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Summary 

Verena Raker 

“Herpes simplex virus type 1 (HSV-1) infection alters growth factor signaling in primary cortical brain 

cells” 

Herpes simplex virus type 1 (HSV-1) is the most common pathogenic agent of encephalitis 

affecting specifically the temporal lobe in the central nervous system. Despite the high seroprevalence 

for HSV-1 in the human population, the incidence of herpes simplex encephalitis (HSE) is comparatively 

low. HSV-1 is characterized by its ability to establish latency in sensory neurons of the trigeminal 

ganglion and recurrent lytic infections of the mucosal epithelium leading to herpes labialis. 

Reactivation of latent HSV-1 evoked by different trigger or second primary infections might lead to 

lytic infections of the brain parenchyma and the development of HSE.   

Although the CNS is an immune privileged site, inflammatory responses are activated to combat 

viral infections. During neuroinflammation, astrocytes play a major role in coordination of pro- and 

anti-inflammatory processes but may deteriorate the pathological outcome due to continuous 

astrocytic activation. Countermeasures against these detrimental effects include the secretion of 

neurotrophic factors by astrocytes to prevent neuronal death and contribute to tissue repair. Among 

these growth factors the fibroblast growth factor (FGF) system comprises several ligands and receptors 

involved in regenerative mechanisms following brain injuries. With this study, we demonstrate 

alterations of FGF signaling in cortical brain cells as response to HSV-1 infections. Several FGF ligands 

were downregulated similar to host shut-off triggered by HSV-1. Nevertheless, certain FGFs showed 

an enhanced expression profile and accordingly, phosphorylation analysis of neighboring cells revealed 

hyperphosphorylation of the extracellular regulated kinase (ERK) in an FGF-receptor dependent 

manner. Most prominent, in control conditions no expression of FGF-4 occurred, whereas after HSV-1 

infection high transcript level were detected and might be responsible for paracrine ERK signaling. 

Beside their mitogenic and anti-apoptotic effects, FGF ligands control excessive activation of astrocytes 

by suppression of pro-inflammatory signaling and regulation of astrocytic morphology. Astrocytes in 

the cortical brain culture of this study showed signs of activation by means of hypertrophy. Further, 

this hypertrophy decreased at later times of infection indicating a transient activation. The de-

activation of astrocytes might be coordinated by enhanced FGF-signaling mediated by astrocytes 

themselves as response to HSV-1 infection. Different analyses to identify the mechanism inducing 

FGF-4 expression were performed and excluded several pathogen recognition receptors of the innate 
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immunity as well as certain HSV-1 proteins involved in immune evasion and neurovirulence. However, 

an UV-inactivation assay showed a need for active transcription of viral genes.   

In addition, we performed global proteomic analyzes and distinguished proteins in cell lysates 

(translatome) from secreted proteins (secretome). Similar protein regulations of metabolic pathways 

were found in the cortical brain culture infected with HSV-1 compared to proteomic data of epithelial 

cells and macrophages. Interestingly, certain proteins involved in cytoskeletal organization and focal 

adhesion were particularly regulated in the translatome of cortical brain cultures arguing for a 

tissue-specific response to HSV-1 infections. These changes may not only result from HSV-1 induced 

cytoskeletal alterations, but also from astrocytic activation. Furthermore, investigation of the 

secretome of HSV-1 infected CNS cells identified regulated proteins relevant in actin dynamics and 

regulation of neuronal morphology.  

In conclusion, HSV-1 infection of cortical brain cells results in altered FGF-signaling with 

paracrine ERK-signaling in neighboring cells as well as cytoskeletal modifications. Secreted FGFs might 

be released from activated astrocytes controlling neuroinflammatory processes and excessive 

astrocytic activation.  
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Zusammenfassung 

Verena Raker 

„Herpes Simplex Virus Typ 1 (HSV-1) Infektion verändert Wachstumsfaktor-Signalwege in primären 

kortikalen Gehirnzellen“ 

Infektionen mit dem Herpes Simplex Virus Typ 1 (HSV-1) sind die häufigste Ursache für das 

Auftreten einer Enzephalitis im Temporallappen des zentralen Nervensystems (ZNS). Trotz der hohen 

Seroprävalenz für HSV-1 in der humanen Population ist die Häufigkeit einer Herpes Simplex 

Enzephalitis (HSE) vergleichsweise gering. Im Kontrast zu rezidiv lytischen Infektionen der mukosalen 

Epithelzellen, dem sogenannten Herpes labialis, führt HSV-1 in sensorischen Neuronen des 

trigeminalen Ganglions zu latenten Infektionen. Die reizvermittelte Reaktivierung latenter HSV-1 

Infektionen oder eine erneute Infektion kann jedoch auch zu der Ausbildung einer Enzephalitis führen.  

Zur Abwehr viraler Infektionen im ZNS kann trotz des immun privilegierten Zustandes eine 

Immunantwort ausgelöst werden. Diese Neuroinflammation ist durch pro- und anti-inflammatorische 

Mechanismen gekennzeichnet, die unter Anderem von aktivierten Astrozyten koordiniert werden. 

Andauernd aktivierte Astrozyten können aufgrund der pro-inflammatorischen Signale zu einer 

Beeinträchtigung der Wundheilung führen. Um den neuronalen Zelltod zu verhindern und die 

Geweberegeneration zu verbessern schütten Astrozyten zusätzlich neurotrophe Wachstumsfaktoren 

aus. Zu diesen Wachstumsfaktoren gehören auch die Fibroblasten Wachstumsfaktoren (fibroblast 

growth factors, FGF) und ihre Rezeptoren, die zahlreiche regenerative Prozesse steuern. In dieser 

Studie konnten wir zeigen, dass FGF-Signalwege in HSV-1 infizierten kortikalen Gehirnzellen verändert 

sind. Einige FGF Liganden zeigten eine stark verringerte Expression ähnlich der HSV-1 induzierten 

Reduktion der Transkription von Housekeeping Genen. Die Expression bestimmter FGF Liganden 

hingegen war stark erhöht und eine entsprechende Aktivierung von FGF-Rezeptoren auf benachbarten 

Zellen führte zur Hyperphosphorylierung der Kinase extracellular regulated kinase (ERK). Ein potentiell 

verantwortlicher Wachstumsfaktor ist FGF-4, der in Kontrollzellen nicht detektiert wurde, aber nach 

HSV-1 Infektion deutlich exprimiert war. Neben den mitogenen und anti-apoptotischen Eigenschaften 

von FGFs, kontrollieren diese auch die Aktivierung von Astrozyten durch die Inhibition von pro-

inflammatorischen Signalwegen und die Regulation der Morphologie. Der Infektion der kortikalen 

Kultur folgte eine Aktivierung der Astrozyten, die durch hypertrophe Veränderungen der Zellstruktur 

beobachtet werden konnte und sich anschließend zurückbildete. Die morphologischen Veränderungen 

deuten auf eine transiente Aktivierung der Zellen hin. Die De-Aktivierung der Astrozyten im Verlauf 
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der Infektion könnte Teil eines negativen Feedback-Loops sein, ausgelöst durch die Ausschüttung von 

FGF Liganden. Anschließend wurde der Mechanismus der erhöhten FGF-4 Expression genauer 

untersucht. Weder Rezeptoren der angeborenen Immunität (pathogen recognition receptors, PRR) 

noch HSV-1 Proteinen konnte ein Einfluss auf die FGF-4 Expression nachgewiesen werden. Durch die 

Verwendung UV-inaktivierter Viren konnte jedoch gezeigt werden, dass eine aktive Transkription 

viraler Gene für die Regulation notwendig ist.   

In einer globalen Analyse des Proteoms von HSV-1 infizierten kortikalen Gehirnzellen wurden 

Proteine im Zelllysat (Translatom) und ausgeschüttete Proteine (Sekretom) differenziert betrachtet. 

Ähnlich wie in vergleichbaren Studien in Epithelzellen und Makrophagen waren nach HSV-1 Infektion 

vermehrt Proteine reguliert, die an metabolischen Prozessen beteiligt sind. Der Vergleich dieser 

Proteom Datensätze deutet auf eine Gewebe-unspezifische Veränderung hin. Nervengewebe 

spezifische Proteinregulation konnte bei Proteinen festgestellt werden, die unter Anderem 

Modifikationen im Zytoskelett koordinieren. Diese Veränderungen werden möglicherweise nicht nur 

durch HSV-1 Infektionen hervorgerufen, sondern auch durch die Aktivierung von Astrozyten. Auch im 

Sekretom HSV-1 infizierter Gehirnzellen konnten regulierte Proteine identifiziert werden, die an Aktin 

Dynamik und neuronaler Morphologie beteiligt sind.  

Zusammenfassend wurde in dieser Arbeit gezeigt, dass kortikale Gehirnzellen auf eine HSV-1 

Infektion mit einer Regulierung des FGF Systems reagieren. Diese Effekte beinhalten sowohl die 

Aktivierung des ERK-Signalwegs benachbarter Zellen als auch Modifikationen des Zytoskeletts. 

Aktivierte Astrozyten könnten die Quelle der ausgeschütteten FGF Liganden sein um die 

neuroinflammatorische Antwort und exzessive Aktivierung der Astrozyten zu regulieren. 
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General introduction 

Herpes simplex virus type 1 

Herpes simplex virus type 1 (HSV-1) is one of the most common pathogens causing sporadic 

infectious encephalitis in the central nervous system (CNS). This enveloped neurotropic DNA-virus 

infects neuronal cells as well as epithelial cells and the behavior of the virus depends on the cell type: 

In epithelial cells a lytic infection cycle and viral spread is observed, whereas in neurons the virus is 

transferred from cell to cell (Tsalenchuck et al., 2014). Furthermore, a unique property of human 

viruses of the family herpesviridae is the ability to establish life-long latency in specific cell types of the 

host. Members of the subfamily alphaherpesvirinae persist in sensory or cranial ganglia whereas 

beta- and gammaherpesvirinae endure in different leukocytes, e.g. B-cells (Epstein-Barr virus (EBV) or 

Kaposi’s sarcoma-associated virus) (Grinde, 2013). HSV-1, a member of the alphaherpesvirinae 

subfamily, persists in sensory neurons of the trigeminal ganglion (Steiner et al., 1988). Following 

primary infection of epithelial cells of the oral mucosa the virus gets access to free nerve endings of 

trigeminal sensory neurons (Fig. 1). From there a retrograde transport of the released viral capsid to 

the neural soma is facilitated via the host microtubule network (Smith, 2012). After docking of the 

viral capsid to the host nucleus the viral DNA is delivered into the nucleoplasm where the linear 

genome circularizes, forms episomal DNA and the latency status of the virus is accomplished by specific 

chromatin formations (Knipe and Cliffe, 2008).  

In contrast to the high expression of viral proteins in productive lytic infections, during latency 

viral gene expression is reduced to a minimum of one gene, the latency associated transcript (LAT) 

(Steiner et al., 1988; Stevens et al., 1987). The virus remains in this latent state until reactivation is 

provoked. Several factors are known to trigger reactivation from latent to lytic infection. Among these 

environmental stressors like fever or exposure to UV-light as well as genetic factors are described 

(Roizman and Whitley, 2013). To facilitate the initial step into the productive cycle, the gene 

expression of either the viral transcription factor VP16 or immediate early genes need to be activated 

(Nicoll et al., 2012). Following reactivation newly build viral particles are transported in anterograde 

direction back to the epithelium to start lytic productive infection and subsequent viral shedding 

(Fig. 1). 
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Figure 1: Infection model for herpes simplex virus type 1. Following primary infection of epithelial cells newly 
build viral particles get access to free nerve endings of sensory neurons of the trigeminal ganglion. After 
retrograde transport to the cell body, the virus establishes life-long latency in the pseudo-unipolar neurons. 
Several factors, e.g. fever, induce reactivation of the virus into a lytic cell cycle with subsequent anterograde 
transport to the epithelium and recurrent labial lesions, herpes labialis. In seldom cases reactivated HSV-1 is 
transported anterogradely to the temporal lobe of the central nervous system causing herpes simplex 
encephalitis (HSE) (modified from Smith, 2012). 

Since viral pathogens depend on living cells to reproduce and spread to further organisms, they 

developed various countermeasures to escape the host immune surveillance. The main strategy of 

herpesviridae to stay unnoticed is the establishment of latency. The minimal gene expression and 

absent protein production eliminate the chance of the innate immune system to recognize infected 

cells by antigen presentation on the cell surface. Contrarily, no viral reproduction takes place and 

spreading to other individuals is impossible. Therefore, the virus needs to uncover itself to enable 

dissemination. However, also for the exposed situation during the productive state HSV-1 developed 

specific techniques for immune evasion (Melchjorsen et al., 2009).  Inhibition of the first inflammatory 

reaction including the production of antiviral interferons (IFN) and cytokines, is utilized by many 

viruses. HSV-1 produces proteins ICP34.5 and Us11 to block the activation of the RNA-activated 

protein kinase R (PKR) pathway which induces the expression of pro-inflammatory IFNs (He et al., 

1997a; Poppers et al., 2000). Furthermore, these proteins interfere with autophagic mechanisms, a 

process for intracellular recycling of cytosomal material and degradation of unwanted components 

(Lussignol et al., 2013; Orvedahl et al., 2007). During HSV-1 infections autophagy serves as host 

defense in post-mitotic neuronal cells to maintain cellular survival and prevent neurodegeneration 
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(Orvedahl and Levine, 2008). These intrinsic responses of HSV-1 affected neurons contribute to the 

restricted immune surveillance in the CNS. 

Despite the high seroprevalence of HSV-1 (80-90 %) less than half of the seropositive 

individuals suffer from recurrent herpes labialis following reactivation (Pica and Volpi, 2012). More 

severe outcomes caused by reactivation of HSV-1 appear as herpes simplex keratitis caused by 

infections of the cornea (Claoué et al., 1988) or herpes simplex encephalitis (HSE) as a result of 

anterograde transport of HSV-1 to the CNS by trigeminal routes (Whitley, 2006). Though, there is 

evidence that not only the trigeminal route but also the olfactory pathway is used by HSV-1 to enter 

the CNS (Mori et al., 2005). The characteristic preference of HSE for necrotic lesions in the frontal and 

temporal lobe (Kapur et al., 1994), brain regions the olfactory tract projects into, further supports this 

hypothesis. Additionally, variant HSV-1 DNAs derived from labial and CNS isolates were detected, thus 

indicating that also second primary infections may cause HSE (Whitley et al., 1982). These studies 

reveal the complex biology of the virus and impede the development of strategies to hinder the virus 

in entering the CNS. 

The incidence of HSE is comparatively low with 2 - 4 cases per million inhabitants per year 

(Boucher et al., 2017). The severity of the disease outcome strongly depends on the duration until 

diagnosis is made and treatment is applied. After implementation of acyclovir, a potent anti-viral drug 

against lytic HSV-1 infections, the mortality rate decreased from 70 % to 19 % (Whitley, 2006). 

However, only 38 % of patients recover from the disease without persistent neurological injuries. 

Clinical manifestations of HSE include acute fever, headache, lethargy, confusion and seizures. 

Moreover, long-term neurologic disabilities like memory deficits, personality abnormalities as well as 

brain herniation and intracranial hypertension impair the life quality of the patient (Jouan et al., 2015; 

McGrath et al., 1997). The most effective preventive but also challenging measure to limit severe 

persistent neurodegeneration is an early diagnosis. Today, neuroimaging techniques as well as 

analysis of the cerebrospinal fluid (CSF) are the diagnostic methods of choice (Kennedy and Steiner, 

2013). The characteristic neuropathologic pattern of usually unilateral lesions in the frontal and 

temporal lobes of patients suffering from HSE is best recognized by magnetic resonance imaging (MRI) 

(Kapur et al., 1994). In addition, detection of viral DNA as well as quantification of other parameters 

(e.g. lymphocytes, protein level, glucose) in the CSF provides indications for the diagnosis of an 

encephalitis. Still, considering the numerous possibilities of differential diagnosis for HSE the final 

diagnosis is ambitious. Since the severity of long-term impairments is linked to a delayed start of 
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treatment with acyclovir, investigations were performed to improve the diagnostic management and 

accelerate the confirmation of HSE in the patients (Solomon et al., 2012). 

