune system often is unripe, especially concerning the adaptive
immune response. [67]

A

B

Figure 3: Clinical features of congenital Human Cytomegalovirus (HCMV) disease. A) The coronal spin-echo
shows an atrophic cerebellar structure with reduced foliation in a newborn with HCMV infection. (from
Patel 2002) B) Child with HCMV disease showing typical “blueberry muffin”-like petechiae. (from Plosa,
Esbenshade, 2012)
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1.1.5 Immunoresponse and Immunevasion
Control of the infection with HCMV depends on a functional immune system. Starting
from the virus’ entry step into a cell, cellular gene expression reacts to infection and
inflammatory cascades such as the NF-κB response are strongly activated [15,86].
As part of the early immune response, Natural Killer cells (NK) seem to curtail infection.
This is suspected because various virus proteins (eg.UL16, UL140-142) are known to
function as downmodulators of NK function.
Furthermore, in immunocompetent individuals, the cellular immune response, in great
numbers via CTLs, urges the virus into latency and makes symptoms stop.
In addition, IgM- and IgG- antibodies, for example against surface glycoprotein gB and
tegument protein pp65 (neutralising antibodies), are produced by B-cells. They limit
hematogenous dissemination and provide partial protection from new infection. [67]
HCMV has developed a sophisticated and diversified strategy to overcome the human
body’s immune system.
pp65 [1,14], IE1 [74] and IE2 [99] among other viral proteins were shown to modify the
expression and/or activation of interferon (IFN) regulated factor (IRF) -3, the secretion of
host cytokines and IFNs as well as the activation of the NF-κB pathway [67].
Antigen presentation of viral components via major histocompatibility complex class I
(MHC-I) as well as CTL responses are reduced by glycoproteins (gp) encoded by the viral
ORF US2, US3, US6 and US11. gpUS2 and gpUS11 promote degradation of the MHCs via
proteasomes, gpUS3 subverts loading with viral proteins in the endoplasmatic reticulum
and gpUS6 impedes MHC-I transporting protein TAP (transporter of antigen presentation)
in the ER. [67]
In order to proliferate in the host, the virus must create conditions that will allow
replication during a cell’s own life cycle. A viral protein stopping cell cycle at a stage
preferable for HCMV (G1 /S) is pp71 [50].
Furthermore, cell death, as a component of an organism’s innate defence, must be
avoided by the virus to persist in the host. The IE-proteins encoded in UL37x1 and UL36
apparently prevent cellular apoptosis [77,89].

8

1. Introduction
1.2 Macrophages

1.1.6 Diagnosis
The methods of choice to diagnose infection are detection of anti-HCMV antibodies IgG
(primary infection) and IgM (reactivation) in the patient serum. Virus isolation from saliva,
blood cells, cervix secretion, liquor and urine is performed inoculating the biological fluids
in cultures of human cells e.g. embryonic lung fibroblasts or human foreskin fibroblasts
(HFF) to cultivate HCMV in vitro. Observation of cytomegaly and appearance of inclusion
bodies then can be found as typical cytopathic effects of HCMV. However, these
phenomena can take up to a few weeks to appear. Therefore, detection of antigenemia
for pp65, which is an abundant structural component of the viral particles and is
expressed in infected cells 24 to 48 hours after infection, is often the detection method of
choice in diagnostics.
Also, viral DNA can be measured by PCR (polymerase chain reaction)
and especially importance of the quick real time-PCR is growing. [67]

1.1.7 Antiviral treatment and prophylaxis
Antiviral drug treatment - e.g with the nucleoside analogues Ganciclovir, Valganciclovir,
the DNA polymerase inhibitor Foscarnet and the nucleotide analogue Cidofovir - is
reserved to immunocompromised patients or patients in life-threatening situations or
newborns with impending deafness. Prophylaxis with primarily Ganciclovir is in part
applied to transplant recipients. [67]

1.2 Macrophages
Macrophages are heterogeneous myeloid cells of the innate immune system [106] and
are part of the mononuclear phagocyte system [103]. They free the body from cellular
debris, from microbes and other immune response targets [9,16 as reviewed in 26]. The
function that they are famous for since Ilya Metchnikoff is phagocytosis [95]. In addition,
they are important specialized antigen recognizing and eliminating cells, they maintain
and coordinate inflammation and they contribute to the adaptive immune response by
stimulating T-cell functions [42].
9
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1.2.1 Development
Macrophages represent tissue-differentiated monocytes. Monocytes are generated in the
bone marrow from proliferating promonocytes and circulate in the blood stream for one
to two days before infiltrating all body tissues [102]. Depending on the specific tissue
micro-environment, monocytes can give rise to different macrophage subpopulations
with various specializations, for example Kupffer cells in the liver, alveolar and interstitial
pulmonary macrophages or microglia in the brain [9,16,26,57]. The process of tissue
infiltration can be increased up to tenfold in case of tissue inflammation [103].
Additionally, recent data suggest that, at least in some settings, macrophages can
proliferate locally [21].

1.2.2 Subsets
Macrophages can be polarized into different subsets [10,37,64]. The two most opposite
subsets are referred to as “classically activated” and “alternatively activated” or simply as
M1- and M2-macrophages. They differ significantly in secretome and immune functions.
While M1 are immunogenic, pro-inflammatory cells [10], M2 appear to be more
regulatory, attenuating immune defense and playing a role in tissue remodeling and
wound healing [71].
M1-macrophages can kill other cells, for example by releasing reactive oxygen species
and high levels of nitric oxide [38,63]. Treated with immunogenic agents e.g. LPS
(lipopolysaccharide) or INF-γ they produce all kinds of pro-inflammatory substances, such
as TNF (tumor necrosis factor)-α, IL-1, -6, -12 and -23 and a whole battery of chemokines
[64,105]. In contrast, M2-macrophages curtail the immune response, by secreting antiinflammatory IL-10 and IL-1ra (IL-1 receptor agonist), or promote angiogenesis inducing
factors like vascular endothelial growth factor (VEGF) [8]. (see also Figure 4)
M1-macrophage secretion apparently is activated through different pathways e.g. by IRF5 or NF-κB evoked cascades [34,55]. Conversely, in M2-macrophages different
transcription factors, for example c-Maf and galectin-3 play main parts in activation
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[18,61], while the NF-κB cascade seems to be shut down via the inhibitor of κB kinase
(IKK) β [34].

Figure 4: Subsets of macrophages. Shown are major subtypes of macrophages (M1, M2a, M2b, M2c),
typical surface molecules expressed by them (CD for cluster of differentiation, MR mannose receptor, SR
scavenger receptor) and chemokine ligands (CCL, CXCL), interleukins (IL) and other substances secreted by
them (TLR for toll-like receptor, TGF for tumor growth factor, TNF for tumor necrosis factor, MHC for major
histocompatibility complex). Also, illustrated for M1-macrophages is the production of reactive nitric (RNI)
and reactive oxygen intermediates (ROI). (from Benoit 2013)

In vivo macrophage polarization is driven by environmental factors. The specific
combination of extracellular cytokines and/or microbial factors can induce many more
activation states than the above-mentioned M1 and M2 [10]. In a simplified view,
prominent M1 polarization stimuli are INF-γ, TNF-α, GM-CSF (granulocyte-macrophage
colony stimulating factor) and the bacterial LPS. M2-macrophages get polarized by
exposure to IL-4 or IL (interleukin)-13 resulting in the so-called M2a or alternatively
11
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activated macrophages. Stimulation of surface receptors such as TLRs, complement
receptors or Fc receptors by immune complexes and TLR ligands leads to a slightly
divergent M2 subset, named M2b, and following exposure to IL-10 and glucocorticoids
M2c cells are produced [10,63,69].
In vitro M-CSF (macrophage colony stimulating factor) and GM-CSF, hematopoietic
growth factors with a role in the immune response [17,40], are applied to monocytes in
order to generate macrophages. These in vitro monocyte-derived macrophages are
referred to as M1-MΦ – induced by GM-CSF - and M2-MΦ, when stimulated by M-CSF
[8,105,106]. M1-MΦ are characterized by an inflammatory secretome similar to the M1macrophages in vivo, including for example tumor necrosis factor and interleukins 6,
12p70 and 23, after contact with LPS. M2-MΦ are found to produce less proinflammatory cytokines (e.g. IL-10, chemokine ligand 2), which has also be found in the
M2-macrophages in vivo [33,105]. They have proven to be a useful reliable model for
experiments on macrophages in the past.
Nevertheless, one has to keep in mind that the classification into two subsets shows the
extremes of a continuum of macrophages with varying degrees of differentiation in
between [64].

1.2.3 Morphology of MΦ
M1-MΦ show a fried-egg shape and abundant cytoplasm [113]. In contrast, M2-MΦ are
spindle-shaped, elongated and form an adherent monolayer in culture. Their cytoplasm is
found to be filled with a huge number of vacuoles and lysosomes but only little
mitochondria. By contrast, mitochondria are numerous in M1-MΦ [113]. Even if both
subpopulations attach well to plastic surfaces, M1-MΦ have a higher tendency to
accumulate in colonies. As to specific surface markers, CD163 has been found to be
expressed in higher amount on M2- than on M1-MΦ [106,113]. Furthermore, in 2013 Wu
et al. demonstrated that expression of TLR3, TLR7, TLR8 and cytosolic retinioid acidinducible gene I (RIG-I) was higher in M1-MΦ than in M2-MΦ [113].
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1.3 HCMV and macrophages
In vivo human macrophages are both host sentinels against virus replication on the one
hand [79] and important target cells for HCMV infection on the other [88]. Macrophages
may serve as a site of virus reactivation from latency [reviewed in 79,87]. Since HCMV can
replicate in macrophages- though with low rates in comparison to fibroblasts [31,88] macrophages are responsible for dissemination of the virus throughout the body [66].
Primary human M1- and M2-MΦ, representing the two types of macrophages in vitro,
can be generated and infected in order to investigate the initial steps of HCMV infection.
Strikingly, infection rates in M2-MΦ infected with the same strain of HCMV under equal
conditions are found to be higher than in M1-MΦ [8]. The reason for this difference in
susceptibility is so far unclear.

1.4 Putative HCMV receptors on human macrophages
It is well established that HCMV attaches to cells by binding to heparan sulfate
proteoglycans on the cell surface. However, the mechanisms used to enter into the
cytoplasm are not fully understood. A multitude of possible receptors and co-receptors
has been proposed so far [67].

1.4.1 CD13
CD13 is a metalloproteinase also called aminoproteinase N (APN). It is expressed on the
surface of epithelial cells of kidney and gut [85], on fibroblasts and on cells of the blood
such as granulocytes or macrophages [60]. CD13 is known to function as peptide
digestion enzyme in the gut [23] and as agent degrading neurotransmitters in the brain
[60]. In the past, CD13 has been considered a binding protein for the transmissible
gastroenteritis virus in pigs [24] or the human coronavirus [114]. At least two lines of
evidence support a direct role of CD13 as a HCMV co-receptor [52,90,91]: firstly, HCMV
binding and infection of human fibroblasts has been experimentally inhibited by using
13
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certain monoclonal antibodies directed against CD13. Additionally, it has been shown that
ectopic expression of CD13 increases susceptibility of mouse fibroblasts to HCMV [90].

1.4.2 Integrins
Integrins are heterodimeric proteins incorporated in the membranes of practically all
human cells. They are important for cell adhesion to extracellular matrix or other cells but
also play a role in cell signalling. Their engagement for example influences cytoskeleton
architecture, gene transcription and apoptosis. Integrin receptors are composed of two
peptide chains, alpha and beta. [11] In the last years integrins have been suggested as
entry receptors to HCMV. The idea of their involvement in post-attachment events and
fusion of the virus envelope with the cell membrane seems particularly intriguing as
HCMV infection evokes a range of cellular changes characteristic of integrin-induced
signalling, e.g. enhanced permeability to Ca2+, induction of phospholipases C and A2, and
activation of transcription factor NF-κB [54,101]. In fibroblasts, epithelial and endothelial
cells integrins comprising integrin chain beta-1 were identified as possible mediators of
HCMV entry. There are suggestions that a certain highly conserved domain of the virus
glycoprotein gB is responsible for this interaction. This domain interestingly does not
contain the RGD (arginine-glycine-aspartate) motif typical for integrin binding. Block of
integrin binding as well as experiments with integrin knock-down cells showed HCMV
entry is drastically reduced when the virus is not able to interact with certain integrin
chains, namely beta-1 and beta-3. More specifically, integrin alphaυbeta3 has been
suggested as a potential co-receptor, facilitating HCMV entry together with EGFR (see
below). [29,30,108]

1.4.3 Bone marrow stromal antigen 2 (BST2)/ Tetherin
BST2 or tetherin is a protein located on the cell surface as well as in intracellular
membranes of various cells [56]. Constitutive levels of expression are low on most cell
types, but can be raised by stimulation with type I IFN. They are highly expressed a priori
on IFN producing cells, such as plasmacytoid dendritic cells. [12] BST2 consists of 181
amino acids, with the N-terminus in the cytoplasm, a transmembrane domain, an
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ectodomain exhibiting a characteristic coil-coiled structure and finally a glycosylphosphatidylinositol (GPI) anchor at the C-terminus [56].
Tetherin plays a role in immune defence against Kaposi Sarcoma Herpes Virus (KSHV)
[62,73] and has been described as an important Human Immunodeficiency Virus (HIV)
restriction factor [4,38,48,51,58,62,73,76,81,110].
Recently, and somewhat contradicting its established anti-viral role, results were found
suggesting that BST2 might be an entry receptor for HCMV. Firstly, infected fibroblasts
exposed to supernatants containing high amounts of BST2 showed an elevated
production of IE1 as well as an increased viral genome transcription in comparison to
non-treated fibroblasts.
Additionally, silencing of BST2 expression in fibroblasts and monocytes decreased viral
entry and led to significantly lower levels of pp65 and IE1 after infection as well. [107]

1.4.4 EGFR
In 2003 EGFR was proposed as an entry receptor for HCMV, which supposedly functions
over a connection to viral gB [109]. Breast cancer cells not expressing the receptor were
transfected with complementary DNA for EGFR and new susceptibility to infection could
be detected as a result. Blocking of the receptor on fibroblasts with specific antibodies led
to considerable decrease in infection. The significance of the receptor for entry of HCMV
into cells could be confirmed by some authors in monocytes [19], but it has been
contradicted by others using similar experimental approaches [44].

