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Abstract 

Effect of varicella zoster virus infection on the metabolism of human 

neurons and ARPE19 cells  

Doctoral candidate: Pengfei Yu 

Varicella zoster virus (VZV) is a highly human specific neurotropic pathogen 

that causes varicella (also known as chickenpox) upon primary infection, dur-

ing which the virus establishes latency in human ganglionic neurons following 

retrograde axonal transport (Gershon et al., 2015; Zerboni et al., 2014; Arvin et 

al., 2013). Reactivation from latency can cause zoster (or shingles), charac-

terized by a painful dermatomal vesicular rash following anterograde axonal 

transport (Gershon et al., 2015; Zerboni et al., 2014), which is frequently fol-

lowed by post-herpetic neuralgia (PHN), a neuropathic pain worldwide espe-

cially occurred in immunocompromised patients and in the elderly (Langan et 

al., 2013; Lukas et al., 2012; Opstelten et al., 2010).  

Cellular metabolism plays important roles in the delivery of energy and small 

molecular precursors for viral replication, virion production and spread. VZV 

also triggers specific metabolic flux changes during its infection in host cells. 

Metabolic fluxes are the endpoint of cellular regulation, they most likely reflect 

changes on the genome, transcriptome, and proteome. To decide the effect of 

VZV infection on cellular metabolism, we used an unbiased approach to 

measure metabolite levels by gas chromatography mass spectrometry 

(GC-MS) and metabolic fluxes by mass isotopolome analysis (MIA) using 13C 

labelled glucose and glutamine as tracers. Our results show that VZV affects 

the metabolism of ARPE19 cells to a greater extent than that of neurons. This 

is probably due to the faster replication kinetics and spread of VZV in ARPE19 

cells than neurons. VZV infection modifies the preferred carbon source in the 

tricarboxylic acid cycle (TCA) in infected neurons and reduces the activity of 

this cycle in both neurons and ARPE19 cells. The most pronounced change 
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observed is an increase in M1 labelling of serine in infected ARPE19 cells. 

This correlates with a decrease in serine uptake, an increase in glycine uptake 

and higher MTHFD1L expression upon VZV infection, indicating that the higher 

M1 labelling of serine is provided by glycine. Our results clearly show that VZV 

modulates the metabolism of neurons and ARPE19 cells. Understanding the 

relevance of this modulation will shed light on VZV biology and will pave the 

way to develop novel therapeutic approaches.  

 

Key words: Varicella zoster virus, Human neurons, iPSC, ARPE19 cells, 

Metabolomics, Stable isotope labelling, Non-targeted, Mass isotopomer dis-

tribution, Mass isotopomer analysis, Serine, Glycine, One-carbon metabolism, 

MTHFD1L 
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1.2 Pathogenesis of VZV  

VZV is the aetiological agent of varicella (also known as chickenpox) upon 

primary infection, during which the virus establishes latency in human gangli-

onic neurons following retrograde axonal transport from the periphery (Ger-

shon et al., 2015; Zerboni et al., 2014; Arvin et al., 2013). VZV can also infect 

neurons directly from leukocytes (Zerboni et al., 2014; Steain et al., 2014; 

Arvin et al., 2010). Reactivation from latency can cause zoster (or shingles), 

characterized by a painful dermatomal vesicular rash following anterograde 

axonal transport. Zoster can be accompanied by post-herpetic neuralgia 

(PHN), a chronic painful and distressing state lasting for months after healing 

of the rash, occurring mainly in the elderly or immunocompromised individuals 

(Langan et al., 2013; Lukas et al., 2012; Opstelten et al, 2010; Johnson et al., 

2010). VZV can also cause other severe pathologies such as meningoen-

cephalitis, myelitis, vasculopathy and cranial nerve palsy. Despite the exist-

ence of licensed VZV vaccines, complications associated with zoster and PHN 

still result in high health care costs (Dworkin et al., 2010; Dworkin et al., 2007). 

The viral and cellular genes involved in the modulation of neuronal activity and 

generation of pain by VZV are unknown.  

VZV infection is highly human specific. There is not a suitable animal model to 

study VZV, with the exception of the severe combined immunodeficiency 

(SCID) mouse containing human xenografts (Zerboni et al., 2005; Reichelt et 

al., 2008; Zerboni et al., 2015) or enteric neurons from guinea pig (Chen et al., 

2003; Gershon et al., 2008; Chen et al., 2011). However, these two models are 

expensive, difficult to reproduce in other laboratories and raise several ethical 

issues. In humans, VZV mainly infects T lymphocytes, epithelial cells and 

ganglionic neurons (Gershon et al., 2015; Zerboni et al., 2014; Ruyechan WT, 

2010; Zerboni et al., 2005; Moffat et al., 1998). It is important and meaningful 

to explore methods to investigate VZV pathology using human neurons. Cur-

rently, one way to obtain human neurons is to derive them from inducible plu-
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ripotent stem cells (iPSCs) and some laboratories are using these differenti-

ated human neurons to study VZV (Sadaoka et al., 2016; Markus et al., 2015; 

Lee et al., 2012). 

 

1.3 Viral cycle and replication of VZV  

VZV is highly transmissible by physical contact and airborne route (Gershon et 

al., 2011; Leclair et al., 1980). The virus replicates in epithelial cells within the 

superior respiratory tract and transfers viral particles to tonsils and regional 

lymph nodes infecting T lymphocytes, which transmit infectious virus to the 

skin causing the vesicular rash characteristics of varicella (Zerboni et al., 2014). 

VZV infection of skin and cell lines causes cytopathic effect (CPE), character-

ized by the formation of syncytia (Besser et al., 2004). VZV can also form 

syncytia in acutely infected neurons, while in infected T cells VZV does not 

trigger cell-to-cell fusion (Moffat et al., 2004; Moffat et al., 1998). VZV estab-

lishes latent infection in sensory ganglia following retrograde axonal transport 

from epithelial cells or through T cell viremia. During latency, there is low level 

of viral gene expression and lack of infectious virus production. When VZV 

replication re-initiates, the progeny virus can be transported in an anterograde 

manner to the dermatome innervated by the ganglion where reactivation takes 

place, causing zoster. However, the mechanisms of VZV reactivation from 

latency are unknown at present. 

To enter the cell, virions interact with host cell surface receptors such as insu-

lin-degrading enzyme (Li et al., 2006), cation-independent man-

nose-6-phosphate receptor (Chen et al., 2004) or myelin-associated glyco-

protein (Suenaga et al., 2010) and after fusion, the tegument proteins are re-

leased into the cytoplasm. Then the nucleocapsids use microtubule to be 

transported to the nuclear pores and the viral genomic DNA is injected into the 

nucleus, where viral gene transcription, DNA replication and nucleocapsid 
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early; E, early; L, late; TGN, trans-Golgi network. 

 

1.4 Cellular metabolism 

Cellular metabolism englobes a series of complex and highly controlled bio-

chemical reactions that take place within cells of living organisms to sustain life. 

Cellular metabolism is crucial for growth and reproducibility of organisms, for 

maintenance of their structures, and to respond to environmental changes. 

During catabolism, large molecules such as proteins, fats, and carbohydrates 

are converted into small units like amino acids, fatty acids, and simple sugars, 

respectively, releasing energy. On the contrary, during anabolism small units 

are converted into complex molecules at the expense of energy (Wu et al., 

2016; Green et al., 2014).  

 

1.5 Virus infection and host cell metabolism 

Cellular metabolism plays important roles in the delivery of energy and small 

molecular precursors for viral replication, virion production and spread. Viruses 

have adapted and evolved to alter cellular pathways such as aerobic glycolysis, 

fatty acid biosynthesis, glutaminolysis and the tricarboxylic acid (TCA) cycle to 

support virus replication and the survival of infected cells. Viruses rely on the 

foundations of biochemistry of host cells to fuel their replication, one important 

factor of which is provided by host cell metabolic machinery. These processes 

require a carbon source to supply energy for viral replication, protein synthesis, 

membrane formation, virion generation, as well as the survival of infected cells 

(Sanchez et al., 2015; Fontaine et al., 2014). In recent years, studies have 

mainly focused on understanding how virus infection modifies cellular metabo-

lism to support viral replication upon entry into a cell. These studies permit the 

identification of metabolic pathways and the discovery of host and viral factors 

involved in the modulation of cellular metabolism to develop novel therapeutic 
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approaches. 

Most investigations studying the effect of viral infection on global metabolic 

changes focused on members of the Herpesviridae family. Metabolic alteration 

analysis following virus infection was first used to determine the dynamics of 

cellular metabolism upon human cytomegalovirus (HCMV) infection of human 

fibroblasts (Munger et al., 2006). Applying liquid chromatography-tandem 

mass spectrometry (LC/MS), the levels of several different intracellular meta-

bolic components associated with pathways involved in glycolysis, TCA cycle, 

and nucleotide biosynthesis were shown to be significantly increased at dif-

ferent time points post HCMV infection of human fibroblasts. Furthermore, 

HCMV infection also enhances fatty acid biosynthesis, while the use of phar-

macological inhibitors for fatty acid biosynthesis or very long chain fatty acids 

generation markedly inhibits viral replication, pointing to a requirement of this 

pathway for HCMV replication (Koyuncu et al., 2013; Vastag et al., 2011; 

Munger et al., 2008). Nevertheless, when comparing the global metabolic flux 

changes in intracellular metabolites induced by HCMV and herpes simplex 

virus type 1 (HSV-1), two diverse virus-specific metabolic programs were ob-

served using 13C-glucose or 13C-glutamine as a carbon source (Vastag et al., 

2011). Studies using siRNA screening targeting metabolic genes identified 

relevant enzymes including argininosuccinate synthetase 1 modulated by 

HSV-1 to facilitate its replication (Grady et al., 2013).  

As already mentioned, herpesviruses can establish latent infection in the host. 

Global metabolic profiling by mass spectrometry analysis performed on Ka-

posi’s sarcoma-associated herpesvirus (KSHV)-infected endothelial cells 

showed that several metabolic pathways including glycolysis, the pentose 

phosphate pathway, and the fatty acid synthesis pathway are altered following 

latent infection (Delgado et al., 2012; Sychev et al., 2017). KSHV is an onco-

genic human gamma-herpesvirus and is the aetiological agent of Kaposi’s 

Sarcoma (KS), which is the most common malignancy in AIDS patients 
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worldwide (Viejo-Borbolla and Schulz, 2003; Schulz, et al., 2015; Gramolelli 

and Schulz, 2015; Mariggio et al., 2017). Lipid biosynthesis is required for the 

survival of latent KSHV infected cells, while inhibition of this pathway causes 

the death of infected cells (Delgado et al., 2012). 

Virus infection also modulates various global metabolic changes and re-

balances immune responses in animal models. Ocular HSV-1 infection in mice 

increases both fed and fasting blood glucose levels, due to the responses to 

inflammatory cytokines, such as IL-6, TNF-α, and IFN-γ. Furthermore, CD4+ T 

cells from draining lymph nodes of infected mice had increased glucose uptake 

and glucose utilization. In vivo administration of 2-deoxy-glucose, which inhib-

its glucose utilization and hence glycolysis, resulted in diminished stromal 

keratitis lesions but higher mortality from herpes simplex encephalitis (Vara-

nasi et al., 2017). Dengue virus infection of humanized mice results in differ-

ential expression of 48 metabolites including fatty acids, purines and pyrim-

idines, acylcarnitines, acylglycines, phospholipids, sphingolipids, amino acids 

and derivatives, free fatty acids, and bile acids as measured by mass spec-

trometry-based serum metabolic profiling (Cui et al., 2017). 

Taken together, these studies indicate that adjustment of metabolic pathways 

may act as a potential antiviral intervention strategies for the therapy of both 

acute and chronic infections. There are no reports on the effect of VZV on 

cellular metabolism. 