Astrocytic function in neuroinflammation 

Neuroinflammatory processes caused by viral infections of the CNS substantially affect the 

disease outcome. As a result of limited regenerative capacity the CNS established an immune 

privileged state with a strict control of infiltrating immune cells to confine detrimental processes 

(Ransohoff and Engelhardt, 2012). Among the few immune cells resident in the brain parenchyma, 

microglial cells are a specific type of tissue macrophages originating from the mesodermal lineage 

(Chan et al., 2007). Additionally, macrophages of the meninges, choroid plexus as well as perivascular 

macrophages colonize regions peripheral to the CNS (Ransohoff and Engelhardt, 2012). In healthy 

conditions no other immune cells are present in the CNS, though T- and few B-lymphocytes traffic 

through the cerebrospinal fluid (Kivisäkk et al., 2003).  

Besides their various other functions maintaining homeostasis in the CNS, astrocytes contribute 

to the immune surveillance and inflammatory responses (Furr and Marriott, 2012). Unlike microglial 

cells, astrocytes as well as neurons and oligodendrocytes derive from the neuroectoderm. The 

star-shaped astrocytes are the most abundant cell type in the CNS and often are distinguished 

morphologically into protoplasmic and fibrous astrocytes (Fig. 2).  

 

 
Figure 2: Schematic representation of protoplasmic and fibrous astrocytes of the central nervous system. 
Protoplasmic astrocytes are mainly found peripheral to neuronal perikarya in the gray matter, whereas fibrous 
astrocytes reside in the white matter mainly composed of myelinated axons. 
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Functions of these different astrocytic subtypes depend on the brain regions they reside. 

Protoplasmic astrocytes of the gray matter mainly build up the blood-brain-barrier and contribute to 

synaptic formation, whereas fibrous astrocytes in the white matter close the gaps of nodes of Ranvier 

in myelin-sheets of neurons among other functions. However, more subtle distinction on molecular 

basis characterize different astrocytic subtypes (Hewett, 2009; Oberheim et al., 2006).  

In addition to their structural support, most prominent roles of astrocytes are the organization 

of the blood-brain-barrier, the accompanied control of the local blood flow as well as the uptake and 

release of small molecules to preserve homeostasis of the extracellular fluid. Further, astrocytes 

organize maintenance of synaptic functions and actively participate in signal transmission (Sofroniew 

and Vinters, 2010). Other hallmarks of astrocytic functions are the regulation of neuroinflammation 

along with reactive astrogliosis as responses to various brain insults like trauma, neurodegenerative 

diseases and infections. Reactive astrogliosis is a gradated transition of molecular and morphological 

features of astrocytes with varying dimensions depending on the nature of the brain insult (Sofroniew, 

2009). Models describing the process and different stages of reactive astrogliosis are revised 

frequently due to the continuous increase in knowledge. So far, two main stages of reactive 

astrogliosis are defined: First, the mild and moderate form in which astrocytes transiently undergo 

cellular hypertrophy along with changes in gene expression and protein secretion (Sofroniew, 2015a). 

Second, the more severe progress of glial scar formation to prevent an expansion of the tissue damage 

and inflammation (Fitch et al., 1999). This long-lasting stage is characterized by proliferation of 

astrocytes, coaction with other cell types and overlapping contact of astrocytic branches to form a 

close barrier for inflammatory cells (Sofroniew, 2009). Although reactive astrogliosis often negatively 

influences recovery from CNS injury, it is misleading to generally intervene in this process with 

therapeutically strategies because the primary function of activated astrocytes is to resolve the brain 

insult. In addition, recent studies revealed beneficial effects on axonal regeneration (Anderson et al., 

2016).  

Besides their morphological change during activation, astrocytes alter various gene expression 

level. One marker of reactive astrocytes is the enhanced expression of the glial fibrillary acid protein 

(GFAP), also often used as a general marker for astrocytes. Proteins of different categories including 

adhesion, antigen presentation as well as cytokines and growth factors are up-regulated dependent 

on the causative trigger (Eddleston and Mucke, 1993). Following infection, production of cytokines 

such as IFNs and tumor necrosis factor alpha (TNFα) are induced (Lieberman et al., 1989; Liu et al., 

2013). These expression changes are triggered by Toll-like receptors (TLR) of the innate immune 
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system expressed in glial cells, which recognize different pathogen associated molecular patterns 

(PAMP) (Jack et al., 2005; Wang et al., 2012). With regard to HSV-1 infections of the CNS, TLR2 and 

TLR9 as well as the DNA-sensing proteins activating the stimulator of interferon genes protein 

(STING)-pathway are important recognition receptors (Reinert et al., 2016; Sørensen et al., 2008). 

Furthermore, deficiencies in the TLR3 gene are associated with decreased immunity and a higher 

recurrence of HSE in human (Lafaille et al., 2012; Lim et al., 2014). The innate immune system is 

therefore a crucial component of the countermeasures against HSV-1 infection of the CNS.  

Processes of neuroinflammation also evoke detrimental effects on neuroprotection and 

regeneration (Finnie, 2013). Although the initial immune response is important to hold against viral 

production, it may be beneficial to the disease outcome if the neuropathologic development of the 

immune response is decreased by means of suppression of pro-inflammatory cytokine production and 

reduction of reactive astrogliosis. For HSV-1 infections of the CNS this was shown by application of 

glucocorticoids in a mouse model of HSE (Sergerie et al., 2007). This study also demonstrates the 

importance of a delayed administration of immunosuppressive treatment to first enable antiviral 

activities. The balance between both pro- and anti-inflammatory pathways is an additional mission 

realized by astrocytes and substantially influences the disease outcome (Colombo and Farina, 2016). 

Figure 3 shows basic inflammatory mediators and functional consequences of pro- or 

anti-inflammatory milieus, although the effect of certain signaling molecules strongly depends on the 

nature of the brain insult, causative trigger as well as location in the CNS.  

Inflammatory processes generally lead to the release of pro-inflammatory cytokines and 

chemokines to induce an immune response and trigger the infiltration of immune cells from peripheral 

blood and lymphatic vessels. To execute their immune defense, these cells release cytotoxic 

components which not only act upon affected but also on healthy cells. Therefore, the immune 

response in the CNS is controlled by astrocytes building up the blood-brain-barrier and regulating the 

inflammatory milieu at the lesion site. Among the anti-inflammatory signaling mediators, growth 

factors such as nerve growth factor (NGF), brain derived neurotrophic factor (BDNF) and fibroblast 

growth factor 2 (FGF-2) counteract the neurodegenerative signals and promote neuroprotective 

processes (Fields et al., 2014). 
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Figure 3: Schematic representation of the substantial components of pro- and anti-inflammatory responses of 
activated astrocytes. Major mediators for pro-inflammatory cytokine production and pro-apoptotic signaling are 
TNFα and IL-1β by activating transcription factors NFκB and SOCS3. Enhanced vasodilatation induced by VEGF 
and NO as well as recruitment of leukocytes by chemokines such as CCL2 enable infiltration of immune cells. 
On the opposite side, TGFβ inhibits pro-inflammatory signaling and induces growth factor production (NGF). 
The JAK-STAT3 pathway, activated by gp130, triggers gene expression of anti-inflammatory proteins as well as 
anti-oxidants and regulates astrocytic reactivity. IL-10 counteracts the infiltration of immune cells by reduction 
of leukocyte adhesion. CCL2: CC-chemokine ligand 2; IL-1β: interleukin-1β; IL-10: interleukin-10; JAK: janus 
kinase; gp130: interleukin-6 receptor subunit beta (IL6RB); NFκB: nuclear factor kappa-light-chain-enhancer of 
activated B cells; NGF: nerve growth factor; NO: nitric oxide; STAT3: signal transducer and activator of 
transcription 3; TGFβ: transforming growth factor β; TNFα : tumor necrosis factor α; VEGF: vascular endothelial 
growth factor (Figure based on Finnie, 2013; Lyman et al., 2014; Sofroniew, 2015b). 

Fibroblast growth factor signaling 

Among the growth factors secreted by activated astrocytes, FGF-2 is a major neurotrophic factor 

with a complex multifunctionality not only in the CNS (Grothe and Wewetzer, 1996). In general, 

neurotrophic factors are characterized by means of their activity on neurons promoting proliferation, 

survival and differentiation. The first neurotrophic factor, nerve growth factor (NGF), was isolated and 

characterized by Rita Levi-Montalcini, thereby defining the term neurotrophic factor (Levi-Montalcini 

and Angeletti, 1968). Today, several members of the neurotrophin superfamily as well as other 

neurotrophic factors like glial-derived neurotrophic factor (GDNF), BDNF and FGF-2 are identified 

(Mufson et al., 1999).  
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The neurotrophic factor FGF-2 is one of 22 ligands of the FGF system elucidating various effects 

not only in neurons but also in glial cells depending on the ligand, receptor and cell type (Dailey et al., 

2005). Beside their classification into subfamilies based on sequence homology, the ligands are 

divided regarding their signaling on target cells (Fig. 4). The majority of FGFs act upon neighboring 

cells via paracrine or autocrine signaling. Only few FGF ligands mediate their signal intracellularly 

(intracrine signaling; Förthmann et al., 2015) or are distributed to separate organs via the 

cardiovascular system (endocrine signaling; Hensel et al., 2016). 

 

 

Figure 4: Modes of FGF signaling. A) Ligands of the FGF system act upon target cells in different modalities. 
Autocrine ligands activate receptors on the secreting cell itself whereas paracrine signaling describes the 
communication with neighboring cells. Endocrine ligands are disseminated via the cardiovascular system, 
similar to hormones, and may exert their function far off the source cell. Few FGF ligands mediate their signals 
intracellularly independent of FGF receptors. B) The 22 FGF ligands are grouped into seven subfamilies based 
on their genetic homology. FGFs mainly signal via paracrine/autocrine signaling on target cells, whereas only 
one subfamily of intracrine and endocrine FGFs each is described. Four different genes for FGF receptors are 
known with alternative splicing products of FGFR-1 to -3. * Except for mice and rats, in all vertebrates the 
endocrine FGF-19 is identified. In mice and rats FGF-15 is described as the orthologous FGF to FGF-19 (based 
on Itoh and Ornitz, 2011). 

In addition to the diversity of ligands, the numerous functions of the FGF system also arise from 

the possibility to activate four different FGF receptors, FGFR-1, FGFR-2, FGFR-3 and FGFR-4. 

Furthermore, FGFR-1, -2 and -3 are alternatively spliced to produce two isoforms with different 

variants of the D3 domain (IIIb, IIIc), resulting in distinct ligand specifications (Beenken and 

Mohammadi, 2009). Although these characteristics of the FGF system already enable numerous 

signaling variables, the multifunctionality is further increased by different expression patterns of FGF 

ligands and receptors in different cell types (Fon Tacer et al., 2010).  

Upon FGF ligand binding to the FGF receptor tyrosine kinases, a dimerization is induced and 

intracellular signaling cascades are activated (Fig. 5). Heparan sulfates of the extracellular matrix act 
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as co-receptors for para- and autocrine signaling, whereas for endocrine FGF ligands other molecules 

such as Klotho are involved in FGFR activation (Kurosu et al., 2006). Various scaffold proteins like 

FGFR substrate 2α (FRS2α), growth factor receptor-bound 2 (GRB2) or phospholipase Cγ1 (PLCγ) 

pass on the signals and stimulate different cellular processes such as cell survival, cell proliferation or 

cell motility (Fig. 5). A negative feedback loop regulates FGFR activation by phosphorylation of an 

intracellular serine residue resulting in signaling inhibition (Zakrzewska et al., 2013). In addition to 

the extracellular binding of FGFs and activation of FGFRs, FGF-FGFR complexes are translocated to 

the cytosol and trigger signaling cascades independent of the receptor tyrosine kinase (Zakrzewska et 

al., 2011). 

 

Figure 5: Fibroblast growth factor (FGF) signaling cascades. FGF ligands bind to FGFR and heparan sulfate, 
the latter facilitating the dimerization and stabilization of the complex. Three main cascades are activated upon 
tyrosine phosphorylation of the intracellular part of the FGFR: phospholipase Cγ1 (PLCγ) catalyzes the cleavage 
of phosphatidylinositol-4,5-diphosphate (PIP2) into diacylglycerol (DAG) and inositol-1,4,5-triphosphate (IP3) 
to induce protein kinase C (PKC) and calcium release resulting in cytoskeletal modifications and cell motility. 
The other both cascades are activated by scaffold proteins FGFR substrate 2α (FRS2α) and growth factor 
receptor-bound 2 (GRB2) resulting in the induction of mitogen-activated protein kinases (MAPK) and 
phosphatidyl-inostitol-3-kinase (PI3K) to trigger cell proliferation and maintain cell survival, respectively. The 
PI3K/Akt pathway thereby inhibits apoptotic signaling from caspase 9, Bcl2-associated agonist of cell death 
(BAD) and Bcl-2-like protein 4 (BAX). GAB1: GRB2-associated-binding protein 1; MAPKK: MAPK kinase; NFAT: 
nuclear factor of activated T cells; PDK: phosphoinositide-dependent protein kinase; RAF: RAF proto-oncogene 
serine/threonine-protein kinase; RAS: GTPase Ras; SOS: Son of sevenless homolog (modified from Goetz and 
Mohammadi, 2013).  
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Knock-out experiments of the FGF ligands or receptors demonstrate the importance of each 

protein. Several FGF knock-outs are embryonic lethal or result in impaired development of particular 

organs (Beenken and Mohammadi, 2009). The formation of the neural crest including the subsequent 

development of the nervous system is also coordinated by FGF ligands (e.g. FGF-8, FGF-3, FGF-10; 

Mason, 2007). Moreover, in the adult organism maintenance of CNS homeostasis and reactions 

following various brain insults are regulated by FGFs. Specifically, neurogenesis, neuronal survival, 

and differentiation as well as neuroprotection and repair are FGF-regulated processes  (Reuss and von 

Bohlen und Halbach, 2003). FGF ligands fulfill special functions on certain neuronal populations, e.g. 

FGF-2 on dopaminergic neurons (Grothe and Timmer, 2007) or FGF-23 with regard to neuronal 

morphology and synaptic density of hippocampal neurons (Hensel et al., 2016). However, also more 

general actions in neuronal differentiation are known, e.g. during modulation of nuclear bodies by 

different isoforms of FGF-2 (Förthmann et al., 2013).  

In addition, FGF signaling not only contributes to regenerative processes by acting on neurons 

following neurodegeneration but also influences neuroinflammation by controlling astrocytic 

activation (Kang et al., 2014b). Reactive astrogliosis as a response to brain damage involves opposing 

actions of beneficial and detrimental processes to yield clearance of the causative agent (Finnie, 2013). 

To prevent chronic inflammation and neuronal death by excessive reactive astrogliosis, FGF signaling 

suppresses astrocyte activation (Kang et al., 2014b). Furthermore, FGF-2 decreases pro-inflammatory 

cytokine production by inhibition of the TLR4/NFκB signaling pathway (Ye et al., 2015). On the other 

hand, FGF-8 treatment and FGFR-3 activation lead to astrocytic hypertrophy and enhanced GFAP 

expression indicating contrary functions of FGF ligands in regulation of reactive astrogliosis (Kang et 

al., 2014a). Further effects of FGF signaling on astrocytes include the dedifferentiation of astrocytes 

into neuronal progenitor cells by FGF-4 (Feng et al., 2014), astroglial differentiation by FGF-2 and 

FGF-5 or the maintenance of gap-junctions by FGF-5 and FGF-9 (Reuss et al., 2000, 2003).  