1.4.5 Platelet Derived Growth Factor Receptor α (PDGFR-α)
If the expression of tyrosine kinase PDGFR-α is knocked down by siRNA (small interfering
RNA) in fibroblasts, entry of HCMV as well as expression of IE1 and pp65 and synthesis of
infectious progeny virus are significantly diminished. Block of the receptor binding site as
well as inhibition of its signaling activity led to suppressed IE1 expression in fibroblasts,
epithelial and endothelial cells.
These results argue for a role of PDGFR-α in HCMV infection, particularly as an entry
receptor. There are hypotheses that viral glycoprotein gB interacts with the kinase and
15
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triggers virus uptake. [93] Moreover, this process is thought to induce phosphorylation of
the receptor entailing the activation of signaling pathways that probably are vital for
long-range survival of HCMV in cells [47].
However, other results are not in agreement with this model and suggest that PDGFR-α
plays a role as an inductor of unconventional entry pathways that increases HCMV
infection rates, but is not necessary an entry receptor [104].

1.5 Intrinsic factors possibly influencing HCMV infection in human
macrophages
Intrinsic antiviral cell factors that play a role for viral infection are TLRs, RIG-I and PML.
TLRs and RIG-I are important PRRs (pathogen recognition receptors), that will sense and
initiate defensive cascades against immunogenic agents like viruses. PML is a nuclear
protein with antiviral features when in contact with virus DNA.

1.5.1 TLRs and RIG-I
The typical structure of TLRs roughly consists of a domain containing several leucine
repeats responsible for the binding to specific pathogen-associated molecular patterns
(PAMPS) and a so-called Toll/IL-1 receptor (TIR) cytoplasmic domain, giving way to
intracellular downstream signaling.
The TLRs -2 and -4 are surface receptors responsible for recognition of molecules of
bacterial cell walls and viruses. TLR-3 and TLR-9 by contrast are found in compartments
within the cell such as the endoplasmaic reticulum or endosomes and nucleic acid species
derived from viruses are recognized through them.
RIG-I is a member of a family known as RIG-I-like receptors (RLRs), RNA helicases within
the cytoplasm that detect RNA species generated there. It is composed of two caspase
recruiting domain (CARD)-like domains that activate downstream pathways and one RNA
helicase domain.
The signaling triggered by TLR- and RIG-I activation eventually results in increased
transcription of type I IFN - dependent or independently of adapter protein myeloid
16
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differentiation primary response gene 88 (MyD88) - and other proinflammatory
cytokines. [reviewed in 53]
In previous studies it has been shown that HCMV engages all of the aforementioned TLRs.
Activation of TLRs 3, 4 and 9 induces inflammation and shifts cells to an antiviral state.
TLR-2 interestingly also appears to be involved in early steps of infection, like attachment
and virus entry [13]. But furthermore, particularly for TLR-2, reports exist showing the
importance of the receptor in cellular immune response to HCMV [20]. RIG-I is increased
in level of expression by activation through HCMV, leading to IFN secretion. However, 48
hours pi the virus apparently starts to counteract this effect as the destruction of the
receptor is observed [84].

1.5.2 Promyelocytic leukemia protein (PML)
PML is an IFN responsive protein [94] which serves as the indispensable scaffold of a
subnuclear complex called ND10 [46,115]. It has been shown that immediately upon
infection, HCMV co-localizes with ND10 [2,45]. ND10 is thought to play a part in the
inhibition of efficient transcription of the viral DNA [59], presumably by causing
epigenetic modifications [100].
In fact, knockdown of the expression of PML in fibroblasts leads to higher replication
rates of HCMV [97].
Interestingly, HCMV is able to overcome this defensive mechanism. The tegument protein
pp71 counteracts the complex, which finally leads to disaggregation of the ND10
structure and unhindered expression of the first IE-gene products.
Newly synthesized IE1 then induces a complete destruction of the integrity of PML, thus
permitting regular DE- and L-gene expression as well as normal viral replication rates.
[22,39]
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1.6 Aim of the study
In vivo macrophages can acquire a broad spectrum of functional states and the two
opposite extremes have been defined as classically activated pro-inflammatory
macrophages and alternatively activated anti-inflammatory macrophages. In vitro, cells
with similar features can be generated stimulating monocytes with different growth
factors and are called M1-MΦ and M2-MΦ.
HCMV, a β-herpesvirus with a high morbidity in immunosuppressed individuals, infects
M2-MΦ at a higher rate than M1-MΦ in vitro.
This study aimed at finding out differences between M1-MΦ and M2-MΦ per se and
during infection that might explain this phenomenon. Putative entry receptors (CD13,
integrins, BST2/Tetherin, EGFR and PDGFR-α) as well as intrinsic cellular factors (TLRs,
RIG-I, PML) were pondered as responsible agents that might influence especially the early
stages of infection in the two MΦ subsets in different ways.
The investigation of these differences is interesting for several reasons.
First, finding factors that might restrict or enhance infection by comparing these cells
could help to better understand the process of HCMV infection in general and what is
needed on a cellular level to overcome it.
Secondly, macrophages are important immune response coordinating cells.
Understanding how (different kinds of) macrophages interact with HCMV might help
explain how the virus is able to persist under the defense mechanisms of the human
immune system.
Finally, close examination of the differences found between the two MΦ subtypes during
the HCMV infection cycle might point to characteristic differences between M1-MΦ and
M2-MΦ in general. It is still not known how the two types of MΦ, differentiated from the
same cell line, arrive at their antithetic phenotypes. Better comprehension is desirable as
the balance of the two macrophage types, M1 and M2, plays an important role in
inflammation, fibrosis and even tumor growth in vivo.
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2.1.1 Chemicals, Solutions, Media and Equipment

Chemicals and Media

Company

Reference Number

3-Amino-9-ethylcarbazole

Sigma-Aldrich
Chemie GmbH,
Germany

A5754

Acetic acid 100%
anhydrous

Merck KGaA,
Germany

100063

Acetone , p.a.

Sigma-Aldrich
Chemie GmbH,
Germany

32201

1% Agarose (10 mg/ml)
Seakem

Lonza, Switzerland

50004

Aqua ad injectabilia (Aqua
a.i.)

B.Braun, Germany

2351744

Bovine serum albumine
(BSA)

A8327

DiNatriumhydrogenphosphat
(Na2HPO4)

Sigma-Aldrich
Chemie GmbH,
Germany
Carl Roth GmbH &
Co. KG, Germany

P030.1

Dipotassium hydrogen
phosphate (K2HPO4)

Merck KGaA,
Germany

1051041000

Dulbecco PBS (phosphate
buffered saline) w/o Ca2+
and Mg2+

PAA Laboratories
GmbH, Austria

H15-002

Ethanol absolute

VWR Chemicals,
France

20821.330

Ethidiumbromide solution

Carl Roth GmbH &
Co. KG, Germany

2218.2
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Ethylenediaminetetraacetic
acid (EDTA)
Fetal calf serum (FCS)
37% Formaldehyde
solution
Formamide
10% Human
Immunoglobulines
Flebogamma

Sigma-Aldrich
Chemie GmbH,
Germany
Sigma-Aldrich
Chemie GmbH,
Germany
Sigma-Aldrich
Chemie GmbH,
Germany or
equivalent
Sigma-Aldrich
Chemie GmbH,
Germany
Grifols Deutschland
GmbH, Langen,
Germany

L2331
F0804

252549-1L

47670-1L-F

Hydrogen peroxide (H2O2)

Fischar

6311092

L-Glutamine

PAA Laboratories
GmbH, Germany

M 11-004

Lymphoprep Lymphocyte
Separation Medium LSM
1077

PAA Laboratories
GmbH, Germany

J15-004

Magnesium chloride 3M
(MgCl2)

Carl Roth GmbH,
Germany

KK36.3

Methanol p.a.
Minimum essential
medium (MEM)
Mixed Bed resin

Sigma-Aldrich
Chemie GmbH,
Germany
Gibco life
technologies,
Germany

32213
21090-022

Bio Rad, USA

143-7424

N,N-dimethylformamide

Merck KGaA,
Germany

1.03034.1000

Paraformaldehyde (PFA)

Fluka Chemie AG,
Switzerland

30525-89-4

Penicillin/ Streptomycin

PAA Laboratories
GmbH, Germany

P11-010
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Pepsin from gastric mucosa
lyophilized powder

Sigma-Aldrich
Chemie GmbH,
Germany

091M7020V

Potassium hydrogen
phosphate (KH2PO4)

Merck KGaA,
Germany

1370395000

Gibco life
technologies,
Germany

13870-025

Merck KGaA,
Germany

1.06267.1000

RPMI media 1640
Sodium acetate

Sodium azide
Sodium chloride
20x SSC (salinesodiumcitrate)
Buffer (0.3 M sodium
citrate in 3 M NaCl)

Sigma-Aldrich
Chemie GmbH,
Germany
Sigma-Aldrich
Chemie GmbH,
Germany

S2002
31434-IKG-R

Sigma-Aldrich
Chemie GmbH,
Germany

S6639-1L

Sucrose

Sigma-Aldrich
Chemie GmbH,
Germany

S0389

Triton-X-100

SERVA GmbH,
Germany

37238

Trypan blue

Carl Roth GmbH &
Co. KG, Germany

L6323

Trypsin

PAA, Austria

L11-660

Growth factors

Company

Reference
Number

Recombinant GM-CSF

R & D Systems, USA

215-GM

Recombinant M-CSF

R & D Systems, USA

216-MC
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Special materials for cell preparation
Monocyte Isolation Kit

Company

Reference Number

Monocyte Isolation Kit
II human

MACS Miltenyi Biotec

130-091-153

Separation Columns for Monocyte
Isolation
LS Columns

Company
MACS Miltenyi Biotec

Antibodies for indirect immunofluorescence
Primary antibodies
for indirect
immunofluorescence
Purified Mouse AntiHuman CD13
Mouse Anti-IE 1-2
(anti-CMV I.E.A.)
PML (PG-M3)
Hybridoma anti-gB
27-287
Hybridoma antipp150
Anti-pp65
Gammunex 10%
Human
Immunoglobulins

Company

Reference
number

Used
dilution

BD
Pharmingen,
Germany

555393

pure

Argene, France

11-003

1:500

Santa Cruz
Biotechnology,
Inc.

sc-966

1:50

laboratory stock

pure

laboratory stock

pure

Argene, France

1:20

Talecris,
Biotherapeutics
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Secondary antibodies
for indirect
immunofluorescence
Alexa Fluor 488
F(ab’)2 fragment of
goat anti-mouse IgG
(H+L)

Company

Reference
number

Used
dilution

invitrogenTM by
lifetechnologies,
USA

A11017
991633

1:1000

Alexa Fluor 555
F(ab’)2 fragment of
goat anti-mouse IgG
(H+L)

invitrogenTM by
lifetechnologies,
USA

A21425
997829

1:1000

Antibodies for flow cytometry
Antibodies for
Fluorescence
Analysis Cell Sorting
Purified Mouse AntiHuman CD13
PE Mouse anti
human CD14
PerCP Mouse IgG1 κ
Isotype

Company
BD Bioscience
Pharmingen
BD, Germany
BD Bioscience
Pharmingen

Reference
Number

Used
dilution

555393

1:10

555398

1:25

559425

1:2

IgG2a PE Isotype
control

MACs

130-098-849

1:5

Mouse IgG2b
Isotype control
Phycoerythrin

R&D
Systems, USA

IC0041P

1:5

Polyclonal Goat
Anti-Mouse
Immunoglobulins/
RPE Goat F(ab’)2

Dako
Denmark A/S,
Denmark

Mouse IgG1 control PEconjugated
Mouse IgG1 control
APC-conjugated

R0480

Immunotools,
Germany

21275514S

Immunotools,
Germany

21275516S
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Mouse IgG2a
control PEconjugated
Anti-human CD1a
FITC-conjugated
Anti-human CD11a
APC-conjugated