 

1.6 Neuronal activity and metabolism 

Cellular metabolism also plays key roles in neuronal activity and the induction 

or control of neuropathic pain (Sawynok et al., 2016). Neuropathic pain is al-

ways caused by disease or injury to the nervous system. This may be due to 

virus infection (such as VZV, HSV, HIV), metabolic disease (painful diabetic 
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peripheral neuropathy), vasculopathy (vasculitic neuropathy), malignant tumor, 

immunological and toxic elements (Gilron et al., 2015). Unfortunately, no effi-

cient therapies are currently available to treat most of these conditions. Met-

abolic regulation does not only play roles in the pathogenesis of these dis-

eases, but it is also essential for their diagnosis, therapy and prognosis. 

Metabolomics analysis by 1H-NMR spectroscopy of cerebrospinal fluid col-

lected from complex regional pain syndrome (CRPS) patients accompanied of 

dystonia identified different metabolomic profiles than from controls. The most 

relevant metabolites altered in CRPS patients with dystonia point to a catabolic 

reaction which may be linked to inflammation (Meissner et al., 2014). Nutrient 

deprivation is also linked to neuropathy whereas a diet rich in specific nutrients 

such as omega-3 polyunsaturated fatty acids or n-3 fatty acids has the oppo-

site effect (Figueroa et al., 2013; Cermenati et al., 2015; Bourre et al., 1987).  

 

1.7 Metabolic flux analysis (MFA) and mass isotopolome analysis (MIA)  

The study of cellular metabolism has gained relevance on the diagnosis, 

therapy, and prognosis of various diseases. Metabolomics analysis is used to 

identify changes in metabolite levels, which can assist to find unanticipated 

metabolites associated with the diseases for further investigation (Michelucci 

et al., 2013). However, metabolite levels alone can only provide a snapshot on 

global changes. Understanding metabolic fluxes is more informative since it 

provides information on pathways taking into account the metabolite levels and 

the modulation of complex regulatory mechanisms (Wegner et al., 2015). 

MFA is a kind of fluxomics technique that is used to measure the production 

and consumption rates of molecules involved in a metabolic pathway. In recent 

years, 13C-MFA has become one of the most important tools to measure both 

cellular metabolic influxes and effluxes based on the data obtained by using 

stable isotope labelling experiments (Wiechert et al., 2001; Sauer, 2006). To 

https://en.wikipedia.org/wiki/Fluxomics
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profile metabolic flux changes based on the use of isotope labelled substrates, 

pathway intermediates will exhibit specific labelling patterns. These patterns 

are observed in the mass spectrum of a compound and can be measured by 

gas chromatography electron ionization mass spectrometry (GC-EI-MS). The 

basis for flux calculations is then the determination of the mass isotopomer 

distribution (MID) for each metabolite. A mass isotopomer has the same 

chemical structure and properties as the unlabelled compound but its molec-

ular mass is shifted by one or more atomic units. 13C-labelled stable isotopes 

such as 13C-glucose or 13C-glutamine, which are two major carbon sources for 

energy supply of mammalian cells, are used as important tracers to trace at-

oms through metabolic pathways and quantify metabolic fluxes (Schematic 

representation of TCA, glycolysis and glutaminolysis pathways in Fig 1.3). MIA 

can identify isotopic enrichment of labelled compounds using the data ob-

tained from GC-MS. Recently, non-targeted stable isotope labelling ap-

proaches have been developed as a potent technique for MIA to obtain infor-

mation in the form of MIDs for all detected known and unknown compounds 

(Weindl et al., 2016; Weindl et al., 2015; Hiller et al., 2010). This constitutes a 

great innovation in the metabolomics field providing more relevant information 

than the targeted approaches used before. MIDs, which indicate metabolic flux 

changes in combination with external fluxes can be used to calculate the un-

derlying metabolic fluxes. MIA has never been used to study metabolomics in 

infected cells. 
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2 Objectives of this thesis 

The main objective of the present study is to determine how VZV infection 

modulates the metabolome in differentiated human neurons and epithelial cells. 

To reach this main objective we will achieve the following partial aims: 

1. To determine and compare VZV infection and gene expression between 

human neurons and epithelial cells. 

2. To investigate, using non-targeted metabolomics and stable isotope label-

ling analysis, the effect of VZV infection on cellular metabolism of both 

human neurons and epithelial cells .  

3. To identify and characterize key metabolic pathways regulated following 

VZV infection in human neurons and epithelial cells. 
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3 Materials and Methods 

3.1 Materials 

3.1.1 Laboratory instruments 

Name Company (country) 

Applied Biosystems 7500 Real-Time 

PCR system 

Thermo Fisher Scientific (Singa-

pore) 

Centrifuge Thermo Electron Corporation 

(Osterode, Germany) 

Clean bench Thermo Electron Corporation 

(Langenselbold, Germany) 

Cell culture incubator Thermo Electron Corporation 

(Langenselbold, Germany) 

Fluorescence microscope (Axio observ-

er Z1) 

Carl Zeiss (Göttingen, Germany) 

Fujifilm LAS-3000 imager Fujifilm (Düsseldorf, Germany) 

NanoDrop 1000 Spectrophotometer Peqlab biotechnologie GMBH 

(Erlangen, Germany) 

Neubauer chamber cell counting Celeromics (valencia spain) 

Optical microscope Carl Zeiss (Göttingen, Germany) 

PowerPac basic power supply Bio Rad (USA) 

Thermomixer Eppendorf (Hamburg, Germany) 

7890A Gas Chromatograph with 5975C 

Inert XL MSD (GC/MS) 

Agilent Technologies (USA) 

 

3.1.2 Consumable materials 

Name Company (country) 

Cell culture plates and dishes Sarstedt (Nümbrecht, Germany) 

Cryo tube vials Sarstedt (Nümbrecht, Germany) 

Filter units Merck Millipore (Cork, Ireland) 
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Microamp optical 8-cap strip Applied Biosystems (China) 

Microamp optical 8-tube strip (0.2 mL) Applied Biosystems (China) 

Microamp optical 96-well reaction plate Applied Biosystems (China) 

Nitrocellulose blotting membrane GE Healthcare Life Sciences 

(Germany) 

Scraper Sarstedt (Nümbrecht, Germany) 

Serological pipettes Sarstedt (Nümbrecht, Germany) 

Syringes Braun (Melsungen, Germany) 

Tips Nerbe plus (Winsen, Germany) 

Tubes Greiner bio-one 

(Kremsmuenster, Germany) 

 

3.1.3 Media, supplements 

Name (Catalog No.) Company (country) 

Ascorbic acid (AA) (A4403) Sigma-Aldrich (Steinheim, 
Germany) 

B-27 supplement minus AO (50 ×) 

(10889-038) 

Gibco (NY, USA) 

Bone morphogenetic protein 4 (BMP4) 

(314-BP-010) 

R&D (USA) 

 

Brain-derived neurotrophic factor 

(BDNF) (450-02) 

Peprotech (NJ, USA) 

CHIR 99021 (252917-06-9) Axon medchem (Groningen, 

Netherlands) 

DAPT (D5942) Sigma-Aldrich (Steinheim, Ger-
many) 

Dulbecco’s Modified Eagle’s Medium 
(DMEM) (11965092) 

Gibco (Paisley, UK) 

DMEM/F-12, GlutaMAX supplement 
(31331-028) 

Gibco (Paisley, UK) 

Dulbecco’s Modified Eagle’s Medi-
um/Nutrient Mixture F-12 Ham medium 

Sigma-Aldrich (Steinheim, 

https://www.google.com.hk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwi3udCv2MrWAhWoHpoKHfzVAxYQFggmMAA&url=http%3A%2F%2Fwww.gelifesciences.com%2Fwebapp%2Fwcs%2Fstores%2Fservlet%2FproductById%2Fen%2FGELifeSciences-us%2F29013864&usg=AFQjCNEuVE2YeQKKR_qKmVG7hua1Hr-tzQ
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(DMEM/F12) (D8437) Germany) 

Fetal bovine serum (FBS) (F7524) Sigma-Aldrich (Steinheim, 
Germany) 

Glial-derived neurotrophic factor (GDNF) 

(450-10) 

Peprotech (NJ, USA) 

GlutaMAX supplement (100 ×) 

(35050038) 

Peprotech (NJ, USA) 

L-glutamine solution (200 mM) 

(04-82100) 

Cytogen (Wetzlar, Germany) 

Hanks’ balanced salt solution 1 × 

(HBSS) (14025-050) 

Gibco (Paisley, UK) 

N-2 supplement (100 ×) (17502-048) Gibco (NY, USA) 

N6,2′-O-Dibutyryladenosine 3′,5′-cyclic 

monophosphate sodium salt (dbcAMP) 

(D0627) 

Sigma-Aldrich (Steinheim, Ger-
many) 

Neurobasal-A medium (A24775-01) Gibco (NY, USA) 

Neurobasal medium (21103-049) Gibco (Paisley, UK) 

β-nerve growth factor (β-NGF) (450-01) Peprotech (NJ, USA) 

Penicillin/Streptomycin (100 ×) 

(06-07100) 
Cytogen (Wetzlar, Germany) 

 

Purmorphamine (PMA) 

(ALX-420-045-M005) 

ENZO (NY, USA) 

SLIAC Advanced DMEM/F12 Flex me-
dium (A24943-01) 

Gibco (NY, USA) 

Sodium pyruvate (100 mM) (S11-003) PAA (Pasching, Austria) 

SU5402 (SML0443) Sigma-Aldrich (Steinheim, 
Germany) 

 

3.1.4 Chemicals and reagents 

Name (Catalog No.) Company (country) 

Accutase (SCR005) Merck Millipore (Temecula CA, 

USA) 
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30 % Acrylamide/Bis solution (29:1) 

(161-0156) 

Bio Rad (China) 

L-arginine (A5005) Sigma-Aldrich (Saint Louis, USA) 

ECL select Western Blotting Detection 

Reagent (RPN2235) 

GE Healthcare Life Sciences 

(Italy) 

Ammonium persulfate (APS) (A1142) AppliChem (Darmstadt, Germa-

ny) 

Bovine serum albumin (BSA) (A7030) Sigma-Aldrich (Saint Louis, USA) 

Chloroform (9257) J.T.Baker (Deventer, Nether-

lands) 

Dimethyl-sulfoxide (DMSO) (4720.4) Carl ROTH (Karlsruhe, Germany) 

D-glucose (49139) Sigma-Aldrich (Saint Louis, USA) 
13C6-D-glucose (CS01-183_417) Campro Scientific (Berlin, Ger-

many) 

L-glutamine (G3126) Sigma-Aldrich (Saint Louis, USA) 
13C5-L-glutamine (CS01-183_434) Campro Scientific (Berlin, Ger-

many) 

L-glutamic acid monosodium salt hy-
drate (G5889) 

Sigma-Aldrich (Saint Louis, USA) 

Glycerol (3783.2) Carl ROTH (Karlsruhe, Germany) 

Glycine (0079.4) Carl ROTH (Karlsruhe, Germany) 

Igepal CA-630 (NP40) (G5889) Sigma-Aldrich (Saint Louis, USA) 

Lenti-X concentrator (631231) Takara clontech (China) 

L-lysine (W384704) Sigma-Aldrich (Saint Louis, USA) 

Matrigel matrix basement membrane 

(354234) 

Corning (USA) 

2-Mercaptoethanol (M3148) Sigma-Aldrich (Japan) 

Methanol (gradient grade for HPLC) 

(1481) 

Th.geyer (Reiningen, Germany) 

Methanol (8045) J.T.Baker (Deventer, Nether-

lands) 

Paraformaldehyde (441244) Sigma-Aldrich (Saint Louis, USA) 

https://www.google.com.hk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwi3udCv2MrWAhWoHpoKHfzVAxYQFggmMAA&url=http%3A%2F%2Fwww.gelifesciences.com%2Fwebapp%2Fwcs%2Fstores%2Fservlet%2FproductById%2Fen%2FGELifeSciences-us%2F29013864&usg=AFQjCNEuVE2YeQKKR_qKmVG7hua1Hr-tzQ
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Phosphate buffer solution (PBS) 
(04-36500) 