Little is known about FGF signaling specifically as a response to HSV-1 infections in the brain. 

Several studies have been done with regard to inhibition of cell entry via FGF receptors because HSV-1 

binds to and utilizes among others FGF receptors and heparan sulfates for cell entry (Kaner et al., 

1990). Though, studies revealed no inhibitory effect on HSV-1 entry by FGF-2 pre-treatment of cells 

prior to infection (Dix et al., 1992). However, enhanced expression of FGF-2 and increased 

proliferation of neural stem cells was observed in the subventricular zone following intranasal HSV-1 

infection (Rotschafer et al., 2013). 
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Aims of the study 

The FGF-system is known to be involved in various regenerative mechanisms following brain 

insults. Though, few studies investigated FGF-signaling in response to HSV-1 infections of the CNS. 

This study dealt with the hypothesis of FGF signaling being regulated following HSV-1 infection of 

neuronal and glial cells. The mixed primary culture of murine cortical cells used in the analyses 

comprised neuronal and glial cells, thus serving as convenient infection model with a cellular 

composition similar to the CNS. The reactions of these different CNS cell types to infections are mainly 

composed of pro-inflammatory processes leading to neuroinflammation (Furr and Marriott, 2012). 

Among these processes, activated astrocytes secrete not only inflammatory mediators, but also growth 

factors for subsequent regeneration (Mucke and Eddleston, 1993). Based on this and the sparse 

knowledge of the FGF system being involved, we aimed to determine regulations of these growth 

factors as part of the response to viral infections and to identify the respective factors involved. 

Alterations in cellular processes and signaling pathways following HSV-1 infections are either 

caused by active involvement of the pathogen itself, such as immune evasive mechanisms (Melchjorsen 

et al., 2009), or by the host cell to fight the infection and prevent further damage (Furr and Marriott, 

2012). Accordingly, the mechanism leading to signaling alterations caused by HSV-1 infections as well 

as the responding cell type were studied. FGFs often mediate mitogenic or anti-apoptotic signals 

thereby contributing to proliferation of glial cells as well as neuronal survival (Avet-Rochex et al., 

2014; Grothe and Wewetzer, 1996). Furthermore, FGFs regulate differentiation of progenitor cells as 

well as de-differentiation of astrocytes (Feng et al., 2014). Thus, the question emerged which signaling 

regulations of the target cells and consequences arise from particular modifications of the FGF system 

in case of HSV-1 infections.  

To further explore global responses of signaling pathways after infection, we performed in 

another approach the general proteomic and secretomic analysis of these primary cortical cultures 

following HSV-1 infection. So far proteome analyses after HSV-1 infection have been performed with 

human epithelial cells (HEp-2), human embryonic kidney cells (HEK293) and primary human 

macrophages (Antrobus et al., 2009; Berard et al., 2015; Miettinen et al., 2012). These studies 

showed slight overlaps of regulated proteins, indicating diverse host responses depending on the 

tissue. The primary cortical culture in our study was used as model for infections of CNS tissue, a tissue 

with completely different functions, structure and behavior. We hypothesized that these neuronal and 

glial cells react differently on HSV-1 infections compared to epithelial cells and macrophages. 

Moreover, we assumed not only changes in the proteome but also in the secretome. The identification 
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of the proteins, secreted by infected cells and functioning as signaling mediators, contributes to the 

understanding of cellular processes and their consequences triggered by HSV-1 infections.  
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Abstract 

HSV-1 infections of the central nervous system (CNS) may result in devastating encephalitis 

characterized by altered astrocyte reactivity and activation. Regulation of the astrocyte secretome 

critically influences the outcome of a brain injury. Inflammatory cytokines are initially beneficial for 

clearance of virally infected cells but become detrimental if activated for too long. Neurotrophic factors 

secreted by activated astrocytes are crucially involved in regulation of inflammatory response and 

repair mechanisms. Here, we employed primary murine cortical cultures containing astrocytes and 

neurons to study neurotrophic factor signaling in HSV-1 infected CNS cells. Interestingly, fibroblast 

growth factor 4 (FGF-4), a paracrine neurotrophic factor, was dramatically up-regulated by a switch-on 

mechanism and induced neurotrophic signaling in neighboring cells. This effect was specific to HSV-1 

infection and independent of innate immunity signaling indicating a virus induced mechanism. We 

thus propose that during the course of an HSV-1 brain infection, FGF-4 shifts astrocytic responses from 

inflammation to repair, thereby promoting viral spread in the CNS. 
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Introduction 

Herpes simplex encephalitis (HSE) may cause severe brain destruction and is one of the most 

common causes for infectious encephalitis (Boucher et al., 2017; Smith et al., 1941). Although lethality 

has dramatically decreased with the introduction of antiviral acyclovir therapy, still between 5 and 

20% of the patients decease during the course of an HSE (Boucher et al., 2017). Moreover, a high 

percentage of survivors suffer from severe long-term disabilities such as memory deficits, personality 

and behavioral changes and psychiatric disorders (McGrath et al., 1997). Only few HSE cases are 

associated with HSV-2, whereas the vast majority is caused by HSV-1 infections (Moon et al., 2014; 

O’Sullivan et al., 2003). The double-stranded DNA-virus provokes neuroinflammation in the brain 

parenchyma with a preference for cortical regions such as the medial temporal lobe explaining the 

memory disabilities in surviving patients (Kapur et al., 1994). Given the high HSV-1 seroprevalance of 

60 to 90% in adults (Smith and Robinson, 2002), the HSE incidence of 1 in 250,000 to 1 in 500,000 

is still considered a rare event (Whitley, 2006).  

In most cases, HSV-1 infections are not critical. An initial primary infection of epithelial cells 

enables access of the virus to free nerve endings of sensory neurons followed by a retrograde transport 

to cell bodies in the trigeminal ganglion (Smith, 2012). Here, HSV-1 establishes life-long latency with 

a strict transcriptional control (Knipe and Cliffe, 2008). Stress associated immunosuppression 

reactivates the virus leading to an anterograde transport of newly build viral particles and in most 

cases to the occurrence of herpes labialis, also known as cold sores (Knipe and Cliffe, 2008; Roizman 

and Whitley, 2013). About two-thirds of the HSE patients display antibodies against HSV-1, whereas 

one-third suffered from primary infections (Moon et al., 2014; Whitley, 2006). Although 

immunosuppressed HSE patients have an enhanced mortality compared to immunocompetent subjects 

(Tan et al., 2012), they do not exhibit an enhanced susceptibility to HSV-1 CNS infections (Hjalmarsson 

et al., 2007). Additional immunological mechanisms to immunity may contribute to viral spread and 

damage within the CNS.  

Neurotrophic factors are important regulators of neuronal homeostasis, survival and 

differentiation during development. During acute brain injury, neurotrophic factors are up-regulated 

and control repair mechanisms such as neuroprotection and neurorestoration (da Silva Meirelles et 

al., 2017). Since inflammation includes induction of pro-apoptotic signals in damaged cells, reverse 

actions are needed in the course of repair (Finnie, 2013). This is accomplished by an extensive crosstalk 

between neurotrophic and inflammatory signaling (da Silva Meirelles et al., 2017). Consistently, 

symptoms of infectious encephalitis caused by Human Immunodeficiency Virus (HIV) are ameliorated 
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by an induction of neurotrophic factor expression (Fields et al., 2014). Neurotrophic factors include 

the neurotrophin family with the nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), 

and neurotrophins 3, 4, 5, and 6 (NT-3, NT-4, NT-5, NT-6). Other neurotrophic factors are ciliary 

neurotrophic factor (CNTF), glial derived neurotrophic factor (GDNF), and the fibroblast growth factor 

family (FGF) (Mufson et al., 1999). In CNS tissue, different cell types, such as neurons, astrocytes, 

oligodendrocytes, and microglia secrete different neurotrophic factors. The corresponding receptors 

are differentially expressed on neuronal subpopulations and glial cells providing cell-type specificity of 

neurotrophic factors. Although forming a complex system of affector and effector cells connected by 

paracrine neurotrophic factor signaling, intracellular neurotrophic signaling is restricted to a few 

pathways such as the PI3K/Akt-, ERK-, STAT-, and PLCγ- signaling axes (Hensel et al., 2016). 

Here we took advantage of a primary murine cortical culture comprising different CNS cell types. 

HSV-1 infection led to an impressive change in astrocyte morphology indicating their activation. 

Indeed, a biological detection system for paracrine neurotrophic factor signaling confirmed the 

activation of the ERK-signaling axis. HSV-1 infected cells significantly altered the expression pattern 

of neurotrophic factors. Several factors became down-regulated, most probably due to transcriptional 

host-shut off. Among the few neurotrophic factors that were up-regulated, we identified an increase 

of FGF-4 levels by a switch-on mechanism. This reaction was restricted to CNS cells and specific to 

HSV-1, but independent of canonical innate immunity signaling. FGF-4 is involved in neuronal 

differentiation and neurogenesis during development (Kosaka, 2006). In adulthood, FGF-4 and 

corresponding receptor activation participates in regulation of neuroregeneration as well as 

inflammation: FGF-4 induces dedifferentiation of astrocytes enhancing the neural stem-cell pool for 

neurorestoration (Feng et al., 2014) and FGF-signaling inhibits astrocytic inflammatory responses 

(Kang et al., 2014b; Ye et al., 2015). Consequently, this study identified a potent FGF ligand interfering 

with the complex regulation of astrocytic activation and repair mechanisms in the context of an HSV-1 

infection of the CNS. 
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Results 

High infection rates of astrocytes in primary cortical cultures 

To investigate the response of CNS cells to HSV-1 infection, and particular neurotrophic 

signaling as part of neuroprotective pathways, we employed primary murine cortical cell cultures 

comprising a mixed cell population (Beaudoin et al., 2012). We dissected both cortical hemispheres 

including the temporal lobe – the regions affected during HSV-1 encephalitis in human (Kapur et al., 

1994) – and prepared single cell preparations. Similar to the in vivo situation, in such primary cortical 

cultures (PCC) crosstalk of cell types occurs and those heterocellular interactions may crucially 

influence neurotrophic tissue responses upon HSV-1 infection. 

In a first experiment, PCC were stained for neuronal (β-III-Tubulin), astrocytic (GFAP), 

oligodendrocytic (Olig2), and microglial (Iba-1) marker proteins (Fig. 1 A-D). Quantification of the 

different cell types revealed mainly neurons and astrocytes as well as oligodendrocytes along with a 

few microglia (Fig. 1 I). These cells were incubated for 6 and 16 hours post infection (hpi), respectively, 

with a genetically modified HSV-1(17+)LoxpMCMVGFP reporter strain expressing green fluorescent 

protein (GFP), (Fig. 1 E-H). In this system, a higher proportion of the astrocytes had been infected by 

6 hpi (48%), while only 26% of the neurons were susceptible for HSV-1 (Fig. 1 A+E, B+F, K). The 

Iba-1 positive microglia cells did not show signs of HSV-1 infection, except at 16 hpi (Fig. 1 D+H, K). 

Since astrocytes were the most abundant glial cell type and had changed their morphology 

considerably upon infection, we investigated these alterations in more detail. 
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Figure 1: Characterization of HSV-1 infected primary cortical cultures (PCC). A-H, Murine PCCs infected on 
DIV5 with HSV 1(17+)LoxpCMVGFP (E-H; MOI 10; 16 hpi) compared to control cells (A-D). Cells were stained with 
antibodies against marker proteins for neurons (β-III-Tubulin, β-Tub), astrocytes (glial fibrillary acidic protein, 
GFAP), oligodendrocytes (oligodendrocyte transcription factor, Olig2) and microglia (allograft inflammatory 
factor 1, Aif1/Iba-1). I, Composition of primary cortical culture. K, Percentage of HSV-1 positive cells 6 and 
16 hours post infection (MOI 10). Mean ± SEM (n=3). 

Astrocytes are activated in response to HSV-1 infection 

We quantified the morphological changes of astrocytes upon HSV-1 infection (6 and 16 hpi) by 

employing an automated and unbiased image analysis algorithm based on the software CellProfiler 

(Carpenter et al., 2006) (Fig. 2). Most interestingly, in HSV-1 infected PCC astrocytes underwent 

transient changes with regard to area (Fig. 2 D, E) and compactness (Fig. 2 F). The compactness 

describes the shape of cells by calculating the variance of the radial distance from the cell centroid to 

the objects outline divided by the area, meaning a perfect circular cell would have a compactness of 1. 

HSV-1 positive astrocytes became significantly larger compared to neighboring HSV-1 negative 

astrocytes which shrank at 6 hpi, whereas after an additional 10 h incubation astrocytes shrank again 

and resembled the uninfected control cells (Fig. 2 A-D). Classification of astrocytes depending on the 
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area revealed a similar phenomenon (Fig. 2 E): In control conditions, most astrocytes were small and 

only 10% were categorized as large. After 6 hours of infection, almost all HSV-1 negative astrocytes 

remained small cells, whereas HSV-1 positive astrocytes were getting larger. Later after infection, the 

proportions of differently sized HSV-1 positive astrocytes were similar to the distribution in control 

conditions indicating a transient morphological change during infection. In addition, the compactness 

of the astrocytes differed between HSV-1 negative and HSV-1 positive astrocytes after 6 hpi. As for 

infected astrocytes, a more compact shape was measured compared to HSV-1 negative and control 

cells (Fig. 2 F). Indeed, control astrocytes display a ramified morphology compared to round-shaped 

infected cells (Fig. 2 A+C). These results revealed a transient response of astrocytes to HSV-1 infection 

compared to neighboring non-infected cells indicating cell intrinsic mechanisms after HSV-1 infection. 

Infected astrocytes appeared enlarged and showed signs of hypertrophy, characteristic for activated 

astrocytes (Koyama, 2014). Astrocyte activation results in an altered secretory profile including 

neurotrophic factors. Thus, we further characterized neurotrophic signaling of CNS cells in response 

to HSV-1 infections.  

 

Figure 2: Morphological alterations of astrocytes after HSV-1 infection. A-C, representative astrocytes (GFAP, 
red; DAPI blue; HSV-1 green) in control condition (A) and after HSV-1(17+)LoxpCMVGFP infection (B: 6hpi; 
C: 16hpi; MOI 10). Astrocytes of three independent experiments were identified and characterized using the 
cell image analysis software CellProfiler. D, Area of HSV-1 negative (white bars) and HSV-1-positive (black bars) 
astrocytes in control conditions and after HSV-1 infection (6 / 16hpi). E, Classification of astrocytes depending 
on the area of the cell body (large: >1000 µm², medium: 1000 µm² ≥ x ≤ 500 µm², small: < 500 µm²). 
F, Compactness of infected and non-infected astrocytes. Mean ± SEM (n=3); Two-way ANOVA: Infection status 
D: ** p<0.01, F: * p<0.05; Time D+F: ** p<0.01; Holm-Sidak‘s multiple comparison test (**** p<0.0001, 
** p<0.01, * p<0.05). 
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Paracrine activation of ERK-signaling in response to HSV-1 infection 

Neurotrophic factors are secreted by CNS cells including astrocytes and mediate neuroprotective 

signaling. To explore the secretion of these factors in HSV-1 infected cultures, we took advantage of 

a biological outcome measure allowing detection of low amounts of paracrine signaling molecules: 

Different neurotrophic factors commonly activate downstream cascades, the mitogen-activated 

protein kinase (MAPK/ERK) and the serine/threonine-protein kinase Akt. These kinases are main 

players in regulation of proliferation, survival, and differentiation of CNS cells. Since astrocytes became 

morphologically activated, we expected secretion of those upstream factors in response to HSV-1 

infection. For this, we collected conditioned media of HSV-1 infected and non-infected cultures at 

different times post infection (30 min, 4 h and 8 h). Virions were removed by filtration, which was 

confirmed by plaque assays (data not shown). The filtrate was applied to naive cells to measure the 

pathway activities (Fig. 3 A). After collection of conditioned media, the cells were lysed for western 

blot analysis.  