Immunotools,
Germany

21275524S

Immunotools,
Germany

21270013S

1:25

Immunotools,
Germany

21270116S

1:25

Anti-human CD11b
PE-conjugated

Immunotools,
Germany

21279114S

Anti-human CD11c
APC-conjugated

Immunotools,
Germany

21487116S

Anti-human CD18
PE-conjugated

Immunotools,
Germany

21270184S

Anti-human/ mouse/ -porcine
CD29 FITCconjugated

Immunotools,
Germany

21270293S

Anti-human CD41a
FITC-conjugated

Immunotools,
Germany

21810413S

Anti-human CD49d
FITC-conjugated

Immunotools,
Germany

21488493S

Anti-human CD61 FITCconjugated

Immunotools,
Germany

21330613S

Anti-BST2
antibody
PE Mouse AntiHuman CD14
PE Mouse AntiHuman EGF
Receptor

1:25

1:25
1:25
1:25

1:25

1:25
1:25
1:25
1:10

kindly provided by the Institute of Molecular
Virology, University Hospital, Ulm
BD
Pharmingen,
Germany
BD
Pharmingen,
Germany
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PE Mouse Antihuman CD140a

BD
Pharmingen,
Germany

Fixation/ Permeabilization Kit
Cytofix/ CytopermTM Fixation/
Permeabilization Kit

556002

2:5

BD Biosciences, USA

Special materials for RNA extraction, reverse transcription and PCR
RNA isolation kit
RNeasy Mini Kit 50

Company
Roche, Switzerland

Reference number
74104

PCR Reagents
100 bp DNA ladder
5x reaction buffer for
M-Mul V RT
DNAse I, RNAse free
EDTA
Oligo (dT)18 Primer
PCR nucleotide mix 10
mM
RiboLock RNAse
Inhibitor
RevertAid H Minus MMul V reverse
transcriptase
PCR reaction buffer
10x
Taq DNA polymerase

Company
NEB, Germany

Reference number
N32315

Fermentas, Lithuania

EP0451

Fermentas, Lithuania
Fermentas, Lithuania
Fermentas, Lithuania

EN0521

Roche, Switzerland

11814362001

Fermentas, Lithuania

EO0382

Fermentas, Lithuania

EP0451

Roche, Switzerland

11271318001

Roche, Switzerland

11435094

DNA ladder
100 bp ladder

Company
New England Biolabs,
Germany

SO132

Reference Number
N3231

Special materials for fluorescence in-situ hybridization (FISH)
FISH DNA Probe
ON C-MET (7q31)/ SE
7

Company
Kreatech Diagnostics,
Netherlands

25

Reference Number
KBI-10719

2. Materials and Methods
2.1 Materials

Equipment
Flasks, tubes and plates
75 cm2 tissue culture flask (T75)

Sigma-Aldrich Laboratories GmbH,
Germany

Tube 50 ml, plastic

Falcon

Tube 15 ml, plastic

Falcon

Tube 1.5 ml, plastic

Eppendorf, Germany

Tube 2 ml, plastic

Eppendorf, Germany

5 ml Polystyrene Round-Bottom

BD Falcon, Germany

Tube
96-well plate, U-bottom with lid

Greiner bio-one CELLSTAR®

96-well plate, F-bottom with lid

Greiner bio-one CELLSTAR®

Ibidi-slide 15 μ slides, 8 wells

ibiTreat

Culture dishes lumox® dish 35

SARSTEDT Aktiengesellschaft,
Germany

Object slides and cover glasses
30 Menzel Gläser, cut edges,

Gerhard Menzel GmbH, Germany

frosted end
100 Deckgläser 24 x 60 mm #1

Gerhard Menzel GmbH, Germany

Menzel Gläser
IMM ibidi Mounting Medium for

Ibidi GmbH, Germany

fluorescence microscopy
Water bath
37°C water bath

Kottermann Labortechnik, Germany

42°C water bath

GFL

Sterile bench
HERA safe

Heraeus, Germany

Incubator
HERA cell 150i CO2 Incubator

ThermoScientific, Germany
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Centrifuges
Eppendorf centrifuge 5417C

Eppendorf, Germany

Megafuge 1.0

Heraeus, Germany

Megafuge 1.0R

Heraeus, Germany

L7-56 ultracentrifuge

Beckman, USA

Cytofuge® Cytocentrifuge Stat Spin

Stat Spin, USA

2
Heating blocks
Thermomixer compact

Eppendorf, Germany

Thermostat 5320

Eppendorf, Germany

Vortexer
Vortex genie 2TM

Bachofer Laboratoriumsgeräte,
Germany

Flow cytometer
FACSCalibur

BD, Germany

Gel Imaging and Documentation
Gel Doc 2000

Bio-Rad Life Science, USA

Microscopes
Primo Vert

Zeiss, Germany

Fluorescence microscope Axiovision

Zeiss, Germany

Pipettes
Sarstedt serological pipettes 5 ml

Sarstedt, Germany

Sarstedt serological pipettes 10 ml

Sarstedt, Germany

Sarstedt serological pipettes 25 ml

Sarstedt, Germany
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2.2.1 Cell culture
Solutions and media
Table 1| Recipe: Washing Buffer

Washing Buffer
500 ml

Dulbecco’s Phosphate Buffered
Saline (PBS)

10 ml

1% ethylene diamine tetraacetic
acid (EDTA) in PBS w/o Ca2+, Mg2+

Table 2| Recipe: Miltenyi Buffer

Miltenyi Buffer
500 ml
10 ml
8.3 ml

Dulbecco’s Phosphate Buffered
Saline (PBS)
1% ethylene diamine tetraacetic
acid (EDTA) in PBS w/o Ca2+, Mg2+
30% bovine serum albumin (BSA)

Table 3| Recipe: RPMI Complete Medium 10% FCS

RPMI Complete Medium 10% FCS
50 ml

Fetal calf serum (FCS)

5 ml

2 mM L-Glutamine

5 ml

100 U/ml Penicillin/Streptomycine

Fill up to 500 ml with

RPMI

Cell preparation
Monocytes were isolated from buffy-coats obtained from the Institut für Klinische
Transfusionsmedizin und Immungenetik Ulm GmbH. The monocytes were separated from
other PBMC (peripheral blood mononuclear cells) by negative selection using the MACSTM
monocyte isolation kit II. Therefore 30-40 ml blood were first diluted with 50-60 ml
Dulbecco’s PBS. 35 ml of this dilution were carefully transferred into a tube containing
15 ml lymphoprep solution, always carefully preventing the liquids from mixing. For each
buffy-coat two tubes were centrifuged at 1650 rpm (rounds per minute) for 25 minutes
without brake.
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The white rings which contain mononuclear cells (Figure 5) were collected and
centrifuged after the addition of a washing buffer of Dulbecco´s PBS 1% EDTA
(see Table 1) at 1450 rpm for 10 minutes. In order to remove all residues of the
lymphoprep the pellet was washed again in the same way. To remove the platelets, the
pellet was resuspended in Dulbecco’s PBS 1% EDTA prior to centrifugation at 1100 rpm
and 900 rpm. The thus isolated PBMC, which include monocytes, B-, T- and NK-cells
besides monocytes, were counted in a Neubauer counting-chamber. 150 x 10^6 PBMC
were transferred into a new tube, topped up to 30 ml with washing buffer and
centrifuged at 1100 rpm for 7 minutes.
Monocytes were subsequently isolated by negative selection using MACSTM
monocyte Isolation Kit II. The pellet was resuspended in 450 μl Miltenyi Buffer
(see Table 2) consisting of Dulbecco’s PBS 1% EDTA 8.3% BSA. 150 μl human Ig antibodies
were added as a Fc-receptor blocking reagent. 150 μl of a cocktail of biotin-conjugated
monoclonal antibodies against CD3, CD7, CD16, CD19, CD56, CD123 and Glycophorin A
were added to the cell population. Cells then were incubated at 4 °C for 10 minutes. 450
μl Miltenyi Buffer as well as 280 μl monoclonal antibodies were added, the latter of which
are conjugated to MicroBeads.

Figure 5: Buffy-coat preparation before and after centrifugation. Peripheral blood mononuclear cells are
isolated from buffy-coat preparations by layering the diluted blood sample on a lymphoprep solution and a
subsequent density centrifugation. Afterwards the cells can be aspirated from the interphase between the
lymphoprep and the plasma. (from https://www.researchgate.net/figure/268006373_fig4_Figure-4Separation-of-mononuclear-cells-from-blood-by-density-gradient-centrifugation)
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After 15 minutes at 4 °C Miltenyi Buffer was added up to 50 ml for another centrifugation,
at 1200 rpm for 10 minutes. The pellet was resuspended properly in 750 μl Miltenyi
Buffer and applied to a MACSTM LS column which was attached to a MiniMACSTM isolation
magnet and previously primed with Miltenyi Buffer. In this strong magnetic field labelled
cells were retained inside the column because of the paramagnetic MicroBead particles
attached to them and non-labelled monocytes could flow through. (Figure 6) In order to
thoroughly elute all unlabelled monocytes, the column was washed three times with 3 ml
Miltenyi buffer. All flow-through was collected and centrifuged at 1200 rpm for 7
minutes. The pellet was resuspended in 2 ml RPMI medium containing 10% FCS for cell
counting in a Neubauer counting-chamber. Then, the monocytes were diluted in RPMI
10% FCS (see Table 3) to a final concentration of 3 x 10^6 cells per ml and 2 ml were
seeded into sterile lumox® dishes.

Figure 6: Monocyte isolation using MACSTM Monocyte isolation kit II.
Peripheral blood mononuclear cells (PBMC) are labeled with magnetic antibodies against surface molecules
that are not present on most monocytes (depicted as purple cells). Cells subsequently are exposed to a
magnetic field within a column-shaped filter. The labeled cells are retained in the column because of their
magnetic antibody coating. Monocytes are not labeled and can be collected as flow-through.
(modified from https://www.miltenyibiotec.com/en/products-and-services/macs-cell-separation/cellseparation-reagents/monocytes-and-macrophages/monocyte-isolation-kit-ii-human.aspx)
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For differentiation of monocytes into macrophages in vitro (MΦ) specific growth factors
were added at a concentration of 100 ng/ml: GM-CSF was used to generate M1-MΦ and
M-CSF to generate M2-MΦ, respectively. Cell cultures were kept in an incubator at 37°C.
After 3 days the exhausted medium was replenished: 900 μl per dish were removed and
centrifuged in tubes at 1200 rpm for 7 minutes to collect floating cells. The pellet was
resuspended in fresh RPMI 10% FCS and put back into the dish. Growth factors were
added as at the beginning of the culture. Viable cells were continuously monitored for
contamination under a light microscope and kept under sterile conditions at all times.
One week after isolation monocytes had visibly differentiated into MΦ: the cells had
attached to the surface, they became bigger in size and had a less round shape than
monocytes. The MΦ were detached by alternating incubation in Dulbecco´s PBS for
5 minutes at 37°C and frequent pipetting and could be used for further experiments

2.2.2 Virus production
Solutions and media
Table 4| Recipe: Sucrose phosphate buffer

Sucrose phosphate buffer
74.62 g

Sucrose

1.218 g

K2HPO4

0.52 g

KH2PO4

Fill up to 1000 ml with

aqua dest.

Filtrate sterile
Table 5| Recipe: Staining solution

Staining solution used for plaque titration assay
One tablet
3-amino-9-ethylcarbazole (AEC)
dissolved in 4 ml

N,N-dimethylformamide

with 16 ml

acetate buffer (pH 5) (see Table 6)

and 30 μl

H2O2
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Table 6| Recipe: Acetate buffer