Cytogen (Wetzlar, Germany) 

Poly-L-lysine solution (0.01%) (A-005-C) Cytogen (Wetzlar, Germany) 

Powdered milk (T145.2) Carl ROTH (Karlsruhe, Germany) 

Precision plus protein all blue prestained 

protein standards (1610373) 

Bio Rad (USA) 

Prolong gold antifade reagent (P36934) Thermo Fisher Scientific (USA) 

Protease inhibitor (A32955) Thermo Fisher Scientific (Rock-
ford, USA) 

Sodium chloride (NaCl) (A4661) AppliChem (Darmstadt, Germa-
ny) 

Sodium dodecyl sulfate (SDS) (CN30.4) Carl ROTH (Karlsruhe, Germany) 

Sucrose (9097.1) Carl ROTH (Karlsruhe, Germany) 

Tetramethylethylenediamine (TEMED) 
(A1148) 

AppliChem (Darmstadt, Germa-
ny) 

Tris (5429.3) Carl ROTH (Karlsruhe, Germany) 

Triton X-100 (T9284) Sigma-Aldrich (Saint Louis, USA) 

Trypan blue stain (15250-061) Gibco (NY, USA) 

Trypsin-EDTA (0.25/0.02%) (L2163) Cytogen (Berlin, Germany) 

Tween 20 (P1379) Sigma-Aldrich (France) 

 

3.1.5 Kits 

Name (Catalog No.) Company (country) 

MESA green qPCR mastermix plus for 
SYBR assay (RT-SY2X-06+WOULR) 

Eurogentec (San Diego, USA) 

NucleoSpin RNA kit (740955) Macherey Nagel (Düren, 
Germany) 

qScript Flex cDNA synthesis kit (95049) Quanta Biosciences 
(Gaithersburg, USA) 

 

javascript:void(0);
javascript:void(0);
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3.1.6 Antibodies (Abs) 

Name (Catalog No.) Company (country) 

Monoclonal mouse anti-VZV IE62 
(MAB8616) 

Merck Millipore (California USA) 

Monoclonal mouse anti-VZV ORF68 
(gE) (C126465) 

LifeSpan BioSciences (Eching, 
Germany) 

Mouse anti-VZV ORF14 (gC) 
(HR-VZV-09) 

CapRI (Croatia) 

Monoclonal mouse anti-β-actin 
(15G5A11/E2) 

Thermo Fisher Scientific (Rock-
ford, USA) 

Polyclonal rabbit anti-mouse HRP 
(P0260) 

DAKO (Glostrup, Denmark) 

Alexa Fluor 555-conjugated donkey an-
ti-mouse IgG secondary antibody 
(A31570) 

Thermo Fisher Scientific (Rock-
ford, USA) 

 

3.2 Methods 

3.2.1 Cell culture 

Human retinal pigmented epithelial cells (ARPE19) (a gift from Martin Mes-

serle, institute of virology, Hannover Medical School, Germany), were grown in 

DMEM/Nutrient mixture F-12 Ham medium (DMEM/F12) supplemented with 

8 % heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine and 1 % 

penicillin/streptomycin (P/S).  

Human melanoma cells (MeWo) were purchased from American Type Culture 

Collection (ATCC-HTB-65) and cultured in DMEM containing 8 % FBS, 2 mM 

L-glutamine and 1 % P/S at 37 ˚C, 5 % CO2 in a humidified incubator. Both cell 

lines were detached with PBS containing 0.25 % trypsin and passaged every 

three or four days. 

Small molecule neural progenitor cells (smNPCs), generated from cord 

blood-derived inducible pluripotent stem cells (iPSCs) (provided by Ulrich 
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Martin, Hannover Medical School, Germany), were maintained in DMEM/F12 

GlutaMAX/Neurobasal medium (50:50) consisting of 0.5 % N-2 supplement, 

1 % B-27 supplement, 2 mM L-glutamine and 1 % P/S as basic medium, 

freshly supplemented with 3 μM CHIR 99021, 0.5 μM PMA and 150 μM 

ascorbic acid (AA) as smNPC expansion medium, and cultured on Mat-

rigel-coated 6-well plates. The culture medium was changed every two to three 

days. Cells were split 1:5 to 1:10 every 4-6 days and digested with prewarmed 

Accutase for 3 minutes at 37 ˚C. Then cells were dissociated into single cell 

culture and diluted in basic medium followed by centrifugation at 300 g for 5 

minutes. The cell pellets were resuspended in fresh smNPC expansion me-

dium and cultured on Matrigel-coated 6-well plates. Matrigel (50×) was diluted 

to 1:50 as a final concentration in DMEM/F12 GlutaMAX medium for coating. 

The coated plates were kept at 4 ˚C overnight or up to 1 month. All the above 

procedures were performed on ice. Before seeding smNPCs, the coated 

plates were pre-warmed at room temperature for 1 hour and washed once with 

pre-warmed PBS. 

 

3.2.2 Neuronal differentiation of smNPCs 

Human neuronal differentiation method was developed by Shuyong Zhu in our 

lab (Zhu et al., manuscript in preparation). Briefly, when the smNPCs reached 

50-60 % confluency, the cells were grown for 3 days in basic medium freshly 

supplemented with 10 μM CHIR 99021, 10 μM DAPT and 10 μM SU5402. The 

medium was replaced every day. At day 4, the medium was replaced by basic 

medium containing 20 ng/mL bone morphogenetic protein 4 (BMP4). 24 hours 

later, the differentiating cells were dissociated into single cell culture using 

Accutase for 3 minutes at 37 ˚C and resuspended with basic medium sup-

plemented with 10 ng/mL BMP4. For further differentiation, cells were counted 

and different amounts of cells were reseeded into Matrigel-coated wells de-
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pending on the size of the well (for 6-well plates 0.9×106 cells/well, for 12-well 

plates 4×105 cells/well, for 24-well plates 2.5×105 cells/well). The cells were 

cultured for additional 7 days in the presence of 10 ng/mL BMP4 replacing the 

medium every 2-3 days. From day 12 to 31 BMP4 containing medium was 

replaced with basic medium supplemented with 500 mM dbcAMP and growth 

factors (25 ng/mL β-nerve growth factor (β-NGF), 10 ng/mL brain-derived 

neurotrophic factor (BDNF), and 10 ng/mL glial-derived neurotrophic factor 

(GDNF)), followed by a withdrawal of dbcAMP at day 32 to foster further mat-

uration of human neurons. For all the experiments described in this thesis, we 

used mature neurons that were differentiated from 60 to 80 days. 

 

3.2.3 Generation of cell-free VZV 

Low passage of the clinical isolate VZV EMC-1 (a gift from Georges Verjans, 

Erasmus Medical Center, Rotterdam, the Netherlands), was used to generate 

cell-free VZV. Twenty P150 dishes containing ARPE19 cells at a confluence of 

90–100 % were infected with low-passage VZV EMC-1. When around 60-70 % 

of cells showed cytopathic effect (CPE), supernatants were removed and the 

infected cells were washed once with ice-cold PBS. VZV infected cells were 

harvested with ice-cold PSGC buffer (filter-sterilized PBS containing 5 % su-

crose (W/V), 0.1 % L-glutamic acid monosodium salt hydrate (W/V), and 10 % 

FBS). For each P150 plate, 5 mL ice-cold PSGC buffer was used to detach 

infected ARPE19 cells by scraping. The detached cells were transferred into a 

50 mL tube, sonicated 3 times for 15 seconds with a 15 seconds interval on ice 

using a Bandelin Sonorex RK100 sonicator and centrifuged for 15 minutes at 

1,000 x g and 4 ˚C. After centrifugation, the supernatant was pooled, trans-

ferred into a new 50 mL tube, and mixed thoroughly with ice cold Lenti-X 

concentrator. The ratio of Lenti-X to supernatant was 1:4 to 1:5. The mixed 

solution was incubated on ice for 2-4 hours followed by centrifugation for 45 
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minutes at 1,500 x g and 4 ˚C. The supernatant was carefully removed and the 

pellets were resuspended with ice-cold PSGC buffer, aliquoted and stored at 

-80 ˚C.   

 

3.2.4 Titration of cell-free VZV 

ARPE19 cells were grown on two 96-well flat-bottom plates to titrate cell-free 

VZV. Cell-free VZV stock was thawed in 37 ˚C water bath and 5-fold serially 

diluted in DMEM/F12 medium containing 2 % FBS. Then the medium was 

removed from the plates, 50 μL pre-warmed fresh medium was added to each 

well and 50 μL of each dilution containing VZV was added to 8 wells in one 

96-well plate. The infected cells were cultured at 37 °C in 5 % CO2 incubator. 

At 6 days post infection (dpi), the number of wells containing CPE was scored 

and VZV titer was determined by calculating the TCID50 according to the 

Spearman-Karber formula. The formula is: log10 TCID50=-(X0-d/2+d/n*∑Xi). 

X0=log10 of the reciprocal of the maximum dilution (minimum concentration) 

where all wells were infected; 

d=log10 of the dilution factor;  

n=number of replicates/dilution; 

Xi=total number of virus-infected wells after X0, including X0; 

The above result is divided by the volume of virus to obtain TCID50/mL. And 

titer is transformed to plaque forming units per mL (PFU/mL) as 

0.69*TCID50/mL.  

 

3.2.5 Infection of ARPE19 cells and human neurons and stable isotope 

labelling 

ARPE19 cells were seeded into 6-well multi-well plates at a density of 1×106 
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cells per well in 2 mL growth medium (DMEM/F12 supplemented with 8% FBS, 

2 mM L-glutamine and 1 % P/S) and cultivated at 37 °C, in 5 % CO2 incubator. 

24 hours later, the ARPE19 cells were infected with 1 mL mixture of 1x HBSS 

and cell-free VZV EMC-1 at a multiplicity of infection (MOI) of 0.01 or with 1 mL 

mixture of 1x HBSS and PSGC buffer which was used for the preparation of 

cell-free VZV as mock-infected control. At 4 hours post infection (hpi), the in-

ocula were replaced by 2 mL of SILAC Advanced DMEM/F12 Flex medium 

(without D-glucose, L-glutamine, L-arginine, L-lysine and phenol red) supple-

mented with 2 % heat-inactivated FBS, 1 % P/S, 0.7 mM L-arginine, 0.5 mM 

L-lysine, and either 17.5 mM 13C6-D-glucose and 4 mM L-glutamine, or 17.5 

mM D-glucose and 4 mM 13C5-L-glutamine. The mock- and VZV-infected cells 

were maintained in medium containing 13C6-glucose or 13C5-glutamine tracer 

for additional 24 and 96 hpi. At each indicated time point, 3 wells of infected 

and mock-infected cells were used to extract cellular metabolites. 

Similarly, 60 to 80 days post differentiated human neurons grown on 6-well 

multi-well plates (cell numbers between 4×106-1×107 per well for each batch of 

differentiation) were infected with cell-free VZV EMC-1 at an MOI of 0.01 in 1 

mL mixture of HBSS and virus or in 1 mL of HBSS and PSGC buffer as 

mock-infected control. The inocula were incubated for 4 hours at 37 °C, then 

replaced by 2 mL mixture of 50 % SILAC Advanced DMEM/F12 Flex medium 

(without D-glucose, L-glutamine, L-arginine, L-lysine and phenol red) and 50 % 

Neurobasal-A medium (without D-glucose and sodium pyruvate), supple-

mented with 0.5 % N-2 supplement, 1 % B-27 supplement, 1 % P/S, 0.7 mM 

L-arginine, 0.5 mM L-lysine, 0.23 mM sodium pyruvate, 10 ng/mL BDNF, 10 

ng/mL GDNF, 25 ng/mL β-NGF, and either 42.5 mM 13C6-D-glucose and 2 mM 

L-glutamine, or 42.5 mM D-glucose and 2 mM 13C5-L-glutamine. At 24 to 96 

hpi, metabolites were extracted from 3 wells of each condition. 
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3.2.6 Live cell microscopy  

During the differentiation process of human neurons, as well as during VZV 

infection of ARPE19 cells and neurons, phase contrast microscopic analyses 

of the cells were performed with Carl Zeiss Axio observer Z1 microscope, 

photographed using a digital camera. Images of live cell microscopy were an-

alyzed by Image J software (NIH, USA). 