ERK and Akt were activated in inoculated cortical cultures corresponding to their transient 

morphological activation (Fig. 3 C, D; Fig. 1) with ERK phosphorylation occurring early and Akt 

phosphorylation with delayed kinetics. This suggests that the infected cells had secreted a factor which 

activated ERK when transferred to non-infected PCCs (Fig. 3 E, F). The increase of the ERK 

phosphorylation hints for the accumulation of this factor within the conditioned medium after 4 and 

8 hours of infection.  
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Figure 3: Alteration of ERK- and Akt-phosphorylation in response to HSV-1 infection in PCCs. A, Experimental 
design: Conditioned medium of HSV-1(17+)Lox infected PCCs were collected and filtrated after different time 
points of infection (30 min, 4h, 8h) and placed on PCCs treated with starvation medium 2 hours prior to 
induction. Control conditioned medium was collected after 8 hours. PCCs were incubated for 30 min with 
conditioned medium and lysed for western blot analysis. B, Representative western blots. C+D, Densitometric 
analysis of ERK (C) and Akt (D) phosphorylation in HSV-1 infected PCCs. E+F, Densitometric analysis of ERK (E) 
and Akt (F) phosphorylation in PCCs stimulated for 30 minutes with conditioned medium derived from control 
and HSV-1 infected PCCs after different time points of infection. Mean ± SEM (n=5); One-Way ANOVA 
(C * p<0.05, D ** p<0.01, E * p<0.05); multiple comparison with Holm-Sidaks test (** p<0.01, * p<0.05). 

HSV-1 infection of primary cortical cells alters gene expression of the FGF-system 

Next, we screened the expression profile of neurotrophic factors by qRT-PCR. However, it is 

known that the transcription machinery in the host cell is strongly influenced by HSV-1 (Spencer et al., 

1997). Therefore, the impact of HSV-1 infection on host cell transcription was measured for the house-

keeping genes coding for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and peptidylprolyl 

isomerase A (PPIA) (Fig. 4 A), which were clearly down-regulated after HSV-1 infection together with 

several neurotrophic factors (Fig. 4, supplementary Fig. S1). However, despite transcriptional down 

regulation, the screening also identified positively regulated growth factors: mRNAs of FGF-3, the 

FGF-family-4 with FGF-4, FGF-5 and FGF-6 as well as FGF-8, FGF-9, FGF-15, and FGF-20 were 

up-regulated after HSV-1 infection (Fig. 4 B). Among those, FGF-4, FGF-6, and FGF-20 were not at all 

expressed in control cells indicating a switch-on mechanism in response to HSV-1 infection with FGF-4 

reaching strong expressional upregulation. To verify this selective activation of FGF-4 expression as a 

response to HSV-1 infection we further analyzed this mRNA species with regard to regular transcription 

and splicing.  
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Figure 4: HSV-1 infection alters mRNA expression of the FGF system. A, House-keeping mRNA expression 
(GAPDH, PPIA) of infected and control PCCs. B, Positive regulated fibroblast growth factor mRNAs of PCCs 
infected for 0, 2, 4, 6, or 8 hpi with HSV-1(17+)Lox (MOI10). Cells infected for 0 hpi were lysed directly after 
HSV-1 inoculation for 30 minutes. Transcript levels were calculated using the ΔΔCt method. Mean ± SEM of 
technical replicates. 

FGF-4 mRNA expression is switched-on in HSV-1 infected primary cortical cells 

Besides an overall transcriptional repression of host genes, HSV-1 randomly activates 

transcription of several host genes. This mechanism is provoked by a dysregulation of transcription 

termination and produces long non-translated transcripts including sequences of intergenic regions 

and down-stream genes (Rutkowski et al., 2015). Therefore, we tested the possibility of a 

read-through mechanism of genes upstream of FGF-4 taking advantage of different primer 

combinations covering different regions. We used primer sets for real-time PCR (Fig. 5, A, black 

arrows) and conventional PCR (Fig. 5, A, red arrows) to identify the length of the FGF-4 transcripts 

produced in HSV-1 infected PCCs. Quantification of the FGF-4 mRNA expression after HSV-1 infection 

of PCCs confirmed the screening results and showed a significant expression of the FGF-4 mRNA 

relative to detection limit after 6 hpi (Fig. 5 B). Conventional PCR using primer sets incorporating 

potential intron sequences of the FGF-4 gene from control and HSV-1 infected PCCs resulted in the 

amplification of a single transcript with 500-600 bp of length (Fig. 5 C). The lack of longer transcripts 

argues in favor of a correct splicing of the FGF-4 pre-mRNA and a targeted activation of transcription 

by HSV-1 infection.  
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Figure 5: FGF-4 is regularly expressed without intron retention after HSV-1 infection. A, Primer sets used for 
amplification of the FGF-4 transcript in Real-Time PCR (black arrows) and conventional PCR (red arrows) for 
analysis of alternative splicing products. B, Fold change of FGF-4 mRNA in HSV-1(17+)Lox infected PCCs 
(MOI10) compared to non-infected at different time points of infection. Bars show fold change normalized to 
the mean of control values. Mean ± SEM (n=3); One-way ANOVA **** (p<0.0001) with Holm-Sidak‘s multiple 
comparison test (**** p<0.0001). C) cDNA and RNA derived from control and HSV-1(17+)Lox infected PCCs 
(MOI 10, 6 hpi) amplified using a primer set for FGF-4 mRNA incorporating introns (red arrows in A) following 
gel electrophoresis of PCR products. NTC = non template control. 

HSV-1 infected primary cortical cells secrete an FGF-ligand  

FGF-ligands can effectively activate ERK at a concentration of only 0.01 ng/ml (Zhu et al., 2010) 

which is below the detection limits of biochemical methods such as western blot (Taylor et al., 2013). 

Given the transient nature of astrocyte activation and FGF-4 mRNA production, we expected a narrow 

time-window for FGF-4 production with low but functional protein amounts. In order to further 

investigate FGF secretion of HSV-1 infected PCCs, we therefore repeated the previous bio-assay with 

minor modifications: The conditioned medium of PCCs, infected with HSV-1 for 20 hours, was 

collected, filtered, and supplemented with nanomolar concentrations of the FGF receptor inhibitor 

PD173074 or DMSO only (Fig. 6 A). To efficiently inhibit the receptor, the PCCs were pre-treated with 

the inhibitor 2 hours before addition of conditioned medium. After incubation for 30 minutes, cells 

were lysed and the phospho-ERK signal was detected by western blot (Fig. 6 B). Western blots and 

subsequent densitometric analysis of phosphorylated ERK (Fig. 6 C) confirmed the ERK 

hyper-activation in PCCs treated with conditioned medium from HSV-1 infected PCCs (HSV-1 CM) 

compared to control conditioned medium (Control CM). Strikingly, the addition of the FGF-receptor 
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inhibitor PD173074 to HSV-1 conditioned medium blocked the activation of ERK in PCCs (Fig. 6 C). 

This supports the hypothesis of paracrine FGF-4 being secreted in response to HSV-1 infection.  

 

Figure 6: Factor secreted by HSV-1 infected PCCs activates ERK via FGF-receptors. A, Experimental design: 
Conditioned medium of HSV-1(17+)Lox infected PCCs was collected and filtrated 20 hpi and placed on PCCs 
pre-incubated with starvation medium incl. FGFR-inhibitor PD173074 (200nM) or DMSO. Conditioned medium 
was supplemented equally with PD173074 or DMSO and placed on PCCs for 30 min equivalent to experiment 
in figure 3. Cells were lysed for western blot analysis. B, Representative western blots. C, Densitometric analysis 
of ERK phosphorylation in PCCs stimulated with conditioned medium from HSV-1(17+)Lox infected PCCs 
supplemented with DMSO or FGFR-inhibitor PD173074 (200 nM). Mean ± SEM (n=5); Two-Way ANOVA (C: 
Stimulation * p<0.05, Inhibition * p<0.05); multiple comparison with Holm-Sidaks test (* p<0.05). 

FGF-4 on-switch is HSV-1 specific and restricted to a fully functional virus  

To test whether FGF-4 expression is a general response to virus infection, we infected PCCs 

with HSV-1, with Theiler’s murine encephalomyelitis virus (TMEV), an RNA virus, or treated the cells 

with dithiothreitol (DTT), a global stress inducer (Fig. 7 A). Again, HSV-1 infection significantly induced 

production of FGF-4 mRNA, whereas TMEV infection and DTT treatment led to a much lower FGF-4 

expression compared to control condition (Fig. 7 A). Consequently, the observed FGF-4 mRNA 

expression is a targeted response to HSV-1 infection in a mixed cortical culture.  

To further characterize the effect of HSV-1 on FGF-4 gene expression during HSV-1 infection, 

we inoculated PCCs with UV-inactivated HSV-1 or with HSV-1 variants carrying specific deletion 

mutants (Fig. 7 B-D). HSV-1(17+)Lox was inactivated with different doses of UV-light and 

immediate-early, early, and late HSV-1 transcripts were quantified to analyze the degree of 

inactivation compared to untreated HSV-1 (Fig. 7 B). Already low UV-dosages (0.1 J/cm²) reduced the 

transcription of viral genes and completely inhibited expression of the late protein UL36. Immediate 

early and early gene expression was reduced gradually with increased UV dosages. For complete 

inactivation a dose of 0.8 J/cm² UV radiation was required. Expression of the immediate early gene 

ICP0, induced by the tegument protein VP16, was still abundant after UV radiation with the highest 

dosage verifying the integrity of VP16 after UV treatment. Already low UV dosages lead to a strong 

reduction in FGF-4 expression and higher dosages completely blocked this effect (Fig. 7 C). This 
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indicates that a late HSV-1 protein expression was required for the efficient induction of high FGF-4 

levels, whereas impaired HSV-1 or mutated HSV-1 particles with some remaining functions only 

slightly trigger FGF-4 expression.  

Considering the neurotropism of HSV-1 and the role of FGF-4 in the neuronal system, we also 

tested a mutant deficient for the non-essential neurovirulence factor ICP34.5 (Nygårdas et al., 2013). 

ICP34.5 prevents the shut off-mechanism of host protein translation (He et al., 1997) and inhibits 

stimulation of interferon expression by binding to the TANK-binding kinase 1 (Verpooten et al., 2009). 

ICP34.5 deficient HSV mutants can replicate in epithelial cells but lack the ability to spread in the 

nervous system (Chou et al., 1990). The other mutated HSV-1 strain lacked the non-essential 

RNA-binding protein US11, which associates with 60S ribosomal subunits and regulates initiation of 

viral transcription (Roller et al., 1996) and interferes with the innate immune response by blocking 

autophagy (Lussignol et al., 2013). These deletion mutants when compared to the corresponding 

parental strains (HSV-1(17+), HSV 1(F)) resulted in a similar induction of FGF-4 expression (Fig. 7 D). 

Taken together, these results indicate that FGF-4 expressional upregulation does not depend on 

neurovirulence. However, virions must be capable of late protein expression for induction of an 

efficient FGF-4 response.  
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Figure 7: A, FGF-4 expression in PCCs infected with HSV-1(17+)Lox, Theiler‘s murine encephalomyelitis virus 
(TMEV (BeAn), MOI 10) or treated with Dithiothreitol (DTT, 1mM) for 6 hours. Effects of UV-inactivation of 
HSV-1 and HSV-1 mutants on FGF-4 expression. B, Transcript level of viral RNA in PCCs infected with untreated 
or UV-inactivated (0.1-0.8 J/cm²) HSV-1(17+)Lox (MOI 10, 4 hpi). Analysis was carried out with three pooled 
biological replicates. C, Fold change of FGF-4 mRNA in PCCs infected with untreated or UV-inactivated 
HSV-1(17+)Lox normalized to control. D, FGF-4 mRNA expression of PCCs infected with different HSV-1 virus 
strains and deletion mutants for neurovirulence factor ICP34.5 or RNA binding protein US11 (MOI 10, 6 hpi). 
Bars show fold change normalized to the mean of control values. Mean ± SEM (n=3); One-way ANOVA (A ** 
p<0.01, C **** p<0.0001, D *** p<0.001) with Holm-Sidak‘s multiple comparison test (**** p<0.0001, 
*** p<0.001, ** p<0.01, * p<0.05). 

FGF-4 production is a cell specific response which is not dependent on innate 

immunity 

Our results suggested a targeted FGF-4 gene expression of HSV-1 infected activated astrocytes. 

To verify this cell specificity, we compared FGF-4 expression levels of purified primary astrocytes with 

PCCs after HSV-1 infection (Fig. 8 A). In addition, the host tropism of HSV-1 includes epithelial cells 

and fibroblasts alongside neuronal tissue. These cells play a critical role in preventing infection since 

they operate as a first barrier for viral particles. We included this cell type in our analysis by using the 

murine mammary gland epithelial cell line (C127i). HSV-1 infected PCCs were used as a positive 

control and expressed higher levels of FGF-4 mRNA compared to astrocytes only after normalization 

of total RNA amounts (Fig. 8 A). Importantly, astrocytes produce high amounts of FGF-4 mRNA. In 

comparison, a marginal amount of FGF-4 mRNA was detected in infected epithelial cells thus 

indicating a tissue and, more designative, a cell specific response of infected astrocytes (Fig. 8 A).  
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To directly address innate immunity as a mechanism upstream of FGF-4 expression, we prepared 

PCC from STING (-/-) or MyD88 (-/-) mice (Fig. 8 B). Those animals are deficient in major pathways of 

innate immunity since STING detects cytosolic DNA and MyD88 mediates Toll-like receptor (TLR) 

signaling, except for TLR3. Importantly, both cultures produced FGF-4 mRNA when infected (Fig. 8 B). 

Moreover, we incubated PCCs together with a battery of TLR-ligands including high and low molecular 

weight Poly(I:C) and ssRNA40 which activate TLR3 (Fig. 8 C). Although we detected TLR-activation as 

indicated by an upregulation of IFN-β, we did not observe an expressional change of FGF-4. Taken 

together, these results indicate that innate immunity pathways do not trigger FGF-4 responses after 

HSV-1 infection. 

 

Figure 8: FGF-4 response is cell type specific and not mediated by innate immunity mechanisms. A, FGF-4 
expression of PCCs, astrocytes and murine mammary gland epithelial cell line (C127i) infected with 
HSV-1(17+)Lox (MOI 10) after different time points of infection. Bars show fold change normalized to the mean 
of control values. Mean ± SEM (n=3); Two-way ANOVA *** (p<0.001), # (p<0.05) with Holm-Sidak‘s multiple 
comparison test (*** p<0.001, ** p<0.01, * p<0.05). B, PCCs derived from STING or MyD88 knock-out mice 
were infected with HSV-1 (MOI 10). FGF-4 mRNA is expressed independent of STING and MyD88 pathways 
after HSV-1 infection.  STING KO: Mean ± SEM (n=5); One-way ANOVA **** (p<0.0001) with Holm-Sidak‘s 
multiple comparison test (**** p<0.0001). MyD88 KO: Mean ± SEM (n=3); One-way ANOVA *** (p<0.001) 
with Holm-Sidak‘s multiple comparison test (*** p<0.001, ** p<0.01). C, PCCs were incubated with different 
TLR agonists for 6 hours and tested for GAPDH, IFN-β, and FGF-4 mRNA expression. Bars show fold change 
normalized to control values (n=1). 
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Discussion 

In this study, we show that cortical brain cells react to HSV-1 infection with an altered pattern 

of neurotrophic factor expression. Most prominently, FGF-4 expression was dramatically upregulated 

in HSV-1 infected astrocytes consistent with an FGFR-dependent ERK activation in neighboring cells 

(Fig. 9). The morphology of the astrocytes changed transiently suggesting an activation of specific 

signaling pathways. In damaged nervous tissues, activation of astrocytes is accompanied by 

hypertrophic conversion of the cell body and increased expression of intermediate filament proteins 

(Koyama, 2014; Sofroniew and Vinters, 2010). Furthermore, astrocytes balance between detrimental 

pro-inflammatory and neuroprotective anti-inflammatory activities (Colombo and Farina, 2016). 