Acetate buffer
2.05 g

Sodiumacetate

Ad 500 ml with

H2O

pH 5 with

Acetic acid 100% anhydrous

Virus production and titration
Virus was produced under sterile conditions.
Human foreskin fibroblasts (HFF) were grown in minimal essential medium (MEM) in four
75 cm2 tissue culture flasks (T75). When the cells were confluent, the medium was
discarded and 3 ml PBS 2% EDTA were added and distributed homogeneously before
discarding them again to wash off the medium. This washing step was repeated twice.
Next, 1 ml trypsin solution was added to the cells and evenly distributed. Incubation with
this solution for cell dissociation was performed for maximum 5 minutes at 37°C. 5 ml
MEM were added and used to collect all cells by repeated rinsing. The medium with the
detached fibroblasts was transferred into a 50 ml tube. 0.7-1.5 x 10^5 HCMV-infected
human umbilical vein endothelial cells (HUVEC) which had been stored in liquid nitrogen,
were thawed in a 37° C water bath and added drop by drop to another 50 ml tube filled
up to 20 ml with MEM. Both tubes were centrifuged at 1100 rpm for 7 minutes. The
pellets containing either fibroblasts or the infected HUVEC were each resuspended in 1 ml
MEM. Five new T75 flasks, each containing 10 ml medium, were prepared. The HFF
suspension was mixed with the resuspended infected HUVEC. The proportion of
HUVEC:HFF was 1:24. The mixed cell cultures of HFF and HUVEC then were distributed
equally into the T75 flasks and the virus was propagated at 37°C for several days. When
cells showed cytopathic effects, such as plaque formation and nuclear inclusion bodies,
the supernatants were harvested and replaced by new medium. They were stored at 4°C
for two days while infected cells maintained at 37°C. At day 3 the supernatants were
collected again. Then, all supernatants were centrifuged at 5000 rpm at 4°C for 10
minutes, using maximum brake. In this way, cellular debris was concentrated in the pellet.
The fluid phase was distributed to pre-cooled polyallomer centrifuge tubes and balanced
carefully into a SW28 rotor of a Beckman L7-65 ultracentrifuge. Ultracentrifugation took
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place for 1 hour at 23 000 rpm at 4°C, stopping at maximum brake. The supernatants
were discarded and the virus pellet was resuspended in 250 μl of the cryoprotectant
sucrose-phosphate buffer (see Table 4) and the tubes were sealed with parafilm and
shaken gently for 3 hours to overnight at 4°C. Then, the virus pellet was completely
resuspended by pipetting up and down 30 to 70 times and adding an appropriate volume
of a 1:1 solution of MEM and sucrose phosphate buffer (Table 4). After careful mixing the
virus solution was aliquoted in sterile eppendorf tubes and stored at -80°C.
To determine the virus titer a titration assay was performed in HFF: On a 96-well plate
tenfold dilutions of virus in MEM (10-2 to 10-10) were added to MEM containing HFF of the
same culture (cultured and detached as described above) 1:1. This was performed in
triplicate for each dilution. The plate was kept in an incubator for 2 days at 37 °C. The
medium was discarded and the wells were washed in 0.01 M PBS. Fixation and
permeabilization of infected cells was performed by addition of 200 μl of
methanol:acetone (1:1) to each well and subsequent incubation at -20°C for 10 minutes.
Fixation solution was discarded and wells were dried.
To stain infected cell nuclei, wells were first incubated with 100 μl of PBS 1% milk for 15
minutes at 37°C to block unspecific antibody binding sites. After removal of the blocking
solution, 100 μl of the hybridoma supernatant 63-27, containing antibodies against the
virus antigens IE 1-2, were added to each well and incubated at 37°C for 45 minutes.
Then, cells were washed with 200 μl PBS thrice prior to addition of 100 μl of a prepared
staining solution (see Table 5). After 15 to 30 minutes the staining reaction was
accomplished, the cells were washed and stored in PBS at 4 °C. The number of IE1-2
positive red colored nuclei per well was counted under a light microscope at a dilution
with roughly 10-100 red nuclei . The virus titer (in plaque forming units pfu) was
calculated using the following formula:
virus titer [pfu/ml] = dilution factor x mean number of red nuclei per well at dilution d
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2.2.3 HCMV infection of MΦ
For all experiments with HCMV infection, the endotheliotropic laboratory strain TB40E
was used.
Prior to infection, the frozen virus was thawed in a water bath at 37°C. The number of
cells to infect was determined by counting in a Neubauer chamber under the light
microscope. The needed volume of virus preparation was calculated from the virus titer
and the required multiplicity of infection (moi) in the following way:

volume of virus stock =

moi x cell number
virus titer

The moi is defined as the mean number of infectious units per cell. The calculated volume
of virus stock was added to the cells in medium and kept at 37 °C until fixation of the cells
at the indicated time post infection (pi) .

2.2.4 Indirect immunofluorescence
Solutions
Table 7| Recipe: Phosphate Buffered Saline (PBS)

0.01 M Phosphate Buffer Saline (PBS)
8.5 g

NaCl

1.36 g

KH2PO4

Adjust pH to 7.8 using

1M HCl and 1M NaOH

fill up to 1000 ml with

aqua dest.
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Table 8| Recipe: Paraformaldehyde (PFA)

4 % Paraformaldehyde (PFA)
4g

PFA

100 ml

0.01 M Phosphate Buffered
Saline (PBS)

Dissolve in 50 ml PBS first, stir
magnetically at 40°C, adjust pH to 7.2
with

1M HCl or NaOH

add residual 50 ml PBS

Table 9| Recipe: Triton

Phosphate Buffered Saline (PBS) 0.2 % Triton
100 ml
0.01 M PBS
200 μl

Triton X-100

Table 10| Recipe: 0.01 M Phosphate Buffered Saline (PBS) 1% Bovine Serum Albumin (BSA)

0.01 M Phosphate Buffered Saline (PBS) 1% Bovine Serum Albumin (BSA)
50 ml
0.01 M PBS
1.7 ml

30% BSA

Immunofluorescence staining
Indirect immunofluorescence is a method suited for detection of cellular and viral
antigens. It is based on the specific antigen recognition by a primary antibody followed by
additional binding of a secondary fluorescence-labeled antibody recognizing the primary
antibody. To examine MΦ using this technique, 1 x 10^5 cells were seeded into each well
of ibidi-slides. After one day, the MΦ had attached to the well, the medium was removed
and cells were washed with PBS (see Table 7). Fixation of the cells was performed using
4% PFA (see Table 8). PFA is a cross-linking fixative which binds cellular proteins
covalently, which preserves them from degradation while maintaining the cellular
structure. The cells were washed twice with PBS. The cellular membranes were
permeabilized by incubation for 2 minutes with 0.2% Triton-X-100 solution (see Table 9)
in order to allow intracellular antibody penetration. Subsequently, they were washed
twice with PBS. 250 μl of the primary antibody dilution in 0.01 M PBS 1% BSA (see Table
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10) were added per well and the cells were incubated for one hour at 37°C. Then, after
washing thoroughly with PBS, 150 μl of the secondary antibody dilution were incubated
on the cells for 30 minutes at 37°C. From now on, the cells were kept in the dark.
Afterwards, the cells were washed three times with PBS. If indicated, the cytoplasm was
visualized by 0.001% Evansblue which was added to the cells (250 μl/well) for 3 min at
room temperature. The cells were stored in PBS at 4° C, protected from light, until
confocal microscopy and analysis were performed using AxioVision software.

2.2.5 Flow cytometry/ Fluorescence Activated Cell Sorting (FACS)
Solutions
Table 11| Recipe: Fluorescence Activated Cell Sorting (FACS) blocking solution

Fluorescence Activated Cell Sorting (FACS) blocking solution
1.5 ml
Fetal calf serum (FCS)
500 μl
1% NaN3 Sodium azide
5 ml
Human Immunoglobulins
Fill up to 50 ml with
0.01 M Phosphate Buffered Saline
(PBS)
Table 12| Recipe: Fluorescence Activated Cell Sorting (FACS) Washing Buffer

Fluorescence Activated Cell Sorting (FACS) Washing buffer
15 ml
Fetal Calf Serum (FCS)
5 ml
1% NaN3 Sodium azide
Fill up to 500 ml with
0.01 M PBS
Flow cytometry staining
A flow cytometer contains at least one laser emitting monochromatic light. The sample is
injected into a sheath fluid and transported to the laser. In this way, the cells are
separated so that only one cell after another passes through the laser beam. When the
cells in the sample are hit by the light source, they scatter the light depending on their
size and granularity.
These parameters are then sensed by a detector and can be recorded and quantified by a
connected computer and suitable software. Cells which were previously stained with
fluorescently labeled antibodies absorb part of the light reaching them and thereby emit
light at a different wave length. In this way the amount of cells which have bound the
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antibody (= percentage of positive cells) as well as the average number of antibodies
which have bound per cell (= mean fluorescence intensity MFI) can be measured. To
distinguish the different fluorescence intensities a complex system of lenses and filters
lies between the laser beam and the detector as another component of the flow
cytometer.

Figure 7: BD FACSCalibur optical path configuration. Fluorescently labelled cells flowing through the
cytometer are exposed to laser light. The light which is emitted by the cells passes through a collecting lens
and a system of mirrors (Fluorescence collecting lens, DM 560SP, 90/10 Beam splitter, DM640LP, Half
mirror) and can be quantified separately in individual channels (FL1-4, depicted with the corresponding
wave lengths : the first number is the mean, the second the width of the detected spectrum) depending on
the respective wave length which refer to the fluorescent antibodies bound to the cells. In the SSC channel
granularity is measured, in the FSC cell size.
(from http://www.bdbiosciences.com/instruments/facscalibur/features/)

To detect molecules on the surface of the cell membrane, the staining was performed in
the following way. Depending on the experiment, around 1 x 10^6 cells were detached
from culture dish and spun down. The pellet was resuspended in FACS blocking solution
(see Table 11) and the cells were distributed into FACS tubes (50 μl per tube). Antibodies
were added in the concentration recommended by the manufacturer instructions and
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were incubated with the cells for one hour at 4°C in the dark. If necessary, a secondary,
fluorescently labeled antibody directed against the primary antibody was added to the
sample after washing with PBS FACS Washing Buffer (see Table 12) (addition of 1ml PBS
followed by centrifugation 1300 rpm, 5 minutes, 4°C). The cells were resuspended in a
fixation solution to render them resistant to degradation and could be stored at 4°C until
acquisition.
For the analysis of differential surface and intracellular distribution of proteins, a portion
of the cells was permeabilized using 1 ml BD Cytofix/Cytoperm Solution. After 20 minutes
of incubation on ice, they were washed using 1 ml BD Perm/Wash buffer and after
centrifugation (1300rpm, 5 minutes, 4°C) resuspended in the same buffer. At this point
the cells were permeable and were incubated with the antibodies of interest and washed
and fixed as described before for the surface staining.
At the BD FACSCalibur cytometer the cells stained with FITC (fluorescein isothiocyanate)labelled antibodies were detected in channel FL-1, PE (phycoerythrin) –labeled cells in FL2 and APC (allophycocyanin) –labeled cells in channel FL-4.

2.2.6 RNA-extraction, reverse transcription (RT) and PCR
In order to quantify expression levels of genes of interest RNA was isolated and
transcribed into cDNA (complementary DNA) using reverse transcriptase. cDNA then
could be used for amplification of specific gene sequences by PCR.
RNA extraction
For RNA extraction the Qiagen RNEasy Mini Kit was used according to the manufacturer
instructions. Briefly, 1 x 10^6 cells were transferred into an eppendorf tube, centrifuged
at 10 000 rpm for 5 minutes, and lysed by resuspending the pellet with 350 μl RLT buffer
followed by vortexing. The homogenized cell lysate was mixed with 350 μl of 70%
ethanol. The lysate was then transferred onto a spin column placed in a collection tube.
After centrifugation for 15 seconds at 10 000 rpm, the flow-through was discarded and
700 μl of RW1 buffer were added onto the spin column before repeating the
centrifugation and discard of supernatant. Next, 500 μl of RPE buffer were added onto
38

2. Materials and Methods
2.2 Methods

the spin column and centrifugation was performed for 15 seconds at 10 000 rpm. This
step then was repeated, but with a centrifugation for 2 minutes at 10 000 rpm. Final
centrifugation was performed at 13 000 rpm for 1 minute to remove residual buffer and
then 25 μl RNAse free water were added to centrifugation for 1 more minute at 10 000
rpm to elute the RNA.
To exclude genomic DNA contamination, the RNA template was treated with DNAse I
according to the manufacturer instructions. Briefly, the DNA residues in 24 μl of RNA
template were digested by 3 μl DNAse I in 3 μl of 10x DNAse I buffer containing MgCl2.
After incubation at 37°C for 30 minutes on a heating block, 3 μl of EDTA were added – to
avoid chelate formation by metal ions – and incubated for 10 minutes at 65°C and then
chilled on ice.
Reverse Transcription
Fermentas RevertAid H Minus First strand cDNA Synthesis Kit was used for reverse
transcription. This technique was performed with a negative control for each sample,
which was not supplemented with any reverse transcriptase and hence cannot be
transcribed into cDNA. In the beginning, 1 μl Oligo (dT)18 primers was added to 11 μl RNA
of each sample, in order to give a starting point for the transcriptase. After an incubation
time of 5 minutes at 65°C, 8 μl of a mix (see table below) containing reverse transcriptase
buffer, a nucleotide mix and RNAse inhibitor were added per 12 μl sample. In the
negative controls, 1 μl of H2O (aqua a.i.) were included in the mix, while 1 μl RevertAid MMul V Reverse Transcriptase enzyme was added in the cases were the samples should be
transcribed. (see table 13) The reverse transcription was performed at 42°C for one hour
and terminated at 70° C for 10 minutes on heating blocks.
Table 13| Recipe: Mastermix for reverse transcription and polymerase chain reaction (RT-PCR)

Mix for reverse transcription and PCR (RT-PCR)
4 μl
5x reaction buffer for M-Mul V RT
2 μl
PCR nucleotide mix 10 mM
1 μl
RiboLock RNAse Inhibitor
1 μl
RevertAid H Minus M-Mul V
reverse transcriptase