 

3.2.7 Quantification of gene expression by quantitative reverse tran-

scriptase polymerase chain reaction (RT-qPCR) 

3.2.7.1 Infection of ARPE19 cells and human neurons 

1×106 ARPE19 cells were seeded into each well in 6-well plates 24 hours be-

fore infection. The cells were mock- or VZV-infected (VZV EMC-1) at an MOI 

of 0.01. At 4 hours incubation, HBSS containing virus or PSGC buffer was 

replaced by DMEM/F12 medium supplemented with 2% FBS, 2 mM 

L-glutamine and 1 % P/S, cultivated at 37 °C, in 5 % CO2 incubator. Infected 

cells were harvested every 24 hours for 4 days.  

Differentiated human neurons were also mock- or VZV-infected (VZV EMC-1) 

at an MOI of 0.01. Following 4 hours incubation, the inocula were replaced by 

basic medium with growth factors as explained above. Infected cells were 

harvested every 24 hours for 4 days. 

 

3.2.7.2 RNA extraction 

RNA extraction was performed using the NucleoSpin RNA Kit following man-

ufacturer’s instructions. At each indicated infection time point, 350 μL RA1 lysis 

buffer containing 3.5 μL 2-mercaptoethanol was added to cells, which were 

scraped and transferred to an Eppendorf tube and stored at -80 °C before 
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extraction of RNA. Cell lysate was thawed on ice and total RNA was extracted. 

In general, cell lysate was vortexed vigorously and applied to NucleoSpin filter 

followed by centrifugation at 11000 × g for 1 min. NucleoSpin filter was dis-

carded and the homogenized lysate was mixed with 350 μL 70 % ethanol by 

pipetting up and down for 5 times. To bind the RNA to the column, the lysate 

was loaded onto NucleoSpin RNA column and centrifuged at 11000 × g for 30 

seconds. To desalt the silica membrane, 350 μL membrane desalting buffer 

was added to the membrane followed by centrifugation at 11000 × g for 1 min. 

To digest DNA, 95 μL DNase reaction mixture (10 μL reconstituted rDNase 

added to 90 μL reaction buffer) was applied directly onto the center of the silica 

membrane of the column followed by incubation at 37 ˚C for 20-30 min. 

rDNase was inactivated with one step washing with buffer RAW2 by centrifu-

gation at 11000 × g for 30 seconds. Then the NucleoSpin RNA column was 

washed twice with buffer RA3. Finally, RNA was eluted with 40 μL RNase-free 

H2O and the concentration of RNA was quantified by Nano Drop. RNA was 

aliquoted and stored at -80 ˚C. 

 

3.2.7.3 cDNA synthesis 

1 μg total RNA was used to synthesize cDNA using the cDNA synthesis kit 

from Quanta Biosciences. The cDNA reaction and synthesis procedure are 

listed in Table 1 and Table 2. 

Table 1: Components required to synthesize cDNA (Ⅰ) 

Component Volume (μL) 

RNA (1μg) 

Oligo dT 

Random primer 

Nuclease-free H2O 

variable 

2 

2 

variable 
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Final volume 15 

 

The above mixture was gently mixed and centrifuged for 10 seconds, followed 

by incubation at 65 ˚C for 5 min and chilled on ice at once. Then the following 

reagents listed in Table 2 were added to the primed RNA template mixture. 

Table 2: Components required to synthesize cDNA (Ⅱ) 

Component Volume (μL) 

qScript Flex Reaction Mix (5×) 4 

qScript Reverse Transcriptase 1 

Final volume 20 

 

The above components were mixed, centrifuged for 10 seconds again and 

incubated at room temperature for 10 min to anneal the random primer. Re-

verse-transcription occurred at 42 ˚C for 90 min followed by inactivation of the 

reverse transcriptase at 85 ˚C for 5 min. The synthesized cDNA was aliquoted 

and stored at -20 ˚C for further use. 

 

3.2.7.4 Quantitative real-time polymerase chain reaction (qPCR) 

To quantify the expression of VZV IE, E and L genes, and that of cellular en-

zymes associated with folate cycle in mock- and VZV-infected ARPE19 cells 

and human neurons, we used qPCR. 12.5 ng cDNA was used for quantifica-

tion using the primers listed in Table 3 and transcripts were normalized to 

human β-actin. The reaction mixture and reaction parameters for qPCR are 

showed in Table 4 and Table 5. 

Table 3: Primers used to quantify expression of VZV genes and folate 

cycle enzymes 
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Gene name Sequence 

VZV-ORF4 (forward) 

VZV-ORF4 (reverse) 

5’-GCCCATGAATCACCCTC-3’ 

5’-ACTCGGTACGCCATTTAG-3’ 

VZV-ORF21 (forward) 

VZV-ORF21 (reverse) 

5’-TGTTGGCATTGCCGTTGA-3’ 

5’-ATAGAAGGACGGTCAGGAACCA-3’ 

VZV-IE62 (forward) 

VZV-IE2 (reverse) 

5’-CAGACGATCATGTGGTTTCC-3’ 

5’-CGTCAAGTGGCATCGTTATT-3’ 

VZV-IE63 (forward) 

VZV-IE63 (reverse) 

5’-CGCGTTTTGTACTCCGGG-3’ 

5’-ACGGTTGATGTCCTCAACGAG-3’ 

VZV-ORF31 (gB) (forward) 

VZV-ORF31 (gB) (reverse) 

5’-GATGGTGCATACAGAGAACATTCC-3’ 

5’-CCGTTAAATGAGGCGTGACTAA-3’ 

VZV-ORF14 (gC) (forward) 

VZV-ORF14 (gC) (reverse) 

5’-GGATGCATAGGGTTGCGATAA-3’ 

5’-TGCATCTACCTACGCCACTA-3’ 

VZV-ORF68 (gE) (forward) 

VZV-ORF68 (gE) (reverse) 

5’-GTACATTTGGAACATGCGCG-3’ 

5’-TCCACATATGAAACTCAGCCC-3’ 

Human MTHFD1 (Forward) 

Human MTHFD1 (Reverse) 

5’- GCAGCTTCCAGCTCCTTTATG-3’ 

5’- CAAAGCCCTGCTTCGTGTAG-3’ 

Human MTHFD1L (Forward) 

Human MTHFD1L (Reverse) 

5’-CAACATCAAGTGCCGAGCTT-3’ 

5’-AAGAGGAACACCAGCCGTTA-3’ 

Human SHMT1 (Forward) 

Human SHMT1 (Reverse) 

5’-AGGAAAGGAGTGAAAAGTGTGGAT-3’ 

5’-GACACCAGTGTCGCTCTGGATCTG-3’ 

Human SHMT2 (Forward) 

Human SHMT2 (Reverse) 

5’-CGAGTTGCGATGCTGTACTT-3’ 

5’-CTGCGTTGCTGTGCTGAG-3’ 

Human β-actin (forward) 

Human β-actin (reverse) 

5’-TCATCACCATTGGCATGAG-3’ 

5’-AGCACTGTGTTGGCGTACAG-3’ 

 

Table 4: qPCR reaction mixture 

Component Volume (μL) Final concentration 
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2 × reaction buffer 12.5 1 × 

Forward primer (5 μM) 0.5 0.1 μM 

Reverse primer (5 μM) 0.5 0.1 μM 

Template cDNA 0.25 50 ng/μL 

H2O 11.25 - 

Total volume 25 - 

 

Table 5: qPCR reaction parameters 

Meteor Taq activation 5 min at 95 ˚C 

40 cycles Denaturation           15 seconds at 95 ˚C 

Annealing/extension     1 min at 60 ˚C 

Melt curve 50 ˚C 

 

qPCR was performed using Applied Biosystems 7500 Real-Time PCR system. 

Normalized viral gene transcript level was determined by calculating 2-ΔCT 

(ΔCT=CT (target gene)-CT (human β-actin)). Normalized genes of other tran-

scripts were calculated using 2-ΔΔCT (ΔΔCT=ΔCT (infected)-ΔCT (mock)). 

Graphs showing relative mRNA expression were generated with GraphPad 

Prism 5 (USA). 

 

3.2.8 Western blot 

3.2.8.1 Infection of ARPE19 cells and human neurons 

1×106 ARPE19 cells were seeded into each well in 6-well plates 24 hours be-

fore infection. Human neurons were differentiated into 6-well plates as de-

scribed above. Both cells were also mock- or VZV-infected as described above 

and harvested every 24 hours for 4 days. 
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3.2.8.2 Extraction of total protein 

Cells were washed once with ice cold PBS and cell lysates were extracted with 

100-300 μL lysis buffer (50 mM Tris-HCl PH 7.4, 150 mM NaCl, 1% NP-40, 

1 % Triton 100, 0.1 % SDS, 10 % glycerol) containing protease inhibitors on 

ice for 30 minutes. The cell lysates were scraped into Eppendorf tubes, clari-

fied by centrifugation at 13000 rpm for 20 min at 4 ˚C. For human neurons, 

cells lysates were briefly sonicated for 5 seconds before centrifugation. The 

supernatant was transferred to new tubes, aliquoted and stored at -80 ˚C for 

further detection of proteins. 

 

3.2.8.3 SDS-PAGE (Sodium Dodecyl Sulfate-Poly Acrylamide Gel Elec-

trophoresis) 

The concentration of SDS-PAGE separation gel was decided in accordance to 

the molecular weight of the target protein. Separation and concentration gels 

were prepared as listed in Table 6. The separation gel was freshly prepared 

and loaded into the glass chamber, followed by overlaying of 1 mL H2O. The 

separation gel was polymerized for at least 30 min at room temperature. The 

concentration gel was loaded onto the separation gel and polymerized for fur-

ther 30 min at room temperature. Before loading the proteins on the gel, stored 

cell lysate was thawed and suspended with loading buffer, followed by dena-

turation at 98 ˚C for 5 min. Electrophoresis was performed using 80 V until the 

front of protein ladder reached to the bottom of the gel. 

Table 6: Components of SDS-PAGE gel 

 

 

 

Reagents 

Concentration of 30 % Acrylamide/Bis (29:1) 

(Acr/Bis) 

Separation gel (mL) 

1.5 M Tris, PH=8.8 

Concentration gel (mL) 

1.0 M Tris, PH=6.8 
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8 %          10 % 5 % 

H2O 4.6 4.0 2.7 

30 % Acr/Bis (29:1) 2.7 3.3 0.67 

Tris 2.5 2.5 0.5 

10 % SDS 0.1 0.1 0.04 

10 % APS 0.1 0.1 0.04 

TEMED 0.006 0.004 0.004 

Total 10 10 4 

 

3.2.8.4 Transfer of proteins to membranes 

The proteins were transferred from the acrylamide gel to a nitrocellulose 

membrane using sandwiched method (sponge/3 sheets of pa-

per/gel/membrane/3 sheets of paper/sponge). The sandwich was clamped 

tightly and submerged into enough pre-cooled transfer buffer. It’s crucial to 

make sure that the membrane is closest to the positive electrode and the gel 

closest to the negative. The transfer process proceeded at 80 V and 4 ˚C for 

1-2 hours according to the molecular weight of protein to be transferred.  