Reactive astrocytes produce cytokines and often form a compact glial scar to limit tissue damage, but 

inhibit axon regeneration and cell survival (Liberto et al., 2004). On the other hand, astrocytes promote 

regenerative actions by secretion of growth factors (Liberto et al., 2004; Ridet et al., 1997). Reactive 

astrocytes were recently classified into an A1 phenotype, becoming activated by microglia and harmful 

for neurons, and into an neurotrophic factor secreting A2 phenotype (Liddelow et al., 2017). Various 

studies demonstrated the presence of neurotrophic factors in CNS disorders induced by infections or 

other inflammatory diseases (Fields et al., 2014; Kizawa-Ueda et al., 2011). The expression of 

neurotrophic factors, like FGFs, is induced to support the recovery from tissue damage and to suppress 

further neurotoxicity caused by ongoing release of pro-inflammatory mediators and glial scar 

formation (Fields et al., 2014; Ye et al., 2015). 

The results indicate that one of these neurotrophic growth factors could be FGF-4. FGF-4 is a 

paracrine mitogenic growth factor first described as a transforming gene and later characterized as a 

fibroblast growth factor (Yoshida et al., 1991). Knock-out experiments revealed essential functions of 

FGF-4 during early stages of embryonic development (Feldman et al., 1995) as well as limb 

development in later stages (Niswander et al., 1994; Ochiya et al., 1995). Moreover, expression of 

FGF-4 mRNA at sites of neurogenesis (hippocampus, rostral migratory region and the subventricular 

zone) as well as the potential for neuronal proliferation and differentiation (Kosaka, 2006) argues for 

a role in regenerative processes after CNS tissue damage. Recently, it was shown that FGF-4 is 

involved in the process of dedifferentiation of astrocytes into precursor cells which in turn can 

differentiate into neurons (Feng et al., 2014). Additionally, FGF-signaling suppresses astrocyte 

reactivity and their inflammatory activity finally reducing neurodegeneration (Kang et al., 2014a, 

2014b). Considering this, the specific role of FGF-4 in HSV-1 infection of the CNS may be a negative 

feedback loop regulating astrocyte activation. HSV-1 infection induces astrocyte activation, followed 
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by FGF-4 expression which de-activates astrocytes in an autocrine manner. This is supported by our 

findings of the transient nature of morphological astrocyte reactivity (Fig. 2). In the long term, FGF-4 

may then provoke the dedifferentiation of astrocytes to precursor cells (Feng et al., 2014). Thus, FGF-4 

may shift the astrocytic response from inflammation to repair and neurorestoration.  

The high expression level of FGF-4 in response to HSV-1 infection compared to another virus or 

cellular stress indicates a specificity of this effect for HSV-1. TMEV or DTT yet induced a low FGF-4 

signal indicating a basal reaction strongly amplified by HSV-1 infection. Moreover, only a fully 

functional virus could efficiently induce FGF-4 expression and innate immunity signaling was not 

involved. Taken together, these results argue in favor of a working model where HSV-1 amplifies a 

pre-existing mechanism to control astrocyte reactivity and reduce inflammatory response. Whether 

this is beneficial in the context of HSV-1 CNS infections or promotes detrimental viral spread needs to 

be resolved in future studies. 

 

Figure 9: HSV-1 infection activates FGF-4 secretion in cells of the central nervous system. After docking to the 
extracellular matrix of astrocytes HSV-1 enters via membrane fusion and releases its capsid into the cytoplasm. 
In the infected cell, ERK and Akt are activated and the transcription of fibroblast growth factor 4 (FGF-4) is 
induced. Secreted FGF-4 activates FGF-receptors and ERK-signaling on neighboring cells and regulates 
astrocytic activation and de-differentiation. 
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Methods 

Animals and viruses 

All animals were handled in compliance with the regulations of the German animal welfare law. 

C57BL/6JHanZtm mice were obtained from the Central Animal Facility of Hannover Medical School, 

Germany. STING(-/-) (Zhang et al., 2014) and MyD88(-/-) (Myd88tm1Aki)  (Adachi et al., 1998) knock-out 

mice were kept at the Centre for Experimental and Clinical Infection Research, TWINCORE, Hannover, 

Germany. The following virus strains have been used: HSV1(17+)Lox (Nygårdas et al., 2013), 

HSV1(17+)Loxluc Δγ34.5 (Nygårdas et al., 2013), HSV-1(F) (ATCC VR733), HSV-1-ΔUS11 (Roller et 

al., 1996), HSV1(17+)Lox-pMCMVGFP. In addition, Theiler’s murine encephalomyelitis virus (TMEV; strain 

BeAn) has been used (Adachi et al., 1998). 

Preparation of primary cortical cells  

Whole cortices of neonatal mice (P1-P6) were dissected and dissociated employing an 

enzymatic solution containing papain (25 U/ml in DMEM-GlutaMAX™ (Gibco), 1.65 mM L Cystein 

(Sigma-Aldrich), 1 mM CaCl2, 0.5 mM EDTA). After 20 min at 37°C the enzymatic solution was 

replaced by an inactivating solution (DMEM-GlutaMAX™, 2.5 mg/ml BSA (Sigma-Aldrich), 2.5 mg/ml 

trypsin inhibitor (Sigma-Aldrich), 10% FCS (PAA Laboratories), 100 U/ml penicillin/streptomycin 

(Invitrogen), 1x MITO+ (BD Biosciences)) and incubated for 5 min at room temperature. The 

supernatant was discarded and the tissue was sheared in FCS-medium (DMEM-GlutaMAX™, 

10% FCS, 100 U/ml penicillin/streptomycin, 1x MITO+). After bigger tissue chunks settled down, the 

supernatant was centrifuged (5 min, 157 x g) and the cell pellet was resuspended in FCS-medium. 

The cells were seeded on poly-L-lysine (PLL)-coated (0.5 ng/ml, Sigma-Aldrich) well plates in 

FCS-medium. 30 min after incubation (37°C, 5% CO2) the FCS-medium was replaced by NBA-medium 

(NeurobasalA® (Gibco), B27 (Invitrogen), GlutaMAX™ (Invitrogen), 100 U/ml 

penicillin/streptomycin). Heparin was not added to the culture media. Half of the NBA-medium was 

exchanged with fresh medium 24 h later (day in vitro, DIV2). 

Primary astrocytes and C127i cell line 

Murine primary astrocytes derived from C57BL/6JHanZtm neonatal mice were prepared as 

described previously (Janssen et al., 2015). Purified astrocytes were cultured in DMEM-High Glucose 

(Gibco) supplemented with 10% FCS (PAA Laboratories) and 100 U/ml penicillin/streptomycin 
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(Invitrogen). Murine mammary gland epithelial cells (C127i, ATCC CRL-1616) were cultured in DMEM 

(4.5 g/L glucose; Gibco) supplemented with 10% FCS and 100 U/ml penicillin/streptomycin and 

incubated at 37°C and 5% CO2. 

Infection and treatment of cell cultures 

Primary cortical cells (DIV5), primary astrocytes or C127i cells were incubated with 

CO2-independent medium (Gibco) containing 0.1% (w/v) BSA (1 ml/6-Well; 0.2 ml/24-Well) for 20 

min at room temperature on a rocking platform. Viral particles were suspended in fresh 

CO2-independent medium containing 0.1 % (w/v) BSA and incubated with the cells in a multiplicity of 

infection of 10 plaque forming units per cell (MOI 10). During infection, the cells were placed on a 

rocking platform for 30 min. After exchange of infectious medium to culture medium (NeurobasalA® 

(Gibco), GlutaMAX™ (Invitrogen), 100 U/ml penicillin/streptomycin, B27) the cells were incubated at 

37°C for different time points. For stress induction in similar conditions to infected cells, cultures were 

incubated with CO2-independent medium containing 0.1% (w/v) BSA for 50 minutes. Subsequently, 

primary cortical cells were incubated with dithiothreitol (1 mM) in NBA-medium for 6 hours. Toll-like 

receptor (TLR)-agonists of the mouse TLR1-9 Agonist Kit (Invitrogen) were used according to 

manufacturer’s instruction, diluted in NBA-medium and incubated on cells for 6 hours at 37°C and 

5% CO2 (Pam3CSK4, LPS-EK, FLA-ST, FSL-1: 100 µg/ml; HKLM: 1010 cells/ml; Poly(I:C) (HMW) and 

(LMW): 1 mg/ml; ssRNA40: 50 µg/ml; ODN1826: 500 µM). Cells were washed with PBS once and 

used for RNA isolation. 

UV inactivation of HSV-1 

HSV-1(17+)Lox was diluted in CO2-independent medium with 0.1% BSA and inactivated using 

an UV transilluminator (FLX-20.M; Vilber Lourmat, France) with different UV dosages (0.1-0.8 J/cm2). 

Control medium and non-inactivated control were treated the same omitting the UV radiation.  

Induction of cells with conditioned medium 

After infection of primary cortical cultures, the infectious medium was changed to starvation 

medium (culture medium without B27) and incubated for different time points. The supernatant was 

filtered with a syringe filter (Millex-VV, 0.1 µm, PVDF; Merck Millipore) to clear the conditioned 

medium of viral particles. Plaque assays (Döhner et al., 2002) confirmed the absence of viral particles. 

The conditioned media were incubated together with non-infected primary cortical cultures which 
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were starved with starvation medium 2 h prior to this induction. After 2 h of induction, cells were 

lysed for Western blot analysis or real-time PCR. For inhibition of the fibroblast growth factor receptor 

(FGFR), the inhibitor PD173074 (Calbiochem) was added to starvation medium or conditioned media 

to a final concentration of 200 nM, respectively. Control cells received starvation medium or 

conditioned medium with same concentration of the inhibitor-vehicle DMSO. 

RNA isolation, reverse transcription and real-time PCR 

RNA was isolated with RNeasy® Plus Mini Kit (Qiagen) according to the manufacturer’s 

guidelines. RNA Integrity Numbers (RIN) were determined with a Bioanalyzer using the RNA Nano Kit 

6000 (Agilent Technologies). Samples with RIN<8 were omitted from further analysis. 0.5-1 µg of 

total RNA was pre-incubated with 3 µg Random Primers (Invitrogen) at 70°C for two min followed by 

a cooling step on ice. Reverse transcription was performed in First Strand Buffer (Invitrogen) containing 

10 mM DTT (Invitrogen), 0.5 mM dNTPs (Invitrogen), 5 U/ml M-MLV Reverse Transcriptase (Invitrogen) 

and 1 U/ml RNase Block Ribonuclease Inhibitor (Agilent Technologies). The reaction mix was 

incubated for 90 min at 42°C, 15 min at 70°C and cooled down on ice. For real-time PCR, the cDNA 

was diluted 1:25. 5 µl of diluted cDNA were mixed with 7 µl Power SYBR® Green Master Mix (Applied 

Biosystems) and 2 µl diluted primer mix (1.75 µM each forward and reverse primer). PCR reaction was 

performed with a StepOnePlus™ Real – Time PCR system. The temperature protocol included a first 

denaturation step of 10 min at 95°C followed by 40 cycles with 15 sec 95°C and 1 min at 60°C. PCR 

product specificity was verified by melting curve analysis. Primer sequences are shown in Supplemental 

Table 1.  

Conventional PCR and gel electrophoresis 

cDNA and RNA derived from HSV-1 infected and control primary cortical cells were amplified 

using FGF-4 primers covering both introns (Fig. 5B), respectively. Thermocycler performed an initial 

denaturation step at 95°C (3 min) followed by 40 cycles of 95°C (30 sec), 62.4°C (30 sec) and 72°C 

(30 sec) and a final extension (72°C, 5 min).  

Western blot 

Cells were lysed with RIPA buffer (137 mM NaCl, 20 mM Tris-HCl pH 7, 525 mM 

β-glycerophosphate, 2 mM EDTA, 1 mM sodium-orthovanadate, 1% (w/v) sodium-desoxycholate, 

1% (v/v) Triton-X-100, protease inhibitor cocktail (Roche)). Lysates were stored on ice for 15 min, 
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sonicated for 15 min and centrifuged at 4°C for 20 min (21,000 g). Protein concentration of the 

supernatant was analysed with Pierce™ BCA Protein Assay kit.  The following antibodies were used 

on Western blots after SDS-PAGE: primary antibodies; Akt (pan) (1:1000; Cell Signaling), Phospho-Akt 

(Ser473) (1:1000; Cell Signaling); p44/42 MAPK (Erk1/2) (1:1000; Cell Signaling), Phospho-p44/42 

MAPK (Erk1/2) (Thr202/Tyr204) (197G2) (1:1000; Cell Signaling), Tubulin (DM1A) (1:3000; Santa 

Cruz), HSV-1 (Ojala et al., 2000). HRP-linked secondary antibodies: anti-mouse IgG (1:4000; GE 

Healthcare), anti-rabbit IgG (1:5000; GE Healthcare). Primary antibodies directed against 

non-phospho epitopes as well as secondary antibodies were diluted in 5% milk powder in TBS-T, 

primary phospho-antibodies in 5% BSA in TBS-T. Detection of chemiluminescence was performed with 

Immobilon™ Western HRP Substrate (Millipore).  

Immunocytochemistry 

Cells were grown on PLL-coated glass cover slips in 24-well plates. After treatment or infection, 

cells were washed with PBS once and fixed with 4% (w/v) paraformaldehyde (Sigma Aldrich) in PBS 

for 10 min at room temperature following permeabilization with ice cold methanol at -20°C for 

10 min. Cells were washed with PBS and permeabilized with 0.3% Triton X-100 in PBS containing 

3% normal goat serum (Gibco), 1% bovine serum albumin (Sigma-Aldrich) and 5% human serum 

from HSV-1-seronegative donors (Döhner et al., 2002). Primary antibodies (β-III-tubulin, 1:500, 

Millipore; GFAP, mouse, 1:500, Sigma-Aldrich; Iba-1, 1:500, Wako Chemicals; Olig2, 1:500, Millipore) 

were diluted in blocking solution with 0.3 % Triton X-100 and incubated on cells overnight at 4°C. 

Cells were incubated with fluorescent secondary antibodies (anti-mouse-AlexaFluor555, goat, 1:500; 

Molecular Probes) for 1 h at room temperature. DAPI (1:2000; Sigma-Aldrich) staining of nuclei was 

performed during PBS washing steps. After staining, cover slips were mounted on object slides with 

ProLong® Gold Antifade Mountant (Molecular Probes). Microscopy was performed with an Olympus 

BX61 epifluorescence microscope.  

Automated image analysis 

Microscope images of astrocytes were analyzed using the open-source cell image analysis 

software CellProfiler 2.2.0 (Carpenter et al., 2006; http://www.cellprofiler.org; Broad Institute). The 

pipeline for astrocyte analysis is provided in the Supplement.  
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Statistics 

Data analysis was performed with GraphPad Prism 6.07 (GraphPad Software, Inc., La Jolla, 

USA). Grouped data were analyzed with repeated-measures One-way or Two-way ANOVA followed 

by Holm-Šídák multiple comparison. Statistical evaluation of gene expression data was performed with 

transcript levels. Samples with no expression where calculated setting the Ct-value to 40. 