39

2. Materials and Methods
2.2 Methods

PCR
The generated cDNA was used as template for a PCR with primers annealing within the
genes encoding for GAPDH, RIG-I, TLR-2, -3, -4 and TLR-9. The PCR was performed using a
PCR-mix containing aqua dest., Taq Polymerase Buffer and a nucleotide mix. In the case of
GAPDH 2.5 μl cDNA template were added and 0.5 μl forward and 0.5 μl reverse primer
were used. In the end 0.25 μl of Taq DNA Polymerase were added to start the reaction.
(Table 14) For RIG-I, TLR-2, -3, -4 and TLR-9 1 μl DNA-template, 0.5 μl primermix
(foreward and reverse sequence 1:1, see Table 15) and 0.5 μl Taq polymerase were added
(see Table 16). The optimal thermocycler programs for the PCR were as follows:
For RIG-I, TLR-2, -3, -4 and TLR-9
95°C 5 minutes,
2x [95°C 30 sec; 62°30 sec; 72°C 30 sec]
2x [95°C 30 sec; 60°C 30 sec; 72°C 30 sec]
2x [95°C 30 sec; 58°C 30 sec; 72°C 30 sec]
30x [95°C 30 sec; 56°C 30 sec; 72°C 30 sec]
72° C 10 min
10° C store
For GAPDH
95°C 2 minutes,
30x [95°C 30 sec]
30x [55°C 30 sec]
30x [72°C 30 sec]
72° C 2 min
4° C store
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Table 14| Recipe: Mastermix for polymerase chain reaction (PCR) for GAPDH

Mix for polymerase chain reaction (PCR) for GAPDH
18.25 μl
Aqua a.i.
2.5 μl
PCR reaction buffer 10x conc.
0.5 μ
PCR nucleotide mix 10 mM
Table 15| Primers for polymerase chain reaction (PCR)

Primers
GAPDH
RIG-I
TLR-2
TLR-3
TLR-4
TLR-9

Forward sequence
5’ –tga tga cat caa
gaa ggt gtt gaa- 3’
5’ –ttg cta tcg ggt caa
ca -3’
5’ –tga tgc tgc cat tct
cat tc -3’
5’ –acc cat acc aac atc
cct ga -3’
5’ –tga gca gtc gtg ctg
gta tc -3’
5’ –cta cga tgc ctt cgt
ggt ct -3’

Reverse sequence
5’ –tcc ttg gag gcc atg
tgg gcc at -3’
5’ –caa aag agc atc
cag caa ca -3’
5’ –cgc agc tct cag att
tac cc -3’
5’ –gcc ctc aaa gtg gat
gag aa -3’
5’ -cag ggc ttt tct gag
tcg tc -3’
5’ –gcc cac agg ttc tca
aag ag -3’

Table 16| Recipe: Mastermix for polymerase chain reaction (PCR) for RIG and toll-like receptors (TLRs)

Mix for polymerase chain reaction (PCR) for RIG and toll-like receptors
(TLRs)
42.5 μl
Aqua a.i.
5 μl
PCR reaction buffer 10x
0.5 μl
PCR nucleotide mix 10 mM
10 μl of the PCR products were mixed with 5 μl DNA loading buffer each and fractionated
on a 1% agarose gel containing ethidium bromide (see table 17). Electrophoresis was run
at 125 V for 15-30 minutes. DNA bands were visualized with UV-light and analyzed using
GelDoc software. As a marker 10 μl of New England Biolabs 100 bp ladder were run.
Table 17| Recipe: Gelelectrophoresis agarose gel

Gelelectrophoresis agarose gel
1% agarose gel
containing

1% (10 mg/ ml)
Agarose
Ethidiumbromid solution

2.5 μg
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2.2.7 Fluorescence in situ hybridization (FISH)
Solutions
Table 18| Recipe: Methanol:Acetic acid 3:1

Methanol: Acetic acid 3:1
75 ml
Methanol p.A.
25 ml
Acetic acid 100% anhydrous
Table 19| Recipe: Pepsin solution

Pepsin solution
1 mg

Pepsin from gastric porcine mucosa
lyophilized powder
water

In 20 ml
Table 20| Recipe: 0.5 M MgCl2

0.5 M MgCl2
16,6 g
83.3 ml

MgCl2 3M
H2O

Table 21| Recipe: Phosphate Buffered Saline (PBS)/ MgCl2

Phosphate Buffered Saline (PBS)/ MgCl2
40 ml
0.5 M MgCl2 (see Table 20)
360 ml
1 x PBS
Table 22| Recipe: 1% formaldehyde solution

1% formaldehyde solution
68 ml
2 ml

Phosphate Buffered Saline (PBS)/
MgCl2 (see Table 21)
37% formaldehyde solution

Table 23| Recipe: Deionized formamide

Deionized formamide
1L
50 g

Formamide
Mixed bed resin

Table 24| Recipe: 0.05 M NaH2PO4 x 2 H2O- Buffer

0.05 M NaH2PO4 x 2 H2O- Buffer
3,9 g
500 ml
11 ml

NaH2PO4
H2O
1 M NaOH
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Table 25| Recipe: Fluorescence in situ hybridization (FISH) Denaturation mix

Denaturation mix
49 ml

Deionized formamide (see Table
23)
20 x saline-sodiumcitrate (SSC)
0.05 M NaH2PO4 x 2 H2O- Buffer
(see Table 24)
25% HCl
H2O

7 ml
7 ml
3 drops from a 3 ml pasteur pipette
Filled up to 70 ml with

Table 26| Recipe: Fluorescence in situ hybridization (FISH) Wash A

Wash A
150 ml
30 ml
3 drops from a pasteur pipette
filled up to 300 ml with

formamide
20x saline-sodiumcitrate (SSC)
25% HCl
Aqua dest.

Table 27| Recipe: Fluorescence in situ hybridization (FISH) Wash B

Wash B
2.5 ml
Filled up to 500 ml with

20x saline-sodiumcitrate (SSC)
H2O

Table 28| Recipe: DAPI solution

DAPI solution
14 μl
70 ml

DAPI 1000 ng/ml
20x SSC

FISH protocol
Chromosomal regions or specific genes of interest can be visualized by hybridization of a
fluorescently labelled probe to the complementary DNA strand.
In our procedure 1.6 x 10^5 cells (i.e. MΦ, PBMCs) were harvested from culture dish. They
were resuspended in 160 μl PBS. Cytospots were prepared by centrifugation at 800 rpm
for 4 minutes. In this way, the cells were transferred onto an object slide and were fixed
immediately in methanol:acetic acid 3:1 (see Table 18) for 5 minutes at room
temperature. The slide then was placed in an appropriate pre-warmed jar containing 100
ml of 10 mM HCl with freshly added 200 μl of a 50 ng/ml pepsin solution (see Table 19).
The slide was kept in the jar at 37°C in a water bath for 3 to 15 minutes, depending on the
morphology of the examined cell type. Subsequently cells were washed in 2 x SSC for 5
minutes at room temperature. Fixation of the nuclei was performed in 1% formaldehyde
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solution (see Table 22) for 15 minutes. Then, slides were air-dried and denaturation of
double-DNA strands was initiated: the slides were incubated in a pre-warmed
denaturation mix containing deionized formamide (see Table 25) at 75°C for exactly 2
minutes. After serial dehydration in 70%, 90% and 100% ethanol for 5 minutes on ice, the
samples were air-dried. 2-10 μl probe were applied to the nuclei. If necessary, prior
denaturation was performed according to the respective manufacturer
recommendations. Cover glasses were attached to the slides and hybridization took place
in a slightly wet box in the dark at 37°C overnight. From now on, the samples were kept in
the dark. Cover glasses were removed and the cells were washed three times for 5
minutes at 42°C in Wash A containing formamide (see Table 26). A second washing step in
diluted SSC (Wash B, see Table 27) was performed the same way at 60°C.
Cell nuclei were counterstained in a DAPI solution (see Table 28) for 30 seconds at room
temperature.
Vecta shield mounting medium and cover glasses were applied to the slides before
analysis of the gene labelling at the fluorescence microscope.
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3. Results
3.1 HCMV infection rates are higher in M2-MΦ than in M1-MΦ
M1-MΦ and M2-MΦ, harvested after 7 days of monocyte stimulation with either GM- or
M-CSF growth factors, were infected with moi 5 and 0.5 of the highly endotheliotropic
HCMV strain TB40E. At 16-18 hours post infection (pi), corresponding to an overnight
incubation at 37°C, mock- and HCMV-infected MΦ were fixed, permeabilized and
processed for the measurement of the expression of IE1-2 gene products
(immunofluorescence staining described in the Materials and Methods section).

Figure 8: Infection rates of Human Cytomegalovirus (HCMV) in M1-Monocyte-Derived Macrophages (MΦ)
and M2- MΦ. M1-MΦ and M2-MΦ were infected with Human Cytomegalovirus strain TB40E with either a
multiplicity of infection (moi) of 0.5 or 5 and left in culture for one night at 37°C. Untreated, mock-infected
samples were included as control. After fixation the infection rates were detected using an antibody raised
against the viral protein IE1-2 and indirect immunofluorescence staining. The percentage of infected cells
was calculated by counting the nuclei stained positively for IE1-2 per DAPI stained nuclei in five pictures
taken at a magnification of 10x.

Counting of IE1-2 positive nuclei amongst nuclei stained by DAPI confirmed the earlier
observations and as shown in Figure 8 at the multiplicity of infection (moi) of 0.5 an
average of 21.5% of M2-MΦ were infected whereas in only 16.5% of M1-MΦ the virus
replication cycle was initiated. At the moi 5 the infection rates were
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69.7% and 31.8% in M2-MΦ and M1-MΦ, respectively. As expected, mock-infected MΦ
did not express IE1-2 proteins. (Figure 8) Because these results confirmed already
published [8] data the experiment was only carried out once.

3.2 Expression of putative HCMV receptors on M1-MΦ and M2-MΦ
Until now various cellular receptors have been suggested as entry receptors for HCMV
into MΦ. In order to test the hypothesis that the higher susceptibility to HCMV infection
exhibited by M2-MΦ depends on a faster and more abundant viral entry than in M1-MΦ,
the expression of these molecules were compared in M1- and M2-MΦ.

3.2.1 CD13
3.2.1.1 CD13 surface expression is similar on M1- and M2-MΦ
Measurement of CD13 surface expression was performed by FACS applying the
monoclonal antibody anti-CD13 clone WM15 at a concentration of 50 ng/ml. Isotypic
control was the mouse antibody IgG1κ diluted 1:3 in order to reach the same
concentration as the specific antibody.
As can be seen in one representative example (Figure 9), both M1- and M2-MΦ, were
highly positive for the expression of CD13 on their surface. With an average percentage of
approximately 100% in both cell types, the number of cells expressing CD13 on their
surface was almost identical in the two subsets. The levels of expression on the single cell,
represented by the mean intensity of fluorescence (MFI) values, were similar as well on
the two cell types.
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M1-Mϕ

M2-Mϕ

CD13

Figure 9: Fluorescence activated cell sorting (FACS) analysis of CD13 expression on the surface of M1Monocyte-Derived Macrophages (MΦ) and M2- MΦ. Cells were incubated with either anti-CD13 antibody
or isotypic control for one hour in the dark at 4°C. The purple area represents the signal given by the
antibody anti-CD13, while the green dashed histograms represent the signal given by the isotypic control.
The signal included in the marked region M1 was considered as specific because of the higher rate than the
signal for the isotype control IgG1κ. Histograms are representative of one out of three blood donors.

A comparative analysis performed on cells obtained from three different blood donors
(Figure 10) revealed that no significant differences could be found for the values of
positively stained cells nor for mean fluorescence intensities.
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Figure 10: Expression of CD13 in M1-Monocyte-Derived-Macrophages (MΦ) and M2- MΦ. Expression of
CD13 in M1- and M2-MΦ was evaluated in three different donors using anti-CD13 antibody by fluorescence
cytometry. This shows total percentage of cells expressing the surface molecule (A) and the mean intensity
of fluorescence per cell (B) as measured by Fluorescence activated cell sorting (FACS).

3.2.1.2 Blocking of CD13 by specific antibodies in M1- or M2-MΦ did not lead to
reduced infectivity rates
In order to estimate the significance of CD13 in the process of HCMV entry into MΦ
blocking of CD13 was performed by incubating about 1,2 x 10^5 cells with 500 ng/ml of
either anti-CD13 or the immunoglobulin concentrate Gammunex®. The latter can
completely impair HCMV infectivity in MΦ.
Cells were incubated for half an hour at 37°C with the anti-CD13 antibodies and
Gammunex®. During this time attachment to the cellular antigens was assumed to have
happened.
Afterwards cells were infected with the HCMV laboratory strain TB40E at a moi of 5. After
three hours at 37°C medium was changed in order to avoid delayed/asynchronous HCMV
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infection. 21 hours later cells were fixed, permeabilized and stained with anti-IE1-2
antibody in order to quantify the infection rates.
M1-MΦ

M2-MΦ

mock

moi 5
24 hours pi

Gammunex®
moi 5
24 hours pi

Figure 11: Human cytomegalovirus (HCMV) infection of M1- and M2-Monocyte-Derived Macrophages
(MΦ) is inhibited by immunoglobulin concentrate Gammunex® 1.2 x 10^5 M1- and M2-MΦ were left
untreated or incubated with immunoglobulin concentrate Gammunex®. 30 minutes later, M1- and M2-MΦ
were mock- and HCMV-infected (TB40E; multiplicity of infection (moi) of 5). 3 hours later unabsorbed virus
was removed and new medium was added for additional 21 hours. At 24 hours after infection, M1- and M2MΦ were fixed and stained with anti-IE1-2 antibodies (green) and DAPI (blue). Pictures (magnification 10x)
are from one experiment representative of three.