 

3.2.8.5 Blocking and incubation with antibodies 

The membrane was washed with water and non-specific proteins were 

blocked with 5 % milk dissolved in PBS-T (PBS plus 0.1 % Tween 20) for at 

least 1 hour at room temperature. The blot was incubated with primary anti-

body diluted with 3 % milk at the appropriate dilution at 4 ˚C overnight. Then 

the blot was washed with PBS-T for 3 times and 10 min each, followed by in-

cubation with HRP-conjugated secondary antibody for 1 hour at room temper-

ature. The blot was washed 3 times with PBS-T prior to ECL detection (see 

below). The viral antibodies and their dilution are listed in Table 7. Human 

β-actin was included as a loading control. 

javascript:void(0);


29 
 

Table 7: Antibodies and their dilution 

 

 

 

 

 

 

3.2.8.6 ECL development 

Equal amounts of luminol solution and peroxide solution were mixed freshly 

and applied onto blot. The blots were visualized using Fujifilm LAS-3000 im-

ager and analyzed with the supplied software. Images of the blot were quan-

titatively analyzed with Image J software. 

 

3.2.9 Indirect immunofluorescence 

1×105 ARPE19 cells were seeded onto poly-L-lysine pre-coated coverslips. 

Human neurons were differentiated onto Matrigel-coated coverslips. ARPE19 

cells and human neurons were mock- or VZV-infected at an MOI of 0.01 as 

described above. The infected cells were fixed with 4% paraformaldehyde 

(PFA) for 20 minutes on ice every 24 hours for 4 days, washed 3 times with 

PBS, permeabilized with 1% Triton X-100/PBS for 1 hour at room temperature, 

and blocked with 5 % BSA/PBS for 1 hour at room temperature. Cells were 

incubated with anti-VZV-IE62 (mouse, 1:200) or anti-VZV-gE (mouse, 1:200) 

diluted in 1 % BSA containing 0.1 % Tween 20, at 4 ˚C overnight. Cells were 

washed 3 times with PBS-T and incubated with Alexa Fluor 555-conjugated 

donkey anti-mouse antibody (1:1000). Nuclei were detected with 

4',6-diamidino-2-phenylindole (DAPI) at 1:1000. Following 1 hour incubation 

Antibodies Host Dilution 

Anti-VZV IE62 mouse 1:1000 

Anti-VZV gE mouse 1:2000 

Anti-VZV gC mouse 1:2000 

Anti-human β-actin mouse 1:1000 

Anti-mouse HRP rabbit 1:1000 
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with secondary antibody, the cells were washed with PBS-T for three times and 

mounted with prolong gold antifade reagent. Immunofluorescent Images were 

detected using Carl Zeiss Axio observer Z1 fluorescence microscope and 

photographed with a digital camera. At least 5 fields per condition were imaged. 

Images were analyzed with Carl Zeiss AxioVision Rel. 4.8.1 and Image J 

software. 

 

3.2.10 Plaque assay 

1×106 ARPE19 cells were seeded onto each well of 6-well plates 24 hours 

before infection. Human neurons were differentiated into 12-well plates. Cells 

were mock- or VZV-infected as described above, harvested with 200 μL PSGC 

buffer every 24 hours for 4 days and stored at -80 ˚C. Before titration, cell ly-

sates were thawed quickly at 37 ˚C water bath, sonicated for 15 seconds, and 

chilled on ice. Pre-plated MeWo cells 1 day before were infected with the 

above diluted samples and cultured in DMEM with 2% FBS for 6 days. The 

cells were fixed with absolute methanol (at -20 ˚C) for 10 min, air dried for 5 

min, stained with crystal violet solution for 30 min and washed with H2O for 

three times. The plaques were counted and the viral titer of each sample was 

calculated as PFU/mL. 

 

3.2.11 Extraction of metabolites 

The metabolite extraction protocol described here is modified from the lab of 

Prof. Karsten Hiller (Braunschweig Integrated Centre of Systems Biology, 

Germany) (Sapcariu et al., 2014). At 24 and 96 hpi, the supernatants from 

mock- and VZV-infected cells, as well as from culture medium in the absence 

of cells as controls were collected, briefly centrifuged to remove cell debris and 

kept at -80 ˚C for quantification of cellular consumption and secretion (up-
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take/release) of metabolites. The cells were washed once with 1 mL 0.9 % 

sodium chloride (NaCl) dissolved in Millipore H2O (W/V). 400 μL methanol (at 

-20 ˚C, GC-MS grade) was added to the cells immediately, followed by 400 μL 

Millipore H2O (at 4 ˚C, containing 1 μg/mL ribitol solution as an internal stand-

ard). After scraping cells with a cell scraper, the cell extracts were transferred 

into an Eppendorf tube containing 400 μL chloroform at -20 ˚C and shaken at 

1400 rpm in a thermomixer for 20 min at 4 ˚C, followed by centrifugation for 5 

min at a minimum of 16100 × g at 4 ˚C. 300 μL polar (upper) phase was taken 

and transferred to an Eppendorf tube (being careful not to disturb the inter-

phase) and stored at -80 ˚C for further GC-EI-MS analysis.  

 

3.2.12 GC-EI-MS, HPLC and data analysis  

Intracellular metabolites were extracted with chloroform-methanol-water. 300 

μL stored polar phase was thawed on ice, transferred to a conically shaped 

glass vial and dried in a vacuum concentrator overnight. For derivatization, the 

dried polar phase was dissolved in pyridine containing methoxyamine hydro-

chloride as methoxymation. N-methyl-N-(trimethylsilyl) trifluoroacetamide 

(MSTFA) was used as silylation (Börner et al., 2007; Hiller et al., 2009; Weindl 

et al., 2016). After performing the GC-MS analysis, the isotopic enrichment 

and labelled compounds were identified and measured in a non-targeted 

manner based on retention index (RI) and extracted mass spectra matching 

against an in-house reference library (Hiller et al., 2009; Sapcariu et al., 2014). 

Non-targeted MID analysis was performed using MetaboliteDetector (version 

2.820150209R), a software based on C++ for the analysis of GC/MS data 

(Hiller et al., 2009). MetaboliteDetector can convert raw GC-MS data into 

netCDF format. Afterwards, principal component analysis (PCA) was used to 

analyze the results processed by MetaboliteDetector. The metabolite levels of 

cellular consumption and secretion within the supernatants and culture me-
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dium were measured using high performance liquid chromatography (HPLC). 

The metabolite uptake/release rates were calculated by normalizing to the 

metabolite levels contained within the culture medium in the absence of cells. 

 

3.2.13 Statistical analysis 

Statistical data analysis was performed using IBM SPSS statistics 23. Statis-

tical significance value (P value) was measured by Student’s t-test between 

two groups. Results were shown as mean ± SD, with P<0.05 considered to be 

significant and with asterisk as follow: * < 0.05, ** < 0.01, *** < 0.001. 
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4 Results 

4.1 Differentiation of human peripheral neurons from small molecule de-

rived neuronal precursor cells (smNPCs) 

VZV is human specific and establishes latency in human neurons of the pe-

ripheral nervous system. Therefore, to study the effect of VZV on neuronal 

metabolism we used human neurons with characteristics of peripheral neurons. 

Human neurons were differentiated from smNPCs which were generated from 

cord blood derived iPSCs, provided by Ulrich Martin (Hannover Medical 

School). The neuronal differentiation method was established by Shuyong Zhu 

in our lab (Zhu et al., manuscript in preparation). smNPCs were induced with 

three small molecules (CHIR 99021, SU5402 and DAPT), differentiated with 

BMP4 and matured with dbcAMP and growth factors (Figure 4.1A). During the 

differentiation process, the morphology of the cells changes, the appearance 

of long cellular processes resembling neurites is evident from day 7. Around 

day 14 post differentiation the cells gather together to form clusters resembling 

ganglia, interconnected with neurite-like filaments (Figure 4.1B). The cells 

within the clusters express markers characteristics of peripheral neurons and 

glial cells (i.e., vesicular glutamate transporter 2 (VGLUT2), voltage-gated 

sodium channel 1.7 (Nav1.7) and peripherin) and most of these peripheral 

markers are expressed at highest levels from day 60 post differentiation as 

detected by RT-qPCR. The markers for central neurons (i.e., FoxG1, Fox2A) 

were negative (not shown). The neurons were functionally active, firing spon-

taneous and inducible action potentials (not shown). All these data are part of 

Shuyong Zhu’s PhD thesis and will be published shortly (Zhu et al., manuscript 

in preparation). The characterization of the differentiated human neurons was 

mainly performed by Shuyong Zhu.  
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morphogenetic protein 4; β-NGF, β-nerve growth factor; BDNF, Brain-derived neurotrophic 
factor; GDNF, Glial-derived neurotrophic factor. 

 

4.2 The derived human neurons can be productively infected with VZV 

To determine whether the human neurons could be productively infected by 

VZV, we inoculated them with cell-free VZV EMC-1 strain. During the whole 

project, we always use mature differentiated human neurons (more than 60 

days post differentiation) to minimize the effect of maturation on metabolism. 

Human neurons were infected at a multiplicity of infection (MOI) of 0.01. The 

cells were observed using live cell microscopy to determine whether infection 

caused morphological changes in the neurons. At 24 hours post infection (hpi), 

the axons became disordered compared to mock-infected control. At 48 and 

72 hpi, the infected neurons showed enlarged cell bodies. Some axons were 

damaged and became thinner, whereas others still connected the clusters at 

96 hpi (Figure 4.2A). Due to the high cell density within the clusters, it was 

difficult to address morphological changes at the cell bodies following VZV 

infection. We detected VZV IE, E and L gene transcripts by RT-qPCR over 96 

hpi. All the VZV IE, E (ORF4, ORF21, IE62, IE63) and L genes (gB, gC and gE) 

tested were detected at 24 hpi. The expression of ORF4, ORF21, IE63, gB and 

gE increased during the 96 hours period. However, the expression of the IE 

gene IE62 and L gene gC was not significantly modified during the 96 hours 

period (Figure 4.2B).  
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Figure 4.2: Infection of human neurons with VZV results in altered cell morphology and 
increased VZV gene expression with time. Human neurons were infected with cell-free VZV 
EMC-1 at an MOI of 0.01. (A) Representative live cell microscopy images of human neurons 
infected with VZV. Solid black arrows point to enlarged cell bodies and hollow black arrows 
point to disordered and thinner axons. Scale bars correspond to 20 μm (20×). (B) Relative 
mRNA expression of VZV IE, E (ORF4, ORF21, IE62 and IE63) and L (gB, gC, gE) genes 
detected by RT-qPCR. VZV gene expression was normalized to human β-actin and normal-
ized target gene expression level was determined by calculating 2-ΔCT (ΔCT= CT (target 
gene)-CT (human β-actin)). Data represent mean ± SD from two independent experiments 
performed in duplicates. Abbreviations: hpi, hours post infection. 

 

4.3 Infection of human neurons results in VZV protein expression but low 

production of progeny virus 

The protein expression of both IE and L genes was determined by indirect 

immunofluorescence and immunoblotting. Both IE62 (the major transactivator) 

and gE (the most abundantly expressed glycoprotein during VZV infection), 

were detected at 24 hpi (Figure 4.3A and B), and their amounts increased with 

time according to the immunofluorescence images. IE62, gE and gC (a 

transmembrane envelope glycoprotein) protein levels were also quantified by 

immunoblotting. All these proteins were first visualized at 24 hpi (Figure 4.3C). 

The protein levels of IE62 and gC expression were higher with time. However, 

gE protein levels did not change much during the 96 hpi. The mRNA and pro-

tein data did not correlate. We measured virus production by performing 

plaque assays on naïve cells. The results indicate that the neurons did not 
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to 50 μm (10×) and 20 μm (20×). (C) Representative western blot analysis from two inde-
pendent experiments showing the detection of IE62, gE and gC protein levels in VZV infected 
neurons. Human β-actin was included as a loading control. (D) Graph showing the progeny 
VZV titer (represented as PFU/mL) produced in human neurons and detected by plaque assay. 
Data represent mean ± SD from two independent experiments. Abbreviations: hpi, hours post 
infection. 