Densitometric data were normalized to the geometric mean of all values and statistical analysis was 

performed with relative phospho-to non-phospho-ratios. 
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Supplemental Figures 

 

Figure S1: A, Negative regulated fibroblast growth factor mRNAs of PCCs infected for 0, 2, 4, 6, or 8 hpi with 
HSV-1(17+)Lox (MOI10). Cells infected for 0 hpi were lysed directly after HSV-1 inoculation for 30 minutes. 
Transcript levels were calculated using the ΔΔCt method. Mean ± SEM of technical replicates. B, Transcript 
level of glial derived neurotrophic factor (GDNF) and nerve growth factor (NGF) in PCCs following HSV-1 
infection for different time points (n=3). 
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Abstract 

The majority of the adult human population is infected with herpes simplex virus type 1 (HSV-1). 

Depending on the affected tissue different phenotypes can generally lead to lytic infections for example 

in epithelial cells and life-long latent infections in in sensory neurons of the trigeminal ganglia. By now 

little is known about the host response of nervous tissue, in contrast to other cell types. In this study, 

we show in a proteomic approach that exclusively in cortical nervous tissue regulation of actin 

cytoskeleton and focal adhesion is severely affected. 

Introduction 

Around 3.7 billion people below the age of 50 years that represent 67% of the global 

population are estimated to be infected with herpes simplex virus type 1 (HSV-1) (Looker et al. 2015). 

HSV-1 is a member of the large Herpesviridae family that is grouped into three subfamilies (Roizman 

and Baines, 1991). While Herpesviridae can potentially infect almost all animal species and 

cross-species infections are possible, HSV-1 (also named human herpesvirus-1) is in general host 

specific (Woźniakowski and Samorek-Salamonowicz, 2015). However, the most frequently used host 

models to study latency and reactivation of the virus are mice and rabbits (Webre et al., 2012). 

The virus is mainly causing mild phenotypes in the oral mucosa or ocular areas and less 

commonly causing severe diseases like encephalitis (Kollias et al., 2015). Infected epithelial cells show 

characteristics of viral-mediated cell death and inflammatory response. However in sensory neurons, 

HSV-1 establishes life-long latent infections (Whitley and Roizman, 2001). Upon stress-induced 

reactivation, HSV-1 is transported back to epithelial cells where it induces recurring lytic infections 

(Wagner and Bloom, 1997). 

HSV-1 is a linear double-stranded DNA virus surrounded by a capsid, the tegument and an 

envelope (Grünewald et al., 2003). Inside the host cell, HSV-1 is efficiently using the host actin and 

microtubule transport systems to access the nucleus and to be transported back to the plasma 

membrane (Radtke et al., 2006). The virus genes expressed during lytic infections can be grouped into 

three kinetic classes (Honess and Roizman, 1974): immediate-early (IE) genes, which are expressed 

upon entry and the early (E), and late (L) genes. The host response includes complex cellular defense 

mechanisms to reduce viral gene expression and replication (Everett and Chelbi-Alix, 2007; Mossman 

and Ashkar, 2005). 

Although different tissue-specific characteristics can be distinguished during HSV-1 infection, 

not much is known about tissue specific differences in the host response so far. In proteomic studies, 
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the host response of human epithelial cells (HEp-2), human embryonic kidney cells (HEK293) and 

primary human macrophages was analyzed and only revealed a slight overlap of regulated proteins in 

different studies lay a unique host response, with a profile of exclusively enriched signaling pathways. 

To address this, we analyzed both, the host translatome and secretome of HSV-1 infected primary 

cortical mouse cells using mass spectrometry (MS). We found alterations in the host translatome and 

secretome primarily exclusive to the investigated cortical mouse cells, compared to other MS studies 

in different human cell types. Among the top enriched pathways in infected primary cortical cells are 

regulation of actin cytoskeleton and focal adhesion, revealing a unique host response of cells from the 

central nervous system. 

Results 

Characterization of the host translatome and secretome upon HSV-1 infection of 

cortical cells 

For the analysis of the host response of neuronal and glial cells we employed primary cortical 

cells from newborn mice (C57BL/6J). Cultures of these cells were infected with the wild-type strain 

HSV-1(17+)Lox for 20 hours with a multiplicity of infection (MOI) of 10. The proteins of the host cells 

were harvested (host translatome) as well as the proteins secreted into the medium (host secretome). 

Subsequently, LC-MS analysis was performed to identify proteins in both fractions (Fig. 1). From 3857 

detected proteins in the host translatome 417 proteins were found to be regulated (99 up, 318 down) 

at least two-fold. In the secretome out of 1921 detected proteins 295 proteins were at least two-fold 

regulated (142 up, 153 down) after HSV-1 infection. 44 of the regulated proteins were found in both 

translatome and secretome. Infection efficiency was confirmed by detection of 56 viral proteins.  

A large number of downregulated proteins was expected due to the cleavage of host mRNA by 

the HSV-1 virion host shutoff (vhs) protein (Read, 2013). Interestingly, beside the downregulation of 

proteins we found an upregulation of several proteins in the translatome as well as in the secretome 

of infected cortical cells, indicating a precise host response on HSV-1 infection. We were interested if 

this host protein regulation profile could have unique properties and could be distinguished from 

proteomic profiles from other tissues. To investigate this, we first examined the host translatome to 

find enriched pathways in infected cortical cells that are unique to the central nervous system (CNS). 
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Figure 1: Proteomics overview and workflow. Mass spectrometry analysis in lysates (translatome) and 
supernatants (secretome) of HSV-1(17+)Lox infected primary mouse cortex cells (MOI 10, 20h post infection) 
revealed (A) 417 at least two-fold regulated proteins in the host translatome (99 upregulated, 
318 downregulated out of 3847 detected proteins), 295 at least two-fold regulated proteins in the host 
secretome (142 upregulated, 153 downregulated out of 1921 detected proteins) and (B) 56 HSV-1 proteins. 
(C) After mass spectrometry regulated proteins of the translatome were further processed using KEGG (Kyoto 
Encyclopedia of Genes and Genomes) analysis with following protein-protein analysis of regulated pathways 
and proteins from the secretome were compared with the SPD (Secreted Protein Database), following 
phenotype analysis. 

Enrichment analysis of regulated proteins in the host translatome 

To further characterize the host translatome of infected cortical cells we first performed a KEGG 

(Kyoto Encyclopedia of Genes and Genomes) analysis to detect enriched pathways in cortical cells 

after infection with HSV-1 using the web-based toolkit WebGestalt (Wang et al., 2013). With 

34 regulated proteins metabolic pathways were the top enriched pathways 20 hours post infection 

with HSV-1 (Fig. 2). In primary human macrophages alterations in metabolic processes following 

HSV-1 infection are the top enriched pathways as well (Miettinen et al., 2012) and therefore changes 

in metabolic pathways appear to be tissue independent. Similarly, the enrichment of cell cycle proteins 
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like mini-chromosome maintenance proteins Mcm 2-5,7 and downregulation of regulatory cell cycle 

proteins like cyclin dependent kinases (cdks) 2 and 7 in the host translatome seems not to be unique 

to cortical cells. Viral factors are already shown to interact with the cell cycle regulatory machinery to 

optimize virus replication (Boehmer and Nimonkar, 2003; Flemington, 2001). Furthermore, 

interpretation of the enrichment of insulin signaling pathways and pathways in cancer is quite 

challenging and could be due to complex interactions of viral proteins with the host translatome. 

However, in the top enriched pathways we discovered focal adhesion and regulation of actin 

cytoskeleton and wondered if this regulation could be a precise, central nervous system specific host 

response to HSV-1 infection. To answer this question, we performed protein-protein interaction 

analysis using the web-based String Database v10 (Szklarczyk et al., 2015) to investigate in detail if 

the detected protein alterations are based on a close protein network that would argue for a fine-tuned 

regulation of the actin cytoskeleton and focal adhesion. 

We found a close protein network within these enriched pathways with two central proteins 

that were found upregulated following HSV-1 infection: the serine/threonine-protein kinase B-raf 

(BRAF) and the RAC-gamma serine/threonine-protein kinase (AKT3) (Fig. 3). BRAF can be activated 

by neurotrophic factors and is important for neuronal survival (Frebel and Wiese, 2006). AKT3 is mainly 

found in the brain and testes and is as well linked to cell growth and survival (Hers et al., 2011). 

Deletions or mutations of AKT3 are related to neurological disorders like microcephaly and 

schizophrenia (Cohen, 2013). The detected protein network appears to be a CNS specific host 

response that is affecting the actin cytoskeleton and focal adhesion. The given regulations could be 

the cause for morphological changes observed in primary mouse astrocytes following HSV-1 infection, 

described in Raker et al., submitted. 

Furthermore, we were interested if the secretion profile (secretome) of the primary cortical 

culture is influenced by infection with HSV-1. For this reason, we additionally analyzed the secretome 

by collecting the medium of infected primary cells. 
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Figure 2: Enriched KEGG pathways of the host translatome. KEGG analysis were performed with ≥2-fold 
regulated proteins of the translatome. All top enriched pathways with a minimum of 9 hits are displayed, sorted 
by P value. 

 

Figure 3: Protein-protein interaction analysis of enriched KEGG pathways. Protein-protein interaction analysis 
of enriched KEGG pathways regulation of actin cytoskeleton and focal adhesion were analyzed, using the 
STRING database. The two upregulated proteins Serine/threonine-protein kinase B-raf (BRAF) and RAC-gamma 
serine/threonine-protein kinase (AKT3) are in the center of the network of regulated proteins. The protein full 
names and protein IDs are listed in Table 1. 
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Table 1: Protein-protein interaction analysis of enriched KEGG pathways. Protein abbreviations from Figure 3 
with protein full names and protein IDs. 

Protein Protein full names Protein IDs 

laminin γ1 Laminin subunit gamma-1 F8VQJ3; P02468; F6TLW1 

laminin β2 Laminin subunit beta-2 Q61292 

GTPase KRas GTPase KRas; GTPase KRas, N-terminally processed 
P32883-2; P32883; B2KGV5; 
E9Q8V2; E9PVD5 

PI3K p85α 
Phosphatidylinositol 3-kinase regulatory subunit 
alpha 

P26450; Q80UI5 

WASP family 1 Wiskott-Aldrich syndrome protein family member 1 Q8R5H6 

FGF-2 Fibroblast growth factor 2; Fibroblast growth factor P15655; Q925A1; Q925A2 

AKT3 RAC-gamma serine/threonine-protein kinase Q9WUA6-2; Q9WUA6 

BRAF Serine/threonine-protein kinase B-raf 
F6SZ47; P28028; P28028-2; 
P04627; Q99N57; Q99N57-2 

IQGAP2 Ras GTPase-activating-like protein IQGAP2 Q3UQ44 

myosin-14 Myosin-14 
K3W4R2; Q6URW6-2; 
Q6URW6; Q6URW6-3; D3Z5V8 

p160ROCK Rho-associated protein kinase 1 P70335-2; P70335 

fibronectin Fibronectin; Anastellin P11276 

tenascin Tenascin 
Q80YX1; Q80YX1-2;  
Q80YX1-4; Q80YX1-3; 
Q80YX1-5; Q80YX0 

tenascin-R Tenascin-R Q8BYI9; Q8BYI9-2 

Analysis of the host secretome following HSV-1 infection 

To further address secreted proteins, we took a closer look onto secreted proteins that could 

potentially influence and signal to surrounding cells. We used the web-based tool secreted protein 

database (SPD) to exclusively detect secreted proteins in the supernatant (Fig. 1). Using this tool, we 

were able to sort out proteins in the supernatant released due to cell death during the experiment. 

Additionally, we analyzed the translatome again using the SPD to detect potentially secreted proteins 

in the cell lysates. We were interested if secreted proteins and potentially secreted proteins from HSV-1 

infected cortical cells are affecting neighboring cells in a unique pattern. This could indicate a tissue 

specific host response of central nervous tissue. For this reason, we did mammalian phenotype analysis 

of the regulated and possibly secreted proteins (Fig. 4). 

The majority of hits in mammalian phenotype analysis of the secretome (Fig. 4 A) we found for 

a nervous system phenotype and abnormal nervous system physiology. This enrichment of regulated 

proteins that are connected to a nervous system phenotype implies a tissue specific host response of 

the primary cortical culture. We further analyzed potentially secreted proteins from the host 
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translatome (Fig. 4 B) and as well as in the secretome a nervous system phenotype was increased 

including the highest number of hits, followed by abnormal neuron morphology. As mentioned before 

morphological changes were observed in astrocytes in the same experimental setup (Raker et al., 

submitted). The highest upregulation for a single protein was found for Semaphorin-6A, connected to 

nervous system phenotype and abnormal neuron morphology (Table 3). 

These results indicate a central nervous tissue specific host response with a unique enriched 

regulation of actin cytoskeleton and focal adhesion (translatome) and a unique secretion profile 

(secretome) affecting surrounding cells, putatively resulting in morphological changes, analyzed in 

(Raker et al., submitted). 

 

 

Figure 4: Phenotype analysis of host secretome and possibly secreted translatome. Proteins found in mass 
spectrometry analysis were compared with the Secreted Protein Database (SPD) to exclude proteins from dead 
cells in the secretome (A) and to identify possibly secreted proteins in the translatome (B). Subsequently, 
proteins were annotated for mammalian phenotype analysis using the online tool WebGestalt. Top enriched 
pathways with a minimum of 4 hits are displayed for (A) secretome and (B) translatome, sorted by number of 
hits. If the identical set of proteins is connected to more than one enriched pathway, only the pathway with the 
lowest P value is shown. All included proteins are listed in table 2 and table 3. 
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Table 2: Phenotype analysis of host secretome. Protein full names and protein IDs for enriched phenotype-
related proteins in the host secretome. I = nervous system phenotype; II = abnormal nervous system; 
III = normal phenotype; IV = vision/eye phenotype; V = abnormal cell proliferation; VI = abnormal triplobastic 
development; VII = abnormal cartilage morphology. Bold typed proteins were found up-regulated. 

Phenotype 
Protein full names Protein IDs 

I II III IV V VI VII 

×     × × 
Low-density lipoprotein receptor-
related protein 4 

Q8VI56-2; Q8VI56 

×      × Follistatin-related protein 1 Q62356 

×  × ×  ×  
Dystroglycan; Alpha-dystroglycan; 
Beta-dystroglycan 

Q62165 

× × × × × × × 
Fibroblast growth factor receptor; 
Fibroblast growth factor receptor 1 

J3QN85; P16092-6; P16092; 
P16092-3; P16092-4; 
P16092-5; P16092-2 

× ×      Palmitoyl-protein thioesterase 1 O88531; B1B0P8; B1B0P9 

× × ×  ×   
Baculoviral IAP repeat-containing 
protein 6 

H9KUX8; O88738-3;  
O88738-2; O88738 

× × × ×    
Complement C1q tumor necrosis 
factor-related protein 5 

F8WHS3; Q8K479 

× ×      Cystatin-C P21460; A2APX3 

× ×      Brevican core protein Q61361 

× ×      
Protein kinase C-binding protein 
NELL2 

Q61220; Q80UM5 

× ×   ×   Glia-derived nexin Q07235 

  ×     Epiplakin Q8R0W0 

  ×     
Signal transducing adapter 
molecule 2 

O88811-2; O88811 

  ×     
Multiple inositol polyphosphate 
phosphatase 1 

Q9Z2L6 

   × ×  × 
Cathepsin L1; Cathepsin L1 heavy 
chain; Cathepsin L1 light chain 

P06797 

   ×    Palmitoyl-protein thioesterase 1 O88531; B1B0P8; B1B0P9 

   ×    Cadherin-13 Q9WTR5 

    ×   
Coxsackievirus and adenovirus 
receptor homolog 

P97792-2; P97792 

     ×  
Eukaryotic translation 
initiation factor 4 gamma 2 

F7CBP1; G3XA17; Q62448-2; 
Q62448 
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Table 3: Phenotype analysis of possibly secreted proteins of the host translatome. Protein full names and 
protein IDs for enriched phenotype-related proteins in the host translatome. I =nervous system phenotype; 
II = abnormal neuron morphology; III = abnormal behavior; homeostasis/metabolism phenotype. Bold typed 
proteins were found up-regulated. 