As shown in Figure 11 Gammunex® efficiently blocked HCMV infection when incubated
on cells half an hour before virus infection, leading to infection rates as low as 0.4 ( 
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0.69) % in M1-MΦ and 0 (  0) % in M2-MΦ as compared to 8.4 (  10.74) % in M1-MΦ
and 22.07 (  5.95) % in M2-MΦ when infection was performed without
immunoglobulins.
M1-Mϕ

M2-Mϕ

mock

moi 5
24 hours pi

anti-CD13
moi 5
24 hours pi

Figure 12: Human Cytomegalovirus (HCMV) infection of M1-Monocyte-Derived Macrophages (MΦ) and
M2-MΦ is not inhibited by anti-CD13 antibodies. 1.2 x 10^5 M1- and M2-MΦ were left untreated or
incubated with 500 ng/ml of anti-CD13 antibodies. 30 minutes later, M1- and M2-MΦ were mock- and
HCMV-infected (TB40E; multiplicity of infection (moi) of 5). 3 hours later unabsorbed virus was removed
and new medium was added for additional 21 hours. At 24 hours after infection, M1- and M2-MΦ were
fixed and stained with anti-IE1-2 antibodies (green) and DAPI (blue). Pictures (magnification 10x) are from
one experiment representative of three blocking experiments.

On the contrary, the cell treatment with anti-CD13 antibodies (Figure 12), did not lead to
any significant reduction of infection and the viral cycle started in 16.37 (  8.76) % of M150
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MΦ after pretreatment with the antibody as compared to 19.97 (  13.91) % of M1-MΦ
without treatment. The same was true for M2-MΦ and while cells exposed to anti-CD13
were infected as high as 45.17 (  31.31) %, 47.57 (  31.43) % of M2-MΦ were infected
when cells were not treated. (see also Figure 13)

Figure 13: Human cytomegalovirus (HCMV) infectivity rates in M1-Monocyte-Derived Macrophages (MΦ)
and M2-MΦ before and after blocking of CD13. Cells were left uninfected, infected with HCMV strain
TB40E with a multiplicity of infection (moi) of 5 or incubated with specific antibody against CD13 for 30
minutes before infection. Indirect immunofluorescence staining for viral protein IE 1-2 was performed at 24
hours pi. Percentage of infected cells was detected by counting of DAPI positive nuclei stained for IE1-2 per
picture taken by fluorescence microscopy at a magnification of 10x. Mean, minimum and maximum of
Infectivity rates obtained from three independent experiments are shown as horizontal lines.

Although drawing conclusions concerning the blocking experiments has to be done
somewhat carefully (see Discussion), one possible assumption is that CD13 might not be
the major component enabling HCMV to enter M2-MΦ more efficiently than M1-MΦ.

3.2.2 Similar surface expression of integrin chains on M1- and M2-MΦ
In this study, the expression of different types of integrins was quantified on the surface
of M1- and M2-MΦ by mean of FACS analysis.
0.6 x 10^6 cells of each of the two MΦ subtypes were detached from culture dishes and
processed for FACS staining using various fluorescent antibodies specific for different
integrin chains at the concentrations specified by the manufacturer instructions.
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The examined integrin chains were (in the order of their clusters of differentiation)
alpha-L, alpha-X, alpha-M, beta-2, beta-1, alpha-2b, alpha-4 and beta-3.
As can be seen in one representative example (Figure 14), the integrin expression profiles
were comparable in M1-MΦ and M2-MΦ and no clear differences could be seen. Taking
into account the corresponding isotypic controls, all examined integrin chains were found
to be clearly expressed on the surface of both M1- and M2-MΦ, except alpha-2b and
beta-3, which could not be detected on either cell type.
As depicted in Figure 15, alpha-L, alpha-M, alpha-X, beta-1 and beta-2 chains were
expressed by the majority of MΦ at relatively high levels. Expression of alpha-2b, alpha-4
and beta-3 were very low or undetectable. Despite the great variability between values
obtained from cells produced form different blood donors, a trend could be observed.
The highly expressed alpha-L, alpha-M and beta-1 seemed to be expressed at relatively
similar levels in M1- and M2-MΦ.
For alpha-X and beta-2 chains a slight difference could be detected. The MFI values of
alpha-X were higher on M2-MΦ than M1-MΦ in all experiments. The total percentage of
cells expressing alpha-X was either higher in M2-MΦ, too, or similar for both cell
subtypes. MFI values of beta-2 appeared to be higher in M1-MΦ than M2-MΦ in all
experiments.
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Figure 14: Analysis of integrin expression on the surface of M1-Monocyte-Derived-Macrophages (MΦ)
and M2-MΦ. Cells were incubated with the indicated antibodies for one hour in the dark at 4°C. While the
green dashed lines represent the adequate isotype control IgG1 (fluorescein isothiocyanate (FITC),
phycoerythrin (PE) or allophycocyanin (APC)), the purple areas represent cells positive for the staining with
the corresponding antibody. The percentage of positive cells was calculated within the borders of the sonamed “M1”-marker. The histograms show representative data of one out of three experiments.
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Figure 15: Analysis of integrin chain expression on M1-Monocyte-Derived Macrophages (MΦ) and M2MΦ. Expression of integrins on the surface of M1- and M2-MΦ was evaluated in three different donors
using specific antibodies recognizing the indicated chains. The percentages of positive cells (A) and the
mean fluorescence intensity values (B) are shown for M1- (white dots) and M2- (black dots) MΦ. MΦ
obtained from the same blood donor are connected by a line.
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Due to the high interdonor variability it is not possible to draw conclusive statements and
though interesting the two observations of a differential expression of alpha-X and beta-2
have to be confirmed by investigating additional cell preparation.

3.2.3 BST2/ Tetherin surface expression was higher on M2-MΦ than M1-MΦ in 4 of 5
experiments
Measurement of expression of tetherin on the surface of M1- and of M2-MΦ was
performed by FACS analysis.
One million cells of each subtype were resuspended and incubated with the primary
anti-BST2 mouse antibody diluted 1:200 as described in Materials and Methods and
subsequently with a secondary anti-mouse PE antibody diluted 1:20 for 30 minutes at 4°C
in the dark. As an isotypic control a sample with unstained cells was used because they
showed a fluorescence signal similar to the one of IgG1κ, an isotypic control used in other
experiments.
As can be seen in Figure 16 the expression of BST2 showed significant donor variability.
However, within individual experiments, the percentage of cells expressing BST2 was
higher in M2-MΦ than in M1-MΦ in all but one cell preparation where this phenomenon
was inverted. The same was observed for the values of mean fluorescence intensity:
levels were higher in M2-MΦ than M1-MΦ, except in the aforementioned single
experiment. (see also representative example in Figure 17)
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Figure 16: Bone marrow stromal antigen 2 (BST2) expression in M1- and M2- Monocyte-Derived
macrophages (MΦ). BST2 expression in M1-and M2-MΦ was evaluated in five different donors using antiBST2 antibody. The percentage of cells expressing the surface molecule (A) and the mean fluorescence
intensity values of BST2 per cell (B) are shown.
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M1- MΦ

M2-MΦ

Tetherin

Figure 17: FACS analysis of Bone marrow stromal antigen 2 (BST2)-expression in M1- and M2- MonocyteDerived macrophages (MΦ). Cells were incubated with anti-BST2 antibody for one hour in the dark at 4°C.
While the green dashed lines represent the signal given by the secondary anti-mouse phycoerythrin (PE)
antibody alone, the purple areas represent the signal given by the anti-BST2 antibody and the secondary
anti-mouse PE. The percentage of positive cells was calculated within the borders of the so-named “M1”marker.Histograms are obtained from one representative cell preparation out of five.

Although preliminary these data indicate that BST2 might have a role as an entry receptor
to HCMV since M2-MΦ, the subset more susceptible to infection, seem to express higher
levels of this protein.

3.2.4 EGFR is not expressed in M1- and M2-MΦ
In order to investigate the role of EGFR during HCMV infection of MΦ, the expression of
this receptor on cells was quantified by flow cytometry analysis.
While the monocyte and macrophage population marker CD14 was used as positive
control, the immunoglobulins IgG2b served as isotypic controls. One million cells were
resuspended as decribed in Materials and Methods and the same concentration of antiEGFR and IgG2b immunoglobulins were added.
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Figure 18: Expression of epidermal growth factor receptor (EGFR) on the surface and after
permeabilization of M1- and M2-Monocyte-Derived Macrophages (MΦ). For the surface staining, cells
were incubated with anti-EGFR antibody (EGFR phycoerythrin (PE)) for one hour in the dark at 4°C before
quick fixation and analysis at the cytofluorimeter. For the total staining, cells were fixed and permeabilized
with Cytofix/Cytoperm kit according to manufacturer instruction and then incubated with anti-EGFR
antibody (EGFR PE) for one hour in the dark at 4°C before. The purple area represents the signal resulting
from the anti-EGFR antibody, while the green dashed lines represent the isotype control IgG2b. The
percentage of positive cells was calculated within the borders of the so-named “M1”-marker.
Representative data from one of three experiments are shown.

In all experiments, the surface expression of EGFR was not detectable on M1- nor
M2-MΦ. Mean fluorescence intensity values were even lower than those of the isotypic
control thus indicating a complete lack of detection.
On the contrary, the positive control surface receptor CD14 was detected clearly in M1and M2-MΦ.
Since EGFR has been described as the most important receptor of HCMV and no signal
could be detected herein in cells highly susceptible to infection, the possibility was
considered that the receptor might not be exposed on the cell surface but remains in an
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internalized state in MΦ. As shown in Figure 18, the expression of EGFR was investigated
on non-permeabilized as well as permeabilized MΦ.
Results, however, were not different from investigations on surface expression. EGFR was
not detected on the surface of or inside M1- or M2-MΦ, thus indicating that MΦ do not
express EGFR on their surface or carry it within their cytoplasm.

3.2.5 PDGFR-α is not expressed in M1-MΦ and M2-MΦ
Like for EGFR, expression of PDGFR-α was examined in viable (cell surface) as well as in
fixed/permebilized (intracellular staining) MΦ.
As described before, the monocyte and macrophage population marker CD14 was used as
positive control and the immunoglobulin IgG2b served as isotypic controls. One million
cells were resuspended and incubated with the same amount of anti-PDGFR-α and IgG2b
immunoglobulins.
Similarly to EGFR, the PDGF receptor was not found on the surface of M1-MΦ or M2-MΦ
(Figure 19) and the signal given by the specific antibody was equal or even lower than the
signal given by the isotypic control.
This was also true for cells after permeabilization, as expression levels as measured by
FACS were not increased.
On the contrary, positive control CD14 was nicely detected on M1- and M2-MΦ.

59

3. Results
3.2 Expression of putative HCMV receptors on M1-MΦ and M2-MΦ

M1-MΦ

M2-M

PDGFR-α
on the cell surface

PDGFR-α
in permeabilized cells

Figure 19: Expression of Platelet Derived
Growth Factor α (PDGFR-α) on the surface and after permeabilizatin of M1- and M2-Monocyte-derivedMacrophages (MΦ). For the surface staining, viable cells were incubated with anti-PDGFR-α antibody
(CD140 phycoerythrin (PE)) for 1 hour in the dark at 4°C before quick fixation and analysis at the
cytofluorimeter. For the total staining, cells were fixed and permeabilized with Cytofix/Cytoperm kit
according to manufacturer instruction and then incubated with anti-PDGFR-α antibody (CD140 PE) for 1
hour in the dark at 4°C before. The purple area represents the signal resulting from the anti-PDGFR-α
antibody antibody, while the green dashed lines represent the isotype control IgG2b. The percentage of
positive cells was calculated within the borders of the so-named “M1”-marker. Representative data from
one of three experiments per setting are shown.
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3.3 Translocation of HCMV proteins gB, pp65 and pp150 from the cell
membrane to the nucleus takes place at a faster pace in M2-MΦ than in
M1-MΦ
Approaching the question whether the difference in susceptibility to HCMV in M1- and
M2-MΦ was already apparent at stages prior to viral DNA-replication, the intracellular
movements of the viral particles were investigated in the two types of MΦ using indirect
immunofluorescence assays. Thereby the structural virus proteins gB, pp65 and pp150
and their respective cellular localization were made visible at different time points after
infection for fluorescent confocal microscopy.
M1-MΦ and M2-MΦ were infected with a moi 5 of the HCMV-strain TB40E. At 3 and
6 hours pi cells were fixed using 4% PFA and permeabilized with PBS 0.2% Triton-X-100
prior immunofluorescence staining using specific monoclonal antibodies against gB, pp65
and pp150.
As Figures 20-22 show, M1-MΦ as well as M2-MΦ showed a clear signal for gB, pp65 and
pp150 suggesting that abundant viral particles entered in contact with both cell types.
However, the intracellular distribution of the proteins did not look comparable in the two
types of MΦ. Over a time course of 6 hours signals of all three molecules migrated faster
and more efficiently towards the nucleus in M2-MΦ than in M1-MΦ.
As shown in Figure 20, the main envelope glycocoprotein gB seemed to move in direction
of the cellular nucleus faster and more abundantly in M2-MΦ than in M1-MΦ.
3 hours pi the signal indicating viral gB was still in the periphery of M1-MΦ while in
M2-MΦ it was already distributed over the entire cytoplasm. 6 hours pi the diffuse
cytoplasmatic localization could also be observed in M1-MΦ, but meanwhile in M2-MΦ
gB was predominantly found in very close proximity to the nucleus. In agreement with the
expected localization of an envelope glycoprotein during infection, staining for gB was not
detected within nuclei. Additionally, mock-infected cells did not show staining for gB at
any time.
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Figure 20: Kinetic analysis of glycoprotein gB (green) distribution in M1-Monocyte-Derived macrophages
(MΦ) and M2-MΦ after Human cytomegalovirus (HCMV) infection. Cells were infected with TB40E
(multiplicity of infection (moi) = 5) for 3 and 6 hours. After fixation cells were incubated with a specific
antibody raised against glycoprotein gB and indirect immunofluorescence staining was carried out as
described in Materials and Methods. gB is labelled in green, while nuclei and cytoplasm are counterstained
with DAPI (blue) and Evansblue (red), respectively. Pictures (magnification 63x) are representative of three
independent experiments.