 

4.4 Mass isotopolome analysis (MIA) of human neurons infected with 

VZV 

To determine the effects of VZV on neuronal metabolism and to profile meta-

bolic flux changes, we used a non-targeted approach using stable isotope 

labelling. To address how VZV modulates changes in metabolites linked to 

neuronal activity, we infected human neurons with VZV and use 13C labelled 

glucose or glutamine, two major carbon sources for most mammalian cells, as 

isotopic tracers. Human neurons were infected with VZV EMC-1, as described 

in Materials and Methods. Following 4 hours incubation, the virus inoculum 

was replaced with medium containing 12C6-glucose or 13C6-glucose and 
12C5-glutamine or 13C5-glutamine, respectively. At different time points, meta-

bolic reactions and transport were ceased by quenching with cold methanol. 

Intracellular metabolites were further extracted with chloroform. During the 

extraction process, cell lysates were separated into three phases, the polar 

(upper) phase which contained the metabolites exhibiting specific labelling 

patterns to be further measured, the interphase which contained nucleic acids 

and proteins, and the non-polar phase. Finally, the polar phase was analyzed 

by GC-EI-MS (see workflow in Figure 4.4A). The basis for flux calculations was 

then determined by calculating MID for each known or unknown metabolite. A 

mass isotopomer has the same chemical structure and properties as the un-

labelled compound but its molecular mass is shifted by one or more atomic 

units. After performing a stable isotope labelling experiment, isotopic enrich-

ment of metabolites was identified and quantified in a non-targeted manner. 
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Labelled compounds were found based on RI and mass spectrum from 

GC-MS, which were matched against an in-house reference library. MIDs, 

indicating metabolic flux changes can be determined and analyzed in combi-

nation with external fluxes (uptake/secretion) to calculate the underlying met-

abolic fluxes. Data acquired can eventually be filtered and analyzed by 

changes in MIDs with MetaboliteDetector software. The MID obtained for me-

tabolites that are products of glycolysis (pyruvate and lactate) showed in-

creased M3 labelling when 13C6-glucose (Figure 4.4D) but not when 
13C5-glutamine (Figure 4.4E) was used as a tracer. There was also M5 label-

ling in glutamate, a product of glutaminolysis when 13C6-glucose was used. 

This was probably due to the reversible reaction between α-ketoglutarate, a 

metabolite of the TCA cycle, and glutamate. However, high M5 labelling of 

glutamine, a direct product of glutaminolysis was only observed when 
13C5-glutamine was used as a tracer. These results indicate that the labelling 

system is working in our model. When we analyze MID of metabolites within 

the TCA cycle we observed higher MID labelling when 13C6-glucose was used 

as a tracer, suggesting that in neurons the glucose is a preferred source for 

carbon in the TCA cycle. Then we investigated the effect of VZV infection in 

human neurons at 24 and 48 hpi using 13C6-glucose. At these time points, we 

only found few metabolites up- or down-regulated in human neurons following 

VZV infection as shown in the heatmap (Figure 4.4B). Analysis of the MID 

results showed that there were small differences in the contribution of glucose 
13C to the metabolites. There were two main possibilities to explain the low 

effect of VZV on neuronal metabolism. One of them is that at 24 and 48 hpi, 

replication of the virus was not sufficient and in enough number of neurons to 

induce changes that can be detected. The second is that in neurons VZV af-

fects pathways that use carbon sources different than glucose. To test this 

second hypothesis, we infected the neurons as above and used 
13C5-glutamine as a tracer to determine if glutaminolysis pathway was affected 
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by VZV in neurons. To increase the number of infected neurons, and since we 

cannot increase the MOI due to the low VZV titer, we measured changes in the 

metabolome at 24 and 96 hpi. Using this method, we observed that more me-

tabolites were altered at 96 than at 24 hpi (Figure 4.4C). In total, 24 metabo-

lites were significantly increased and only two decreased in neurons infected 

with VZV compared to mock-infected cells. When the metabolite levels at 24 

and 96 hpi are compared, only two metabolites (threonine and putrescine) 

were increased at both time points in infected neurons.  

We further analyzed the MIDs data from experiments performed with 
13C-glucose (Figure 4.4D) and 13C-glutamine (Figure 4.4E) at 96 hpi. We found 

that M1 to M5 labelling of citrate, M2 to M4 labelling of fumarate, M1 to M3 

labelling of malate, M3 labelling of NAA (N-acetylaspartate), M3 labelling of 

aspartate (ASP), M2/M3 labelling of NAA-ASP were significantly decreased, 

while M1/M2 labelling of serine and M2 labelling of glycine were significantly 

increased in neurons following VZV infection at 96 hpi when feeding with 
13C-glucose. Based on MIDs from 13C-glutamine labelling, some metabolites, 

such as M3 labelling of α-ketoglutarate, M1 labelling of succinate, M1, M2 and 

M4 labelling of fumarate, M1, M2 and M4 labelling of malate, M1, M2 and M4 

labelling of citrate, M1 to M6 labelling of NAA, M1 to M3 labelling of NAA-ASP, 

showed increased isotopomer labelling following VZV infection. Although the 

differences in MIDs between mock- and VZV-infected neurons showed statis-

tical significance, the changes upon VZV infection were very small. Therefore, 

it is difficult to determine which metabolic network could contribute to the 

metabolic flux changes following VZV infection. However, our results show that 

VZV infection in neurons slightly decreased the contribution of glucose while 

increasing that of glutamine to the TCA cycle. 
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Figure 4.4: Effect of VZV infection on metabolic changes and MIDs in human neurons 
fed with 13C6-glucose or 13C5-glutamine. Human neurons were infected with cell-free VZV 
EMC-1 at an MOI of 0.01. (A) Workflow to measure the effect of VZV infection on cellular 
metabolism using non-targeted stable isotope labelling. 13C labelled glucose or glutamine was 
used as a tracer for stable isotope labelling. A liquid-liquid extraction of intracellular metabo-

lites was performed with methanol-water-chloroform. The polar phase containing metabolites 
to be analyzed was quantified by GC-MS. The image of three separated phases was adapted 

from Sapcariu et al., 2014. The heatmap depicts global metabolites that were detected in the 
GC-MS of mock- and VZV-infected human neurons at 24 hpi (B) and 96 hpi (C). Each row 
represents the name of the detected metabolite, and each column represents the metabolome 
of the indicated sample. The metabolite amount was colored according to the Z-score which is 
a semi-quantitative normalized method, with red meaning increased amounts and blue 
meaning decreased amounts in relation to the mean. The heatmap was formed with the 
“gplots” package of R based on the data acquired by MetaboliteDetector. MID analysis of 
relative abundance of one metabolite from 13C6-glucose (D) and from 13C5-glutamine (E) label-
ling in mock- or VZV-infected neurons at 96 hpi. Data represent mean± SD (3 wells for each 
condition from one independent experiment). Abbreviations: hpi, hours post infection; GC-MS, 

gas chromatography mass spectrometry; ASP, aspartate; NAA, N-acetylaspartate, BHB, 
β-hydroxybutyrate. 

 

4.5 Analysis of VZV gene expression in ARPE19 cells 

We also addressed whether infection of human epithelial cells by VZV modi-

fied their metabolism. First of all, we studied the effect of VZV infection on cell 

morphology and determined the kinetics of VZV gene expression. We ob-

served that at 24 hpi, some cells became rounded and fused with adjacent 

cells. Later, more cells showed CPE and syncytia were apparent. At 96 hpi, 

almost 90-100% cells displayed CPE (Figure 4.5A). We measured viral tran-

script expression including ORF4, ORF21, IE62, IE63, gB, gC, and gE. We 

detected all these VZV transcripts at 4 hpi and their expression increased 

during the 96 hours period (Figure 4.5B). The relative VZV gene expression 

was higher in ARPE19 cells than in human neurons, except for ORF4 and 

ORF21. The difference in gene expression was more evident after 24 hpi 

(Figure 4.5C). 
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Figure 4.5: Infection of ARPE19 cells with VZV results in higher expression of VZV 

transcripts compared to that of human neurons. ARPE19 cells were infected with cell-free 
VZV EMC-1 at an MOI of 0.01. (A) Representative live cell microscopy images of ARPE19 
cells infected with VZV. Scale bars correspond to 50 μm (10×). (B) Relative expression of VZV 
IE, E (ORF4, ORF21, IE62 and IE63) and L (gB, gC, gE) gene transcripts detected by 
RT-qPCR. Relative gene expression was normalized to human β-actin and normalized target 
gene expression level was determined by calculating 2-ΔCT (ΔCT= CT (target gene)-CT (human 
β-actin)). Data represent mean ± SD from three independent experiments performed in du-
plicates. (C) Comparison of relative VZV expression between infected ARPE19 cells and hu-
man neurons. Abbreviations: IE, immediate early; E, early; L, late; hpi, hours post infection.  

 

4.6 Analysis of VZV protein expression and production of progeny virus 

in ARPE19 cells  

Since the optical microscopy of the infection process only shows CPE and 

possible percentage of cells that were infected, we could not estimate viral 

protein expression. So, we also detected IE62 (Figure 4.6A) and gE (Figure 
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immunoblots of IE62, gE and gC protein levels in mock- and VZV-infected ARPE19 cells from 
three independent experiments. Human β-actin was included as a loading control. (D) Graph 
showing the progeny VZV titer (represented as PFU/mL) produced in ARPE19 and neurons 
measured by plaque assay. Data represent mean ± SD from three (for ARPE19) and two (for 
neurons) independent experiments, respectively. Abbreviations: hpi, hours post infection. 

 

4.7 MIA of ARPE19 cells infected with VZV 

To measure the effect of VZV infection on the metabolism of epithelial cells we 

performed MFA by GC-MS in ARPE19 cells following infection with cell-free 

VZV. At 96 hpi, we found that eighteen metabolites were significantly increased 

whereas six were significantly decreased in VZV-infected compared to 

mock-infected ARPE19 cells (Figure 4.7A). All the metabolites that were in-

creased or decreased following VZV infection in ARPE19 cells and neurons 

are shown in Table 8, whereas those specific to either neurons or ARPE19 are 

shown in Table 9. Eleven metabolites were increased following infection in 

both neurons and ARPE19 cells, whereas only aspartic acid and citric acid 

were present at lower level following infection in both ARPE19 cells and neu-

rons. We also analyzed the effect of VZV infection on MIDs of some metabo-

lites following both 13C6-glucose (Figure 4.7B) and 13C5-glutamine labelling 

(Figure 4.7C). In this case, most metabolites showed decreased isotopomer 

distribution following VZV infection at 96 hpi in ARPE19 cells when 
13C-glucose was used as a tracer, such as M1 and M3 to M6 of citrate, M4/M5 

of α-ketoglutarate, M1 to M4 of succinate, M1 to M4 of malate, M3 of alanine, 

M2 to M4 of ASP, M1/M4 of methionine. However, one exception was the M1 

to M3 labelling of serine in infected cells. The percentage of M1 serine was 

around 23% in VZV-infected ARPE19 cells, an increase in approximately 

2.6-fold compared to mock-infected cells. When 13C-glutamine was used as a 

tracer we also found that most isotopomer labelling of metabolites decreased 

in VZV-infected ARPE19 at 96hpi, such as M4/M5 of glutamate, M1 to M5 of 

α-ketoglutarate, M1 to M4 of succinate, M1 to M4 of malate, M1 to M6 of citrate, 
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M1 to M3 of pyruvate, M3 of lactate, M1/M2/M4 of NAA, M1 to M4 of ASP and 

M1/M3 of NAA-ASP. This was different from the results found in neurons. In 

infected neurons at 96 hpi, MID of metabolites belonging to TCA cycle was 

slightly reduced whereas that of glutaminolysis was slightly increased. On the 

contrary, in infected ARPE19, both TCA cycle and glutaminolysis were reduced 

when 13C-glucose or 13C-glutamine was used. The data obtained from 

VZV-infected ARPE19 cells indicated that the tracers are working as expected 

and that glucose contributed more than glutamine to the TCA cycle, a phe-

nomenon also observed in human neurons. 