Phenotype 
Protein full names Protein IDs 

I II III IV 

×  ×  
Integral membrane protein 2B; BRI2, membrane 
form; BRI2 intracellular domain; BRI2C, soluble 
form; Bri23 peptide 

O89051 

× × × × Laminin subunit beta-2 Q61292 

× ×  × 
Ectonucleotide 
pyrophosphatase/phosphodiesterase family 
member 2 

G3UXY9; Q9R1E6; Q9R1E6-3; 
Q9R1E6-2 

× × × × fibrillin 1 A2AQ53 

× ×   Semaphorin-6A 
K3W4S5; D3YWM8; O35464-2; 
O35464; O35464-3 

× ×   SPARC-like protein 1 P70663 

  × × SPARC Q5NCU4; P07214 

 

Discussion 

More than 90% of all regulated proteins in this study were found exclusive for the analyzed 

primary cortical cells. Less than 8% of the proteins had been found in previous proteome analysis 

(Antrobus et al., 2009; Berard et al., 2015; Miettinen et al., 2012). The majority of regulated proteins 

in previous studies are exclusive to the study/analyzed cell type (data not shown), analogical to this 

study, highlighting the tissue-specific host response to HSV-1 infections.  

In the proteome of HEK293, HEp-2 and even in the secretome of primary human macrophages 

metabolic pathways had been shown to be enriched after HSV-1 infection and displayed the highest 

number of hits, similar to the presented results (Antrobus et al., 2009; Berard et al., 2015; Miettinen 

et al., 2012). Therefore, the regulation of metabolic pathways due to HSV-1 infection appears to be 

tissue unspecific. HSV-1 is already known to arrest the host cell cycle in G1 and to block progression 

into S phase by complex interactions with cell cycle-regulatory machinery like cyclin-dependent kinases 

(cdks) (Boehmer and Nimonkar, 2003; Flemington, 2001). This can be confirmed by the present study. 

Beside downregulation of cell cycle-regulatory proteins like cyclin dependent kinases (cdk2 and 7), we 

find upregulated mini-chromosome maintenance (Mcm) proteins that display close protein-protein 

interaction networks, indicating a precise cell cycle modification induced by HSV-1. Cell Cycle 

alterations due to HSV-1 infection appears to be a tissue independent mechanism as well. However, 
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top enriched pathways regulation of actin cytoskeleton and focal adhesion seem to be cortical tissue 

specific. Only one of the regulated proteins from these pathways Lamc1 has been found previously to 

be downregulated in a proteomic approach in HEK293 cells, similar to the presented experiment 

(Berard et al., 2015). This hints towards a central nervous tissue specific host response to HSV-1 

infection with a precise regulation of the actin cytoskeleton and focal adhesion. Our findings are in 

line with altered F-actin dynamics in the human neuroblastoma cell line SK-N-SH (Xiang et al., 2012). 

It was proposed that HSV-1 could utilize the actin cytoskeleton underneath the plasma membrane of 

the host cell to enhance internalization (Devadas et al., 2014; Zheng et al., 2014), secretion (Roberts 

and Baines, 2010), or even transport of HSV-1 virions in a surfing-like movement on the cell surface 

(Oh et al., 2010). Moreover, the inactivation of the actin regulator cofilin in HSV-1 infected human 

neuroblastoma cell line SK-N-SH appears to be critical for HSV-1 replication (Xiang et al., 2014). 

Furthermore, HSV-1 is suggested to modulate focal adhesion complexes to maintain the attachment 

of infected cells to their surroundings (Albecka et al., 2017). 

In the analysis of secreted proteins most of the regulated proteins were found to be 

downregulated. Only single proteins like the transmembrane ligand semaphorin 6a (Sema6a) in the 

lysates and the coxsackie virus and adenovirus receptor (Cxadr) in the supernatant were found 

upregulated following HSV-1 infection. Sema6a was previously shown to bind to proteins involved in 

cytoskeletal reorganization, in particular in actin dynamics in the central nervous system (Klostermann 

et al., 2000; de Wit and Verhaagen, 2003). Additionally to the potential of Sema6a to signal to 

neighboring cells via plexin receptors, it shows reverse signaling resulting in regulation of neuronal 

morphology (Perez-Branguli et al., 2016). If Sema6a additionally regulates the morphology of glia cells 

should be tested in further studies. Sema6a interacts with the immune system as well due to 

interaction with the plexin-A4 receptor that is expressed by T cells, dendritic cells and macrophages 

(Roney et al., 2013). 

In conclusion, in this study we show a specific host response of cortical nervous tissue with an 

exclusive proteomic regulation of the actin cytoskeleton and focal adhesion on HSV-1 infection, 

compared with previous proteomic studies. Furthermore, the cortical culture displays a unique 

secretome related to phenotypes in the nervous system. The regulation of the shown pathways could 

be important to understand the unique host response of central nervous tissue. 
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Methods 

Animals and viruses 

C57BL/6J wildtype mice were obtained from the Central Animal Facility of Hannover Medical 

School, Germany, and used for tissue removal according to regulations of the German animal welfare 

law (§4(3) German animal welfare law). Virus preparations of HSV-1(17+)Lox were previously 

described (Nygårdas et al., 2013).  

Preparation of primary cortical cells  

Dissection and dissociation of whole cortices from neonatal mice (P1-P6) were carried out with 

papain in enzymatic solution (25 U/ml in DMEM-GlutaMAX™ (Gibco), 1.65 mM L-Cystein (Sigma 

Aldrich), 1 mM CaCl2, 0.5 mM EDTA). 20 min after incubation at 37°C, supernatant enzymatic 

solution was discarded and inactivating solution (DMEM-GlutaMAX™, 2.5 mg/ml BSA (Sigma 

Aldrich), 2.5 mg/ml trypsin inhibitor (Sigma Aldrich), 10% fetal calf serum (FCS) (PAA Laboratories), 

100 U/ml penicillin/streptomycin (Invitrogen), 1x MITO+ (BD Biosciences)) was added and incubated 

for 5 min at room temperature. After supernatant was replaced by FCS-medium (DMEM-GlutaMAX™, 

10% FCS, 100 U/ml penicillin/streptomycin, 1x MITO+) the tissue was sheared. The supernatant was 

centrifuged (5 min, 157 x g) and the cell pellet was resuspended in FCS-medium. The cells were seeded 

in 75 cm² poly-L-lysine (PLL)-coated (0.5 ng/ml, Sigma-Aldrich) cell culture flasks filled with 

FCS-medium. This medium was replaced by NBA-medium (NeurobasalA® (Gibco), B27 (Invitrogen), 

GlutaMAX™ (Invitrogen), 100 U/ml penicillin/streptomycin) 30 minutes after incubation. Half of the 

NBA-medium was exchanged with fresh medium 24h later (day of in vitro 2, DIV2). 

Infection 

Primary cortical cells (DIV5) were covered with CO2-independent medium (Gibco) with 

0.1 % BSA and incubated for 20 min at room temperature on a rocking platform. Viral particles were 

added to fresh CO2-independent medium containing 0.1 % BSA and placed on the cells. The cells 

were incubated on a rocking platform for 30 min. After infection with a multiplicity of infection (MOI) 

of 10 cells were washed with starvation medium (NeurobasalA® (Gibco), GlutaMAX™ (Invitrogen), 

100 U/ml penicillin/streptomycin) once and incubated with 9 ml starvation medium at 37°C for 

20 hours. Subsequently, the supernatant (secretome) was collected and the cells were lyzed 

(translatome). 
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Secretome and translatome analysis 

For secretome analysis supernatants were collected from 75 cm² culture flasks 20 hours post 

infection. For translatome analysis cells were washed with PBS and incubated with Trypsin/EDTA for 

5-10 minutes at 37°C. Cells were collected, centrifuged (5 minutes, 600 x g) and lysed with 100 µl 

RIPA buffer (137 mM NaCl, 20 mM Tris-HCl pH 7, 525 mM β-glycerophosphate, 2 mM EDTA, 

1 mM sodium-orthovanadate, 1% (w/v) sodium-desoxycholate, 1% (v/v) Triton-X-100, protease 

inhibitor cocktail (Roche)) and cooled on ice. Cells were homogenized with an ultrasonic homogenizer 

(Sonoplus HD 2070/UW 2070; Bandelin) with 50% power for 10 seconds. Lysates were centrifuged 

(4°C, 20 min, 21000 x g) and the supernatants collected. Cell supernatants were filtered with Millex 

VV Syringe Filter Units (0.1 µm, PVDF, 33 mm; Merck Millipore) and transferred to Amicon® Ultra-15 

Centrifugal Filter Units with a cut-off membrane of 3 kDa (Merck Millipore). After centrifugation for 

1.5-2 hours at 2400 x g the membranes were washed several times with the concentrated medium 

(~250 µl). The protein concentrations of both the translatome (lysates) and the secretome 

(supernatants) were measured by Pierce™ BCA Protein Assay kit. Equal volumes of purified culture 

supernatant (~200 µl) and equal amounts of lysate, respectively, (~100 µg) were mixed with 

5x Lämmli buffer and heated for 10 minutes at 95°C. After cooling down proteins were incubated 

with acrylamide 4K (40%, AppliChem) for 30 minutes at room temperature for cysteine alkylation. 

Proteins were separated by gel electrophoresis (12.5 % (w/v) polyacrylamide-gel with an amount of 

1:29 of N,N´-Methylenbisacrylamid) at 100 V. The gel was stained overnight with Coomassie® 

Brilliant blue G250 (Merck) in 40% methanol and 10% acetic acid and destained two times with 45% 

methanol and 10 % acetic acid for 1 hour. The gel was washed with water several times and stored 

at 4°C in water. 

Sample preparation for MS analysis 

Gel areas of interest were cut out further minced to 1 mm³ gel pieces and further sample 

processing was done as described (Jochim et al 2011). Briefly, gel pieces were destained two times 

with 200 µL 50% ACN, 20 mM ammonium bicarbonate (ABC) at 37°C for 30 min and then dehydrated 

with 100% ACN. Solvent was removed in a vacuum centrifuge and 100 µL 10 ng/µL sequencing grade 

Trypsin (Promega) in 10% ACN, 40 mM ABC were added. Gels were rehydrated in trypsin solution for 

1 hour on ice and then covered with 10% ACN, 40 mM ABC. Digestion was performed over night at 

37°C and was stopped by adding 100 µL of 50% ACN, 0,1% TFA. After incubation at 37°C for 1 hour 

the solution was transferred into a fresh sample vial. This step was repeated twice and extracts were 
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combined and dried in a vacuum centrifuge. Dried peptide extracts were redissolved in 30 µL 2% ACN, 

0.1% TFA with shaking at 800 rpm for 20 min. After centrifugation at 20,000 x g supernatant was 

directly analyzed by LC-MS or stored at -20°C. 

LC-MS analysis 

Peptide samples were separated with a nano-flow ultra-high pressure liquid chromatography 

system (Thermo Scientific) equipped with a trapping column (3 µm C18 particle, 2 cm length, 75 µm 

ID, Acclaim PepMap, Thermo Scientific) and a 50 cm long separation column (2 µm C18 particle, 

75 µm ID, Acclaim PepMap, Thermo Scientific). Peptide mixtures were injected, enriched and desalted 

on the trapping column at a flow rate of 6 µL/min with 0.1% TFA for 5 min. The trapping column was 

switched online with the separating column and peptides were eluted with a multi-step binary 

gradient: linear gradient of buffer B (80% ACN, 0.1% formic acid) in buffer A (0.1% formic acid) from 

4% to 25% in 30 min, 25% to 50% in 10 min, 50% to 90% in 5 min and 10 min at 90% B. The 

column was reconditioned to 4% B in 15 min. The Flow rate was 250 nL/min and the column 

temperature was set to 45°C. The RSLC system was coupled online via a Nano Spray Flex Ion Soure II 

(Thermo Scientific) to an LTQ-Orbitrap Velos mass spectrometer. Metal-coated fused-silica emitters 

(SilicaTip, 10 µm i.d., New Objectives) and a voltage of 1.3 kV were used for the electrospray. Overview 

scans were acquired at a resolution of 60k in a mass range of m/z 300-1600 in the orbitrap analyzer 

and stored in profile mode. The top 10 most intensive ions of charges two or three and a minimum 

intensity of 2000 counts were selected for CID fragmentation with a normalized collision energy of 

38.0, an activation time of 10 ms and an activation Q of 0.250 in the LTQ. Fragment ion mass spectra 

were recorded in the LTQ at normal scan rate and stored as centroid m/z value and intensity pairs. 

Active exclusion was activated so that ions fragmented once were excluded from further fragmentation 

for 70 s within a mass window of 10 ppm of the specific m/z value. 

Raw data were processed using Max Quant software (version 1.5, Cox and Mann 2008) and a 

home made data base containing human entries, common contaminants and viral proteins. Proteins 

were stated identified by a false discovery rate of 0.01 on protein and peptide level.  

Analysis was performed using data acquired from three independent experiments (n=3).  
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Data processing 

The online tool WebGestalt was used for analyses of Kyoto encyclopedia of genes and genomes 

(KEGG) pathway and classification of phenotypes. For all analyses, the Mus musculus genome was set 

as reference (Wang et al., 2013) with the assumption of a hypergeometrical data distribution.  

A multiple test adjustment method (Benjamini and Hochberg, 1995) was used and the top 

10 pathways were identified, sorted by p-value significance. Cut-off levels for minimal hits were as 

follows: KEGG analysis (minimum 9 genes), translatome GO analysis (minimum 4 genes), secretome 

GO analysis (mammalian phenotype analysis: minimum 4 genes). Protein-protein interaction networks 

were analyzed with String Database v10 (Szklarczyk et al., 2015). 
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General discussion 

Role of FGF-signaling during HSV-1 infection and astrocytic activation 

The study of Chapter I describes regulations of FGF signaling as response to HSV-1 infections 

of cortical brain cells. Among the expression changes of FGF ligands, we identified a strong 

upregulation of FGF-4 in a switch-on like mechanism. The model used for the analysis derived from 

cortical brain regions and consisted of neurons as well as the different types of glial cells (Chapter I, 

Fig. 1). Astrocytes are the most abundant cell type in the CNS and are involved in various cellular 

processes. The most prominent functions are the formation of the blood-brain-barrier as well as 

structural support of the neuronal network (Sofroniew and Vinters, 2010). The provision of essential 

metabolites for homeostatic maintenance and the control of infiltrating immune cells are specific 

outcomes of these functions. Furthermore, astrocytes actively participate in neuroinflammatory 

processes following different brain insults such as viral infections (Colombo and Farina, 2016). As a 

response, astrocytes transform to an transient mild activated state characterized by hypertrophy and 

enhanced expression of intermediate filaments (Sofroniew, 2015a). In this study, these transient 

morphologic changes of astrocytes were observed with regard to an enlarged area after 6 hours of 

HSV-1 infection and a subsequent decreased area after 16 hours (Chapter I, Fig. 2). Next stages of 

astrocytic activation are defined as a moderate reactive astrogliosis and subsequent scar formation of 

proliferating and interacting astrocytes. Glial scar formation is conducted to border lesion sites in the 

CNS from healthy surrounding tissue as well as to prevent infiltration of immune cells (Sofroniew, 

2009). Recently, the classification of reactive astrocytes was further specified into different 

phenotypes: The neurotoxic A1 astrocytes activated by microglia and A2 astrocytes secreting 

neurotrophic factors to promote neuronal survival (Liddelow et al., 2017). During the process of 

astrogliosis, astrocytes contribute to clearance of the infectious agent by production of 

pro-inflammatory cytokines, thereby accepting possible collateral damage of healthy neurons and glial 

cells. To combat these detrimental events, astrocytes secrete mitogenic and anti-apoptotic growth 

factors (Fields et al., 2014; Kizawa-Ueda et al., 2011). Among these, ligands of the FGF system are 

involved in repair mechanisms such as neuroprotection and neurorestoration (da Silva Meirelles et al., 

2017).  