As shown in Figure 21, the tegument protein pp65 was detected in the nuclei of roughly
half of the M2-MΦ starting from 3 hours pi and the number of positive nuclei increased
until 6 hours pi. In contrast, at 3 hours pi none of the M1-MΦ nuclei were positive and
abundant pp65 signal localized perinuclearly. Only at 6 hours pi a small number of pp65
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positive nuclei could be detected in the M1-MΦ sample but the majority of cells still
presented a cytoplasmatic diffuse distribution.
M1-MΦ

M2-MΦ

pp65, 3 hours pi

pp65, 6 hours pi

Figure 21: Kinetic analysis of pp65 (green) distribution in M1-Monocyte-Derived-Macrophages (MΦ) and
M2-MΦ after Human Cytomegalovirus (HCMV) infection. Cells were infected with TB40E with a
multiplicity of infection (moi) of 5 for 3 and 6 hours. After fixation cells were incubated with a specific
antibody raised against the viral tegument protein pp65 (green), counterstained with DAPI (blue) and
Evansblue (red) as described in Figure 20. Pictures (magnification 63x) are representative of three
independent experiments.

As can be seen in Figure 21, the distribution pattern of pp150 was comparable to that of
pp65, though the translocation towards the nucleus in general seemed to happen more
slowly. At 3 hours pi in both M1-MΦ and M2-MΦ pp150 bordered the cell membrane and
accumulated in vesicular aggregates that distributed throughout the cytoplasm and in
proximity to the nucleus. In contrast, while at 6 hours pi pp150 could be detected in the
nuclei of the majority of M2-MΦ, in M1-MΦ only few nuclei showed specific fluorescence
for pp150 and the majority of cells exhibited a similar distribution pattern to the one
observed at 3 hours pi.
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Figure 22: Kinetic analysis of pp150 (green) distribution in M1-Monocyte-Derived Macrophages (MΦ) and
M2-MΦ after Human cytomegalovirus (HCMV) infection. Cells were infected with TB40E with a multiplicity
of infection (moi) of 5 for 3 and 6 hours. After fixation cells were incubated with a specific antibody raised
against the viral tegument protein pp150 (green), counterstained with DAPI (blue) and Evansblue (red) as
described in Figure 20. Pictures (magnification 63x) are representative of three independent experiments.

In summary the data demonstrate a faster and more efficient migration of structural
components of HCMV viral particles to the nucleus of M2-MΦ than M1-MΦ. Regarding
the higher susceptibility to HCMV infection exhibited by M2-MΦ as compared to M1-MΦ
a possible explanation could be that this phenomenon already origins from a difference in
viral entry (see Chapter 3.2) and/ or viral translocation rather than for example dissimilar
DNA-transcription or replication rates in the nucleus alone.
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3.4 Performance of FISH was not successful in MΦ, but a protocol for FISH
in PBMC could be established
Fluorescence in situ hybridization (FISH) allows the detection of specific DNA sequences
within cellular nuclei. In this study, it represented a potential way to visualize the viral
DNA delivered into the nucleus of a target host cell.
At first, a protocol for FISH was established in PBMC by applying a common positive
control in cytogenetic procedures, namely the probe hybridizing to the cellular gene
C-MET.
C-MET is located to chromosome 7 (7q31) and has a length of 420 kbp. Since C-MET can
be present in a replicated form in cancer cells, more than two copies might be feasible in
one cell. The probe used in these experiments was bought as ready-to-use and was
applied following the manufacturer instructions after a denaturation at 90°C for 10
minutes. The chosen probe for C-MET is directly labelled with red PlatinumBright550 (red
fluorescence) and is provided in combination with a probe for the centromer region of
chromosome 7 fluorescently marked by greenPlatinumBright495 (green fluorescence).

Figure 23: Fluorescence in situ detection (FISH) of cellular gene C-MET (red) and the centromeric region
on chromosome 7 (green) in the nuclei of peripheral blood mononuclear cells (PBMC). PBMC were
cytospotted, fixed and cellular peptides were digested by 5 minute incubation in a pepsin solution (0.1
ng/ml). DNA strands were denaturated with formamide at 75°C and dehydrated prior incubation with the
specific probes. Hybridization with the C-MET probe was performed at 37°C overnight in the dark. Nuclei
were counterstained with DAPI. The picture (magnification 100x) is representative of one experiment.

65

3. Results

1.6 x 10^6 PBMC isolated from buffy-coat were transferred to object slides by
centrifugation and FISH was performed as described in Materials and Methods.
As shown in Figure 23, centromers could be labelled by FISH and appeared as one or two
green dots in the majority of the PBMC nuclei. Moreover, at least in some nuclei the
staining for C-MET could also be visualized as minimum two red dots.
Plans were to broaden this technique to MΦ and, in a next step, to perform FISH in
HCMV-infected cells using a probe specific for hybridization to viral genes and to quantify
the genomes incorporated into the cell nuclei this way.
Unfortunately all attempts to detect C-MET in MΦ by FISH were not successful,
supposedly because of different cell morphology, especially concerning cell size and
resistance to pepsin digestion, and this technical approach had to be abandoned.

3.5 Analysis of putative intrinsic restriction factors for HCMV infection
Another possible explanation for the differing susceptibility of M1- and M2-MΦ to HCMV
infection is that pathogen recognition receptors usually responsible for virus sensing are
expressed in higher amount in M1- than in M2-MΦ and are then acting as intrinsic
restriction factors.

3.5.1 TLRs -2, -3, -4 and RIG-I are expressed in M1-MΦ and M2-MΦ, TLR-9 might not be
expressed in either cell type
Toll-like receptors and RIG-I have been previously described as factors playing a role in
cell entry of HCMV [13,20,84]. In this project, due to the lack of reliable antibodies for
FACS analysis, their expression in M1- as compared to M2-MΦ was evaluated by
measuring transcription by RT-PCR.
1 x 10^6 cells of each subtype were detached from culture dish, their total RNA extracted
and reversely transcribed into cDNA prior PCR analysis using a couple of primers designed
for the housekeeping gene GAPDH.
As shown in Figure 24, the cDNA obtained from both M1- and M2-MΦ was of sufficient
quality to allow the synthesis of the expected PCR product (250 bp size) corresponding to
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the GAPDH amplificates. Since samples where the reverse transcriptase was not added
did not allow the production of the PCR products it was concluded that the cDNA samples
were free from contaminating genomic DNA.

100
200 bp
100 bp

m1
M1 +RT M1 –RT M1 +RT M1 –RT M2+RT M2 -RT M2 +RT M2 -RT

GAPDH

Figure 24: Expression of housekeeping gene GAPDH in M1-Monocyte-Derived Macrophages (MΦ) and
M2-MΦ. RNA was isolated from M1- and M2-MΦ. Total RNA was either retro-transcribed into cDNA
(indicated as +RT) or incubated without reverse transcriptase (indicated as –RT). The products of these
reactions were used as templates for the polymerase chain reaction (PCR) with a couple of primers
complementary to the GAPDH housekeeping gene. DNA ladder is run on the left; expected size of the PCR
product is 250 base pairs (bp). Templates from the same donor were run twice for M1- and M2-MΦ each.

A similar approach was used to investigate the expression of RIG-I, TLR-2, -3, -4 and -9. As
shown in Figure 25 no PCR products corresponding to RIG-I, TLR-2, -3, -4 and -9 could be
found in the used negative control, distilled water. On the contrary, specific products for
RIG-I, TLR-2, TLR-3 and TLR-4 could be found at similar intensities in both M1- and M2MΦ.
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Figure 25: Expression of RIG-I, TLR-2, TLR-3, TLR-4 and TLR-9 in M1-Monocyte-Derived Macrophages (MΦ)
(M1), M2-MΦ (M2) and in a negative control, aqua dist., as detected by polymerase chain reaction (PCR).
RNA was isolated from M1- and M2-MΦ and retro-transcribed into complementary DNA (cDNA). All
products of these reactions were used as template for the PCR reaction with couples of primers
complementary for the RIG-I, TLR-2, TLR-3, TLR-4 and TLR-9 gene. As a negative control aqua dist. was used.
DNA ladder is run on the left, expected size of the PCR product is 150-200 base pairs (bp).

RNA of each of these four molecules could be shown to be transcribed in M1- as well as
M2-MΦ, indicating the presence of these molecules in the cells.
In the case of TLR-9 the situation was less clear. As Figure 25 depicts, putative bands
could not be differentiated from primer luminescence and there might not have been any
bands at all. This result would be in accordance with reports that limit expression of TLR-9
to plasmacytoid dendritic cells.
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3.5.2 Investigation of PML in M1- and M2-MΦ
In order to take a closer look at the presence and fate of PML during HCMV infection, M1and M2-MΦ were mock- and HCMV-infected (TB40E, moi = 10) for 3, 6 and 24 hours prior
to fixation and indirect immunofluorescence staining of PML.
In parallel, one well per MΦ subtype was stained with anti-IE1-2 antibodies in order to
assess the infection rates. The typical effect of M2-MΦ being infected to a higher degree
than M1-MΦ appeared also for the cells in these experiments.
Over a course of 24 hours a phenomenon was observed that was consistent with the
findings on PML during HCMV infection so far. HCMV is able to break PML’s structural
integrity , thereby probably overcoming the antiviral effects of the ND10 component.
[reviewed in 98]
In the beginning of the HCMV infection the amount of nuclear dots indicating PML was
more or less the same as in mock infected cells. As infection went on they appeared less
numerous and smaller dots, supposedly representing particles from dispersed PML,
appeared. This process went on until the majority of PML dots was found as a diffused
fluorescence all over the nucleus or the signal for PML was gone completely, presumably
indicating that the particles of the dispersed PML had become too small to be detected.
As shown in Figure 26, 3 hours pi green stained dots representing PML within the ND10
complex were still visible in the nuclei of both subtypes of MΦ in the majority of cells and
had a compact round shape.
Visible 6 hours pi in M2-MΦ a dissolving process of PML had started. Stained PML dots
either appeared in lower number in one section of cells or there were no clearly stained
dots visible any more in another. Instead, staining became more unspecific, with a
coloring all over the nucleus or very small stained spots that were no longer regarded as
PML dots and probably represent dispersed parts of dissolved PML. At the same time, in
M1-MΦ, this effect of infection did not yet appear in great numbers.
However, 24 hours pi this changed: In M1-MΦ there were less cells showing staining for
PML in their nuclei next to a high number of cells with no signal for PML at all or
dispersed PML. In M2-MΦ 24 hours pi, practically all nuclei showed no staining at all or
disseminated color all over the nucleus.
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Figure 26: Analysis of promyelocytic leukemia antigen (PML) distribution (green) in M1- and M2Monocyte-Derived Macrophages (MΦ) during Human cytomegalovirus (HCMV) infection. Cells infected
with HCMV strain TB40E with a multiplicity of infection (moi) of 10 for different times (mock, 3, 6 and 24
hours) were incubated with anti-PML antibody and immunofluorescence staining was performed as
previously described. This experiment was carried out 3 times, and twice additionally for the mock samples.
green: PML, blue: DAPI, red: Evansblue, magnification 63x