Table 8: Metabolites whose level is modulated in both neurons and 

ARPE19 cells following VZV infection at 96 hpi 
Up-regulated Down-regulated 

Aminoadipic acid Aspartic acid 

Arginine Citric acid 

Cytosine  

Glycerol  

Leucine  

Lysine  

Phenylalanine  

Proline  

Threonine  

Tyrosine  

 

Table 9: Metabolites whose level is differentially regulated in neurons 

and ARPE19 cells following VZV infection at 96 hpi 

Specific to neurons 

Up-regulated 

Specific to ARPE19 cells 

Up-regulated     Down-regulated 

Alanine Creatinine N-acetylaspartic acid 

Asparagine Glutamine Glutamic acid 

L-Cystathionine Glycine Malic acid 

2-hydroxybutyric acid Norleucine Succinic acid 

3-Hydroxymethylglutaric acid Pyroglutamic acid  
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Histidine Serine  

Isoleucine Thymine  

Methionine   

2-Oxoisocaproic acid   

Pantothenic acid   

Putrescine   

Succinic acid   

Tryptophan   

 

A 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





63 
 

 

 

 

 

 

C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



64 
 

 

 

 

 

 

 

 

 

 

Figure 4.7: Effect of VZV infection on metabolic levels and MIDs in ARPE19 cells fed 
with 13C6-glucose or 13C5-glutamine. ARPE19 cells were infected with cell-free VZV EMC-1 
at an MOI of 0.01. (A) Representative heatmap from one independent experiment showing 
global metabolites detected by GC-MS in samples from mock- and VZV-infected ARPE19 cells 
at 96 hpi. Each row represents one of the detected metabolites, while each column represents 
the metabolome of one sample. The metabolite amount was colored according to the Z-score, 
with red meaning increased amounts and blue meaning decreased amounts in relation to the 
mean. MID analysis of relative abundance of one metabolite upon 13C6-glucose (B) or 
13C5-glutamine (C) labelling in mock- or VZV-infected ARPE19 cells at 96 hpi. Data represent 
mean ± SD from two independent experiments performed in triplicates for 13C6-glucose label-
ling and one independent experiment performed in triplicates for 13C5-glutamine labelling. 
*p<0.05, **p<0.01, ***p<0.001. Abbreviations: Ctrl, mock-infected control; NAA, 
N-acetylaspartate; ASP, aspartate. 

 

4.8 VZV infection of ARPE19 cells causes decreased serine uptake rate 

and increased glycine uptake rate 

We discovered that the level of several metabolites changed following VZV 

infection in ARPE19 cells. Moreover, the MIDs of some metabolites were 

modified. Changes in MID are considered more reliable and informative of the 

metabolic flux than changes in metabolite level. The highest change was ob-

served in the amount of M1 labelling of serine (2.6-fold higher, P<0.001) fol-
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Figure 4.8: Effect of VZV infection on serine and glycine uptake rates. (A) Schematic of 
serine synthesis pathway. Serine can be obtained from the extracellular environment through 
neutral amino acid transporters. Alternatively, serine can be de novo synthesized within cells 
through the conversion of intermediate 3-phosphoglycerate (3PG) produced from both glyco-
lytic and gluconeogenic pathways. Serine can also be synthesized from glycine via enzymatic 
activity of serine hydroxymethyltransferase (SHMT). (B, C) ARPE19 cells were mock- or 
VZV-infected (cell-free VZV EMC-1 at an MOI of 0.01) and serine and glycine levels in the 

supernatant were measured by HPLC. Serine uptake rate and glycine uptake rate were cal-

culated by normalizing to serine and glycine levels in the culture medium in the absence of 
cells control at 24 and 96 hpi, respectively. Data represent mean ± SD from two independent 
experiments performed in triplicates. ***p<0.001. Abbreviations: 3PG, 3-phosphoglycerate; 
2PG, 2-phosphoglycerate; PHGDH, phosphoglycerate dehydrogenase; 3PHP, 
3-phosphohydroxypyruvate; PSAT1, phosphoserine aminotransferase 1; 3PS, 
3-phosphoserine; Glu, glutamate; PSPH, phosphoserine phosphatase; PKM2, pyruvate kinase 
isoform M2; α-KG, α-ketoglutarate; PEP, phosphoenolpyruvate; SHMT, serine hydroxymethyl-
transferase. 

 

4.9 VZV infection upregulates serine-glycine biosynthetic pathway in 

ARPE19 cells 

Serine and glycine can be bidirectionally transferred between mitochondria 

and cytosol. Within the mitochondria, serine is converted to glycine by cataly-

sis using serine hydroxymethyltransferase 2 (SHMT2), which simultaneously 

hydrolyzes tetrahydrofolate (THF) into 5,10-methylene-tetrahydrofolate 

(5,10-methylene-THF). 5,10-methylene-THF is oxidated by methylenetetrahy-

drofolate dehydrogenase 2 (MTHFD2) or MTHFD2-like (MTHFD2L) to gener-

ate 5,10-methenyl-THF and further 10-formyl-THF. MTHFD2 or MTHFD2L 
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uses NAD+ or NADP+ to regenerate NADH or NADPH in mitochondria. 

10-formyl-THF, which contains one-carbon unit, can be converted to produce 

formate by MTHFD1L regenerating ADP to ATP. Mitochondrial formate is re-

leased to the cytosol supplying its one-carbon unit to produce 10-formyl-THF 

required for de novo synthesis of purine and 5,10-methylene-THF for synthesis 

of thymidylate and for remethylation of homocysteine by the trifunctional 

MTHFD1. SHMT1 in the cytosol converts 5,10-methylene-THF into THF and 

glycine into serine (Yang et al., 2016; Newman et al., 2017a; Newman et al., 

2017b; Ducker et al., 2017). These pathways are illustrated in Figure 4.9A. 

One-carbon unit from formate excreted from the mitochondria into the cytosol 

can be incorporated into serine, glycine, sarcosine or dimethylglycine (Ducker 

et al., 2017; Davis et al., 2003). We hypothesized that the increased 

one-carbon unit labelling of serine could be provided from formate through the 

serine-glycine metabolic pathway. As shown in the structural formula of serine 

and glycine the conversion of glycine into serine requires the incorporation of 

one extra carbon (Figure 4.9B). If serine is generated from non-labelled glycine, 

this could explain the increase in M1 labelling of serine. As explained above 

there are several enzymes that could shift the pathway increasing M1 labelling 

of serine. Therefore, we measured gene expression of key metabolic enzymes 

involved in this metabolic cycle in mock- and VZV-infected ARPE19 cells and 

neurons during 96 hpi. VZV infection in ARPE19 cells significantly upregulated 

MTHFD1L mRNA levels at 96hpi compared to mock-infected control (Figure 

4.9C). The mRNA levels of MTHFD1, SHMT1 and SHMT2 were also increased 

in infected cells, although the differences were not significant. These data in-

dicate that the expression of genes associated with serine-glycine metabolic 

pathway is enhanced in epithelial cells following VZV infection. This may result 

in elevated amounts of serine, as well as increased one-carbon units of serine 

transported from formate. The expression of these enzymes did not change at 

96 hpi of human neurons. This correlates with the lower increase in serine M1 





69 
 

 

 

 

 

 

 

 

D                                                                    

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: MTHFD1L is upregulated in VZV infected ARPE19 cells. (A) Schematic of the 
folate cycle. Serine and glycine are bidirectionally transported between cytosol and mitochon-
dria. Serine within the mitochondria is converted to glycine by catalysis using SHMT2, which 
simultaneously hydrolyzes THF into 5,10-methylene-THF. 5,10-methylene-THF is oxidated by 
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MTHFD2 or MTHFD2L to generate 5,10-methenyl-THF and 10-formyl-THF. 10-formyl-THF can 
be converted to formate by MTHFD1L converting ADP to ATP. Mitochondrial formate is re-
leased to the cytosol to supply its one-carbon unit and is utilized to produce 10-formyl-THF for 
de novo synthesis of purine and 5,10-methylene-THF to synthesize thymidylate and remeth-
ylate homocysteine by the trifunctional MTHFD1. SHMT1 in the cytosol functions to convert 
5,10-methylene-THF to THF and glycine into serine. (B) Structural formula of serine and gly-
cine showing the enzyme involved in this pathway. ARPE19 cells (C) and human neurons (D) 
were infected with cell-free VZV EMC-1 at an MOI of 0.01. The mRNA levels of metabolic 
enzymes including MTHFD1L, MTHFD1, SHMT1 and SHMT2 were analyzed by RT-qPCR. 
Relative gene expression was normalized to mock-infected control using human β-actin as a 
housekeeping gene and normalized target gene expression level was determined by calcu-
lating 2-ΔΔCT (ΔΔCT=ΔCT (infected)-ΔCT (mock)). Data represent mean ± SD performed in 
duplicates from there independent experiments for ARPE19 cells and from two independent 
experiments for neurons for PCR reactions. *p<0.05. Abbreviations: SHMT, serine hy-
droxymethyltransferase; THF, tetrahydrofolate; 5,10-methylene-THF, 
5,10-methylene-tetrahydrofolate; MTHFD, methylenetetrahydrofolate dehydrogenase; 
MTHFD1L, MTHFD1-like; MTHFD2L, MTHFD2-like. 
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5 Discussion 

Varicella zoster virus (VZV) is a highly human specific neurotropic pathogen 

that causes varicella during primary infection and zoster following reactivation. 

The latter is characterized by a painful vesicular rash, which is frequently fol-

lowed by PHN, the second most common types of neuropathic pain worldwide. 

During primary infection VZV establishes latency in neurons of the peripheral 

nervous system following retrograde transport of virions from the mucosa or 

skin to the neuronal cell body (Gershon et al., 2015; Zerboni et al., 2014). VZV 

pathogenesis is not well characterized in part due to its inability to productively 

infect rodent cells. In humans, VZV mainly infects T lymphocytes, epithelial 

cells and ganglionic neurons. Therefore, human cells, including neurons and 

epithelial cells, are required to study VZV biology. The viral and cellular genes 

involved in the modulation of neuronal activity and generation of pain by VZV 

are unknown. Metabolism is essential for cellular viability during homeostasis 

and following an insult such as infection. Viruses modulate metabolic path-

ways in order to exert control over the cells. In parallel, modifications in cellular 

metabolism may be the cause or consequence of antiviral responses. At the 

start of this project it was not known whether VZV modulated cellular metabo-

lism and, if so, which were the metabolic pathways affected by VZV. In this 

study, we addressed the effect of VZV on cellular metabolism using two cell 

types infected by VZV during natural infection: epithelial cells and neurons. We 

used an unbiased approach to measure metabolite levels, metabolic flux 

changes and pathway contextualization following lytic VZV infection to in-

crease our understanding on the effect of VZV infection on cellular metabo-

lism. 

Previous reports have shown that both human neurons (Markus et al., 2015; 

Baird et al., 2014; Sloutskin et al., 2013) and ARPE19 cells (Graybill et al., 

2017; Lenac Rovis et al.,2013; Sloutskin et al., 2014; Schmidt-Chanasit et al., 

2008) support cell-free VZV infection. In our study, infection of differentiated 
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human neurons with cell-free VZV damaged the neurites, and CPE was also 

evident by live cell microscopy in VZV-infected ARPE19 cells. Infection of both 

neurons and ARPE19 cells resulted in expression of VZV genes of the three 

kinetic classes (IE, E and L). The mRNA levels of IE62, gB, gC and gE were 

lower in neurons compared to ARPE19 cells when infected with the same MOI 

and during the same time points. When comparing the protein expression of 

IE62, gE and gC by immunoblotting, all these proteins were detected one day 

earlier in infected neurons compared to ARPE19 cells. However, although the 

progeny virus production is increasing in both neurons and ARPE19 cells 

during the 96 hpi period, the titer at each time point is much lower in neurons 

than in ARPE19 cells, with almost no infectious virus produced in neurons at 

24 hpi in spite of the presence of gE protein. This may indicate that the viral 

propagation in human neurons is more limited than in ARPE19 cells. Previous 

studies showed that VZV infection in human neurons did not produce CPE 

within 2 weeks post infection at low MOI (less than 1×10-3), but human neu-

rons died when the MOI was increased to more than 1×10-3 (Grose et al., 2013; 

Yu et al., 2013). Baird et al. also demonstrated that cell-free VZV infection of 

iPSC derived human neurons did not produce progeny virus at 1, 3 and 7 days 

post infection (dpi), while only 31 PFUs/culture at 14 dpi were detected. As a 

comparison, VZV infection of fibroblasts produced progeny virus at 1 dpi. 