This study indicates the FGF system being involved in the response to HSV-1 infections. Diverse 

regulations of the FGF ligands were detected with down-regulated ligands similar to house-keeping 

genes (Chapter I, Fig. 4A and Fig. S1) resulting most likely from general suppression of host gene 



General discussion 
 

58 

transcription caused by HSV-1 (Spencer et al., 1997). On the other hand, up-regulated transcriptional 

activation demonstrates targeted increase in the expression of certain FGF ligands (Chapter I, Fig. 4). 

Factors of the FGF-subfamily 4/5/6 as well as FGF-3, FGF-8, FGF-9, FGF-15 and FGF-20 showed an 

increased expression (Chapter I, Fig. 4B).  

Most prominent, FGF-4 was not detectable in control conditions whereas HSV-1 infection 

provoked high transcription level of FGF-4 in the cortical brain culture. This growth factor is a 

mitogenic factor first described as oncogenic transforming gene hst and later designated as fibroblast 

growth factor (Delli-Bovi et al., 1988; Sakamoto et al., 1986). FGF-4 is an essential mediator early in 

embryonic development (Feldman et al., 1995) and controls the limb formation (Niswander et al., 

1994; Ochiya et al., 1995). Accordingly, expression is detected during embryogenesis, myogenesis, 

and development of the limbs and tooth (Niswander and Martin, 1992). In the adult organism, FGF-4 

expression is sparse and limited to the brain, intestines and testis (Yamamoto et al., 2000). 

Particularly, in the brain FGF-4 regulates proliferation and neuronal differentiation of neural progenitor 

cells (Kosaka, 2006). Moreover, expression is found in the hippocampus, subventricular zone and 

rostral migratory stream, regions in the brain where neural stem cells reside and neurogenesis takes 

place (Ming and Song, 2011; van Praag et al., 2002). Furthermore, astrocytes are capable to 

de-differentiate into neural progenitor cells presupposed that FGF-4 along with certain other factors 

is available (Feng et al., 2014). Little is known about FGF-4 and regenerative processes following 

injuries in the adult brain. However, an involvement of this factor in neurogenesis and astrocytic 

de-differentiation subsequent to neuronal tissue damage is likely. Especially during herpes simplex 

encephalitis (HSE), FGF-4 may be associated with enhanced neuronal proliferation and differentiation, 

since HSE mainly affects the temporal lobe along with the hippocampus (Kapur et al., 1994). Further 

we could demonstrate that the enhanced FGF-4 expression is tissue specific. In comparison to the 

primary cortical as well as the purified astrocytic culture, a marginal FGF-4 expression was detected 

in epithelial cells (Chapter I, Fig. 8A). In addition to neuronal tissue, the epithelium is a main target 

tissue of lytic HSV-1 infections, but behaves differently during HSV-1 infection (Tsalenchuck et al., 

2014). The high FGF-4 expression in the cortical brain culture and purified astrocytes argue for a 

specific role of FGF-4 in neuronal tissues. Moreover, the slight difference of FGF-4 level between the 

mixed cortical culture and the purified astrocytes indicates that the majority of FGF-4 is expressed by 

astrocytes and to a less extent by other cells of the mixed culture.  
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Since activated astrocytes secrete an increased amount of growth factors as response to brain 

injuries (Liberto et al., 2004; Ridet et al., 1997), these cells are likely the source of secreted FGFs 

mediating ERK-signaling in neighboring cells via FGFR-activation as response to HSV-1 infection 

(Chapter I, Fig. 6). ERK is a major mitogen activated protein kinase (MAPK) regulated by numerous 

different growth factors. This MAP-kinase pathway is one of the main signaling cascades activated by 

FGFs (Figure 5) and coordinates numerous cellular processes as well as transcription of feedback 

regulators (Ornitz and Itoh, 2015). Different neural developmental processes are regulated by growth 

factors of the FGF system (Mason, 2007) and often more than one FGF ligand is involved like FGF-4 

and FGF-8 in limb formation (Sun et al., 2002) or FGF-3, FGF-8, FGF-9 and FGF-10 during inner ear 

development (Pirvola et al., 2004; Zelarayan et al., 2007). Beside their developmental role, especially 

in the CNS, FGF signaling controls important cellular processes including neuronal maintenance, 

differentiation, cell survival as well as neurogenesis (Förthmann et al., 2013; Terwisscha van 

Scheltinga et al., 2013), which is why these factors often are considered for therapeutic strategies 

against neurodegenerative pathologies (Mufson et al., 1999). Alterations of FGF signaling and 

functions of FGFs are known to be relevant in neurodegenerative disorders. In spinal muscular atrophy 

(SMA) a dysregulation of the FGF system is assumed to be associated with cell death of motoneurons 

(Hensel et al., 2016). Experimental models of parkinson’s (PD) disease showed improved survival and 

rescue of dopaminergic neurons following administration of FGF-2 (Timmer et al., 2007) and 

neuroprotection against neurotoxic effects of the human deficiency virus (HIV) (Fields et al., 2014). In 

addition, in the peripheral nervous system FGF-2 promotes neuronal regeneration in sciatic nerve 

reconstruction (Haastert et al., 2006).   

In addition to neuronal targeting, FGF signaling is relevant in glial cells which express 

preferentially FGFR-2 and -3 (Miyake et al., 1996). Among these glial functions controlled by FGF 

signaling, astrocytic differentiation (Reuss et al., 2003) as well as the organization of gap junctions 

are described (Reuss et al., 2000). Furthermore, FGF-signaling controls reactive astrogliosis by 

suppression of pro-inflammatory processes (Kang et al., 2014b) as well as by regulating their 

morphology (Kang et al., 2014a). In this study, the characterization of the astrocytic morphology 

during HSV-1 infection identified a transient structural modification implying a de-activation process 

subsequent to activation (Chapter I, Fig. 2). These regulations might be mediated by activation of FGF 

receptors by secreted FGF-4 and subsequent ERK-signaling, though translated protein could not be 

detected (data not shown). However, coordination of cellular processes by FGFs is performed with 

protein level in the range of picomolar concentrations (Ornitz et al., 1996). Even FGF-2 concentrations 
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of 10 pg/ml are enough to activate ERK-signaling (Zhu et al., 2010). These sensitive reactions upon 

FGF-binding to receptors enable fine-tuned signaling processes to respond to different physiologic and 

pathologic events. Thus, the detection of FGFR-dependent paracrine ERK-activation (Chapter I, Fig. 6) 

together with the transient astrocytic morphological changes found in this study argue for a role of 

FGFs during astrocytic activation as a response to HSV-1 infections. 

Molecular dissection of mechanism leading to altered FGF-signaling 

To understand the complexity behind the cellular response to HSV-1 infection one needs to 

investigate the mechanism resulting in alterations of expression. In embryonic stem cells and 

embryonic carcinoma cells transcriptional activation of the Fgf-4 gene is controlled by a combination 

of transcription factors Sox2 and Oct-3 as well as transcription factors binding to enhancer elements 

(Basilico et al., 1997; Luster et al., 2000). Upon viral infection of the CNS, several factors influence 

transcriptional activity. First, the recognition of the virus by pathogen recognition receptors (PRRs) 

such as Toll-like receptors (TLRs) and intracellular DNA-sensing proteins like the stimulator of 

interferon genes protein (STING) induce gene expression of pro-inflammatory mediators including 

interferons (Akira et al., 2006). Although the CNS is an immune-privileged organ, an innate immune 

response is triggered to combat HSV-1 infections (Reinert et al., 2016; Sørensen et al., 2008). In this 

scenario, transcription of growth factors besides pro-inflammatory cytokines could also be induced by 

PRR activation. In our study, we could exclude signaling cascades utilizing the myeloid differentiation 

primary response protein (MyD88) as well as the DNA-sensing pathway via STING being responsible 

for FGF-4 expression. In cortical brain cultures derived from MyD88(-/-) or STING(-/-) knock-out mice, 

the switch-on of FGF-4 expression after HSV-1 infection was not altered compared to cells from 

wildtype mice (Chapter I, Fig. 8B). Therefore, signaling of several TLRs as well as the STING pathway 

were not involved in FGF-4 expression.  

Second, HSV-1 itself brings numerous viral proteins into the cell which function as transcription 

factors. The virus particle is composed of an inner capsid, surrounded by tegument proteins and an 

enveloping plasma membrane. Following membrane fusion of the viral membrane with the cellular 

plasma membrane, the nuclear capsid and tegument proteins are released into the cytoplasm to 

transfer the capsid to the nucleus and regulate transcriptional activities (Kelly et al., 2009). Several 

HSV-1 proteins regulate immune evasive mechanisms (Melchjorsen et al., 2009), whereas others 

interfere with and inhibit host transcription (Strelow and Leib, 1995). Recent findings uncovered 

dramatic disturbances of the transcription and translation of host genes caused by HSV-1 (Rutkowski 
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et al., 2015). Not only a shut-off of cellular gene expression, but also complete dysregulation of gene 

transcription and translation occurs. Early after HSV-1 infection transcripts of hundreds of thousands 

of nucleotides were detected unsuitable for translation because of deficient nuclear export or impaired 

translation due to excessive transcript length (Rutkowski et al., 2015). A host-specific manipulation 

of transcription termination leads to a read-in into downstream non-coding intergenic regions and 

subsequent coding genes resulting in RNA molecules encoding for two or more genes. The inability of 

translation results in accumulation of introns and inhibition of splicing mechanisms (Rutkowski et al., 

2015) These interventions performed by HSV-1 did not affect the transcription of FGF-4 in the cortical 

brain cells (Chapter I, Fig. 5C), arguing for a targeted cellular response to the infection. In addition, 

the HSV-1 late proteins US11 and ICP34.5, whose inhibition of autophagic mechanisms interfere with 

the cellular immune response (Lussignol et al., 2013; Orvedahl et al., 2007), were not responsible for 

FGF-4 expression (Chapter I, Fig 7D). Furthermore, tegument proteins of the viral particle were not 

involved, since infection with UV-inactivated HSV-1 did not induce FGF-4 transcription, but revealed 

a necessity of viral gene transcription (Chapter I, Fig. 7B). 

In a third approach, we investigated if the changes in FGF-4 expression are specific to HSV-1 

infections or arise as well during stress induction or infection with other viruses. Infection with the 

RNA-genomic Theiler’s murine encephalomyelitis virus (TMEV) as well as treatment with dithiothreitol 

(DTT) only slightly activated FGF-4 transcription (Chapter I, Fig.  7A). Therefore, either the cortical 

brain cells react especially to HSV-1 infections by induction of FGF-4 expression or HSV-1 amplified 

the basal stress-provoked FGF-4 expression and utilized the FGF-signaling for de-activation of 

astrocytes and the concomitant reduction of pro-inflammatory signaling. 

Proteomic alterations specific to neuronal tissue following HSV-1 infection 

The broad proteome and secretome analysis of HSV-1 infected cortical brain cells revealed 

further mechanisms relevant during infection (Chapter II). Interestingly, a comparison of our data with 

other proteomic analyses, where cell lines of human epithelium (HEp2), kidney (HEK293) as well as 

primary macrophages were investigated after HSV-1 infection (Antrobus et al., 2009; Berard et al., 

2015; Miettinen et al., 2012), presented only few proteins regulated similarly. These proteins were 

mainly associated with metabolic pathways and cell cycle modifications, indicating a tissue-unspecific 

reaction to HSV-1 infection. Certain proteins involved in regulation of actin cytoskeleton as well as 

focal adhesion were regulated in our cortical brain culture but not in the cell types of other studies 

(Chapter II, Fig. 2). These alterations seem to be a CNS tissue specific reaction to HSV-1 and 
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correspond to findings of HSV-1 utilizing actin cytoskeleton for internalization, transport and other 

processes (Zheng et al., 2014). Further, the serine/threonine-protein kinase B-raf (BRAF) and RAC-

gamma serine/threonine-protein kinase (AKT3) were found up-regulated in the cell lysates. These 

kinases are activated by neurotrophic factors to mediate neuronal survival and cell growth (Frebel and 

Wiese, 2006; Hers et al., 2011). Similarly, the secretome analysis revealed as well associated 

cytoskeletal signaling proteins regulating actin dynamics: enhanced level of semaphorin 6a (Sema6a) 

as well as coxsackie virus and adenovirus receptor (Cxadr) were detected in the secretome. Sema6a is 

involved in cytoskeletal reorganization as well as regulations of neuronal morphology (Perez-Branguli 

et al., 2016; de Wit and Verhaagen, 2003). These findings suggest a CNS tissue specific reaction upon 

HSV-1 infections and accredit the hypothesis of enhanced neurotrophic signaling to contribute to 

neuroregenerative and -protective responses following HSV-1 infections. 

Conclusive remarks 

Taken together, this study confirms the hypothesis of FGF signaling being associated with 

cellular responses to HSV-1 infections of the central nervous system. The involvement of astrocytes in 

brain insults with regard to pro-inflammatory as well as neuroprotective processes are known already 

(Finnie, 2013). This study further specified these functions by means of yet another secreted growth 

factor contributing to neuronal survival and differentiation as well as astrocytic de-activation: 

Expression of FGF-4 was detected following HSV-1 infection and mainly originates from activated 

astrocytes. The known facts about FGF-4 suggest different functional outcomes of the enhanced 

expression of the factor (Fig. 6). First, FGF-4 may contribute to proliferation of neural progenitor cells 

and subsequent neuronal differentiation to respond to neuronal death caused by lytic HSV-1 

infections. Second, astrocytic de-differentiation into neural progenitor cells induced by FGF-4 may 

increase the capacity of cells capable to differentiate into neurons. And third, FGF-signaling induces 

de-activation of astrocytes to prevent excessive astrocytic activation leading to chronic pro-

inflammatory signaling and consecutive detrimental effects on neuronal survival. 
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Figure 6: Possible signaling strategies of FGF-4 secreted by HSV-1 infected astrocytes. Subsequent to an 
infection with HSV-1, astrocytes transform into an activated state with an increased FGF-4 expression. 
FGF-signaling controls excessive astrogliosis to prevent chronic detrimental effects caused by elevated 
pro-inflammatory immune responses. The secreted FGF-4 may control morphology and functional activity of 
astrocytes by means of de-activation including suppression of pro-inflammatory signaling thereby promoting 
beneficial regenerative processes. Further, FGF-4 may trigger de-differentiation of astrocytes into neural 
progenitor cells and subsequent neuronal differentiation to contribute to neurogenesis following neuronal 
damage. 

 As usual, even more questions arose from the study than were answered. The mechanism 

leading to activation of FGF-4 transcription has yet to be identified and the functional outcome of the 

secretion and FGF-signaling activation afterwards needs to be confirmed in further studies. In terms 

of viral characteristics beneficial effects of FGF-signaling for HSV-1 replication need to be considered, 

since pro-inflammatory signaling is suppressed by FGF-signaling and may thereby support virus 

shedding.
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