So in summary PML apparently is disintegrated in its structure by HCMV earlier and more
complete in M2-MΦ than M1-MΦ during the first 24 hours pi.
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In order to find out whether there were different basal levels of the immunogenic protein
PML in the two MΦ subtypes, M1- and M2-MΦ were compared regarding their
expression of PML in an uninfected state. Immunofluorescence single staining for PML
was executed as described above. Because PML dispersed into dots by virus infection did
not appear under this condition, it was possible to quantify them for big particles of a
PML body destroyed by HCMV could not be confused with PML dots.
No conclusive difference could be observed between the two MΦ subsets in the mock
state. The mean dot number per cell was 3.93 in M1-MΦ and 3.72 in M2-MΦ.
By performance of student’s t-test (p<0.05) these rates were found to not be significantly
different.
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There are two basic types of macrophages in vitro, M1-MΦ and M2-MΦ, generated by
stimulation with growth factors GM-CSF or M-CSF respectively. As has been
demonstrated in the past [8], M2-MΦ are more susceptible to HCMV infection than M1MΦ. There are multiple hypotheses to explain this phenomenon during the early events
of infection: different cellular expression of HCMV entry receptors, differences in the
virus’ way from the membrane to the nucleus and dissimilar interaction with intrinsic
defensive factors of the cells. In this study, the two cell subsets were compared regarding
these factors.
While M1-MΦ are highly immunogenic and pro-inflammatory cells, M2-MΦ are ascribed
a tolerogenic and anti-inflammatory potential. This becomes manifest for example in
their dissimilar expression of receptors and their ability to produce chemokines and
cytokines with opposite functions [reviewed in 64].
Many studies have shown HCMV to bind and use cell surface molecules e.g. CD13
[52,90,91], integrins [29,30,108], BST2/Tetherin [107], EGFR [109] and PDGFR-α [93] as
receptors to enter into human cells.
By FACS analysis, it was observed that neither PDGFR-α nor EGFR were expressed on the
surface (nor intracellularly) on M1- or M2-MΦ. This was surprising because especially
EGFR had been shown to be a receptor used by HCMV to enter into various cell types
[108]. On the other hand it should be considered that there is no consensus about the
expression of EGFR receptor on hematopoietic cells such as monocytes and macrophages
in general [28].
The antibody block of CD13 has been found to prevent HCMV entry into fibroblasts in the
past [36,90]. Here, CD13 was found to be expressed in great numbers on the surface of
both subtypes of MΦ. However, it seems unlikely that the aminopeptidase is the entry
receptor responsible for the dissimilar infection rate of HCMV, for it was not expressed in
a dissimilar way on the two MΦ subtypes. This might even question the significance of
CD13 as an entry receptor in general, especially as attempts to block the receptor using
antibodies failed to decrease infectivity rates. However, the antibody used might not have
been reliable since not all reference authors could block HCMV infection following the
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same procedure [36]. This problem could perhaps be solved in the future by the use of a
different protocol, for example including a lower antibody incubation temperature to
exclude cellular internalization of the antibody.
It has to be added that, even though the susceptibility was clearly higher in M2-MΦ than
in M1-MΦ in all experiments, the TB40E infectivity measured in these blocking
experiments was lower than usually (maybe due to an impaired titer of the virus stock).
So, apparently, not even infection with a low viral load was influenced by blocking of
CD13.
Similarly, various integrin chains were investigated. A clear cut different expression in
distribution or number could not be found on the two cell subsets. In detail, there was a
tendency towards a higher expression of integrin chain alpha-X on M2-MΦ than M1-MΦ,
but these data need to be confirmed by additional experiments. Furthermore, for the MFI
of beta-2 expression there was a weak trend with a stronger signal on M1-MΦ than M2MΦ.
In conclusion, integrins may work as entry receptors on macrophages. Most of them were
clearly expressed. However, it is questionable if they are the crucial factor deciding over
the variant infection rates in M1- and M2-MΦ. Especially since there was a high variability
between cells obtained from different blood donors, more experiments should be
performed in order to verify the detected trends. Also, a wider data set would allow
comparison of the expression rates by Student’s t-test or similar statistical methods.
Wang and colleagues demonstrated that HCMV uses integrin alphaυbeta3 and EGFR as
receptor and that the coordination between EGFR and integrin alphaυbeta3 (consisting of
alpha chain alpha-υ and beta chain beta-3) is essential for HCMV entry [108]. Taking into
account the absence of EGFR on MΦ, this might question the role of integrins for HCMV
infection in macrophages even more. Indeed, integrin chain beta-3 was, alongside alpha2b, one of the chains that could not be found on either MΦ. Integrin expression is highly
dependent on exposure to proinflammatory agents [11]. Therefore, it might be
interesting to reinvestigate integrin chain expression after infection with HCMV in M1and M2-MΦ.
BST2/Tetherin was proposed to be an entry receptor in fibroblasts and monocytes in 2011
[107]. This surface molecule, usually known as an intrinsic viral restriction factor, was also
73

4. Discussion

detected quantitatively on the surfaces of M1- and M2-MΦ in this study. It was present
on both cell types and in all but one experiment there was a higher expression of BST2 on
M2-MΦ than M1-MΦ. A closer look at the protein, for example using specific antibodies
to block its engagement as performed for CD13 (see above) would be interesting in the
future.
After these investigations on the entry of HCMV into M1- and M2-MΦ, the way of viral
particles from the cellular membrane to the cellular nucleus was examined. By analyzing
two tegument proteins (pp65 and pp150) and one viral surface glycoprotein (gB) it could
be shown that the viral translocation to the nucleus takes place faster in M2- as
compared to M1-MΦ. As a conclusion, even though the so-far investigated entry
receptors do not account for it, a difference seems to exist in the infection course in the
two MΦ subsets before the virus reaches the nucleus for replication.
In regard to pp65, it has to be mentioned that it could not be distinguished between its
presence in viral particles and in dense bodies or NIEP, which are non-infectious as they
represent only isolated structural virus components (but not, for example, DNA).
The interaction of intrinsic factors, i.e. RIG-I, TLRs and PML, to HCMV in the first hours of
infection was another aspect of interest.
One hypothesis is that TLRs, important PRRs, could be expressed at higher levels or in a
wider range in M1-MΦ than M2-MΦ and thus hamper the infection in M1-MΦ. Especially
for TLR-2 there is evidence for a close interaction between the receptor and viral
glycoproteins gB and gH leading to an inflammatory antiviral defense [13]. A dissimilar
expression of TLR-2 in M1- versus M2-MΦ might therefore lead to an antiviral response
of different strength after HCMV infection. The expression of TLR-2, -3, -4 and -9, as well
as RIG-I, a molecule with similar functions to TLRs, was evaluated by PCR amplifying the
corresponding genes from messenger RNAs. Unfortunately the chosen primers gave
rather strong bands under the UV-light themselves thereby somewhat reducing the
clarity of the signal of the bands for the sought genes. Also, the expected PCR products,
though clearly present for M1- and M2-MΦ, appeared with low intensities. This could not
be changed by an increase in RNA amount within the boundaries of this study.
Alternatively, a quantification of the transcribed RNA to compare M1- and M2-MΦ should
be thought about in the future. So it was difficult to make a clear statement with the
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found results. However, during the work on this project, Wu and colleagues investigated
by RT-PCR as well as FACS the expression of RIG-I, TLR-3, -7 and -8 and showed that all
receptors were present in higher amounts in M2-MΦ, than M1-MΦ [113]. Considering
the roles of RIG-I and TLRs in pathogen sensing and anti-viral defenses it could be
speculated that HCMV could be less impeded by them in M1-MΦ than in M2-MΦ. This
would be in conflict with the higher HCMV infection rates found in M2-MΦ. The
experiment should be repeated in a similar way for the receptors examined herein, TLR-2,
TLR-4 and TLR-9, including quantification, possibly also by FACS. A method using cDNA
dilution row for PCR (used by Schierling et al. 2005 [83]) might help here, too. As for TLR9, the preliminary results herein allow the interpretation that TLR-9 is not expressed in
MΦ. This would be in agreement with prior reports describing this receptor as only
present in plasmocytoid dendritic cells.
Another cellular anti-viral factor, nuclear protein PML, was examined in order to define its
role during HCMV infection in M1- and M2-MΦ. PML has been reported to prevent HCMV
IE gene expression directly upon infection. The virus is able to overcome this defense by
disintegrating ND10 in its structure and thereby PML. This dispersion of PML that HCMV
causes could be seen to take place faster in M2-MΦ than in M1-MΦ. This is a result in
agreement with the higher efficiency of infection in this cell subset. Additionally, PML
amount was quantified in the two MΦ subtypes prior to infection but PML did not occur
in dissimilar amounts in the two MΦ types.
Actually, there is evidence that PML might not be as important in the suppression of
HCMV DNA replication as supposed: even in PML knock-down fibroblasts an efficient,
presumably cell cycle-dependent, block of HCMV IE gene expression was found after
infection [116].
Finally, the possibility was considered that different amounts of viral genome were
incorporated in the cellular nucleus in M1- and M2-MΦ. This could have been evaluated
quantitatively by fluorescence in situ hybridization (FISH). The method was established
for PBMCs, though unfortunately could not be applied to MΦ in the experiments carried
out.
In the future, it would be fascinating to learn more about the role of interferons in M1and M2-MΦ, as there are reports stating that M2-MΦ have a higher basal secretion level
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of IFN-β than M1-MΦ [32], while type I interferons are thought to be expressed in M1MΦ in greater amounts after stimulation with e.g. LPS [64]. There are also reports that
HCMV infection might trigger higher IFNɣ secretion in M1-MΦ than in M2-MΦ [8].
Many of the cellular components examined in this study, e.g. BST2 [12], PDGFR-α [68] and
PML [98], are IFN-dependent in their expression or are important mediators for
expression of type I IFN, like TLR-2 and RIG-I [reviewed in 53]. This raises more questions
in the field of a possible dissimilar IFN expression in M1-MΦ and M2-MΦ, as it seemed
like there might be a higher expression of BST2 and RIG-I in M2-MΦ.
One could think about how closely the difference in INF- secretion before and after
infection should be considered as a possible explanation for the dissimilar susceptibility of
M1-MΦ and M2-MΦ to HCMV. If there is a difference in INF secretion and
auto-stimulation the corresponding engagement of different cascades leading to immune
response could also be dissimilar.
In summary, one definite reason why M1- and M2-MΦ get infected by HCMV in such
different amounts, could not be found in this study. Nevertheless, the regarded phases of
viral infection, from the entry to the incorporation of the genome, seem to be important
to find an answer to this question, as infection is clearly increased in M2-MΦ in
comparison to M1-MΦ at this stage already.
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5. Summary
Human Cytomegalovirus (HCMV) is a ubiquitous herpesvirus causing high morbidity in
individuals with an impaired immune defense. The two major types of monocyte-derived
macrophages in vitro (MΦ), M1-MΦ and M2-MΦ, are unequally susceptible to infection
by HCMV. Anti-inflammatory, anti-immunogenic M2-MΦ get infected about twofold
compared to pro-inflammatory, immunogenic M1-MΦ.
In this study differences between the two cell subsets regarding early HCMV infection
were examined. The hypothesis in this study was particularly, that dissimilar expression of
possible entry receptors or intrinsic restriction factors of viral infection define the
different susceptibility.
Indirect immunofluorescence labelling of structural components of the viral tegument
and envelope (pp65, pp150 and gB, respectively) showed that already the intracellular
translocation of the virus towards the cellular nucleus occurred faster in M2-MΦ than in
M1-MΦ.
We investigated whether this was also true for the appearance of viral genomes in
cellular nuclei by fluorescence in situ hybridization (FISH). However unfortunately it was
not possible to fully establish this method to detect viral DNA in the time frame of this
thesis.
Promyelocytic leukemia protein (PML) is an anti-viral nuclear protein that gets
disintegrated in its structure by HCMV during infection. Visualization of this destruction
process by indirect immunofluorescence staining for the protein showed that it appeared
earlier in M2-MΦ than in M1-MΦ, too.
Additionally, PML was quantified using the same method in uninfected M1- and M2-MΦ
to detect a putative difference in basal levels of this agent of the immune system. No
dissimilarity could be detected thus suggesting that differences in HCMV susceptibility are
not due to a higher intrinsic anti-viral activity in the nuclei of M1-MΦ.
Toll- like receptors (TLRs) 2, 3, 4 and 9 and retinoic acid inducible gene I (RIG-I) were
investigated in the two cell subsets. This was in order to see if the pathogen recognition
receptors (PRRs) differed in their expression and would thus trigger a broader antiviral
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response in one cell type than in the other. Qualitatively, TLRs 2, 3, 4 and RIG-1 could be
found to be expressed in M1- as well as M2-MΦ by polymerase chain reaction (PCR).
Results on TLR-9 were ambiguous but probably showing that it was not expressed.
A range of receptors that had been proposed so far as HCMV entry receptors were
investigated by fluorescence activated cell sorting (FACS) analysis in uninfected M1- and
M2-MΦ.
Endothelial growth factor receptor (EGFR) and platelet derived growth factor receptor α
(PDGFR-α), which were considered so far the main receptors involved during infection of
myeloid cells, could not be detected on the surface or intracellularly in M1-MΦ or M2MΦ.
A broad spectrum of integrin chains was found to be expressed in similar amounts on M1MΦ and M2-MΦ. In contrast the integrin chains alpha-2b and beta-3, which were the
latest to be described as a HCMV receptor, were found to be not expressed at all. Despite
the high interdonor variability, for alpha-X a tendency towards a higher expression in M2MΦ and for could be observed in some experiments.
Surface expression of CD13 was equal on the two cell subsets. Blocking of CD13 by
specific antibodies prior infection did not lead to decrease in early viral genome
transcription in either M1- or M2-MΦ.
BST expression was higher on M2-MΦ than M1-MΦ in 4 of 5 experiments.
Taken together, none of the examined receptors seems clearly responsible for the
difference in HCMV infectivity rates in M1-MΦ and M2-MΦ and a universal role of either
of them as entry receptor was questioned. BST2 might be an exception.
In summary, the exact difference between M1- and M2-MΦ explaining their dissimilar
susceptibility to HCMV could not be identified in this study. However, it could be shown
that especially the early events of infection are worth further investigations to find the
explanation to this phenomenon in the future.
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