These results are partially consistent with what we discovered, but they in-

fected the neurons and fibroblasts at an MOI of 1×10-3 which is 10-fold lower 

than our MOI (Baird et al., 2014). Gilden’s group showed that the absence of 

CPEs in neurons infected with VZV at a low MOI was associated with 

non-productive infection. Although viral transcripts, proteins and infectious 

virus were detected in VZV infected neurons at a low MOI, ultrastructural 

analysis showed a large number of viral particles without capsids in the nuclei 

of infected neurons (Grose et al., 2013; Yu et al., 2013). This could be the 

reason why lower viral titers were produced in VZV infected neurons. However, 
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Sadaoka et al. demonstrated that human embryonic stem cells (hESC) derived 

neurons produced higher titers and fewer defective or incomplete viral parti-

cles than human embryonic lung cells or MRC-5 fibroblasts (Sadaoka et al., 

2017). Therefore, there is a certain controversy in the field regarding the ability 

of human neurons to support full VZV cycle and produce infectious viral parti-

cles. This may be due to differences in the neuronal subtype employed. In our 

case, we have used peripheral, mature neurons, the type infected by VZV in 

vivo. In our hands VZV productively infected these neurons although the titers 

obtained were lower than in epithelial cells. 

Our study is the first to investigate the effect of VZV infection on cellular me-

tabolism of human neurons and ARPE19 cells using a non-targeted stable 

isotope labelling metabolomics approach. Here, we used 13C-glucose or 
13C-glutamine, which are two major carbon sources for mammalian cells, as a 

tracer to follow the trail of labelled carbon and to profile metabolic flux changes. 

Based on the reaction rates present in the measured metabolites, pathway 

intermediates will exhibit specific labelling patterns, which can be visualized in 

the mass spectrum of a labelled compound. The labelled compounds were 

further detected and analyzed based on RI and mass spectrum matching 

against an in-house reference library by GC-EI-MS. The basis for metabolic 

flux changes is calculated by the determination of MID for each detected me-

tabolite. We collected metabolites from cell lysates of mock- and VZV-infected 

differentiated human neurons and ARPE19 cells at different hpi and measured 

metabolic flux changes. In neurons following VZV infection using 13C-glucose, 

only few metabolites were differentially expressed compared with the 

mock-infected control at 24 hpi. We also found small differences in glucose 

carbon contribution at 24 and 48 hpi. We hypothesized that the minor meta-

bolic changes in infected neurons could be due to the low replication rate of 

VZV, so we further increased the incubation time to 96 h to determine whether 

increased viral expression and replication could influence metabolic flux 
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changes. Indeed, at 96 hpi, more metabolites had altered levels. Some of the 

altered metabolites were already detected at 24 hpi, while others were modi-

fied only at 96 hpi. Analysis of global metabolite levels in VZV infected 

ARPE19 cells revealed that some of the metabolites whose levels were modi-

fied in neurons were also changed in epithelial cells.  

Since MIDs indicate metabolic flux changes, but harbor more robust infor-

mation to reveal metabolic proximity of isotopically enriched compounds and to 

assist the identification of labelled compounds or to reveal possible involved 

biosynthetic pathways (Weindl et al., 2016), we analyzed MIDs of partial me-

tabolites from both 13C-glucose and 13C-glutamine labelling experiments. The 

analysis of MID labelling in products of glycolysis and glutaminolysis indicated 

that the system was working according to the expected results, i.e., we ob-

served high labelling in glycolysis metabolites such as pyruvate and lactate 

when glucose was used as a tracer. Interestingly, we observed a higher con-

tribution of glucose than glutamine to the TCA cycle in both neurons and 

ARPE19 cells. VZV infection slightly modified the relative contribution of glu-

cose and glutamine to the TCA cycle in neurons, but not in ARPE19 cells. We 

observed a reduction in the labelling of TCA metabolites in infected versus 

mock-infected ARPE19 cells and neurons when glucose was used as a tracer 

compared to an increase in neurons but a decrease in ARPE19 cells when 

glutamine was the tracer of choice. The differences in MIDs of partial metabo-

lites were more evident between infected and mock-infected ARPE19 cells 

than in neurons. We hypothesized that it could be due to the low replication 

rate of VZV in neurons even at 96 hpi. At 96 hpi most metabolites involved in 

TCA cycle such as citrate, fumarate and malate showed decreased MIDs. This 

indicates that VZV infection may shut down aerobic respiration while using 

carbon sources for other biosynthetic needs for viral replication. 

Interestingly, when looking at the metabolism of amino acids, we did not detect 

major changes with the exception of a significant increase in M1 labelling of 

file:///F:/æ��é��è¯�å�¸/Dict/7.5.0.0/resultui/dict/
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serine following VZV infection in ARPE19 cells using glucose as a tracer. A 

similar trend, although less pronounced, was observed in infected neurons. 

Serine is a non-essential amino acid (NEAA) that participates in several im-

portant metabolic pathways and plays essential roles in cell growth and sur-

vival. Although NEAAs can be de novo synthesized, their levels may not be 

high enough for actively proliferating cells such as cancer cells. In these cases, 

an exogenous supply of some NEAAs is indispensable (Yang et al., 2016). 

Extracellular serine can be taken up directly by the cells via neutral amino acid 

transporters. Serine can also be de novo synthesized within cells through 

serine synthesis pathway (SSP), that requires the conversion of intermediate 

3-phosphoglycerate (3PG) produced from glycolytic and gluconeogenic path-

ways. Serine can also be synthesized in the folate cycle from glycine utilizing 

enzymatic activity of SHMT1/2, in a process that leads to the acquisition of 

one-carbon units (Newman et al., 2017a; Newman et al., 2017b; Yang et al., 

2016). Many different types of cancer cells can increase de novo synthesis of 

serine, as well as the serine and glycine uptake rate providing amino acids for 

biosynthesis (Locasale et al., 2011; Possemato et al., 2011; Jain et al., 2012). 

VZV infection of ARPE19 cells resulted in a significant increase of both serine 

and glycine levels at 96 hpi and a significant increase of M1 labelling of serine 

when 13C-glucose was used as a tracer. Moreover, VZV infection significantly 

increased glycine uptake at 96 hpi, which may imply that glycine is required for 

VZV expression and replication. On the contrary, serine uptake levels were 

downregulated in VZV-infected ARPE19 at 96 hpi, whereas mock-infected 

cells showed an increase in serine uptake at this time point compared to 24 hpi. 

These data suggest that the enhanced serine found in infected cells, and the 

increased M1 labelling are the results of the generation of serine from glycine. 

To determine whether this is the case we will perform similar experiments us-

ing 13C labelled glycine as a tracer. Analysis of key metabolic enzymes in-

volved in serine-glycine pathway showed significantly upregulated mRNA lev-
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els of MTHFD1L in VZV-infected, compared to mock-infected ARPE19 cells at 

96 hpi. The mRNA levels of other enzymes involved in this pathway such as 

MTHFD1, SHMT1 and SHMT2 were also enhanced although there was no 

statistical significance. MTHFD1L functions in mitochondria to convert 

10-formyl-THF to formate, which can be released to the cytosol as a major 

direct source of one-carbon metabolism. In a parallel project, our group also 

determined the effect of VZV infection on global neuronal transcriptome by 

RNA-seq. Interestingly, an increase in MTHFD1L mRNA was found in neurons 

when compared to mock-infected control, although the increase was not sta-

tistically significant. Similarly, we did not detect enhanced expression of en-

zymes involved in serine-glycine metabolic pathway upon VZV infection in 

neurons.  

The folate cycle metabolic pathway plays important roles in the supply of nu-

trients for tumorigenesis (such as hepatocellular carcinoma, lung, colon and 

breast cancers) and provides essential precursors for the growth and antioxi-

dation of cancer cells (Schulze et al., 2012; Jain et al., 2012; Paone et al., 

2014; Lee et al., 2016). Both SHMT1 (cytosolic) and SHMT2 (mitochondrial) 

enzymes are transcriptional targets for oncogenesis (Nikiforov et al., 2002). 

Knockdown of SHMT1 and SHMT2 arrests the cell cycle of cancer cells, in-

duces p53-dependent apoptosis or inhibits tumorigenesis (Paone et al., 2014; 

Woo et al., 2016). MTHFD1L also plays an essential role in growth of cancer 

cells and knockdown of this enzyme enhances oxidative stress (Lee et al., 

2016). Taken together, these findings shed new light on the possibility as po-

tential therapeutic targets. However, no studies at present have focused on 

reprogramming of cellular metabolism towards de novo serine synthesis and 

one-carbon metabolic pathway following viral infection. Our preliminary data 

suggest that VZV infection induces a change in serine metabolism similar to 

that observed in cancer cells. The regulation of serine-glycine biosynthetic 

pathway and one-carbon metabolism may be relevant for viral replication and 
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survival of infected cells. Moreover, glycine is thought to be an inhibitory neu-

rotransmitter in nervous system and the function of inhibitory glycinergic neu-

rotransmission in chronic pain is dysfunctional. Glycine transport inhibitors are 

used to treat neuropathic pain (Vandenberg et al., 2014; Simpson et al., 1998). 

Future experiments addressing glycine uptake rates and glycine metabolism 

combined with electrophysiological studies in neurons upon VZV infection may 

provide mechanistic information on the role of glycine metabolism and 

VZV-induced neuropathic pain.  

Finally, the question of whether modulation of this metabolic pathway is re-

quired for efficient VZV replication and spread arises. To address this we will 

perform a series of experiments. First of all, if our experiments using glycine as 

a tracer indicate that the higher M1 labelling of serine is due to a conversion 

from glycine we will perform infection experiments using glycine free medium. 

Moreover, we will knockdown the expression of MTHFD1L in ARPE19 cells 

and address its effect on VZV infection and spread. Our results will determine 

the role of this pathway in VZV replication and may provide new targets for 

intervention.   
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6 Summary 

We have for the first time addressed the effect of VZV on the metabolism of 

two key cell types for VZV biology, epithelial cells and neurons. To perform 

these experiments we have derived human neurons from iPSC using a novel 

method developed in the laboratory by Shuyong Zhu. We characterized VZV 

gene and protein expression and production of infectious viral particles in both 

epithelial cells and neurons. We used an unbiased approach to measure me-

tabolite levels by GC-MS and metabolic fluxes by MIA using labelled glucose 

and glutamine as tracers. Our results show that VZV affects the metabolism of 

ARPE19 cells to a greater extent than that of neurons. This is probably due to 

the faster replication kinetics and spread of VZV in ARPE19 cells than neurons. 

VZV infection modifies the preferred carbon source in the TCA cycle in infected 

neurons and reduces the activity of this cycle in both neurons and ARPE19 

cells. The most pronounced change observed is an increase in M1 labelling of 

serine in ARPE19 cells. This correlates with a decrease in serine uptake, an 

increase in glycine uptake and higher MTHFD1L expression upon VZV infec-

tion, indicating that the higher M1 labelling of serine is provided by glycine. 

Overall, our results clearly show that VZV modulates the metabolism of neu-

rons and ARPE19 cells. Whether this is specific of the VZV strain employed or 

whether other viruses such as HSV induce similar metabolic changes is cur-

rently unknown. Understanding the relevance of this modulation will shed light 

on VZV biology and will pave the way to develop novel therapeutic approach-

es.  
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